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In the past few decades, magnetic recording has been used as a dominant solution for 

massive data storage due to its large capacity, excellent reliability and low cost. 

Nowadays, exponentially increasing user-generated information is creating a huge 

demand as well as great challenges for high density data storage solutions. For high 

density magnetic recording, or more specifically, for hard disk drives, the bit size of 

the recording medium has to be reduced. This requires the medium to have an 

increased coercivity to avoid data loss due to thermal instability. However, data 

recording in a high coercivity medium is challenging due to the limited practicable 

write field. Therefore, the requirements of high coercivity for data stability and low 

coercivity for writeability are conflicting. During the last 15 years, enormous research 

and engineering efforts have been invested in heat-assisted magnetic recording and 

bit-patterned media, endeavoring to solve this contradiction. In this dissertation we 

take an alternative approach and demonstrate that acoustic wave, or strain wave, 

could be used to address the tradeoff between writeability and stability. This 

technique is called acoustically assisted magnetic recording. 

 

The physics behind this technique is based on the inverse magnetostriction effect or 

Villari effect, by which the coercivity of a magnetostrictive material can be modified 

by strain. In operation, a surface acoustic wave is applied to a recording medium, 

where the resulting acoustic strain temporarily lowers the coercivity (thus makes it 



 

 

magnetically soft), enabling data to be recorded with a lower write field. The medium 

regains its high coercivity after the acoustic wave is removed and thus becomes 

magnetically hard for data stability. An experimental device consisting of an 

interdigitated transducer is designed and fabricated on a piezoelectric quartz substrate 

for generating the surface acoustic wave. Galfenol film with high magnetostriction is 

deposited as the recording medium on the same substrate. The acoustic wave 

propagates in the galfenol film and the resulting strain is measured by laser 

interferometry.  

In the proof-of-principle experiments for acoustically assisted magnetic recording, 

data are recorded in a strained magnetostrictive medium with a smaller write field 

than when it is unstrained. The required write field strength is lowered by ~10% with 

~100 ppm strain applied to the medium. A curved acoustic transducer is developed to 

focus the acoustic strain so large change in coercivity can be achieved in the focal 

spot and to demonstrate that an individual bit can be selectively written in the 

medium.  

In hard disk drives, rather than the low coercivity galfenol film, high coercivity 

material is used as the recording medium. L10 phase Fe50Pt(50-x)Pdx thin film is a 

promising candidate for next-generation high coercivity recording media and its 

magnetostriction is characterized regarding to the application of acoustically assisted 

magnetic recording. It is found that the magnetostriction of Fe50Pt(50-x)Pdx film is 

dependent on the Pd content. This suggests that the magnetostriction can be 

controlled and thus optimized by adjusting the film composition.  

Also, to apply the acoustically assisted magnetic recording technique to the practical 

hard disk drives, the acoustic transducer should be integrated in the write head and 

the generated acoustic wave needs to be air coupled from the head to the recording 

medium. An electromagnetic acoustic transducer is developed to investigate the 

possibility of coupling the wave through electromagnetic interaction. 

The investigation of mechanical-magnetic interaction between acoustic waves and 

magnetostrictive films also leads to applications other than magnetic recording. We 



 

 

demonstrate that various and controllable magnetization patterns such as periodic 

stripes (10 m periodicity) and single dot (3 m diameter) could be written in the 

magnetostrictive film by creating different acoustic interferences. This could be 

potentially used in magnetic particle manipulation, spatial light modulation and 

magnonic signal processing. Also, a surface acoustic wave magnetic field sensor 

using galfenol thin film is successfully demonstrated. Here, based on the ΔE effect, 

the velocity of acoustic wave propagating in the galfenol film is measured to 

determine the magnetic field. Since galfenol is highly magnetostrictive, a maximum 

velocity change of 6.4% is achieved, much larger than previously reported results in 

similar systems.  
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Chapter 1. Introduction 

 

1.1 Basics of Ferromagnetism 

1.1.1 Magnetic Dipole Moment 

An atom, the fundamental particle of matter, consists of electrons and nucleus. One 

fundamental property of an electron, besides its electrostatic charge, is that it has a 

spin. Spin is a quantum mechanical concept and can be simply conceived as an 

electron rotating about its own body axis with a certain spin angular momentum. The 

spin generates a small magnetic diploe moment and makes an electron behave like a 

small permanent magnet (Fig. 1.1a). Meanwhile, an electron travels along an orbit 

about the nucleus and thus has an orbital angular momentum, which also creates a 

magnetic dipole moment. Generally for an electron, the orbital moment is weak 

compared to the spin moment. The nucleus also spins about itself and possesses a 

nuclear spin moment but with a much smaller amplitude compared to that of an 

electron and thus is usually neglected. 

      

Fig. 1.1. (a) Electron spin moment (b) Exchange interaction tends to align electrons in 

the same direction in ferromagnets. 

