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ABSTRACT OF DISSERTATION

OBLIQUE PUMPING, RESONANCE SATURATION, AND SPIN WAVE
INSTABILITY PROCESSES IN THIN PERMALLOY FILMS

The study of nonlinear dynamics in metal films is of increasing importance as
advancements are made in magnetic recording. In this dissertation, these interactions are
examined by the study of first order spin wave instability (SWI) processes that occur for
external static magnetic fields well below ferromagnetic resonance (FMR), and second
order SWI processes that occur for static fields over the full FMR field range. This work
is concerned specifically with the study of the high power resonance saturation and
oblique pumping responses in thin Permalloy films, the microwave threshold amplitudes
at which the instabilities occur, and the theoretical analysis of the relevant SWI
processes.

To greatly increase measurement accuracy and reduce measurement time, the high
power FMR system has been modified and new calibration techniques implemented. The
modifications to the system allow for fully automated and calibrated microwave
threshold amplitude vs. static field measurements, termed butterfly curves.

Resonance saturation butterfly curves have been measured for an in-plane field
configuration for 35 - 123 nm thin Permalloy films. The butterfly curves show a jump on
the low field side associated with a low field shift of the FMR profile and a foldover like
asymmetry development. Apart from the jump, the second order Suhl SWI theory,

suitably modified for thin films, provides good fits to the butterfly curve data through the

m



use of constant spin wave relaxation rates that are on the same order as expected for
intrinsic magnon-electron scattering processes. The FMR in-plane precession cone
angles at threshold are small.

Oblique pumping butterfly curves have been measured at different in-plane field
configurations for 104 and 123 nm thin Permalloy films. The butterfly curves show
thickness dependent high field cutoffs that agree with the field points at which the bottom
of the spin wave band moves above one half the pump frequency. A combination of
parallel and perpendicular first order SWI theory, suitably modified for thin films, shows
good fits to the data except at low fields where the thin film approximation is not
applicable. The damping trial functions used for the fits correspond to magnon-electron

and three-magnon scattering processes.

Heidi M. Olson
Department of Physics
Colorado State University
Fort Collins, CO 80523
Spring 2008
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INTRODUCTION

This chapter provides an introduction to high power ferromagnetic resonance
(FMR) research and an overview of this thesis. The first section presents a brief
introduction to the basic concepts and history of FMR and high power phenomena.
The second section discusses the motivation for the study of high power FMR in thin
Permalloy films and reviews past work. Special emphasis is given to results for thin
metal films Very little work on metal films, by means of high power FMR
measurements, has been done. Additionally, the majority of previous work was
limited in scope and only qualitative in nature. The final section presents a detailed

overview of this dissertation.

1.1 BRIEF INTRODUCTION TO FERROMAGNETIC RESONANCE

Low power FMR was discovered by Griffiths (1946) and provides a means to
study magnetic excitations in ferromagnetic and ferrimagnetic materials at
microwave frequencies. The basic FMR experiment involves a sample placed in an

external static magnetic field. The field is sufficiently large to magnetize the sample
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parallel to the field direction. If the magnetization is slightly perturbed, it precesses
about the field direction. Relaxation mechanisms associated with the sample cause
the precession to be damped and the magnetization to decay to its equilibrium

position parallel to the field.

To excite the precessional motion of the uniform magnetization mode, a
microwave magnetic pumping field is applied to the sample, generally in a direction
perpendicular to the static field. The microwave frequency is then swept over a
particular frequency range and the microwave power absorbed by the sample is
measured. When the microwave frequency is far from the precessional frequency,
very little energy is coupled into the uniform mode and the power absorbed is small.
However, when the microwave frequency is approximately equal to the precessional
frequency, the coupling of energy into the uniform mode is large and the power
absorbed is large. This effect is termed ferromagnetic resonance and was first

explained by Kittel (1948).

Ferromagnetic resonance can also be studied through a static field swept
measurement rather than a frequency swept measurement. The microwave
frequency is kept fixed and the static magnetic field is swept over a certain field
range. For a particular static field, the precessional frequency is approximately the
microwave pumping frequency and again there is a FMR response. For different
microwave pumping frequencies, FMR occurs at different static magnetic fields. It

is important to note that relaxation mechanisms produce a broadened frequency or
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field swept loss profile. The width of this FMR profile is measured to obtain

information on the relaxation mechanisms.

The comments above concerned low power ferromagnetic resonance and the linear
response of the magnetization. If the microwave power is increased above a
particular threshold power, magnetic excitations with nonlinear behavior produce
two separate phenomena over a broad range of static fields. These phenomena are
termed resonance saturation and subsidiary absorption. They were first observed by
Bloembergen and Damon (1952) and Bloembergen and Wang (1954), respectively.
Resonance saturation is a decrease in loss at the FMR peak and a broadening of the
FMR profile. Subsidiary absorption is an increase of loss over a broad static field

range below the FMR field.

These nonlinear effects were successfully explained by Anderson and Suhl (1955).
A comprehensive spin wave instability (SWI) theory was developed by Suhl (1957)
and Schloemann (1959). These theories show that energy is indirectly coupled
through the uniform magnetization mode and parametrically pumped into spin wave
modes at a power dependent rate. Spin wave modes consist of neighboring spins
which are slightly out-of-phase and form a wave of dynamic magnetization. At the
point in power where the power dependent rate exceeds the relaxation rate of the
spin waves, the occupation numbers of the spin waves increase above thermal levels
and there is an abrupt change in the loss. For resonance saturation, the precession

angle of the magnetization locks up and energy is parametrically pumped into spin
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waves at the pump frequency. This results in a broadening of the FMR profile and a
decrease in loss at the FMR field. For subsidiary absorption, the energy is
parametrically pumped into spin waves at half the pump frequency. This results in

the increase in loss at static fields below FMR profile.

A third high power phenomenon, called parallel pumping, was discovered by
Schloemann ef al. (1960). This nonlinear process is different from resonance
saturation and parallel pumping in that it occurs for the field configuration where the
microwave pumping field is parallel to the static field. As with subsidiary
absorption, parallel pumping gives an increase in loss over a broad low field region.
It is also a threshold effect. In this case, however, the energy is coupled directly
from the microwave pumping field to parametrically pumped spin waves at half the

microwave pumping frequency rather than indirectly through the FMR response.

The combination of the subsidiary absorption and parallel pumping processes for
configurations between perpendicular and parallel is called oblique pumping.

Oblique pumping provides a means to experimentally compare the two separate

nonlinear effects.

1.2 MOTIVATION FOR HIGH POWER FERROMAGNETIC RESONANCE

IN THIN PERMALLOY FILMS

The metal material of nominal composition NiggFeyq, called Permalloy by industry,

was discovered in 1914 by Elmen (2007). Permalloy thin films are ferromagnetic
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materials and have the lowest magnetic loss yet measured in any metal film. A
ferromagnetic material is a material in which the magnetic moments of the atoms or
ions in a magnetic domain tend to align parallel to one another. The sum of these
magnetic moments per unit volume is the magnetization [Weast and Astle (1982)].
In addition to the attributes mentioned above, Permalloy has several properties that
make it an ideal candidate for study and applications. It is a soft material with a very
low coercive force. For bulk, the coercive force is about 0.05 Oe. It has a large
saturation magnetization. For bulk, the saturation induction is about 10-15 kG.

Finally, Permalloy has a very large permeability. For bulk, the permeability is about

9x10* [Bozorth (1978)].

As mentioned above, Permalloy films are ideal for applications. Some of the early
applications included telephone transformer coils and sensitive relays [Bozorth
(1978)]. New applications are constantly in development. One such application is
the use of Permalloy in RF inductors. The high permeability of Permalloy improves
the effective inductance up to 50% [Ni et al. (2006)]. A current study for future
applications is in the use of Permalloy to fill one-end-opened carbon nanotubes.
These filled nanotubes have many new potential applications that include magnetic
drug delivery systems and high-density magnetic recording [Wang et al. (2006)].
One important application of Permalloy has been in the hard drive industry as a

recording head core material.
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In 1979, the thin film inductive recording head was invented and Permalloy was
used as the head core material [Osaka et al. (2005), Osaka and Sayama (2007)].
However, as the density of magnetic recording media increased, media with a larger
coercivity were required to circumvent the superparamagnetic limit related to
thermal effects and the loss of bit integrity. With the increase in coercivity of the
media, it became necessary in the late 1990’s, to find a soft metal for the write head
core material with an even larger saturation magnetization, which is still true today.
Currently, Co-Ni-Fe is used by some industries as the head core material, as it has a

saturation magnetization of 20-21 kG.

Although Permalloy is no longer used as a core material in heads, the magnetic
properties of the material are important to understand. The exploration of the
magnetic properties of this low loss material provides a basis for the study of high
loss metal films and patterned films. In addition to losses there are other magnetic
properties of interest in metal ferromagnetic materials. One such property is
anisotropy. If Permalloy is deposited in an external magnetic field, the
magnetization shows small planer anisotropy in the 5 — 10 Oe range. This small
anisotropy is neglected for this work, as it is much smaller than the static magnetic
fields of interest.

The losses associated with nonlinear processes can, in principle, have a dramatic

effect on magnetization switching in recording applications. The extra losses, for

example, can serve to reduce switching speeds in conventional heads and media
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applications. At the same time, the nonlinear interactions can also promote
magnetization reversal. This has been recently demonstrated for a variety of current
driven nano contact and nano pillar spin torque devices [Hoefer et al. (2005), Slavin
and Kabos (2005), Guan et al. (2007)]. Dobin and Victora (2004) have recently
demonstrated a direct connection between the nonlinear dynamics in large angle

magnetization switching in thin films and SWI processes.

One clear way to examine the basic nonlinear interactions that are relevant to large
angle switching in thin films is to study the SWI processes that occur at and below
the FMR profile for high microwave power levels. This work is concerned
specifically with the resonance saturation and oblique pumping processes. While
high power FMR experiments do not usually extend to angles as large as those that
occur in switching, they provide a measure of the precession angles at which
nonlinear effects can come into play. In Permalloy films, for example, the onset of
second order SWI processes and resonance saturation effects generally occur at

precession angles in the 3° — 6° range.

While there has been extensive work on SWI processes in ferrites, high power
ferromagnetic work on metal films is limited to only a few studies in the 1960’s.
High power resonance saturation and subsidiary absorption processes for in-plane
magnetized Permalloy films were first observed by Comly et al. (1963). Berteaud
and Pascard (1965) observed resonance saturation for perpendicular-to-plane

magnetized Permalloy films. Berteaud and Pascard (1966) expanded on the previous
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work to include in-plane to perpendicular-to-plane resonance saturation and oblique
pumping measurements. The first parallel pumping experiments on Permalloy were
performed by Comly (1965). Milton (1968) extended the in-plane magnetized

resonance saturation measurements to include temperature effects.

While the majority of films used in these experiments were very thick, issues with
conductivity were not taken into account. There were no quantitative connections to
the SWI theory and the qualitative discussions about the results mostly utilized bulk
SWI theory. In 1964 a thin film approximation was used by Harte (1964) to obtain a
spin wave dispersion relation for thin films. Qualitative comparisons of the data to
thin film SWI theory were not performed until 1965 by Comly (1965). It should be
noted that although Comly did use spin wave instability theory, suitably modified for

thin films, the films and foils used were too thick to be fully explained by thin film

theory.

Recent work by An et al. (2004) extended subsidiary absorption measurements to
include full data on the SWI threshold microwave field amplitude vs. static field for
in-plane magnetized films. These measurements are termed butterfly curves. These
authors also provided a full analysis of the data based on the first order SWI theory,
suitably modified for the film geometry. As a result of cavity loading and calibration
issues, An et al. (2004) did not include any quantitative work on resonance saturation

or second order SWI processes.
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Until now oblique pumping measurements in in-plane magnetized Permalloy films
have never been performed. There have been extensive oblique pumping
measurements in ferrites, however. In 1969 oblique pumping experiments by Patton
(1969) in single crystal yttrium-iron-garnet (YIG) and Dy-doped YIG showed quite
different results. For the Dy-doped YIG there was a smooth transition of the
butterfly curves as the angle between the microwave field and the static field was
changed from 90° to 0°. On the other hand, the single crystal YIG results showed
butterfly curves at the intermediate angles that were not smooth but rather had
characteristics of both the 90° and the 0° curves. Variations on these experiments
followed [Green ef al. (1969), Patton and Jantz (1978), Patton (1980), and Liu and
Patton (1982)]. In 1995, Wiese ef al. (1995) were able to explain this angular
dependent phenomena to some extent with the use of a thin film based instability
theory. Many questions remain about the behavior of the butterfly curves in thin

metal films for oblique pumping.

1.3 OVERVIEW OF THIS THESIS

Chapter 2 provides a discussion of low and high power FMR. The magnetic
torque equation that governs the motion of the magnetization for low and high power
responses is introduced. The discussion of low power FMR includes an introduction

to the uniform mode and the FMR response. The high power FMR overview
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presents an introduction to the basic resonance saturation, subsidiary absorption,

parallel pumping and oblique pumping responses.

Chapter 3 develops the first and second order SWI theory, suitably modified for
thin films. Section 3.1 establishes the sample geometry in the precession frame of
reference and gives a brief derivation of the total effective field. Section 3.2
analyzes the solution to the Ilinearized torque equation of motion with
phenomenological Gilbert damping included to obtain the spin wave dispersion
relation and other important relations that pertain to linear spin waves. The special

case of the uniform mode solution to the torque equation is examined.

Section 3.3 uses the methods and formalism established in the previous sections to
develop working equations for the first and second order SWI processes. Section 3.4
uses the working equations developed in Sec. 3.3 to perform example calculations.
Example calculations are presented for resonance saturation, subsidiary absorption,
parallel pumping, and one oblique pumping angle for a 104 nm thin Permalloy film.
Threshold microwave field vs. static magnetic field butterfly curves are presented,

along with results on the corresponding critical spin wave modes.

Chapter 4 provides on overview of the thin Permalloy films. Basic information on
the samples is provided, such as thickness, composition, and sample preparation
details. The samples were provided by Dr. S. Konishi, Kyushu, University,
Fukuoka, Japan. Static magnetic and measured and derived microwave properties of

the films are presented.
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Chapter 5 introduces the high power FMR spectrometer system and presents the
newly developed calibration techniques, experimental procedures, example data, and
corresponding theoretical fits. Section 5.1 introduces the high power system design
and instrumentation. Section 5.2 presents the system calibration procedure. It is
important to note that the cavity calibration procedure is discussed separately in Sec.
5.4. Section 5.3 introduces the experimental procedure to obtain uncalibrated high
power FMR profiles. Example FMR data are provided and discussed. These results

provide instrumental in the proper calibration of the cavity.

Section 5.4 presents the cavity calibration procedure and the obstacles associated
with the calibration of the cavity are presented and resolved. The procedures to
determine the critical limit for cavity loading, measurement techniques to obtain the
calibration constant, and the extended cavity calibration are discussed. Section 5.5
establishes the measurement procedures to obtain calibrated microwave threshold
curves, extract the threshold fields, and create butterfly curves. Section 5.6 provides
example butterfly curve results with the corresponding theoretical fits for resonance

saturation and oblique pumping.

Chapter 6 presents the results of the resonance saturation threshold field
measurements on the 35, 57, 74, 104, and 123 nm thin Permalloy films. The results
show that the theoretical analysis of the threshold data, based on the second order
SWI theory, suitably modified for thin films, yielded good fits to the butterfly curve

data based on a single field independent value of the spin wave linewidth. These
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linewidths and the corresponding Gilbert damping parameter values are consistent
with those expected for intrinsic magnon-electron relaxation [Meckenstock ef al.
(2004), Frait and Fraitova (1980), Meckenstock et al. (1995)]. The implicit critical
modes are consistent with the original Suhl theory and the FMR precession angles at

threshold are quite small, on the order of few degrees.

Chapter 7 presents the results of the oblique pumping threshold field
measurements on the 104 and 123 nm thin Permalloy films. The results show a
thickness dependent spin wave band edge effect at a static field that corresponds to
the point where the half pumping frequency drops below the spin wave band. The
threshold responses as a function of coupling angle provide evidence that energy is
very weakly coupled into the spin wave modes through the parallel coupling
coefficient. The theoretical fits to the threshold data, based on the first order SWI
theory, suitably modified for thin films, yielded good fits to the data except at low
fields. At low fields the thin film approximation used for the theoretical calculations
breaks down. The spin wave linewidth trial function that best fits the data consists of
a Gilbert damping term and trial function that loosely corresponds to a three magnon
interaction. The corresponding Gilbert damping parameters agree with the
parameters obtained from resonance saturation only for the subsidiary absorption
configuration and show that the 123 nm film has an overall lower loss than the 104

nm film.
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Chapter 8 provides an overview of the highlights and conclusions of this work. In
particular, the high power FMR system improvements and calibrations and the
conclusions from the resonance saturation and oblique pumping experiments are

briefly reviewed. Finally, ideas for future work on metal films are presented.
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INTRODUCTION TO LOW AND HIGH POWER

FERROMAGNETIC RESONANCE

INTRODUCTION

This chapter provides an introduction to high power ferromagnetic resonance.
Section 2.1 introduces the magnetic torque equation of motion that describes the
precession dynamics of the magnetization. Section 2.2 qualitatively discusses the
low power ferromagnetic resonance (FMR) response. Section 2.3 introduces the
main high power FMR phenomena. The resonance saturation, subsidiary absorption,
parallel pumping, and oblique pumping responses are qualitatively presented and

loss vs. external magnetic field graphs are shown to demonstrate these phenomena.

2.1 MAGNETIC TORQUE EQUATION OF MOTION

Ferromagnetic materials [Ashcroft and Mermin (1976), Weast and Astle (1982)]
are magnetically ordered substances where the microscopic localized magnetic
moments of the electrons tend to align parallel to one another in a zero applied field.

The magnetic moment of an electron p is related to the electron spin s by
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n=-g.le/2mc|s where g, is the Landé g factor, e is the magnitude of the
electron charge, and m, is the mass of the electron. For an electron the Landé g
factor is 2. The connection between magnetic moment and spin can be more clearly
written as p=—|7, |s, where |y, | is the absolute value of the gyromagnetic ratio for
an electron and is 1.76x107 rad/sec Oe. In more practical CGS units, |y, |/27 is
equal to 2.8 GHz/kOe.

If an external static magnetic field H is applied to an isolated magnetic moment
p(r,7), a torque is created on the magnetic moment, T(r,?)=p(r,f)xH. The
magnetic moment, then, precesses about the H field. The torque is also the time rate
of change of the electron spin, z(r,?) = ds(r,t)/dt . The precession of the magnetic

moment in the static field is then described by dp(r,7)/dt=—|y. |p(r,t)xH.

The precessional equation above can be extended to a ferromagnetically ordered

system with a magnetic moment per volume M(r,r) or magnetization. The

magnetic torque equation of motion is

dM(r,t)

= =—|y|M(r,f)xHe (r.1) . 2.1)

This equation is for a ferromagnetically ordered system of magnetic moments and
is much more complicated. One such complication is that the Landé g factor and,

hence, the |y| is not necessarily that of a free electron spin but is somewhat

modified by spin orbit coupling. A second major complication is that the
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magnetization no longer simply precesses around the static field but rather an
equilibrium direction based on the total effective field H.4(r,f). The Hez(r,f)
consists of the static magnetic field, dipolar field or Maxwellian fields, the non-
Maxwellian effective exchange field due to the exchange interaction, an effective
anisotropy field, and the applied microwave pumping field. Through the H(r,?)
field specific sample properties, such as sample shape and anisotropy, are folded into
the torque equation. In addition, the H¢(r,#) field generally has terms that depend
on the magnetization. As a result, the torque equation comprises a coupled set of
nonlinear equations. At high power the nonlinear terms lead to the instability

processes of interest. A full discussion of the H 4 (r,f) field is presented in Ch. 3.

Equation (2.1) in combination with the right-hand rule shows that the
magnetization precesses in a counterclockwise direction. This natural
counterclockwise precession of the magnetization is termed Larmor precession.
Similarly, a clockwise precession of the magnetization is termed anti-Larmor
precession. If the precession of the magnetization is not circular but rather elliptical,
the precession can be described simply in terms of both Larmor and anti-Larmor

circular components.

Generally the magnetization for a given normal mode varies spatially over the
sample and harmonically in time with a precessional frequency @,. This is spin
wave mode precession. The wave vector k describes the spatial variation of the

magnetization over the sample. The uniform mode is a specific case of spin wave
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mode precession. Here, the magnetization varies harmonically in time with a

precessional frequency @, and has a wave number of zero.

Notice that there is no dissipative term in the torque equation. Without a
dissipative term, the magnetization never decays to equilibrium and continues to
precess at @, , for the uniform mode case. A loss term can be added to the magnetic
torque equation of motion to provide a means to describe the decay of the
magnetization to equilibrium. The relaxation of the uniform mode depends on the
intrinsic properties of the sample such as magnon-electron interactions and extrinsic
contributions such as inhomogeneities. The term magnon refers to the quantum

mechanical analog of a spin wave.

A microwave pumping field can be used to drive the uniform mode precession.
For a microwave pumping frequency far from a,, very little energy is coupled to the
precessing magnetization. When the microwave pumping frequency is equal to @,
energy is coupled into the precessing magnetization. This is a resonance response.
The magnetization precession angle increases as the microwave power is increased

until one reaches the spin wave instability threshold.

2.2 LOW POWER FERROMAGNETIC RESONANCE RESPONSE

For a low power ferromagnetic resonance measurement, the microwave pumping

field h,(f) is typically quite small and is applied perpendicular to the external static
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magnetic field H. As mentioned in Ch. 1, ferromagnetic resonance can be studied

by frequency or field-swept measurements. For the first measurement the H is kept
at a fixed value and the precessional frequency is at a given @wo(H). The microwave
frequency @, is swept over a range that includes @, and the absorbed power is
measured. For frequencies off of @, the absorbed power is very small, as the
magnetization decays to thermal equilibrium, but at @, the absorbed power is large,
as the magnetization is harmonically driven at resonance.

For the field-swept measurement, the microwave pumping frequency is fixed, the
static magnetic field is swept over a particular range, and the absorbed power is
measured. When the static field is such that the @, = @,(H) criteria is met, then the
absorbed power is large and the magnetization is again driven harmonically at

resonance. This static field is the ferromagnetic resonance field H,.

Figure 2.1 shows an example FMR response profile for a 104 nm film thin
Permalloy film at a microwave frequency of 9.11 GHz. The graph shows data on the

cavity voltage reflection coefficient p vs. H. The reflection coefficient is a
measure of loss and is given by p= (P /P,)"> where P, is the power reflected
from the sample and P, is the incident power on the sample. The voltage is
proportional to the square root of the power. The H and h,(¢) fields were in-plane
and mutually perpendicular at a coupling angle of ¢=90° as shown in the diagram

inset. The black dot marks the FMR field point at H,, =830 Oe. The FMR field
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swept linewidth AHp indicated in the plot is defined to be the distance, in field
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FIG. 2.1. Voltage reflection coefficient p vs. static field A for the 104 nm thin
film and a microwave frequency of 9.11 GHz. The FMR peak is Hpg =830 Oe and
the FMR linewidth is AHpg =59 Oe, as indicated. The H and microwave pumping
field 4, are in-plane and mutually perpendicular at ¢ =90°, as shown in the inset.

units, between the half-power points of the absorption. Recall that Fig. 2.1 shows
the loss in terms of p and not power. The AHg is then not located at exactly the
half-way point on the profile. In this case AHpg =59 Oe.

As noted, the low power FMR peak in Fig. 2.1 is at 830 Oe and the half power

linewidth is about 59 Oe. This peak is the basic FMR response where the

o, =w,(H) criteria is met. The broadening is due to the loss or dissipative

mechanisms which damp the FMR response.

The next section discusses the change to the FMR profile as the microwave power

is increased. Other high power phenomena that occur off of the FMR resonance
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profile and for field configurations where the coupling angle ¢ between the H and

h,(¢) fields is varied from perpendicular to parallel are also discussed.

2.3 HIGH POWER FERROMAGNETIC RESONANCE

Recall that the torque equation is comprised of a coupled set of nonlinear
equations. At high power the nonlinear terms lead to instability processes. Chapter
3 provides the theoretical analysis of these nonlinear terms. This section gives a
qualitative discussion of the high power FMR phenomena that corresponds to the
instability processes and shows example high power FMR data. This section is

separated into four separate subsections. Each subsection presents a different type of

high power effect.

2.3.1 RESONANCE SATURATION RESPONSE

At low microwave power levels, the response of the dynamic magnetization to an
increase in power is linear. For high microwave power levels, above some particular
threshold power, coupling of the energy from the microwave pumping field to the
spin wave modes results in a nonlinear response. For resonance saturation, the
energy from the microwave pumping field is indirectly coupled through the uniform

mode into the spin wave modes at the microwave pumping frequency.
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Figure 2.2 shows the effect of high power on the FMR response and the loss for

fields below the FMR peak for a 104 nm thin Permalloy film. The graph shows data
on p vs. H for peak input microwave power levels to the cavity B, of 0.25 and 22
W, as indicated. The microwave pumping frequency was 9.58 GHz. The H and
h,(s) fields were in-plane and mutually perpendicular at ¢ =90°, as shown in the

diagram inset. The low power FMR peak is at 909 Oe, as labeled. The RS and SA
labels indicate, respectively, the resonance saturation (RS) and subsidiary absorption

(SA) responses. The subsidiary absorption region will be considered in subsection
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FIG. 2.2. Voltage reflection coefficient p vs. H for the 104 nm thin film and a
microwave frequency of 9.58 GHz. The symbols show data for different P, values,
as indicated. The RS and SA labels denote the resonance saturation and subsidiary
absorption responses, respectively. The black dot marks the Hpg field. The H and
h,(¢) fields were in-plane and mutually perpendicular at ¢ =90° as shown in the
inset.
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23.2.

