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Abstract 

A new approach to magnetic resonance was introduced in 1992 based upon detection of 

spin-induced forces by J. Sidles [l]. This technique, now called magnetic resonance force 

microscopy (MRFM), was first demonstrated that same year via electron paramagnetic res

onance (EPR) by D. Rugar et al. [2]. This new method combines principles of magnetic 

resonance with those of scanned probe technology to detect spin resonance through mechan

ical, rather than inductive, means. In this thesis the development and use of ferromagnetic 

resonance force microscopy (FMRFM) is described. This variant of MRFM, which al

lows investigation of ferromagnetic samples, was first demonstrated in 1996 by Z. Zhang et 

al. [3]. FMRFM enables characterization of (a) the dynamic magnetic properties of mi

croscale magnetic devices, and (b) the spatial dependence of ferromagnetic resonance within 

a sample. Both are impossible with conventional ferromagnetic resonance techniques. 

Ferromagnetically coupled systems, however, pose unique challenges for force detection. 

In this thesis the attainable spatial resolution - and the underlying physical mechanisms 

that determine it - are established. We analyze the dependence of the magnetostatic modes 

upon sample dimensions using a series of microscale yttrium iron garnet (YIG) samples. 

Mapping of mode amplitudes within these sample is attained with an unprecedented spatial 

resolution of 15µm. The modes, never before analyzed on this scale, fit simple models 

developed in this thesis for samples of micron dimensions. The application of stronger 

gradient fields induces localized perturbation of the ferromagnetic resonance modes. The 

first demonstrations of this effect are presented in this study, and a simple theoretical model 

is developed to explain our observations. The results indicate that the characteristics of the 

locally-detected ferromagnetic modes are still largely determined by the external fields and 

dimensions of the entire sample, rather than by the localized interaction volume (i.e., the 

locale most strongly affected by the local gradient field). Establishing this is a crucial first 
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step toward understanding FMRFM in the high gradient field limit where the dispersion 

relations become locally determined. In this high gradient field regime, FMRFM imaging 

becomes analogous with that of EPR MRFM. 

FMRFM has also been employed to characterize magnetic multilayers, similar to those 

utilized in giant magnetoresistance (GMR) devices, on a lateral scale 40 x 40µm. This is 

orders of magnitude smaller than possible via conventional methods. Anisotropy energies, 

thickness, and interface qualities of individual layers have been resolved. 

This initial work clearly demonstrates the immense and unique potential that FMRFM 

offers for characterizing advanced magnetic nanostructures and magnetic devices. 
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1 Introduction 

Ferromagnetic Resonance (FMR) is an important technique for characterizing magnetic 

materials and devices. Improvements in sample preparation techniques have enabled the 

development of extremely uniform, thin, single crystal magnetic films. This has resulted 

in magnetic devices with thicknesses on the order of Angstroms and lateral dimensions ap

proaching the micron scale. FMR, which characterizes the dynamic properties of these 

materials such as exchange and anisotropy energies, can be a vital tool to the character

ization and future development of miniaturized magnetic devices. However, conventional 

FMR techniques, in which the resonance is detected inductively, is limited in sensitivity 

and thus requires relatively large sample areas Cmm2). It has not been generally possible 

to characterize, on a microscopic scale, the spatial dependencies of the magnetic anisotropy 

and exchange energies in ferromagnetic devices or individual ferromagnetic nanostructures. 

In 1992, theoretical [1][4] and experimental work [2][5] was carried out demonstrating 

magnetic resonance force microscopy (MRFM). MRFM is a new 3D imaging technique 

with the potential of achieving atomic scale resolution. This approach, which combines 

principles of magnetic resonance with scanning technology, is based upon mechanical, rather 

than inductive, detection. It achieves this by sensitively detecting the force between a small 

probe magnet and the spin moment in the sample by means of a mechanical resonator. A 

probe magnet mounted upon a mechanical resonator provides a gradient field , \7 H, neces

sary for imaging. It also generates a time-varying interaction with the spin magnetization 

M in the sample that imposes a force, F = M · '\7 H, upon the mechanical resonator. 

The external fields driving the magnetic resonance are carefully manipulated to produce a 

modulation in the magnitude of M at one of the resonance frequencies of the mechanical 

resonator. The magnetic resonance signal is enhanced by the quality factor, Q, of the 

force-driven mechanical resonator. For electron paramagnetic resonance (EPR) and nu-



2 

clear magnetic resonance (NMR), the resonance condition is a local function of the total 

scalar external magnetic field. Thus, the gradient field and the sample linewidth determine 

a volume in space in which the resonance condition is met. 

Ferromagnetically coupled systems pose unique challenges for force detection. Strong 

coupling between local moments lead to magnetic resonance modes that are not localized, 

but extended throughout the sample. The resonance conditions for FMR are strongly 

influenced by Hrotal, the total vector field resulting from the applied external and magnetic 

gradient fields, and also by the sample geometry. Thus, the resolution, or resonance volume, 

is no longer simply localized nor determined solely by the gradient field and sample line 

width. 

Ferromagnetic resonance on microscopic samples using the MRFM technique (FMRFM) 

was first demonstrated in 1996 [3]. However, the physical mechanisms that determine the 

attainable spatial resolution employing the FMRFM technique has not yet been established. 

There are two objectives of the research presented here: (1) to develop the physical prin

ciples of spatial resolution and sensitivity in FMRFM, and (2) to demonstrate and explore 

the unique possibilities of FMRFM to characterize the dynamic properties of magnetic 

microstructures. 

In this thesis the attainable spatial resolution - and the underlying physical mechanisms 

that determine it - are established. The dependence of the magnetostatic modes upon 

sample dimensions are analyzed using a series of microscale yttrium iron garnet (YIG) sam

ples. Mapping of mode amplitudes within the sample are attained with an unprecedented 

spatial resolution of 15µm. The modes, never before analyzed on this scale, fit simple 

models developed in this thesis for samples of micron dimensions. With the application of 

stronger gradient fields, localized perturbations of the ferromagnetic resonance modes are 

possible. The first demonstrations of such an effect are presented in this study. A sim

ple theoretical model to explain these observations is developed. The miniature gradient 

magnet perturbs the RF absorption (i.e., signal intensity) of certain modes within a small, 

localized volume of the sample. The results indicate that in these first experiments the 
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locally-detected ferromagnetic mode positions are still largely determined by the external 

fields and dimensions of the entire sample, rather than by the characteristics of the local

ized interaction region (i.e., the region most strongly affected by the local gradient field). 

This work is a crucial first step toward understanding FMRFM in the high gradient field 

limit where the dispersion relations become determined locally. In this high gradient field 

regime, FMRFM imaging becomes analogous with that of EPR MRFM. 

Magnetic multilayers, similar to those employed in giant magnetoresistance (GMR) de

vices, have also been characterized on a lateral scale ( 40 x 40µm) that is orders of magnitude 

smaller than possible via conventional methods. Anisotropy energies, thickness, and inter

face qualities of individual layers have been resolved. 

1.1 History of MRFM 

It was first suggested by J.A. Sidles in 1992 that magnetic resonance imaging (MRl) could 

be achieved with unprecedented sensitivity and spatial resolution by magnetically coupling 

a mechanical force detector to the spins driven into resonance [1] [4]. The spatial resolution 

of MRl is currently limited, by the sensitivity of inductive detection of magnetic resonance, 

to dimensions greater than tens or hundreds of microns. On the other hand, scanned 

probe microscopies such as atomic force microscopy (AFM) have been developed which 

yield atomic resolution. However, these techniques can only be applied to surface studies. 

The proposed technique essentially combines the advantages of MRl - chemical specificity, 

subsurface sensitivity, non-destructiveness, and 3-D capabilities - with the force sensing 

technology of AFM. 

The first demonstration of MRFM was achieved by D. Rugar et al. in 1992 [6]. Mechan

ical detection of electron paramagnetic resonance (EPR) was demonstrated using a 30ng 

particle of 2,2-diphenyl-l-picrylhydrazyl (DPPH) affixed to a commercial AFM cantilever. 

The gradient field was V' H = 0,6G / µm, and this yielded an axial (along the polarizing 

field) spatial resolution of 19µm. The cantilever had a resonance frequency of fc = 8kHz 

and a force constant of k = .lN/m. The experiment was performed at ambient temperature 
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and vacuum ( Q = 2000). The magnetization of the sample was modulated by adding 

an oscillating field to the external magnetic field at a frequency of 1', and the non-linear 

response of the magnetization at resonance was then detected at fc (this is termed the 

half-frequency modulation technique). 

The lateral resolution potential of MRFM was first demonstrated by D. Rugar et al. 

in 1993. Two individual 20µm DPPH particles, affixed to a cantilever and separated by 

35µm, were spatially resolved [7]. The experimental conditions were similar to their earlier 

demonstration of MRFM [6]. A gradient field of 4.3G/µm yielded a lateral resolution of 

5µm and an axial resolution of lµm. Similar results were later obtained by our group [8] 

and a group at the University of Washington [5]. 

NMR AND EPR vs. FMR 

NMR and EPR are the best candidates for the ultimate goals of sensitivity and spatial res

olution in magnetic resonance because their dispersion relations allow for spatial resolution 

to approach atomic scales [9]. The resolution of NMR or EPR MRFM has straightfoward 

dependencies upon (a) the mechanical force detector's sensitivity, which is compromised by 

thermal and external noise sources, (b) the strength of the gradient magnet, and ( c) the 

polarization of the sample. Larger gradient fields, lower temperatures, and increasing the 

force detector's sensitivity will increase the resolution. From 1992 to 1996, MRFM research 

focused on improving resolution solely in the application of NMR and EPR measurements. 

Notable advances in the field of NMR or EPR MRFM are described below. 

The approach taken so far has been to develop ultrasensitive mechanical force detectors 

that utilize cantilevers with force constants much smaller than commercial AFM cantilevers 

which still yield resonance frequencies in the kHz range. The first ultrasensitive cantilevers 

[10] had a force constant of k rv 10-5 N/m, and were used by Rugar et al. [2] in 1994 to 

detect the magnetic resonance of 1 H nuclear spins in ammonium nitrate. A sensitivity of 

1.6 x 1013 proton spins was achieved at room-temperature in a warm-bore superconducting 

magnet providing a vacuum of < 10-3torr with a gradient field of 6G / µm. A spatial 
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resolution of 2.6µm was attained. This spatial resolution and sensitivity was several orders 

of magnitude smaller than possible via conventional NMR techniques. 

High Q cantilevers and low temperatures were later used to improve the sensitivity. 

The 19F nuclear spins in 13 Nd-doped CaF2 were detected by Wago et al. in 1996 [ll]. 

The sample was affixed to the cantilever which, unloaded, had characteristics as follows: 

k = 0.07N/m and fc = 9.8kHz, and a Q of 4 x 104 at room temperature, which increased 

to 20 x 104 at 6K. The frequency dropped to 1.6kH z when the sample was affixed to the 

cantilever. The gradient field employed was 6G / µm. 

The first observation of ferromagnetic resonance force microscopy (FMRFM) was achieved 

by Z. Zhang et al. in 1996 [3]. This experiment, which yielded strong signal intensities even 

at ambient temperatures and pressures, demonstrated the potential of MRFM to become a 

powerful technique for FMR with micron or sub-micron resolution. Ferromagnetic modes 

from a yttrium iron garnet (YIG) film with nominal lateral dimensions of 20 x 40µm and 

a thickness of 3µm were observed. The gradient field was 0.5G / µm, and the resonance 

frequency and Q of the sample-bearing commercial Si cantilever were 5.26kH z and 41 

respectively. The gradient field in these experiments was insufficient to provide lateral 

spatial resolution of the ferromagnetic resonance modes within the sample. An improved 

modulation technique, termed "anharmonic modulation," first demonstrated by Bruland 

et al. in 1994, was used to obtain the FMRFM signal and avoid spurious coupling to the 

cantilever. 

Sensitivity and resolution is fairly straightforward and reasonably well understood for 

NMR and EPR MRFM, although it still poses challenge - both in the technology and in the 

physics - to achieve single spin detection. However, the large coupling of magnetic moments 

in ferromagnetic materials make the physics determining sensitivity and spatial resolution 

in FMRFM quite complex. It is the objective of this work to (a) develop FMRFM and to 

determine the underlying physical principles governing its sensitivity and spatial resolution, 

and (b) demonstrate its potential for characterizing the dynamic magnetic and physical 

properties of magnetic microstructures. 
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1.2 Chapter summary 

In this section, after giving a brief overview, a summary of the chapter contents will be 

given. 

Defining the concept of spatial resolution within a ferromagnetic sample, and under

standing how FMRFM can provide local imaging, are complicated issues. The resonance 

fields and the amplitudes of ferromagnetic modes involve complicated interactions between 

the sample, the external fields, and the probe magnet. There are three major components 

which are essential to the understanding of the physical principles of spatial resolution and 

sensitivity in FMRFM. First, FMRFM must be developed to provide the ability to measure 

the ferromagnetic resonance (FMR) of microscale samples. The resonances obtained exper

imentally must correspond with values expected from established theories. Second, simple 

models must be developed to determine the resonances of microstructures, which have not 

been analyzed on this scale before, and verified experimentally. Third, the gradient field of 

the probe magnet must be increased to interact with the sample strongly enough to create 

local perturbations in the ferromagnetic resonance. Observing these deviations from the 

weak gradient field limit, which are established in the two components stated above, is a 

crucial first step toward understanding FMRFM in the high gradient field limit where the 

ferromagnetic resonance becomes locally determined. In this regime, FMRFM imaging 

becomes analogous with that of EPR MRFM. A simple theoretical model to explain the 

observed effects must be developed. A detailed analysis of YIG microstructures has been 

performed to obtain these three components. 

In Chapter 2, the theories of MRFM and FMR are presented. It starts with the 

underlying physical mechanisms of spatial resolution for EPR and NMR MRFM to illustrate 

the general MRFM technique. Then, two established theories of FMR are reviewed: (1) the 

continuum model for thin metallic films (:S lOOOA) and (2) the magnetostatic wave theory 

for thicker samples such as YIG (1 - 3µm). A simple model for microscopic films, which 

have comparable width and thickness, is developed from the magnetostatic mode theory. 
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At the end of Chapter 2, the major physical differences and challenges of FMR versus EPR 

and NMR MRFM are discussed. Possible effects of a high gradient field and the magnetic 

coupling on the sensitivity and spatial resolution in the sample are introduced. 

In Chapter 3, the experimental apparatus and measurement techniques are discussed 

in detail. Particular characteristics of the FMRFM apparatus, such as the noise floor 

of the fiber optic interferometer and the uniformity of the RF field, are analyzed. The 

limitations on the sensitivity of MRFM due to various noise sources within the apparatus 

are explored. The technological advances in detection methods developed during the course 

of this study, such as NiFe-tipped cantilevers and large structure microstrip resonators, are 

also presented. 

In Chapter 4, the physical principles underlying spatial resolution and sensitivity in 

FMRFM are established for two regimes, first the low gradient field limit and then the high 

gradient field limit. The data and the analysis is presented approximately in the order of the 

three components detailed earlier. The resonances obtained in the early YIG experiments 

are in qualitative agreement with theoretical expectations. Mapping of mode amplitudes 

within the sample, attained with an unprecedented spatial resolution of 15µm, are described. 

These results demonstrate the ability of FMRFM to measure ferromagnetic resonance in 

microscopic samples and to provide spatial resolution of magnetostatic modes within the 

samples. A detailed analysis on a microscale geometrical series of YIG is described. The 

ferromagnetic resonances obtained experimentally agree with expected values from a simple 

model developed for microstructures in Chapter 2. 

Chapter 4 also includes descriptions of experiments in which the gradient field at the 

sample is increased by bringing the probe magnet within a few microns of the sample 

surface. Local perturbations in the sample are found to yield deviations in the resonance 

measurements from the expected values established earlier in the chapter. A simple model 

to qualitatively account for the observed effects is developed. 
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Chapter 5 describes experiments that demonstrate the ability of FMRFM to charac

terize the magnetic properties of multilayer metallic films, similar to those used in GMR 

devices. The thickness, anisotropy energies, and interface qualities of individual layers are 

determined. The observed values of volume and surface anisotropy energies are shown to 

fall within values recently reported in the literature. 

This study of spatial resolution in FMRFM is concluded in Chapter 6. FMRFM is dif

ferentiated into two limits involving either weak or strong local gradient fields. The physical 

mechanisms governing FMR imaging and spatial resolution within these two regimes are 

discussed. Finally, prospects are explored for future FMRFM experiments that expand on 

the observations and simple theories developed in this thesis. 

Appendix A includes a table of the notation used in this thesis. The theory of thermal 

noise and sensitivity in mechanical resonators is presented in Appendix B. The processing 

details for the YIG samples and NiFe-tipped cantilevers are described in Appendix C. The 

calculations of the demagnetization of microstructures are in Appendix D. Finally, a dis

cussion of an alternate mechanical force detector, magnetic films on high frequency beams, 

and preliminary experiments to demonstrate their feasibility, are included in Appendix E. 



9 

2 FMRFM: Development and understanding 

The theoretical development and understanding of ferromagnetic resonance force microscopy 

(FMRFM) are presented in three sections. First, the application of magnetic resonance force 

microscopy to NMR and EPR is presented. The basic theory of detection, and several of 

the measurement techniques, are the same for both methods. The underlying physics of 

the spatial resolution and sensitivity in EPR MRFM is more straightforward than that of 

FMRFM. The unique challenges for force detection posed by ferromagnetically coupled 

systems will be compared to the simpler and better studied field of EPR MRFM. 

Second, the theory of ferromagnetic resonance (FMR) is presented using two different 

approaches. The continuum model best illustrates the dependence of the dispersion relation 

upon anisotropy energies, sample thickness, and the angle of the external field relative to 

the sample plane. This model is used when characterizing the fundamental mode in thin 

metallic films in Chapter 5. Then, the magnetostatic mode model develops the dependence 

of the dispersion relation upon all of the sample dimensions (not just the thickness). A 

simple model is derived for the resonance fields of the fundamental and higher order modes 

of YIG microstructures. 

Third, the key differences of FMRFM versus EPR and NMR MRFM, which arise from 

the ferromagnetic coupling within the sample, are discussed. Possible observable effects 

from the coupling on the dispersion relation are considered. 
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2.1 MRFM 

2.1.1 Basic theory (parallel geometry) 

When a magnetic moment M is placed in a static external magnet field ii, it will pre

cess about the field axis with an intrinsic frequency w until damping parameters bring the 

moment into alignment with the field. The relationship between ii and w is called the 

dispersion relation. For this simple system, the dispersion relation is w = /Hres, where/ is 

the gyromagnetic ratio and Hres is the magnetic field at resonance. External energy can 

be added to the system to enhance the precession by applying an external RF magnetic 

field, Hrf, with a frequency of w, parallel to the precession plane. In conventional mag

netic resonance measurements, the resonance is detected inductively, such as through the 

absorption of the RF power [12]. 

In MRFM, the magnetic resonance is detected mechanically, rather than inductively. 

A schematic of a MRFM set-up is shown in Figure 2.1 [1]. Electromagnetic coils (not 

shown) provide an external field Hz which can be swept. A modulation coil (not shown) 

produces a small field modulation field Hmod(t) = Hmodsinwmodt z. A small probe magnet 

produces a gradient field. The total external magnetic field at the sample is iitotal = 

ii(r)probe +ii+ iimod· A small RF coil, which enhances the spin precession, produces a 

field H RF perpendicular to z. 

MECHANICAL DETECTION 

Mechanical detection requires two main components, as shown in Figure 2.2. First, a 

magnetic moment M in a gradient field \7 H will experience a force, F = (M · V)ii. The 

gradient field is supplied by a small probe magnet mounted to a mechanical resonator (i.e., 

a cantilever). The spins in the sample produce a moment M which interacts with the 

gradient field, thus producing a force on the mechanical resonator. For the orientation of 

the external fields and the cantilever shown in Figure 2.2(b), the force on the cantilever is 

(2.1) 
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Figure 2.1: A schematic of a MRFM apparatus, and the key ingredients of detection. See 

text for details. 

where Mz is magnitude of the magnetic moment in the direction of the cantilever deflection. 

The force in the x and y directions are neglected in this case since the cantilever can only 

deflect in the z direction .. 

Second, the amplitude of the magnetic moment flllz is modulated such that the resulting 

force varies at the resonance frequency of the mechanical resonator, fc· The mechanical 

resonator is driven by the time varying force, F(fc) = Mz Uc) ( ~1;). The magnitude of 

Mz is determined by the magnetic resonance condition and the external and RF fields. 

Thus, the small time variation in the amplitude of Mz can be produced by modulating 

the amplitude of the RF field HRF, modulating the external field Hmod, or a combination 

of the two (see section "anharmonic modulation" ) . The response of the cantilever to the 

driving force is enhanced by its quality factor, Q. In short, the gradient field couples the 

precessing magnetic moments to the cantilever, the cantilever responds mechanically to the 

precessing moments, and the Q of the cantilever enhances the magnetic resonance signal. 

The force response is detected by measuring the oscillation amplitude of the cantilever 

at fc using an optical fiber interferometer and a lock-in amplifier. Thus, on resonance, the 
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Figure 2.2: (a) The resonance condition, w = /Hres, of a magnet moment Min an external 

field H. Energy supplied by an RF coil enhances the precession. (b) The gradient field 

\l His coupled the precessing magnetic moment Min the sample to produce a force on the 

cantilever. The gradient field also creates a local volume of field, centered on Hres, in which 

the resonance condition is met. 

MRFM signal is given approximately by 

FoQ (8H) Amax= -k- = mz OZ Q/k, (2.2) 

where Amax is the maximum oscillation amplitude to first order, F(t) = Fo sin wet, and k is 

the force constant of the cantilever. In practice, the dependence of the modulated magnetic 

moment, Mz(t), is a complicated function whose magnitude depends on the resonance line 

width of the sample the applied fields (H, HRF, and Hmod) [13]. 

SPATIAL RESOLUTION 

In conventional magnetic resonance imaging of NMR and EPR, spatial resolution is deter

mined by the volume of space over which the magnetic resonance condition is satisfied. In 

MRFM, this volume is determined by the gradient field, \l H, from the probe magnet and 
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the resonance line width, .6.H, of the sample. The volume of magnetic resonance, often 

called the "sensitive slice," determines the spatial resolution of EPR and NMR MRFM. 

In theory, either the RF frequency w or the total field H can be swept to obtain a 

resonance spectrum. In practice, the RF frequency w is fixed and the external field, H, is 

swept through the resonance condition. The gradient field of the probe magnet adds a small 

local field which varies in space, 8H(r), in the vicinity of the sample. The total field which 

must satisfy the magnetic resonance condition is now Htotaz(r) = H + 8H(r). Thus, as the 

external field is swept, only the spins at r satisfying the magnetic resonance condition at 

Htotaz(r) = Hres will resonate. i.e., the field is swept spatially through the sample. 

The sample resonance has a finite line width, .6.H, centered at the resonance field Hres· 

The intrinsic line width, due to spin-spin coupling and other factors [14], increases the 

volume of space where the magnetic resonance condition can be satisfied by the external 

fields. The resolution, .6.xi, in NMR and EPR MRFM is defined as: 

(2.3) 

The resonance condition is a local function of the applied field - only spins within this 

volume will resonate and contribute to the time varying force on the cantilever. 

LIMITS OF SENSITIVITY 

The fundamental limit to the force sensitivity of MRFM is the thermal (or, ultimately, 

quantum) fluctuations in the mechanical force detector [see Appendix BJ. The force on the 

detector created by the magnetic moments and the gradient field cannot be resolved if it is 

smaller than the thermal force noise. The sensitivity of the MRFM can be described by 

the minimum number of spins (having spin I and gyromagnetic ratio /) in the resonance 

volume that produce a force equal to the thermal force noise, yielding a signal-to-noise ratio 

(SNR) of unity. Assuming a sample with Curie-law susceptibility, the minimum detectable 

signal, NMDS, is [8] 

si/2 (.6.f)1;2 
NMDS= F. 

spin 

2k kBT .6.fl 
Qwc ' 

(2.4) 
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where sJ/2 is the thermal noise spectral density of the cantilever, b..f is the measurement 

bandwidth, Fspin is the force per spin (from F = (M · '\l)H), kB is Boltzmans constant, 

T is the absolute temperature, Q and k are the quality factor and force constant of the 

cantilever, and We is the resonance frequency of the cantilever. The first term on the right 

is the physical mechanism by which the magnetic moment is coupled to the cantilever. The 

second term is simply the inverse spin polarization of the sample. The third term is the 

thermal force sensitivity of the cantilever. In Eq. 2.4, other sources of noise are ignored. 

It is further assumed that the readout of the signal (the displacement transducer) is itself 

noiseless. At room temperature, the engineering to insure the dominance of the noise by 

thermal fluctuations is straightforward and discussed in Chapter 3. 

To improve force sensitivity, there are four engineering parameters that can be optimized: 

(1) increase the gradient field '1 H, (2) lower the temperature T , (3) increase the quality 

factor Q of the mechanical resonator, and (3) lower the force constant k or increase the 

frequency We of the mechanical resonator. However, changing one parameter to improve 

signal strength often results in an adverse change in a related parameter. The sensitivity 

(NMDS) and the resolution must be considered together, along with the spin density of the 

sample, to determine if the signal strength is greater than the thermal noise. In determining 

the optimal cantilever design and requisite gradient field to detect resonance in a sample, 

the following considerations are important: 

• To detect a small number of spins, a large magnetic gradient field ("V H) is necessary 

to produce a large force on the cantilever (Eq. 2.4). However, increasing the gradient 

field decreases the resonant volume (Eq. 2.3). The relevant relations are 

Force: F ex '1 H, Resolution: b..xi ex v ki . (2.5) 

If the density of magnetic moments within the sample is not large enough, there will 

not be enough spins in the resonance volume to create sufficient force to exceed the 

thermal noise. Early experiments utilized low gradient fields(::::::: 0.1 T/m) to create 

sufficiently large resonance volumes. 

• The force constant k of the mechanical force detector can be reduced by altering 
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its dimensions. While reducing k increases sensitivity of the mechanical resonator to 

small forces, it also reduces the resonance frequency We. Low frequencies will create 

long ring up/ down times, drastically reducing the speed of data acquisition unless 

feedback is employed [15]. The relevant equations to consider when designing the 

mechanical force detector are: 

k ex w (£) 3
, (2.6) 

where w, L, and t are the width, length, and thickness of the mechanical resonator. 

Furthermore, the force from the resonance spins must remain coherent over the ring 

up/ down time of the force detector in order for it to respond to the signal. This will be 

especially important for pulsed NMR, where the decay time length must exceed, or be 

on the same order, as the ring up/ down time. Low frequency mechanical resonators, 

which have increased sensitivity but have long ring up/down times, greatly limit the 

applicability of MRFM to a narrow range of samples. These requirements can be 

balanced to find appropriate values of We and k which increase the sensitivity, but 

still maintain a reasonably high frequency and low force constant [see Appendix 

B-table]. 

The ultimate resolution of MRFM may well be the detection of a single nuclear spin. 

Neglecting polarization factors, a SNR of 1 (NMDS = 1) for a single nuclear spin can be 

obtained with (approximated for a doubly-clamped beam mechanical resonator) \1 H = 

106 T/m, We= 3MHz, k = 3N/m, Q = 106 , T = 50mK, and flf = O.lHz. Theoretical 

complications, such as coupling to a single spin, are outside the scope of this thesis but are 

being pursued in our research group. A more in-depth description of MRFM can be found 

in Hammel et al. [8] and Sidles [9]. 

2.1.2 Early EPR experiments (DPPH) 

Early experiments in MRFM (and FMRFM) were performed with the sample affixed to the 

cantilever. The gradient field was supplied by a small, but macroscopic, permanent NdFeB 
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magnet located near the sample. From Newton's third law, the force [F = (M · V)H] acts 

equally on the sample or the magnet, but it is ultimately dissipated within the part of the 

system that can move, such as the cantilever. 

First experiments of MRFM were performed with small particles of 2,2-diphenyl-1-

picrylhydrazyl (DPPH), an organic material with a single unpaired electron per molecule, 

glued to the end of a commercial cantilever. DPPH is the "standard sample" used in 

EPR. In Figure 2.3 (top), the swept field spectrum is shown for a single particle of DPPH 

approximately 18µm in diameter (5ng) and containing 8x1012spins. The signal force is 

"'3xl0-15N/m for the experimental conditions IVHI = 0.8G/µm, Wrf = 709MHz, and 

H = 253G. The calculated thermal noise of the cantilever (T ~ 300K, Q = 3xl04 ,k = 

0.08N/m) is"' 4.lxl0-16N/m, which agrees well with the observed signal [16]. 

For EPR, only the spins within the resonance volume, as determined by Eq. 2.3, will 

contribute to the MRFM signal. Thus, two separate particles in a magnetic gradient field 

will resonate at different fields as the external field is swept. A spatial resolution of lµm 

and a sensitivity of 3x1011 spins was demonstrated by placing two DPPH particles on the 

cantilever separated by the 1 - 3µm thickness of the cantilever (Figure 2.3 (bottom)) [16]. 

2.2 FMR theory 

In a ferromagnetic sample, the resonance frequency w and the equilibrium position of the 

magnetic moments M not only depend upon the externally applied field H, but also on the 

total internal magnetic field Hi. The internal field results from anisotropy energies ( crys

talline and surface effects), exchange coupling (spin-spin interactions), and demagnetization 

energies (dipole-dipole interactions). Thus, the dispersion relation is no longer a simple 

function of only the local external field. Instead, it depends upon a fairly complicated 

relation between: the external and internal fields; on the sample shape and size; and the 

sample's orientation to the external field. 

There are several ways to solve for the dispersion relation [17]. In the following sections, 

three methods will be discussed: (1) the continuum model for metallic films (less than 

lOOOA), (2) the magnetostatic wave theory for thicker samples such as YIG (1 -3µm), and 
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Figure 2.3: The EPR/MRFM spectrum of DPPH, mounted on a commercial Si cantilever 

440x40x3µm. (a) Single shot signal from a 18 µm diameter DPPH particle as the bias 

field is swept. (b) The signal from two DPPH particles, 7ng (above) and 3ng (below). 

The amplitude of the cantilever oscillation is shown as a function of distance, z, from the 

end of the gradient magnet to the volume in which the resonance condition is satisfied. 

Observations of two distinct signals demonstrate a one-dimensional "imaging" resolution 

of order lµm. The cantilever has a resonance frequency in vacuum of 8.8 kHz and a Q of 

20,000. The RF frequency is 825 MHz. After Hammel [16]. 

(3) the magnetostatic mode theory further approximated to model microscopic samples 

which have comparable dimensions in width and thickness - systematic analysis of the 

mode spectra at these micron dimensions have never before been realized. These three 

derivations highlight important experimental characteristics of the different sample types 

that are included in this study. 

2.2.1 Continuum model (thin metallic films) 

The continuum model [17] is a useful method to determine the dispersion relation of thin 

magnetic films (thickness < < width, length), where surface anisotropies can have a signifi-
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cant effect. It starts from the torque equation of motion 

where 

..!. ddM = M x Heft, 
I t 

Heff =ii - Hu+ fid +Hex+ hexp(-iwt), 

(2.7) 

(2.8) 

I is the gyromagnetic ratio, Heff is the total effective field, ii is the external field, Hu 

is the uniaxial anisotropy field, fid is the demagnetization field, and Hex is the exchange 

field. h is the transverse RF component of the field created by the RF component of 

the sample's magnetic moment, m. (h is not the same as Hrf, the RF field created 

by the coils or microstrip.) For the simplest case, a single magnetic moment m in a pure 

external magnetic field Hz, the moment precesses about the z axis with frequency w = 1H. 

However, for a ferromagnetic material, the dispersion relation is much more complicated due 

to field contributions at each magnetic ion site. These contributions not only include the 

external field ii, but also the anisotropy energy K (the energy dependence of the orientation 

of the ion spin with respect to the crystalline axis, surface stresses or other effects); the 

exchange field Hex (due to spins of nearby ions); and the demagnetization field iid (the 

long range dipole interaction due to spins throughout the rest of the sample). 