As previously noted, the low power FMR peak in Fig. 2.2 is at 909 Oe and the half
power linewidth is about 95 Oe. The increase in the Hpy field in Fig. 2.2
compared to Fig. 2.1 is the result of the increase in the microwave pumping
frequency from 9.11 to 9.58 GHz. The linewidth for the low power FMR profile in
Fig. 2.2 is notably larger than in Fig. 2.1 for the same sample. This is due to sample
loading on the cavity which distorts the FMR profile. The problem of cavity loading
and the resolution to this problem are discussed in Ch. 5. The true linewidth for this
sample is 59 Oe. The peak on the low field side of FMR corresponds to a standing
spin wave mode. Standing spin wave modes were studied in depth in the 1960°s by
Pascard and Berteaud (1964), Pascard (1965), and others. These modes are not
directly related to the nonlinear processes of interest here. As such, the scope of this

work does include standing spin wave modes.

The qualitative changes in the profiles as P, is increased provide an indication of
the overall nonlinear response. The profile for B, =22 W is broader, lower in
amplitude, and asymmetric, relative to the low power profile. The asymmetry
amounts to a shift of the profile to lower fields and the development of a low field

shoulder.

The drop in amplitude and the broadening of the FMR peak with increasing power
is the basic resonance saturation response. This nonlinear effect occurs for powers

well below those expected from only simple FMR considerations. As mentioned, the
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change in the p coefficient with an increase of power is not a continuous effect but
rather a threshold effect. Calibrated data on the p vs. the microwave magnetic field

amplitude 4,, presented in Ch. 5, will show that the change in the p coefficient

occurs more or less abruptly at some threshold 4, value.

The idea is that energy is coupled from the driven uniform mode into
parametrically pumped spin waves at frequencies equal to the pump frequency at
some power dependent rate G;. At the point at which G, exceeds the relaxation
rate of the spin waves, taken as 7., the occupation numbers of the spin waves
increase above thermal levels and there is an abrupt change in loss over the FMR
profile. The decrease in loss at FMR occurs as the uniform mode precession angle
locks up and energy is pumped from the uniform mode into the spin wave modes.
The broadening of the FMR profile occurs as the occupation numbers of the spin

waves increase above thermal levels.

It is important to note that the actual threshold is tied closely to the low power
FMR precession amplitude. The corresponding threshold field is usually smallest at
the FMR peak where the precession angle is the largest. The shift to low field and
the development of the low field shoulder with increasing power is the manifestation

of a foldover effect for metal films. This foldover effect is discussed in Ch. 5 and 6.
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2.3.2 SUBSIDIARY ABSORPTION RESPONSE

For subsidiary absorption, as for resonance saturation, energy from the 4, field is

indirectly coupled into the spin wave modes through the uniform mode. Here,
however, energy is parametrically pumped into spin waves at one half the microwave
pumping frequency. Recall that the SA in Fig. 2.2 indicates the subsidiary
absorption response for the 104 nm thin Permalloy film.

Figure 2.3 shows p vs. H data for P, of 0.35, 10, 23, and 28 W, as indicated.

The data are for the 104 nm thin Permalloy film at a @,/27=9.58 GHz. The H

and h,(t) fields were in-plane and mutually perpendicular at ¢ =90°, as shown in
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FIG. 2.3. Voltage reflection coefficient p vs. H for the 104 nm thin Permalloy film
and a microwave frequency of 9.58 GHz. The symbols show data for different P,
values, as indicated. The H field and the A, field were in-plane and mutually

perpendicular at ¢ =90°, as shown in the inset.
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the diagram inset. The field span covers only the region of the SA response in Fig.

2.2

The qualitative changes in the profiles as B, is increased provide an indication of
the overall nonlinear response. The high power profiles show somewhat broad peaks
for fields well below the main FMR peak. As the P, is increased to larger levels,
the high power profile increases in amplitude and broadens. The increase in loss
with an increase in power is the basic subsidiary absorption response. The
subsidiary absorption peak at low fields is a spin wave effect. It cannot be explained
from simple FMR considerations only. As with the resonance saturation response,

the change in the p coefficient with an increase of A, is not a continuous effect, but

occurs at a particular threshold value.

The basic idea of the subsidiary absorption response is the same as for resonance
saturation with the exception that the energy is pumped into spin waves at Aalf the
microwave pumping frequency. Above some threshold value the occupation
numbers of spin waves at half the pumping frequency increase. This corresponds to

an increase in loss over the low H range.
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2.3.3 PARALLEL PUMPING RESPONSE

The parallel pumping response is a nonlinear phenomenon that occurs when the
H field is parallel to the A, field. For this configuration, the 4, field cannot drive
the uniform mode precession and no FMR response to lowest order is possible.

However, a direct coupling of energy from the microwave pumping field into the
spin wave modes is possible because of the elliptical precession of the
magnetization, termed spin wave ellipticity. The elliptical precession is due to

dipole-dipole interactions between the neighboring spins.

For a magnetization that is constant in magnitude the elliptical precession results

in a wobble of the component of magnetization that is parallel to the h,(f). The

wobble in the parallel magnetization component has a e’?* time dependence, where
@, is the precessional frequency of the spin wave. Energy is directly coupled into

spin wave modes from the 4, field when the microwave pumping frequency is twice

the spin wave precessional frequency, that is, one has o, = 2w, .

Parallel pumping is also a threshold effect. As the P, level is increased, energy is
parametrically pumped directly into spin waves at half the microwave pump
frequency. Due to relaxation the occupation numbers of the spin waves reside at
thermal levels until one reaches some particular threshold power. Above this
threshold power, the energy coupled into the spin wave modes exceeds the rate at

which the energy can be lost due to relaxation and the occupation numbers of the
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spin waves increase above thermal levels. This corresponds to an increase in loss for

low H fields in the same general field range as for subsidiary absorption.

No results were obtained for a pure parallel pumping response. None of the
Permalloy films of interest showed a parallel pumping response for the power level
available. However, the parallel pumping process does contribute to the oblique

pumping process that is discussed in the next subsection.

2.3.4 OBLIQUE PUMPING RESPONSE

For both the parallel pumping and subsidiary absorption responses, energy is
parametrically pumped into spin wave modes at half the microwave pump frequency
and the responses are in the same general H range. As mentioned above, the
parallel pumping and subsidiary absorption responses are for the parallel and
perpendicular field configurations, respectively. For oblique angles between the
parallel and perpendicular configurations both processes contribute to the response.
The oblique pumping response is a combination of the subsidiary absorption and

parallel pumping responses weighted by the ¢ angle.

Figure 2.4 shows data on p vs. H for the 104 nm thin Permalloy film and a
pumping frequency of 9.58 GHz. The data represented by the blue circles and red

triangles are for B, of 0.25 and 22 W, respectively. The static and microwave fields
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FIG. 2.4. Voltage reflection coefficient p vs. H for the 104 nm thin film and a
microwave frequency of 9.58 GHz. The angles between the H field and the h,
field are as indicated and the fields are in the film plane. The field configuration is
shown in the diagram inset. The data represented by blue circles and red triangles
are for peak input microwave power levels to the cavity B, of 0.25 and 22 W,

respectively.
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were in-plane. Graphs (a), (b), (c), and (d) are for ¢ angles of 90°, 60°, 40°, and 0°,

respectively. The field configuration is shown in the diagram inset.

The qualitative changes in the profiles as P, is increased again provide an
indication of the overall nonlinear response. In graphs (a), (b), and (c) the profiles
for P, =22 W show an increase in amplitude. As the coupling angle is decreased,
the amplitude of the profiles for the same P, level decreases. At ¢ =0° there is no
measurable increase in loss. It is important to mention that for P, as high as 800 W

no parallel pumping response was observed for any of the films.

An increase in loss is the basic subsidiary absorption response and, hence the
oblique pumping response, as well. The change in p with increasing power at a
fixed field is a threshold effect that depends on both the subsidiary absorption and
parallel pumping processes. Oblique pumping provides a unique means to compare

the subsidiary absorption and parallel pumping processes.

It is important to emphasize that the results discussed above are qualitative and are
for steady state responses. All high power FMR curves are obtained at full coupling
¢ =90° and there is no one-to-one correspondence between the input power and the
microwave field amplitude over a give profile. However, this qualitative study
provides a practical background for the theoretical analysis of spin wave instability

theory in the next chapter.
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FIRST AND SECOND ORDER SPIN WAVE INSTABILITY

THEORY

INTRODUCTION

The focus of this chapter is on the analysis of first and second order spin wave
instability. An introduction to the uniform mode dynamics is given and first and
second order spin wave instability (SWI) theory, suitably modified for thin metal
films, is developed. The formalism used to modify the SWI theory for a thin film is
based on unpublished calculations by Dr. Pavol Krivosik [Krivosik (2007)]. The
theory for subsidiary absorption and resonance saturation was outlined in An ef al.

(2004) and Olson et al. (2007), respectively.

Section 3.1 establishes the sample geometry in the precessional reference frame
and a working equation for the total effective field. Section 3.2 presents the solution
to the lincarized torque equation of motion with phenomenological Gilbert damping
included. The spin wave dispersion relation and other important equations that

pertain to linear spin waves are obtained. This analysis is used to develop the
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necessary uniform mode equations. The ferromagnetic resonance (FMR) frequency,

along with other important uniform mode expressions, is obtained.

Section 3.3 uses the formalism to develop working equations for the first and
second order SWI processes. Finally, Sec. 3.4 presents example calculations that
demonstrate the SWI theory. These results are utilized in Ch. 6 and 7 for the

analysis of the resonance saturation and oblique pumping experimental results.

3.1 TOTAL EFFECTIVE MAGNETIC FIELD AND SAMPLE GEOMETRY

Ferromagnetic materials [Ashcroft and Mermin (1976)] are magnetically ordered
substances that have strong internal interactions between the microscopic localized
magnetic moments at the lattice sites of the material. The intrinsic properties of the
electrons are responsible for these localized magnetic moments. For a ferromagnetic
material these localized moments all align in the same direction. Classically a
continuum approximation allows one to study the dynamic magnetic processes
macroscopically. This classical approach is used for this work. It is important to
note that spin wave instability theory has been recast in various forms by
Schloemann er al. (1963), Schloemann (1959), Patton (1979), Chen and Patton

(1994), and Nazarov et al. (2002).

The starting point for the analysis is the magnetic torque equation of motion

[Sparks (1964)] for the total magnetization M(r,f), as introduced in Ch. 2. The
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equation of motion is based on the magnetic torque model and was first used by

Landau and Lifshitz (1935). The magnetic torque equation of motion is

M) - M e B () G.1)

where H(r,?) is the total effective field. A working equation for the H.z(r,?)

field [Patton (1968)] is developed in this section.

Figure 3.1 shows the sample geometry in the (X,y,Z) precession frame where,
X—1Z are the in-plane coordinates and ¥ is the normal to plane direction. The
sample is taken to be an isotropic thin film and infinitely large in the X—2z direction.

The uniform external static magnetic field H and the equilibrium position of the

static magnetization, in the Z-—direction, and the linearly polarized uniform

S~ : o)
L N T z

H,M;

>
D

h,

FIG. 3.1. The precession (X,y,Z) coordinate frame and the orientation of the
coordinate system to the film. The external static magnetic field H and saturation
magnetization M, coincide with the Z—axis. The microwave pumping field h, is
at an in-plane angle ¢. The wave vector k is in film plane at an angle &, .



Chapter 3
37

microwave pumping field h,(¢) are constrained to be in the plane of the film. The

angle between H and h,(7) is ¢.

The M(r,?) is separated into its static and dynamic components as
M(r,f)=Mz+m(r,1t) , (3.2)

where m(r,7) is the dynamic magnetization and M,z is termed the saturation
magnetization and is the static component of the total magnetization. The H.z(r,?)

field is comprised of four terms [Patton (1979)] and is given by
Her (rt) =H+ h, (f)+Hp (rt)+h, (rt) , (3.3)

where H,(r,r) is the dipolar or Maxwellian field due to the sample shape and
magnetic dipole-dipole interactions. The Hj(r,f) field consists of a static
demagnetizing field H, and a dynamic dipole field h,(r,#). The h,(r,f) is the
effective exchange field that corresponds to the exchange interaction. The h, (r,?)

field is not a Maxwellian field. Notice that there is no anisotropy term included in
the H(r,t) . As mentioned in Ch. 2, the anisotropy for Permalloy is small, in the 5
— 10 Oe range. This small field may be neglected for the purposes of this work. The
in-plane pumping field is separated into its vector components with explicit time

dependence as

h,(¢)=h, (cosgx +singz)cos(w,t) , (34
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where @, is the frequency of the microwave pumping field and 4, is the pumping

field amplitude.

The dynamic magnetization is expanded as

m(r,)=) m;(r)e*) | (3.5)

where m,(f) is the uniform mode response part of the steady state dynamic
magnetization response where k =0, and the m,(f)e(**) terms denote quasi-plane-

wave spin wave excitations with a wave vector k .

For this work, the thin film approximation developed and applied by Harte (1968),
Arias and Mills (1999), and McMichael and Krivosik (2004), is used to find closed
expressions for the critical threshold field amplitudes. In this approximation, the
dynamic magnetization is taken as uniform across the film thickness. This
approximation corresponds to the lowest order mode analysis in Vendik er al
(1977). Without these simplifications a general nonlocal exchange analysis through
numerical methods [Wames and Wolfram (1970)] or Green’s function analysis
[Kalinikos and Slavin (1986)] is required. In this work, the thin film approximation

is termed the Harte approximation.

The Hjp(r,t) field is discussed first. Recall that this field consists of a uniform

static component, the usual demagnetizing field, and a dynamic dipole component.
The demagnetizing field is generated by the M, for a finite sample and is related to

the sample shape. For a thin film that is taken to be infinitely large in the in-plane
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directions and that is magnetized in the film plane the demagnetizing field is zero

and only the h,(r,r) field remains. In the magnetostatic approximation [Jackson

(1999)] this dynamic component is given by

, ,V'm(rt
by (r.t)=—[dr T—fl_) : (3.6)

For the specific case of a thin film where the Harte approximation is applicable, the

dynamic Maxwellian field can be Fourier expanded as

by (r,t)=) hp (1) . 3.7
k

The hj,(t) field includes the uniform dipole field that corresponds to k =0 and the

nonuniform dipole field that corresponds to k = 0. If it is assumed that the dynamic

magnetization has no ¥ —dependence, as in the Harte approximation noted above,

h; . () becomes

- (t)=—47z[(1—N,,)%—+Nk§'§'}m,,(t) , (3:8)

where the wave vector k 1is constrained to the film plane according to
k=k.X+k,Z=k[sinb,X +cosb,Z], 6, is the angle between the in-plane k vector

and the Z — axis, and the effective demagnetizing factor N, is given by

N, =12 (3.9)
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where d is the film thickness. Equation (3.8) and (3.9) comprise the Harte

approximation.

Two limiting cases are taken to examine the demagnetizing factor N, more

closely. Figure 3.2(a) shows a graph of N, vs. kd based on Eq. (3.9). From this

(@)

- -k
N, = (1-e*Ykd
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FIG. 3.2. Limiting cases of the effective demagnetizing factor N,. Graph (a) is
shows the function N, vs. kd. Diagram (b) shows a schematic representation of a
spin wave mode in the film for the limiting case where kd — 0. Diagram (c) shows

a schematic representation of a spin wave mode in the thin film for the limiting case
where kd — .
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figure, one can see that in the limit &d — 0, the effective demagnetizing factor goes
to one, while in the limit kd — oo, the effective demagnetizing factor goes to zero.
These limiting cases can be applied to Eq. (3.8). For &d — 0, the resultant dipolar
field is given by h,o =—47m, y, where m,,§ is the normal component of m,.
This equation describes a dipolar field that is oriented normal to the film plane.
Figure 3.2(b) shows a schematic representation of a spin wave mode in a film that
roughly corresponds to hj, =—4zm,,y . This figure shows that the wavelength of

the spin wave is much larger than the film thickness.

For the kd —» oo limit of Eq. (3.8), one obtains h,, ~—4x(kk/k*)-m,. Figure
3.2(c) shows a schematic representation of a spin wave mode in a film that roughly
corresponds to hj, ~ —4z(kk/k?)em, . In this limit, the wavelength is much smaller

than the film thickness.

The remaining term in H.(r,?) is the effective exchange field h.,(r,7). In the

continuum approximation, the effective exchange field can be written as

b (rof) =

s

Vim(r,t) , (3.10)

where D is the exchange stiffness parameter [Patton (1975)]. The h.(r,?) can be

Fourier expanded as

he (r,1) = hgy (r)e®™? (3.11)
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where he; (¢) is given by

b () = 5 vm, (f) . (3.12)

The effective field terms from Eq. (3.8) and (3.12) can now be collected and
inserted into Eq. (3.3). The working equation for the effective field is then obtained
as

Hey (r,1)= Hz +h, (cos g% +sin g2 ) cos(w,)

—471'2 Nem, (r)e™ (3.13)
k

where N is a combination of an exchange term and an effective k —dependent

demagnetizing term given by

A 2 A
RN=_Dk § (3.14)
47M,
[1- N, ]sin? 6, 0 [1-N,]siné;cosé,
+ 0 N, 0

1-N,|sinG,cosf, O 1- N, |cos? 6,
[1-N.] [1-N,]

The effective demagnetizing term depends on the film boundaries and is used to find

the dynamic demagnetization fields. The instantaneous dynamic magnetization has

some small component in a particular direction. The sample responds to this with a

small demagnetization field.
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3.2 LINEAR SPIN WAVE MODE ANALYSIS

This section focuses on the linear terms in the magnetic torque equation. These
lead to important information on spin waves and the uniform mode magnetization.
The uniform mode magnetization is discussed Sec. 3.3. Spin wave instability results

from the analysis of the nonlinear terms and is discussed in Sec. 3.4.

The torque equation of Eq. (3.1) does not include a relaxation term. A
phenomenological Gilbert damping [Gilbert (1955)] may be added to provide for the
relaxation of the total magnetization to static equilibrium. The torque equation with
Gilbert damping is written as
dM(r,¢t
———-—(—Q =— |7|M(r,t)xHeﬁc (r.1)

at (3.15)

+ M (r,?) x———dM(r’t) ,
M, dt

where « is the Gilbert damping parameter. Note that the Eq. (3.15) still conserves
the total magnetization. The Gilbert form of the damping describes a decay of the
precession of the magnetization to equilibrium that is driven by the instantaneous
component of the dM(r,t)/dt that is perpendicular to the trajectory of the
precession. Gilbert damping, although phenomenological in nature, is closely related
to the magnon-electron relaxation process [Kambersky and Patton (1975)]. This
connection is important for the results of both the resonance saturation and oblique

pumping analyses, as presented in Ch. 6 and 7.
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If the magnetization M(r,#) from Eq. (3.2) and the total effective magnetic field
H(r,t) of Eq. (3.3) are substituted into Eq. (3.15), one obtains a set of coupled
equations in m(r,?) given by

w(r,t)=-|y|[Mi+m(r,)]
x[ Hz+h, (£)+hy (r,t) +he (r,1) ] (3.16)

-+

A‘Z [Msi +m(r,t)]x1i1(r,t) )

As mentioned, the analysis for this section is limited to the linearized torque equation

of motion and the small signal limit where | m(r,?) |<< M, is satisfied.

3.2.1 FREE RESPONSE

This section considers the special case for h,(r)=0. This is called the free

response. In this limit, the linearized version of Eq. (3.16) is

i, (1) = —[p|2x {M, [hpx (1) + hexs () ] - Him, (1)}

+aixn']k (t) .

(3.17)

This equation can be simplified by the introduction of new scalar complex

amplitudes
1
a,(t)= " [ (£)+im, (¢) ] (3.18)

and
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<(O)—im, (1)] - (3.19)

1
a:,,(t)=M

After some algebra, Eq. (3.17) then takes the form

a0 A)a)C A

with
A = oy +|y| DK* + M[(l N )sin? 6, +N; | (3.21)
and

By =~”32A1[(1—Nk)sin2 6 ~N.] . (3.22)

The wy =|y|H and @y =|y|47zM, terms simply express the H and 4zM,,

respectively, in frequency units. The B, term depends only on the dipole-dipole
interaction. For the special case of an in-plane magnetized isotropic film, B, is real.

In general B, is complex.

If the d,(¢r) and dl,(¢) terms in Eq. (3.20) are collected and the equation is

simplified [Arfken and Weber (2001)], one obtains

(ak(t)) 1 [Ak(1+ia) B, (1+ia) J(“k(’)) _ (3.23)

ay(t)) 1+a*\-Bi(l-ia) -4 (1-ia) )| a(?)

For small damping & <<1 Egq. (3.20) is given by
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—idy (1) = 4 (1+ic)a, (1) + Be (1 +i)az (1) (3.24)
and
—ia’y (t) =4 (1-ia)a’, (t)- B, (1-iax) a, (1) . (3.25)

The form and meaning of the two terms on the right side of Egs. (3.24) and (3.25)
are now clear. If the second term on the right side of both equations is temporarily

disregarded, then the equations are in the form of a damped harmonic oscillator

ai (1) = (iox -1 ) a (1) (3.26)
where the Gilbert relaxation rate 7, is given by

M =ad, 3.27)

and @, is the spin wave frequency, given by

o, = |42 -|B| (3.28)

This dispersion equation is discussed in more detail shortly.

Conversely, if the first term on the right side of both equations is temporarily
disregarded, both equations show that the B, term gives the coupling between wave
vectors k£ and —k. Recall that the B, term in Eq. (3.22) derives from the dipole-
dipole interaction alone. The k¥ and —k modes, therefore, are coupled only by the
dipole-dipole interaction. For small damping, the & terms affect the coupling by a

small amount and may be neglected. Egs. (3.24) and (3.25) are now
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ol e o

Equation (3.29) is diagonalized with the use of the Holstein-Primakoff

transformation [Sparks (1964)]. The complex amplitudes a,(t) and a’,(¢t) are

transformed to a new set of complex amplitudes b, (f) and b, (¢) through

a; (1) = b (1) — i (1) (3.30)
and
a’ (1) = wibe (1) - 4b2 (1) (3.31)

where the transformation coefficients are given by

A = /A"”"* (3.32)
20,

and

_ Ak_wkﬁ
e = —2wk lBkl . (3.33)

These are the amplitudes of the normal spin wave modes. The final diagonalized

equation of motion for the spin wave b, amplitudes is obtained as

L )

The solution to this set of equations is that of a harmonic oscillator, given by
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b (t) = beo el ™) (3.35)
and
by (t)= by (3.36)

These can be used to find linear solutions for the dynamic magnetization m, (r,?)

through Egs. (3.30), (3.31), (3.18), and (3.19).

3.2.2 SPIN WAVE DISPERSION

The spin wave dispersion is an extremely important consideration for this analysis.
The spin wave dispersion relation from Eq. (3.28) can be prescribed in more detailed

form with the use of Egs. (3.21) and (3.22). One obtains

o, ={[ @y +|7| Dk* + & (1- N, )sin? 6, |
172 (3.37)
x[ @ +|y| DK* +wMN,,:|} :

Recall that for first order SWI processes energy is coupled into spin waves at

o, =@, /2 and for second order SWI processes energy is coupled into spin waves at
w, =@, . The spin wave dispersion relation and the resulting spin wave bands then
determine the available spin wave modes for a particular H and @, [Harte (1968)].

Figure 3.3 gives an example graph of spin wave frequency, expressed as

fe =, /27 in GHz, vs. k for a range of &, angles between 0° and 90°. The spin
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r 8. =90’
w 20+ k
T - 60°
Q 18 £
‘..i b |
‘=>" 16_- 20°
% 14 300
£ 12§ 20°
% wy _—
2 g
£ f =9.11 GHz
s :
» 6

0 2 4 6 8 10

Wave number k x 10° (rad/cm)

FIG. 3.3. The spin wave dispersion curve for a 104 nm thin Permalloy film. The
graph shows f, vs. k£ dispersion curve branches. The curve is for a ferromagnetic
resonance field Hpw =830 Oe that corresponds to the microwave pumping field
f»=9.11 GHz. The dashed line is a cut at f,. The branches of the dispersion curve
shown are for the angles indicated.

wave dispersion branches are labeled by 6,. This particular dispersion curve is for
H =830 Oe, which corresponds to the FMR point for a microwave pumping
frequency of 9.11 GHz. The parameters for the evaluations are as follows: a thin
film thickness d of 104 nm, a 47 M, value of 11,320 G, a |y|/2x value of 2.869
MHz/Oe, and a D value of 2.1x107° Oe cm*/rad®>. The horizontal dashed line
through the spin wave dispersion shows the available modes that correspond to the

FMR frequency, f, =9.11 GHz.