The torque due to these contributing magnetic fields can be treated in terms of the free 

energy density of the system, E( r'), through the relation T = er x ( -V' E) [18]. Using this 

expression, the effects of the applied, anisotropy, and demagnetization fields can be treated 

as scalar contributions to the energy density and dependent upon orientation, rather than 

as vector fields. The torque equation of motion (Eq. 2. 7) can be expressed in orientation 

and exchange energies and written as [17] 

d""!i = "' JJ x n E + "' 2A M x V'2 M 
dt 'Ms v 'Af1 ' (2.9) 

(orientation) (exchange) 

where E is the total energy due to the applied, anisotropy, and demagnetization fields; A 

is the exchange coupling constant; and Ms is the saturation magnetization of the sample. 
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Figure 2.4: Coordinate system used in thin films. After Zhang [19] . 

Polar coordinates are used, where the z axis is perpendicular to the film plane, as shown in 

Figure 2.4. 

ORIENTATION ENERGIES 

The following orientation energies (the first term on the right - hand side of Eq. 2.9) will 

be considered, as derived by P.E. Wigen [17], and later in further detail by Z. Zhang [19]. 

1. Zeeman energy. This is the energy of a magnetic moment in an external magnetic 

field. 

(2.10) 

2. Demagnetization energy. This is the local field at a magnetic ion site created by 

the long range dipole moments of all the other magnetic ions in the sample. For a 

sample in a magnetic field , the moments align such that there will be an internal field 
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opposing the external field. For an thin film, the demagnetization field is negligible 

in the lateral directions but has significant contributions in the direction of the film 

thickness [14]. In the coordinate system used here (Figure 2.4), the demagnetization 

energy is expressed as 

ED= 27rM'; = 27rM'};cos2 e. (2.11) 

3. Uniaxial anisotropy energy. Physical properties of the sample produce preferred 

spin orientations. Only properties which produce energy contributions due to the 

magnetic field orientation with respect to the normal to the film plane (z axis) will be 

considered in this derivation. Anisotropy energies in the plane of the film ( x and y 

axes) will not be considered. Typical sources of anisotropy energies which contribute 

to the orientation energies are: 

• Magnetocrystalline energies. Spins in a crystal lattice will have a preferred ori

entation to minimize energy. The energies arise from spin-orbit coupling and 

the chemical bonding of the atomic orbitals in the crystal. The atomic orbitals 

have preferred orientations due to interactions with the electronic wave functions 

of their surrounding ions. Spin-orbit coupling (for ions with L z =I 0) will result 

in the spins also having a preferred direction with respect to the crystal axes. 

The metallic films in this study are polycrystalline films. Thus, their magne

tocrystalline energies are randomized and will not exhibit a coherent dependence 

upon the magnetic field orientation. The YIG films in this study are cubic crys

tals grown on (1,1,1) substrates which result in the c-axis perpendicular to the 

film plane. Thus, the YIG will have a contribution to the uniaxial anisotropy 

energy from the magnetocrystalline energy. 

• Surface effects. At the surface there is often stress and differences in the sep

arations of the atoms due to a lack of atoms on one side of the surface. As a 

result, there will be a change in the exchange interaction of the spins near the 

surface. These spins react differently to magnetic torques, and will contribute to 

the uniaxial anisotropy energy. 
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• Magnetoelastic effects. The interface of the substrate and the magnetic ma

terial will produce stress due to lattice mismatch. Atomic spacing is reduced 

or increased, thus changing the local magnetic moment M(r). This will also 

contribute to the uniaxial anisotropy energy. 

The uniaxial anisotropy energy can be expressed as 

EA = Ku2 sin2 e + Ku4 sin4 e + ... , (2.12) 

where Kui are the uniaxial anisotropy energy constants. For most materials, the first term 

is dominant, and the third and higher order terms are usually small and can be neglected. 

Using the relation V' cos2 e = V' (1 - sin2 e) = -V' sin2 e, the total orientation energy can 

be expressed as 

(2.13) 

where Keff = Ku2 - 27rM'§. 

EXCHANGE ENERGY (HEISENBERG HAMILTONIAN) 

The second term on the right - hand side of the torque equation (Eq. 2.26) is an exchange 

energy. Dirac showed that for localized electrons in orthogonal orbits, the effect of the 

Pauli exclusion principle was equivalent to introduction of a spin-dependent energy term in 

the Hamiltonian of the form [20] 

(2.14) 

The sum on i and j is over all lattice sites, and the exchange strength Ji ,j is restricted 

to nearest neighbor sites due to the small spatial extent of atomic wavefunctions. This is 

known as the Heisenberg Exchange Hamiltonian. The important physical variable is the 

relative angle between spins. This energy accounts for spin waves with wavelengths on the 

order of submicrons (not sample dimensions, such as magnetostatic modes). 
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The large exchange interaction in ferromagnetic materials results a minimum energy 

when the spins are parallel to each other. Any disturbance in the spin system that results 

in small changes in the relative orientation of the spin from one lattice site to the next 

will produce a restoring torque between the two spins. The exchange Hamiltonian can 

be expanded as a variation of the neighboring spin Sj in a Taylor series about Si and the 

position i [19]: 

(2.15) 

where z is the number of nearest neighbors and J is the exchange strength. The first term 

is a ground state, and will not contribute to the torque equation since its derivative is zero. 

The second term represents a torque which will contribute to the equation of motion. The 

characteristic length of the disturbance is much larger than the lattice spacing, so derivatives 

of higher order terms are small and can be neglected. Using the relation M = N(gµBS), 

where gµB§ is the magnetic moment of each spin and N is the total number of spins, the 

exchange energy can be expressed as 

2A .... 2 Eex = --2 M x \7 M, 
Ms 

where A is the coupling constant. (For a cubic crystal, A= zJf2 
.) 

(2.16) 

Solving the Equation of motion There are two main steps to obtaining a solution to the 

torque equation (Eq. 2. 7) for a thin film geometry. 

First, the equilibrium position of the magnetic moment , M(Bo,¢0 ), is determined and 

defined by the equilibrium orientation angles Bo and ¢0 . In equilibrium, the spins are aligned 

with the effective field, a combination of the external, anisotropy, and demagnetization 

fields. Applying the static condition M x iieff = 0, the left side of the torque equation 

equals zero (d:J = 0). The exchange term also equals zero, for K,M =I= F(z), since the 
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spins are parallel. Thus, the only contribution comes from the orientation energies [19], 

where Bo and </>o satisfy the equations 

H sin (Bo - Bs) + Heff sin Bo cos Bo 0 (2.17) 

</>o 0. 

Second, the system is perturbed. Assuming small precession amplitudes about the 

equilibrium point, the equation of motion is linearized. The magnetic moment is assumed 

to have both a frequency and a spatial response of the form 

M (2.18) 

ma,¢ -i(wt-k·r) 
mao,</>oe ' 

where w is the precession frequency and k is the wave number. Only spin waves in the z 

direction (normal to the film plane) will be considered. Spin wave numbers (ky, kx) in the 

x and y directions correspond to wavelengths of order of the films lateral dimensions, which 

are much larger than the film thickness. The exchange energy for modes in the lateral 

directions are negligible compared to the mode energy the z direction. (i.e., £fsk;,y << 

ifs k;' where ki = ";;;7.) Thus, the approximation k . r ~ kzZ is valid for thin films. 

The torque equation of motion is solved by linearizing Eq. 2.26 about the equilibrium 

position (Eq. 2.17). Keeping only first order terms (terms containing second derivatives), 

a pair of coupled equations is obtained. The notation Eaa = a~~a' E</></> =a~~</>' Ea¢= a~~</> 

is used, where Eis the total orientation energy (Eq. 2.13). Evaluating at the equilibrium 

positions, B = Bo and </> = ¢0 , the following coupled equations are obtained: 

ldma 

/ dt 
~dm</> 
/ dt 

_ Ea¢ ma_ E¢¢ m _ 2A\72 

Ms sin B Ms sin2 () </> Ms m</> 

Eaa Ea¢ 2A 2 

M ma+ M . () m</> + M \7 ma s ssm s 

(2.19) 

Solving the above coupled equations, and assuming that ma and m</> have the form e-i(wt-kzt) 

4.20, the dispersion equation, within these approximations, is 

w E </></> 2A Eaa 2A a¢ 2 ( ) ( ) E2 
( ~) = Mssin2 () + Msk'; Ms+ Ms - M~sin2 B (2.20) 
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Damping terms have been ignored because they do not affect the dispersion relation 

[17][19]. However, damping (spin relaxation) does affect the line width of the resonance. 

At room temperature, the line widths for NMR and EPR are typically only a few gauss. 

The line widths for FMR in metals are typically 50-200 gauss [19]. FMR line widths can 

vary from lG for YIG up to more than lOOOG for complicated alloys. 

SPECIAL CASE - THE UNIFORM (FUNDAMENTAL) MODE 

The lowest energy mode is defined as the fundamental mode. For the case when the 

fundamental mode is the uniform mode, k z = 0. All the spins precess uniformly throughout 

the sample. Calculating the requisite derivatives from Eq. 2.13, and evaluating them at 

e = eo, </> = </>o, yields the simplified dispersion relation 

(2.21) 

where Helf = 21{;:1 and Keff = Ku2 - 27rM'§. Note that the resonance condition 

explicitly depends on the angle of the external magnetic field relative to the film plane, e H. 

An example of the dependence in shown in Figure 2.5. 

For H parallel to the film plane, the magnetization vector is parallel to the external 

field at equilibrium, so that e H = eo = 90°. For this case, the dispersion equation can be 

calculated explicitly and is 

(2.22) 

For H perpendicular to the film plane, both (jH = 0°and ea = 0° if the external field 

is sufficient to saturate the magnetization. Using small angle approximations, one obtains 

for this state [19] 

w 
- = H +Heff· 
I 

(2.23) 

A simple physical picture of this effect is as follows. The magnetization (at zero field) 

lies in the plane of the film as the lowest energy state. It requires energy to rotate M 
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Figure 2.5: The external magnetic field required for resonance, Hres , as a function of the 

angle bewteen t he external field and the sample plane. 

out of t he film plane against the demagnetization and anisotropy energies. Thus, when a 

perpendicular field is applied to the sample to rotate M ou t of the film plane, a higher field 

is required for magnetic resonance. 

EXPERIMENTAL CHARACTERIZATIONS OF FMR IN MAGNETIC FILMS 

For devices consisting of metallic magnetic films , their performance depends critically upon 

bulk and surface anisotropy energies, and thickness. The anisotropy energies, which reflect 

the quality (or smoothness) of the surface and interfaces, can only be measured with FMR 

techniques. Improvements in sample preparation techniques have resulted in devices much 

smaller than the lateral areas of a few mm2 required for detection with traditional FMR 

techniques. 

The FMRFM technique, however, has the potential to detect and characterize, both the 

anisotropy energies and thickness, of samples with lateral areas of a few µm 2 . In order to 
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test the abilities of FMRFM, three main measurements were performed that characterized 

important properties of metallic films: 

1. Anisotropy energies: From the above dispersion relations (Eqs. 2.22 and 2.23), and 

from the relation Heff = 21{;:' = 2 (Ku2~!7rM~), the uniaxial anisotropy energy (Ku2) 

can be measured. 

2. Hres as a function of e H . The dependence of the resonance field on the angle of the 

external field relative to the film plane can be measured. From Eq. 2.21, 

( ~) 
2 

= H [H cos (Bo - OH)+ Heff cos (20o)] ~:~:. (2.24) 

This also serves as a measurement of the anisotropy energies. 

3. Hres as a function of thiclmess: Typically, the resonance of films thinner than lOOA 

will have a dependence on thickness [20]. For a given sample, the internal field of 

the surface spins may differ slightly from the bulk spins. The effective anisotropy 

constant, K et f, can be expressed as a bulk value, K v, plus an additional surface term 

Ks. The bulk anisotropy energy density, Kv, operates uniformly throughout the film 

and includes magnetocrystalline and magnetostatic terms. Ks is an energy per unit 

area localized at the surface which may arise from spin-orbit contributions or strains 

at the surface [20]. 

The bulk spins want to precess at the frequency associated with its internal field, a 

combination of the external and bulk anisotropy fields. Due to the strong exchange 

interaction, the bulk spins drag the surface spins along with them. Similarly, the 

same effect occurs for the surface spins. If the thickness is less t han the magnetic 

correlation length ( rv lOOA for metallic films), the bulk spins precess at a frequency 

due to their internal field, plus a contribution due to the different internal field of the 

surface spins which is averaged over the volume of the sample. The volume varies 

linear with the thiclmess, so the effect of the surface term varies inversely with the 

thickness of the sample. In this regime, the effective anisotropy energy is defined by 
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the empirical formula [21 J 

( 
2 Ks ) 

Keff ~ Kv + M t . ' 
S film 

(2.25) 

where tfilm is the thickness of the film. 

2.2.2 Magnetostatic modes (YIG studies) 

Magnetostatic modes are spatial variations of the RF component of the magnetic moment 

M(r) that have wavelengths on the order of the dimensions of the sample. They can be 

thought of as standing waves of the magnetization magnitude across the sample. For 

sample dimensions larger than a few microns, the exchange energy of the wave (Dk2 ) is 

negligible. In this regime the magnetic excitation is dominated by magneto-static energy 

rather than exchange energy. 

Magnetostatic wave theory was first introduced by White and Solt [22] and Walker [23] 

for spheroidal samples. Damon and Eschbach (DE theory) [24] later adapted the theory 

to thin films infinite in lateral dimensions but finite in thickness. Here, they restricted the 

wave number k along the axis of the thiclmess d to the physical dimensions of the sample 

by the relation kz = ¥. Sparks [25] performed calculations using an alternative to DE 

theory which utilized Green's functions instead of separation of variables. Storey et al. [29] 

adapted DE theory to films finite in all three dimensions by restricting the wave numbers 

along the lateral dimensions in a similar fashion: ky = ¥, kx = ~, where L = length and 

w =width. DE theory assumed an isotropic sample in a uniform field, and the inclusion 

of anisotropy energy was done by Akhiezer et al. [26] and Schnider [27]. Anisotropy is 

not considered in the derivation presented here, since its only effect is to add a constant 

offset to the resonance field and does not affect the field spacings between modes. The 

field spacing will be used to determine the accuracy of the data with respect to theoretical 

models. 

Experiments measuring microwave absorption in thin YIG films were done by Tittmann 

[28] , Storey et al. [29], and Borghese [30]. These samples, with thickness from a few 
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to tens of microns, had lateral dimensions of several hundreds of microns to millimeters 

- much larger than the samples in our studies. Such detailed analysis of ferromagnetic 

modes on the micron scale has not been achieved before. The high quality and narrow line 

widths of the microscale YIG structures included in this study are excellent for evaluating 

the ability of FMRFM to detect and to probe the ferromagnetic resonance properties of 

ordered magnetic materials at the micron level. 

By neglecting the exchange interaction and anisotropy energies, the magnetization vector 

M(r, t) can now be solved for normal modes directly from the torque equation and Maxwell's 

Equations. These relation are now 

~dM =M X HEif 
r dt ' 

(2.26) 

where Heft= H - 471" N ·Ms+ hexp(-iwt), (2.27) 

and N is the demagnetization tensor. The dynamic field, h, has the same sinusoidal form 

as m (Eq. 4.20), and it may be viewed as the dipole field generated by the gradient of the 

dynamic magnetization m(r', t) inside the film (Eq. 2.8). h will be obtained from Maxwells 

equations and boundary conditions later in the derivation. 

DISPERSION RELATION FOR THIN FILMS 

The derivation outlined below follows the models presented by Wigen [17], DE theory [24], 

and Hurben et al. [31] . The lengthy details of the derivation are not given here, but instead 

a general map for how the dispersion relation is obtained is given to illustrate the complexity 

of FMR as well as certain key points, such as the sinusoidal form of the solutions. For a 

more detailed derivation, see the references given previously [17][24][31]. 

For the external field, H, parallel to the plane of a thin sample, the demagnetization 

tensor reduces to Ny= Nz = 0, Nx = 1, and Ni,J-¥-i = 0. Assuming small oscillations about 
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equilibrium as before, the approximate magnetization and fields, M = Msex +myey +mzez 

and ii= Hoex + hyey + hzez, are inserted into the torque equation (Eq. 2.26). Keeping 

first order terms in m and h results in a pair of coupled equations: 

(2.28) 

The terms "" and v represent susceptibility functions which have the forms "" = ~ n1-n2' 

_ n n _ ..!:::!.b_ d n _ _lfSL_ 
v - n1r-n2' H - 47rMo' an HH - 47rMo. 

Maxwell's equations are used to introduce functional forms of h and m, which will 

eventually lead to the introduction of sinusoidal and exponentially decaying solutions to 

the magnetostatic modes. These relations are 

fl x h = 0, (2.29) 

The condition fl x h = 0 allows the introduction of a magnetic potential w, where h = \i'W. 

Applying separation of variables, this scalar potential takes the following forms inside and 

outside the sample: 

(2.30) 

(2.31) 

The terms wi, ki, zi are for internal values and we, ke, ze are external values. i.e., the 

magnetic potential we is only applicable in the regions outside the film: y > d/2 or y < d/2, 

where d is the thickness of the film. 

Both real and imaginary values for k~ are allowed. Real k~ values correspond to sinu

soidal functions within the sample (volume modes), and imaginary k~ values correspond to 

functions which decay exponentially from the surface into the film (surface modes). 

When the condition fl· (h + 47rm) = 0 is applied to the interior of the film, it leads to 

a simple differential equation for wi. Outside the film, the condition m = 0, which implies 
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V' . h = 0, leads to simple differential equations for we. Using the functional forms for wi 
and we (Eqs. 2.30, 2.31), the following coupled equations are obtained: 

0 (2.32) 

and k2 + k2 - (ke) 2 0. x y z 

By imposing the boundary conditions that the normal components of b and the tangential 

components of h must be continuous, the coefficients in the equations for wi and we (Eqs. 

2.30, 2.31) are determined. 

Combining all the above together, the dispersion relation (for external magnetic field in 

the plane of the sample) is given by: 

(2.34) 

Thus far, it has been assumed (DE theory) that only the kz values were limited by a 

sample dimension (thickness). The values for kx and ky can be approximated by utilizing 

the physical limits imposed the lateral dimensions of the sample [25] [29]. For a sample of 

width wand length L, the wavenumbers are 

(2.35) 

where nx and ny are assumed to be positive integers characterizing the modes. The 

approximate magnitude of the magnetization mz corresponding to the volume modes nx = 

1, 2, 3, ... are shown in Figure 4.5. For future reference, the typical scanning position of a 

FMRFM probe magnet where the maximum signal intensity is expected is also shown. 

The dispersion equation (Eq. 2.33) can be calculated numerically [29]. However, 

some simple relations can be determined for certain cases [17]. These relations provide 

consistency checks for FMRFM spectra. 

• Observed modes when the magnetic field is parallel to the sample plane: Each res

onance mode has a wavevector k associated with a spatial variation of the RF com-

ponent of the magnetization normal to the equilibrium position (i.e., magnetostatic 
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Figure 2.6: The approximate spatial variation of the transverse magnetic moment ( mz) of 

the first few magnetostatic modes (ny = 1, 2, 3, .... ). The cantilever is positoned over the 

sample where a maximum in the FMRFM signal is expected. 

modes). For an in-plane wavevector (kx ,ky), Eq. 2.32 determines the out-of-plane 

wavenumber kz. For a real kz value (kz > 0), the mode is excited throughout the 

bulk of the sample (volume mode). This results from the form of the magnetization 

assumed in the previous derivations, m = 'Vwi ex 'V ( eikyy ..... ) . For an imaginary k 

value (ky < 0), the RF component of the magnetization moment decays exponentially 

from the surface (surface mode). In the FMR spectra, the volume modes occur at 

external magnetic fields lower than the fundamental mode, and the surface modes 

occur at fields higher than the fundamental mode. 

• Observed modes when the magnetic field is perpendicular to the sample plane: A 

similar derivation for the field perpendicular to the sample plane yields the results 

that only volume modes exist. In the FMR spectra, these modes occur at fields lower 

than the fundamental mode. The field spacings between the volume modes for both 
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regimes (magnetic field parallel and perpendicular to the sample plane) should be of 

comparable magnitudes. 

• Field spacing between modes: For the fundamental mode (kz = 0) with the field 

perpendicular to the sample plane, a uniaxial anisotropy energy simply shifts the 

frequency of the magnetostatic modes by b.w =/Hu. However, the relative positions 

of the mode spectra (i.e., the field spacing between higher order modes) remain the 

same. In the FMR spectra, a constant offset of the resonance fields from the calculated 

values could be attributed to anisotropy energies. 

DISPERSION RELATION FOR MICROSTRUCTURES (FUNDAMENTAL MODE) 

The YIG samples used in this study have geometries where the thickness and lateral di-

mensions are comparable. Therefore, they can no longer be regarded simply as thin films, 

but similar to ellipsoids. An approximate dispersion relation for the fundamental mode 

of microstructures will be derived by (a) assuming a dispersion relation similar to that of 

ellipsoids and (b) calculating the internal fields (ft =ii - fid) of the rectangular samples. 

The demagnetization field is Hd = - M · n, where n is the surface normal. For an 

arbitrary shaped sample, the demagnetization field for a given direction of M relative to 

the sample axes may be approximated Hd = NM, where N is the demagnetization factor. 

In general, N is a tensor function of the sample shape. However, for an ellipsoid, N is a 

diagonal tensor because the internal field turns out to be uniform. The dispersion relation 

for the fundamental mode in an ellipsoid, with the external field in the z direction, can be 

solved explicitly [14]: 

( ~) 
2 

= [H - 47f (Nz - Nx) M] x [H - 47f (Nz - Ny) M] (2.36) 

where Ni are the demagnetization factors associated with the aspect ratios of an ellipsoid. 

For comparison, an infinite thin film has Nx =Ny= 0, Nz = 1, and the dispersion relation 

reduces to the form f!::'. = H - Hdz = H - 4nMs. 
'Y ' 
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The samples in this study have lateral dimensions of a few tens of microns and a thickness 

of a few microns. A demagnetization field resulting from all faces of the sample will 

have a significant contribution to the internal field regardless of the orientation of the 

magnetization. For a sample having magnetization oriented normal to one of the faces (2), 

the torque acting on the spins at the center of the sample will give the following approximate 

dispersion relation 

( ~) 
2 

= [H - (Hd,z - Hd,x)] x [H - (Hd,z - Hd,y)] (2.37) 

The ratio of the dimensions will have several effects on the dispersion relation. First, 

the internal field will have contributions from the demagnetization factors stemming from 

the lateral dimensions, in addition to the thickness dimension, of the sample. As a result , 

the external field at resonance will be decreased from the value of '=' = H - 47r Ms that 
'Y 

is typical for very thin films (t << l,w). Second, for samples having finite dimensions, 

the transverse RF component of the magnetization (m(r, t)) will establish an internal RF 

demagnetization field, hd. The field, hd, will further influence the resonance condition in a 

manner similar to presence of Nx,y in Eq. 2.36. Third, the demagnetization factors Ni are 

not constant for any sample that is not an ellipsoid. Thus, the internal field is not exactly 

uniform throughout the magnetized sample. 

In order to approximate the magnitude of the fid, the model will assume that the 

magnetization is uniform across the sample. The demagnetization field is evaluated at the 

center of the sample and is determined for a sample completely saturated along each of the 

principle axes of the sample. At the center of the sample, Hd is a minimum and therefore 

defines the bottom of a "potential well" which establishes the position of the eigenvalue of 

the fundamental mode. The details of the demagnetization field calculation are in Appendix 

D. The calculated values are listed in tables included in Chapter 4. 

The approximate dispersion relation for the fundamental mode (Eq. 2.37) neglects the 

variation in the internal field due to hd, the demagnetization field established by the trans

verse component of the RF magnetization. Also neglected is the shift of the fundamental 

mode due to the di polar forces associated with the finite transverse wavelengths of the fun-
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damental mode of the samples. i.e., the fundamental mode was assumed to be k = (0, 0, 0), 

but in reality it is k = (kx > 0, ky > 0, kz > 0). This means that all spins are not precessing 

at the same amplitude in the fundamental mode, but have a complicated amplitude de

pendence across the sample. An approximate sinusoidal amplitude dependence across the 

sample is shown in Figure 2.6. 

DISPERSION RELATION IN MICROSTRUCTURES (HIGHER ORDER MODES) 

An approximate dispersion relation for the higher order magnetostatic modes of microstruc-

tures will be determined by utilizing the Kalinikos approximation [32]. This simple model 

is for the special case where the wave number in the thickness direction is equal to zero, 

but wave numbers in the film plane are not (kz = 0, kx #- 0, ky #- 0) . 

Damon and Esbach [24] first derived the dispersion relation for traveling magneto-static 

waves in a magnetic thin film [24]. Kalinikos [32] derived a useful approximation to the 

dispersion relation that gives the solution explicitly for the mode frequency as a function of 

the wave number, k. This approximation assumes kz = 0 for all modes, but is still a close 

approximation to values obtained from DE theory. Kalinikos uses first order perturbation 

theory, with kz = 0 as the zero-order solution, to obtain the approximate dispersion relation 

2 _ . [ . ( _ 1 - exp (-kt d))] 
W - Wi Wi + WM 1 kt d , (2.38) 

where wi =/Hi, WM= 1Ms, Hi= H - Hd, and dis the thickness of the sample. Hi is the 

internal field required to support the magnetostatic wave of the transverse wave number 

kt. Hd is the demagnetization field at the center of the film when the magnetization is 

saturated normal to the plane of the film. 

While this dispersion relation has been established for an infinite media, it will be applied 

here to approximate the dispersion relations for values of kt that correspond to the allowed 

modes ( nx, ny) of a microscopic structure. The transverse wavenumber is approximated 

by utilizing the physical limits imposed by the lateral dimensions of the sample [25] [29]. 

For a sample of width w and length L, the transverse wavenumber is 
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k =(k2+k2)1;2= nx1r +ny1r 
( 

2 2 2 2) 
t x y w2 £2 ' (2.39) 

where nx and ny are the number of half wavelengths in the x (width) and the y (length) 

direction of the sample. The modes are not purely sinusoidal, but have a complicated 

amplitude dependence across the sample. It is a reasonable assumption which is validated 

by the data in Chapter 4. An approximate sinusoidal amplitude dependence across the 

sample is shown in Figure 2.6 for several higher order modes. 

The field spacing between the magnetostatic modes determined by Eqns. 2.38 and 4.5 

show an explicit dependence on the dimensions of the sample - the smaller the structure, 

the larger the separation between higher order modes. 

2.2.3 RF absorption/intensity in uniform field 

In typical FMR experiments, the sample is small compared with the dimensions of the RF 

cavity. Thus, the external RF field, iiRF, can be considered independent of the position 

r within the sample and written as (Hx, Hy, Hz)e-iwt. For the case where the external 

field is parallel to the sample plane, the RF component of the magnetic moment is m = 

(0, my(r')e-iwt, mz(T)e-iwt). From the previous derivations of magnetostatic modes, the 

magnetic potential inside the sample can be written in the form (Eq. 2.30) 

wi (x,y,z) = x (x) y (y) zi (z) = eik,,xeikyy (asin(k!z) + bcos(k!z)) e-iwt (2.40) 

for the mode ( kx, ky, kz) = ( ~, ~, k~). The intensity of the absorption of the applied 

RF field can be found by the average value of m · iiRF integrated over the volume of the 

sample: 

(2.41) 
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where Hh is the complex conjugate. Substituting for iii and Hh and integrating over 

the volume of the sample, the signal intensity is 

{ 

~2 } - l A . d 2 · n 7r lx nx1r 
(iii. HRF) = _Y_ [zt(z)J!d/2 + B I zi(z) dz sin (-y-)-sin (-)' 

ny7r . 2 nx7r 2 
-d/2 

(2.42) 

where A and Bare functions of w, Hi, Ms, and Hh. 
From this equation (Eq. 2.42) some general conclusions can be drawn. First, there is a 

selection rule that no absorption will occur for any mode with either nx or ny an even integer. 

Second, if nx and ny are both odd integers, then the mode intensity is inversely proportional 

to nx (x is the direction of the applied field). Third, the mode intensity decreases with 

increasing ny, although not as a simple inverse relation because of the second term in the 

brackets. 

2.3 FMRFM vs. NMR and EPR MRFM 

A significant focus of this research is to explore what" spatial resolution" means for FMRFM. 

In order to do so, the spatial resolution derived for EPR and NMR MRFM is used as a 

starting point in which to compare the key physical differences arising from the FMRFM. 

Possible physical effects of the MRFM technique on FMR signals are discussed at the end 

of this section. 

2.3.1 Definitions of spatial resolution in MRFM 

Resolution in EPR and NMR MRFM was discussed in the first section of this chapter. The 

resonance volume is defined, for each axial direction, by 

(2.43) 

where i = x,y,or z. For EPR, the dispersion relation, and thus the resolution, is a 

local effect of the magnetic field. Only the spins within this resonance volume satisfy 

the resonance condition. A key point is that the resonance volume is determined by the 
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gradient field of the probe magnet and the line width of the sample. Increasing the gradient 

field directly increases the resolution. 

Resolution in a ferromagnetic sample, however, is complicated by large coupling and 

the long range dipolar forces within the sample. The ferromagnetic resonance condition 

no longer depends simply on the local magnetic field as it did for EPR. Ferromagnetic 

resonance depends directly and critically upon conditions involving the entire sample: the 

dimensions and anisotropy energies of the sample, and the relative angle of the external field 

to the sample plane. There are also numerous higher order modes in which the dispersion 

relation is satisfied. Consequently, the resonance volume is no longer determined simply 

by the gradient field of the probe magnet and the line width of the sample. 

To illustrate these key physical differences between EPR/MRFM and FMRFM, the 

following three main classes of "spatial resolution" are defined: 

1. "Direct" Spatial resolution: This is the typical resolution associated with EPR and 

NMR MRFM, and defined in Eq. 2.3. The gradient field from the probe magnet 

alters the local magnetic field within the sample. The gradient field, along with the 

line width of the sample, creates a small, localized region within the sample where the 

magnetic field satisfies the dispersion relation. Spins outside of this resonance volume 

do not satisfy the dispersion relation. Since the spins are not strongly coupled, those 

spins outside the resonance volume do not significantly affect the spins in resonance. 

Thus, the probe magnet directly controls the volume of space in which the spins 

resonate. Only the spins in the localized volume couple to the probe magnet and 

contribute to the resonance signal. 

2. Spatial sensitivity: This is the typical resolution associated with FMRFM. Spatial 

sensitivity is not determined simply by the gradient field and the line width. For 

small gradient fields (a few Gauss), the probe magnet does not significantly alter the 

dispersion relation, as it does for EPR and NMR, but it does still determine a local

ized region within the sample providing the force upon the mechanical resonator. i.e., 

the force is determined locally, but not the resonance condition. The strong coupling 
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between spins in a magnetic sample results in the resonance condition being satisfied 

by the dispersion relation involving the entire sample instead of the conditions within 

the localized volume. 

For the YIG samples, satisfying the resonance condition of the sample results in mag

netostatic modes which have a spatially varying RF component of the magnetization, 

m(r). The probe magnet couples locally to m(r), thus measuring the spatial varia

tion in m(r) as the cantilever is scanned over the sample. In other words, the spatial 

variation of the resonance in the sample already exists, and the probe magnet is sen

sitive to it - the probe magnet does not create the spatial variation. In this regime, 

resolution is determined by the minimum characteristic length of the mode amplitude 

variation distinguished by the probe magnet. 

An alternate method to understanding spatial sensitivity is to consider the sample as 

the source of the gradient field. The spatial variation in the sample's magnetization, 

m(r), creates the local gradient field \lH and the probe magnet acts as the magnetic 

moment M. The FMRFM signal, produced by the force relation F = ( M. v) ii, 
is determined integrating the gradient field from the sample over the volume of the 

probe magnet. Thus, the minimum spatial resolution should be on the order of the 

dimensions of the probe magnet. 

If the gradient field from the probe magnet is increased appreciably, then it may di

rectly affect the dispersion relation. This regime will be discussed at the end of this 

section and in Chapter 4. 

3. Volume sensitivity (or the minimum detectable volume): This resolution is the 

smallest detectable volume of magnet moment, similar to the minimum detectable 

number of spins, NM DS, for EPR and NMR. The entire sample fits inside the localized 

resonance volume which satisfies the resonance condition. i.e., the sample is small 

enough such that the change in the magnetic field across the entire sample due to the 

gradient field is less than the line width of the sample: ~1; · L < f:j.H. 
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2.3.2 Effects of magnetic coupling within sample 

A better understanding of the interaction of a localized magnetic volume and the strong 

coupling in the sample is needed. This section illustrates the key differences in the dis

persion relations, and how a local magnetic field due to the probe magnet could affect the 

relations. 

For EPR and -MR, each spin is not coupled strongly to its neighbors [14] [12]. There-

fore, if the resonance condition is satisfied in a small volume of space, only spins within 

that volume will resonate. When solving the equation of motion, df/ = 1M x fief/• the 

RF component of the magnetic moment is spatially independent \vith respect to the sample 

dimensions. As described earlier, for small oscillations about equilibrium, 

(2.44) 

where H is the external magnetic field in the z direction; m is the RF component of the 

magnetization in the x-y plane and is constant; Ms is the saturation magnetization of the 

sample (polarized in the z direction); and h is the transverse RF component of the field 

and equal to the applied RF field in this case. Both iii and h are constants, independent 

of location within the sample. The equation of motion simplifies to the following set of 

coupled differential equations [14]: 

dMx 
dt 

1H My 

mcoswt 

dMy - H M dt _ , :i: (2.45) 

l •lf y = - m sin wt 

The solution, w = 1H , depends only on the external magnetic field H at the location of 

the spins. A perturbation in the external field over a small volume, such as from the probe 

magnet, is easily inserted into the coupled differential equations. Adding H + 8H , where 

8H is from the probe magnet, into the above equations results in a simple field shift in the 

dispersion relation: w = / (H + 8H ). 
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However, in FMR, the long range coupling results in the magnetic moments strongly 

interacting over the entire sample [24] [17]. The dispersion relation is dominated by the 

sample dimensions and the external field over the extended sample. A perturbation in the 

magnetic field over a small volume must be solved within the context of the entire sample. 

\iVhen solving the equation of motion, af! = -ylV! x iieff, the spatial dependence of 

the effective field results in an RF component of the magnetic moment that is spatially 

dependent upon the sample dimensions. As described earlier, for small oscillations about 

equilibrium (Eq. 2.8), 

M -+ Msz + m(r) eiwt (2.46) 

Heff -+ ii - Hu(r) + Ha(r) + Hex(r) + h(r)eiwt 

where iiu, iid, and Hex are the anisotropy, demagnetization, and exchange fields. The 

RF component of the magnetization, m(r) , is no longer a constant but varies spatially. 

Furthermore, the effective magnetic field Hef f now has contributions from the entire sample 

(rather than individual spins). Thus, the equation of motion for FMR is much more 

complicated than for EPR, even in the simplest case of magneto.static modes (Eq. 2.27): 

dM -- ( - - - - · t) dt =11\1 x H- 4nN·M+heiw . (2.47) 

Furthermore, the dispersion relation for FMR is spatially varying. This is easily seen 

in the approximation for microstructure (Eqs. 2.38, 4.5): 

2 _ . [ . ( 1 - exp (- kt d))] 
W - W 1 W 1 + WM 1 - kt d , (2.48) 

k - (k2+k2)1/2 = nxn + nyn 
( 

2 2 2 2) 
t - x y w2 £2 · (2.49) 

As demonstrated by the equations above the interaction of the spatially dependent magnetic 

moment m(r), the external field H , and the internal fields (Hu, Ha , and Hex ) are non-trivial. 

Adding a small magnetic field perturbation, H + 8H , into the dispersion relation no longer 
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results in a simple shift of the resonance field. Some possible effects of the perturbation 

are described below. 

2.3.3 Effects on the dispersion relation 

The close proximity of the probe magnet to the sample adds a small perturbation field 

to the external field, H +OH. Adding OH to a small volume of the sample may slightly 

modify the dispersion relation locally, but it will not shift the resonance condition uniformly 

over the sample. However, it may perturb the "shape" of the various normal modes. Some 

possibilities due to a local perturbation field oH from the probe magnet are explored below. 

l. A shift in the resonance field Hres: In typical MRFM, the small local field oH simply 

shifts where the resonance occurs in the external field H: Hres = H +oH. From the 

approximation of the magnetostatic modes of microstructures, the dispersion relation 

is (Eq. 2.37) 

( ~) 
2 

= [H - (Hd,z - Hd,x)] x [H - (Hd,z - Hd,y)]. (2.50) 

Assuming the internal fields were not perturbed, one may expect a similar shift in 

FMR measurements by simply adding the small local field into the above equation: 

H ---+ H + OH. There are two problems with this possibility. First, the shift in the 

field from the probe magnet is a localized effect, while the entire sample determines 

the dispersion relation. If the resonance frequency were to be shifted by the field from 

the probe magnet, it should require that the whole sample fall within the influence of 

the probe magnet field. i.e., a sample smaller than the resonance volume. Second, 

creating a small shift in the field over a small fraction of the sample would have to 

overcome the demagnetization effect , 47T N · M. A strong local field from the probe 

magnet, typically 60 G at a scan height of 3µm, is much less than the demagnetization 

factor of 1750 G. The shift would approximately by the weighted average of H(r) o:.,er 

the sample, and thus should have a negligible effect. 

2. Change in field spacings between modes: The static magnetic moment of the sample 

has been assumed to be a constant in our derivations: M(z ) = Ms. However, the 
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field from the probe magnet could locally alter the orientation of the static magnetic 

moment region to region in the sample. This will have effects on the internal magnetic 

fields of the sample. Effects due to variations in the internal magnetization, such as 

a slight decrease near the surface of the sample, have been explored in FMR theory 

in the volume inhomogeneity model [31][33][34]. An example of the effect resulting 

from a non-constant internal field , 47r M(z), has been done by Portis [34] for spin waves 

across the thickness of thin films. In that study, a parabolic form of 47r M ( z) across the 

sample thickness was assumed, rather than a constant: 47r M(z) -+ 47r Ms ( 1 - 4~q2) . 
They predicted, and measured, a linear spacing of the modes rather than the quadratic 

spacing predicted by spinwave theory. Thus, a possible effect of the local field from 

the probe magnet could be an increase or decrease in the field spacings between modes. 

In this study, neither a simple shift of the resonance fields nor a change in field spacings 

between modes were observed beyond the experimental uncertainties of the data. However, 

in the high gradient field regime (8H-60G) two effects on the dispersion relation were 

observed. First, a hidden mode was observed as the probe magnet was scanned along 

the length of a sample. Second, the signal intensities of the fu,ndamental and particular 

higher order modes were observed to vary as the probe magnet was brought close to the 

sample surface. These effects, which we believe may constitute the first demonstration of 

a controlled localized perturbation of the dispersion relation in FMR, will be discussed in 

Chapter 4. 
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3 FMRFM: Experimental set-up 

The complexity of ferromagnetic materials creates several experimental challenges beyond 

typical EPR MRFM. New techniques vital to current and future MRFM studies of both 

EPR and FMR samples have been developed. 

In early EPR/MRFM experiments performed by Rugar, Sidles, and Zhang et al. on 

2,2-diphenyl-l-picrylhydrazyl (DPPH), the standard test sample for EPR, a parallel force 

geometry (Fig. 3.2) was used [7], [l], [16]. The external magnetic field, the polarization of 

the sample, and the direction of the cantilever motion were all along the same axis (z-axis). 

The sample was mounted on a commercial cantilever with frequency Uc ~ lOkH z), the 

RF was supplied by a small coil (800Mhz -1 GHz), the gradient and external fields were 

produced by a macroscopic NdFeB magnet, and the external field was swept ±300 Gauss 

by an electromagnet. The resonance condition for DPPH is independent of field angle and 

depends only on absolute magnitude of Hat the sample location. 

However, for ferromagnetic samples (FMRFM), there were three main experimental 

hurdles that needed to be surmounted. First, the resonance depends on external field 

angle relative to the sample. MRFM set-ups at that time only allowed for the mechanical 

resonator to resonate along the same axis as the polarizing field. To perform experiments 

with the external magnetic field H parallel to the plane of the sample, the force and the 

mechanical resonator motion would have to be perpendicular to H. To achieve this, we 

developed the perpendicular force geometry. 

Second FMR must be performed at much higher RF frequencies than EPR, typically 

8 - 35 GHz, such that resonance occurs at higher magnetic fields in order to saturate the 

ferromagentic sample. The external field H must be strong enough to saturate the sample 

to avoid large non-resonance signals [3]. Also, a large H is required to completely polarize 

the probe magnet and thus maximize the gradient fields. A unique 8GHz side-coupled 
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Figure 3.1: Perpendicular force geometry. The sample is affixed to the cantilever. The 

external magnetic field H is parallel to the plane of the sample. The force and the motion 

of the cantilever are perpendicular to H. 

microstrip resonator was designed and produced to meet these requirements. 

Third, a true scanning instrument requires that the probe magnet producing the gradient 

field must be mounted on the cantilever. Also, higher gradient fields are required to increase 

resolution. We developed new methods for fabricating NiFe-tipped cantilevers. These probe 

magnets utilize commercial ultrasharp AFM Si cantilevers. A processing technique was 

developed to coat the commercial cantilevers with permalloy, sputtered from a Ni19Fe39 

target, solely in the region of the tip. The pyramid shape and micron dimensions of the Si 

tips produce large gradient fields. The known geometries allow us to model the field and 

reproduce tips with similar characteristics. 

These three new experimental techniques and other important aspects of the FMRFM 

experimental set-up are presented in this chapter. 
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Figure 3.2: Parallel force geometry. The external field H is perpendicular to the plane of 

the sample. The gradient field is produced by the NiFe-tipped cantilever. The force and 

the motion of the cantilever are parallel to the external field. The spatial characteristics of 

the sample are scanned by the probe magnet on the cantilever. 

3.1 Geometries 

Force detection of magnetic resonance requires careful orchestration of the relative orien-

tations of a significant number of experimental variables. These include (a) the direction 

of the motion of the mechanical resonator, (b) the direction of the induced force (which 

depends upon the internal magnetization and the gradient field), and ( c) the direction of 

the external field with respect to the sample plane (which determines the internal mag

netization). These constraints are satisfied by two classes of experimental configurations, 

which we term the perpendicular force geometry (Fig. 3.3) and the parallel force geometry 

(Fig. 3.2). A small variation on these two principle configurations depends upon whether 

the sample (Fig. 3.1) or the gradient magnet (Figs. 3.2, 3.3) is affixed to the mechanical 

resonator. 
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The basic theory of detection remains the same for each set-up (see Chapter 2, Basic 

MRFM theory). Each geometry employ the following physical properties: 

• A probe magnet produces a gradient field V' ii, which couples the magnet to the 

moment in the sample, to create a force F = (M · '\l)fi which acts on the mechanical 

resonator. This gradient field is produced from either a i" diameter NdFeB permanent 

magnet (Fig. 3.1) or a NiFe-tipped cantilever (Figs. 3.2, 3.3). 

• The resulting force is exerted onto the cantilever, causing it to deflect. Either the 

gradient magnet or the sample is placed on the cantilever to detect the strength of 

the coupling via deflection. 

• The magnitude of the sample's magnetic moment in the direction of the cantilever 

deflection (Mzor Mx) is modulated at the resonance frequency of the cantilever, fc· 

Thus, the modulated force drives the cantilever and its response is mechanically en

hanced by the Q of the cantilever. Modulation is achieved using the anharmonic 

modulation technique, which is described in a later section [5]. 

• The amplitude of the cantilever oscillations, usually only a few A in magnitude, is 

measured with a fiber optic interferometer and a lock-in amplifier (at fc)· 

• The RF field HRF is supplied by a microstrip resonator, orientated such that the RF 

field is perpendicular to the external field H. Its amplitude, typically 1 - 3 Gauss, is 

1003 modulated at frequencies of 20 - 30kH z. 

• The external field His supplied by a combination of a i" diameter NdFeB permanent 

magnet and copper coils. The coils can be swept ±300 Gauss. In the very latest 

set of experiments, a Lakeshore water-cooled electromagnet was used to create and 

sweep the external field. 

• The external field H is modulated by a few gauss (Hmod) by a small coil wrapped 

around the i" diameter NdFeB permanent magnet. The small field Hmod typically 

has a frequency fHmod of 13kHz and an amplitude of a few Gauss. 
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Figure 3.3: Perpendicular force geometry. The external field H is parallel to the plane of 

the sample. The gradient field is produced by the NdFeB probe magnet on the cantilever. 

The force and motion of the cantilever are perpendicular to the external field. The spatial 

characteristics of the sample are scanned by the probe magnet on the cantilever. 

3.2 Perpendicular force geometry 

The resonance condition of DPPH is independent of the angle of the external magnetic 

field relative to the sample. Typical EPR MRFM measurements were performed with the 

external magnetic field, the gradient magnetic field, and the force (and thus the cantilever 

motion) all along the same axis to maximize the signal. However, the resonance conditions 

for ferromagnetic samples depend critically upon the angle of the external field relative to 

the sample plane. For Co films, the resonance condition is satisfied at a few hundred Gauss 

when the magnetic field is parallel to the film plane, but 7 - 12kG, and beyond the range 

of our apparatus, when the magnetic field is perpendicular to the film plane. Hence, a 

geometry that orients the external magnetic field parallel to the plane of a magnetic film is 
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Figure 3.4: Block schematic of the FMRFM set-up. The signal output goes to a PC 

computer for analysis. The spectrum analyzers monitor the output signal and modulations 

signals in-situ. See text for details. 

required. This places special constraints on the direction of the gradient field inducing the 

force. 

Orienting the external magnetic field parallel to the sample requires the motion of the 

mechanical resonator to be perpendicular to the external field (see Fig. 3.1 and 3.3). Thus, 

the force induced by a gradient field must be in the y direction. We term this orientation 

of the external fields and cantilever motion the perpendicular force geometry. 

SAMPLE ON CANTILEVER 

For the case of Co films deposited onto cantilevers, a macroscopic NdFeB bar magnet 

polarized in the z direction was used to produce the gradient field (Chapter 5). To induce 

a force in the y direction, the sample-bearing cantilever must be placed off-axis from the z 

axis of the bar magnet. The long axis of the cantilever is parallel to the z axis, thus only 
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cantilever motion along the y direction is considered (see Figs. 3.1, 3.5) . Forces induced 

in the z and x directions are negligible because the force constants of the cantilever along 

those directions are much larger than the force constant in the y direction. 

The force induced by the gradient field is 

(3.1) 

Or, using the product rule ( m · '\7) ii + m x ( '\7 x ii) + ii x ( '\7 x m) + (ii · '\7) m, 
an alternate but equivalent expression is 

(3.2) 

where it has been assumed that there are no currents (V x ii= 0) and that the magnetic 

moments cannot act upon themselves. 

The sample has magnetization in all three direction (m = mx,my,mz) when it is placed 

off-axis from the bar magnet. When the sample-bearing cantilever is placed at a significant 

angle from the z axis of the NdFeB bar magnet in the y-z plane, as shown in Figure 3.5, the 

gradient field along the x direction is negligible. Thus, the force induced on the sample-

bearing cantilever in the y direction can be approximated as 

(3.3) 

The resonance condition for the Co films will occur at higher fields for larger angles of the 

external field relative to the film plane. However, the resonance fields remain within the 

range of our FMRFM apparatus for angles less than 60 - 70°. 

PROBE MAGNET ON CANTILEVER 

For FMRFM measurements upon the YIG films, the gradient field was produced by either 

a NiFe-tipped cantilever (described in section "NiFe-tipped cantilevers"), or a small particle 

of NdFeB mounted upon a commercial cantilever and pre-polarized in a 8T field (Figs. 3.2, 

3.3). The probe magnet on the cantilever produces the gradient field which induces the 
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Figure 3.5: The position of the Co layer sample-bearing cantilevers (Chapter 5). The 

magnetization is negligible in the x direction (mx ~ 0). 

force on the cantilever. Therefore, the external field can be oriented completely parallel 

to the YIG plane - not off-axis as was required for the sample on cantilever - and the 

magnetization is along the z axis (m = 0, 0, mz). The cantilever is still oriented such that 

deflection only occurs in the y direction. Thus, the resultant force is simply 

(3.4) 

3.3 Anharmonic modulation 

In general, it has proven very difficult to modulate the small field Hmod, or the RF amplitude 

HRF, directly at the fundamental resonance frequency of the cantilever, fc· With the 

gradient magnet on the mechanical resonator, modulation of the external magnetic field at 

fc induces a direct force on the resonator. i.e., it creates a large background signal. To 

avoid such coupling, we have used the anharmonic modulation technique first demonstrated 

by Bruland et al. [5]. 

For the case studied by Bruland et al. namely EPR on DPPH, the steady state magne-



51 

tization has been derived by Garstens [35] and is given by 

(
X ) '',,2w2H~pHzT4 

Mz = µ~ Hz - --------~-------
[1 +(/Hz -w) 2

T
2

] [1 +(/Hz +w) 2
T

2
] + 

(3.5) 

!12 HhT2 ( 1 + W2T2 + 12 H';T2) 

where Xo is the parametric susceptibility, HRF is the strength of the RF field, H z is the 

strength of the polarizing external field, w is the frequency of HRF, T is the relaxation 

time, and µ0 is the permeability of vacuum. M z is a linear function except in the region 

of resonance. When the resonance condition is satisfied (i.e. , H z = ±w/1 for DPPH) , 

the magnetization along the z axis is sharply suppressed as the system becomes saturated. 

From Eq. 3.5, it is evident that there are three ways t o create the oscillating Mz required to 

produce a time-varying force on the mechanical resonator: (a) modulation of the amplitude 

of Hz, (b) modulation of the amplitude of HRF, or (c) modulation of the RF frequency w . 

Anharmonic modulation is based upon simultaneous modulation of both the amplitude of Hz 

and the amplitude of HRF, at frequencies lHmod and lRFmod respectively. The frequencies 

are chosen such that llRFmod - lHmodl =le, and that neither lRFmod nor fHmod are equal 

to le · This minimizes direct coupling to the mechanical resonator. The utilization of a 

lock-in amplifier at le further suppresses contributions to the detected mechanical response 

created by the field modulation. Beats in the time-varying magnetization force are shown 

in Figure 3.6. The precise beat waveform will depend in detail upon the dispersion relation. 

Eq. 3.5 is only one possible case, given for the example of EPR in DPPH. 

The disadvantage of anharmonic modulation is that the nonlinear dependence upon 

the modulation fields translates "signal" to a wide range of harmonic products, 

lnlHmod ± mlRFmodl, where n , mare integers. Only a fraction of the signal power will be 

converted to the desired product l e = lfRFmod - fHmodl· 

The anharmonic modulation effect can be thought of in the following simple terms. 

The modulation field Hmod has the effect of modulating the external field in and out of 

resonance. The modulation of the amplitude of the RF field has the effect of turning the 
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Figure 3.6: A pictorial representation of the anharmonic modulation technique, two field 

modulations are used to modulate the magnetic resonance at different frequencies, fmod 

and fRF· The interaction of these two oscillations produces a response that modulates the 

resonance signal at the difference frequency lfRF - !modi = fc· The actual dependencies 

are more complicated than a simple product function. 

resonance of the sample off and on. Their combined effect is to modulate the magnetic 

moment Mz producing the force on the mechanical resonator, Fz = Mz · V' H z. 

The characteristic times, T1 and T2, for our samples to reach equilibrium are much faster 

than the frequencies at which the magnetic fields are modulated or at which the signals are 

detected. Thus, the effect of turning the resonance off and on is, for these purposes, 

adiabatic. 

In this set-up, the frequency is typically at fHmod (Hmod) = 13 kHz, which is within the 

bandwidth of the power amplifier, to drive the field modulation coil [36]. The RF amplitude 

was modulated at higher frequency, typically rv 31kH z, chosen such that the difference 

lfRFmod - fHmodl matched the cantilever frequency. Typically, !Hmod < fc < fRFmod for 

the NiFe-tipped cantilevers Uc ~ 18kHz), and Jc < fHmod < fRFmod for the NdFeB-
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tipped cantilevers and for the sample-bearing cantilevers (Jc ~ 3 - 10 kHz) . Operation 

with both modulation frequencies below the cantilever frequency, fHmod < fRFmod < Jc, 

has also been used. However, operation at low frequencies are subject to environmental 

noises at audio frequencies, and is avoided if possible. 

3.4 Microstrip resonators 

This FMRFM work is typically performed at microwave frequencies. At these frequencies, 

higher external resonance fields permit saturation of the sample. In FMRFM, this has 

the added benefit of also saturating the NiFe probe magnet in the direction of the external 

field. For parallel force geometries, saturating the probe magnet maximizes the gradient 

field produced by the NiFe-tipped cantilevers. 

In early experiments on EPR [8] and FMR [3], small RF fields of only a few Gauss were 

supplied by a small coil and tank circuit. These operated at frequencies from a few hundred 

MHz to lGHz. However, in the early FMR experiments on YIG films, this low frequency 

created a large non-resonant signal due to the sample not being fully magnetized (see Z. 

Zhang et al. [3]). Tank circuits could not easily provide frequencies above lG Hz. 

To enable experiments at higher frequencies , the microstrip resonator shown in Figure 

3. 7(b) was employed. These are designed to operate at a frequency of~ 8G H z and produce 

a magnetic field of a few Gauss. These resonators have several characteristics that are ideal 

for FMRFM. The higher RF frequency requires a higher external field H to satisfy the 

resonance condition, thus ensuring the saturation of the YIG samples, Co films, and the 

NiFe-tipped cantilevers. The properties of the microstrip substrate were chosen to permit 

large resonator structures. These produce uniform RF fields over an area large compared 

to the sample dimensions. The unique design promotes coupling of the feedline with the 

resonator. These have produced RF magnetic fields of a few Gauss, comparable to the 

fields produced by coil and tank circuits in earlier measurements. 



54 

3.4.1 Substrate, dimensions, and design properties 

This microstrip design is a modified microstrip filter, as shown in Figure 3.7. The res-

onators are produced on Duroid, a commercial copper plated dielectric marketed by the 

Rogers Corporation [37]. For the Rogers R04003 material used here, the relative dielectric 

permittivity Er is 3.38, the thickness of the dielectric t is 2mm, and the thickness of the 

copper is 35µm. 

The width w of the microstrip is determined by the desired impedance of the line, Zo, 

the dielectric thickness t, and the substrate relative permittivity Er . The relation between 

these properties is given approximately for two different cases [38] . 

For "narrow" strips (w/t < 3.3), 

(3.6) 

For "wide" strips (w/t > 3.3), 

Zo ~ 1~ [ ~ + 1:4 + ln(~;16) ('" 41) + ';;:;,1 {1n ~e +ln (~ + 94)} r 
(3.7) 

For an impedance of Zo 500, a microstrip on the chosen Duroid requires a width of 

w=0.5mm. 

The length of the half wavelength resonator depends upon an effective permittivity Eeff. 

A considerable portion of the electromagnetic fringe fields extend beyond the physical ends 

of the microstrip line and resonator. This can be accounted for by considering the line to 

be longer electrically, and introducing an effective permittivity Eeff that depends upon the 

physical dimensions of the line. This relation is given by [39] 

Er+l Er-1 t 
[ ]

-1 / 2 

Eeff = -2- +-2- 1+12w (3.8) 

The length l of a half wavelength resonator is found simply by the equation 

[=~=I_ Vp = C 

2 2 f 2f0efj ' 
(3.9) 
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Figure 3.7: Conventional microstrip resonator designs, and the new "side-coupled" design 

employed in this work. 

where Vp is the propagation velocity of a TEM wave, c is the speed of light in a vacuum, 

and f is the frequency of the resonator. The effective permittivity Eeff has been substituted 

for the regular permittivity of the dielectric substrate. For a 8GHz resonator, the length 

of a half wavelength resonator is ll.5mm. 

The Duroid thickness and dielectric properties were chosen to produce dimensions of the 

microstrip much larger than common microstrip resonators typically produced on sapphire. 

Common microstrip resonators, such as the end-to-end or ring-coupled microstrips, are 

shown in Figure 3.7 [38] [39] [40]. However, for these typical designs produced on the 

Duroid, their large dimensions (0.5mm wide, llmm long, 8GHz) resulted in low coupling 

and inadequate RF magnetic fields. Also, the required spacing d between the feedline and 

the common resonators for optimal coupling were too small for our microstrip fabrication 

technics (see Appendix C: Microstrip fabrication techniques). 

Computer simulations, using the program Sonnet, were used to determine optimal di-

mensions and spacing for the various microstrip resonators [41]. For this "side-coupled" 

resonator at 8GHz, the best parameters are l = ll.44mm, w = .46mm, and d = .2mm. 

In computer simulations, these dimensions produce a maximum surface current Jmax in the 

center of the resonator of 130 Amps/m for an input into the feedline of 1 volt= l3dBm = 

28mW. The magnetic field directly above the microstrip (at a distance much less than 
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its width) can be roughly estimated by the magnetic field above an infinite current sheet, 

given by the relation 

where J is the surface current and /Lo is the Bohr magneton. For our resonators, this 

relation yields a magnetic field of lGauss for an input power of 28mW, and a field of 3G 

for an input power of lOOmW. These RF magnetic field strengths are comparable to 

fields obtained with coils and tank circuits. 

The Q for microstrip resonator structures is estimated at ~ 100 in the literature [39]. 

Measurements of the side-coupled resonators yielded a Q ~ 72, shown in Figure 3.7, which 

is consistent with theory. The absorption of RF power into the resonator is determined 

by measuring the reflected RF power from the microstrip structure. A schematic of the 

measurements is shown in Figure 3.9. The resonator is coupled to semi-rigid coaxial 

cable (Micro-coax UT85) with a microstrip launcher [42]. A directional coupler passes 

the RF power from the source into the microstrip structure. Approximately (-lOdB) of 

the reflected power is diverted by the directional coupler to a spectrum analyzer, which 

measures the amplitude and frequency. During FMRFM measurements, the RF reflected 

power can be monitored continuously with this method without affecting the FMR. 

3.4.2 Impedance matching 

The impedance matching of the microstrip resonator to the semirigid coaxial cable is the 

most significant, and difficult, aspect of the RF system. Without a good impedance match, 

the resonator does not couple well, and thus the RF field HRF is too small to produce 

detectable FMR signals. Since the resonator is an open circuit, the impedance Zo depends 

on not only the permittivity Er and width w of both the resonator and feedline, but also 

depends on the length of the feedline and the length of the semi-rigid coax cable connecting 

the RF source to the microstrip. Furthermore, mounting a sample on the microstrip can 

also alter its impedance. 
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Figure 3.8: Reflected RF power spectrum of a microstrip resonator. The resonantor has a 

peak absorption at fRF = 7.77GHz, and Q:::::: 70. 

Experimental adjustments can be made to modify the impedance. The easiest method 

is to shorten the feedline at the end connected to the RF launcher. Since the Duroid is 

thin, this can be achieved simply by cutting the substrate/feedline with regular scissors. 

Changing the capacitance under the RF launcher/feedline interface can also modify the 

impedance [43]. A similar effect can be achieved by adding silver paint or tin foil under 

the microstrip near the RF launcher. Often a combination of these techniques is needed 

to achieve the best impedance match. A good match will result in a return loss of 20dB 

of the RF power input on resonance. 
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micros trip 
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Figure 3.9: Block schematic of the microwave circuit used in the experiment. Power into 

and reflected from the microstrip resonator is measured. 

3.4.3 Experimentally determined properties of our microstrip 

UNIFORMITY 

The uniformity of the RF field produced by the microstrip resonator was mapped out by 

observing the FMRFM signal of the R-Rough YIG sample (see Chapter 4 for description 

of sample). This sample, a small, roughly rectangular particle of YIG, was mounted on a 

commercial cantilever, and scanned over the surface of the microstrip. In this experimental 

set-up, the gradient field was supplied by a -!" diameter NdFeB magnet. 

In Figure 3.lO(a), the YIG bearing cantilever was scanned across the width of both 

the resonator and the feedline approximately 400µm above the microstrip surface. The 

amplitude of the FMRFM signal of the magnetostatic modes are roughly equal between 

the resonator and the feedline. More importantly, the amplitudes are fairly symmetric and 

constant over the resonator's width. Thus, a micron scale sample placed approximately 

400µm above the microstrip surface would be in a fairly uniform RF field. 

The sample was also scanned over the length of the resonator, as shown in Figure 

3.lO(b). The FMRFM amplitude is again fairly uniform for the fundamental mode over 

a 4mm length of the resonator. The amplitude is still fairly uniform for the first higher 

order mode over lmm length of the resonator. Our samples have dimensions typically tens 
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Figure 3.10: FMRFM signal amplitude from a YIG sample on cantilever. (a) Sample is 

scanned across width of the microstrip and the feedline. (b). Sample is scanned down the 

length of the microstrip. 

of microns. Thus the RF field can be assumed to be fairly uniform over the entire sample. 

SIGNAL INTENSITY 

The signal intensity can be enhanced by increasing the RF power or by increasing the 

Hmod amplitude. However, increasing the RF power can lead to overdriving the resonance 

into a non-linear regime. This is discussed in detail in Chapter 4. However, we can 

determine the optimum operating RF power by measuring FMRFM signal amplitude vs. 

RF power, as shown in Figure 3.ll(a). This spectra was taken with the R-Rough YIG 

particle mounted on the cantilever, located above the center of the microstrip resonator. 

When the resonance signal is overdriven, the signal amplitude levels off and eventually 

decreases due to its nonlinear response. 

The signal amplitude also depends upon the distance from the sample to the microstrip 

resonator surface, and is shown in Figure 3.ll(b). The RF substrate, Duroid, was chosen 

for its low permittivity, Er = 3.3. The lower permittivity results in a greater fringe field 

effect, which is desired. However, if the sample is too close to the microstrip surface, the 

fringe effects from the edges of the microstrip may be weaker. Thus, there is a maximum 
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F igure 3.11: (a) FMRFM signal amplitude versus RF power into microstrip resonator. The 

signal levels off and eventually decreases due to overdriving the resonance. (b) FMRFM 

signal amplitude versus distance of sample center to microstrip surface. The signal peaks 

at approximately 200µm due to fringe effects. 

signal amplitude of the fundamental mode at approximately 200µm above the microstrip 

surface. The higher order modes do not exhibit this effect due to the shape of the YIG 

particle. The rectangular end, in which the higher order modes persist, is farthest from 

the cantilever tip. Thus, the rectangular end is always further from the microstrip surface 

than the center of the sample, where the fundamental mode is maximum. 

Another interesting feature of Figure 3.ll(b) is the apparent slight oscillation of the 

signal amplitude as the sample is moved further away from the microstrip surface. These 

oscillations occur at approximately IOOµm intervals. They could be due to variations in 

the RF field. However, near field analysis of RF fields is not available to verify this t heory 

since RF applications are mainly interested in far field effects. No clear explanation for 

these oscillations has yet been found. 
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Figure 3.12: Calibration of the magnetic field vs. distance from the surface of the i" 
diameter N dFeB magnet. 

3.5 "Old" versus "new" FMRFM apparatus 

Towards the end of this study, a new FMRFM apparatus was designed and built. Mea-

surements of spectra for the 20µm series were repeated in the "new" FMRFM set-up to 

calibrate the absolute ii fields taken with the "old" FMRFM system. 