There are three major features of the thin film spin wave dispersion relation that
are of interest here. The first is the dependence of the dispersion on H. Figure 3.4

graphs (a), (b), and (c) show dispersion curves of f; vs. k for H values of 100, 250
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0 2 4 6 8 o0 2 4 6 8
Wave number kx 10° (radicm)

FIG. 3.4. Thin film spin wave dispersion curves for a 104 nm Permalloy film at
three values of the A field, as indicated. The graphs show the f, vs. k& dispersion
branches for 8, =90° and 0°, as indicated. The dashed lines mark the frequency
fi=f,/2=4.56 GHz.

and 550 Oe, respectively, and the same 104 nm film parameters as above. Only the
6, =0° and 90° branches of the dispersion curve are shown. The horizontal dashed

line now shows a cut through the spin wave band at f, = f,/2.

The graphs show that the spin wave band shifts up in frequency with an increase in
H . For this demonstration, there are no available spin wave modes at f,/2 for H
values above about 455 Oe. There are no available modes for energy to couple into
above this cutoff field H_.,. Section 3.5.2 will show that this results in no SWI

effect. The experimental oblique pumping results shown in Ch. 7 are in agreement

with this theoretical result.

The second point of note for the spin wave dispersion is the thickness dependence.

Figure 3.5 shows the 8, =0° dispersion branch for film thicknesses of 30 nm, 100
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11
10

Spin wave frequency f, (GHz)

W A OV O N O

0 2 4 6 8 10
Wave number k x 10° (rad/cm)

FIG. 3.5. The 6, =0° spin wave dispersion branches for thin Permalloy films of
thicknesses d =30, 100, and 150 nm, as indicated. The graph shows f; vs. k. The
curve is for A =350 Oe. The dashed lineisacutat f,/2.

nm, and 150 nm, all at a fixed field of 350 Oe. The parameters are the same as

above. The dashed line is a cut through the spin wave band at f, = f,/2.

The graphs show that the bottom of the spin wave band becomes shallow for
thinner films and deeper for thicker films. This is the feature that changes the H._,
field with thickness. For thicker films, the H_, field will be larger than for thinner
films. It is important to note that for very thin films there are no available modes at

fi=/f,/2 forany H field and there is no first order SWI effect. The experimental

oblique pumping results in Ch. 7 are in agreement with this result.

The final feature concerns the break down of the Harte approximation [Harte

(1968)]. Recall that the Harte approximation takes the dynamic magnetization to be
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uniform across the thickness of the film. This is adequate only for small &, and low

k spin waves. Outside these limits, a rigorous dipole-exchange dispersion

calculation must be performed [Kalinikos and Slavin (1986)].

Figure 3.6 shows example f, vs. k dispersion curves obtained with the Harte
approximation and from an exact dipole-exchange spin wave analysis. The graphs
are for the 104 nm thin film, a H =830 Oe, and the same parameters used for Fig.
3.3. The curves are shown for &, angles of 0° and 90°. The solid curves are for the
exact analysis and the dashed curves are for the dispersion relation that uses the

Harte approximation. The &, =90° branches from the exact analysis are labeled as

Spin wave frequency f _(GHz)

5 A ' A i A 'y s 1 P 1
0 2 4 6 8 10
Wave number k x 10° (rad/cm)

FIG. 3.6. Spin wave frequency f; vs. wave number k& curves for a 104 nm
Permalloy thin film in an external field H =830 Oe. The dashed curves are for the
6, =90° and 0° dispersion branches calculated with the Harte thin film
approximation. The solid curves are for the exact &, =90° and 0° dispersion
branches calculated numerically for a thin film.
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zeroth, first, second, and third order.

The curves shown for the 6, =90° branch of the exact calculation are the dipole-
exchange branches. The full analysis of the dispersion relation solves the
electromagnetic boundary value problem. This results in a set of discrete dispersion
curves for the wave number values allowed by the boundary conditions. Each curve
represents a standing wave across the film thickness. For the 6, =0° branch the only
the zeroth order mode is shown. The exchange interaction results in a shift up in
frequency of the higher order dispersion branches so that the degeneracy is lifted and

higher order branches need not be considered.

For low kd values, the approximation is very good. The &, =0° branch of the
dispersion relation shows a breakdown of the approximation only at large kd values.
Recall that in this limit the wavelength is much smaller than the film thickness and
the dipole field cannot be taken as uniform across the film. The &, =90° shows a
larger breakdown of the approximation. For very small kd values the approximation
is adequate but for larger kd values surface spin wave modes must be taken into

account and the dipole field is not uniform across the thickness of the film.

From the spin wave dispersion relation analysis leading to Eq. (3.27), it can be

seen that the Gilbert relaxation rate is given by

)
= ad = ao,—— (3.38)
Dy
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where the 0w, /0wy = A4, /w, is a spin wave ellipticity factor. This so called
ellipticity factor, however, is not the ellipticity of the precession cone of the
magnetization, but rather is related to the ellipticity e, by dw, /0wy =(1/¢, +¢,)/2.

The ellipticity of the precession cone of the magnetization is give by

A +|B"{ . (3.39)

Notice that if the precession of the magnetization is circular, so that e, =1, then the

ellipticity factor 0w, /0wy also goes to 1. As discussed previously, the B, factors
given only depend on the dipole-dipole interaction. A nonzero dipole-dipole

interaction is necessary to have an elliptical precession.

3.3 UNIFORM MODE ANALYSIS

This section considers the specific linearized torque equation problem for k=0.
This connects to the uniform mode. An h,(¢) field is included to drive the
magnetization. It is important to note that microwave field component perpendicular
to the Hz drives the linear response. The coupled set of equations for the uniform

mode becomes
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e
—Iylhw( cos(,1) ) |

~cos(w,t)

(3.40)

For k=0, N, =1 is true. The Gilbert relaxation rate for the uniform mode is,

therefore, given by

2og+oy (3.41)

Th =& 5

The uniform mode amplitude solutions are obtained as

oo "
ap (t)=,y| ;: (qLAe""”'+qALe m)p) R (3.42)

along with the complex conjugate of this equation. Here, equations ¢;, and g, are
the Larmor and anti-Larmor coefficients, respectively. In general, the Larmor
coefficient corresponds to the precession of the dynamic magnetization in a
counterclockwise direction and anti-Larmor corresponds to a clockwise precession.
However, the microwave pumping field is taken to be linearly polarized and Larmor

excitation is the dominate term in the response. The g, and g, coefficients are

given by

Oy + oy +o, [l+i2770 [ (2wy + oy ):I
qra = 7 2 . ' (343)
w; — o, +i2no,

and
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Oyt 05—, [1—i2770 /(2wy + oy )]

3.44)
o — o} —i2nw,

2

daL

where 7, is the uniform mode relaxation rate and @, is the uniform mode frequency.

Recall that the low power ferromagnetic resonance response is a measure of the

uniform mode response. The uniform mode relaxation rate is connected to the

measured FMR linewidth by
no=|7|AHM oo | =|7IAHF”“‘5 : (3.45)
2 oplHl,, 2

where AHpy is the half power FMR linewidth. The multiplier ¢ is equal to
| 7| (2Hpm +47M,)/ 20, and represents an ellipticity correction [Patton (1975)].
For Permalloy films at 10 GHz, this factor is about 2.

The @, parameter is the uniform mode frequency which is found by the

substitution of &£ =0 into Eq. (3.37) and is given by

@0 =@y (On + @y ) . (3.46)
This equation is the FMR Kittel equation [Kittel (1948)] for the case of an in-plane

magnetized isotropic thin film. Here the condition @, =@, defines the FMR field,

Hpug
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Notice that in the Larmor and anti-Larmor coefficient equations, Eqs. (3.43) and
(3.44), respectively, the i217, /(2w + @) term is very small compared to 1. This

term can then be neglected and the equations are

Oy + Oy + @, (3.47)

a)M +a)H—a)p (3'48)

9aL = : ’
o§ — o, —i21,0,

The final solutions for m,(r,#) can be found from the expressions for the Larmor
and anti-Larmor coefficients, Eq. (3.42) and the complex conjugate, and Eqgs. (3.18)
and (3.19). The results for m,, and m,, can be used to calculate the angle of the

precession cone of the magnetization at FMR. These angles are useful for the

discussion of the effects of the uniform mode at the SWI threshold in Ch. 6 and are

given by
3. =sin™! Imo’xl
X MS
(3.49)
— sin-! (a)H + @y, J h,
w
" AHpg 14| 2
2w,

and
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. ImO,v
9, =sin! -
’ M,

AHFMR\/H[ D )
2w,

The in-plane 9, angle is larger than the out-of-plane 8, angle as it depends on

(3.50)

=sin

(wg + @)/ @,. Recall that the static field and the equilibrium position of the

magnetization are in the film plane. The dynamic magnetization then has a larger

precession angle in the film plane.

3.4. SPIN WAVE INSTABILITY

This section is divided into three subsections. The first subsection sets up the
nonlinear problem at hand. The next subsection presents and discusses the nonlinear
first order equations applicable to in-plane oblique pumping with specific examples
of subsidiary absorption and parallel pumping. The final subsection presents and
discusses the nonlinear second order equations applicable to resonance saturation.
The last two sections provide the working equations for the SWI threshold

determinations for the processes of interest.
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3.4.1. INTRODUCTION TO THE SPIN WAVE INSTABILITY ANALYSES

The starting point for the spin wave instability analysis is the same magnetic
torque equation developed above. The solutions of interest are the spin wave and

critical threshold field amplitudes. The nonlinear terms are now retained. These
nonlinear terms contain linear m, (f) components, but also include m, () and
h,(t) components. This results in a very complicated set of nonlinear equations for
m; (¢). To find solutions for this nonlinear set of equations, the | M(r,?)| is taken to
be a constant and is written as M2 =m{,+mi,+(M,+m,)*. The small signal
limit approximation is again made and the m,, component of M(r,?), that is the
source of the coupling between the nonlinear equations, is written in terms of m,
and m,,. As before, Egs. (3.18) and (3.19) are used to transform from m,(r,?) to
a(1).

After a considerable amount of algebra one obtains

o s
+(_C;,;(8) _Dé,;((?)][i'l(fr))) ’

where the C,(¢) and D,(r) terms are given by

(3.51)
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C (t)=—wTM(1—N,,)sin0,, cos6 [ay (1) +a; (7)]
+|7|h - cos(@,t)

~Du [(1 Ne)(1-3cos?8,)+(1+ Ne) |ao (t) @i (¢) (52

“’M a(t)a (t)+l ' 2 gs (1) cos(w,t)
and
Dk (t) = =Wy (I-Nk)SinHk Cosekao (t)
Mz ay (t)cos(@,t)
—%M—[(l— N, )sin? 6, —(1+ N, )] ao () a3 (1) (3.53)
Dk?
+{%—%‘1—[I—Z(I—N,,)cosz 0,,]}
Xy (t)ao (t) .
The C,(t) and D,(¢) expressions contain both first and second order terms in the a,

and a;. Terms of third order or higher are not included. The first order terms have

single a,(?), ay(t), and h,, components. The second order terms include products

of the form a,(t)a,(t) , a(H)ay(t), a()as(t), av(t)h, ., and a;(t)h, .. For the first

order SWI theory the second order terms are discarded and for the second order

theory, the first order terms are discarded.

As before, the linear terms in Eq. (3.51) are diagonalized with the Holstein-

Primakoff transformation. The same transformation is also applied to the C,(¢) and


file:///r/Kj
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D,(¢). This leads to a coupled equation of motion for the spin wave mode

amplitudes given by

—-i( {5" Q) ) = .
(w,,b:ir(zi)JrF; () G (¢) )[ b, (,)) ’ (3.54)

‘-‘G; (t) - + iﬂk - F? (t) b:k (t)

where F, and G, are given by

Fy (1) = 22Cy (£)+ p2Ci (t) - Apa [ Dy () + D; (1) ] (3.55)
and
Gy (1) = 42Dy (t)+ 12D (1) - s [ Ce (1) + Ci (1) ] - (3.56)

The A, and u, parameters are specified in Egs. (3.32) and (3.33), respectively. The
F,(¥) amounts to a small modulation of @,. Since | F;(?)|<< @, is true, the F,(¢)
modulation effect may be omitted from the instability analysis. The G, (¢) function
provides a modulation of the coupling between the b,(¢) and b2, (¥) modes. This is

the source of the parametric excitation for spin wave instability.

The complicated G, (¢) function contains both C,(t) and D,(f) terms. These
terms, in turn, depend on the microwave pumping field directly through 4,, and
indirectly through the uniform mode amplitude a,(f) and its complex conjugate.

The modulation due to the h,(¢) in the G, (¢) function is the source of the transfer of
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energy from the microwave pumping field into a given spin wave mode at k and

;. From the form of the C,(¢f) and the D, (¢), and with the uniform mode solution
in Eq. (3.42), one can see that the time dependence of the modulation of the G, (¢)

expression is given by €*"*” where n has possible values of 0, £ 1, and +2.

The G,(t) function is then recast with the explicit time dependence as

[Schloemann (1959)].

Gi(t)= 22 GMemart (3.57)

n==2

The n=0 term can be neglected on the basis of two arguments. First, the n=0
term is a constant and can in principle be eliminated by another Holstein-Primakoff
transfomation. The second argument is that it can be neglected by the simple fact
that | G¥ |<< @, is true.

The n=+1 and n=12 cases are investigated separately. The n==+1 case occurs

for frequencies associated with the first order SWI processes and the #n=12 case

occurs for frequencies associated with the second order SWI processes.

3.4.2 FIRST ORDER SPIN WAVE INSTABILITY

For the first order SWI process n==1 is substituted into Eq. (3.54), as the

resonance frequency is @,/2. Recall that the F,(¢f) function is a small nonlinear
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modulation of @, and is neglected. The working equation for the spin wave mode

amplitudes is then given by
(6O
b (t)
@y +in, GY eort + GV giont (3.58)

—GO e-ort — G gint @y, + i, . .
[ Be(2)

b (1)
The trial solutions are
be(t)=5{" (t)e'%'+ b (t)e"mT"’ (3.59)
and
b (1) =0 ()7 4857 (1) T (3.60)

The b (), b5V (@), b9 (r), and BS"*(¢) are “slowly varying” envelopes in which
the corresponding b, (f) and b, (¢) functions oscillate in time with e"®»/?*
The trial solutions given in Eqgs. (3.59) and (3.60) are substituted into Eq. (3.58).

The time dependences are compared and the terms with fast oscillations in time are

neglected. Four separate equations come out of this analysis. The equations for
BM(r) and bY*(r) are retained as they are the only equations that are driven

resonantly, specifically when @,-w,/2=0. These equations for n=+1
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correspond to Larmor precession, as discussed in Sec. 3.2. The G{™ coupling term

is neglected, as the corresponding equations are not driven resonantly and
correspond to anti-Larmor precession. The resultant coupled set of equations for

n=+1 are

; P -(1)
- @ ) G
':b,sl) (t):’ l( k 2 ) k 48 o

~iG{" i(—wk +%) 1k (3.61)
b (¢)
5% (1)

b9 (¢)
where b"(r) and b)"(¢) are the complex amplitudes of the coupled spin waves that
propagate in the +% direction. This coupled set of first order differential equations
rewritten as a single second order differential equation is

0=50 (r)+ 2760 (1)

+[(a),, —%) +177} —!G,((l)lsz,(f) (c)

(3.62)

Equation (3.62) is that of a damped harmonic oscillator and has a solution of the

form
b (t) =50 e (3.63)

where x is
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2
K=—7, % \ﬁc;gl)lz _ (a)k - 5”21) : (3.64)

The form of x shows the SWI effect even without a detailed knowledge of the
G function. Recall that the G term depends on the microwave pumping field
amplitude A, directly and indirectly. For a sufficiently small A,, G{" is small, x is
negative, the b’ (¢) function always shows a decay, there is no SWI, and the spin
wave modes continue to reside at thermal levels. As A, in increased, however, G{°
term grows. Exactly where x becomes positive for some mode or set of available k
and @, modes, there is a threshold and an exponential growth in the b (r)

amplitudes for these modes. Therefore, the condition for SWI is found when x =0

and is
|G,£‘)|2 =(a)k—%j 7 . (3.65)

The critical SWI threshold field amplitude A, at a given H and @,, is defined
as the minimum threshold among all the available k and @, modes under these
conditions. The modes with @, =@, /2 result in a smaller G{" term, as seen in Eq.
(3.65). The threshold condition for the unstable growth of first order parametric spin

waves at @, =@, /2 reduces to |G |=17,.
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The next step in the first order SWI analysis is to find the form of G". Equations
(3.52) and (3.53) for C,(r) and D,(r), respectively, are substituted into Eq. (3.56)
for G,(¢r) and only the nonlinear first order SWI terms are retained, as discussed

previously. The condition that @, =@, /2 is used and after a considerable amount

of algebra one obtains
GO(k,6,) = -2 |y|n
C(k0) 2wp| 1 (3.66)

.[Wk(l)i (H, k, Hk)sin¢ + WO (H, k, Hk)cos ¢:|

where ¢ is the angle between the H field and the h,(¢) field. Here, the &,
dependence is separated out from the (H,k,6,) in order to obtain an A
determination from the threshold condition. The new dimensionless W, (H, k,6,)
and W (H ,k,6,) functions include the remaining dependences on the H field, the
k and 6, modes, and all of the other parameters enumerated above. The

WwOL(H,k,6,) and W (H,k,6,) dimensionless coupling coefficients are given by

W (H,k,6,)=(1- N, )sin 26,

_B +%
(Ak B, + ) )qLA (3.67)

w
+(Ak—Bk—7")qu

and
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WO (H,k,0) =22 (3.68)

Dy

where the effective demagnetizing term N, is the thickness dependent term given in
Eq. (3.9), 4, and B, are given in Egs. (3.21) and (3.22), and g;, and g}, are the
Larmor and anti-Larmor coefficients found in Eqgs. (3.43) and (3.44), respectively.

Recall that the threshold condition for the unstable growth of first order parametric

spin waves at @, =@, /2 is |G |=7,. Then one can write the theoretical threshold

h. amplitude as [Patton (1969), Green et al. (1969)]

_ 2w,
ey

h.
(3.69)
X7 ”k .
Wt (H, k,6,)sing + W™ (H. k.6, )cos |

As mentioned above, the Ay at a given H field and w, is defined as the
minimum threshold among all the available @, modes under these conditions.
Equation (3.69) is minimized to obtain the A, amplitude. The modes that satisfy
this condition are termed the critical modes (K3, Guix). One can simplify the
minimization by use of the spin wave dispersion relation @,. Recall from Sec. 3.2
that for a given H , the available £ and 6, modes are defined by the w, dispersion
relation as given in Eq. (3.37), again subject to the @, =, /2 constraint. This
dispersion constraint allows one to write &, as a function of k. Equation (3.69) is

then
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W ==
Dy

3.70

AH, (3.70)

" IW,,‘”l (H.,6.)sing + W (H,6, )cos ¢

=0, /2

Here the spin wave relaxation rate 7, has been cast in terms of a spin wave

linewidth parameter. The spin wave linewidth parameter is

AH, =2n./y] . 3.71)
This parameter AH, serves one simple function, to cast 7, into linewidth units. It

is not a real linewidth.

Equation (3.70) is for an arbitrary angle ¢ between the H and the h,(r) fields

and the experimental situation that pertains to this is termed oblique pumping. Two

special cases are now considered. The first case, termed parallel pumping, is for an
angle ¢ =0° between the H and the h,(7) fields. Notice that the WM coefficient
is multiplied by a factor of cos¢ and the W, " dimensionless coupling coefficient is
multiplied by a factor of sing. The process corresponding to W™ is a maximum at

¢ = 0° and there is no coupling of energy by the W™ coefficient.

The W™ coefficient is independent of the uniform mode and depends entirely on
the dipole-dipole interactions, as seen by the sin® 8, and 47N, M, dependencies in

Eqgs. (3.68) and (3.22). The resultant Ay function for parallel pumping is

completely independent of the uniform mode and depends entirely on a direct
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coupling of the h,(¢) field to the available spin wave modes via the dipole-dipole
interaction.

As discussed above, the dipole-dipole interaction results in an elliptical precession
of the magnetization. The elliptical precession in combination with the assumption
that the amplitude of the magnetization is constant, | M |= M|, results in a wobble of

the Z—component of the dynamic magnetization. The precession of the in-plane

dynamic magnetization has a time dependence of €' and the wobble of m; . has a
time dependence of e?#'. The h,,(f) has a time dependence of ¢”'. Above

threshold, energy is parametrically pumped into the critical +k and —& spin wave

modes from the microwave pumping field 4,,(f) at @, =w,/2 for the first order
parallel pumping spin wave instability process [Patton (1975)]. However, if there is
no dipole-dipole interaction, there is circular precession, no wobble of m, ,, and no
parallel pumping threshold instability process.

The second case termed subsidiary absorption is where the angle between the H
and h,(s) fields is perpendicular, ¢=90°, and only the W®* coefficient is
applicable. For a H swept high power FMR measurement, the loss due to this
nonlinear process is subsidiary to the FMR response.

For subsidiary absorption the A% function contains the uniform mode amplitude,
as given in Eq. (3.42), and depends on an indirect coupling of energy from the 4,

field into the available spin wave modes through the uniform mode. For this case,
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energy is pumped into the uniform mode and the uniform precession amplitude
increases linearly until the power level exceeds some critical threshold. This critical
threshold occurs when the power level exceeds the rate that energy can be lost from
spin wave modes due to relaxation processes. The energy is then parametrically
pumped into the critical +k and -k spin wave modes at @, =w,/2. Equation
(3.70) for oblique pumping contains the coupling of energy due to both the
subsidiary absorption and the parallel pumping processes weighted according to

sing and cos¢ .

3.4.3 SECOND ORDER SPIN WAVE INSTABILITY

This subsection is for the case of second order SWI processes. From Eq. (3.57),
one can see that G,(¢) with a time dependence of €*?*' has resonance frequencies
at the microwave pumping frequency, as required for second order processes. This
time dependence is substituted into the expression for the spin wave amplitudes in
Eq. (3.54). Recall that the F;(f) function has been neglected, as the function is just
a small nonlinear modulation of @,. Similar trial functions to those used for the first
order SWI are used for the solutions to the second order set of coupled equations

with the exception that the time dependences are now ¢# and €. One uses
b (£) =57 (t)e™ + b7 (t) e (3.72)

and
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b, (£) =65 (1) e @ + B () e . (3.73)

The (), b{2(@), b2*(t), and bGP (r) are “slowly varying” envelopes in
which the corresponding b,(¢) and b’,(¢) functions oscillate in time with ¢®. Four
separate equations come out of this analysis. The equations for 5 (r) and 6" (z)

are retained as they are the only equations that are driven resonantly, specifically

when @, —@, =0 is satisfied. The procedure established in the previous subsection

is used to obtain the coupled set of working equations for the second order spin wave

mode amplitudes and are given by

[5,52) (t)} _ [i (o —,)— iGY

par (?) - —iG&r i (—a)k +@,)— 1
b ()
& ()]

where b (t) and b¥*(¢) are the complex amplitudes of the coupled spin waves that

(3.74)

propagate in the +k directions. This coupled set of first order differential equations
is rewritten as a single second order differential equation of a damped harmonic

oscillator where the solution has the form
b (1) =) e (3.75)

where x is

K=-1 + \/,ng)r ~(oc~w,) . (3.76)
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A detailed knowledge of the G function is not necessary to understand the
second order SWI effect. Recall that G{» depends directly on the microwave
pumping field amplitude 4,. For a sufficiently small 4,, the G term is small, «
is negative, the 5 (¢) amplitudes show a decay, there is no spin wave instability,
and the spin wave modes reside at thermal levels. As the A, field is increased, the
G® term increases. Exactly where x becomes positive for some mode or set of
available k and @, modes, there is a threshold. Above this threshold there is an

exponential growth in the 5*(¢) amplitudes. Therefore, the condition for spin wave

instability is found when x =0 and is
@ L
G| =(@x-a,) +ni . (.77)

Recall that the critical spin wave instability threshold 4, atagiven H and o, is

defined as the minimum threshold among all the available k and @, modes under

these conditions. One can clearly see in Eq. (3.77) that the modes with @, =@, will
have a smaller G® term than the others. The threshold condition for the unstable

growth of first order parametric spin waves at @, = @, reduces to |G? |=17, .

To find G{? the second order SWI terms in C,(¢) and D, (f) are retained and the
condition that @, =@, is now applied. After a considerable amount of algebra, one

obtains
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, h
G (k.6) =_“,yl4p% we S
P
with
WO (H,k,00) =Wy + Wy + Wy + W +Wi] . (3.79)

The W;, W,, W,, W, and W; terms are given by

Wi(H,k,6,)=gin[r (4 +,)-Bv] , (3.80)
W, (H,k,6,)=q3[r(4-,)-Bv] , (3.81)
Wy (H,k,6,)=ququa[s(4 +@,)+s(4 —o,)- B ] , (3.82)
W4(H,k,l9,,)=%CILA(Ak+60p—Bk) , (3.83)
and

m(H,k,ak)=%q;L(Ak—w,,—Bk) : (3.84)

The A4, and B; were obtained previously, as given in Eq. (3.21) and (3.22)
respectively. The ¢, and g, are the Larmor and anti-Larmor uniform mode

response functions obtained in Sec. 3.3. The remaining terms are

r= %a)M [[1- ¥, (k) ]2c05%6, 1] +%Iy|Dk2 : (3.85)
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y= %mﬂ, , (3.86)
5= —%QM [[1-N. (k) ]sin’, —(1+ N,) | (3.87)
and

u= %QM [[1-Ni (%) ] (3c0s26, ~1)-[1+ N, (k)]] - (3.88)

Recall that the threshold condition for the unstable growth of the second order
parametric spin waves at @, =@, is now given by |G{” |=7,. The theoretical

threshold 4, amplitude is obtained

=2 v, AH, (3.89)
sing \||y]| W (H.6. )|

where the relaxation rate is again written in terms of the spin wave linewidth.