In the "old" FMRFM set-up, the external magnetic field H was supplied by a small 

NdFeB permanent magnet with a i" diameter and a ~" length. A solenoid sweeps the 

external field by ±300 Gauss. The value of H was established by positioning the sample at 

a predetermined location in front of the face of the NdFeB magnet (Figure 3.12). Sample

to-tip distance could be resolved in lµm steps with XYZ translation stages. Both parallel 

and perpendicular field geometries were available. The stages and magnets were mounted 

inside a large bell-jar for operation in vacuum, although much of the data was obtained at 

atmospheric pressure. The majority of the data presented in this study were obtained with 

this set-up. 
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In the "new" FMRFM, the external magnetic field H was supplied by a Lakeshore 4" 

water-cooled magnet, which has 6000 Gauss at a 2" separation between the pole faces. A 

computer-controlled current source sweep the field of this electromagnet. This apparatus 

was constructed recently, and its optimization is not yet complete. Currently, sample-to-tip 

distance can only be resolved in 3 - 5µm steps, and only perpendicular field geometry is 

readily available. 

The higher fields allow characterization of metallic samples, such as Co, with the 

field perpendicular to the sample plane. The cantilever, mounted on a 4-quadrant piezo 

tube, will allow for nanometer control over the separation of the sample surface and probe 

magnet. The guts of the FMRFM are encased within a rectangular vacuum box mounted 

on a platform which can rotate ±10° with respect to the normal of the magnet face. 

3.6 NiFe on tips of ultrasharp cantilevers 

Spatial sensitivity in FMRFM is determined by the characteristic size of the probe magnet 

and the gradient field. Early measurements used a macroscopic NdFeB magnet, i" in 

diameter and ~" in length, which produced gradient fields of \:7 H ::::::: .1 - 1 G / µm. Later, 

small NdFeB particles of dimension 20 - 50µm, attached to commercial cantilevers and 

prepolarized in ST fields, were used as probe magnets to produce gradient fields of~ 8G / µm. 

However, these small NdFeB particles had irregular shapes, and the gradient fields were hard 

to model mathematically. For commercially available magnetically coated cantilevers for 

magnetic force microscopy (MFM), the whole cantilever, including its tip, is coated with 

magnetic material. For MFM, only the magnetic material on the tip makes significant 

contributions to the probe-sample interaction. However, this method of coating presents 

several problems for FMRFM and MRFM measurement, which require operation in external 

RF fields and at low temperatures (MRFM only). 

• Differential thermal contractions between the native material (Si) of the cantilever 

and the coating layer of the metallic magnetic material (NiFe) results in stressing 

and bending of the resonator at low temperatures. By coating solely the tip of the 

cantilever, the stress causing bending is eliminated. 
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• Presence of a metallic layer of magnetic material (NiFe) results in parasitic heating 

of the mechanical resonator in an external RF field (see section Miscellaneous). By 

reducing the area of metallic material, this heating is greatly reduced. 

• The magnetic material on the mechanical resonator results in a significant resonant 

frequency shift as the external magnetic field is swept. As the field is swept, it 

creates a steady but varying force on the cantilever, creating a constant frequency 

shift. By reducing the amount of magnetic material on the cantilever, this effect can 

be minimized. 

Furthermore, resolution depends upon the dimensions and gradient field of the probe 

magnet. Effective reduction of the size of the probe magnet was achieved by coating NiFe, 

sputtered from a Ni19Fes1 Permalloy target, solely in the region of the tip onto ultrasharp 

tips of commercial cantilevers [44]. A picture of the tip, before and after coating, is shown in 

Figure 3.13. These probe magnets have regular shapes (conical or pyramidal tips), and the 

thickness of the NiFe is determined by sputtering. Thus, the gradient fields can be modeled 

and reproduced (Fig. 3.14). The processing details are included in Appendix C. It is 

significant to note that sputter conditions required optimization to produce stress free films. 

Stress in the films create significant problems in the quality of the probe magnet. Excessive 

stress in the film can cause the film to wrinkle or to pull away from the Si cantilever surface. 

Also, when exposed to the RF field, the increased temperature of the film could lead to 

excessive oxidization of the metal film (see section Miscellaneous: Thermal heating). 

3. 7 Fiber optic detection 

The deflection of the mechanical resonator is detected by a fiber optic interferometer. A 

schematic of the interferometer is shown in Figure 3.15. The detail shows the path difference 

light beams travel to create constructive or destructive interference. A DC voltage across 

the piezo maintains a constant distance d between the fiber end and the cantilever surface 

using DC feedback. 

An approximation of the light intensities for each arm of the interferometer is shown 
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Figure 3.13: The uncoated SC12 series ultrasharp Si cantilever (courtesy of Silicon-MDT 

Ltd.) and the tip of cantilever after being coated with 1200 A of NiFe. 

in the schematic (Fig. 3.15). The laser diode outputs an intensity Io into arm #1. It 

passes through the 90/10 directional coupler, which directs 903 of the light to arm #2 and 

103 of the light to arm #3. The cleaved end of the fiber of arm #3 is situated above 

the cantilever a distance d, typically 10 - 50µm. The light then reflects off two surfaces 

separated by a distance d: the glass-air interface of the fiber, and the Si surface of the 

cantilever. The light , reflected from the Si surface, must couple back into the cleaved end 

of the fiber. The two reflected light beams recombine in the fiber to produce constructive 

or destructive interference. The reflected light is measured with a photodetector. The 

flatness of the surfaces (both the cleaved end of the fiber and the Si cantilever surface) are 

vital to achieving interference fringes. 

Two different laser diode sources were used. The first system used a singlemode 3m W 

laser diode (Mitsubishi model 3411) with a wavelength of >.. = 834nm. It was pigtail 

connected directly to an isolator and then to a 50/50 directional coupler with a continuous 

fiber [45]. The second system used a multimode 3mW laser diode (Mitsubishi model 

40116R-Ol) with a wavelength of >.. = 794nm. It was pigtail connected to a fiber that 

is terminated with an FC connector. The FC connector was "PC polished" to minimize 

reflections. It was then connected to a 90/10 directional coupler with FC connectors [45]. 

Both systems used 5/80 fiber, which has a core of 5µm and a cladding of 80µm. 
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Figure 3.14: Calculated fields and gradients from NiFe coated cantilever tips. At lOµm: 

H z ~ 13 Gauss, d":fz• ~ 2.4 G / µm. 

The photodetector, model 1801 from New Focus [46] , outputs a voltage signal with both 

DC and AC components proportional to the light intensity incident onto its photodiode. 

It has a bandwidth of 125M H z, a current gain of 40V /mA, and an input noise current of 

< 2pA/../Hz at lOMHz. The measured output noise level is typically 2nV/../Hz at lOkHz. 

The DC signal is directed to a negative feedback circuit to maintain a constant distance 

between the fiber end and the cantilever surface. The distance is altered by applying a 

voltage across a piezo to which the cantilever is mounted, shown in Figure 3.15. The AC 

signal, produced by the oscillations of the cantilever, is directed to the lock-in amplifier and 

used as the reference frequency to determine FMRFM signals. 

3. 7 .1 Intensity of the interference fringes 

As the path difference between t he fiber and the cantilever is varied linearly, the intensity 

due to constructive or destructive interference of the two beams varies sinusoidally. This 

will produce fringes in the photodetector output voltage as shown in Figure 3.16. The 

distance the light must travel to and from the cantilever surface is 2d. Thus, the system 

obtains constructive interference for 2d = (n+ !).X and destructive interference for 2d = n.X, 

where n is a positive integer. 

The visibility of the interference fringes is defined in t he following method [47]. The 
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Figure 3.15: A schematic of the fiber optic interferometer. The maximum light intensity of 

each section of the interferometer is indicated. The detail shows the path difference the 

light beams, J1 and I2, travel to create interference fringes. The piezo maintains a constant 

DC distance d between the fiber and the cantilever. 

intensity of the interference signal has a maximum value of 

where Ii and h are the intensities of the two beams. The intensity of the interference 

signal has a minimum value of 

(3.12) 

The visibility V is defined by the relation 

(3.13) 

where 0 :S V :S 1. 
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Figure 3.16: The voltage signal from the photodiode °Vphotodiode as the voltage across the 

piezo Vpiezo is varied. Interference fringes are observed. °Vpiezo varies the distanced between 

the end of the fiber and the cantilever. A lag in the response of the piezo to the applied 

voltage is evident. 

The intensity of each beam is dominated by the reflection and transmission of the laser 

light at the fiber-air interface. The index of refraction of the fiber core is ncore = 1.46, and 

for air, nair = 1.00. The reflection and transmission of light due to the fiber-air interface, 

derived by straightforward electrodynamics of light traveling through an interface, is given 

by 

R ( ncore - nair) = 0.04 
ncore + nair 

T 1-R. 

(3.14) 

For the fiber-air interface, the reflection is 4% and the transmission is 96%. A maximum 

visibility would be achieved if the total amount of light recoupled into the fiber from the Si 



68 

surface was approximately 4%. 

Most of the transmitted light is lost traveling from the fiber to the Si surface and back 

over the distance 2d. The light emerges from the cleaved fiber end over a solid angle. As 

this beam spreads out traveling over the distance 2d, it further reduces the amount of light 

incident on the 5µm core of the fiber that can recouple into the fiber. If the cantilever and 

fiber end are not parallel, light reflecting from the Si surface will be directed away from the 

fiber. Also, the Si cantilever is not a perfect reflector, and will further reduce reflectivity. 

In the FMRFM measurements, visibilities of 80-90% were typically achieved with careful 

alignment of the fiber and the cantilever. Since the visibility Vis less than unity, not all of 

the light incident on the photodetector undergoes constructive or destructive interference. 

Therefore, there is a constant offset voltage, Voffset, as is observed in Figures 3.16. 

3. 7 .2 Converting signal voltage to oscillation amplitude 

An absolute calibration of the amplitude of the mechanical oscillations can be obtained with 

the interferometer via thermal oscillation amplitudes. These can be modeled exactly (see 

Appendix B). The total force (and therefore the total and number of spins in EPR/MRFM 

experiments) can be determined. The conversion of the photodetector signal in volts to an 

amplitude signal in A is derived here. 

Ramping the voltage across the piezo changes the distance d between the fiber end and 

the cantilever, resulting in interference fringes as shown in Figure 3.17. To maximize the 

response of the interferometer, dis chosen such that the photodetector DC signal is at the 

maximum slope of the fringe. i.e., the halfway point between the maximum and minimum 

DC signal. This steady-state position is maintained by a negative feedback circuit using 

the DC signal from the photodetector. Thus, if the distance between the fiber and the 

cantilever changes by a small amount x, it results in a large change in the photodetector 

output voltage, Vsignal· 

The signal as a function of distance is given by 

. ( 27r ) 
Vsignal = Voffset + Asm A./

2
x (3.15) 
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Figure 3.17: The output voltage of the photodector, Vphotodiode, as the voltage across the 

piezo Vpiezo, is ramped linearly. The signal shows a typical interference fringe of the 

interferomenter. See text. 

where Voffset is a constant offset voltage due to visibility < 1, A is the amplitude of the 

fringe, and Vp-p is the peak to peak amplitude of the fringe. The value A/2 appears in the 

denominator, rather than just .>., because the light must travel twice the distance x (to and 

from the fiber and cantilever). Taking the derivative of Eq. 3.15 and evaluating it at the 

equilibrium point x = 0 yields 

8Vsig =A 47r cos (0) = (Yp-p) 47r 
ox .A 2 .A' 

(3.16) 

where the relation A = Vp-p/2 has been used. For small oscillations about the steady

state position d, such as those due to cantilever vibrations, the change in the photodetector 

signal is approximately linear. Thus, ox is equated with the amplitude of the signal in 

units of distance A [A/ vifZ J . Similarly, oVsig is equated with the change in voltage due 

to the signal from the photodetector Vsignal [mv/VllZ]. The oscillation amplitude of the 
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cantilever is given in units of [A/ ..JiiZ J by the relation 

[ ] 

_ Vsignal [mv/..JHZ] ,\[A] 
A A/VHz - Yp-p [mV] 27r ' (3.17) 

where Vsignal [mV/VHz] is the amplitude of the photodetector signal in units of mV/..JiiZ, 

Yp-p is the voltage difference between the maximum and minimum of the fringe signal, and 

,\ [A J is the wavelength of laser diode in A. 

3.7.3 Noise 

There are four major sources of noise in the fiber interferometer: shot noise, back action 

noise, current fluctuations in the laser diode, and voltage fluctuations in the photodiode. 

The MRFM sensitivity will be limited by thermal noise provided that these sources produce 

noise levels below the thermal fluctuations of the mechanical resonator. Both the shot 

and back action noise are intrinsic to the interferometer. However, the current fluctuations 

in the laser diode and voltage fluctuations in the photodiode are instrumental and can be 

minimized through optimization. 

INTRINSIC NOISE 

The shot noise in the optical fiber, similar to shot noise in resistors, is given by [48] [9] 

Ashot = (3.18) 

where,\ is the wavelength of the laser diode, Io is the intensity of the laser light, and ,0,.f is 

the bandwidth of the measurement. 

The back action noise, created by photons striking the surface of the mechanical res-

onator, is given by [48][9] 

Q v4Ioh 
Aback= k~ ,0,.j, 

where Q and k are the quality and force constant of the cantilever. 

(3.19) 
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Figure 3.18: Noise amplitudes due to shot and back action noise compared to the thermal 

noise of the cantilever. The parameters are T = 50mK, k = .05N/m, .A= 8750A, Q = 105 , 

w = 2f'VIHz, and Llf = lHz. 

A comparison of the intrinsic noises in the system are shown in Figure 3.18 for a high Q, 

high frequency cantilever at low temperatures. Even in this regime that minimizes thermal 

noise, t he thermal noise is orders of magnitude higher than the shot and back action noise 

of the fiber interferometer. Thus, t hermal noise is the fundamental sensitivity limit in the 

MRFM system, even at low temperatures and for high frequency mechanical resonators. 

INSTRUMENTAL NOISE 

The largest source of noise in the interferometer is caused by current fluctuations in the 

laser diode. Variations in the current directly translate to variations in the laser light 

intensity, and thus fluctuations in the photodetector signal. Current fluctuations have 

several sources: the current controller, temperature fluctuations, and reflections of the 

laser light back into the laser diode. 

The current controller was built using the circuit schematic designed by Libbrecht and 
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Hall [49]. Pre-printed circuit boards and several of the low noise components were supplied 

by Libbrecht. This current controller has been optimized for low current noise to drive laser 

diodes. Typical current noise levels are :::; 21nA for a lOOkHz bandwidth (66pA/V}iZ), 

and:::; 45nA for a IM Hz bandwidth (45pA/V7iZ). The best commercial current controller, 

the ILX model LDX-3620, has a minimum noise of :::; lOOnA for a lOkH z bandwidth and 

:::; 850nA for a lOM Hz bandwidth during battery operation. The current fluctuations of 

the Libbrect model produce a noise of 2nV/V}iZ in the photodetector signal. 

The current controller also has a dual stage temperature controller to stabilize the 

laser diode. Comparisons of the noise floor in the MRFM interferometer before and after 

temperature controlling the laser diode reduced the noise by a factor of 2 or more. 

The typical observed noise floor in FMRFM experiments is rv 40µV/V}IZ, which corre

sponds to an amplitude noise of rv .005A/ V}[Z. This noise floor is much larger than the 

noise levels produced by the photodetector (2nV/V7iZ) and the current source (2.7nV/V7iZ). 

It is also significantly larger than the shot and back action noise. Thus, the noise floor is 

dominated by the only other noise source is the system, the current fluctuations in the laser 

diode caused by reflected light. 

The main source of light reflected back into the laser diode is from the fiber interfaces 

throughout the system. Such interfaces occur at several points along the interferometer 

paths: the laser-fiber pigtail connection, the fiber-fiber interface connecting the pigtailed 

laser diode to the directional coupler, and the fiber-air interfaces at the end of arms #2 

and #3 (Fig. 3.15). Noise can be minimized by optimizing the laser to fiber interface 

through the use of the pigtail connection. Index matching gel can be used in the fiber-fiber 

connections. All FC connectors at the end of fibers were "PC polished," which reduces the 

reflection to -20dB compared to a simple polish. 

As an experimental note, it has been determined that a FC connection in the fiber arm 

between the pigtail laser and the directional coupler produces a negligible increase in noise. 

It is useful to be able to separate the laser diode and the coupler, especially if one of the 

components fail. However, a FC connection in the fiber arm between the cantilever and 

the coupler produces almost an order of magnitude increase in the noise floor. 



73 

Singlemode fiber was used throughout the interferometer system. Both a singlemode 

laser and a mutlimode laser, described earlier, were used. The singlemode laser was pig

tailed into an isolator to reduce reflections of the laser light back into the laserdiode. The 

multimode laser did not have an isolator. However, multimode lasers are lmown to be more 

stable against reflected light than singlemode lasers. Similar noise floors were achieved with 

both systems, typically a few x10-3A/../Hz at lOkHz. 

A variety of interferometers have been used throughout the literature. Systems have 

employed single and multimode laser diodes, with and without isolators, RF input into 

the current source to prevent mode hopping of multimode lasers, HeNe lasers with beam 

splitters, index matching fluids, and reference signals from the #2 arm of the directional 

coupler. The noise floors obtained in these systems ranged from .034A/../Hz for 0.1 -

l.OkHz, to 5 x 10-4A/.../iiZ for lkHz and higher [50][51][52][53][54][55]. The best noise 

obtained was 1.7 x 10-4A/../Hz for above 2kHz with a HeNe laser system [52]. However, 

the best noise floors were often obtained by reflecting off a pure Si substrate, rather than 

a cantilever. Typical noise floors in the literature, which include reflecting off a cantilever, 

were a few xl0-3 A/../Hz. 

3.8 Miscellaneous 

3.8.1 Cantilevers (thermal heating) 

The commercial cantilevers used in early experiments (DPPH, Co films, and the early YIG 

studies) had a thin Al coating to enhance reflectivity. Unfortunately, when placed in the 

RF field, eddy current heating occurred. For YIG, an insulator, this heating was not a 

significant problem. For the thin Co films , eddy current heating of the cantilever and the 

film resulted in the destruction of several samples. 

The thermal peak, a function of temperature and the physical characteristics of the 

mechanical resonator, has been used as a temperature sensor of the RF heating. The 

spectra of the Al coated commercial cantilever as a function of RF power into the microstrip, 

and the theoretical fits, are shown in Figure 3.19. The spectral density used to fit the spectra 
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Figure 3.19: Spectra and theoretical fit of the RF heating effect on Al coated commercial 

cantilevers. 

is derived in Appendix B. A significant increase in the temperature was required to fit the 

experimentally obtained thermal peak. 

The lower right graph of Figure 3.19 shows the temperature of the cantilever versus RF 

input into the microstrip. A temperature increase of almost lOOK is shown for our typical 

operating power of 56mW. For the thin single and multilayer films (:S lOOA) sputter 

deposited onto the commercial cantilevers (discussed in Chapter 5), this large temperature 

appeared to result in the samples physically deteriorating on the cantilevers. 

Spectra were also taken of a non-coated commercial cantilever, identical in physical 

properties to the Al coated cantilever, as a function of RF power. No change in the 

thermal peak spectra was observed over the range of 0 to 192mW. 

An Auger electron Scan (AES) was used to examine the physical effects of RF heating 
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Figure 3.20: AES scan of the Co film after exposed to the RF field for 5 mintues. RF 

current heating results in surface stress and severe oxidation. 

on Co thin films. Two 300A thick Co film were sputter deposited onto a Si substrates at 

the same time in order to have identical deposition properties. One sample was placed 

in the RF field (similar to our cantilevers) for 5 minutes, and the other sample was not. 

AES scans of the two samples revealed that the RF heated Co film had an oxygen to cobalt 

ratio twice that of the non-RF exposed sample. Furthermore, the scans revealed increased 

surface roughness (bubbling of the surface) in the RF sample, shown in Figure 3.20. The 

surface bubbling could also be caused by stress in the film in addition to the heating effect. 

Heating would allow the stressed regions to pull away from the Si surface. 
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3.8.2 Temperature 

All FMRFM experiments were performed at room temperature. Lower temperatures in

crease the sensitivity of the MRFM apparatus (see Chapter 2). However, there are several 

reasons for performing these studies at room temperature: 

1. Lower temperatures increase the linewidth of ferromagnets. For thin metal films, this 

increase can be orders of magnitude. This would increase the difficulty of character

izing the samples and obtaining spectra, and would reduce the resolution. 

2. Lower temperatures increases the RF heating problem. Air serves as the main medium 

for heat transfer from the sample. In vacuum, severe heating can destroy the sample. 

3. The signals at room temperature were large enough to explore FMRFM capabilities 

and resolution. 



4 Understanding FMRFM in 

microstructures (YIG studies) 

Defining the concept of spatial resolution within a ferromagnetic sample, and understanding 

how FMRFM can provide local imaging, are complex issues. The resonance fields and the 

amplitudes of ferromagnetic modes involve complicated interactions between the sample, the 

external fields, and the probe magnet. In this work, extensive measurements and analysis 

have been performed on YIG microstructures to develop understanding of the FMRFM 

technique and spatial resolution in ferromagnetic materials. 

Use of YIG microstructures provided several advantages. First, YIG is well studied, 

and the magnetostatic modes can be calculated explicitly. Thus, physical interactions be

tween the sample and the FMRFM apparatus are more readily apparent and understood. 

Second, YIG is an insulator. This reduces the eddy current heating problem encountered 

with thin metallic films, as was discussed in Chapter 3. Third, the magnetostatic modes 

provide spatial variations in the sample's magnetization on the micron scale. This allows us 

to determine the ability of FMRFM to spatially resolve the varying mode amplitudes in an 

extended sample on a similar scale. This is an improvement over our previous measurements 

of thin metallic films, in which the entire sample of length of 40µm fit within the resonance 

volume determined by the gradient field. Local spatial variations across an extended sample 

could not be obtained in those studies (see Chapter 5). Finally, the micron dimensions of 

the YIG samples result in a total magnetic moment that produces a signal-to-noise (SNR) 

comparable to previous measurements of DPPH and Co films of micron dimensions. Com

parable SNR enables understanding of the physical effects of each sequential improvement 

to the FMRFM apparatus in a controlled fashion. Data obtained from new techniques is 

compared with data obtained from earlier techniques to elucidate the improvements. For 

example, the comparison of FMR data obtained from a sample mounted on the cantilever 
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versus data obtained from a sample scanned by a probe magnet (which is mounted on the 

cantilever). 

The chapter is organized into four main sections. In general, the first two sections 

describe the development and understanding of how the field from the probe magnet can 

affect the dispersion relation in two limits: (a) the low field limit (a few Gauss), in which the 

probe magnet only weakly perturbs the interaction volume (i.e., the region most strongly 

affected by the local gradient field) such that any effects are not discernible, and (b) the high 

field limit, in which the probe magnet perturbs the interaction volume very significantly, 

and that its effects are readily observable. The final two sections discuss the details of signal 

detection using the FMRFM technique. A summary of the key points of each section is 

given below. 

The first section, "spatial resolution," includes physical details of the samples followed by 

the analysis of magnetostatic modes in two sets of YIG microstructures. Our early studies 

(parallel vs. perpendicular geometry) on a YIG particle yield a qualitative agreement 

between FMRFM measurements and established theory. Subsequent measurements upon 

a series of YIG rectangles yield a quantitative agreement between FMRFM measurements 

and the simple theory developed for microstructures. The detailed analysis of the YIG 

series establishes the mode amplitudes and resonance fields for a sample that is only weakly 

perturbed by a small field from the probe magnet. In these experiments, mapping of mode 

amplitudes within the sample was attained with an unprecedented spatial resolution of 

15µm. 

The second section, "effect of the probe magnet on the dispersion relation,'' explores 

the regime in which the dispersion relation of the sample becomes significantly perturbed 

by a stronger field from the probe magnet. A simple theory is derived to approximate 

the observed effects upon the magnetostatic mode spectra from the perturbed interaction 

volume of the sample. 

The third section, "effects of the FMRFM technique on signal detection,'' determines 

the dependence of the FMR signal on the external fields. The shape and intensity of the 
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FMR signal can be distorted if the RF and modulation fields are not optimized. 

The forth section, "ongoing research," describes work that is still in progress to deter

mine the effects of the FMRFM technique upon signal detection. 

Two key results were obtained in these studies. First, the dispersion relation of the 

sample is relatively unperturbed when the field produced by the probe magnet is only a 

few Gauss. The resonance fields and intensities of the modes are largely determined by 

the sample dimensions and by the external field over the entire sample. They are not 

determined by the local gradient field from the probe magnet as they are for EPR and 

NMR MRFM. This result is established by the relatively good fit between experimentally 

and theoretically determined values of the modes. 

Second, the dispersion relation of the sample is perturbed when the field produced by 

the probe magnet is rv 60G at the sample surface. The effect of the probe magnet is to 

modify the RF absorption of certain modes. However, the resonance fields of the perturbed 

modes are still largely determined by the average external field over the entire sample. 

Detailed analysis of FMR mode amplitudes and field spacings have never been attained 

before on the size scale achieved in this work The FMRFM technique has yet to be opti

mized to determine the minimum detectable moment possible, but it is already sensitive to 

sample dimensions several orders of magnitude smaller than those which conventional meth

ods can detect. This offers exciting prospects for measurements on individual magnetic 

microstructures. 

4.1 Spatial resolution 

In these studies, amplitude variations of FMR modes within small YIG structures have been 

resolved with a spatial resolution of::; 15µm. The amplitude variations in the RF compo

nent of the magnetization within the sample correspond well to simple theoretical models. 

The sensitivity provided by FMRFM has enabled measurement upon the micron-scale sam

ples, which are orders of magnitude smaller than those resolved via conventional methods. 
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Furthermore, the relative phase variations of the time-varying sample magnetization were 

detected with a spatial resolution of 2µm. 

4.1.1 Samples 

The single crystal yttrium iron garnet (YIG) films used in these studies were grown on 

gadolinium gallium garnet (GGG) substrates by liquid phase epitaxy (LPE) [56]. They 

have known, but varying thicknesses and crystal axis directions. The vast majority of 

our data comes from a wafer (referred to as the "T-18"batch) of single crystal YIG with 

a thickness of ~ 3µm on the polished face. The GGG substrate from which samples are 

patterned was cut into smaller pieces with a diamond scribe for processing purposes. The 

details of the physical characteristics of our YIG samples are listed below. Each unique 

sample has been given a short name, which will be referred to in the remainder of this 

paper. All of the following samples were from the "T-18" batch. 

R-Rough This sample was approximately rectangular in shape, with a width of 20µm, a 

length of approximately 150 µm, and a thickness of 3 µm. A diagram of the sample 

is shown in Figure 4.1. This sample was obtained by shattering a small piece of the 

YIG and choosing a chard of symmetrical shape and with very little GGG substrate 

attached. The chard was then affixed onto the end of a commercial cantilever, with its 

long axis parallel to the long axis of the cantilever. A probe station and Stycast 1066 

was used to affix the sample to the cantilever. One end of the YIG had a rectangular 

shape, but the other end had a more triangular shape. For each mode, this created 

amplitude differences between the two sides, although their qualitative behavior was 

the same. The rectangular half, being more symmetric, produced modes that fit 

rough calculations for field spacing and amplitudes. The triangular half followed 

FMR theory qualitatively, but was too irregular for quantitative analysis. 

R-Series A series of microscopic rectangles was ion milled from a lcm x l.5cm section of 

the wafer, and are shown in Figure 4.2. The sample was patterned with photoresist 
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Figure 4.1: A schematic of the YIG sample R-Rough. A particle broken from a piece of 

single crystal YIG, 3µm thick, and affixed to a commercial cantilever with expoy. 

at Caltech, and then ion milled at IBM by Richard Campbell [57]. A protective 

masking layer of photoresist was patterned onto the YIG surface using optical lithog

raphy. Details are given in Appendix C. Since the differential milling rates were 

approximately 3:1 (photoresist:YIG), a photoresist thickness of at least 15µm was 

required. The sample was patterned and ion milled in two separate sessions. Due to 

a calibration error of IBM's new ion milling machine, the first run resulted in milling 

to a depth of only 2µm. The second run milled to an additional depth of l.5µm. 

Despite the two-step process, the resulting structures had uniform side walls. 

The sample contains several series of YIG structures, all of which are ,...., 3µm thick: 

• 20µm Series: These are rectangular in shape with width = l8µm. The series of 

lengths (£20 ) include £ 20 = 320, 160, 80, 40, and 20µm. 

• lOµm Series: These are rectangular in shape with width = 8µm. The series of 

lengths (£10) include £ 10 = 160, 80, 40, 20, and lOµm. 

• lOOxlOOµm: These are square in shape with width= 98µm and length= 97µm. 

• Arc Series: These are crescent shaped (C-shaped) with width= l8µm. The lengths 

are 45µm, l03µm, and 90µm. 
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Figure 4.2: Photograph of the YIG structures on a lcm x l.5cm GGG substrate. For size 

comparison, a human hair is included next to the structures. A detailed enlargement of the 

20µm and lOµm series is also shown. 

2mm Disks These samples were a set of 2mm diameter YIG disks. They were cut with 

a round saw bit and polished to reduce their thiclmess to approximately lµm. The 

disks were used previously in experiments of controlled chaos by P.E. Wigen [58] . 

4.1.2 Perpendicular vs. parallel geometry (early studies) 

Early YIG studies [59] were performed on the sample R-Rough, a small single crystal YIG 

particle approximately rectangular in shape. The external field H was aligned both per

pendicular and parallel to the plane of the YIG film, and the RF field was 7.74 GHz. These 

early studies demonstrated key properties of parallel and perpendicular FMR to verify the 

sensitivity the force detection method. A spatial resolution of 50µm was achieved with a 

NdFeB particle glued to a cantilever, and a resolution of 15µm was achieved with newly 

developed NiFe tipped cantilevers. Approximate calculations and modeling showed a rea

sonable fit to the data. These experiments were the first demonstration of spatial resolution 

on this size scale [59]. 

For the case where an external field is applied parallel to the YIG film plane (ii II YIG 

film) , a high coercivity magnet (or " hard" magnet) was used to create the gradient field. 
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This magnet consisted of a wedge shaped NdFeB particle, approximately 50µm x 20µm x 

15µm, glued to the end of a commercial AFM cantilever Uc rv 8kHz) and pre-polarized 

in an 8T field along the direction of ii. This was the predecessor to the ultrasharp tips, 

described in Chapter 3, and provided the first measurements of FMRFM with the probe 

magnet on the cantilever providing the gradient field. 

For the external field applied perpendicular to the YIG film plane (ii l_ YIG film), 

an improved detection cantilever was used. The probe magnet on the commercial AFM 

cantilever was created by sputtering 1200 A of Permalloy (sputtered from a Ni19Fe89 target) 

solely in the region of the ultrasharp tip (see Chapter 3, Fig. 3.13). The cantilever 

frequency was fc ~ 18 kHz. 

PERPENDICULAR FORCE GEOMETRY (ii II YIG FILM) 

In this geometry (Fig. 3.3), the external field ii is aligned parallel to the film plane, 

and directed along the 150µm length of the sample and along the long axis of the NdFeB 

particle. The z axis is defined to be along the direction of the external field ii. This 

geometry requires the use of the "perpendicular force geometry,'' where the force on the 

cantilever is F = m 8Hz/8y (i.e., the induced force and cantilever motion are perpendicular 

to ii). The external field was greater than 2 kG, ensuring that the sample was saturated. 

A tip-to-sample separation of 20µm was used. 

In this field configuration, higher order modes are expected to occur upfield from the 

fundamental mode [17]. This was indeed observed. Figure 4.3 shows the evolution of the 

FMRFM spectra as the probe magnet on the cantilever was scanned from the center to the 

edge of the YIG film. The largest feature, the fundamental mode, was maximal when the 

probe magnet was positioned over the center of the sample, decreased to a minimum at the 

sample's edges, and then vanished when the probe magnet was far from the sample. 