Recall that the critical spin wave instability threshold 4, at a given H and o, is

defined as the minimum threshold among all the available k and @, modes under
these conditions. The minimization is simplified by use of the spin wave dispersion
relation @,. For a given H, the available £ and 6, modes are defined by the @,
dispersion relation as given in Eq. (3.37), subject to the @, (%,6,)=w, constraint.
This dispersion constraint allows one to write ¢, as a function of k. The A2

amplitude is



Chapter 3
75

®,AH,
w (H,6,)

@__2

) — i 3.90
hcnt Sin¢mln Vl]/l ( )

Notice that A%) depends on 1/sin¢ . This process is then a maximum at ¢ =90°.

The second order SWI process contains the uniform mode amplitude, as given in

Eq. (3.42) and depends on an indirect coupling of energy from the h,(¢) field into

the available spin wave modes through the uniform mode. As energy is pumped into
the uniform mode, the uniform precession amplitude increases until the power level
exceeds some critical threshold. This critical threshold occurs when the power level
exceeds the rate that energy can be lost due to relaxation processes. The energy is
then parametrically pumped into certain available spin wave modes as the uniform
mode is saturated. Here the spin wave modes are at the microwave pumping

frequency @, =w,. For a static magnetic field swept ferromagnetic resonance

measurement, the excitation of these modes will be at the ferromagnetic resonance
field. As the energy is parametrically pumped from the uniform mode the uniform
mode precession angle locks up and there is a measurable decrease in the
ferromagnetic resonance amplitude. On the other hand, as the energy is pumped into
spin waves at the microwave pumping frequency there is a broadening of the
ferromagnetic resonance profile. This saturation of the uniform mode at resonance is

the reason this effect is termed resonance saturation.
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3.5 SPIN WAVE INSTABILITY THEORY EXAMPLE CALCULATIONS

This section provides example calculations of the theory developed above. These
example calculations demonstrate how the first and second order processes work and
set the stage for the data analysis in Ch. 6 and 7. Resonance saturation is considered
first, followed by example results for subsidiary absorption, oblique pumping, and

parallel pumping. Graphs of Ay vs. H butterfly curves and the corresponding £

vs. H,and 6, vs. H are shown and discussed.

The analysis is for parameters applicable to an isotropic 104 nm thin Permalloy

film. The parameters given in given in Ch. 4 and Olson ef al. (2007) for the 104 nm

Permalloy film are used. These are a 47 M, .« value of 11,320 G, |y |/2x value of
2.869 MHz/Oe and AHpg value of 59 Oe. The calculations are for a f, value of

9.11 GHz and with a standard D value for Permalloy of 2.1x10° Oe cm’/rad’

[Nisenoff and Terhune (1965)].

The numerical minimization procedure to obtain the theoretical A% and A}
values for given H values is discussed at length in [Nazarov er al. (2002)] and
elsewhere. One starts with a fine mesh of the available ; values defined by the
o, (k,6,) = w, constraint, for second order SWI, or @, (k,6,)=w,/2 constraint, for
first order SWI, evaluates the resulting 4. at each point, and selects the minimum
value which is A, . At the same time, the values of &, and % that correspond to this

minimum threshold point define the critical modes &.; and k. One then repeats
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the process for fields over the range of interest and constructs a theoretical butterfly
curve My vs. H, as well as the corresponding 8. and kg vs. H profiles. This
entire process may be repeated with different AH, trial functions as a control
parameter to obtain a best fit to a given set of experimental &.;, vs. H data. One can
then use such fits to make empirical determinations of appropriate AH, functions for

the process and material of interest.

3.5.1 RESONANCE SATURATION EXAMPLE CALCULATIONS

This subsection considers example second order SWI results. The calculation is
performed for a coupling angle of ¢ =90° where there is a maximum coupling of
energy into the uniform mode. A constant AH, of 32 Oe is used for the example

calculations. The other parameters used for the fit are given above.

Figure 3.7 shows the Ay vs. H butterfly curve. A schematic k.; vs. H graph
and a schematic diagram of the direction of propagation of k., O =0° with
respect to the sample and the H field are shown in the insets. The critical modes
that correspond to the butterfly curve in Fig. 3.7 show a linear decrease of k., with
an increase of H. The kg values range from 9.1x10° —9.6x10° rad/cm and the
angle is constant at 8 =0°. Interestingly, 6. = 0° also comes out of the original

Suhl SWI theory for bulk isotropic ferrites biased at the FMR field [Suhl (1957)].
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FIG. 3.7. Resonance saturation butterfly curve of k4, vs. H for the 104 nm
Permalloy film. The pumping frequency was 9.11 GHz. The solid circle denotes the
FMR field position. The insets show k.; vs. H and configuration for k.; and H
where the 0, = 0°.

The basic shape of the thin film butterfly curve for resonance saturation is
determined only by the uniform mode Larmor and anti-Larmor precession
coefficients found in the W@ coefficient, given in Eq. (3.79). The butterfly curve’s
strong dependence on the uniform mode response, also, called the FMR response, is
very complicated but can be discussed qualitatively. At the FMR peak where the
FMR precession angle is large, the coupling to parametric spin waves is strong, and
k. is at a minimum. As the static field is shifted above or below the FMR field
point, the precession angle decreases, the coupling also decreases, and a higher

microwave field is needed to reach the instability threshold. Qualitatively, this
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means that the A, vs. H profile is an inverted rendition of the low power FMR

absorption profile.

The FMR precession angle plays a major role in second order SWI theory and
comes out of the calculation for the A, values. Recall that just at the SWI
threshold, energy from the uniform mode is parametrically pumped in to the spin
wave modes. This results in a lock-up of the FMR precession angle at 4% . This
angle is a maximum at the FMR field. The in-plane FMR precession angle at the
FMR field is calculated with Eq. (3.49). For this example calculation the lock-up
angle is fairly small at 9§ =4.9°. As one moves above threshold, the lock up

gradually relaxes, but there is a sizeable increase in loss.

3.5.2 OBLIQUE PUMPING EXAMPLE CALCULATIONS

This subsection considers example first order SWI results for parallel pumping,
oblique pumping, and subsidiary absorption. More specifically, the examples are for
coupling angles of ¢ =0° 40° and 90°. A constant AH, of 32 Oe is used for the
calculations. The other parameters used for the calculation are as given above. The
available spin wave modes are the same for all three coupling configurations.

However, the critical spin wave modes and the threshold vary with ¢.

Figure 3.8(a) shows the full butterfly curves for ¢ =0°, 40°, and 90°, as indicated.

The inset shows the coupling configuration. Figures 3.5(b) and (c) show the



Chapter 3

80

20¢

hcm (oe)
&

-
(=]
ypp——

Threshold amplitude

Critical mode wave number
k. x 10° (rad/cm)

75

[- 23
(=]
s

Critical mode
angle 6, (deg)
8 &
®
-

-
N

o crit

40 / ()
0]

o T —

50 100 150 200 250 300 350 400 450

Static magnetic field H (Oe)

FIG. 3.8. Oblique pumping butterfly curve Ay, vs. H and corresponding k.; and
O vs. H for angles ¢ between H and h, of ¢=0° 40° and 90° as indicated.
The inset in graph (a) shows the coupling configuration. The plots are for the 104
nm thin Permalloy sample and a microwave pumping frequency of 9.11 GHz. Graph
(a) shows the A, vs. H curves. Graphs (b) and (c) show the corresponding k;
and 6., vs. H curves, respectively. Graph (c) shows the configurations for the
B, =90° and 0° critical mode situations.
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corresponding graphs of k; and & vs. H, respectively. The insets indicate the
direction of propagation of k.; with respect to H or the 8,; for the perpendicular
and parallel critical mode angles.

Figure 3.8(a) shows two major effects. The first point of interest is the sharp
increase in the threshold amplitudes on the high field sides of the butterfly curves in
Fig. 3.8(a). This is directly related to the available spin wave modes at @, =@, /2.
Recall from Sec. 3.2.2 that the spin wave dispersion curve shifts up in frequency
with an increase of the H field. Above some particular H,, , the @, =@,/2 cut is
below the spin wave band and there are no available spin wave modes and no SWI
process is possible.

The perpendicular and parallel coupling coefficients found in Egs. (3.67) and
(3.68), respectively, produce different effects at the spin wave band edge where
8. = 0. For the case of ¢ =90° the W, " coefficient is the only coupling term.

Recall that the subsidiary absorption process depends on the coupling of energy
through the uniform mode and into spin wave modes. The coupling not only

depends on the uniform mode but also on the dipole-dipole and exchange
interactions. The WV is proportional to a sin26; term that stems only from the
dipole-dipole interaction. When 8,; — 0, the dipole-dipole interaction goes to zero,

the W,V* goes to zero, and the corresponding thresholds diverge.
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On the other hand, for the ¢ =0° case, the W™ coefficient is the only coupling
term. Recall that the parallel pumping process depends on an elliptical precession of
the dynamic magnetization. The elliptical precession is the result of dipole-dipole
interactions. The dependence of W™ on the dipole-dipole interaction is
(1-N,)sin? @, — N, . This shows that when 8 — 0, the sin?6, goes to zero but
the kd —dependent effective demagnetizing factor N, remains at a nonzero value.
The W™ coefficient then, goes to some finite value at the spin wave band edge and
correspondingly the A goes to some very large but finite value. For oblique
angles, other than 90° and 0°, as .;; — 0, the thresholds increase. However the N,

in the WM coefficient is nonzero and results in a finite threshold value.

The second effect to be noted from Fig. 3.8(a) is the increase in the A, values
with a decrease in the ¢ angle. Equation (3.70) shows that A4, depends on the
perpendicular and parallel components of the W, and W™ coefficients weighted
by the coupling angle. When ¢ is decreased the coupling of energy into the spin
wave modes from the W,"* coefficient decreases and the coupling from the W,®!

coefficient increases. The increase in threshold as the coupling angle decreases
shows that energy is pumped more efficiently by the perpendicular SWI process then

by the parallel SWI process.
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The W™ coefficient dominates the coupling of energy into the spin wave modes
up to some critical ¢ angle. This critical angle occurs when
WM cosg, =W sing, and is ¢, =31°. The butterfly curves for ¢ > g, have lower
thresholds, as there is a strong coupling of energy through the uniform mode and into
the spin wave modes. The butterfly curves for ¢ <¢. have increasingly higher
thresholds which are the result of the weak coupling of energy directly from the 4,

field into the spin wave modes.

Figures 3.8(b) and (c) show the corresponding k.; and 6.; vs. H graphs. The
¢ =0° plots show very low ko and 6. =90° up to some field value. This field
value corresponds to the minimum in the ¢ =0° butterfly curve. As one increases the
field, the k; values decrease with the 6.; 90° spin wave dispersion branch. At the
minimum field value, k. is about zero as 6, abruptly jumps to zero. At this field
the half pump frequency line includes the k=0 spin wave mode. As one increases
the field above the minimum, there is an increase in the k.; values as 6.; remains at
zero until the spin wave band edge. At the band edge, the k; value approaches
some finite value that is the only available mode when the half pump frequency is at
the very bottom of the spin wave band.

The ¢=90° and ¢ =40° curves show a different trend. The 6.; values for both

curves show a maximum value of about 15° at low fields. The curves then show an

almost identical smooth decrease to zero at the band edge. The corresponding k;
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values for both curves are on the order of 10° rad/cm and show a relatively smooth
increase to the finite k; value at the band edge.

The difference in the spin wave modes for the larger angles, ¢ =90° and ¢ =40°,
to ¢#=0° stems from the coupling coefficients. Recall that for coupling angles
greater than ¢, =31°, the W®* coefficient dominates and the critical spin wave
modes show only small changes. For coupling angles smaller than ¢, =31°, the

WM coefficient dominates and the critical modes are drastically different. The

behavior and range of the critical modes for the subsidiary absorption and parallel

pumping processes are very different.
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PERMALLOY THIN FILM MATERIALS OVERVIEW

INTRODUCTION

This chapter provides an overview of the thin Permalloy films of interest. Sec. 4.1
provides basic information on the samples, such as thickness, composition, and
preparation details. Section 4.2 and 4.3 present the static and microwave magnetic

properties of the films, respectively.

4.1 THIN PERMALLOY FILMS

The focus of this work is on Permalloy films of thicknesses (d) 35, 57, 74, 104
and 123 nm prepared by Dr. S. Konishi, Kyushu University, Fukuoka, Japan in the
1970’s. The films were thermally evaporated on 8 mm square, 0.2 mm thick glass
substrates in the presence of an in-plane static magnetic field of about 30 Oe. The
nominal vacuum before evaporation was 2x10° Torr, during evaporation was
8x10° Torr, and during the annealing process was 2x10° Torr. The 35 and 104

nm thin films were evaporated on glass substrates held at ambient room temperature.
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The 57, 74, and 123 nm thin films were evaporated and annealed on heated glass
substrates at about 300° C. The time of the annealing process was about two hours.

All films are 5 mm in diameter and have nominal compositions of 82 at. % Ni and 18

at. % Fe.

There was no overlayer deposited on the samples. It is possible that an oxide layer
developed on the films after preparation. No measurements were performed to
verify an oxide layer. Silicone vacuum grease was used by Dr. Konishi’s research
group to hold the samples in place and is used for the same purpose for the work

presented here.

4.2 THIN PERMALLOY FILM STATIC MAGNETIC PROPERTIES

The static magnetic properties of the thin Permalloy films were determined from
calibrated hysteresis loop measurements by Dr. Konishi’s research group in the
1970’s. The coercive values reported for the samples were very low and in the range
of 2 -4 Oe. The 104 and 123 nm films evidenced the usual field induced uniaxial
anisotropy with effective anisotropy fields of 5 and 4 Oe, respectively. The external

field is used to align the easy axes of the magnetic domains.

Figure 4.1(a), (b), (c), and (d) show magnetic moment vs. H curves for the 35, 57,
74, and 123 nm samples, respectively. These measurements were performed
recently by Dr. Sangita Kalarickal at NIST in Boulder, Colorado [Kalarickal (2007)].

The measurements were performed with a B-H looper with the static magnetic field
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FIG. 4.1. Magnetic moment vs. H for the 35, 57, 74, and 123 nm samples, as
indicated. The solid and dashed curves correspond to measurements with the static
field along the hard axis and easy axis of the sample, respectively. No easy axis
measurement was made for the 74 nm thin sample. The solid circles, in graphs (a),
(b), and (d), indicate the coercive values for the samples. These data were provided
by Dr. Sangita Kalarickal.
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in the film plane. The solid curves were measured with the static field along the easy
axis and the dashed curves were measured with the static field along the hard axis of
the sample. Notice that no easy axis measurement was taken for the 74 nm film.
The solid circles, in graphs (a), (b), and (d) indicate the coercive values for the
samples. The coercive values extracted for the 35, 57, and 123 nm thin films are 5.7,
2.4, and 2.8 Oe, respectively. These agree reasonably well with the values measured

by Dr. Konishi’s research group.

The effective anisotropy fields extracted from the hard axis data are 12, 7.1, 7.4,
and 5.8 Oe for the 35, 57, 74, and 123 nm thin films, respectively. These values are
notably larger than the values measured by Dr. Konishi’s research group. It is
important to note that Dr. Konishi’s research group only reported the effective
anisotropy value for the 104 and 123 nm films. The 123 nm film was the only
sample measured in both cases. The effective anisotropy values are much smaller
than the fields of interest and the films were taken as isotropic for purposes of

analysis.

4.3 THIN PERMALLOY FILM MAGNETIC MICROWAVE PROPERTIES

AND DERIVED PARAMETERS

All five samples showed FMR responses. The basic FMR properties were

determined by standard low power measurements for both in-plane and
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perpendicular-to-plane static field configurations. The FMR measurement details are

given in Ch. 5.

Figure 4.2 shows example cavity voltage reflection coefficient p vs. H low
power FMR profiles for the 104 nm film and a microwave frequency of 9.11 GHz.
Recall that p = (B / P,)"* and is a measure of loss due to the sample. Graph (a)
and (b) show in-plane and perpendicular-to-plane static field FMR profiles,
respectively.  The dashed line and solid point indicate the in-plane and
perpendicular-to-plane  FMR fields Hlyy =830 Oe and Hpg =14,494 Oe,

respectively. The solid curves show Lorentzian fits to the FMR profiles. In spite of
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FIG. 4.2. Voltage reflection coefficient p vs. H for the 104 nm thin film and a
microwave frequency of 9.11 GHz. The H and A, fields were mutually
perpendicular at ¢ =90°. Graph (a) is for the microwave and static fields in the film
plane. Graph (b) is for the microwave field in the film plane and the static field
perpendicular to the film plane. The solid curves show Lorentzian fits to the data.
The ferromagnetic resonance points are as indicated.
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the age of these films, the low power in-plane and perpendicular-of-plane FMR
profiles were all clean and reasonably narrow. These FMR profiles are typical for all

of the films.

The shift of the FMR peak from low field for the in-plane configuration to a higher
field for the perpendicular-to-plane configuration is due to the demagnetizing fields
in the film. The perpendicular-to-plane FMR Kittel formula is
o, =|y | (Hiw —47M,). Here the —47 M, is due to the static demagnetization and
reduces the static field inside the film. As a result, a larger field is required to meet

the resonance condition. The in-plane FMR Kittel formula is

@, =|7]\/H,'.1MR(HEMR+47rMA.). Here the 4xM, is due to the dynamic

demagnetizing field that is produced when the magnetization is tipped out of the film
plane. This produces an additional torque on the magnetization. As a result, a

smaller field is required to meet the resonance condition [Patton (1968)].

Table 4.1 lists the key FMR results measured for all five films. The H}x and
Hig values, as listed in table 4.1, were used to determine the effective saturation
induction 47M,_ and the gyromagnetic constant | |/2z parameters from the in-
plane and perpendicular-to-plane standard FMR Kittel formulas discussed above.
Small surface anisotropy effects make 47M, .+ slightly different from the actual

saturation induction, 47M,. The listed 4zM,s and |y|/27 values match
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reasonably well to literature values for the 47M, and the |y |/2z for Permalloy

[Patton (1968), Kalarickal et al. (2006)].

TABLE 4.1. Summary of low power 9.11 GHz ferromagnetic resonance (FMR)
measurements and derived parameters.

FMR field Hpyr (Oe)
Film thickness
d (om) In-plane static field ifarg::f;;?g;fg-
35 806 13,878
57 838 13,591
74 782 14,275
104 830 14,494
123 850 13,560
Effecti . In-plane
ective Gyromagnetic | In-plane .
saturation constant half power FMR gl.ulvalent .
. . .. ilbert damping
induction ly|/27x linewidth parameter
47 Mo (G) (MHz/Oe) AHpg (Oe€) g
10,820 2.976 44 0.0072
10,510 2.954 41 0.0066
11,210 2.974 37 0.0060
11,320 2.869 59 0.0093
10,460 2.938 56 0.0090

The last two columns give the measured in-plane half power FMR linewidths
(AHpr ). The Gilbert damping parameters (&g ) that correspond to the AHpyx
values were obtained from the standard connection derived from the Gilbert damped

equation of motion apg =|y|AHme /2@,, as discussed in Ch. 3, where
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w,/2m=9.11 GHz. The reasonably small linewidths and low agg values are

indicative of good quality low loss films. Dr. Konishi’s research group also
measured the in-plane linewidths of these samples in the 1970’s and obtained values

within 5 Oe of the linewidths measured found here.
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HIGH POWER FERROMAGNETIC RESONANCE SYSTEM,
EXPERIMENTAL TECHNIQUES, EXAMPLE DATA, AND

THEORETICAL FITS

INTRODUCTION

In this chapter the newly developed automated high power FMR spectrometer
system and the extensive new calibration techniques are discussed. The
experimental techniques are modified from previous techniques to improve the
accuracy of the data and decrease the time for data acquisition. Example data and

theoretical fits are provided.

Previous high power FMR systems provided invaluable spin wave relaxation
information. One such system was discussed in Patton and Green (1971). The new
modernized high power FMR system is capable of fully automated threshold
measurements over a span of static magnetic fields. This automation greatly
decreased the time to obtain the data needed for a full butterfly curve by over 75%.
A traveling wave tube amplifier is used rather than a magnetron. The solid state

technology provides a faster rise time and does not show the distortion seen in pulses
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generated by magnetrons. A microwave switch is no longer used, as the incident
power and reflected power at the cavity are accurately determined through a series of
calibrations. A computer, rather than a calibrated data recorder, is used for data
acquisition and to perform calculations to accurately determine the necessary

parameters.

In addition to the new high power FMR system, new calibration techniques were
developed to accurately measure the system loss and to resolve cavity calibration
issues over the FMR field range. The precise measurement of the loss throughout
the system is performed as a function of frequency. This accounts for the changes in
loss and, hence, in changes in the incident power at the cavity P, and the reflected
power from the cavity F.; due to changes in the microwave pumping frequency for
field swept FMR measurements. The procedure to find the microwave field
amplitude inside the microwave cavity is presented in detail by Green and Kohane
(1964), Frait and Patton (1980), and McKinstry and Patton (1989). This procedure is

extended to allow for proper calibration over the FMR profile.

These new calibration techniques have not only improved the accuracy of the
measurements but also have allowed for the first ever full set of accurately calibrated
high power data to be measured over the full FMR field range. Previous calibrated
measurements over just a portion of the FMR field range were performed by Cox et

al. (2001). These took into account cavity loading due to sample absorption.
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However, the dependence of the cavity calibration on loss was not taken into

account. This can (and does) lead to significant errors.

Section 5.1 introduces the high power system design and instrumentation. Section
5.2 presents the calibration technique for the loss in the system. Section 5.3 develops
the techniques to perform low and high power FMR measurements and provides
example FMR results. It should be mentioned that the system calibration provides
accurate P, and P, values for the FMR measurements but there is still no one-on-
one correspondence between the P, and the microwave field amplitude in the cavity
h,. Section 5.4 gives details on the decoupling of the cavity and further calibration
issues. In addition, perturbation theory to obtain the equation for the cavity
calibration constant is introduced. Section 5.5 establishes methods to determine the
microwave SWI threshold amplitude 4 and other important parameters. Section

5.6 gives example butterfly curve results for resonance saturation and oblique

pumping and establishes the procedures for the theoretical analyses of these results.

5.1 HIGH POWER FERROMAGNETIC RESONANCE MICROWAVE

SPECTROMETER SYSTEM

The purpose of the high power FMR microwave spectrometer system is to
measure the magnetic losses in a sample at low and high powers. As discussed in

Ch. 2, the losses are presented in terms of the voltage reflection coefficient p. The
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high power FMR system is designed to perform two types of loss measurements.

The first is uncalibrated absorption profiles of p vs. H for a range of P, values.

The second type is uncalibrated and calibrated threshold curve profiles of p vs. P,
for a range of H values. As mentioned, the term “uncalibrated” means that the data
are obtained under cavity loading conditions for which the connection between P,

and h, is not fixed. This is generally the case in the FMR field region when the

static and microwave fields are mutually perpendicular and the FMR coupling is

strong. Through a reduction in the coupling angle ¢ between these fields, the

coupling is reduced to the point where perturbation theory is applicable and one can

define C=h}/P, for the sample loaded cavity and make the transition to a

“calibrated” measurement.

The high power X-band pulsed microwave reflection cavity spectrometer system is
similar to the systems described by Cox et al. (2001), Nazarov (2002), and Zhang et
al. (1987). A schematic diagram of the basic system is shown in Fig. 5.1. The
spectrometer is divided up into seven separate sections for this discussion. The
sections are the high power pulsed microwave source, the input arm, the reference
arm, the reflection arm, the electromagnet, the microwave reflection cavity that

contains the sample, and the computer for data  acquisition



Chapter 5

99
INPUT ARM
e dvebey vt y MICROWAVE SOURCE
| DIRECTIONAL  ISOLATORS I~ — - —— - — — — — — —
| COUPLERS Iy —p
PRECISION I
: ,/ ATTENUATOR g: 4’| GENERATOR
]
]

ELECTROMAGNET

W MICROWAVE
SYNTHESIZER

REFLECTION ARM

MAGNET
GAUSSMETER POWER SUPPLY

FIG. 5.1. Schematic diagram of the high power FMR spectrometer system.

and automation. The first four sections are shown in red dashed line boxes in Fig.
5.1. The first section of the high power FMR system is the high power pulsed
microwave source. It consists of three major components that are all computer
controlled by a General Purpose Interface Bus (GPIB) card. These include a Hewlett
Packard (HP) 83640A synthesized sweeper, a Wavetek Model 81 pulse generator,
and an Applied Systems Engineering Model 174XKu traveling wave tube (TWT)
amplifier. The TWT is provided with a -4 dBm continuous microwave signal from
the synthesized sweeper and a 4 V gate signal from the pulse generator. The signal
from the pulse generator triggers the TWT to generate a linearly polarized

microwave pulse with a peak power of approximately 2 kW and a maximum duty
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cycle limit of 4%. The repetition frequency is 40 Hz and the pulse rise time is about

100 ns.

It is important to note that the SWI threshold accuracy is adversely affected if the
microwave pulse width is not set properly. For data in this dissertation, the pulse
frequency was fixed at 40 Hz and the pulse width was the only duty cycle variable.
The determination of the proper pulse width is of very important. Too large of a
pulse width results in sample heating [McKinstry et al. (1985)]. The effect of
sample heating is observed as a slow visible increase in the crystal detector voltage
for a set input power. For a pulse width that is too short, there is not adequate time
for the microwave field in the cavity to reach maximum amplitude. Additionally, the
width must be larger than the characteristic time for the spin wave instability process
to occur [Schloemann ef al. (1960)]. If this condition is not satisfied, a larger input
power is required for the instability process to be observed. This results in an
increase in the measured threshold values. The standard pulse width for the

resonance saturation measurements was 4 ps and for oblique pumping was 6 ps.

The next section is the input arm. This consists of two high power isolators and
the high power variable precision attenuator, as shown in Fig. 5.1. A Raytheon
1XH7 high power isolator positioned directly after the microwave source provides
protection to the TWT from reflected power. The isolator positioned between the
directional couplers helps to prevent the formation of standing modes in the

waveguide. The HP X382A precession attenuator controls the input power to the
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microwave system and is computer controlled. This allows for the input power to be

remotely controlled for power swept measurements.

The third and fourth sections of the high power system are the reference and
reflection arms, as indicated in Fig. 5.1. These arms are used to monitor the incident
and reflected power to the cavity, respectively. The reference arm is coupled to the
input microwave line through a 20 dB directional coupler and is terminated with a
HP 8481A power meter head. The microwave power incident on the power meter

head is measured by a HP 436A power meter.

For the reflection arm, the termination point is at a HP 8474D microwave crystal
detector for the resonance saturation measurements, or a Herotek DHM124AB for
the oblique pumping measurements. The voltage signal from the crystal detector is
sent to a Tektronix TDS410A digitizing oscilloscope, which is triggered by the pulse

generator, for data acquisition.

The reference and reflection arms both have HPX382 variable precession
attenuators that are computer controlled through a series of stepper motors. These
motors are calibrated to provide the required attenuation. The attenuators are varied
to provide adequate protection from high microwave powers to the power meter head
and the crystal detector. The computer control provides continuous protection to the
detectors for power swept measurements. Additionally, the power meter and

oscilloscope readings are acquired by the computer.
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The next section of the high power system consists of the electromagnet that
provides the adjustable H field and the instruments required for operation. The
electromagnet has variable size pole pieces and can be rotated about an axis
perpendicular to the floor. This allows the direction of the magnetic field to be
changed with respect to the microwave magnetic field direction in the cavity. The
electromagnet is powered by a Walker LDJ Scientific HS-1050-4SS current
regulated power supply. The magnetic field is measured by a Lake Shore 450
gaussmeter. The magnetic field is computer controlled and measurements with the
gaussmeter provide a means to fine tune to the requested field. The maximum
magnetic field strength is about 8.5 kOe for a 4 inch magnet gap and about 20 kOe
for a 1.25 inch magnet gap. The magnet and power supply are water cooled by a

NESLAB System I water cooler.

The sixth section of the high power system is comprised of a microwave reflection
cavity. The cavity is centered between the magnet pole pieces of the electromagnet.
Measurements were made with two different microwave cavities. The first was a
TE o2 cavity with a nominal center frequency f, of 9.11 GHz, a power reflection
coefficient of -30 dB at the cavity resonance, and a loaded quality factor Q; of 2600.

The second cavity was a TEjjo cylindrical cavity with f, =9.58 GHz, a power

reflection coefficient of -36 dB at the cavity resonance, and O, =11,300.

Figure 5.2 shows a schematic diagram of the two reflection cavities and the

microwave fields in the cavities. The arrows indicate the incident power on the
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cavity P, and the reflected power from the cavity B.. The height # and width w
and the radius » and width / of the rectangular and cylindrical cavities, respectively,

and the maximum 4, amplitude points of interest in the cavities are indicated.

For the application here, undercoupled cavities are used. For an undercoupled

cavity, an increase in the cavity loss results in an increase in the reflection from the
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FIG. 5.2. Schematic diagram of the microwave reflection cavities and microwave
fields h, inside the cavities. Graph (a) shows the TE;q, rectangular cavity with a
resonance frequency of 9.11 GHz and graph (b) shows the TEg;; cylindrical cavity
with a resonance frequency of 9.58 GHz. The A, maximum points are indicated.
The height # and width w and the radius r and width / of the rectangular and
cylindrical cavities, respectively, are indicated. The arrows represent the input P2,
and output B microwave powers.
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cavity. The low @, of the TE,p; cavity results in a 0 — 20 Oe microwave field range

that is required for the resonance saturation measurements. The large (O, of the

TEq;, cavity results in microwave fields in the 0 — 120 Oe range that are necessary

for oblique pumping measurements.

Additionally, both cavities had fixed irises. Any change in the Q; of the cavity,
therefore, tracks the sample loss. The calibration techniques to determine the

coefficient C =h} /P, that connects the P, to the h, at the sample position are
discussed below.

The samples are placed at maximum points of the microwave field amplitude, as
shown in Fig. 5.2. For low power out-of-plane FMR measurements, the rectangular
cavity is used with the sample three quarters down the side wall of the cavity. For
in-plane low power and high power measurements, the sample is positioned such that

the H and h,(¢)fields are in-plane. This corresponds to the bottom of the

rectangular cavity and the center of the cylindrical cavity. The rectangular cavity is a
split cavity. The bottom quarter of the cavity is removed to place the sample in the
cavity. The cylindrical cavity has a removable post attached to a rexolite rod at the
center of the side wall of the cavity that is removed to place the sample in the cavity.

In both cavities, the sample is held in place by a thin layer of vacuum grease.

The sample positions along with in-plane static magnetic field rotation provided by

the electromagnet provide full control of the orientation of the h,(f) and the H
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fields in relation to the sample and one another. This capability is important for

oblique pumping and resonance saturation measurements as discussed below.

The final section of the system consists of the cables, utilities, and computer used
for data acquisition and automation of the high power FMR system. All instrument
communication for data acquisition and automation is performed through a GPIB
card installed in the computer. The programming language used is Labview 7.1°%.
The software has been updated to provide faster data acquisition times and to

perform fully automated threshold measurements over a range of static fields.

5.2 HIGH POWER SYSTEM CALIBRATION

Three steps are required to calibrate the high power FMR system. Cavity
calibration is covered separately in Sec. 5.4. Figure 5.3 shows a flow chart of the
necessary steps for system calibration. The first step is the crystal detector
calibration. This calibration determines the correspondence between the input power
and the output voltage from the crystal detector. The second step determines the
microwave losses in the reference and reflection arms [Nazarov (2002)]. This
provides a means to convert from the measured powers at the power meter and
crystal detectors to the actual P, and P at the cavity position, respectively.
Finally, a calibration of the high power precision attenuators provides the actual
attenuation for a particular setting. These calibrations provide accurate values of the

input and reflected power at the cavity position.
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FIG. 5.3. Flow chart of the steps for the system calibration.

The first step is the crystal detector calibration. For this portion of the calibration,
the crystal detector is connected directly to the synthesized sweeper. The microwave
frequency is set to the cavity resonance frequency and the output power is swept
from approximately -20 — 15 dBm. It is important to note that the power range of the
calibration depends on the parameters of the particular crystal detector used. The
crystal detector is then replaced with the power meter head and the power is again
swept over the specified power range. A file is created that contains the conversion
from the crystal detector voltage to the power input to the crystal detector. Typically

the power is roughly proportional to the voltage squared.



Chapter 5
» 107

The second step is to measure the reference and reflection arm losses. In
particular, these are the losses between the cavity position and the positions of the
power meter head and crystal detector, respectively. For this step a short is
positioned at the cavity position and the remainder of the system is setup as shown in
Fig. 5.1. A small frequency range centered at the cavity resonance frequency is
chosen. The powers at the crystal detector and power meter head positions are then
measured as a function of frequency. The short is then replaced by the power meter
head. The power at the cavity iris position is then measured as a function of
frequency. The losses between the reflection arm and the cavity and the reference

arm and the cavity are calculated and recorded in calibration lookup files.

The third and final step is the calibration of the high power precision attenuators.
The attenuators are rated for attenuation in the range 0 — 50 dB. However, the dials
on the attenuators are not properly calibrated. For this calibration an HP 8510C
Vector Network Analyzer is used to measure the actual attenuator values. The
measured attenuation values and the dial values are written to calibration lookup files
for each of the three attenuators. Typically the actual measured attenuator values are
well within 1 dB of the attenuator settings but, for large attenuation the values can

differ as much as 10 dB.

It is important to mention the errors in the measurements and how they propagate.
There are three sources of error that influence the P measurement. The first is the

expected experimental error associated with the measurement of the voltage from the
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crystal detector. The second is the error introduced from the calibration of the
crystal detector. The final source of error is from the loss calibration to find B at
the cavity. This includes the error from the reference arm attenuator. These errors
have been reduced through a number of measures. For example, the voltage is
measured multiple times for each data point and averaged to reduce random error,
the reference arm loss calibration takes into account changes in the frequency, and

the attenuator is calibrated to provide the actual attenuation value.

The errors that influence the P, measurement are similar, with the exception that
the power is measured by a power meter and not a crystal detector. The power meter
measures only the average power. To calculate the peak power, it is assumed that
the power is constant over the pulse. The pulse was observed by the use of the
crystal detector and power over the pulse was seen to be approximately constant.

The main error stems from the accuracy of the power meter. The error in p for all

measurements was always at or below dp =+0.001.

5.3 QUALITATIVE HIGH POWER FERROMAGNETIC RESONANCE
PROFILES
This section introduces the procedure to obtain uncalibrated high power absorption

profiles and provides example absorption profiles. Here “uncalibrated” means that

the data were obtained under cavity loading conditions for which the connection
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between P, and s, was not fixed and pis not a measure of the imaginary part of

the susceptibility. This is generally the case when the static and microwave fields
are mutually perpendicular and the FMR coupling is strong. This is discussed in
Sec. 5.4. This section continues the introductory discussion of the high power
effects on the absorption profiles in the regions of FMR and below FMR, as

presented in Ch. 2.

The configuration of the system for the measurement of the FMR response profiles
is shown in Fig. 5.1. The system calibration, as presented in Sec. 5.2, must be fully
performed before the measurements can be made. A low or high B, value is
selected with the use of the main attenuator. The reference and reflection arm
attenuators are set to provide adequate protection to the power meter head and crystal
detector, respectively, and a proper duty cycle is chosen to prevent cavity heating.

The H range for the measurement and H step size are selected.

For high power measurements over the FMR region, the cavity resonance
frequency changes as the H field is swept. At each H field point the cavity
resonance frequency is measured and the microwave frequency is set accordingly.
The P, and P, are measured and the p is calculated. This process is repeated for
the selected H range to obtain the full absorption profile. A data file is written that
includes all the input parameters and acquired data. This procedure is repeated for

different P, values to observe the effect of power on the absorption profiles.



Chapter 5
w® 110

Two different sets of high power absorption profiles are shown below. The first
set of data are in the field range of the FMR profile and shows the resonance

saturation effect. The second set of data are for a range of H fields well below

FMR and shows the subsidiary absorption effect.

Figure 5.4 shows example high power resonance saturation response profiles for

the 104 nm film. These data were taken at f, =9.11 GHz. The graph shows data on
p vs. H for P, values of 0.44, 13, and 85 W, as indicated. The static and

microwave fields were in-plane and mutually perpendicular at ¢ =90°, as shown in
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FIG. 5.4. Voltage reflection coefficient p vs. H resonance saturation profiles for
the 104 nm thin film, the in-plane static field configuration, and a microwave
frequency of 9.11 GHz. The symbols show data for different P, values, as
indicated. The dashed lines show cuts at 830 Oe, the FMR field Hpg line cut A,
and B at a lower field value of 770 Oe. The H field the A, field were in-plane and
mutually perpendicular at ¢ =90°, as shown in the inset.
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the diagram inset. The vertical dashed line at Hpyr, labeled A, and the off
resonance line, labeled B, correspond to H values of 830 and 770 Oe, respectively.
These lines show p vs. P, cuts at fixed H that are useful for the cavity calibration

and threshold curve discussions in Secs. 5.4 and 5.5, respectively. It is important to

emphasize that these FMR curves are obtained at full coupling, or for ¢ =90°.

As noted, the ferromagnetic resonance field Hpg in Fig. 5.4 is at 830 Oe and
AHpyg is about 59 Oe. This AHpyg is the half power linewidth. It is important to
note that AHpyr is not the same as the p/2 linewidth. Nevertheless, the qualitative
changes in the profiles as P, is increased provide an indication of the overall
nonlinear response. The profile for P, =13 W is broader, lower in amplitude, and

slightly asymmetric, relative to the low power profile. The asymmetry amounts to a
shift of the profile to lower fields and a development of a low field shoulder. This

trend continues to an even greater extent for the P, =85 W profile.

As discussed in Ch. 2, the decrease in amplitude and broadening of the FMR peak
with increasing power is the basic resonance saturation response associated with
second order SWI processes. It is important to keep in mind that such processes
occur for power levels well below those for which saturation effects are expected
from classical theory. It is also important to note that the change in p with

increasing power at a fixed field is not a continuous effect. Calibrated data on p vs.

h, , to be considered in Sec. 5.5, show that the change in reflection coefficient occurs
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more-or-less abruptly at some threshold 4, value. It is this change that defines the
threshold microwave field amplitude 7 .

The shift to low field and the development of the low field shoulder with
increasing power is the manifestation of a foldover effect for metal films. The
asymmetry development also leads to a kink in the butterfly curve, A, vs. H
profile, at a field somewhat below the minimum H point. The foldover shifts the
high field response to a lower field and the nonlinear broadening increases the high
field response to higher fields. The combination of these produces high field
responses that appear to be independent of power with no measurable threshold.
Preliminary work suggests that the foldover is due to two-magnon scattering

interactions [Krivosik (2006)].

Figure 5.5 shows example subsidiary absorption (SA) response profiles for the 104
nm thin film. These data were taken at f, =9.58 GHz. The graph shows data on p
vs. H for P, values of 0.40, 5.0, and 25 W, as indicated. The static and microwave
fields were in-plane and mutually perpendicular at ¢ =90°, as shown in the diagram
inset. The vertical dashed line labeled C, corresponds to an H value of 280 Oe.
This line shows a p vs. P, cut at fixed H that will be useful for the discussion in

Secs. 5.4 and 5.5.
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FIG. 5.5. Voltage reflection coefficient p vs. H subsidiary absorption profiles for
the 104 nm thin film, the in-plane static field configuration, and a microwave
frequency of 9.58 GHz. The symbols show data for different P, values, as
indicated. The dashed line shows a cut at 280 Oe, line cut C. The H field and the
h, field were in-plane and mutually perpendicular at ¢ =90°, as shown in the inset.

As above, the changes in the profiles as the input power is increased qualitatively
indicate the overall SA nonlinear response. The low power data has very low loss
over the range of H values, as the response is on the extreme low field FMR tail.
As the power is increased, the profile shows an increase in o relative to the low
power profile. This is the basic subsidiary absorption response associated with the

first order SWI process.

The increase in amplitude occurs in a limited field region, where spin waves are
available at one half the microwave pumping frequency. For the thin films and

microwave frequencies used here, these effects occur for static fields well below
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FMR. It is important to note that for thicker films or higher magnetization materials

the available spin wave modes at @, /2 can extend to fields in the region of FMR.
Again this is a threshold effect and the change in p occurs abruptly at some A

amplitude.

5.4 MICROWAVE CAVITY CALIBRATION

This section develops the procedure to properly calibrate the microwave cavity.
Subsection 5.4.1 introduces the obstacles associated with cavity calibration.
Subsection 5.4.2 discusses the cavity coupling and a method to determine the upper
limit on cavity coupling for cavity perturbation theory to be applicable. Subsection
5.4.3 reviews cavity perturbation theory and gives the working equations for cavity
calibration. Subsection 5.4.4 presents the experimental procedure to obtain the
cavity parameters. Subsection 5.4.5 discusses the loss dependent cavity calibration

that is necessary for proper calibration over the FMR field range.

5.4.1 CAVITY CALIBRATION OBSTACLES
There are two major obstacles that must be overcome to properly determine the
coefficient C =h} /P, that connects the measured B, value to the 4, field for a

microwave cavity. The first is that the standard microwave theory [Green and

Kohane (1964)], which provides the relation C =h} /P, for the h, amplitude at the
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maximum field points in the cavity, requires that the absorption due to the sample be
a small perturbation on the microwave fields in the cavity. For fully coupled
measurements at FMR this is not necessarily the case. It is, then, necessary to
determine the maximum allowable FMR coupling for perturbation theory to be

applicable. The coupling is reduced by a decrease in the ¢ angle between the H
and the h,(f) fields. Once the maximum allowable FMR coupling limit is set, the

actual calibration coefficient C can be obtained.

The second obstacle that must be addressed is connected to the substantial changes

in the cavity frequency and the (J, parameters over the full FMR field range. These

changes make it impossible to obtain accurate 4., values based on a single high H
cavity reference measurement. The traditional approach is to bias the cavity at a
field far from ferromagnetic resonance and use the standard recipe from Green and
Kohane (1964) for a determination of the various cavity parameters. This is
inadequate for threshold measurements over the FMR field range. It is important to

note that both of these issues apply only to threshold measurements over the FMR

field range.

5.4.2 CAVITY COUPLING CONSIDERATIONS

The upper limit on the FMR coupling for a valid calibrated response is determined

from data on p vs. P, for different ¢ angles. Representative data are used here to
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demonstrate the effect of cavity loading and to determine an upper limit on the
loading of the cavity. It is important to note that the data acquisition method and a

full discussion of these data are given in Sec. 5.5 and only a brief introduction is
presented here.

As mentioned previously, the changes in the FMR and the low field responses as
the P, level is increased are threshold effects and not gradual changes. Recall that

the uncalibrated high power FMR profiles in Fig. 5.4 that show the resonance
saturation effect and the two vertical A and B line cuts through these profiles. The A

cut, at the low power FMR peak position, shows that p decreases as the power is
increased. The B cut, positioned well off the FMR peak, shows that p increases
with an increase of power. Then for a fixed H, the P, at which threshold occurs

can be extracted from the p vs. P, data. The threshold curves that are discussed

here are not calibrated.

For comparison purposes the p vs. B, data were converted to a reduced loss

parameter Ly, according to

(pP _pref) (l_pO)
LR = . 51
(P0—pwr) (1= ) G-

Here, pp is the measured p value for the P, value of interest and p, is the p
value in the low power limit. Both p, and p, are obtained at the FMR field. The

Pt coefficient is the reference p value with H set far from the FMR field.
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The introduction of a reduced loss parameter Lp for the data comparison for
different coupling angles deserves brief comment. At or near FMR, the voltage
reflection coefficient p is comprised of two parts, an empty cavity part and the
component related to the FMR loss. As demonstrated in Fig. 5.3, the component
related to FMR loss decreases as the power is increased. A decrease in coupling has
a similar effect. As a result, one cannot use p as a basis of comparison for different
coupling angles.

The standard microwave perturbation theory analysis for a weakly coupled cavity
indicates that L; should correspond to the ratio of the high and low power negative
imaginary components of the microwave susceptibility [Green and Kohane (1964)].
In other words, in the small coupling limit that perturbation theory is valid, plots of
Lp vs. the effective pumping field should all show the same nonlinear response.

Recall that the A, at the sample position scales with the square root of P, and that

only the component of h,(¢#) that is transverse to the static field drives the FMR
response. For a given angle ¢ between H and h,(¢), the effective pumping field
amplitude scales with PY?sing. Then for all angles below the maximum ¢ the plots
of L, vs. PY*sin¢g should all show the same response.

Figure 5.6 shows representative data on L; vs P.?sin¢g for the 104 nm film and a

range of coupling angles that demonstrate the loading effects described above.

These specific data are for H =830 Oe, at the FMR line cut A in Fig. 5.4. Data are
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shown for ¢ values of 90°, 70°, 60° and 50°, indicated, and input powers from zero

to 49 W.

For the two largest ¢ values, 70° and 90°, excessive cavity loading gives a Lp vs.

Psing response that depends on the coupling and shows a larger distortion for

higher powers. For the two smaller ¢ values, 50° and 60°, the L; vs. P?sing

response profiles are identical within the error of the data.

This is an indication that coupling angles at or below 60° or so are sufficient to put

the cavity response in the regime where (1) perturbation theory is applicable and (2)

a proper calibration between P, and h, is possible.

o o =
(-] © o

Reduced loss parameter L,

o
q

Calibrated data on L; vs

* 4 =90°
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.ﬂ“A**
X P
hp 4 .o Ax,
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FIG. 5.6. Reduced loss parameter Ly vs. the effective pumping factor P}?sing for
the 104 nm thin film, where the ¢ angles are as shown in the inset. Both fields are
in-plane. The data are for Hrpy =830 Oe and a pumping frequency of 9.11 GHz.
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h,sing in this regime give SWI response profiles that are independent of the

coupling angle and give an accurate and reliable determination of the A, threshold
at a given static field. It is also important to note that the change in the cavity QO
over the full range of the data in Fig. 5.6 for the two smallest ¢ values is less than

20%. This is the order of change in coupling that sets an upper limit on the

applicability of perturbation theory and a valid microwave field calibration.

5.4.3 CAVITY PERTURBATION THEORY

This subsection provides an overview of cavity perturbation theory and gives
working equations for the coefficient that connects the input power to the microwave
field amplitude. Cavity perturbation theory is only briefly discussed here, since it
has been presented in detail in Green and Kohane (1964) and Nazarov (2002),
among others. The microwave theory by Green and Kohane (1964) provides the

relation between P, and A, at the positions of the maximum field amplitude in the

cavity. This relation may be written as [Patton and Green (1971)]

200, (1—- p,)?
h,(0Oe) = P (W) , 5.2
,(Oe) \/ 2./ (GHz)V, (mm?) (W) (5.2)

where () is the iris quality factor of the cavity, p, is the dimensionless voltage
reflection coefficient at the resonance frequency of the cavity, g,, is a dimensionless

geometrical factor, f is the resonance frequency of the cavity in GHz, V. is the
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cavity volume in mm’, P, is the power incident on the cavity in W, and #, is the

microwave field amplitude in Oe. The cavity calibration constant C that connects

P, to h, is

2()Ql(l_pO)2 (5.3)

C(0e* /W)= :
&n fres(GHZ)V (mm*)

At this point the cavity quality factors deserve further attention. There are three
cavity quality factors. The first is the iris cavity quality factor ;. This is
determined only by the coupling of the microwaves into the cavity through the iris.
It is independent of the sample. The next is the volume quality factor Q,. This
depends on the cavity walls and the sample. The @, factor changes as the sample
absorption changes. The Q; and ), factors are independent of one another. The

O, factor is a measure of the total quality of the cavity and is given as
I/QL =1/QI +1/QV .

The g, parameter in Eq. (5.2) is a geometry factor that depends on the cavity

dimensions. It relates the stored energy in the cavity to the 4, at the sample

position. The g, parameter can be calculated from standard waveguide theory

[Jackson (1999)], [Waldron (1969)] and is

(I av

Em =7h—lz_ .

'p

(5.4)

c
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The solutions of interest are for a TE |, rectangular cavity and a TEg;, cylindrical

cavity, as shown in Fig. 5.2. The solution for the sample at the bottom of the TE ¢,

rectangular cavity is

1 w Y
8w =Z[1+(EJ :l » (55)

where w and A are the width and the height of the cavity, respectively and the

solution for the TEy;; cylindrical cavity is

Ly )
Em _EJO (p“)[l-'-(lpu) :' > (56)

where J, is the zeroth order Bessel function, p,, is the first zeroth root of the first

order Bessel function,  is the cavity radius, and / is the width of the cavity.

The parameters Q; and p, are obtained by a measurement of the cavity response
P vs. f in a small span around f. Recall that p is defined as p = (B, / Pes)"?
and p, is the unitless voltage reflection coefficient at f.,. The resulting cavity
response curve is assumed to correspond to a Lorentzian resonance response and Q,

is calculated from this response through the procedures given in McKinstry and

Patton (1989) and Frait and Patton (1980).
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5.44 MEASUREMENT OF CAVITY PARAMETERS

This subsection develops the procedure to measure the cavity parameters in order
to determine the calibration coefficient. Several modifications must be made to the
high power FMR system, shown in Fig. 5.1, to measure the cavity parameters. First,
a HP 70820A microwave transition analyzer (MTA) is added to the system to control
the synthesized sweeper. The synthesized sweeper is connected directly to the input
of the waveguide rather than to the TWT. Lastly, the crystal detector is replaced

with the MTA input line to measure the reflected signal from the cavity.

The H field is set to the desired value and the MTA sweeps the microwave
frequency and measures the cavity response as a function of frequency. A reference
response is measured by the replacement of the cavity by a short at the cavity iris
position. The reference response is subtracted from the cavity response and the
resultant curve is then used to find the f., O;, and C parameters, as mentioned
above. In addition to these parameters, the I', p,, Q;, and O, parameters are
found. The typical empty cavity parameters found for both the rectangular and
cylindrical cavities were given in Sec. 5.2. These cavity parameters are input into
Eq. (5.3) to obtain the off-resonance cavity calibration values of C'=3.54 and 14.5

Oe’/W for the rectangular and cylindrical cavities, respectively.

When a sample is placed in a microwave cavity, there is additional loss and the O,
and C parameters change. For low field measurements, the only change to the O,

factor is from the addition of the sample. The traditional method for cavity
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calibration at a bias field far from FMR is appropriate and sufficient for these

measurements. However, over the FMR field range, the O, and f,, values change
with the susceptibility. The C function, as given above, is written in terms of p,

and Q,. Although Q, is constant, the p, coefficient varies with @, and
susceptibility. The calibration coefficient C is then a function of the voltage
reflection coefficient. The dependence on loss provides a means to properly

calibrate the cavity over the full FMR field range.