The smaller features correspond to higher order magnetostatic modes. These modes 

correspond to the discrete standing wave numbers kz and kx, where z and x are in the plane 

of the film. As the probe magnet is scanned towards the edge of the sample, the higher 
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Figure 4.3: Spectra of the R-Rough YIG sample for the parallel field configuration. The 

sample is scanned from its center to its edge along the direction of its 150µm length. The 

variation of the amplitudes of the fundamental and higher order modes is observed. 

order modes become more clearly defined in the spectra. This effect may be attributed 

to the rectangular shape at this edge of the sample, which creates more uniform boundary 

conditions, and thus better defined modes, than the asymmetric (roughly triangular) shape 

at the other end of the sample (Fig. 4.1). 

Within the approximation of Story [29], samples with finite length L and width w lead 

to quantized values of t he wave numbers, kz = I!f;- and kx = I!f;-. The expected field 

spacings between the modes (kz, kx) were estimated using the "near fundamental resonance 

approximation,'' calculated by Hurben for thin films (see Ref. [31]). This approximation 

assumes very thin films (L, w > > d) of infinite lateral dimensions and the fundamental 

mode ky = 0 along the direction of the thickness. The R-Rough sample has finite lateral 
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dimensions and is not very thin, thus the approximation may not yield very precise values. 

It is used here to determine rough values for the expected field spacing between modes. For 

ii parallel to the film plane, the approximate dispersion relation is 

w [ n 7r 2 n 7r 2] 1/2 
-;:; ~ H + 27r Ms - 7r Msd ( l ) + ( ~ ) ' ( 4.1) 

where L, w, and dare the length, width, and thickness of the sample. 

This relation (Eq. 4.1) does not include field shifts of the modes which may arise 

from either the anisotropy energi~s, or from the non-zero demagnetization factors of a 

sample with finite lateral dimensions (the approximation Nx, Nz = 0, Ny = 47r no longer 

applies). However, these effects can be crudely modeled by replacing 47rMs with 47rMeff, 

which includes the effects of the finite geometry and anisotropy energy. (From Chapter 

2, Eq. 2.21, the effective field Heff in the dispersion relation was defined by the relation 

47rMeff = 47rMs -
2J5~2 .) 

Fitting the experimental and theoretical values of the resonance field of the fundamental 

mode yields a value of 47rMeff = 1.4 kG, less than the bulk value of 1.750 kG as expected. A 

superior method to approximate the modes of microstructures was developed (see Chapter 

2) to include the demagnetization effects resulting from the sample dimensions. This 

improved approximation was used to evaluate data from the more precise rectangular R-

Series samples in subsequent studies (see section "YIG microstructures"). 

The predicted field separations (Eq. 4.1) for the fundamental and higher order modes 

along the sample's 150µm length (nz = 1, 3, and 5) are 13, 23, and 31 Gauss respectively. 

The hidden modes (nz = 2, 4, ... ) do not couple appreciably to the uniform RF field, due to 

absorption rules derived in Chapter 2, and are not observed. The experimentally measured 

mode separations for the observed modes are 26-29 Gauss, which correspond fairly well 

to the estimated values. The difference between t he predicted and observed separations 

can be accounted for by the inhomogeneity of the internal field due to the non-rectangular 

shape of the sample. From Eq. 4.1, it is evident how the field separations depend directly 

upon the dimensions. Thus, the measured mode separations clearly do not correspond to 

the 20µm dimension, since the field separations for these modes should be of order 300G. 
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This is an order of magnitude larger than the observed features. 

In these experiments, spatial resolution appears to be determined by the dimensions of 

the probe magnet. Hence, the lateral resolution of the FMR modes was limited by the 

50µm length of the NdFeB particle employed as the probe magnet. Only the fundamental 

mode exhibited significant amplitude variation as the cantilever was scanned across the 

150µm length of the sample. Higher order modes have significant spatial variations that 

are smaller than the 50µm length scale of the particle. Thus, as expected, their contribution 

to variations in the FMR signal intensity tend to be spatially averaged. 

The connection between the spatial resolution attained and the physical dimensions of 

the NdFeB particle were further verified by measurements of the signal intensity as the tip 

was moved away from the surface of the sample. Starting from 3µm above the sample 

surface, the signal intensity was reduced by half at a distance of 18µm above the surface. 

This is roughly consistent with the 15µm thickness of the NdFeB particle. 

PARALLEL FORCE GEOMETRY (H l_ YIG FILM) 

In this geometry, the external field H is aligned perpendicular to the plane of the sample 

film and parallel to the long axis of the NiFe-coated cantilever tip. This is shown in Figure 

3.2. Again, the z axis is defined to be along the direction of the external field fr. This 

configuration is what we term the parallel force geometry. In this case, the force on the 

cantilever is F = m 8Hz/8z. The external magnetic field was greater than 4kG, insuring 

that the sample and probe magnet were saturated. In the present case, the fundamental 

mode is expected to occur at much higher magnetic fields than for the parallel configuration. 

The applied field must provide enough energy to overcome the demagnetization field of the 

film (Eq. 2.22, Eq. 2.23). Also, from the dispersion relation (Eq. 2.33), the higher order 

modes are expected to occur downfield from the fundamental mode as the external field is 

swept [17]. Both characteristics were observed. As before, the detection cantilever was 

scanned from the center to the edge of the YIG film along its longest (150µm) dimension. 

The resulting spectra are shown in Figure 4.4. 
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Figure 4.4: Spectra of the R-Rough YIG sample for the perpendicular field configuration. 

The sample is scanned from its center to its edge along the direction of its 150µm length. 

The variation of the amplitudes of the fundamental and higher order modes is observed. 

The largest feature, the fundamental mode, was maximal when the probe magnet was 

positioned over the center of sample. It decreased to a minimum at the sample's edges, 

and then vanished when the probe magnet was moved past the sample edge (Figure 4.4). 

The cantilever with the NiFe-coated tip greatly improved the sensitivity. This probe magnet 

demonstrated a spatial resolution of~ I5µm, consistent with the Si tip height of 12-15µm. 

Amplitude variations in several higher order modes were also resolved. The first higher 

order mode has a wavelength one-third the length of the fundamental mode. Thus, the 

peak amplitude should occur approximately at z ~ 50µm, as was observed (Figure 4.5). 

Experimentally, the mode shapes and amplitude peaks within these samples are not as 

simple as predicted by idealized theory, since they are affected by the sample irregularities. 

At the center of the film, the modes are found to be rv27G apart. This is similar to 

values obtained in the parallel field configuration, as expected. Furthermore, the relative 

amplitude of the modes decrease as mode number increases - a behavior which follows the 
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Figure 4.5: The amplitude of the fundamental mode and the first higher order mode of the 

R-Rough YIG sample, as the cantilever is scanned along the 150µm length of the film. H 

J_ film plane. 

predictions of Damon and Esbach (DE theory) [24]. 

In the parallel force geometry, scanning was typically performed 10 - 15µm above the 

surface of the sample. Measurements of signal intensity confirmed the estimated resolution 

of 15µm, which corresponds to the probe magnet dimensions. For scans across the width 

of the sample, the signal strength was found to decrease by half within 15µm of the sample 

center. Raising the cantilever from the surface of the sample, the signal strength also 

decreased by half when the cantilever tip was about 15µm from the surface. 

The data from this sample provided the first demonstration of spatial resolution of 

FMR on a microscopic level, and within an extended ferromagnetic sample. The spatial 

variations in the amplitudes of the magnetostatic modes of a microscopic YIG sample were 

observed on a 15µm scale, and could be qualitatively understood using DE theory. Several 

other characteristics were observed, such as the dependence of the field location of the 

higher order modes upon external field orientation, and an effective field reduced from 
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the bulk value ( 47r Meff < 47r Ms) attributed to demagnetization factors and anisotropy 

energies. The spatial resolution corresponding to the dimensions of the probe magnet were 

also confirmed. 

4.1.3 Shift of fundamental modes due to sample size 

In subsequent work, the well defined geometries of the YIG samples in the R-Series produced 

"textbook quality" spectra. The high quality of the data permitted detailed analysis of the 

mode spectra for these samples. Such resolution has not been obtained before in microscopic 

samples. Scans across the sample revealed amplitude variations of the magnetostatic mode 

spectra with a spatial resolution of 15µm. The data also demonstrates the ability of 

FMRFM to detect the relative phase of the magnetization oscillations. 

EXPERIMENTAL DETAILS 

The sample R-Series (Figure 4.2) contains two series of YIG rectangles, having thick

ness ~ 3µm. These series contain YIG structures with lateral dimensions of (a) 20µm x 

320, 160, 80, 40, 20µm and (b) IOµm x 160, 80, 40, 20, IOµm. Measurements were carried 

out with the external field perpendicular to the sample plane, and employed the parallel 

force geometry. An RF frequency of 7.6GHz was used. 

The majority of the data was obtained from the "old" FMRFM set-up (as discussed 

in Chapter 3), with the external magnetic field H supplied by a small NdFeB permanent 

magnet ( ~" diameter, ~" long). Measurement of the FMR spectra for the 20 µm series were 

repeated in the "new" FMRFM set-up (also Chapter 3) to calibrate the absolute ii fields 

taken with the "old" FMRFM system. 

The cantilever frequency was fc ~ 18kHz, and its force constant was k = O.lN/m. 

Anharmonic modulation was used [5]. The external field was modulated, by the Hmod coils, 

with an amplitude of 35mV (~ 2Gauss) at a frequency of fHmod = 13kHz. The RF field 

was 100% amplitude modulated at a frequency of fRFmod ~ 3lkHz. The precise frequency 
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of this RF modulation was fine tuned to yield a difference frequency If RF mod - fHmodl that 

matched the cantilever frequency f c· 

FUNDAMENTAL MODE DEPENDENCE ON SAMPLE LENGTH 

The spectra for the 20µm series, with lengths of L20 = 320, 160, 80, 40, and 20µm, are 

shown in Figure 4.6. The spectra for lOµm series, with length of L 10 = 160, 80, 40, 20, 

and lOµm, are shown in Figure 4.8. As the sample lengths decrease, the shift of the 

fundamental modes (nx, ny, nz) = (1, 1, 0) to lower resonance fields is clearly evident . The 

dependence of the field spacing between higher order magnetostatic modes upon the sample 

size is also clearly manifested in these spectra. The experimental values compare well with 

the expected theoretical values, as shown in Figures 4. 7 and 4.9. 

The uncertainty of ±5G in the external field is due to the thermal drift within the 

FMRFM apparatus. Heat was produced by the coils providing the ±300G field sweep. The 

associated thermal expansion of various components within the apparatus resulted in the 

drift of the spacing between the sample and the N dFeB magnet which supplied the external 

field. The expansion reduced the external field at a rate of approximately 0.2G /min. 

In the shorter samples, the demagnetization effect from the edges increases. This acts 

to reduce the internal fields, H i, and shifts the fundamental mode to lower fields. The de

magnetization fields, Hd,i, are calculated in Appendix Das a function of sample dimensions. 

The results are shown in the following tables: 

For the 20µm series: 

£20 = 320µm l60µm 80µm 40µm 20µm 

Hd,z (G) 1588 1587 1584 1570 1520 

Hd,x (G) 1 2 10 36 117 

Hd,y (G) 166 165 163 149 117 

For the lOµm series: 
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Figure 4.6: (a) Spectra of the 20µm series. The dependence of the mode on the sample 

length, due to increasing demagnetization effects on the internal field, is clearly evident. 

£10 = 160µm 80µm 40µm 20µm lOµm 

Hd,z (G) 1429 1427 1419 1390 1298 

Hd,x (G) 1 6 20 74 228 

Hd,y (G) 326 322 316 290 228 

The dispersion relation for these microstructures, developed in Chapter 2, determines 

the resonance fields of the fundamental modes as a function of sample dimensions. This 

yields 

( ~) 
2 

'.::::'. [H - (Hd,z - Hd,x)] x [H - (Hd,z - Hd,y)]. (4.2) 

Values were calculated ford= 3µm, 47rMs = 1760G, g = 2, RF= 7.6GHz, and the 

demagnetization fields Hd,i listed in the tables above. The experimentally and theoretically 
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Figure 4.7: The resonance field Hof the fundamental mode vs. sample length L20 . The 

offset from theory is due to crystalline anisotropy effects. (Insert) The field difference in 

the mode compared to the longest sample in the series (L20 = 320µm). 

determined values, shown in Figures 4.7 and 4.9, are in excellent agreement, offset by 

a constant field. This offset may be attributed to anisotropy energies, which were not 

included in the theoretical estimates, or the uncertainty in thickness. Measurement of the 

FMR spectra for the lOµm series were not repeated in the "new" FMRFM set-up. Thus, a 

miscalibration of the external field strength could account for the larger field offset in the 

lOµm series spectra. 

The field differences between the fundamental modes of each sample length is a good 

indicator of how well experimental values correspond to the theoretical predictions. Calcu

lating the difference eliminates constant offsets in the field which may result from anisotropy 

energies and field calibration errors. The fundamental mode of the longest sample in each 
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Figure 4.8: Same as for Figure 4.6, but for the lOµm series. 

series, H(Lo), is used as a reference point. The field difference 8H is defined to be 

8H = H(Lo) - H(L), (4.3) 

where Lo = 320µm and L = 160, 80, 40, 20µm for the 20µm series, or Lo = 160µm and 

L = 80, 40, 20, lOµm for the lOµm series. 

The field differences, 8H, of each series are shown in the inserts of Figures 4.7 and 4.9. 

The experimental differences correspond extremely well with the differences predicted by 

the dispersion relation (Eq. 4.2). 

These FMR spectra were obtained with the magnetic NiFe tip of the cantilever lOµm 

above the sample surface. At this distance, the probe magnet produces a negligible ad

ditional local field at the sample (a few gauss). Consequently, perturbations from the 
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0 

FMRFM technique to the dispersion relation were small, as is reflected by the samples 

closely following simple predictions. 

4.1.4 Higher order modes 

The magnetostatic modes for the samples shown in Figures 4.6 and 4.8 clearly show a 

dependence of the field separation between higher order modes upon the dimensions of the 

sample. For smaller structures, larger field separations are observed. The higher order 

modes also match theoretical calculations. Details of the magnetostatic mode spectrum for 

the sample having dimensions of 20µm x 80µm are shown in Figure 4.lO(a). The modes 

are identified by n x, the number of half wavelengths along the sample's width, and by ny , 

the number of half wavelengths along the sample's length. Comparison of the resonance 

field of the modes to theoretical calculations discussed below are shown in Figure 4.lO(b). 

The two branches represent higher order modes along the width (where nx = 1, 3, 5 ... , and 

ny = 1) and higher order modes along the length (where nx = 1, and ny = 1,3,5 ... ). 
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Figure 4.10: (a) A detailed spectrum of the 20 x 80µm sample showing the mode numbering 

( nx, ny). (b) The resonance field Hres of the fundamental and higher order modes of the 

20 x 80µm sample. See text. 

The expected fields of the fundamental and higher order modes were determined using 

an approximate dispersion relation developed by Kalinikos [32] (see Chapter 2). The 

approximation assumed that only the lowest order mode in the direction of the film thickness 

is excited (nz = 0), and that the sample is infinite in the lateral dimensions. (Higher order 

modes along the thickness direction would have field separations due to exchange effects 

and would be separated by hundreds of gauss, well beyond the available sweep field. Thus, 

nz = 0 is suitable for this study.) The dispersion relation is (Eqs. 2.38, 4.5) 

2 _ . [ . ( _ 1 - exp (-kt d))] 
W - Wi Wi + WM 1 kt d , (4.4) 

where dis the thickness of the film, wi =/Hi, WM= 1Ms, and Hi = H - Hd. Hi is the 

internal field required to support the magnetostatic wave of the transverse wave number 

kt. Hd is the demagnetization field at the center of the film when the magnetization is 

saturated normal to the plane of the film. 

While this dispersion relation has been established for a laterally-infinite media as de

scribed in Chapter 2, it was applied here to approximate the dispersion relation for values of 

kt that correspond to the allowed modes ( kx, ky) of a microscopic structure. The transverse 
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wave number, kt, is limited by the dimensions of the sample and has the discrete values 

k = (k2+k2)1/2 = nx'lr + ny'lr 
( 

2 2 2 2) 
t x y w2 £2 ' (4.5) 

where w is the width and Lis the length of the sample. The dependence of the mode spacings 

upon the dimensions of the sample is now clearly evident in the dispersion relation. 

The magnetostatic modes, shown in Figure 4.10, were calculated using the following 

parameters: ~ = .17, 47rMs = 1760G, g = 2 (1 = 2.82) , Hd = l660G, and RF= 7.6GHz. 

For the measured width of 18.5µm, this requires the thickness to be 3.15µm, which is within 

experimental error for layer thicknesses deposited by the LPE process. As a result of the 

ion milling process, the width of the sample is slightly less than the 20µm mask. 

The calculated mode positions and the experimental observations, given in Figure 4.10 , 

correspond extremely well. The correlation of the mode spacings with theory indicates 

that the probe magnet at this scan height does not have a large effect upon the dispersion 

relation. The field from the probe magnet may shift the resonance field or alter the field 

spacings between modes, but it does so only by an imperceptible amount. 

4.1.5 Spatial resolution 

The spatial resolution of FMRFM is demonstrated by the spectra observed for the 20µm x 

80µm film as it is scanned along the long axis of the sample, shown in Figure 4.11. The 

probe magnet is scanned approximately 5µm above the surface of the sample. The variance 

in the intensity of the modes as the magnetic NiFe-tip is moved along the long axis of the film 

is shown from the center to past the edge of the sample in Figure 4.12. The approximate 

spatial variation of the transverse magnetic moment ( mz) of the first few magnetostatic 

modes (ny = 1, 2, 3, .... ) are depicted in Figure 2.6 for reference. 

The intensity of the fundamental mode is maximal in the center of the sample, and falls 

off in a fashion expected for the cosine dependence of a half wavelength over the length of 

the sample. For the first higher order mode ( nx = 1, ny = 3), the amplitude should have a 

maxima at approximately y = 0 and 26µm and minima at approximately y = 13 and 40µm 



o.oooi 
-0.002117-13 

I I 

0.00 -j 
-0.01 ixx21 )1-14. 

o.oo-3 
-0.01 1000117-15 

o.ool 
-O.Ol117-16 

o.ool 
-0.01117-17 

o.ool 
-0.01117-Jg 

97 

l4o~ml 

13o~ml 

l2o~ml 

I 1o~ml 

I O~ml 

1-lO~ml 

o.ooJ 
~~000==-11~7~-1~9 _____________ _;_ ___ ~ 1-20 ~ml 

o.ooi 
-0.01117-20 

1-30 ~ml 

1-40 ~ml O.OOOL 
-0.004 ....... 1 ... 1..._7-.... 21....._ _________________ _ 

o.ooosi 
0.0000117-22 

I I 

-400 -300 -200 -100 0 100 
H (Gauss) 

sweep 

I-so µml 

200 300 
YIG000117A 

Figure 4.11: Spectra showing the amplitude variation as the magnetic tip is scanned along 

the length of the 20µm x 80µm sample. Note the appearance of the "hidden" mode ( ny = 2) 

between the fundamental and the expected ny = 3 modes. 
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by simple geometry of any= 3 mode. These were observed, as shown in Figures 4.11 and 

4.12. The ny = 2 mode will be discussed later. 

For the ny = 3 magnetostatic mode, which is approximated as a ~ wavelength over the 

length of the sample, the transverse component of the magnetization should integrate to 

zero about the first node at y = 13µm. However, the probe magnet is sampling over a 

characteristic finite radius (the lateral resolution), which is determined by the dimensions 

and gradient field of the probe magnet. (i.e. , the interaction of the probe magnet with 

the magnetic field of the sample falls off rapidly as the gradient field of the probe magnet 

decreases.) The FMRFM signal originates from the net moment of the magnetization in 

the z direction, which is non-zero on either side of the null. Thus, because the FMRFM 

signal is averaged over a finite area of the sample, a minimum rather than a null should be 



99 

observed in the signal intensity. This was indeed observed. 

A lateral resolution of order lOµm can be determined by the variations of the (nx, ny) = 

(1, 3) mode, shown in Figure 4.12. The expected maximum and minimum of the mode are 

clearly distinguishable. This resolution corresponds to the physical dimensions of the NiFe 

tipped cantilevers as expected. 

A second very interesting feature of the 20µm x 801-tm spectrum is the excitation of a 

"hidden" mode, ny = 2. In this experiment, the probe magnet was approximately 5µm 

above the sample surface and produced an additional field of rv 20G at the sample surface. 

This field is larger than that of the previous scans (a few gauss), which were obtained with 

the NiFe-tip lOµm above the sample. The field from the close proximity of the probe 

magnet breaks the symmetry of the field, which allows the hidden mode to couple more 

strongly to the RF field. This effect is discussed later in more detail in section "observation 

of a hidden mode." The observation of a hidden mode is among the first demonstrations 

of the probe magnet producing a local effect on the dispersion relation of a ferromagnetic 

sample. 

4.1.6 Degenerate modes 

For a perfect square sample, which has a length equal to width, there would be degenerate 

modes. For example, the resonance field for the (nx, ny) = (1, 3) mode would be degenerate 

with the (3, 1) mode. For the 20 x 20µm sample, the difference in length and width is 

approximately lµm. This variation in dimensions, while not large, breaks the degeneracy 

and the two modes will resonate at slightly different fields H (approximately 5- lOG apart). 

In Figure 4.13, the spectra of the 20 x 20µm sample is shown for RF= 7.6GHz, PRF = 

lOmW, Hmod ~ 3Gauss (35mV), and a tip to sample distance of lOµm. Double peaks, 

corresponding to the slightly non-degenerate modes (1, 3) and (3, 1), were observed. When 

the probe magnet is at the center of the sample, the modes have comparable amplitudes. 

as expected. As the magnetic NiFe-tip is scanned to the sample edge along the x direction, 
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Figure 4.13: Spectra of the 20 x 20µm sample, scanned from the center to the edge along 

the x axis. The double peaks correspond to the G, ~) and (~, ~) modes. The degeneracy 

is " broken" by the lµm difference between the length and the width of the sample. 

both amplitudes decrease as expected. However, one mode is observed to dominate as 

the cantilever is moved off-center. Further measurements of this sample revealed that the 

observation of the double peaks was highly dependent upon the position of the cantilever 

with respect to the sample. A simple breaking of the degeneracy due to variations in the 

sample dimensions may not be the only factor. 

4.1.7 Phase sensitivity 

The FMRFM measurement utilizes a lock-in, at the cantilever frequency, to measure the 

amplitude of the FMR signal. The signal has a relative phase associated with it, which 

corresponds to the vector direction of the field produced by the oscillating magnetic mo

ments in the sample. By measuring the relative phase as a function of position, the vector 

component of the oscillating magnetization in the sample is observed. 
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Figure 4.14: Spectra showing the phase sensitivity of FMRFM on the 20µm x 80µm sample. 

(a) Scan from the center to the edge along the width of the sample, with a tip to sample 

height of 2µm. (b) Same as (a), but with a tip to sample height of lOµm. The phase flip 

of each scan is indicated by a dashed circle. 
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Figure 4.15: Spectra showing the phase sensitivity of FMRFM on the 20µm x 

80µm sample. (a) At the edge of the sample, the cantilever is raised from 

a height of 2µm to a height of lOµm. (b) Cartoon showing scan paths 

across the sample width at heights of 2µm and IOµm (Fig. 4.14), and from 

the sample edge. The magnetic fields due to the sample's oscillating magnetiza-

tion is shown for reference. The phase flip in each scan is indicated by a dashed 

circle. 
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The relative phase of the signal was determined for scans along three different paths of 

the 20µ,m x 80µ,m sample, as shown in the cartoon Figure 4.15(b ). The probe magnet was 

scanned along the width (x-axis), from the center to the edge of the film, at a height of 

2µ,m and 10µ,m above the sample surface respectively (Fig. 4.14(a), (b)). As expected, the 

intensity of the modes are observed to decrease to zero at the edge of the sample. However, 

the relative phase of the modes flip 180° as the probe magnet is moved beyond the edge of 

the sample. The flip in the relative phase of the 10µ,m scan occurred 2µ,m further from the 

edge of the sample than the 2µ,m scan. This is indicated by the dashed circles in Figure 

4.14. The corresponding vector components of the oscillating magnetization are shown as 

paths a and bin Figure 4.15(b). The relative phase flip of path b occurs further from the 

sample edge than path a, as was observed. 

The probe magnet was then placed at the edge of the film at x = 11µ,m, between the 

x positions in which the relative phase was observed to change for paths a and b. The 

probe magnet was raised from the surface in 1µ,m steps, from 2µ,m to 10µ,m, as shown 

as path c. The relative phase was expected to change between the heights of 2µ,m and 

10µ,m, corresponding to the relative phase flips obtained in paths a and b. This was indeed 

observed, at the height of 4-5µ,m, and shown in Figure 4.15(a). The FMRFM demonstrated 

a sensitivity to the relative phase of the vector component of the oscillating magnetization 

with a lateral resolution of 2µ,m. 
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4.2 Effect of probe magnet on the dispersion relation 

The probe magnet, which enables measurement of the local spatial variations in the FMR 

response within a sample, can also perturb the dispersion relation. In FMRFM, the probe 

magnet does not , in general, define a "sensitive slice" as it does in EPR or NMR MRFM. In 

the case of EPR and NMR, the gradient field of the probe magnet and the line width of the 

sample serve to create a resonant volume within the sample, termed the "sensitive slice,'' 

where the magnetic field satisfies the dispersion relation. Only spins within this localized 

volume are excited into resonance. In FMRFM, the dispersion relation and excitation of 

the spins is not defined locally because of the strong ferromagnetic coupling. But it may 

be detected by a local interaction with a probe magnet that is smaller than the sample. 

This interaction volume (i.e., the region most strongly affected by the local gradient field) 

determines the spatial resolution in the previous section (in which the low field from the 

probe magnet only weakly perturbs the dispersion relation) . 

In this section, the possible effects on the dispersion relation that result from "turning 

up" the field strength of the probe magnet are explored. There are various other sources 

of local perturbation which may affect the dispersion relation, such as thermal fluctuations 

or field inhomogeneities. Additionally, the field from the probe magnet may affect the 

dispersion relation over a small volume of the sample by breaking the symmetry of the field, 

and thereby alter the RF absorption (and signal intensity) of certain modes. In this study 

the first observations of what appears to be a probe-magnet-induced local perturbation on 

the dispersion relation are presented. 

The close proximity of the probe magnet to the sample introduces a spatial inhomogene

ity to the local field, H-+ H+ 8H. The probe magnet can produce 8H ~ 40- 100 G near 

the surface of the sample in the region just below the probe when the NiFe tip is 5 - 2µm 

above the sample surface. Two possibilities of how the inhomogeneous field can affect 

the dispersion relation were discussed at the end of Chapter 2. However, this study finds 

neither a simple shift of the resonance fields nor any change in field spacing larger than 
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the experimental uncertainties. Instead, the RF absorption of particular modes appear 

to be affected due to a local perturbation of the dispersion relation. The probe magnet 

appears to induce three significant effects at close proximity (2 - 5µm): the observation 

of a "hidden" mode, the suppression of the fundamental mode, and the enhancement of 

higher order modes. The effects of the probe magnet on the dispersion relation are ex-

plored. These effects are vital to understanding how "spatial resolution" can be obtained 

in a ferromagnetically coupled sample via FMRFM. 

4.2.1 Observation of a "hidden" mode 

In order to observe a magnetostatic mode, its time-varying magnetization m(r, t) must have 

a net moment along the orientation of the RF field [19]. The intensity of the RF absorption 

in a uniform RF field iiRF, as described in Chapter 2, is 

(m. iiRF) = { lyA [zi(z)]d12 + B d/
12 

zi(z) dz} sin (ny7r) __!:_.::..___sin (nx7r) 
n 7r -d/2 2 n 7r 2 y . x 

-d/2 

(4.6) 

where A and B are functions of w, Hi, Ms, and HRFi and mis the RF component of the 

magnetization. From this equation, it can be seen that there is a selection rule that no 

absorption should occur for any mode with either nx or ny an even integer. These are 

termed "hidden" modes. 

In an ideal sample in a uniform field, the spatially antisymmetric hidden modes should 

have zero amplitude. However, thermal fluctuations, imperfections in the sample, and non

uniformities in the external fields may result in a small net moment of the magnetization in 

these modes. ("Net moment" refers to the spatial average over the entire sample.) Thus, 

hidden modes will couple to the RF field only weakly, and are therefore usually not detected. 

However, in our experiments where the probe magnet is brought close to the sample surface, 

the hidden mode (nx, ny = 2, 2) emerged from the background noise. Its amplitude variation 

across the sample length is shown in Figures 4.11 and 4.12. 

There are two possible mechanisms that could result in the detection of a hidden mode: 

the "shorting out" of the RF field and the local perturbation of the dispersion relation. 
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m 

Figure 4.16: The ny 2 "hidden" mode which is not excited in a uniform 

field. (a) The mode shape in absence of any perturbation is antisymmetric about 

y 0. (b) The mode perturbed by a probe magnet placed off sample cen-

ter. ( c) The mode shape perturbed by the probe magnet at exactly the sample 

center. 

The probe m agnet, which is metallic, could create a local nonuniformity in the RF 

field (i.e., "short out" the RF field over a small region). However, this effect should have 

similar effects upon all of the modes. This appears to be contrary to our observations of 

perturbations on particular modes. Furthermore, in the following sections a simple model 

is introduced, based upon local perturbation of the dispersion relation, which seems to 

qualitatively account for most of these observations. The remainder of this section will 

focus on this simple model, although the possibility of the "shorting out" of the RF field 

should be studied further in future experiments. 

The field from the probe magnet is capable of locally perturbing the dispersion relation, 

introducing an additional non-zero net RF magnetization within the sample, which increases 

the signal intensity. A schematic depiction of this possibility is shown in Figure 4.16. For 
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a hidden mode in an ideal sample immersed in a uniform field (Fig. 4.16(a)), the RF 

component of the magnetization in the x direction, mx, has zero net moment. The probe 

magnet, which can produce fields of order rv 40 - 50 Gauss at the sample surface when 

located 5µm above it, can alter the magnetostatic modes of the sample. In this case, the 

magnetization mx for antisymmetric modes can have a net moment greater than zero (Fig. 

4.16(b)). This results in non-zero coupling of the mode to the RF field, and can thus 

produce a signal intensity large enough to be detected. Note that exactly at the center of 

the sample (y = 0) , the perturbation of the antisymmetric mode is itself symmetric and thus 

ineffectual at inducing coupling to the RF field (Fig. 4.16(c)). Therefore, at this unique 

position, the intensity of the ny = 2 mode should not be altered. This lack of increased 

excitation of the hidden mode with the probe magnet at y = 0 was verified experimentally, 

as shown in Figures 4.11 and 4.12. 

4.2.2 Effect on the fundamental and higher order modes 

The probe magnet, when brought to within 3 - 5µm of the sample surface, imposes a field 

of order,...., 60G at the sample. When the probe magnet is centered above the 20 x 160µm 

sample, the magnetostatic modes are visibly affected in two ways. The intensity of the 

fundamental mode is suppressed, while simultaneously the intensities of certain higher order 

modes become enhanced. These effects are both shown in Figure 4.17, and in more detail in 

Figure 4.18. We believe these results may represent the first demonstration of a direct, local 

alteration of the dispersion relation within a ferromagnetic sample. The observed effects 

of the probe magnet on the ferromagnetic modes can be modeled with a simple theoretical 

picture described below. This has been developed in collaboration with Dr. Wei Chen and 

Prof. Michael Cross. (Development of a more sophisticated model is currently in progress.) 

SIMPLE THEORETICAL MODEL 

In paramagnetic resonance, the external field Hand the RF frequency w, are simply related 

by the dispersion relation. A modification in H results directly in a change in w. However, 
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Figure 4.17: Spectra of the 20 x l60µm sample as the probe magnet, a NiFe coated ultrasharp 

tip on a commercial cantilever, is brought close to the sample surface in 2µm steps. When 

the tip is 3 - 5µm above the surface, the effect on several of the higher order modes is 

observed. The constant drift is due to thermal expansion in the apparatus. 
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in ferromagnetic resonance, there is an additional variable - the wavenumber of the mode k -

which determines the resonance condition. In this particular experiment, the probe magnet 

was brought closer to the sample surface, increasing the spatial variation of the external field 

in a localized region. The external field H and the RF field remained relatively constant 

over the majority of the sample. Thus, in order to satisfy the dispersion relation over the 

entire sample, it is theorized that the wave number k varies within the interaction region 

perturbed by the field from the probe magnet. Their effect has not yet been modeled in 

detail directly. However, the simple model described here qualitatively accounts for the 

observed effects by providing an approximate ratio of the signal intensities for the modes 

with and without the perturbing field. 