5.4.5 LOSS DEPENDENT CAVITY CALIBRATION

As mentioned earlier, there are substantial changes in the f,. and O, parameters
over the full FMR profile. In fact, these changes are due to the FMR response and
are directly connected to the real and imaginary parts of the susceptibility. The
cavity calibration depends on these parameters and it is essential to take these into

account for the calibration of data in the FMR field region.

A point-by-point calibration of the cavity was done over the entire FMR profile,
typically in 5 — 10 Oe steps, depending on the linewidth. These calibration data were
then used to determine the C vs. H response. It was found that these C values, for
a given cavity, are actually a universal function of the cavity reflection coefficient

p . This means that a universal C(p) response function can be used for all of the

data for different samples, different coupling angles, and different static fields. This



Chapter 5
o 124

allows for the accumulation of calibrated data by a much simpler means than would
otherwise be the case. This is also consistent with the C = A(1-p)* result from
perturbation theory, where A4 is a known function of the cavity mode, cavity
volume, and frequency, as seen in Eq. (5.3) [Green and Kohane (1964)].

Figure 5.7 shows representative C vs. p data for the 104 nm thick film at 9.11
GHz. The coupling angle was at ¢ =60°, with both fields in-plane, as shown in the

inset. The field ranged from 700 to 960 Oe. Recall that the low power FMR peak is

= 60°

24

Calibration coefficient C (Oe* /W)

008 012 016 020 0.24
Voltage reflection coefficient p

2.2
0.04

FIG. 5.7. Graph of C vs. p for the 104 nm thin film at 9.11 GHz. The inset shows
the coupling geometry, with the H field and the 4, field at ¢ =60°, as indicated.
The data are for a CW microwave input power at about 10 dBm. The green square
data points are for fields from 700 Oe to 830 Oe and the blue circle data points are
for H values from 825 Oe to 960 Oe. The arrow indicates the open square data
point associated with the Hgyz . The solid line shows the theoretical response based
on C = A(1- p)* with 4 setto 3.68 Oe*/W.
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at H =830 Oe.

The cavity o coefficient ranged from about 0.22 at the FMR point to 0.03 at the

high and low field end limits given above. The (; change over the range of the data

was less than 20% and in line with the criteria established above. In order to

emphasize the universal C(p) connection, the data in Fig. 5.7 are shown ina C vs.
p format. For the undercoupled cavity, p is a maximum at the indicated FMR
field. As one moves away from the FMR peak, either to lower or higher fields, p

decreases. The blue circles and green squares correspond to fields above and below

the FMR point, respectively. The solid line shows a best fit to the data, based on
C=A(l-p)*, with A4 taken as a single fitting parameter. The fit shown is for
A=3.68 0e”/W. The chi-squared parameter for the fit was 0.99928.

Figure 5.7 demonstrates two major points. First, the fact that for fields above
resonance and below resonance the data fall on the same C vs. p response curve
provides proof that the unmiversal C(p) response function assumption is valid.
Second, the fact that the data match the C = A(1-p)* relation provides further

support for the thesis that perturbation theory is indeed applicable. The 4 value for

the C = A(1- p)* fit is nominally the same as obtained from perturbation theory.
For the nominal Q; from the cavity calibrations and the £, along with the volume

and mode parameters for the cavity, one obtains a theoretical A value of 3.54

Oc*/W.
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Based on the calibration discussion in this section, two requirements for proper
cavity calibration, for resonance saturation, are now established. (1) The ¢<60°
decoupling criteria established above can be taken as necessary and sufficient for the
application of perturbation theory to cavity calibration. (2) A universal C(p)
function obtained either empirically or directly from perturbation theory is adequate
for the calibration of high as well as low power data. The above procedure was
repeated sample-by-sample and for different coupling angles within the range

allowed by the 20% (), change criterion. In all cases, the same C(p) calibration
function was obtained.
The calibration recipe given above represents a major improvement over previous

work. With the exception of Cox er al. (2001), most past FMR saturation

measurements have been made for maximum coupling, that is, with h,

perpendicular to H. From Fig. 5.6, one can see that a large coupling leads to a
distortion in the threshold curve. This results in an overestimation of the onset A
value by as much as 10%. Even with a reduced coupling, however, one must still
take the p dependence of C into account. Figure 5.7 shows, for example, that the
nominal off-resonance C value of 3.54 Oe”/W is 50% higher than the value at FMR.
If this value is used for the £, to A, calibration, then the apparent microwave field
values are about 25% too high. The combination of these considerations gives field

calibration errors for the old procedures in excess of 35%.
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It is important to mention that for oblique pumping measurements, the only
requirement to obtain a proper cavity calibration coefficient is that the H field must
be far from the FMR field. Recall that for the samples and frequencies used here, the
SA process is on the extreme low field FMR tail. As a result there is no appreciable

cavity loading and no change in the cavity parameters over the field range of interest.

5.5 CALIBRATED CRITICAL THRESHOLD FIELD AMPLITUDE

DETERMINATION

The change in the FMR profile and absorption profile below the FMR field, in Fig.
5.4 and 5.5, as the P, level is increased is a threshold effect and not a gradual
change. The threshold microwave field amplitude, previously defined as A, is the
subject of this section. More specifically, this section presents and discusses the
calibrated p vs. h,sing responses obtained from the p vs. B, measurements at a
fixed H field and the extraction of A, values from these data. Example Ay, vs. H
butterfly curves and the procedure to measure threshold curves over the full field

range are provided.

For threshold curve measurements, the high power system is set up as discussed in
Sec. 5.1 and shown in Fig. 5.1. The system calibration, as discussed in Sec. 5.2, and
the cavity calibration, as discussed in Sec. 5.4, must be performed before the

threshold curves are measured. For the threshold measurement, the user is required
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to (1) choose the measurement field, (2) set the main attenuator to the value that
corresponds to the initial P, (3) choose a main attenuator value that corresponds to
the final P,, (3) set the reference and reflection arm attenuators to provide adequate
protection to the power meter head and voltage detector, (4) determine the proper
duty cycle, and (5) determine the C, f.,, and O, parameters. Before the first data
point is measured the frequency is swept and the cavity resonance frequency is found
from the cavity reflection vs. frequency response. The power is then stepped and p
is measured as a function of P,. All parameters used and the acquired data are

saved to a file.

The example calibrated SWI threshold measurements presented here are for
resonance saturation and subsidiary absorption responses for the 104 nm thin
Permalloy film. The calibration considerations, from the previous section, have been
taken into account. Threshold curves that correspond to resonance saturation are

discussed first, followed by curves that correspond to subsidiary absorption.

As discussed, the uncalibrated high power FMR profiles in Fig. 5.4 show the basic
resonance saturation effect. The A cut, at the low power FMR peak position, shows
that the reflection coefficient decreases as the power is increased. The B cut,

positioned off the FMR peak, shows that p increases with an increase of power.

The p vs. B, measurements show the threshold effect. Properly calibrated data
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obtained from these measurements and based on the procedures given in Sec. 5.4

yield quantitative p vs. h,sing plots that again show the threshold effect.

Figure 5.8, graphs (a) and (b), show calibrated p vs. h,sing responses that
correspond to the A and B field cuts at 830 and 770 Oe from Fig. 5.4. The insets

show the H-h,(#) coupling configurations. Recall that only the transverse
component of h,(f) relative to the H direction is effective in driving the response

for resonance saturation. The straight lines provide guides to the eye for the
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FIG. 5.8. Graphof p vs. h,sin¢g for the 104 nm thin film at 9.11 GHz. The insets
show the coupling geometry, with the in-plane H and 4, fields at ¢ =60° for both
sets of data. Graph (a) shows a representative threshold response for H =830 Oe, at
the low power FMR peak position. Graph (b) shows the corresponding response for
H =770 Oe, on the low field side of the low power FMR profile. The straight lines
are guides to the eye. The intersections marked by the vertical dashed lines give
estimations of the A, for the two different cases illustrated here.
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estimation of A values from the data.

Both graphs demonstrate the threshold nature of the nonlinear response. For the

FMR situation in (a), line a-1 shows that p is large and a weakly decreasing
function of A4,sing for low power and small #4,, while line a-2 shows a more rapid
decrease at high power and large 4,. The intersection of the two lines defines the

threshold 4., amplitude. The off FMR situation, as in (b), is different. Now, p is
relatively small and essentially constant below threshold and then shows a rapid
increase above threshold. In parallel with graph (a), lines b-1 and b-2 show the low
and high power trends and the intersection that marks the 4., value. Note also that

the threshold response is not particularly sharp in either case.

Figure 5.8 shows three things. First, both data sets show a threshold effect. The
corresponding /., values define a second order SWI threshold, as discussed in Ch.
3. Second, one sees quantitatively different threshold responses on and off
resonance. At the low power FMR field position, as in (a), the change in the rate of
the decrease in p increases at h, = h;, is due to an initial lock up in the FMR
amplitude and a decrease in the effective microwave susceptibility. For the off
resonance case, as in (b), the loss starts out small because the static field position is

on the tail of the FMR response. As h, exceeds A, , the parametric generation of

spin waves leads to additional loss and p increases.
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The third point to note is that the threshold transitions are fairly gradual and do not
show the sharp threshold effect of the sort expected from the original nonlinear SWI
theory or in defect free single crystal ferrites, for example. Suhl has shown [Suhl
(1959)] that two magnon scattering interactions can lead to this type of rounded
response. As mentioned previously, Krivosik (2006) extended the two magnon
analysis of Suhl in the context of metallic thin films. Kirivosik (2006) shows that
such processes can give a rounded rather than a sharp transition at threshold as well

as the asymmetry in the high power FMR profile of the sort shown in Fig. 5.4.

The results for subsidiary absorption are somewhat similar. Recall the
uncalibrated high power subsidiary absorption profiles in Fig. 5.4 and the vertical C
line cut through the profiles. The C cut in Fig. 5.5, positioned well off the FMR
profile in the region of subsidiary absorption, shows that p increases with an
increase of power. Properly calibrated data, based on the procedures given in Sec.

5.4, yield quantitative p vs. h, plots that show a threshold effect.

Figure 5.9 shows a calibrated p vs. h, response that corresponds to the C field

cut at 280 Oe from Fig. 5.5. The data shown are for a coupling angle of ¢ =90° as

required for subsidiary absorption measurements. As before, the straight lines

provide guides to the eye for the estimation of A, values from the data.

The graph demonstrates the threshold nature of the nonlinear response for first

order SWI processes. It should be noted that the shape of the threshold response is
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FIG. 5.9. Representative threshold curve of p vs. A, for the 104 nm thin film at
9.58 GHz. The H field is 280 Oe. The in-plane H and 4, fields are mutually
perpendicular. The straight lines are guides to the eye. The intersection marked by
the vertical dashed line gives an estimation of the A .

similar to that in Fig. 5.8(b), although the basis for the spin wave instability is

different. The p is relatively small and essentially constant below threshold and

then shows a rapid increase above threshold. In parallel with Fig. 5.8, lines c-1 and

c-2 show the low and high power trends, respectively, and the intersection that marks

the A, value.

Figure 5.9 shows the threshold effect and the corresponding 4. values define a

first order SWI threshold. The loss starts out small for low P, levels as the spin
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wave modes reside at thermal levels. As A, exceeds A , the parametric generation

of spin waves leads to additional loss and p increases.

Threshold curves are measured over a range of static fields to obtain A vs. H
butterfly curves. The A, values are extracted and plotted as a function of the static
magnetic field. The high power FMR system is fully automated to measure

threshold curves over a range of static magnetic fields.

This improvement to the system reduces the maximum time for a full set of
threshold measurements by over 75%. The threshold curve measurement procedure
described above is repeated over a range of H values. Separate files are saved for
each threshold curve. Recall that for resonance saturation the calibration constant C
varies with p. This is not taken into account by the current program. The user is
required to use the p vs. P, data, in addition to the calibration C(p), as described

in Sec. 5.4, to obtain the proper threshold values.

5.6 EXAMPLE BUTTERFLY CURVE DATA AND THEORETICAL FITS

This section presents example butterfly curve results for resonance saturation and
subsidiary absorption for the 104 nm thin film. Recall that an overview of the
samples was given in Ch. 4. The example resonance saturation data and theoretical

fits are discussed first, followed by those for subsidiary absorption. The detailed
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analyses of the data and fits for the resonance saturation and oblique pumping

processes are presented in Ch. 6 and 7, respectively.

5.6.1 EXAMPLE RESONANCE SATURATION DATA AND THEORETICAL

FIT

Figure 5.10 shows a representative resonance saturation Ay, vs. H butterfly curve
for the 104 nm Permalloy thin film at 9.11 GHz. The threshold fields were obtained

from data similar to those in Fig. 5.8. The inset in the graph shows the H-h,
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FIG. 5.10. Resonance saturation butterfly curve of 4 vs. H for the 104 nm thin
film. The pumping frequency was 9.11 GHz. The inset shows the coupling
geometry, with the in-plane H and A, fields at ¢ =60°. The solid circle denotes the
FMR field position. The vertical line at H; marks the jump in the 4 data. The
solid curve shows a fit of the second order SWI theory to the data.
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configuration where both the H and h, fields are in the plane of the film. The

vertical line at Hy =810 Oe marks the threshold crossover point in field between the
two types of responses shown in Fig. 5.4. The solid blue dot indicates the FMR
field. The solid red curve shows a fit to the data based on the second order SWI

theory, as presented in Ch. 3.

The data have several features that deserve attention. These are briefly noted here
and are explored in detail in Ch. 6. First, the overall A, vs. H profile shows a
minimum threshold at the FMR field and a symmetric increase in the threshold as the
field is increased from low to high. The overall shape of the butterfly curve is tied

closely to the low power FMR response. Second, there is a departure from the
overall smooth symmetric profile for fields close to the H, crossover point and a
distinct jump in the Ay vs. H response at Hy. This is due to the foldover from
two magnon interactions. Finally, in the high A limit, the threshold responses were
extremely weak. This is connected with the power independent high field FMR tail
response, as seen in the FMR profiles in Fig. 5.4. No reliable A, determinations

were possible for static fields above about 880 Oe or so.

The experimental results shown here are connected with the second order SWI
theory, developed in Ch. 3, in order to demonstrate an example A, data analysis.

Recall from Ch. 3 that for thin metal films, the A2 resonance saturation response is

related to the spin wave linewidth AH, by
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h(:’,t)z__z_min [ @, A,
™ sing PO (7.60)

(5.7)

=0,

The solid curve in Fig. 5.10 shows a fit to the data calculated from Eq. (5.7) and
the corresponding available spin wave modes. The variable parameter was AH, .
The parameters used in the analysis, as listed in Table. 4.1 for the 104 nm Permalloy

film, are 47M..x=11,320 G, |y|/27=2.869 MHz/Oe, and AHpg =59 Oe.

Additionally, the effective exchange stiffness field taken as D =2.1x10"° Oe
cm’/rad® [Nisenoff and Terhune (1965)] for Permalloy was used. The calculations
were done for a constant spin wave linewidth, AH, =32 Oe. It is important to note
that a constant spin wave linewidth was used rather than the phenomenological
Gilbert damping for two reasons. (1) The difference between the fits for a constant
spin wave linewidth and Gilbert damping is very small. (2) A constant spin wave
linewidth means that the physical spin wave relaxation rate is constant. The spin
wave relaxation rate is not constant for the phenomenological Gilbert damping,
though. However, it will be shown that the critical spin wave modes are fairly
constant over the fields of interest and that the relaxation rate that corresponds to the
Gilbert damping is also fairly constant. Figure 5.10 shows that the thin film second
order SWI theory, with the spin wave linewidth taken to be constant, gives a good

match to the data.
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5.6.2 EXAMPLE SUBSIDIARY ABSORPTION DATA AND THEORETICAL

FIT

Figure 5.11 shows a representative subsidiary absorption butterfly curve for the
104 nm Permalloy thin film at 9.58 GHz. The threshold fields were obtained from
data similar to those in Fig. 5.9. The coupling angle is 90° and both fields were in
the plane of the film. The dashed line marks the cutoff field H, for the spin wave

band edge effect. The solid blue, green, and red curves show three fits to the data

\H

cut

Threshold amplitude h_, (Oe)

Y] S S SN S S R S S
0 50 100 150 200 250 300 350 400 450

Static field H (Oe)

FIG. 5.11. Subsidiary absorption butterfly curve of k., vs. H for the 104 nm thin
film. The pumping frequency was 9.58 GHz. The inset shows the coupling
geometry, with the in-plane H and A, at ¢ =90°. The dashed vertical line at H.,
marks the spin wave band edge. The solid curve blue, green, and red curves show a
fits to the data of the thin film first order SWI theory for spin wave linewidth trial
functions of AH, =29 Oe, AH, = A+ Bsin? 26, where 4=25 Oe and B=70 Oe,
and AH, =2a4,/|y|+Bsin’ 26, where a =0.005 and B =70 Oe, respectively.
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based on the first order SWI theory, as presented in Ch. 3, for different spin wave

linewidth trial functions.

The data have several features that deserve attention. Chapter 7 will explore these
in more detail. First, the overall A, vs. H profile shows a rather broad minimum
and an increase in threshold for H values below the minimum. Second, the
threshold increases rather sharply for A higher than the minimum. This high field

cutoff is related to the available modes as the field is increased.

These experimental results are connected with the first order SWI theory, given in
Ch. 3, in order to demonstrate an example 4., data analysis. Recall that for thin
metal films, the AQ" subsidiary absorption response is related to the spin wave

linewidth AH, by

POt = @o in | AH . 5.8
crit o nnn,iIWk(m (H,gk)l o ( )

For the theoretical analysis of subsidiary absorption various trial functions are used

for AH, to determine the best fit.

The solid curves in Fig. 5.11 show fits to the data calculated from Eq. (5.8) and the
corresponding available spin wave modes with different AH, trial functions. The
parameters used in the analysis, as listed in Table. 4.1 for the 104 nm Permalloy film,
are 4rM.r =11320 G, |y|/27=2.869 MHz/Oe, and AHpg =59 Oe. The

theoretical subsidiary absorption butterfly curves show a strong dependence on the
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exchange interaction and the D parameter is varied for each film to provide the best

fit. For the 104 nm thin film the value used is D =2.38x10° Oe cm*/rad’.

The solid blue curve is for a butterfly curve calculation with a constant AH, trial
function where AH; =29 Qe. As discussed in the previous subsection, a constant
AH, corresponds to a constant spin wave relaxation rate. The theoretical fit with the
constant AH, trial function shows a good fit to the high field data only. This

indicates that a constant spin wave relaxation rate is not sufficient to describe the

decay of the spin waves generated by the first order SWI process.

Previous subsidiary absorption analysis for a different 104 nm thin Permalloy film
given in An et al. (2004) used a trial function of the form AH, = 4+ Bsin?26,
where the Bsin?26, loosely corresponds to a three magnon process. The green
curve shows a fit to the data with this trial function. The best fit parameters are
A=25 Oe and B=70 Oe. This provided a reasonable fit to the minimum and the
high field side of the butterfly curve. The trial function is still not sufficient to

describe the low field portion of the data.

Chapter 7 shows that a trial function that includes the phenomenological Gilbert
damping rather than a constant term and the Bsin? 26, term provides the overall best
fits to the oblique pumping data. This trial function has the form

AH, =2a 4, /| y|+Bsin? 26, where « is the Gilbert damping parameter and 4, is



Chapter 5
140

given in Eq. (3.23). The red curve in Fig. 5.11 shows a fit to the data for this trial

function with & =0.005 and B =70 Oe.

The red curve shows a good fit to the minimum of the data and a reasonable fit to
the high field data, but still does not fit the low field data. Although, it is not clear
from this figure which trial function best fits the data, the results in Ch. 7 support the
use of this trial function. The inability to fit the low H data stems from a break
down of the thin film approximation used to derive the working equations for /A
and the spin wave dispersion relation. For a proper fit to the data a full numerical
calculation of first order SWI theory for thin films and the spin wave dispersion is
necessary. Figure 5.11 shows that the thin film first order SWI theory, with a wave

vector dependent AH, , gives reasonable fits to the data except for the low H data.
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RESONANCE SATURATION DATA ANALYSIS AND RESULTS

INTRODUCTION

This chapter presents further results on ferromagnetic resonance saturation (RS)
and second order spin wave instability (SWI) processes in thin Permalloy films. The
main points are (1) FMR profiles as a function of the microwave input power £, (2)

a determination of A, as a function of H over the entire FMR profile, and (3) an

analysis of the A, vs. H butterfly curve data in terms of the second order SWI
theory. The results are for the five Permalloy films of thicknesses of 35, 57, 74, 104,

and 123 nm discussed in Ch. 4.

Section 6.1 reviews the qualitative changes in the FMR profiles as P, is increased.
Section 6.2 presents the features of the butterfly curves, which includes the overall
shape and the effect of the foldover at high power. Section 6.3 considers the
theoretical butterfly curve fits to the data and the corresponding critical spin wave
modes. Section 6.4 provides a discussion of the spin wave linewidths, damping

parameters, and maximum precession angles at FMR that come from the analysis.
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6.1 HIGH POWER FERROMAGNETIC RESONANCE PROFILES

This section reviews the results described in Sec. 5.3 and extends the previous
discussion to the 35, 57, 74, and 123 nm thin Permalloy films. Figure 6.1 shows
example uncalibrated high power FMR response profiles. The graphs show data on

p vs. H for @,/27 =9.11 GHz. The blue circle and red triangle symbols show the

low power data with P, =044 W and high power data with F, =20 Oe,

respectively.  The static and microwave fields were in-plane and mutually
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FIG. 6.1. Graphs of p vs. H fora f, of 9.11 GHz. Graphs (a), (b), (c), (d), and
(e) are for thin Permalloy films of thicknesses 35, 57, 74, 104, and 123 nm,
respectively. The blue symbols show the low power data with P, of 0.44 W. The
red symbols show the high power data with P, of 20 W. The H field and 4, field
were in-plane and mutually perpendicular at ¢ =90°.
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perpendicular at ¢ =90°. It is important to emphasize that these FMR curves are
obtained at full coupling (¢ =90°) and there is no one-to-one correspondence

between P, and the microwave field amplitude A4, over a given profile.

There are two qualitative changes in the profiles as the P, levels are increased.
These qualitative changes provide an indication of the overall nonlinear response.
The first qualitative change is the drop in amplitude and broadening of the FMR
profiles. As previously discussed, this is the basic RS response associated with
second order SWI processes. The second qualitative change is the shift of the profile
to lower fields and the development of a low field shoulder. One can clearly see the
development of this asymmetry in graphs (a), (b), and (c). This effect is smaller for
graphs (d) and (e) but becomes more pronounced for higher powers. This foldover
effect leads to a jump in the butterfly curve and, in combination with the RS
response, results in a power independent high field response with no measurable

threshold.
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6.2 MAIN FEATURES OF THE BUTTERFLY CURVES

Figure 6.2, graphs (a) — (¢), show the RS butterfly curve data. The threshold fields
were obtained from data similar to those in Fig. 5.8. At the high A limit of the data
shown, the threshold responses were extremely weak or nonexistent. This is

connected with the power independent high field FMR tail responses in Fig. 6.1. No

reliable 4.; determinations were possible for A fields above about 840 Oe or so.

12
12l LR (a) d=35nm (b) d=57 nm (c)d=T74 nm

10}

2 700 720 740 760 780

10 (d) d =104 nm

Threshold amplitude h_, (Oe)

PP S —— . N N N r
720 740 760 780 800 820 840 860 880 760 780 800 820 840 860 880

Static field H (Oe)

FIG. 6.2. Resonance saturation 4 vs. H butterfly curves for the 35, 57, 74, 104,
and 123 nm thin films. The pumping frequency was 9.11 GHz. The inset shows the
coupling geometry, with the in-plane H and the in-plane linearly polarized 4, at
¢ =60°. The solid circle denotes the FMR field position. The vertical line at Hy
marks the jump in the A, data. The solid curve shows a fit of the thin film second
order SWI theory to the data.



Chapter 6
® 146

The green dashed lines mark the threshold crossover point in field Hy between the
two types of responses seen on and off resonance, as shown in Fig. 5.8. The blue
circle indicates the FMR field points from Table 4.1. The red curve shows fits to the
data based on the second order SWI theory, suitably modified for thin films as

introduced in Ch. 3. The theoretical fits are discussed in Sec. 6.3.

The data in Fig. 6.2 display two main features. First, the overall butterfly curve
profiles show a minimum threshold at the FMR field and a symmetric increase in the

threshold as one moves to lower or higher fields. Second, there is a departure, for all

curves, from the overall smooth symmetric profiles for fields close to the Hy

crossover points and distinct jumps in the Ay vs. H responses at Hy .

6.2.1 OVERALL SHAPE

The overall shape of the butterfly curve profile is tied closely to the low power
FMR response. Recall that as energy is pumped into the uniform mode, the uniform
precession amplitude increases until the power level exceeds some critical threshold.
This critical threshold occurs when the power level exceeds the rate that energy can
be lost due to relaxation processes. The energy is then parametrically pumped into
certain available spin wave modes as the uniform mode is saturated. The available

spin wave modes are defined by the spin wave dispersion curve and the criteria

o, = @, for second order processes.
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At the FMR field point, where the FMR precession angle is large, the coupling
into parametric spin waves is strong and % is at a minimum. As the H field is
shifted above or below FMR, the precéssion angle decreases, the coupling also
decreases, and a higher 4, is needed to reach the instability threshold. Qualitatively,
this means that the butterfly curve profiles are inverted renditions of the low power
FMR absorption profiles. This connection is only qualitative because the actual
coupling depends on the uniforrn mode response in a very complicated way. The
analytical formulae for the response were provided in Ch. 3. The good theoretical fit

to the data in Fig. 6.2 shows that the rigorous analysis gives quantitative agreement.

6.2.2 DEPARTURE FROM SMOOTH CURVE

As noted above, the vertical line at H = Hy marks the crossover point between
the on and off FMR threshold responses, as shown in Fig. 5.8. The deviation in the
h. data near Hpg from the smooth red curve and the jump are related to the

foldover effect in Fig. 6.1.

Recall that the RS response is a symmetric decrease and broadening of the FMR
profile with an increase of PF,. In the region of the low power FMR profile the
threshold curves have constant microwave loss below threshold and a rapid decrease
in loss above threshold as the FMR profile decreases. For static fields above and

below the low power FMR profile there is constant loss below threshold and a rapid
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increase in loss above threshold as the FMR profile broadens. This basic RS

response results in a symmetric butterfly curve without a jump.

However, the foldover effect changes the threshold responses and results in
deviations of the butterfly curve from the expected smooth symmetric profiles. The
critical thresholds for H < H, are discussed first. As the P, level is increased, the
shift of the broadened FMR profile to lower H results in an increase in microwave
loss. The increase in loss occurs for P, levels smaller than expected for the situation
without foldover. This corresponds to threshold curves that are somewhat rounded,
as spin wave are generated before threshold by two magnon processes. The

extracted A, values are also smaller than expected. This is seen in the relatively
small deviations of the experimental data near Hy from the theoretical butterfly

curves for H < Hy, as shown in Fig. 6.2.

The second field regime is for Hy < H < Hpyz - As B, level is increased, the high
power FMR peak shifts to lower fields and the loss is increased in this field region.
The threshold curves show a relatively smooth decrease in loss that occurs for P,
levels larger than expected from the basic RS response. This results in an increase in
the A values in the field range Hy < H < Hpyr . The relatively large deviations of
the experimental data from the theoretical butterfly curves, as seen in Fig. 6.2, for

Hy < H < Hpg clearly show this effect.
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The jumps at Hy are the crossovers between the on resonance and off resonance
threshold responses. The relatively small decreases in the A values, for H < Hy,
and the relatively large increases in the A values, for Hy < H < Hpyr, give the
jumps shown in Fig. 6.2.

The data in the high H limit show threshold responses that are extremely weak.
This is the result of the combination of the foldover effect and the basic RS response.
The RS response increases the high H response to even higher H as the profile is
broadened. However the foldover effect shifts the high power high field response to
lower fields. The combination of these effects produces high field responses that

appear to be independent of P, with no measurable A .

6.3 SECOND ORDER SPIN WAVE INSTABILITY THEORY FITS TO THE

BUTTERFLY CURVES

Second order SWI theory, suitably modified for thin films, was used to the fit
resonance saturation butterfly curves shown in Fig. 6.2. This section shows that
second order SWI theory in combination with a constant spin wave relaxation rate

1, gives good fits to the data. The corresponding critical spin wave modes are

consistent with bulk spin wave SWI theory.
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6.3.1 SECOND ORDER SWI THEORETICAL FITS TO THE DATA

The solid curves in Fig. 6.2 show fits to the data based on the second order SWI
theory presented in Ch. 3, as discussed in Ch. 5. The fit is based on the parameters
listed in Table 4.1, the effective exchange stiffness field of D=2.1x10"° Qe

cm?/rad?, and the constant spin wave relaxation rates given in Table 6.1. This D

value, given by Nisenoff and Terhune (1965), is typical for Permalloy.

important to note that the D value was initially varied to determine the dependence

TABLE 6.1. Summary of parameters for the fits of the Suhl theory to the resonance

saturation butterfly curve data for all samples.

' Static field at | In-plane static field Spin wave linewidth
Film the butterfly FMR (relaxation rate 7, in
thickness | curve half power linewidth linewidth units) g
d (nm) |minimum | AHpg (O) o o

Hzia (Oe) | (from Table I) e=2m:/171 (Oe)
35 808 44 35
57 841 41 17
74 787 37 16
104 830 59 32
123 852 56 30
Spin wave Equivalent FMR | Spin wave In-plane
relaxation Gilbert damping | Gilbert precession
rate parameter damping angle
e x10% (1/s) | amr parameter @, | I (deg)
3.27 0.0072 0.0046 5.5
1.58 0.0066 0.0026 3.7
1.50 0.0060 0.0025 3.5
2.88 0.0093 0.0050 4.9
2.77 0.0090 0.0048 4.9
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of the fit on the exchange interaction. The butterfly curve fits did not show a strong

dependence on exchange. Recall that the conversion AH, =27, /|y| is used to cast
1. in convenient linewidth units and that the 7, is related to the Gilbert damping
parameter @ by a =(n./w,)/(8w, /0|y | H). These values are also given in Table

6.1.

Figure 6.2 shows that the thin film second order SWI theory, with the 7, taken to
be a constant for each film, agrees well with the experimental results for the d =35,
104 and 123 nm thin films. The data for the other two samples show good fits for
fields down to about 60 Oe or so below the butterfly curve minimum, but poor fits
for lower fields. For some reason, the measured A, values in this lower field range
for these samples show a more rapid increase than the smooth data trends and

corresponding theoretical responses in Fig. 6.2 (a), (d), and (e).

As mentioned, Table 6.1 summarizes the results from the fits for the full ensemble

of films. The table lists the measured static fields at the butterfly curve minimum
HE® | the in-plane AHpyr and apy values from Table 4.1, and the 7, rates, AH,
values, a@ parameters from the butterfly curve fits, and the in-plane FMR precession
angles %% at hy from the butterfly curve fits. The resultant parameters from the

butterfly curve fits are discussed in Sec. 6.4.

These RS butterfly curve data and the corresponding fits are only the second such

results of record. The first such results by Cox er al. (2001), were for in-plane
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magnetized single crystal Zn-Y-type hexagonal ferrite disks with planar anisotropy.
For these samples, the SWI theory with a constant 77, gave only a poor qualitative fit

to the data. Good semi-quantitative fits required the introduction of a substantial &

dependent component to the spin wave relaxation rate.

6.3.2 CRITICAL SPIN WAVE MODES

The computed A (H) responses shown in Fig. 6.2 have corresponding critical
mode k., and 6., vs. H profiles. For the full range of static fields shown the
critical mode propagation angles were at 8.5, = 0°. Interestingly, 8.; = 0° also comes
out of the original SWI theory for bulk isotropic ferrites biased at the FMR field
[Suhl (1957)]. The criteria that @, =@, for second order processes, in combination
with 8.5 =0° and the spin wave dispersion equation, given in Ch. 3, completely

specifies the k.; modes.

Figure 6.3 shows the k.; vs. H curves that correspond to the fits shown in Fig.
6.2 for all five films, as indicated. The inset indicates the 6,.; =0° critical mode.
The k. values are in a very small range and decrease almost linearly with an
increase in the H field. The decrease of the k; values is due to the increase in
frequency of the 8., =0° branch of the spin wave band with an increase in the H

field.
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Figure 6.3 also shows an overall increase in the k.; values for thicker films. This
is the direct result of the change in the 6., =0° spin wave dispersion branch with
film thickness. As discussed in Ch. 3, for thinner films the 6.; =0° spin wave
dispersion branch becomes shallower. The available £ values are then smaller and

correspondingly the k.; values are lower.

The ability to achieve a good theoretical fit to an experimental butterfly curve for a
single 7, value is likely due to the simple fact that the k., remains essentially
constant over the full FMR profile. As noted above, the £, values are all limited to
a very small range while the critical mode remains at &.; =0°. The resultant shape
of the theoretical butterfly curve is then determined only by the uniform mode

susceptibility and the corresponding field dependent coupling factor W, *(H,k,6,),
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as given in Ch. 3. In contrast, the changes in the critical mode k.; and 6. values
over the wide range of fields associated with the subsidiary absorption butterfly
curves in An ef al. (2004) are substantial and the resultant fits to the SA butterfly
curves were kdependent. Figure 6 in An et al. (2004) shows, in particular that the

ks and 6. values range from about 1.5x10°-3.0x10°rad/cm and 0-~17°,

respectively.

6.4 CONCLUSIONS FROM THE RESONANCE SATURATION DATA

ANALYSIS

This section discusses the main points from the resonance saturation threshold
curve and butterfly curve analyses. First, the use of a constant 7, for the fits is
significant in that the associated spin wave relaxation time is a constant for a given
butterfly curve and are very small and in the range 3.06 — 6.67 ns. Second, the HE"
values in Table 6.1 and the Hpyg values in Table 4.1 agree with one another as
expected. The next three points require further attention and are presented in
separate subsections. Subsection 6.4.1 discusses the effect of two magnon scattering
on the threshold responses and the corresponding butterfly curves. Subsection 6.4.2
discusses the Gilbert damping parameters & which are lower than apw by a factor

of two or more and are consistent with values expected for magnon-electron
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relaxation. The final subsection discusses the small FMR precession angle just at the

threshold field.
6.4.1 TWO MAGNON SCATTERING

Two magnon scattering effects are expected to affect the extrapolated A, values
of the sort shown in Fig. 5.8 to some degree. It was already noted in connection with
Fig. 5.8 that the change from the expected abrupt transition at threshold to a rounded

response is a two magnon effect. This introduces a certain level of ambiguity in any
determination of a specific A.; value. Any corresponding effect on A will also

modify the fitted « .

For a complete threshold analysis that includes two magnon effects, it is necessary
to include not only the nonlinear interactions between the uniform mode and spin
wave modes but also the interactions between the parametric spin waves. These
additional terms complicate the theory greatly. Zakharov and Lvov (1973) and
Cherepanov (1992), among others, have calculated the increase in threshold due to
two magnon effects for first order SWI processes, but calculations have not been
performed for second order processes. Apart from a recent conference presentation,
[Krivosik (2006)] on the effect of two magnon scattering on the high power
susceptibility as a function of field, there has been no detailed analysis of two
magnon effects on second order RS instability processes. Such work is currently in

progress.
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6.4.2 GILBERT DAMPING PARAMETER

The Gilbert damping parameter associated with ferromagnetic resonance, @evx , 1S
generally taken as the standard measure of the FMR loss. As such, the
corresponding a parameter calculated from the AH, values can provide a useful
basis for comparison. First, one can see that the spin wave Gilbert damping
parameter a values from the butterfly curve fits are lower, sometimes by a factor of
two or more, than the corresponding FMR Gilbert damping parameter apg values.
Note that the apgg values in Table 6.1 are based solely on the measured linewidths
by the AHpwr =2ane®,/|y| connection. These arpw values likely contain the
effects of inhomogeneity broadening and two magnon scattering as well as the
intrinsic magnon-electron scattering losses normally ascribed to the a parameter

[Kalarickal et al. (2006)], [Kambersky and Patton (1975)].

On the other hand, the generally lower « values are the result of the fact that the
SWI derives from the renormalized modes with the lowest threshold.
Renormalization can reduce, and in some cases eliminate, the broadening effects due
to inhomogeneities, for example. It is important to note that this does not mean that
there is no influence on the A, values from two magnon scattering and the affect of
this on a is not clear. However, the generally lower a values listed in the second
to last column of Table 6.1 are in the 0.002-0.005 range nominally associated with
intrinsic magnon-electron processes only [Meckenstock et al. (1995)], [Frait and

Fraitova (1980)], [Meckenstock ez al. (2004)].
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6.4.3 MAGNETIZATION LOCK UP ANGLE

The in-plane FMR precession angle at threshold 9% is also a useful measure of
the instability response. The initial effect as the microwave power exceeds the SWI
threshold is a lock-up in the uniform mode precession cone at S5z, as energy is
pumped into spin waves. This angle, therefore, is an important parameter in SWI

processes.

The last column in Table 6.1 shows the calculated $$% angle. This angle is
generally in the range of a few degrees. As one moves above the A, field, the lock
up gradually relaxes, but there is a sizeable increase in loss, well above the levels

indicated by the AH, and a parameters discussed above [Gerrits ef al. (2007)].

Large angle precession dynamics is an important element in many magnetic sensor
and information storage applications, among others. Dobin and Victora (2004)
describe one way to adapt SWI theory to large angle switching dynamics. The
present lock up angle determinations provide a measure of the inherent limitations in
a simple damped equation of motion analysis of large angle switching processes and

the switching angle limits for the validity of such analyses.
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OBLIQUE PUMPING DATA ANALYSIS AND RESULTS

INTRODUCTION

This chapter provides results on oblique pumping (OP) and first order spin wave
instability (SWI) processes in thin Permalloy films. The main results are (1)
absorption profiles as a function of 7, (2) a determination of A, as a function of
H over the low H region, and (3) an analysis of the A vs. H butterfly curve data

in terms of the first order SWI theory. The threshold results are for two Permalloy
films of thicknesses 104 and 123 nm at a frequency of 9.58 GHz. The materials and
the experimental methods for data acquisition were presented in Ch. 4 and 5,

respectively.

Section 7.1 provides a review of the qualitative changes in the absorption profiles
as P, is increased. The absorption curve results are for a range of h,—H —¢
coupling configurations. Section 7.2 presents the éxperimental butterfly curve data
on oblique pumping. The overall shape of the butterfly curves and the dependence

of h,; onthe ¢ angle are discussed. Section 7.3 considers the theoretical butterfly
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curve fits to the data along with a discussion of the spin wave linewidths and
damping parameters, the critical spin wave modes, and the deviation of the

theoretical fit from the data at low H fields.

7.1 HIGH POWER ABSORPTION PROFILES

This section presents the qualitative high power absorption profiles for the 74, 104,
and 123 nm thin Permalloy films. The absorption profiles for the 104 nm film
include the field regions for first and second order SWI processes. The FMR field
region is included to provide a reference of comparison for the low field phenomena.
The profiles for the 74 and 123 nm films are for the low field range only. The
absorption profiles for the 104 and 123 nm films are for a range of coupling
configurations between 90° and 0°. This demonstrates the coupling angle ¢
dependence of the oblique pumping process. However, only the profile for the SA
configuration is shown for the 74 nm film. No oblique pumping response was

observed.

Figures 7.1, 7.2, and 7.3 show example uncalibrated p vs. H data for the 104,
123, and 74 nm thin Permalloy films, respectively, and for a range of coupling
angles. As discussed in Ch. 2, the changes in the low field region as the B, level is
increased qualitatively show the basic oblique pumping response. However, this

response also depends on the ¢ angle. The changes in the oblique pumping response
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as a function of angle provides a qualitative means to compare the subsidiary
absorption and parallel pumping responses. The quantitative results are found from
threshold measurements and are discussed in Sec. 7.2. As mentioned, the 74 nm film

only shows a response for ¢ =90° which is very weak and profiles for this sample

are discussed last. An overview of the film properties was provided in Ch. 4.

Figure 7.1 shows OP absorption profiles for the 104 nm film and for ¢ =90, 70,
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FIG. 7.1. Graphs of p vs. H for the 104 nm thin film and a microwave frequency
of 9.58 GHz. The H and A, fields were in-plane and at the ¢ angles indicated.
The solid circle data are for low P, and the open circle data are for high P, values,
as indicated. The solid points at 910 Oe indicate the Hpy field point. The peaks at
high and low field show the resonance saturation and oblique pumping effects,

respectively.
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50, 30, 10, and 0°, as indicated. The static and microwave fields were in-plane. The
blue circle data are for low power and the red triangle data are for high power, as
indicated. The curves are guides to the eye. The solid points indicate the FMR peak
H., at 910 Oe for each of the graphs. The Hpy value is not the same as given in
Table 4.1, since the microwave frequency is 9.58 GHz rather than 9.11 GHz. The
high field peaks show the RS effect and the low field peaks show the OP effect.
Recall that the measurements are extended to high field to provide a reference for

comparison with the low field OP phenomenon.

As noted, the low power FMR peaks in Fig. 7.1 are at 910 Oe. The qualitative
changes in the RS profiles, as the power is increased, provide an indication of the

overall nonlinear response at FMR, as was discussed in Chapters 5 and 6.

The qualitative changes in the profiles at low field as P, is increased provide an
indication of the overall nonlinear OP response associated with first order SWI
processes. Notice that the OP response depends on the ¢ angle and there is no
response observed in graphs (e) or (f). The low P, data for H below about 450 Oe
show very low loss associated with the tail of the FMR response. As the power is

increased, there is an increase in loss in this low H region in graphs (a) — (d). This

increase in loss is the basic OP response. The OP responses are somewhat broad and

lower in amplitude than the RS peak.

Graphs (a) — (c) show a decrease in loss for a fixed P, with a decrease in ¢. For

an angle between 30° and 10° the OP response is no longer visible even for much
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FIG. 7.2. Graphs of p vs. H for the 123 nm thin film and a microwave frequency
of 9.58 GHz. The H and A, fields were in-plane and at the ¢ angles indicated.
The blue circle data are for low P, =0.4 W and the red triangle circle data are for

high P, =260 W.

larger input powers and there is no observable OP response for ¢=0°. The decrease

in the OP amplitude for smaller coupling angles is related to the weak coupling of

energy from the 4, into the spin wave modes.

Figure 7.2 shows example uncalibrated p vs. H data for the 123 nm film and for

¢ =90, 70, 50, 30, 20, and 0°, as indicated. The static and microwave fields were in-

plane the film plane. The blue circle and red triangle data are for P, =0.4 and 260

W, respectively. Unlike Fig. 7.1, only the low field OP response region is shown.
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Again the qualitative changes, as the P, level is increased and the ¢ angle is
decreased, provide an indication of the nonlinear OP response. Graphs (a) — (e)
show an increase in loss for fields below about 600 Oe for high P, levels. Figure
7.2 shows the same decrease in the amplitude of the response as the ¢ angle is
decreased for a fixed B, level, as Fig. 7.1 graphs (a) — (c). Notice that the response
is still visible at ¢ =20°, where as for the 104 nm film the OP response is barely

visible at ¢ =30° even for powers as high as 260 W. As before no OP response was

observed for ¢ =0°.

Figure 7.3 shows p vs. H data for the 74 nm film at ¢ =90°, as indicated. The

static and microwave fields were in-plane. The blue circle, green triangle, and red
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FIG. 7.3. Graphs of p vs. H for the 74 nm thin film and a microwave frequency of
9.58 GHz. The H and h, fields were in-plane and at ¢ =90°, as indicated. The
blue solid circle data is for the low P, of 0.37 W, the green triangle data is for the
high P, of 265 W and the red square data is for the very high P, of 820 W.
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square data are for B, =0.37, 265, and 820 W, respectively. The curves are guides
to the eye. For the 74 nm film the field region of the response is much narrower than
for the 104 and 123 nm films. This is again due to the thickness dependence of the

spin wave dispersion relation.

The data evidence the typical subsidiary absorption response for H field below
about 200 Oe. The first order SWI response is very weak for such a thin film and is
almost lost within the noise. Even for very high 2, levels the loss is very small and
no threshold response is measurable. No data are shown for angles other than

@ =90°, as there was no measurable change in loss.

The oblique pumping response is dependent on the film thickness. For the 123,
104, and 74 nm films the response extends up to maximum fields of around
H =600, 450, and 200 Oe, respectively. For thinner films the high field edge of the
profile is lower. The high field edge of the profile is corresponds to the cutoff field
H., . Asdiscussed in Ch. 3, there are no available spin wave modes for fields above
H, and no SWI response. The H,, field depends on the o, =w, /2 criteria and
the thickness dependent spin wave dispersion. The spin wave band edge effect and

thickness dependence found here mirrors the results of An et al. (2004) for

subsidiary absorption only.
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7.2 MAIN FEATURES OF THE BUTTERFLY CURVES

This section presents the A, vs. H oblique pumping butterfly curve data for the
104 and 123 nm thin Permalloy films. Two major features of the data are discussed.
The first is the overall shape of the butterfly curve that is tied closely to the nature of
the spin wave dispersion curves for thin films. The second feature is the dependence
of the thresholds on the coupling angle. Energy is coupled from the perpendicular
and parallel components of the microwave pumping field indirectly and directly,
respectively, into the available spin wave modes. The butterfly curves, scaled by a

factor of sin¢g for the 104 nm film, show that the parallel or direct coupling serves to

increase the overall coupling by a small but significant amount.

Figure 7.4 shows Ay vs. H butterfly curves for the 104 and 123 nm films. The
threshold fields were obtained from data similar to those in Fig. 5.9. Graphs (a) and
(b) show butterfly curves for coupling angles ¢ =90, 80, 70, and 60° and ¢ =90, 50,
40, 30, and 25°, respectively, for the 104 nm film. Graphs (c) and (d) show butterfly
curves for coupling angles ¢ =90, 80, 70, and 60° and ¢ =90, 50, 40, 30, and 20°,
respectively, for the 123 nm film. The static and microwave fields were in-plane at
the indicated coupling configurations. The vertical dashed lines mark the computed
half frequency spin wave cutoff field values H, of 460 and 560 Oe for the 104 and

123 nm films, respectively.
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FIG. 7.4. Oblique pumping butterfly curves of A, vs. H for the 104 and 123 nm
thin films, as indicated. The microwave pumping frequency was 9.58 GHz. The H
and A, fields were in-plane and at the ¢ angles indicated. The vertical dashed lines
mark values of the computed H,, at 460 and 560 Oe.

7.2.1 OVERALL SHAPE

The minimums of the butterfly curves in Fig. 7.4 are not sharp but rather occur
over a broad field range. As one moves to the fields above the minimum, the
threshold values increase somewhat faster than below the minimum. As noted

above, these h; values appear to diverge at some high field cutoff A, and show a

band edge effect.
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As discussed in Sec. 7.1, the OP responses differ with film thickness. For the 123
nm film the butterfly curves occur over a larger range of static fields and the H,
field is at a larger field value compared with the 104 nm film curves. The sharp
increase in A, values near the H_, field produces difficulties in the extraction of
the thresholds closer to the cutoff field. It is notable that the high field edge of the
OP profiles in Fig. 7.1 and 7.2 correspond well to the calculated H,, of 460 Oe and

560 Oe values for the 104 and 123 nm thin films, respectively.

The increase in A, values for H values below the minimums of the butterfly
curves is again connected to the available spin wave modes. The theoretical analysis
of the data, presented below, shows that the zeroth order thin film approximation
[Harte (1968)] is not applicable for these low fields. A full numerical calculation is

required to explain the data in this low field region.

The butterfly curves in Fig. 7.4 are notably different from those for bulk ferrites.
There are three major differences. First, for both polycrystalline and single crystal
ferrites there is a shift of the minimum of the butterfly curves to lower H fields as
the ¢ angle is decreased [Patton (1970)]. Figure 7.4 clearly shows that the
minimums of the butterfly curves for both the 104 and 123 nm Permalloy films
remain at their respective field values for all ¢ angles. Second, in polycrystalline
ferrites there is only a slight increase in the 4y values as the ¢ angle is decreased
[Patton (1970); Green et al. (1969)], and for single crystal ferrites there is a decrease

in the %4y values as the ¢ angle is decreased [Patton (1970)]. Figure 7.4 shows a
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substantial increase in the Ay values as the ¢ angle is decreased. The third
difference is that for both the polycrystalline and single crystal ferrites the shape of
the butterfly curve changes as ¢ is decreased [Patton (1970); Liu and Patton (1982);
Wiese et al. (1995)]. The butterfly curve results for the Permalloy films are all

similar in shape.

7.2.2 THRESHOLD AS A FUNCTION OF COUPLING ANGLE

The butterfly curves in Fig. 7.4 show an increase in the A values with a decrease
in the ¢ angle. This effect is connected to the coupling between the microwave
pumping field and the available spin wave modes. The component of h, that is
transverse to H couples energy indirectly into the available spin wave modes via the
uniform mode. The component of h, that is parallel to H couples energy directly
into the available spin wave modes. As the ¢ angle is decreased from ¢ =90° to 0°
the contribution of energy from the transverse coupling process decreases and the
contribution from the parallel coupling process increases. For small ¢ angles, the
energy coupled into the spin wave modes is small and larger P, levels are required
to reach threshold. At ¢ =0° there is no observable increase in loss, as shown in Fig.

7.1 and 7.2. This suggests that there is no dipole-dipole interaction to couple energy

into the spin wave modes and as a result, no parallel pumping process.
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FIG. 7.5. Graphs of A sing vs. H field for the 104 nm thin film. The H field
and the A, field were in-plane and at the ¢ angles indicated. The corresponding A
vs. H data are shown in Fig. 7.4 graphs (a) and (b).

If there is no contribution from the parallel pumping process, the Ay values
should scale by a factor of sing, and graphs of A sing vs. H data should all lie
along the same curve. Figure 7.5 shows h; sing vs. H graphs for the 104 nm thin
film and for all ¢ angles. The fields are in the film plane at the coupling

configurations indicated. Notice that these are the same data as in Fig. 7.4 graphs (a)

and (b) but weighted by sing .

The h sing data for ¢ =90, 80, and 70° all lay on the same curve, more or less.
For smaller ¢ angles there is a drop in A sing data below this curve. This shows

that energy is, in fact, coupled into the spin wave modes by the parallel pumping
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process. This coupling, however, is weak. In the ¢ =0° limit, the overall coupling is

so weak that no parallel pumping response is observed.