Our approach to modeling the perturbing effect of the probe magnet is to seek a mag

netostatic mode which satisfies the experimental conditions. This mode (a) exists in the 

presence of an inhomogeneous field H + 6H over a localized region of the sample, (b) 

is characterized by a resonance frequency w everywhere in the sample, and ( c) has overall 

boundary conditions determined by the finite dimensions of the sample. The magnetostatic 

mode of the entire sample is modeled following the theories of DE [24], Storey [29], and 

Kalinikos [32]. The following approximations of the above conditions are made to simplify 

the calculations. (A possible physical interpretation of the approximations are illustrated 

in Figure 4.20.) 

1. The internal field Hi is modeled as existing over the length of the sample L, falling 

to zero abruptly outside this region since m = 0 outside of the sample. The sample 

in which the perturbation of the mode intensities were observed has L = l60µm. 

2. The gradient field from the probe magnet increases the external field in its vicinity, 

H--+ H + 6H. This perturbing field, 6H, is modeled as constant field over a length 

l, falling to zero abruptly outside this region. The characteristic length scale of the 

interaction volume, l, will be assumed to be on order of the observed spatial resolution 

(rv 20µm). The square shape, while unphysical, allows us to apply the methods of 

DE theory, and to draw qualitative, but crucial , insights. 
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Figure 4.18: Enlargement of the spectra of the 20 x l60µm sample from Figure 4.17. The 

intensities of several higher order modes are affected while the fundamental mode is su

pressed. The wavenumbers of the modes along length, ny = 1, 3, 5, .. ., are indicated. 

3. We assume only the uniform modes are excited in the z and x directions (i.e., set 

kz = kx = 0) , similar to the approximation made by Kalinikos ( kz = 0) [32]. 

This is motivated by the observations that only higher order modes corresponding 

to the sample length (ky = ¥) appear to be significantly perturbed by the probe 

magnet. Furthermore, this assumption will allow the boundary conditions to be 

satisfied simply. 

CALCULATING THE MAGNETIC POTENTIAL 

The magnetic potential satisfying this field profile are adapted from DE theory and utilize 

the approximations listed above. In the theory of DE, the magnetic potential was derived 
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Figure 4.19: The signal intensities of the modes of the 20 x 160µm YIG sample. The 

wavenumbers of the modes ny = 1, 3, 5, ... are indicated. 

from Maxwell's equation in the following manner. The condition '\7 x h = 0 allows the 

introduction of a magnetic potential W, where h = \7\ll. The internal magnetic potential 

is (from Chapter 2, Eq. 2.30) 

where ki is the wavenumber and a and b are constants determined by the boundary con-

ditions. Using the Kalinikos approximation, kz = kx = 0, the magnetic potential for the 

modes of an unperturbed sample are approximated as 

L 
W = Acosky("2 +y), (4.8) 

where ky = ¥ is determined by the dimension of the sample. The form of W was chosen 

to ensure that the magnetization at the ends of the sample was zero. i.e., the boundary 

condition m ly=±~ = 0 is satisfied. For reference, W simplifies to W = Asin(¥Y) for 

k -~ y - L. 
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Figure 4.20: The field profile assumed for a sample with length Lin an external field H, and 

a pictorial representation of the magnetiostatic modes. The field from the probe magnet 

is modeled as having a characterstic length l and field 8H. This adds to the uniform 

ambient field, H. The modes and their possible modifications are depicted for kf) = ky, 

and kfl) < ky. Here the regions (J,IJ) are indicated for the case of finite 8H. 

The probe magnet is assmned to induce a small, but finite, perturbation upon the 

sample, and thus will have a negligible effect on regions outside the interaction volume. 

This assumption is supported by two observations: (a) the field of the probe magnet 

( rv 600) is small compared to the external field ( rv 42000) and (b) the resonance field 

positions of the perturbed sample correspond fairly well to the values predicted by the low 

field limit, in which the probe magnet only weakly perturbed the dispersion relation (section 

4.1). Therefore, the magnetic potentials of the regions outside and inside of the perturbed 

interaction volume (regions I and II, respectively) are approximated to have similar forms 

as the unperturbed sample (Fig. 4.20). These are: 
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wU) L L l 
A (I) cos kf\2 + y) for - - < y < -- (4.9) 

2 2 
w(II) A(II) sink1JJ)y for 

l l 
--<y<-

2 2 
w(I) L l L 

A (I) cos k~1\2 + y) for - <y< -
2 2 

where A (I) and A (II) are coefficients to be determined by the boundary conditions. Here 

the variable w(I), wCII), kf>, kf 1>, A (I) and A (II) refer to the perturbed sample case where 

8H of- 0. The values and W, ky, and A refer to the unperturbed sample case where 8H = 0. 

Maxwell's equation, '\7 x h = 0, requires that the magnetic field, by = hy + 41fmy = 

(1 + x)~, is continuous across the boundaries at y = ~' -~ . This boundary condition 

was also applied in DE theory to determine coefficients of the magnetic potential inside 

and outside of the sample [17]. Since we have made approximations similar to those of 

Kalinikos, kz = kx = 0, the magnetic potentials in the x and z directions are constant, and 

the boundary conditions are automatically satisfied. 

For the derivative in the y direction (along the sample length) , a relationship between 

the coefficientsAU) and A(II) is determined: 

(4.10) 

~I) and ~II) are the wavenumbers of the dispersion relation outside and inside the inter

action volume (for the case of a perturbing gradient field), and have not been fixed by the 

boundary conditions. x(I) and x(II) are the susceptibility in each region. For thin ( d < < L) 

ferromagnetic materials, the susceptibility determined by DE theory yields x:::::; - k 
2 

d > > 1 
y 

(for small values of ky). Thus, the relation of the coefficients m ay be further approximated 

as 

A (I) ~ xCn) k£n) cos ( k£n) ~) 

A(II) ~ xU)k£I)sin(k£1)(~ - ~)) 

cos ( kfI)~) 
(4.11) 

sin ( k£I) ( ~ - ~)) . 

The wavenumbers k11
) and kf I) can be related through the dispersion relation because 

w is constant - FRMFM excites with a uniform driving field over the entire sample. This 
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relation is derived in the next section. This leaves two unknowns, A (II) and kf), but 

only one equation. We obtain the extra requisite information in the following way. The 

resonance fields for the modes in the perturbed sample correspond approximately to those 

observed in a uniform external field. In the simple theory derived for YIG microstructures 

in a uniform field (Chapter 2), the wavenumbers are determined by the sample dimensions, 

ky - ¥. In the present case, within our model the majority of the perturbed sample is 

located in a uniform field. Thus, we assume that the wavenumbers in the regions outside 

of the interaction volume are approximately the same as that for the sample unaffected by 

the local gradient field. i.e., we assume k1
1

) ~ ky. 

DETERMINING ktII) 

A relationship between the wavenumber k111
) and kf) can be derived from the dispersion 

relation. From the theory of Kalinikos [32], the approximate dispersion relation is (for 

kz = 0) 

2 [ ( 1 - exp (-kt d))] 
W = Wi Wi + WM 1 - kt d , (4.12) 

112 ( 2 ., n27r2) 1/2 
where kt= (k; + k~) = n~~~ + ~ , Wi = "( (H + Hd), WM= "f(47rMs), and w, L, 

and d are the width, length and thickness of the sample. For this simple model, in which 

kx = 0 is assumed, the transverse wave number reduces to kt= kf) = ¥· 
For a sample with length much greater than thickness (L > > d), the exponential in the 

dispersion relation (Eq. 4.12) may be expanded to obtain 

(4.13) 

The RF frequency, w, is constant, hence, (Eq. 4.13) indicates that a small increase in the 

external field (H-+ H + 8H) will yield a decrease in the wave number (kf)-+ k£1
) - J8kl). 

This indicates that the wavenumber of the region inside the interaction volume is less than 

the wavenumber of the regions outside the interaction volume: ~II) = (kf) - l8kl) <~I). 

To approximate the magnitude of the change in the wavenumber, we take the derivative of 
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Eq. 4.13, which yields the relation 

(4.14) 

For the 20 x 160µm YIG sample, the internal field Hi is of order 2500 G while the increase 

in the field 8Hi is only of order rv 60 G. k d 
Also, y < < 1 for the first few modes. Thus, 

the second term in Eq. 4.14 is much smaller than the first term, and is therefore neglected. 

The approximate change in the wavenumber is 

8H 4 
ok = (47rMs) d. (4.15) 

For the experimental conditions, 8H = 60 G, 47r Ms = 1760 G, and d = 3µm, Eq. 4.15 

yields a shift in the wavenumber of 8k ~ 22~m. 

In the approximation for 8k, we have derived the change in the wavenumber for low order 

modes, and, furthermore assumed that it is the same for all modes. This approximation 

will be justified by two observations resulting from this simple theory. First, only particular 

higher order modes exhibit significant effects from the probe magnet. These will be primarily 

determined by the ratio of the characteristic lengths, f, and not by the strength of the 

additional field (within the assumed weak perturbation limit). Second, the effect of the 

probe magnet on the fundamental mode ny = 1 directly depends on the strength of the 

additional field. The derivation of 8k (Eq. 4.14), which assumed low order modes (see 

discussion leading to Eq. 4.15), yields the most reliable approximation for ny = l. 

EFFECT ON SIGNAL INTENSITY 

An increase in the signal intensity of certain higher order modes (ny) is observed in the 

FMRFM data (Fig. 4.18). The absolute magnitude of the increase cannot be determined 

by our simple model. However, the relative intensity of the modes within the perturbed 

and unperturbed samples may be approximately derived. We consider only the relative 

intensities within the interaction volume, which is the region generating a force upon the 

mechanical resonator. 
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The signal intensity is proportional to the component of the RF magnetization in the 

thickness (z) direction, mz. Thus, to compare the relative signal intensities, the term 

mi,· iiRF is integrated over the sample volume (whereas RF absorption is simply < mx · 

ii RF > ). The intensity of the signal from an unperturbed sample over the interaction region 

l l . 
-2 < x < 2 lS 

(4.16) 

k(I) l 
where a is defined as a = y Similarly, the signal intensity from a perturbed sample 

generated from the interaction region is 

J(II) ex (A(JJ))2 (_£ +-1
-sin2a) 

2 2k(JJ) 
y 

(4.17) 

k(II) l 
where ciis defined as a'=~ (the prime denotes the perturbed case). Using the relation 

of the coefficients from Eq. 4.10 and the approximation k~I) ::::J ky, the relative intensities 

as a function of ky is 

J(II) 
--::::J 

I (
sin

2 (¥~a)) (£ + ~~in2ci) . 
cos2 a l + -1- sm2a 

2 2ky 

(4.18) 

The relative intensities of the signals (J(II) /I) as a function of a are shown in Figure 

??(b). The modes ny = 1, 3, 5, ... are denoted, and the wavevectors for the perturbed 

sample, kyl), were calculated from Eq. 4.15. The relative intensities exhibits significant 

changes for those modes where a = ¥ ::::J m~, where m = 1, 3, 5, .... By contrast, the 

relative signal intensities change only slightly for the lowest order modes, such as ny = 3. 

From this simple picture it is clear that the modes closest to a = ¥ ::::J m~ should 

exhibit the most significant changes in intensity when the probe magnet is brought near 

the sample surface. These modes can be interpreted as those closest to fitting an integral 

number of half wavelengths within the interaction region, -£ < y < ~. 

For the 20 x 160µm sample with a characteristic length of l = 20µm, the condition for 
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m = 1 yields: 

kyl ny1f .!_ 

2 L 2 
(4.19) 

::::?- n ~ ~ = 160µm = 8_ 
Y l 20µm 

Even though ny = 8 is itself a "hidden" mode, the modes with values closest to it should 

exhibit relatively large changes in the observed FMRFM signal intensity. The FMRFM 

spectra of the 20 x 160µm sample with the probe magnet close to the surface is shown in 

detail in Figure 4.18. The ny = 3, 11 , and 13 modes are relatively unchanged, as expected. 

The observed signal intensities of the ny = 7 and ny = 9 modes are enhanced, exhibiting 

significant changes as predicted. 

The signal intensity of the fundamental mode ( ny = 1), however, is observed to decrease 

as the probe magnet is brought near the sample surface. The wavenumber of the funda

mental mode is ky = 16;µm = 51~m , which yields !JyII) < 0 (for 8 k ~ 22~m) . Negative 

wavenumbers, within the approximations of Kalinikos, are unphysical and should not exist. 

Thus, we can only infer that something different should happen to the fundamental mode 

when the probe field pushes ky-+ 0. This is clarified within the more sophisticated model 

of Chen et al., which is currently under development. 

4.3 Effect of the FMRFM technique on signal detection 

4.3.1 Line shape distortion and broadening 

The fundamental mode of the YIG FMRFM spectra is often distorted - sharp and narrow 

on the low field side, and rounded and wide on the high field side. Also, the total line 

width of the fundamental mode varies from 8 - 15G in typical measurements, and is even 

wider for high RF power measurements. This is in contrast to conventional FMR spectra, 

where the typical resonance signal is Lorentzian and has a line width of 1 - 3G. These 

two phenomena, the distorted line shape and the broadened line width in FMRFM spectra, 

are directly related to the RF power input to the microstrip and appear to result from 

overdriving the resonance. 
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Figure 4.22: (a) The foldover effect. After Fetisov et al. [62]. (b) FMRFM spectra as 

RF power is increased. Note that the distorted resonance shapes and shifts to lower fields 

(higher frequencies) correspond between the Fetisov data and FMRFM data. 

The FMR spectra of the 20 x 160µm YIG sample as a function of RF power input into 

the microstrip is shown in Figure 4.22(b). The distortion of the fundamental mode as the 

power is increased can be clearly observed. To interpret the distortions as a result from 

overdriving the resonance, a comparison of these FMRFM spectra to similar measurements 

performed by Fetisov et al. [62] is given below. 

In the linear regime, the FMR is driven by a low power RF source, and the magnetic 

moment precesses uniformly with a small angle about its equilibrium position. The reso

nance has a Lorentzian response, as is shown in Figure 4.23(a). At high RF powers, the 

precession angle increases, which will increase the effect of the nonlinear terms in the dis

persion relat ion. (The dispersion relation was derived by assuming small precession angles 
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Figure 4.23: (a) The Lorentzian shape of a low RF power resonance of a YIG sample. (b) 

The classic foldover effect. After Fetisov et al. [62]. 

and linearizing about equilibrium. See Chapter 2.) 

A nonlinear response at high RF powers, known as the "foldover" phenomena in FMR, 

was first proposed by Anderson and Suh [60]. The form of the foldover effect was first 

depicted by Weiss [61] . This is the classical response of a overdriven nonlinear oscillator, 

which has two stable responses corresponding to the direction of the field (or frequency) 

sweep, as shown in Figure 4.23(b). Anderson and Suh also proposed that a larger precession 

cone reduces the static component of the magnetization perpendicular to the film plane. 

This will result in a resonance field shift towards lower fields. 

The nonlinear response of YIG to increasing RF power has been studied extensively for 

many years. However, it was only in the recent measurements of Fetisov et al. (Nov 1999) 

[62] that influences from Q cavity interactions, heating, and magnetocrystalline anisotropy 

energy were excluded. This was the first time a direct comparison of experimental results 

with the classical foldover effect of Anderson and Suh could be made. 

The measurements by Fetisov et al. were performed on a YIG single crystal sample 

(Imm square, 4.9µ,m thick) mounted on top of a non-resonant microstrip (3mm long, 50µm 
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wide). Their conditions are very similar to those of this study, and provide an excellent 

basis for evaluating the nonlinear effects found in the FMRFM spectra. 

Fetisov et al. obtained FMR spectra over a wide range of continuous wave (CW) RF 

powers, shown in Figure 4.22(a). The spectra were obtained by sweeping frequency (instead 

of the external field). A Lorentzian frequency response was observed at low RF powers, 

PRF, ranging from -60dBm to -20dBm. At higher RF powers, the frequency response 

showed a distortion of the resonance signal (PRF = OdBm). As the RF power is further 

increased, the classical foldover response is obtained at 6 and lOdBm. Our FMRFM spectra 

are shown as a function of increasing RF power in Figure 4.22(b), and sweeping upfield. 

The distortion of the lineshape and the increase in line width of the fundamental mode for 

increasing RF powers is quite evident, and mimics the data of Fetisov et al. 

There are several critical features of the Fetisov et al. data that can be compared with 

the FMRFM data. First, the fundamental mode becomes distorted, but still nonhysteretic, 

over a large range of RF powers (-20dBm to OdBm). Upfield and downfield sweeps, at 

powers of PRF = .08mW and 16mW, were obtained via FMRFM on the 20 x 160µm YIG 

sample, and are shown in (Figure 4.24). No shifts larger than the typical experimental 

uncertainty of ±4G were observed. For powers up to 16mW, the FMRFM spectra are 

distorted but still reversible. Note that at the lowest power, PRF = .08mW, the lineshape 

is no longer distorted, but is the derivative of a Lorentzian as expected. 

Second, the spectra of Fetisov et al. were obtained with frequency, not field, sweeps. A 

shift in the resonance frequency to higher frequencies (for swept w measurements) corre

sponds to a shift in the resonance field to lower fields (for swept H measurements). This 

shift to lower fields as the RF power was increased was observed in the FMRFM data, 

shown in Figure 4.22(b). This shift directly stems from the larger cone of precession, which 

decreases the component of the static magnetization normal to the film plane. 

Third, Fetisov et al. also performed pulsed measurements to avoid heating effects. 

Sample heating can produce an effect similar to those of the foldover effect. However, 

experiments performed in 1987-1991 demonstrated that pulse measurements eliminate this 

response [62], although distorted line shapes and increased line widths were still present. 
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Figure 4.24: Spectra of the fundamental mode of the 20 x 160µm sample as the field is 

swept upfield and downfield. Sweeps were performed at low RF power (0.08mW) into the 

microstrip and high power (16mW). No hysterysous larger than the experimental error of 

±4G is evident. 

The pulse measurements of Fetisov et al. matched their down-sweep frequency spectra 

taken with CW power. They found no heating effects for the pulse lengths ranging from 

1 - IOOµs at a lkH z repetition rate. In this work, FMRFM data is obtained through the 

anharmonic modulation technique. This involves modulation of the RF power amplitude 

at 31kHz, while the external field is modulated simultaneously at 13 kHz by a few gauss. 

This technique is roughly similar to the pulse method used by Fetisov et al. The pulse 

lengths and repetition rates are on the same order as the modulations used in FMRFM. 

The use of anharmonic modulation may be why classic foldover effects at high RF powers 

were not observed, even though the RF input powers were similar to Fetisov et al. 
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LINE WIDTHS 

The resonance line width is a measure of the rate at which energy is lost from the uniform 

precession mode. There are two kinds of losses which are directly related to temperature 

and surface effects [63]. 

1. Spin-Lattice Relaxation - Energy is directly transferred from the fundamental mode 

into lattice vibrations. This coupling between the spin system and atoms is provided 

by relatively few ions (i.e., rare earths) that are coupled to both the magnetic spin 

system and the crystal lattice. 

2. Spin-spin Relaxation - Energy is transferred into spin-wave modes which are degen

erate with the fundamental mode precession. This coupling may be provided by any 

imperfection in the crystal. For single crystal YIG, surface imperfections provide 

most of the scattering centers. 

The line widths of 2mm YIG polished disks were obtained by both FMRFM and con

ventional FMR methods. This was used to determine if the FMRFM technique altered 

the line width (excluding overdriving effects due to RF power) instead of additional losses 

due to sample dimensions and preparation. The larger 2mm samples were used because 

conventional FMR methods cannot resolve signals from samples with microscale lateral di

mensions. The observed line widths obtained with FMRFM were 3G, for the field parallel 

to the film plane, and 4G, for the field perpendicular to the film plane. The observed line 

widths obtained with conventional RF absorption measurements were 3G for the field both 

perpendicular and parallel to the film plane. These measurements indicate that the FM

RFM system does not affect the line width adversely. The FMR spectra obtained with RF 

absorption were provided by Prof. P.E.Wigen [64]. 

The line widths of the microscale rectangular YIG samples were larger than the bulk 

line widths of the 2mm YIG disks. The fundamental and higher order modes have line 

widths of 6G in a perpendicular magnetic field (Fig. 4.22). The line widths were obtained 

at low RF powers to avoid nonlinear effects. For higher RF powers, the line widths ranged 

from 8-15 Gauss. 
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The increased line width can be explained by surface effects. The edges of the YIG 

are not polished and are not truly perpendicular (3° wall slant). Both effects are from the 

ion milling procedure. These unpolished, slanted edges account for 173 or more of the 

surface area. The line width is highly dependent upon the smoothness of the surface, and 

rougher surfaces correspond to wider line widths [65]. Thus, an increase in the line width 

as a result of the ion milled edges is expected. 

4.3.2 Effect of Hmod 

The modulation field, Hmod, adds a small oscillat ing magnetic field on top of the large 

external field as it is swept through resonance: Hres + Hmod cos (wmodt). (See anharmonic 

modulation, Chapter 3.) The FMRFM signal intensity depends directly upon the field 

strength of Hmod and the line width of the sample, fj.H. Increasing Hmod can increase 

the signal intensity. However, if Hmod is too large relative to the line width, it will reduce 

the signal amplitude and average out features in the resonance signal. 

To maximize signal intensity, the external field at the sample must be modulated com

pletely in and out of the resonance condition. This maximizes the change in the magnitude 

of the oscillating component of the magnetization, mz. The resonance condition is satis

fied over a field equal to its line width fj.H centered at Hres· If Hmod is less than the line 

width (Hmod < fj.H), then the external field will not be modulated completely in and out 

of the resonance condition. If Hmod ~ fj.H, the modulation will move the external field 

completely in and out of the resonance condition, and will have the maximum contribution 

to FMRFM signal intensity. If Hmod is further increased (Hmod > fj.H), the finite contri

bution to the FMR signal (from mz) will be averaged out over a larger field modulation, 

resulting in a decrease in signal intensity and an increase in apparent fj.H. Thus, the signal 

intensity as a function of Hmod amplitude will reach a maximum when Hmod ~ fj.H. 

However, the Hmod serves as an averaging mechanism. If Hmod = 5G, then any signals 

within the 5G sweep will contribute to the signal. For example, Hmod > > fj.H, the narrow 

line width resonance will appear to be 5G, but at a lower amplitude than if Hmod ~ fj.H. 

Furthermore, if two narrow line width resonance features were separated by less than Hmod, 
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they would not be resolved but appear as one peak with D.H ~ Hmod · The effect of Hmod 

on two narrow line width features is shown in Figure 4.25. 

The FMRFM signal of the 20 x 160µm sample as a function of Hmod is shown in Figure 

4.25. For an input voltage of 35 - 55mV, an H mod of 3 - 5Guass is produced by the 

small modulation coils. Only one resonance peak is observed for these Hmod amplitudes. 

By reducing Hmod, smaller features of the resonance line shape are observed. The double 

peaks in the fundamental mode are resolved at 2G apart at an input voltage of 25m V. The 

double peaks are due to the substrate/YIG interface, where there is a mix ofYIG and GGG. 

This 2G double peak is often seen in YIG samples, and has been observed in samples from 

the T-18 substrate in previous conventional FMR experiments performed by P.E. Wigen. 

4.3.3 Effect of ()RF on RF magnetization in the sample 

The finite dimensions of our sample have effects on the magnitude of the RF component 

of the magnetization, mz. This effect, due to sample dimensions, has large effect on the 

signal intensity and can be approximated from demagnetization arguments. 

The RF source for our FMRFM apparatus is a microstrip resonator. The sample is 

directly mounted onto the microstrip. The RF field HRF may be orientated relative to 

the sample at an arbitrary angle ()RF, while keeping the sample plane perpendicular to the 

external polarizing field. A schematic of the orientation is shown in Figure 4.26(a) for the 

parallel force geometry. The normal operating orientation, for spectra presented elsewhere 

in this chapter, are obtained with the long axis of the sample perpendicular to the RF field 

(()RF= 0°). 

The FMRFM spectra versus the RF field orientation to the sample is shown in Figure 

4.26(b). The maximum intensity is obtained for the RF field perpendicular to the sample's 

long axis, ()RF = 0°. The intensity then decreases as the RF field approaches parallel to 

the sample's long axis. This effect can be qualitatively explained by t he demagnetization 

effect on the RF component of the magnetization, m. 
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Figure 4.25: Spectra of the 20 x 160µm YIG rectangle as a function of Hmod intensity. The 

double resonance peaks, spaced at 2Gauss apart, are resolved for Hmod:::::::; 25mV. 
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Figure 4.26: (a) Schematic of the orientation of the YIG rectangular sample with respect to 

the RF microstrip resonator. The RF field is in the x direction, and the external magnetic 

field is in the z direction. (b) Spectra of the 20 x 160µm YIG sample as a function of RF 

angle. 

Consider the effect of the sample's orientation to the RF field for a single moment in 

the sample. For this approximation, the spatial dependence of the RF component of the 

magnetization is neglected, and m = ( mx, my , mz). The magnetization m will create an 

opposing demagnetization field in the sample for each direction. From the torque equation 

2.7, d{f = 1M x if, the dependence of the magnetization on the RF field is 

my ex: M z x HRF RF field parallel to sample long axis , (4.20) 

mx ex: Mz x HRF RF field perpendicular to sample long axis, 

where the external field is taken to be in the z direction. 

When the RF field is parallel to the sample's long axis (i.e., both are in the x direction), 

it creates a magnetization in the y direction, my. This moment, in turn, creates a demag-



128 

netization 47rmy across the width of the sample. Likewise, the RF field perpendicular 

to the sample's long axis creates a demagnetization 47rmx along the length of the sample. 

Since the width is much smaller than the length of the sample (w = 20µm, l = 160µm), 

the demagnetization across the width is much larger than the demagnetization across the 

length, 47rmy >> 47rmx. Since more energy is required for the moment to overcome the 

larger demagnetization, the tilt of the precession angle of the magnetic moment is reduced 

along the y direction. Thus, the reduced tilt of the magnetic moment for the e RF = go0 

orientation results in a reduced FMRFM signal, as was observed (Fig. 4.26(b)). 

The effect of the reduced tilt on the FMRFM signal intensity can be estimated from 

demagnetization arguments. The demagnetizat ion field depends on the dimension of the 

sample, as has been shown previously (see section: "Fundamental mode dependence on 

sample length"). For simple approximation purposes, the demagnetization is considered 

to depend linearly upon the sample dimension. The demagnetizations 47rmy and 47rmx are 

compared to the demagnetization across the thickness of the sample 47rmz. The demagne

tization in the z direction is the same for all orientations. Thus, for the two extreme cases 

of e RF = 0° and e RF = goo, the demagnetization effects are approximated as 

(4.21) 

Thus, the relative intensities of the FMRFM signal are approximated as 

hd(mx) ~ 160µm ~ S. 
hd(my) 20µm 

(4.22) 

From the spectra in Figure 4.26(b), the observed relative intensities of e RF = 0° and 

e RF = goo are approximately 4. This is in good agreement considering the extreme 

approximations made. 

4.4 Ongoing research 

In the course of this study, several phenomenon were observed that warrant further study 

and understanding. These will be pursed in our MRFM group in future experiments. 
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4.4.1 Unidentified resonance 

A new FMRFM apparatus was designed and recently built for use in a Lakeshore water

cooled electromagnet. This electromagnet supplies a uniform external magnetic field over 

a lcm diameter, and can reach fields as high as 6000G for a 2" pole separation. This new 

apparatus was used to verify earlier results obtained with the "old" FMRFM apparatus, 

and to calibrate the absolute fields of the resonance spectra. 

In the course of verifying previous spectra, sweeps to higher magnetic fields, unobtain

able in the old FMRFM apparatus, revealed a new unidentified resonance. This resonance, 

shown in Figure 4.27, is present for all samples in the 20µm series. A similar resonance, 

at a slightly higher field, is also present for the 2mm YIG disk. The resonance is at lower 

fields for the 100 x IOOµm sample. 

This unidentified resonance is quite large compared to the fundamental modes of the 

20µm YIG series. It also persists when the probe magnet is located between samples, and 

far from the sample surface (tip-to-sample distance of Imm). The resonance does not 

shift with respect to sample dimensions in the 20µm series. The resonance also occurs 

at H ~ 4.5kG, much higher than the expected resonance of~ 4.2kG for the fundamental 

mode of the 20x320µm sample. It is even higher than the expected resonance of H ~ 

4.35kG expected for the fundamental mode of a bulk YIG sample. The resonance for 

the 2mm disk is 4.6kG, much higher than the expected 4.23kG from conventional FMR 

measurements. (Measurements of the YIG disk with conventional FMR methods were 

performed at 9.215GHz and yield an Heff = l.868kG, and/= 3.175 (g = 2.245). These 

measurements were provided by P.E. Wigen.) The lack of dependence of the resonance 

field on the sample dimension, and also the high resonance field, indicate that this is not 

likely an FMR signal from the YIG. 

No resonance was observed for spectra taken with a bare GGG substrate nor with the 

probe magnet located above the bare microstrip. This rules out possible resonance from 

these sources. 

Spectra were also taken from samples not from the T-18 batch, as shown in Figure 4.28. 
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Figure 4.27: Spectra from the 20µm series, the 100 x lOOµm sample, and the 2mm disk. 

All samples were from the T-18 YIG batch. The 20µm series and the 100 x lOOµm sample 

are on the same GGG subtrate. 
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Figure 4.28: Spectra from several different types of Y1G samples. See text . 
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The unidentified resonance was observed in all of the T-18 YIG samples and the l.13µm 

thick YIG sample (S#081594A, not T-18). Regular FMRFM signals have been obtained 

pre\riously with all these samples. The resonance was not observed in the lOµm thick 

sample. This particular sample has its c-axis parallel to the plane of the film, as was 

determined from acid etching. Thus, its resonance properties are very different from the 

pure YIG crystal with the c-axis perpendicular to the film plane. 

A possible source for the unidentified resonance is an FMR signal from the NiFe probe 

magnet. The FMR signal for NiFe ranges from 2kG for the external field in the plane of 

the film plane to lOkG for the external field perpendicular to the film plane. The cantilever 

tip, coated with 1200A of NiFe, has a 10° angle from the axis. Furthermore, the cantilever 

is mounted at a 15° angle with respect to the sample's normal. Thus, the tip surface has 

angles ranging form 5° - 25° from the external magnetic field. A FMR signal from a NiFe 

thin film with the external field at 25° could have a resonance around 4kG. 

Another possible source of the unidentified resonance is coupling between the NiFe tip 

and the YIG sample. This could explain why the resonance is only observed in YIG samples 

with the c-axis perpendicular to the film plane. 

A remote possibility is that the unidentified resonance could be a surface mode. This is 

unlikely, as the field is fairly uniform and perpendicular to the sample. Only volume modes 

are allowed for a uniform field perpendicular to the film plane (see Chapter 2) . 

The most likely source of the unidentified resonance is an FMR signal of the NiFe tip. 

4.4.2 Coupling problems 

The NiFe tipped commercial AFM cantilevers provide uniform magnetic probes of small 

dimensions with high gradient fields. However, they require the parallel force geometry, 

which has two drawbacks. When the magnetic NiFe-tip of the cantilever is brought close 

to the surface, :S lµm, the cantilever experiences a degradation of Q, and the probe magnet 

can stick to the surface of the sample. 

There is a large magnetic attraction between the probe magnet and the sample which 

causes the cantilever to flex in the direction of the sample. This force can result in the 
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magnetic NiFe-tip snapping to the sample surface when the probe magnet is brought too 

close. This could be solved by using a perpendicular force geometry, where the deflection 

of the mechanical resonator is parallel to the sample surface. Thin magnetic films, which 

produce high gradient fields, can be deposited on cantilevers or beams to act as the probe 

magnet (see Appendix E). 