7.3 FIRST ORDER SPIN WAVE INSTABILITY THEORY FITS TO THE
BUTTERFLY CURVES

This section gives an analysis of theoretical fits to the butterfly curve data with the
first order SWI theory presented in Ch. 3. Subsection 7.3.1 shows that the best fits to
the data require a wave vector dependent spin wave linewidth. The AH, trial
function includes the phenomenological Gilbert damping and a sin?28, trial
function that is loosely related to three magnon relaxation. Subsection 7.3.2
discusses the fits to the data and subsection 7.3.3 presents the corresponding critical

spin wave modes.

7.3.1 SPIN WAVE LINEWIDTH TRIAL FUNCTIONS

Chapter 5 showed first order SWI theoretical fits to the SA butterfly curve data for
the 104 nm thin film with three different AH, trial functions. The first fit used a
trial function of the form AH, = A where 4 is a constant. This showed a good fit to
the high field data only. The second fit used a trial function of the form
AH, = A+ Bsin® 20, . Here the A is again a constant and the term that depends on

G, is loosely related to three magnon relaxation. This showed a good fit to the
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minimum and high field portions of the butterfly curve and improved the fit to the
low field data. The third fit used a trail function of the form
AH, =2a4,/|y|+Bsin?26, where 2a4,/|y| is the phenomenological Gilbert
damping term. The « is the Gilbert damping parameter and 4, is given in Eq.
(3.23). This showed a very similar fit to that of the second trial function for large
coupling angles but not for small angles. It was not clear from the subsidiary
absorption data alone if the second or third trial function would best fit the oblique

pumping data.
Figure 7.6 graphs (a), (b), and (c) show example 4, vs. H data from Fig. 7.4 for
the 104 nm and for ¢ =90, 40, and 30°, respectively. The solid blue curves are for

fits to the data with the AH, = A+ Bsin? 26, trial function. The best fit values are

A=25,29, and 31.5 Oe for ¢ =90, 40, and 30°, respectively, and B =70 Oe for all

(a) (b) {c)
— 16| ¢= 90° 16} ¢=40° 16} g=30°
& |A=250e A=290e A=3150e

% 14| 2=0.005 14l a=0.0055 14} ==0.0059 .
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FIG. 7.6 Oblique pumping butterfly curves of Ay vs. H for the 104 nm thin
Permalloy film, as seen in Fig. 7.4, and theoretical fits to the data based on first order
SWI theory. The solid curves are fits to the data with the trial function
AH, = A+ Bsin? 26, . The dashed curves are fits to the data with the trial function
AH, =20 A, /|y|+Bsin?26,. The a and A values for the fits are as indicated.
The B value for all fits was 70 Oe.
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theoretical fits. The red dashed curves are for fits to the data with the
AH, =2aA,/|y|+Bsin? 26, trial function. The best fit values are o« =0.005,
0.0055, and 0.0059 for ¢ =90, 40, and 30°, respectively, and, again, B =70 Oe for
all butterfly curve fits. The fits the data are based on the film parameters given in
Ch. 4 and a best fit D value of 2.38x10 Oe cm*/rad’. Notice that it was necessary
to vary the exchange constant D in order to fit the butterfly curves. This shows a
strong dependence of the thresholds on the exchange interaction. The strong
dependence on the exchange interaction results from the coupling of energy into

larger 6, modes.

The solid blue curves show good fits to the high field data in all three graphs and a
reasonably good fit to the minimum of the butterfly curve in graph (a). The solid
blue curves do not fit the minimums of the data in graphs (b) and (c) and do not fit
the low field data in any of the graphs. The red dashed curves show good fits to the
minimum and high field portions of the data in all three graphs. For H fields below
about H =225 Oe the fits deviate significantly from the data. This deviation is due
to a break down of the Harte approximation and is discussed in Sec. 7.4.2. Overall

the trial function that includes the Gilbert damping shows better fits to the data.
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7.3.2 FIRST ORDER SPIN WAVE INSTABILITY THEORY FITS TO THE

DATA

Figure 7.7 shows the butterfly curve data, given in Fig. 7.4, and theoretical fits to

the data based on the first order SWI theory presented in Ch. 3 with a spin wave

linewidth trial function of AH, =2aA4,/|y|+Bsin?28,. The fits to the data are

based on the film parameters given in Ch. 4 and D values of 2.38x10”° and
2.20x10° Oe cm*rad” for the 104 and 123 nm films, respectively. The Gilbert
damping parameters a used for the fits are given in Table 7.1. For both samples
and all butterfly curve fits, the B parameter was constant at 70 Oe. The dashed line

marks the H, that corresponds to the spin wave band edge effect.

Figure 7.7 shows that the first order SWI theory, with a zeroth order thin film
approximation, provides a reasonable match to the measured oblique pumping
butterfly curves for fields above 200 Oe or so. Below this field, value the data

deviate significantly from the fits.
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FIG. 7.7. Oblique pumping butterfly curves of A,; vs. H for the 104 and 123 nm
thin Permalloy films, as seen in Fig. 7.4, and first order SWI theory fits to the
butterfly curves. The solid curves are fits to the data with the trial spin wave
linewidth function AH, =2aA,/|y|+Bsin?26,. The a and A values for each

coupling angle ¢ are given in Table 7.1. The B value for all fits was 70 Oe. The
H field and the A, field were in-plane and at the coupling angles ¢ indicated.

The AH, =2aA,/|y|+Bsin? 26, trial spin wave linewidth function is somewhat

different than that needed to obtain good theoretical fits to butterfly curve data for
ferrites. Previous in-plane subsidiary absorption and oblique pumping work on
single crystal YIG ferrites, by Liu and Patton (1982) and Patton and Jantz (1979),

generally require a spin wave linewidth in the form AH, = A'+ B'sin? 26, +C'L(k),



Chapter 7
177

TABLE 7.1. Summary of parameters for the fits of the SWI theory to the oblique
pumping curve data for the 104 and 123 nm samples.

Spin wave linewidth parameters in the
AH, =2aA, /|y |+Bsin? 26, function
Coupling | 104 nm thin film 123 nm thin film
angle Spin wave Three magnon | Spin wave Three magnon
¢ (deg) Gilbert damping | process Gilbert damping | process
parameter parameter parameter parameter
a B (Oe) a B (Oe)
90 0.0050 70 0.0046 70
80 0.0052 70 0.0046 70
70 0.0055 70 0.0047 70
60 0.0055 70 0.0049 70
50 0.0055 70 0.0050 70
40 0.0055 70 0.0050 70
30 0.0059 70 0.0054 70
25 0.0062 70 -- --
20 -- -- 0.0058 70

where the Sparks function C'L(k) gives something between a linear and a step
response in k that loosely accounts for three magnon relaxation [Sparks (1964)].
The Sparks function was derived for spheres and is not applicable for thin films, as
there are no available low & values for small 8, values. Additionally, a constant 4’
term gave only poor fits to the data. Good fits required the introduction of a
substantial k£ dependent component to AH,, as discussed previously. The
difference in the AH, functions needed to fit the data for thin metal films is not a

surprise, since the physical relaxation mechanisms are known to be quite different.
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7.3.3 CRITICAL SPIN WAVE MODES

Figure 7.8 shows critical mode k.; and 6.; vs. H profiles that correspond to the
butterfly curve responses in Fig. 7.7. Graphs (a) and (b) show the individual k; vs.
H and 6. vs. H CM profiles, respectively, for the 104 nm thin film and for the
applicable ¢ angles. The ¢ angles for the curves in Graph (a) are as indicated. The
¢ angles for the curves in Graph (b) are not indicated, as the maximum deviation
between the curves is only 1°. The vertical dot-dashed lines mark the corresponding
cutoff field H,, from Fig. 7.4. Graphs (¢) and (d) show the CM profiles in polar
form or O Vvs. ke profiles for the 104 and 123 nm films, respectively, and for the

applicable ¢ angles, as indicated.

Figure 7.8 (a) shows a decrease in the low field £, from 3.2x10° rad/cm to
2.0x10° rad/cm, as the coupling angle ¢ is decreased. For all coupling angles the
ko values increase with an increase in the H field to their respective maximum
values. The curves converge to k. =2.92x10° rad/cm as the static field approaches
H .

Graph (b) shows for all ¢ that the ., follow the same basic curve. The G
values for low field are around 15.5° and decrease nearly linearly with field until a
static field of about 300 Oe. Above this field value the 6.; shows a sharp decrease

to about 1.5°, as the static field approaches the H,, value.
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FIG. 7.8. Graphs (a) and (b) show the k. and 8.; vs. H graphs, respectively, that
correspond to the computed butterfly curves in Fig. 7.7 for the 104 nm thin film and
for the applicable coupling angles ¢. The ¢ are as indicated in Graph (a). The ¢
are not indicated in Graph (b). The vertical dot-dash lines show the cutoff field
H,, . Graphs (c) and (d) show the combined CM results in polar form for the 104
and 123 nm thin films, respectively, for the applicable coupling angles, as indicated.
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Graph (c) shows that the range of the k; values is 2.0x10° rad/cm to 3.3x10°
rad/cm. This is narrower that that of the 123 nm film. Graph (d) shows that the
range of the k; values for the 123 nm film is 1.4x10° rad/cm to 3.3x10° rad/cm.
The range of the 8,; values is also larger for the 123 nm film than for the 104 nm
film and is from 17.3° to 1.5°. The 6., values for the 104 nm film range from 15° to

1.5°. Notice that for both graphs the curves converge to ;, = 1.5°.

As discussed previously, the butterfly curves in Fig. 7.7 are notably different from
those for bulk ferrites and, correspondingly, the critical mode profiles are also quite
different. For single crystal YIG and for the ¢ =90° configuration, the k. values
decrease linearly until the field point associated with the minimum of the butterfly
curve. At this field point the wave vector abruptly drops to zero and sticks at zero up
to H,.,. The 6. values stick close to 45° for fields below the minimum of the
butterfly curve and then drop smoothly to zero for fields above the minimum field.
For the ¢ =0° configuration, the k., values decrease smoothly to zero at the H
point associated with the minimum of the butterfly curve and stick at zero up to
H,, . The 6 values stick at 90° for fields below the minimum of the butterfly

curve and then decrease [Patton and Jantz (1978), Patton (1980)].

The extreme differences between the CM profiles for bulk single crystal YIG and
Permalloy thin films can be explained by (1) the very different nature of the spin

wave dispersion curves because of the thin film geometry and the high saturation



Chapter 7
o 181

magnetization, (2) the different ¥ and 6, dependences of the W' and WM
coupling coefficients, (3) the different £ and 6, dependences of the spin wave
linewidth AH,, and (4) the very high saturation magnetization M, in Permalloy
relative to ferrites. In particular, the available spin wave modes for energy to be
coupled into are different for thin films due to the differences in the spin wave band
for thin films relative to bulk, the differences in the bottom of the spin wave band
result in different three magnon scattering selection rules, and magnon-electron

relaxation processes must be considered.

7.4 CONCLUSIONS FROM THE OBLIQUE PUMPING DATA ANALYSIS

This section discusses the two main points from the oblique pumping butterfly
curve analysis. Subsection 7.4.1 discusses angle dependent Gilbert damping
parameters & . The OP damping parameters, in combination with those from FMR
and RS, indicate that the 123 nm film has an overall lower loss compared to the 104
nm film. The lowest & values occur for subsidiary absorption and are in agreement
with those obtained from resonance saturation. All @ values are consistent with
those expected for magnon-electron relaxation. Subsection 6.4.2 discusses the fits to

the data at low static fields. The spin wave dispersion curves used for the analyses

are not correct in the ranges of the resultant k;, and 8., values.
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7.4.1 DAMPING PARAMETERS

As in Ch. 6, the Gilbert damping parameter associated with FMR, ap\g , provides
a useful comparison to the @ parameters here. The apy values for the 104 and 123
nm films are 0.0093 and 0.0090, respectively. Additionally, the ags found in Ch. 6
can also provide useful for comparison and are 0.0050 and 0.0048 for the 104 and
123 nm films, respectively. Table 7.1 shows that for large coupling angles, around
¢ =90° or so, both films show a values that are the same as the corresponding axs
value or lower. These « values are lower, by about a factor of two, than the
corresponding apg values. As discussed in Ch. 6, the generally lower ags values
are in the range nominally associated with intrinsic magnon-electron relaxation
processes only [Meckenstock et al. (1995), Frait and Fraitova (1980), Meckenstock
et al. (2004)]. The a values for large coupling are correspondingly in the range

associated with electron relaxation processes.

Figure 7.9 shows plots of the Gilbert damping parameters a used for the fits in
Fig. 7.7 and give in Table 7.1 as a function of ¢. The red circle and blue triangle
data are for the 104 and 123 nm thin films, respectively. The dashed red and blue
horizontal lines at @ =0.0050 and 0.0048 indicate the aggs values obtained from the

RS experiment for the 104 and 123 nm films, respectively, as given in Ch. 6.
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FIG. 7.9. Gilbert damping parameter @ vs. ¢ used in the butterfly curve fits in Fig.
7.7 and listed in Table 7.1. The red circle and blue triangle data are for the 104 and
123 nm thin films, respectively. The dashed red and blue lines indicate the agg
parameters found from the RS analysis for the 104 and 123 nm films, respectively.

Figure 7.9 shows two main points. First, the o parameters for the 123 nm film
are consistently lower than those of the 104 nm film by about 0.0005. The ags and
amr Vvalues for the 123 nm film, as mentioned above, are also lower than the values
for the 104 nm film. This indicates that the 123 nm thin film is an intrinsically lower

loss film than the 104 nm film.

Second, the @ parameters increase as the ¢ angle decreases. As mentioned, the
a parameters for large ¢ angles agree reasonably well with the ags values for the
respective films. It appears that there is an increase in damping as the ¢ angle
decreases. However, the spin wave relaxation should be an intrinsic property of the
sample and, as such, should not depend on the ¢ angle. There are two possible

reasons for this increase (1) the Harte thin film approximation used to find closed
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solutions for the coupling coefficients and the spin wave dispersion relation is not
sufficient and (2) the trial function used to fit the data is not adequate to fully
describe the relaxation processes. To investigate this further, full exact numerical
calculations of the coupling coefficients and the spin wave dispersion relation are

required.

7.4.2 THEORETICAL FIT AT LOW FIELDS

As discussed above, below some particular H field the theoretical fit deviates
significantly from the 4, data. This is the result of a break down of the Harte thin
film approximation. The Harte approximation breaks down in the limits of large %

and 6, values, as discussed in Ch. 3.

Figure 7.10 graphs (a) — (d) show f; vs. k dispersion curve branches for the 104
nm film at H =400, 300, 200, and 100 Oe, respectively. The red, blue and green
branches were calculated from the spin wave dispersion relation found with the

Harte approximation. The red and blue curves are for 8, =90° and 0°, respectively.
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FIG. 7.10. Spin wave frequency f; vs. k curves for the 104 nm film at four static
field H values, as indicated. The red and blue curves are the &, =90° and 0°
braches of the thin film dispersion curve calculated with the Harte approximation.
The green curves are calculated with the Harte approximation and are for the
indicated &,; angles and the purple curves are the corresponding dispersion curve
branches found by an exact numerical calculation. The dashed line marks the half
pump frequency f,/2=4.79 GHz. The angles are as indicated. The grey dots
indicate the critical mode for the particular field value from the theoretical fit to the
butterfly curve for the 104 nm film and a ¢ =90°, as seen in Fig. 7.9.

The green curves in graphs (a), (b), (c), and (d) are for the 8.;,=5.36°, 8.76°, 11.2°,
and 13.3°% respectively, and the purple curves are corresponding branches found

from an exact numerical calculation. The grey dots mark critical spin wave modes

found from the theoretical fit to the ¢ =90° butterfly curve data for the 104 nm film,
as shown in Fig. 7.9. The dashed lines are cuts at the half pump frequency

fi = f,/2=4.79 GHz.
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Graph (a) shows a reasonable match up between the exact and approximate
dispersion curve calculations for the indicated critical mode at H =400 Oe. Graph
(b) shows that the exact dispersion curve for the indicated 8 is slightly lower in
frequency then the approximate curve for 4 =300 Oe. Graphs (c) and (d) show that
there is no or little separation in frequency between the exact and approximate
dispersion curves in the range of low k& and 6,. For lower fields and the
corresponding larger 8.; values the difference between the two classes of dispersion

branches increases.

The ability to achieve a reasonable fit to the data for fields above about 225 Oe, as
seen in Fig. 7.7, shows that the deviation between the exact and approximate
dispersion curve branches is not significant for the 8,; values of interest. However,
the exact dispersion curves for fields below 225 Oe, in graphs (c) and (d), show that

the critical modes from the theoretical fits are not the true modes.

To properly fit the butterfly curve data with exact thin film theory a general
nonlocal exchange analysis through numerical methods [Wames and Wolfram
(1970)] or Green’s function analysis [Kalinikos and Slavin (1986)] is required. This
greatly complicates the minimization over the available spin wave modes to find the

lowest threshold field. This was not done but is very important for continued work.
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SUMMARY

INTRODUCTION

A comprehensive study of the high power resonance saturation and oblique
pumping responses in thin Permalloy films has been performed. The objective of
this study was to understand the basic nonlinear interactions and the corresponding
relaxation mechanisms associated with the first and second order SWI processes in
thin metal films. This objective was met through, (1) improvements to the high
power FMR system and the resolution of cavity loading and calibration issues, (2)
carefully calibrated resonance saturation measurements and a theoretical analysis of
the threshold data, based on second order SWI theory, suitably modified for thin
films, and (3) carefully calibrated oblique pumping measurements and a theoretical
analysis of the threshold data, based on first order SWI theory, suitably modified for

thin films.
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8.1 IMPROVEMENTS TO THE HIGH POWER FMR SYSTEM AND NEW

CALIBRATION TECHNIQUES

The high power FMR system has two main experimental modes of operation. The
first experimental mode of operation is for low and high power FMR measurements.
The low and high power FMR profiles are found by measurements of the voltage
reflection coefficient p as a function of the static field # for specific microwave
input powers P,. The second experimental mode is for high power threshold
measurements. The threshold curves are found from measurements of p vs. B, for
a set H field. To determine A, from the threshold measurements, calibrated p vs.

microwave threshold field amplitude #, responses must be determined through a

precise cavity calibration from the o vs. B, data.

Two improvements to the high power FMR system serve to increase the accuracy
and efficiency of the system. The first improvement was the implementation of a
new calibration procedure. The calibration procedure accounts for the system losses
to provide accurate input and reflected power levels at the cavity position. The
calibration takes into account variations in loss due to changes in the microwave
frequency and includes precise calibrations of the variable attenuators. The second
system improvement is the full automation of the high power system for threshold
measurements over a H field range of interest. These modifications include new

hardware, software, and critical calibrations of the computer controlled mechanical
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parts. The automation of the system reduces the maximum time for a full set of

threshold measurements by over 75%.

Calibration issues that prevent precise hy; determinations were resolved through a

careful decoupling of the h, and H fields and a full cavity response calibration. The
cavity is decoupled to the point where one can define C=h2/B, for the sample

loaded cavity and transition to a “calibrated” result. The full cavity calibration
response takes into account the changes in the cavity parameters. This is important,
in particular, over the field range of FMR, as the cavity parameters change with the
real and imaginary parts of the susceptibility. The resolution of the cavity loading

and calibration issues reduces field calibration errors at FMR by over 35%.

8.2 EXPERIMENTAL RESONANCE SATURATION RESULTS

Resonance saturation FMR profiles have been measured as a function of
microwave power for a series of Permalloy films that range in thickness from 35 —
123 nm at 9.11 GHz and room temperature. The results show the basic resonance
saturation response associated with second order SWI processes and a foldover effect
that preliminary results suggest is due to two-magnon scattering interactions

[Krivosik (2006)].

Spin wave instability threshold 4.; measurements have also been made over the

full FMR absorption profile. Careful attention to cavity loading and calibration
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issues has yielded the first comprehensive data on second order spin wave instability
processes at FMR and over the full FMR profile for thin metal films. These A
measurements demonstrate the threshold nature of the nonlinear response. The
overall shapes of the resultant 4y vs. H curves are closely tied closely to the low
power FMR response. The jumps in the butterfly curves correspond to the foldover

effect of the high power FMR profiles.

Chapter 3 presents the second order SWI, suitably modified for thin films. The
theory provides the working equations for 4., determinations and the corresponding
critical modes. An outline of the operational procedure for the analysis of the
butterfly curves is presented in Ch. 5. The results of the theoretical analyses are

presented in Ch. 6.

For each film, the theoretical analyses yielded good fits to the butterfly curve data
based on a single field independent value of the spin wave linewidth or spin wave
relaxation rate n,. These linewidths and the corresponding Gilbert damping
parameter values are consistent with those expected for intrinsic magnon-electron
relaxation [Kalarickal et al. (2006), Kambersky and Patton (1975)]. Additionally,
the use of constant 5, values for the fits is significant in that the associated
relaxation times are constant and in the small range 3 — 7 ns. It is important to note
that the fits are not strongly dependent on the exchange interaction and a typical
value for Permalloy was used for all fits [Nisenoff and Terhune (1965)]. The

resonance saturation butterfly curve data and the corresponding fits are only the
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second such results on record. The first such results required the introduction of a

substantial # dependent component to 7, .

The corresponding critical mode propagation angles 8.; for all films are constant
at 0°. This is consistent with the original second order SWI theory for bulk isotropic
ferrites biased at the FMR field [Suhl (1957)]. The spin wave frequency is equal to
the microwave pumping frequency for second order processes, so that the critical

mode wave vectors k. are completely specified. The & are essentially constant

over the full FMR profile which explains the good fits for a constant 7, .

The FMR precession angles at threshold show a lock up as the microwave power
exceeds the SWI threshold and energy is pumped into spin waves. The FMR

precession angles at threshold are quite small, on the order of a few degrees.

8.3 EXPERIMENTAL OBLIQUE PUMPING RESULTS

Oblique pumping field swept measurements for a range of coupling ¢ angles have

been measured as a function of microwave power for Permalloy films of thicknesses
104 and 123 nm at 9.58 GHz and room temperature. The results show the basic
oblique pumping response associated with first order SWI processes. The oblique

pumping response is not a continuous effect but rather a threshold effect.

Spin wave instability threshold Ay, measurements have been made over the full

oblique pumping field range. These data represent the first comprehensive threshold
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measurements at oblique angles for first order SWI processes in thin metal films. It
is important to note that comprehensive subsidiary absorption measurements on thin

metal films were performed previously by An et al. (2004).

The oblique pumping h.; measurements demonstrate the threshold nature of the
first order nonlinear response. The increase in i, with the decrease in ¢ angle and
the lack of response for very small ¢ angles shows a very weak coupling of energy
from &, into the spin wave modes due to the parallel pumping process. The data
show cutoffs at high field that depend on the film thickness. These cutoff fields
correspond to the field points at which the bottom of the spin wave band is above

one half the microwave pump frequency.

Chapter 3 presents first order SWI, suitably modified for thin films. This theory
provides the working equations for 4. determinations and the corresponding critical
modes for the first order processes. An outline of the operational procedure for the
analysis of the butterfly curves is presented in Ch. 5. The results of the theoretical

analyses are presented in Ch. 7.

For both films the theoretical analyses yielded good fits to the butterfly curve data
with the exception of the low field data. This is due to a break down of the Harte
thin film approximation. The fits were based on a 7, trial function that depended on
a phenomenological Gilbert damping term and a 64, dependent trial function. A

constant value of the B parameter associated with the 6, dependent trial function
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was used for all the fits. The « parameters for both films and for ¢ =90° agree with

the a values found from the resonance saturation study but increased for smaller
coupling angles. The oblique pumping, resonance saturation, and FMR Gilbert
damping parameters were all lower for the 123 nm film than for the 104 nm film.
This implies that the 123 nm film has an overall lower loss than the 104 nm film.
The butterfly curve fits show a strong dependence on the exchange interaction due to
the coupling of energy into larger 6, values than for resonance saturation. The D

value was varied to provide the best fit to the data.

The 6., and &, values that correspond to the butterfly curve fits vary
substantially over range of fields for oblique pumping. This is consistent with the
results for bulk isotropic ferrites [Patton (1979)]. Exact calculations of the thin film
dispersion curve show that the critical modes from the theoretical fit in the low field
region are not available modes. This discrepancy explains the deviation of the fits
from the low field data and is due to a break down of the Harte thin film
approximation used to find closed solutions to the coupling coefficients and the spin
wave dispersion relation. Full numerical calculations of the coupling coefficients

and the spin wave dispersion are required to analyze the low field data properly.

8.4 FUTURE WORK ON METAL FILMS

The study of high power FMR in thin metal films provides a starting point for

future work on thin metal films and simultaneously introduces a multitude of new
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unanswered questions. There are three main areas for future high power FMR work
on thin metal films. First, out-of-plane measurements of the SWI processes in thin
Permalloy films are necessary in order to complete the basic experimental study of
Permalloy. Second, with the ground work laid for high power experiments on metal
films, the study of SWI processes in larger loss metal and patterned films is
necessary for new technologies. Lastly, SWI theory for thin films needs to be (a)
numerically calculated to provide proper fits to the experimental results, (b) further
developed to understand the two magnon effects on the resonance saturation data, (c)
expanded to provide the capability to analyze data above the instability threshold,
and (d) connected to large angle switching. These studies are important for the
advancement of technology, as they provide valuable information for applications

such as nano contacts and storage information technology.
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