Interactions between the probe magnet and the sample cause a degradation of Q of the 

cantilever. While the exact source of this has yet to be determined, there are two possible 

explanations. First, simple aerodynamic damping of the cantilever when it is close to 

the surface can reduce the Q. The YIG FMRFM measurements were all performed in 

ambient pressure, which would maximize this effect. Second, magnetic energy dissipation 

in the NiFe tips due to domain wall fluctuations could also lead to damping the cantilever 

oscillation. Grutter et al. have suggested that oscillations of the domain wall widths in 

the sample, due to the alternating magnetic fields created by oscillating NiFe-tip, create 

magnetoelastic emission of phonons [66], [67]. Thus energy is transferred from the cantilever 

magnetic probe tip and dissipated via phonons in the sample, producing a measurable 

reduction of the Q of the cantilever. Our samples are saturated in a large external field, 

and a degradation of Q is not likely to be due to domain wall fluctuations in the sample. 

However, there could be domain walls in the NiFe tip, which could be affected by this 

mechanism. 

The source of the degradation of Q, and new mechanical resonators to prevent sample 

to surface sticking, are being further pursued in our group. 
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5 Thin ferromagnetic metallic films 

Studies on single and trilayer Co films were performed to demonstrate the ability of 

FMRFM to characterize ferromagnetic metallic thin films on a microscopic scale. These 

measurements were the first demonstration of FMRFM applied to thin magnetic films and 

multilayer samples. They demonstrate the ability of this technique to distinguish and 

characterize the anisotropy energy and thickness of separate layers in samples with lateral 

dimensions on the microscale. Part of the following results have been published in reference 

[68] . 

The abilities of FMRFM were demonstrated by two critical measurements that charac

terized important properties of the samples (see Chapter 2). 

1. Hres as a function of () H, Ku2: Anisotropy energy is a good characterization of 

surface and interface smoothness of each layer in the sample. The resonance field 

Hres depends critically upon the uniaxial anisotropy energy of the thin film, Ku2, and 

upon the angle of the external field relative to the normal of the film plane, ()H. The 

dispersion relation, from Chapter 2 Eq. 2.21, is 

( ~) 
2 

= H [H cos (()0 - ()H) +Helf cos (Wo)] ~i:~:, (5.1) 

h H
elf _ 2Keff _ 2(K.,z-27rM1) 

were - Ms - Ms From this dispersion relation, resonance 

measurements as a function of () H, or at a known fixed angle, can determine the 

uniaxial anisotropy energy of the thin film, Ku2 . Samples with different anisotropies 

will exhibit different dependencies on () H. 

2. Hres as a function of tfilm: For Co films thinner than lOOA, the resonance field, 

Hres, is a function of thickness of the film, tfilm· For a film with the external 

field in plane, the dispersion relation simplifies to w = 'Y J H ( H + 47r Me ff), where 

Meff = 47rMs - JsKeff· However, in this regime, the effective anisotropy energy 
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Kett involves two contributions: a volume (Kv) and a surface (Ks) component. As 

discussed in Chapter 2, Kett is defined by the empirical formula [21] 

2Ks 
Kef! ~ Kv + ---

Ms itilm 
(5.2) 

As the film becomes thinner, the effects of the surface (pinning, anisotropies, defects) 

become increasingly important. FMR measurements can determine the thickness, 

volume ( K v) and surface (Ks) anisotropies of each layer. 

In these studies, two series of samples were characterized. First, single layer 500A 

and lOOOA thick ferromagnetic films from two different sample preparation techniques were 

measured, and the anisotropy energy and angle dependence of a single layer deduced. As 

described below, the results obtained were consistent with expectations. Detailed measure-

ments of the resonance field as a function of the angle of the external field relative to the 

normal of the film plane, B H, fit theoretical predictions extremely well. 

Second, multilayer ferromagnetic films for various thicknesses of :S lOOA were character

ized, and their thickness and angle dependence deduced. The experimentally determined 

anisotropies and thickness were consistent with values found in the literature. These studies 

demonstrate the accuracy and applicability of FMRFM on ferromagnetic multilayer films. 

5.1 Single layer films 

5.1.1 Experimental details 

The following measurements were conducted with the sample deposited onto a commercial 

AFM cantilever, as shown in Chapter 3, Figure 3.1. 
{)Hbar 

The gradient fields, ~, and the 

external magnetic field, Hbar, were supplied by a macroscopic N d2Fe14B permanent bar 

magnet, i" diameter and i" long. The perpendicular force geometry was employed, in 

order that both the axis of the bar magnet and the plane of the sample are parallel. This 

is defined to be the z axis. The displacement of the cantilever was in the y direction. The 

force on the cantilever, derived in Chapter 3, was 

()Hbar ()Hbar 
D y y 
ry =my~+ mz-----a;;-, (5.3) 
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where my and mz are the components of the magnetic moment of the Co film along the y 

and z axes. The dominant external field was in the z direction, which results in mz >>my. 

In order to create a significant force for detection, the film must be placed off the z axis of 

the bar magnet to obtain a finite value of 8H~ar /oz. As a result, the external field at the 

sample is orientated at an angle, <Pm with respect to the film plane (n.b., <f>H = ~- (}H)· 

Measurements were conducted with an RF field of 7.9GH z in ambient pressure and 

temperature. Anharmonic modulation was used to obtain the FMRFM signal. 

The polycrystalline Co films were deposited onto the flat area near the tip of single crys

tal Si commercial AFM cantilevers. Two deposition methods, sputter [69] and evaporation 

[70], were used in order to compare differences in anisotropies due to deposition techniques. 

Each Co film had a Ag polycrystalline underlayer to act as a buffer between the Co and Si 

surface. Buffer layers have been shown to improve the magnetic qualities of the magnetic 

films. Finally, each Co film was capped by a protective polycrystalline Ag layer. All layers 

were deposited in immediate succession in the same run without breaking vacuum. The 

sizes and locations of the samples on the cantilever were determined by a simple shadow 

mask. 

Results from three samples are included in this study: Sample 1, with a thickness of 

lOOOA, was sputter deposited at a substrate temperature of < 50 °C onto a 30A Ag buffer 

layer. Samples 2 and 3, with thicknesses of lOOOA and 500A respectively, were thermally 

evaporated onto 50A Ag buffer layers with unknown substrate heating. All samples were 

capped with a 10-15A protective layer of Ag. 
EJHbar 

The gradient field produced by the bar magnet was =7Jz- rv 0.15 G/µm. For our Co 

samples, which are rv 100 - 200µm long, the gradient field corresponds to a field difference 
oHbar G 

of 15 - 30G across the film: =7Jz- · L = (.15 µm)(lOOµm) = 15G. However, the resonance 

line width of the Co films are 50 - 100 G. Since the line width is greater than the field 

difference across the film, the entire sample fits inside the resonance volume and contributes 

to the FMRFM signal at Hres· Hence, these experiments do not provide lateral spatial 

resolution of the magnetostatic modes within the sample. 
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Figure 5 .1: Dependence of the resonance field on the angle </> H between the external magnetic 

field and the film plane for the sputtered Co sample. The solid line is a theoretical fit from 

classical FMR theory with g = 2.18 and 47rMeff = l7.6kG. The inset shows a schematic 

of the FMRFM apparatus. 

5.1.2 Angle dependence and anisotropy energy measurements 

The anisotropy energy Ku2 of the sputtered film was determined by the dependence of the 

resonance field on the angle <Pm as shown in Figure 5.1. The angle <PH was varied by 

displacing the Co film with respect to the bar magnet in either the x or z direction, thus 

changing the x and z components of the magnetic field applied to the film. In Figure 5.1, 

several measurements along the x direction at each position of z were taken. 

The solid curve in Figure 5.1 is the theoretical prediction from FMR theory (Eq. 5.1). 

For the sputtered film, a uniaxial anisotropy energy of Ku2 ,...., 0 was assumed, and the bulk 

demagnetization field of 47r Mef f = 17 .6kG was used. This assumption reflects the quality 

of the films, produced under optimized deposition conditions [69]. Excellent agreement 

between theory and experiment was obtained, as shown in Figure 5.1. 
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Figure 5.2: Spectra from three different single layer Co films. Two different deposition 

methods were used, as indicated. The shift in resonance is due to different anisotropies 

in the samples. The angle between the sample and the external field is ¢>H = 33°. RF = 

7.9GHz. 

The spectra of the three samples obtained at ¢>H '.:::: 33° is shown in Figure 5.2. These 

spectra reveal the samples' dependence on the anisotropy and film quality due to the deposi

tion method and film thickness. The resonant field Hres for evaporated films is larger than 

that for the sputtered film, indicating additional anisotropy in the evaporated films. The 

additional anisotropy could arise from stresses in the film resulting from non-optimal depo-

sition conditions. The thermally evaporated samples were not optimized for stress free films 

due to difficulty of controlling the deposition rates of Co at its high melting temperature. 

A bulk value for the saturation magnetization for Co, Ms= I400emu/cm 3 is assumed 

for these samples, all of which have thicknesses greater than IOOA. From the dispersion 

relation, the values 2~~2 
'"" 0 for the sputtered film, 2~~2 

'"" 2.8kG for the IOOOA evapo

rated film, and 2~2 
rv 4.9kG for the 500A evaporated film were deduced. The uniaxial 

anisotropy energy, Ku2, can be increased as a result of surface imperfections or stress at 

the layer interface. The evaporation conditions were not optimized to eliminate interlayer 
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stress and imperfections, as were the sputtered films. Thus, as expected, the results that 

were obtained indicate that the evaporated samples developed larger stresses and surface 

imperfections, and hence larger anisotropies, than the sputtered films. 

The results apparently also indicate that the effects of stress and surface imperfec

tions increase with decreasing film thickness. The surface imperfections increase Ks, and 

thus their effects on the resonance condition are averaged over the volume of the sample. 

Therefore, as the volume increases, the relative effect due to the surface decreases, as was 

observed. 

A dependence of the sample homogeneity on the deposition process is also evident in 

Figure 5.2. The sputtered sample has the narrowest line width, approximately 45G. A 

difference in line widths could be obtained if the samples were of different lengths and if 

the resonance volume was smaller than the sample dimensions (i.e., a~rr > !1H). In this 

regime, the longer sample will contribute to the resonance signal over a wider field as the 

resonance volume is swept through the sample. This extended signal could be interpreted 

as a wider line width. This effect is depicted in Figure 5.3, where the resonance volume 

('1z) is swept through samples of different length, L1 and L2. 

However, the sputtered sample ( rv 200 x 50µm) had larger lateral dimensions than the 

evaporated samples ( rv 100 x 50µm) . The resonance volume compared to the sample length 

cannot explain the wider line width. Therefore, the variation in the line width reflects the 

quality or the homogeneity of the Co film. 

The spectra indicate that sputtering produced a more homogeneous film than does 

evaporation. This is to be expected since the thermally evaporated films were deposited 

on a non-temperature controlled substrate optimization of their magnetic properties was 

not attempted. Of the two evaporated samples, the 500A film has a narrower line width 

than the IOOOA film. The IOOOA film was evaporated in two stages (i.e., two wire boats 

containing Co were used) which could have caused additional inhomogeneities. 

These experiments demonstrated the ability of the FMRFM to observe variations in the 

anisotropy energy and the quality of microscopic thin films . The gradient field was not large 
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Figure 5.3: A pictorial of an apparent increase in line width as a result of the resonance 

volume being smaller than the sample length. See text. 

enough to distinguish FMR signals from different locations within the sample. However, 

the large signal intensities in ambient temperature and pressure indicate that the sensitivity 

of this FMRFM apparatus is adequate to detect FMR signals from samples as thin as 20A. 

This was verified in our experiments on multilayer films for samples of thickness IOOA and 

50A, with lateral dimensions of 40µm. 

5.2 Multilayers - (Co/Cu/Co) 

Spectra from microscale Co/Cu/Co trilayer samples have been obtained, and their thickness 

and anisotropies were determined. The thickness of the various layers are IOOA or less, 

so that these samples resemble materials used in giant magnetoresistance (GMR) devices. 

At such thicknesses, bulk values of the demagnetization field and anisotropy energies no 

longer apply. Much experimental work has been done recently in the field to determine 

anisotropy energies due to thickness and interface layers [21][71][72][73][74][75][76]. 

In this study, two experiments were performed on the Co/Cu/Co samples to demonstrate 

the ability of FMRFM to characterize micron scale multilayers. First, for films of thickness 

::;100A, the resonance signal Hres is a function of thickness. The volume and surface 
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anisotropy energies, and the thicknesses of the layers, were determined. Second, the 

resonance field depends upon the angle of the external field to the normal of the film plane, 

(} H. The different anisotropies of each layer also result in different dependencies of Hres 

on (} H. Both effects were observed. 

5.2.1 Experimental details 

The experimental apparatus was the same as used for the single layer experiments described 

above. 

The samples were sputter deposited onto the fiat area near the tip of commercial single 

crystal Si AFM cantilevers [69]. They were 40 x 40µm square. Their geometry was 

determined by a shadow mask placed over the cantilever during sputter deposition. For 

the data presented here, each trilayer was composed as follows: 30A Ag buffer layer; a 

15A, 35A, or 50A Co layer; a 150A Cu spacer layer; a lOOA Co layer; and finally a 35A 

Cu protective top layer. The relatively large (150A) Cu spacer layer ensured that there 

was no magnetic coupling between the Co layers. Coupling was intentionally avoided in 

these first experiments in order to determine the ability of FMRFM to resolve individual 

layers in multilayer devices. Each cantilever had a lOOA Co layer which yields a "reference" 

resonance signal. Samples on different cantilevers could then be compared using the position 

of this lOOA Co resonance as a common external magnetic field value. 

The gradient field produced by the bar magnet was ,...., 0.15 G / µm. For these Co 

samples, which are 40µm long, this corresponds to a field difference of 6G across the film. 

The resonance line width of the Co films are 50 - lOOG. Since the line width is greater 

than the field difference across the film, essentially the entire sample meets the resonance 

condition. Thus, the applied gradient field does not allow resonance signals arising from 

lateral spatial dependencies to be distinguished within the sample. 

5.2.2 Anisotropy and thickness dependence 

The thickness and anisotropy energy of two samples, both with layer thickess of 50A Co/ 

150A Cu/ lOOA Co, were determined. The spectra of one such sample is shown in Figure 
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Figure 5.4: The spectra from the (50A Co/ 150A Cu / IOOA Co) trilayer sample. The 

peak-to-peak amplitudes of the resonance from the IOOA and 50A layers are indicated as 

~o and~' respectively. The insert shows a schematic of the sample on the cantilever. 

5.4. The peak-to-peak amplitudes of the resonance from the IOOA and 50A layers are 

indicated as ~o and A~, respectively. The line widths of each resonance are 1140 and 

ll 7G respectively. The insert shows a schematic of the sample on the cantilever. 

The FMRFM signal amplitude is determined by F = m · "Vii, and the RF component 

of the magnet moment, m, is proportional to the thickness of the sample. Therefore, 

the amplitude of the FMRFM signal is approximately proportional to the thickness of the 

sample for constant "V H. For the 50A Co/ 150A Cu / lOOA Co sample, the relative 

amplitudes are ~/A~0 ~ 0.3. If the thicker IOOA layer is assumed to be accurate, the 

thickness of the 50A layer must be less than expected (discussed below). From this simple 

ratio, the thickness of the layers are approximately t~0 rv 30A and t~0° rv IOOA. 

There are several possible sources for the thickness discrepancy of the 50A layer. First, 

the 40 x 40µm mask window could interfere with deposition by reducing the total Co 
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deposited or by reducing the amount of Co deposited near the edges of the mask opening. 

Second, the large lattice mismatch between the Ag/Co interfaces known to create stress and 

interface roughness. This can result in what is commonly termed a magnetic "dead layer." 

The Ag/Co dead layer could have very different resonance properties than the pure Co, and 

thus would reduce the overall resonance intensity. Dead layers of 5-SA have been reported 

in the literature for sputtered Co/Mn samples [74]. Third, the Ag layer could be too thin 

to act as a good buffer layer between the Co and the Si cantilever surface. This would 

further increase the rough surface interface between the Ag and Co layers. The apparent 

reduction of the Co thickness due to the Ag/Co interface is most like a combination of these 

effects. 

In contrast, the Cu/Co/Cu interfaces is not expected to suffer as acutely from these 

effects. The Cu layers acts as a "smoothing" agent, and can reduce the roughness to a few 

monolayer thickness [77]. The lOOA Co layer has a 150A Cu buffer layer separating it from 

the Co/ Ag layer and the Si cantilever. Thus, the value of the thickness for the Cu/lOOA 

Co/Cu layer is expected to be more accurate than the Ag/50A Co/Cu layer. The data 

confirms these expectations. 

The volume and surface anisotropy energies of the lOOA and 50A Co layers can be 

estimated by fitting their resonance fields to the empirical formula 

2 ( 2 Ks ) 41f Met f ~ M K v + M . 
S S tfilm 

(5.4) 

Each Co layer has different anisotropy energies due to the different interface types. The 

range of values of K v and Ks (and the resultant 41f Me ff) determined by the experimental 

data are shown in the following tables for each interface type. For reference, typical values 

of the anisotropy fields found in the literature are included [21] [72][75][71]. 

For the Cu/ Co interface: 
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4 M ,....., 2 ( K + 2 Ks ) 
Fitted (our data) Typical values 

7f eff "' M V M t . S S f•lrn 
(Cu/ Co interface) (Cu/ Co interface) 

tco (A) 100 10 - 50 

Kv ( x l06erg/cm3 ) 0.9 - 1.2 0.9 - 2.0 

Ks (erg/cm3) 0.1 - 0.2 0.1 - 0.35 

4nMeff (kG) rv 15.7 14-16.8 

For the Ag/ Co interface: 

4 M ,....., 2 ( K + 2 Ks ) 
Fitted (our data) Typical values 

7f ef f "' M V M t . S S f•lrn 
(Ag/ Co interface) (Ag/Co interface) 

tco (A) 30 15 - 30 

Kv ( x l06erg/cm3 ) 1.4 - 2.0 1.0 - 1.4 

Ks (erg/cm3 ) 0.4 - 0.5 0.2 - 0.4 

4n Met f (kG) rv 9.4 9.5 - 10.5 

The experimentally determined values fall within the values typically found in the liter

ature. These measurements verify the ability of FMRFM to determine anisotropy energies 

and thicknesses for microscale samples. 

5.2.3 Angle dependence 

The resonance field Hres is a function of the angle between the external field and the plane 

of the film., <l>H· Since the two layers of different thicknesses have different anisotropy 

energies, their angular dependence are expected to differ. The spectra of the (50A Co/ 

150A Cu/ lOOA Co) sample is shown in Figure 5.5 as a function of <l>H· The zero crossings 

of the spectra, which determine the resonance field for each spectra, are indicated by the 

dashed lines. The increase in the resonance field as an increase in <l>H is observed. The 

observed resonance field dependence on <l>H also differs between the two layer thickness, as 

expected. This provides further verification that the anisotropy energies of the two Co 

layers are different, as calculated in the above tables. 
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Figure 5.5: Spectra of the (50A Co/ 150A Cu/ lOOA Co) sample as a function of the angle 

<f>H between the external field Hand the film plane. See text. 

5.2.4 Other samples of varying thickness 

The series of multilayer samples included samples with Co thickness of 15A, 35A, and 50A, 

in addition to the lOOA reference layer. The spectra of these three samples are shown in 

Figure 5.6. The resonance from the lOOA Co layer in each sample, and the 50A layer, 

were observed. However, the resonance for the 15A and 35A layers were not observed. 

Possible reasons could be due to surface roughness or poor film quality due to deposition 

nonidealities. These effects, which were found to have reduced the thickness in the 50A 

layer, could also have reduced the thickness of the 15A and 35A layers. This would result 
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Figure 5.6: Spectra from the three trilayer Cu/Co/Cu samples. The resonance from the 

lOOA layer in each sample is evident. The expected positions of the resonances are indicated 

by arrows. Signals from the 15A and 35A layers were not observed. 

in shifting the resonance fields several hundred Gauss, beyond the range of the available 

field sweep. Alternatively, the layers could have been too thin to produce a large enough 

FMRFM signal; note that the S/N of the 50A layer is only r-v 2. 

The S / N of the FMRFM can be increased by performing the experiment in vacuum, 

which greatly increases the Q of the cantilever. At ambient pressure, the Q is typically 

r-v 25, whereas in vacuum (:S 60mTorr) the Q is typically 103 . However, attempts to 

measure the samples in vacuum resulted in the destruction of the samples due to eddy 

current heating (see Chapter 3). Heat sinking the Co films, which were deposited onto Si 

cantilevers, was not possible. Future experiments are currently in progress in which the 

probe magnet is affixed to the cantilever. This will allow direct heat sinking of the sample. 

These first studies on Co trilayers serve to demonstrate the ability of FMRFM to measure 
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the anisotropy energy, thickness, and interface roughness of very thin magnetic multilayers of 

microscale lateral dimensions. Distinct signals from thin Co/Cu/Co trilayers were observed, 

with thickness of -50A and -100A. The lateral size of these sample, 40 x 40µm, are much 

smaller than the typical scale ( mm2) of samples required in conventional FMR. The volume 

and surface anisotropies, Kv and Ks, were approximated and met experimental values 

found in the literature. 

Both FMRFM and conventional FMR have the ability to measure the surface effects 

on anisotropies as films become thinner. However, to our knowledge, effects on anisotropy 

energies due to the reduction of lateral dimensions have not yet been studied. Conventional 

FMR cannot provide measurements upon samples of micron dimensions. FMRFM, on the 

other hand, has the potential to characterize these lateral effects on such micron scale 

samples. 
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6 Conclusion 

6.1 Spatial resolution 

The experiments on YIG microstructures establish the physical principles of spatial reso

lution in FMRFM for two regimes related to the additional field from the probe magnet: 

(1) low fields (a few Gauss), which yield no discernible perturbation of the magnetostatic 

modes, and (2) higher fields (rv 60G), capable of producing a measurable effect on the 

RF absorption of certain modes. Two types of spatial resolution, which we term spatial 

sensitivity and direct spatial resolution, are explored. 

"UNPERTURBED" MAGNETOSTATIC MODES IN YIG MICROSTRUCTURES (LOW FIELD LIMIT) 

The dispersion relation of the YIG samples in the geometrical series R-Series remains 

relatively unperturbed by the probe magnet when the NiFe-tipped cantilever is located at 

least lOµm above the sample surface. The small additional field supplied by the probe 

magnet at this distance is only a few Gauss. The minimal effect of the probe magnet 

is reflected in the excellent agreement between experimental and theoretical values of the 

magnetostatic modes as a function of sample dimensions (Figs. 4.6, 4.8, 4.7, 4.9, and 4.10). 

The observed agreement of experimental and theoretical values confirms that the 

FMRFM technique provides measurement of ferromagnetic resonance in microscopic sam

ples with reasonable accuracy. It also validates the assumptions made in the approximation 

of the dispersion relation for microstructures. In these approximations, the internal fields 

Hi were evaluated only at the center of the sample and were determined for a sample com

pletely saturated along each axis. At the center of the sample, Hi is a minimum and 

therefore defines the bottom of a "potential well" which establishes the position of the 
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eigenvalue of the fundamental mode. The data suggest that the internal field can be ap

proximated by this simple method, and, at first pass, it is not necessary to perform explicit 

calculations with extensive computer modeling [29]. 

The simple model further assumes that the internal field was uniform across the di-

mensions of the sample. The good fit between theoretical and observations for higher order 

modes indicate that variations of the internal field were small enough to justify this assump-

tion. The measured variations in the mode amplitudes further verify that the approximated 

values of the wavenumber, assumed to be half wavelengths defined by the width and length 

of the sample (ky = ~' kz =¥),were reasonable. 

PERTURBED MAGNETOSTATIC MODES IN YIG MICROSTRUCTURES (HIGHER FIELD LIMIT) 

When the probe magnet is brought within a few µm of the sample surface, the additional 

field it supplies ( rv 60G) perturbs the dispersion relation of the sample (Fig. 4.18). The 

signal intensities of certain modes are observed to behave differently than those observed in 

the low field limit: the amplitude of the fundamental mode decreased, and the amplitudes 

of the higher order modes n = 7 and n = 9 are observed to increase. The simple 

model developed in Chapter 4.2 qualitatively accounts for these effects by decreasing the 

wavenumber of the mode in a small localized region (the interaction volume). The ratio of 

the signal intensities for the perturbed and unperturbed regimes (Eq. 4.18) indicate that 

modes with wavenumbers satisfying 

kyl 7r 
a=-~-

2 2 
(6.1) 

should exhibit the largest changes in intensity. This was indeed observed. The perturbation 

appears to alter the RF absorption (i.e., signal intensity) of certain modes over a small, 

localized volume of the sample. 

The observation of a "hidden" mode (Figs. 4.11, 4.12) further demonstrates the ability 

of the probe magnet to locally affect the dispersion relation in the higher gradient field 

regime. As the probe magnet was scanned across the sample dimensions, the localized 

perturbation from the high gradient field appears to create asymmetry in these suppressed 
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modes. The increase of the net magnetization of a hidden mode (ny = 2), which results 

from the asymmetry, increases the coupling of the RF field to the mode. The resulting 

increase in signal intensity of the hidden mode is large enough to be observed. 

In both cases, the resonance field Hres is still largely determined by the dimensions of 

the sample and by the external fields outside the interaction volume of the sample. In other 

words, the resonance fields are still comparable to what occurs in the weak gradient field 

case, i.e., the perturbed modes are not observably shifted. Instead, the intensities of the 

perturbed modes, which correspond to wavenumbers of unperturbed samples, become af

fected. These results indicate that the unperturbed region of the sample largely determines 

the effects of the perturbation within the interaction volume. This is a direct consequence 

of the strong magnetic coupling within the sample. These studies are a crucial first step to

ward understanding FMRFM in the high gradient field limit where the dispersion relations 

are expected to become completely determined locally. In this regime, FMRFM imaging 

becomes analogous with that of EPR MRFM (i.e., the limit of "direct" spatial resolution). 

SPATIAL RESOLUTION OF MAGNETIC PROBES 

Two types of spatial resolution are defined in Chapter 2: (a) "direct" resolution, in which 

the force and the resonance condition are determined locally, and (b) spatial sensitivity, in 

which the force is determined locally but the resonance condition is determined "globally" 

(i.e., by the sample geometry). 

The experiments in Chapter 4 indicate that the spatial sensitivity of FMRFM is approx

imately determined by the dimensions of the probe magnet. The sensitivity is determined 

by the mapping of magnetostatic mode amplitudes within the sample. For the rectangular 

50µm x 20µm x 15µm NdFeB particle, the spatial resolution was verified to be rv 50µm 

laterally and 18µm axially. The magnetic probe of the NiFe-tipped cantilever, which has 

a diameter of 4 - 6µm and a height of lOµm, achieved an unprecedented lateral resolution 

of < 15µm. The NiFe-tipped cantilevers are also able to detect the relative phase of the 

modes with a spatial resolution of 2µm (Figs. 4.14 and 4.15). 
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Direct spatial resolution was discussed in the previous section. The studies indicate 

that it will depend upon the strength of the gradient field of the magnetic probe. 

EFFECT OF THE FMRFM TECHNIQUE ON SIGNAL DETECTION 

The FMRFM measurement can alter the ferromagnetic resonance signal for non-optimal 

choices of certain parameters. The FMR signal amplitude and shape have significant 

dependence upon the RF field strength, the modulation amplitude of Hmod, and the angle 

of the RF field relative to the long axis of the sample. 

The RF field produced by the microstrip is observed to drive the FMR into a nonlinear 

regime at large RF input powers (Fig. 4.22). The effect results in a distorted FMR line 

shape and a broadened line width. These effects are found to be qualitatively similar to 

spectra obtained by Fetisov et al.[62] under similar experimental conditions. For low RF 

powers, the FMR remains in a linear regime, and the signal shape and line width are not 

distorted. 

For amplitudes of Hmod larger than the line width of the sample, the signal amplitude 

is reduced. Furthermore, features of the sample with resonance fields separated by less 

than the amplitude of Hmod will be unresolved due to the averaging of the signal over the 

field equal to Hmod (Fig. 4.25). 

The angle of the RF field relative to the long axis of the sample is observed to have a 

significant effect on the signal intensity. A dramatically reduced signal intensity is observed 

for the RF field oriented along the long axis of the sample. The precession angle of the 

moments is influenced by the RF demagnetization factors of the sample (which are deter

mined by the orientation of the sample with respect to the RF field). An approximation 

of the magnitude of this effect is found to be in reasonable agreement with the data (Fig. 

4.26). 
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6.2 Characterization of magnetic microstructures 

The ability of FMRFM to characterize the crucial properties of magnetic microstructures 

are demonstrated by the measurements upon YIG microstructures and metallic thin films. 

The YIG microstructures were discussed in the sections above, and will concentrate here 

on metallic films. 

Single and multilayer metallic thin films, similar to GMR devices, have been character

ized on a lateral scale ( 40 x 40µm) orders of magnitude smaller than which is required by 

conventional methods. The gradient field in these experiments was insufficient to provide 

lateral spatial resolution of the magnetostatic modes within the samples. 

Single layer Co films, obtained from different deposition methods, were characterized. 

The relative differences in the measured anisotropy energies resulting from the deposition 

methods were determined. The experimental values were reasonable within qualitative 

analysis. The measured dependence of the resonance field on the angle of the external field 

relative to the film plane closely fit theoretical predictions. 

Multilayer samples (Co/Cu/Co trilayers), which had thickness of "-'50A and "-'lOOA, 

were characterized. The volume and surface anisotropy energies, Kv and Ks, were deter

mined for individual layers and had reasonable agreement with experimental values found 

in the literature. The apparent thickness of the 50A layer was determined to be "-'30A. The 

reduced thickness could be explained by interface effects. 

These first studies on magnetic thin films demonstrate the ability of FMRFM to mea

sure the anisotropy energies, thickness, angle dependence on H, and interface roughness 

of individual layers within a multilayer sample. The FMRFM sensitivity to small sam

ples also demonstrates its potential to characterize the lateral effects produced by reduced 

dimensions of micron scale samples. 
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6.3 Future directions 

6.3.1 Current apparatus challenges 

Several challenges in optimizing the FMRFM technique remain to be investigated. Pre

liminary work is presented at the end of Chapters 3 and 4. 

Sweeps to higher magnetic fields in the new FMRFM apparatus reveal a new unidentified 

resonance, shown in Figure 4.27. The most likely source of this signal is an FMR signal 

from the NiFe-tipped cantilever. This possibility could be verified by using cantilevers 

tipped with different magnetic materials, such as Co. 

When the probe magnet is brought close to the surface (:S lµm), the thermal peak of 

the NiFe-tipped cantilever exhibits Q damping. This effect may be caused by domain wall 

fluctuations in the NiFe-tipped cantilever [66], [67]. Furthermore, the tip is attracted to 

the magnetic sample and can become magnetically pulled in to the surface. The attraction 

of the probe magnet to the sample surface can be nulled by designing magnetic probes 

on mechanical resonators that utilize the perpendicular geometry. The motion of the 

mechanical oscillations would be then parallel to the surface. This option is explored in 

Appendix E for magnetic films on Si beams. 

Samples, especially metallic films, can experience destructive effects from eddy current 

heating when placed in the RF field. This problem can be reduced by heat sinking the 

microstrip. Thus, microstrips on sapphire, which possess superior heat sinking qualities to 

that of the Duroid, are currently under development. 

6.3.2 Future experiments 

SPATIAL RESOLUTION IN YIG 

Experimental and theoretical work is being continued on localized perturbations in YlG 

microstructures as a function of gradient field strength. Studies on the mode intensities as 

a function of tip-to-sample distance (i.e., gradient field strength) will be explored for smaller 

separations in order to determine the gradient field limit in which "direct" spatial resolution 
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can be attained. The simple model, which qualitatively accounts for the observations of the 

perturbed sample (higher gradient field limit) , will be development into a more sophisticated 

model. 

SPATIAL RESOLUTION IN METALLIC FILMS 

Several new experimental difficulties arise in attaining spatial resolution in metallic films 

instead of in YIG microstructures. 

First, metallic films such as Co or NiFe typically exhibit broad linewidths of order 

50 - lOOG, whereas YIG has narrow linewidths of order 1 - 3G [63]. Therefore, the FMR 

signal of metallic films will be distributed over a larger spread in the external field. Thus, 

the spatial variation if the signal becomes quite weak and spatially resolving ferromagnetic 

mode amplitudes will become more difficult. 

Second, the anharmonic modulation technique must be carefully applied since the 

modulations of the field amplitudes will be smaller than the linewidth. The modulation 

field Hmod, which is only a few gauss, will be unable to shift the sample completely in and 

out of the resonance condition. 

Third, the total magnetic moment , and thus the signal intensity, of the metallic films is 

reduced compared to YIG samples of comparable lateral dimensions. Metallic thin films are 

typically orders of magnitude thinner than the YIG films in this study. Their magnetization 

(magnetic dipole density) ( 47r Ms( Co) = l 7.6kG) is an order of magnitude greater than YIG 

films (47rMs(YIG) = l.75kG) . Thus, the SNR may decrease by a factor of order rv 100. 

The FMRFM signal can be enhanced by increasing the Q of the cantilever. If the experiment 

is performed in vacuum, however, problems due to sample heating are exacerbated because 

of the absence of convective cooling. 

An experiment to characterize micron scale metallic films, namely single crystal Co dots, 

is currently in progress. The dimensions of these Co structures will be varied in order to 

determine the minimum detectable volume and to explore the effects of reduced lateral 

dimensions on the anisotropy energy in metallic films. The localized perturbation due to 

a strong gradient field will also be investigated in these metallic films. 
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MULTILAYER FILMS 

Multilayer films may exhibit coupling between magnetic layers that are separated by a non

magnetic layer with thickness of only a few monolayers. The exchange energy between the 

magnetic layers is a vital characteristic of GMR devices. An experiment to demonstrate 

the ability of FMRFM to characterize the exchange energies as a function of the individual 

layer qualities (thickness, anisotropy energies, and interface qualities) is currently planned. 
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A Notations 

FMRFM Ferromagentic resonance force microscopy 

NMRFM Nuclear magnetic resonance force microscopy 

FMR ferromagnetic resonance 

NMR nuclear magnetic resonance 

EPR electron paramagnetic resonance 

DPPH 2 ,2-diphenyl-1-picrylhydrazyl 

YIG yttrium iron garnet 

F force 

V' H field gradient 

M magnetization 

k force constant of mechanical osciallator 

f c, We resonance frequency of mechanical osciallator 

Q quality factor of mechanical osciallator 

H external magnetic field 

Hres the external field at resonance 

w frequency of resonance precession 

HRF RF magnetic field 

Hmod modulation field of external field 

m RF component of the magnetic moment 

D.H (resonance) line width 

H eff total magnet field due to the external, anisotropy, and demagnetization fields 

iiu uniaxial anisotropy field 

iid demagnetization field 

/ gyromagentic ratio. g=2 for electrons 

Hi the internal magnetic field ( = H + Hd) 



ki 

Ms 

Ku2 

Keff 

Kv 

Ks 

N 

fRFmod 

fHmod 

8H 
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the wave number of magnetostatic mode 

saturation magnetization 

uniaxial anisotropy energy 

the effective anisotropy energy 

volume anisotropy energy 

surface anisotropy energy 

demagnetization vector 

the ith component of the internal magnetic field 

wavelength of the laser light 

frequency of the amplitude modulation of the RF field 

frequency of the modulation field Hmod 

small local field from the magnetic probe 
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B Thermal noise and sensitivity in 

mechanical resonators 

B.1 Introduction 

To determine the response of an oscillating beam or cantilever, there are two equations of 

motion to consider. There are modes of oscillation where each particle of the beam executes 

simple harmonic motion (SHM) in the same period and phase. Period is independent of x, 

but amplitude is a function of x. So the frequency response of a particular point of a beam 

(for example, the free end of a cantilever) follows SHM, but its amplitude is determined by 

the shape of the beam which may not be a simple harmonic oscillator (SHO). The general 

equation is [84] 

y(x, t) = u(x) sin( wt+ <P) = u(x) ei(wt+<f>) (B.1) 

where y(x, t) is the amplitude, u(x) is the motion of the beam, and w is the resonance 

frequency of the oscillator. 

To determine the vibration response of a beam due to thermal noise, two equations of 

motion are involved. 

1. ei(wt+<f>) is the simple harmonic motion (SHM) of a particular point of the beam, such 

as the free end of a cantilever or the center of a uniform beam. This determines the 

frequency response (or transfer function G ( w)) of that particular point (see section 

B.2). 

2. u(x) is determined by the transverse oscillations of a mechanical oscillator, such as a 

doubly clamped beam. From this equation, k, w and 8 for a particular section of the 

beam is found (section B.3). 
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Figure B.l: A doubly clamped beam of thickness t, width w, and length L. The motion of 

the cantilever, u( x), is indicated. 

B.2 Sensitivity equations 

The calculation of the force sensitivity of mechanical oscillators presented here follows the 

derivation by Butt [81] and Stowe [83]. 

The equation of motion for a SHO is 

d2u du k F(t) d2u + 2 du 2 _ F(t) mdi'I + c dt + u = or di'I / dt + w 0 u - m , (B.2) 

where mis the mass, I is the friction coefficient, Q is the quality factor, and k is the force 

constant. Note that for large Q, 21 = .6.w ~ 7J- and wo = JF;,. 
Assume that the solutions to the motion of the mechanical oscillator and that the force 

function have the forms 

u(w, t) 

F(w', t) 

u(w)eiwt, 

F(w') eiw't 

(B.3) 

where w is the resonance frequency of the oscillator and w' is the driving frequency of the 
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force. Putting these into the equation of motion B .2, a general solution is obtained: 

1 ei(w'-w)t 
u(w) = F(w')- = F(w') G(w' ,w) . 

m ( w2 -w6 - iwQo) 
(B.4) 

For w = w', this simplifies to 

r 
1 (w2 -w6) +i~ 1 

u(w) = F(w) - ( Q 2) = F(w) G(w) 
m (w2-w6)2+(wQo) 

(B.5) 

where G(w) is a transfer function defined by the brackets above. 

The force can be Fourier transformed by the relation F(t) = 2~ .J Sp(w') eiw'tdt. For 

white noise (thermal noise), Sp(w') is a constant, or a flat power spectrum. In the case 

w = w', the mean square deflection of the mechanical oscillator caused by thermal vibrations 

is 

(B.6) 

where Sp is the flat power spectrum of the thermal force noise, and G(w) is the transfer 

function of the mechanical oscillator (i.e., its response to frequencies). For Q >> 1, the 

integral can be evaluated to get: 

1/2 _ {4 
SF -y~kXrms (B.7) 

For a system in thermal equilibrium, the equipartition theory states that each inde

pendent quadratic term in its total energy has a mean value of ~kBT. We define the 

relation: 

Ubeam 
(B.8) 

U Cantilever 

where Ux is the bending (or potential) energy, keff is the effective force constant, and 

8 is the maximum displacement which occurs at one point. We could also define 8 in 

terms of displacement averaged over the mode shape. However, we measure a maximum 

displacement, so we define it at one point. This displacement is the cumulative effect over 

all frequencies (i.e., in the time domain). 
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Relating ~kBT to the displacement of the mechanical oscillator due to all frequencies, 

00 

2 2 I 2 kBT 8 = Xrrns =Sp IG(w)I dfJ.J = y;-· 
. eff 
0 

(B.9) 

Or, one can view it as relating the thermal noise in the time domain to the thermal noise 

in the frequency domain: 

kBT 
Sp = 

00 2 = constant (flat noise spectrum) 
keff .fo IG(w)I dfJ.J 

(B.10) 

Combining the displacement (Eq. B.9) with the thermal force noise (Eq. B.7), the force 

spectral density of the thermal fluctuations is obtained: 

in uni ts of [ N ] vHz . (B.11) 

Since IF ( w) I = sj;/2, and using the functional form of the motion of the mechanical 

oscillator (Eq. B .5), the amplitude spectral density s;/2 is obtained: 

(B.12) 

Some special frequencies of interest are: 

On resonance: s112 _ s112 _g_ _ 4ksTQ in [ k] X - P keff - WQ keff 

w << wo s112 _ s112 ..l.. _ 
X - P w(5- in [k] (B.13) 

w >>wo s112 _ s112 ..l.. _ _l_ 4ksTw5 in [k] x-Pw4-w2 Qkeff 

B.3 Free vibrations of beams and cantilevers 

The physical parameters of mechanical oscillator, such as the force constant and frequency, 

are determined for cantilevers and doubly clamped beams. These calculations follow the 

derivations of Prescott [82] and Timoshenko [84], with help from Darrell Harringtion [85]. 
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Figure B.2: Thermal noise response of a Si cantilever with Jo= 12kHz,k = .08N/m at 

T=300K. For Q = 50 (in air) at 1 kHz, Sj/2 
= 2.4x10-3A/JHz. For Q = 2000 (vacuum) 

at 1 kHz, sj/2 = 3.7x10-4A/VHz. 

Assuming the beam is much longer than its width or thickness, the equation of motion 

for the transverse oscillation of a beam is 

(B.14) 

where p =density, E =Young's Modulus, A = area of the beam cross section, and I( x) =moment 

of inertia. For a uniform rectangular beam of width w, length L, and thickness t, 

1/2 

I= .! z 2 w(z)dz = _!_At2 = _!_wt3
, 

. 12 12 
-1/2 

the transverse equation of motion (Eq. B.14) is simplified to 

04u pA [J2u 
8x4 - EI 8t2 • 

(B.15) 

(B.16) 
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B.3.1 Normal modes 

There are modes of oscillation where each particle of the beam executes SHM in the same 

period and phase. The period is independent of x, but the amplitude is a function of x. 

A normal mode is expressed by: 

y(x, t) = u(x) sin (wt+</>)= u(x) ei(wt+ef>). 

Putting y(x, t) into the simplified equation of motion (Eq. B.16) yields 

where 

d4u 
-- 4 dx4 - mu, 

4 pA 2 
m = Eiw. 

(B.17) 

(B.18) 

(B.19) 

We assume that u(x) = Ae°'x, where a is a constant to be determined. Plugging u(x) into 

Eq. B.18 yields a 2 = ±m2 , so that a= ±m, ±im. Thus, the general solution is 

u(x) (B.20) 

A cos mx + B sin mx + H cash mx + K sinh mx 

where H = A1 + A2, K = A1 -A2 , A= A3 + A4, and B = i(A3 -A4). The value of y 

corresponding to u(x) is given by the above expression. The coefficients will be determined 

by boundary conditions. 

B.3.2 Boundary conditions 

(The frequency and effective force constants, w and keff, are determined for a point load 

[82][84]. 

In general, for a thin oscillating beam with a point load: 

(B.21) 



and the coefficients are 

For a clamped beam 
f,,' = 16.55 

C' ~ 1.028 
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For a cantilever : 

The derivations for the two cases are shown below. 

~I= 0.2575 

C' = 0.1615 

I. Cantilever (clamped at one end, free at the other end) 

(B.22) 

The boundary conditions for a cantilever clamped at one end and free at the other end 

are: 

at x = 0: 
y=u=O 

!!.JI.._ du_ 0 
&x - dx -

at x = L : 
!f....JJ_ - d2u - 0 
&x2 - dx2 -

&3 Y d3u 
~ = '(lXS" = 0 

(B.23) 

Using the boundary conditions (Eq. B.23) in the general solution (Eq. B.20), a set of 

equations which determine m and the coefficient relationships are determined. The roots 

of cos ml cosh ml = -1 each represent a mode. The lowest modes are: 

(B.24) 
1.875 4.694 7.855 10.996 

The shape of the beam for all modes is (taking R=constant): 

iwt [ cosh mx - cos mx sinh mx - sin mx ] y=Re --------
cosh mL + cos mL sinh mL + sin mL 

(B.25) 

For the fundamental mode: 

y = R [.3292 (cosh mx - cosmx) - .2417 (sinh mx - sin mx)] (B.26) 

Defining 8 =maximum amplitude, which is at x = L, the fundamental mode equation is 

renormalized: 

y = 8 [.500 ( cosh mx - cos mx) - .367 (sinh mx - sin mx)] (B.27) 

From Eq. B.18 and mL = 1.875, 

Jo ~ C' ;, ~, C' ~ .1615 (B.28) 
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To determine the effective force constant, keff, the energy of bending the beam is set 

equal to ~keff82 . keff is essentially an effective force constant, dependent on where along 

the beam x is determined. For a cantilever, kef f is determined at the free end, where 

deflection is maximum. 

U Bending Energy (B.29) 

L 

~EI82m4 
./ [.5 (cash mx + cos mx) - .367 (sinh mx +sin mx)] 2 dx 

0 

_2._Ewt382 (1.875)4 L 
24 . L 4 

t3 
(.129) EW L 3 8

2 

Setting UsendingEnergy = (.129)EWf;.82 equal to ~keff82 , the fundamental mode of a 

cantilever has an effective force constant of 

t3 
keff = (.2575) Ew L 3 . 

2 Beam (clamped at both ends) 

The boundary conditions of a doubly clamped beam are: 

at x = 0 and x = L : 
y=u=O 

!1JJ.. _du_ 0 
ax-dx-

(B.30) 

(B.31) 

Using the boundary conditions (Eq. B.31) in the general solution (Eq. B.20), a set of 

equations which determine m and the coefficient relationships are obtained. The roots of 

cos ml cash ml = 1 each represent a mode. The lowest modes are [84]: 

(B.32) 
0 4.730 7.853 10.996 14.137 
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The shape of the beam for all modes is (taking R=constant): 

. [ sinh mL - sin mL ] 
y = Reiwt h L L (cosmx - coshmx) + (sinhmx - sinmx) 

cos m +cosm 
(B.33) 

For the fundamental mode: 

y = R[-1.01781 (coshmx - cosmx) + (sinhmx - sinmx)] (B.34) 

Defining 8 =maximum amplitude, which occurs at x = t, the above equation is renormal

ized to: 

y = 8 [.630 (cosh mx - cosmx) - .619 (sinh mx - sin mx)] 

y' = m 28 [.630 (cosh mx + cosmx) - .619 (sinh mx +sin mx)] 

From Eq. B.18 and mL = 4.730, 

C' = 1.028 

The energy of bending the beam is: 

U Bending Energy 

L 

= ~{EI (d
2
y(x)) dx 

2 dx2 

0 
L 

(B.35) 

(B.36) 

(B.37) 

~EI82m4 .! [.630 (cosh mx + cosmx) - .619 (sinh mx +sin mx)] 2 dx 

0 

__!_Ewt382 (4.730)4 (.397£) 
24 L 

(8.274) EW ~: 82 

Setting UBendingEnergy = (8.274)EWb82 equal to !keff8
2

, the fundamental mode of a 

clamped beam has an effective force constant of 

t3 
keff = (16.55) Ew L3 

(B.38) 
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B.4 Determination of keff by beam deflection under a load 

The differential equation of a beam bending due to a transverse force (both uniform and 

point loads) is [82] (p.52) 

EI'tu1t = f (x) 

EifJ = F 

for a uniform load [ Force J f (x) - f Length ' -
(B.39) 

for a point force F 

For a thin beam, the shear stress due the beam bending is ignore (to first order) . The 

equations of motion (Eq. B.39) are solved by integrating four times and using the boundary 

conditions to determine the constants. Considering point loads only at the center of the 

beam (or at the end of the cantilever), the calculations yield 

Boundary 
uniform load point load 

Conditions 

Beam 
u(x) - __J_ (x4 - 2Lx3 + L 2x2 ) u(x) = 4{EI (-4x3 + 3Lx2) 

(B.40) 
- 24EI 

(clamped) 

Cantilever u(x) = 2'Er (x4 
- 4Lx3 + 6L2x2) u(x) = 6~1 (-x3 + 3Lx2) 

The maximum deflection, 8, can be determined at x = ~ for a clamped beam and at 

x = L for a cantilever. 

8 = f3 ~~ f for a uniform load 

8 = {31 ~~F for a point load 
(B.41) 

For small 8 and ignoring changes in the beam length due to flexing, the linear restoring 

force may be approximated. For a uniform beam (with I= 1
1
2 wt3 ), 

f restoring = <; ELw ( £) 3 8 uniform load 

Frestoring = <;
1 Ew ( £) 3 

8 point load 
(B.42) 
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Boundary uniform load point load 

Conditions (3 <; (3 <; 

beam (B.43) 

(clamped) 
1/384 32 1/192 16 

cantilever 1/8 .67 1/3 .25 

For the case of a doubly clamped beam and a point force, the restoring force constant 

is keff = l6Ew (f )3
. This compares favorably with Eq. B.38. 

B.5 Alternate method of obtaining wand k 

An alternate method may be used to determine w and k [82] [84] [85] . Simple harmonic 

oscillators will follow the relationship 

w = {k:;;' y-;;;;; (B.44) 

where kef f and me/ f need to be determined for a particular oscillator shape, mode, and 

location along the beam. 

The effective force constant may be determined for a particular point along the beam. 

Defining 8 as the maximum amplitude for a particular mode at point x along the beam as 

before, kef f is determined by the bending, or potential, energy: 

U- ~1oL EI( ) (82u(x))2 d - ~k 82 
- 2 x ox2 x - 2 e/ f .o 

(B.45) 

A moving beam has an effective mass because of its motion. This can be determined 

by using the kinetic energy of the beam: 

1 {L 2 2 1 2 
KE= 2 Jo µ(x)w iu(x) I dx = 2meffV (B.46) 

where µ(x) is mass per length (pA for a uniform cross section beam), and vis the velocity 

of a point mass at point x on the beam. (Using the amplitude and frequency, one can 

determine the acceleration and velocity.) Note that: 
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a) v will be different for different points along the beam and for different modes. 

b) meff < 'frltotal because the whole beam is not moving as a rigid body. 

B.6 Tables: sensitivity vs. cantilever size 

These are tables of expected vibration amplitude of a clamped beam for various fc, Q, and 

k values determined by the beam dimensions and air pressure. 

For a clamped beam (in the thin beam approximation derived above): 

For a clamped beam 

t3 
f,'Ew L 3 , 

f,' = 16.55 

C' = 1.028 

f o = C' __!____ {E £2y--;; 

For a cantilever : 

where t =thickness, w =width, and L =length of the beam. 

f,' = 0.2575 

C' = 0.1615 

(B.47) 

For single crystal Si: Y<lOO> = 130 x 109 N/m, Y<llO> = 169 x 109 N/m, and p = 

2332kg/m3 . 

A good approximation to find the amplitude spectral density (SJ/2
) and the force spec

tral density (SJ/2
) assumes a first order mode so that each point of the oscillator is a SRO. 

Thus, the s;l2 and SJ/2 are only affected through k and Jo. Then the spectral densities 

are 

8;12 = 

S l/2 -
F -

2kBTQ 
n:fok 

2kRTk 
n:foQ 

in [k] 
in [$r;] 

(B.48) 
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For doubly clamped beams at T = 300K : 

k= .1 N/m k= 1 N/m 

f (MHz) Q A (A/./Hz) S1j2 
( N/./Hz) A (A/./Hz) S1j2 

( N/./Hz) 
.5 10 .007 .70 x 10-15 .002 23 x 10-15 

103 .07 .07 x 10-15 .02 2.3 x 10-15 

105 .7 .007 x 10-15 .2 .2 x 10-15 

5 10 .002 .23 x 10-15 .0007 7.3 x10-15 

103 .02 .02 x 10-15 .007 0.73 x10-15 

105 .2 .002 x 10-15 .07 0.07 x 10-15 

For doubly clamped beams at T = lOK : 

k= .1 N/m k= 1 N/m 

f (MHz) Q A (A/./Hz) S1j2 
( N/./Hz) A (A;./Hz) S1j2 

( N/./Hz) 
.5 10 .0013 .13 x 10-15 .0004 4.2 x 10-15 

103 .013 .013 x 10-15 .004 0.42 x10- 15 

105 .13 .0013 x 10-15 .04 0.042 x 10-15 

5 10 .0004 .04 x 10-15 .00013 1.3 x 10-15 

103 .004 .004 x 10-15 .0013 0.13 x 10-15 

105 .04 .0004 x 10-15 .013 0.01 x 10-15 
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C Processing details 

C.1 NiFe-tipped cantilevers 

IN GENERAL 

A layer of photoresist is coated onto Si commercial AFM cantilevers. Surface tension pre

vents the photoresist from coating the region of the tip. Without breaking vacuum, the 

tip surface is cleaned with a short ECR etch and permalloy is sputtered onto the can

tilever. The lift-off in acetone removes the excess permalloy, leaving only the tip region 

coated. The cantilevers are Silicon-MDT SC12 series Ultrasharp tips. The photoresist is 

Microposit 1813 (positive). 

SPECIFICS 

Spin A centered chuck is used to spin-coat photoresist onto the cantilever. The substrate 

of the mechanical resonator is placed at the center of the chuck, which results in the 

tip of a mechanical resonator being approximately l.75mm off the axis of rotation 

of the chuck. This placement causes photoresist to spread in one direction along the 

cantilever arm towards the tip. Slow acceleration (5.0) and rotation speeds (5000 rpm) 

are used to force the photoresist onto the thin cantilever surface, without spinning all 

the resist off the cantilever. Slower speeds/ accelerations result in the resist being left 

on the substrate and not spread onto the cantilever arm. Faster speeds/ accelerations 

result in the resist being spun off the cantilever all together, or leaving most of the 

cantilever arm uncoated. It is then baked on a hot plate for 5 minutes at 100°C. 

ECR Etch/Sputter The tip surface is cleaned with a 10 second ECR Argon etch (100V, 

300W, Ar 15sccm). Without breaking vacuum, permalloy from a Nis9Fe19 target is 
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then RF sputtered onto the cantilever. The sputter conditions have been optimized 

for stress free films (Ar 20sccm, 5x10-3mTorr, I.IA/sec, power=200W). If the ECR 

cleaning step is skipped, the permalloy layer has been found to come off the cantilever 

tip upon slight contact. ECR cleaned tips tend to have stronger adhesion to the 

permalloy longer. This is vital to scanning applications. 

Liftoff The excess permalloy is removed through an acetone lift-off. Ultrasound cleaning 

( 5-60 seconds) is sometimes required to remove the permalloy from the cantilever 

arm. 

A commercial Si cantilever in its original uncoated state and with its tip coated with a 

layer of magnetic material (NiFe) is shown in Figure 3.13. 

C.2 YIG mask (thick photoresist) 

The protective mask used to make the YIG rectangle series used the following photoresist 

and recipes. 

Photoresist Shipley SJR 5740 microposit 

Developer Microposit 2401 (ratio: 30mL developer, 120ml H20) 

Spin 60 seconds, acceleration 10. For thickness, see table below. 

spinning rate (rpm) 

1000 

2000 

3000 

4000 

thickness (µm) 

15 

10 

8 

7 

Bake 1 hour at 80-90°C in an oven (not a hot plate). Longer bake times result in steeper 

sides. 
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Best results: Spin at 3000rpm, bake 1 hour. Repeat (two layers). Expose UV for 

2.0 minutes. Develop for 2.0 minutes. In the SEM, the photoresist had a thickness of 

13-15µm. 
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D 

Calculations of H d 

These numerical calculations were performed by Dr. Wei Chen using Mathcad. The 

magnetic sample has la teral dimensions a and b, and thickness c. For YIG, the bulk value 

47r Ms = 1750 Gauss was used. 

To calculate the internal field in the z direction, assume the magnetization is M, and the 

sample is polarized along the z direction (normal to the film plane). The scalar magnetic 

potential [79] along the normal centerline (0, 0, z) is 

<I>M(z) = + dxdy. la/2 jb/2 ( M (-M) ) 
· =a/2 -b/2 (x2+y2+ z2)1/2 (x2+y2+(c- z )2)1/ 2 

(D.l) 

Thus, the internal field component in the z direction, Hz,int, is given by: 

o<I>M(z) la/2 lb/2 ( M · z flll · (c - z) ) 
Hdz=- = I+ I dxdy. 

' oz . =a/2. -b/2 (x2+y2+z2)3 2 (x2+y2+(c-z)2)3 2 

(D.2) 

To obtain Hz,int at the center of the film, we set z = c/2, and use Mathcad to integrate 

given the dimensions of the samples. 

Similarly, we obtain Hx ,int and Hy,int by assuming the sample is polarized in the x or y 

direction: 

_ M = + dfjJiJ,:B) o<I> (z) lb/2 lc/2 
( M · x M·(a-x) ) 

ox . =b/ 2. -c/2 (y2 + z2 + x2)3/2 (y2 + z2 +(a - x)2)3/2 

_ M = + dzdx 0 <I> ( Z) lc/2 la/2 ( M . Y M . ( b - Y) ) 
oy . =c/2 -a/2 (z2 + x2 + y2)3/2 (z2 + x2 + (b - y)2)3/2 

where we put in the values x = a/2 and y = b/2 respectively, according to the sample 

dimensions. 

To calculate the resonance field H for microstructures: 

[H - 47r (Nz - Nx) M] x [H - 47r (Nz - Ny) M] 

[H - (Hd,z - Hd,x )] x [H - (Hd,z - Hd,y)] 

(D.4) 
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(D.5) 
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Magnetic films on high frequency 

cantilevers 

The resolution of MRFM can be increased by utilizing magnetic thin films as the probe 

magnet. Magnetic films, which produce large gradient fields near the edge, require the 

external field to be parallel to the film plane to saturate the magnet and to maximize 

the gradient field. Also, these thin films are typically deposited onto the flat surface of 

a mechanical oscillator. These two requirements can be satisfied with the perpendicular 

geometry. 

The sensitivity of the MRFM can be improved by reducing the thermal noise of the 

mechanical oscillator. This can be achieved by increasing the frequency of the mechanical 

oscillator. High frequency beams increase the data rate, reduce the thermal noise, and 

allow for the possibility of direct coupling to the resonance. 

The combination of these two improvements led to the development of thin magnetic 

films on high frequency Si beams, as shown in Figure E.l. These will be used in future 

MRFM experiments. The feasibility of producing thin magnetic films on high frequency 

Si beams for use in MRFM was determined in the early part of these studies. Further 

development of utilizing magnetic films on high frequency beams are being continued in our 

group. 

These preliminary studies demonstrated the feasibility of using magnetic films on high 

frequency beams as the mechanical force detector in MRFM. First, we verified the ability to 

detect the higher frequency beams with the fiber optical detection method used in MRFM. 

The beams are much smaller than the commercial cantilevers, which reduce the reflectively 

and increased the difficulty of aligning the fiber and mechanical resonator. The higher 

frequency yields a smaller thermal peak than the commercial cantilevers. Thus, the noise 
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Beam (Mechanical Oscillator) 

Magnetic film V H 

Figure E.1: An integrated mechanical detector for MRFM. The magnetic thin film is 

located at the center of the high frequency beam. 

floor of the fiber optic system compared to the thermal noise of the mechanical oscillator is 

important. Second, we developed new processing techniques to create mechanical oscillators 

with magnetic films. Optical lithography and chemical wet-etching techniques were used. 

E.0.1 Doubly clamped beams 

The force constant and resonant frequency of a mechanical oscillator, derived in Appendix 

B, are 

t3 
k =t;,'Ew L 3 , (E.1) 

where t;,' = 16.55 and C' = 1.028 for a doubly-clamped beam. The thermal force noise, 

Frms, which must be reduced is 

Frms = (E.2) 

From these equations it is clear that optimizing both We (large) and k (small) for small 

thermal noise cannot be done by simply increasing the length or reducing the thickness 

of the oscillator. Furthermore, there are limitations on the dimensions of the beam due 

to processing techniques. A range of values have been calculated and are shown in the 

table below. These are calculated for a Si doubly clamped beam with t = .2µm, w = 3µm, 

Q'"" 103 , .t::..f = lHz, and T = 293K. 
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We Jc L L/t k Fr ms 

l.OMHz l50kHz 75µm 375 .08N/m 1.1 x 10-15 

2.lMHz 333kHz 50µm 250 .26N/m 1.4 x 10-15 

5.8MHz .9MHz 30µm 150 l.22N/m 1.8 x 10-15 

As the table indicates, increasing the frequency results in shorter beams with higher 

force constants. The longer beams, with smaller force constants, have lower frequencies, 

and are also much harder to produce. Beams with L = 30µm were produced using op

tical lithography methods with a success rate of rv 30%. Only one L = 50µm beam was 

successfully produced and no L = 75µm beams were produced. 

The resonance characteristics of a Si beam with L = 30µm, coated with 60A Cr and 

220A Au along its length, was measured with two methods: electromotive force (EMF) and 

fiber optic detection. The EMF measurement also serves as a verification for the thermal 

noise spectrum obtained from the fiber optic detection method. 

First, the resonance frequency of the high frequency beam was measured using the 

electromotive force technique at a temperature of 4.2K in vacuum [80]. The beam was 

mounted in a chip carrier with the long axis of the beam perpendicular to the magnetic 

field. The magnetic field was supplied by a superconducting solenoid. Electrical connections 

to the Cr/ Au layer on the beam were made by Au wire bonds to the chip carrier. A network 

analyzer was used to drive an alternating current along the length of the beam and also to 

measure the response of the beam. The alternating current, perpendicular to the magnetic 

field, generates a Lorenz force which drives the beam perpendicular to both its length and 

magnetic field direction. The motion of the beam, because of the Cr/ Au layer, generates 

an electromotive force (EMF) along the length of the beam. The amplitude of the current 

created by the EMF is directly related to the oscillation amplitude of the beam. This 

EMF, corresponding to the cantilever response to the Lorenz driving force, is detected by 

the network analyzer. Thus, by driving the beam, the resonance frequency of the beam and 

its nominal Q is determined. The EMF response for the Si beam with L = 30µm in a field 

of 4.6T is shown in Figure E.2. The measured resonance frequency was 2.3MHz and the 

Q was rv 104 . 
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Figure E.2: The resonance response of a Si beam with L = 30µm in a field of 4.6T. The 

first, third, and forth harmonics are shown. 

Second, the high frequency beam was measured using fiber optic detection. This signal 

is not driven, as it was for the EMF method, and is the true thermal noise spectrum. 

The spectrum of the beam for a single shot measurement is shown in Figure E.3. The 

theoretical curve is determined by the physical properties of the beam, and has no fitting 

parameters (see Appendix B). The measured resonance frequency of 2.3MHz and the Q of 

rv 104 corresponds with the previous results determined by EMF detection methods. The 

noise floor of the fiber optic system is 0.02A/,,/Hz. 

The DC signal from the photodiode was used to position the fiber over the beam. The 

fiber core is 4µm, and the fiber and beam must be aligned within lµm. The Cr/ Au coating 

on the cantilever reflects the laser light with a greater intensity than the rough surface of the 

patterned Si. Thus, as the fiber is scanned over the substrate, the DC photodiode signal 

increases when the fiber is located above the beam. The center of the beam is determined 
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Figure E.3: Thermal peak of the L = 30µm beam, which has a resonance frequency of 

2.3MHz and a Q of 104 . The theoretical fit is based upon physical properties of the beam 

and has no fitting parameters. 

by mapping out the intensity of the reflected laser light versus position over the Si substrate. 

These measurements verified the feasibility of detecting and utilizing high frequency 

beams as the mechanical detectors in MRFM. 

E.0.2 Magnetic films 

To increase the resolution, large magnetic gradient fields are required. A thin NiFe mag

netic film can produce large gradients near its edge, on the order of 103 - 105 (see section 

"Perpendicular Force Geometry" ) . However, typical photolithography methods to produce 

Si beams use Ni as a protective layer that is later removed. This would destroy the NiFe 

film intended to serve as the gradient magnet. A new processing method was developed to 

create an integrated mechanical force detector. 