At the atomic level, if the dipole moments from all the electrons are lined up, the 

atom manifests a net dipole moment equal to the sum of all the spin and orbital 

magnetic moments. According to quantum mechanics, the electron spin can only have 

(a) (b) 

Electron  

Spin 



2 

 

 

two states, either spin up or down. For atoms with fully filled electron shells, the spin-

ups cancel the spin-downs and the total dipole moment is zero. Thus, many transition 

metal atoms with unpaired electrons have a net magnetic moment. 

 

1.1.2 Ferromagnets 

For most materials, the dipole moments of the atoms orient randomly and cancel out 

with each other. Only when an external magnetic field is applied, they tend to align 

with the field and exhibit a net magnetization. This group of material is called 

paramagnets. However, for materials like iron, nickel and cobalt, they show a 

spontaneous magnetization and they are categorized as ferromagnets. In ferromagnets, 

their dipole moments are lined up spontaneously due to a short-range quantum 

mechanical effect – exchange interaction (Fig. 1.1b). Exchange interaction is related 

to the Pauli Exclusion Principle, which requires that one quantum state can only be 

occupied by two electrons with opposite spins. Physically, the exchange interaction in 

ferromagnets can be conceived as following: for the neighboring atoms with 

overlapped electron orbits, if the unpaired electrons have the opposite spins, they 

could share one quantum state. However, if the electrons have the same spin, they 

will tend to stay farther apart from each other. This decreases the electrostatic energy 

and is favorable to the system. Therefore, from the perspective of reducing the system 

energy, those interatomic unpaired electron spins tend to align with each other and 

form a spontaneous magnetization.  

 

1.1.3 The Curie Temperature 

The spontaneous magnetization of ferromagnet, or the ordering of the magnetic 

moments due to the exchange interaction among atoms, depends on the temperature. 

Beyond a critical point, that is the Curie temperature, Tc, the spontaneous 

magnetization vanishes and the ferromagnet behaves like a paramagnet with 
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disordered magnetic moments. However, this is a reversible process that when the 

temperature drops below the Curie temperature, the spontaneous magnetization 

recovers. Table 1.1 lists the Curie temperature for a few common ferromagnetic 

metals [1]. 

Table 1.1. Curie temperature of common ferromagnets. 

Material Curie Temperature Tc 

Iron 1044 K 

Nickel 628 K 

Cobalt 1388 K 

Magnetite 856 K 

 

 

1.1.4 Hysteresis Loop 

Besides the spontaneous magnetization, another essential characteristic of 

ferromagnet is the hysteresis loop, which describes a nonlinear and irreversible 

magnetization, M, when subjected to an external magnetic field, H. Unlike 

paramagnet, whose magnetization goes back to zero right after the removal of the 

external field, the magnetization of ferromagnet remains to some degree (depending 

on whether the material is magnetically hard or soft). When a field is imposed on a 

ferromagnet and swept from negative to positive, the magnetization tries to follow the 

field. A typical M(H) loop is shown in Fig. 1.2. It shows several key properties of the 

material such as the saturation magnetization, Ms, the remanence, Mr and the 

coercivity, Hc. Ms is the maximum achievable magnetization when the sample is 

saturated by the field; Mr is the magnetization when the external field is removed; Hc 

denotes the coercive field at which the magnetization equals to zero or its direction 

flips. The hysteresis loop of a ferromagnet is typically measured by a vibrating 

sample magnetometer. 
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Fig. 1.2. A typical hysteresis loop of a ferromagnetic material. 

 

1.1.5 Magnetic Domains 

In a ferromagnet such as iron, if all the atomic magnetic moment are ordered 

spontaneously, it becomes a permanent magnet and generates a magnetic field. In 

practice, however, not every iron piece behaves like a magnet and could be attached 

to the fridge as a magnetic sticker. The physics behind this phenomenon is that 

besides the exchange interaction, there is a second competing force, the dipole to 

dipole interaction, which tends to align the neighboring dipole moments in the 

opposite directions. At short range, the exchange interaction wins. However, at longer 

range, the dipole interaction dominates. As a result of these two competing forces, the 

ferromagnetic material spontaneously divides into multiple tiny regions, called 

domains. Within the magnetic domain, all the magnetic moments are aligned. 

However, among the domains, the magnetization of each domain is pointing in a 

different direction so that the magnetic field is reduced with each other. This results 

in a lower total magnetostatic energy and it is favorable. Typically, the magnetic 

 Magnetization, 

M 

Magnetic Field, H 
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c
 

Saturation magnetization M
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domains can be observed through magneto-optical Kerr effect microscopy and Bitter 

pattern technique. 

 

1.1.6 Magnetic Anisotropy 

Magnetic anisotropy means that a material requires more energy to be magnetized 

along certain axis, or the hard axis. In other words, there is a favorable direction, the 

easy axis, along which the spontaneous magnetization tends to align in order to reach 

a lower energy. Generally, magnetic anisotropy originates from three sources: shape 

anisotropy, induced anisotropy and magnetocrystalline anisotropy. 

Shape anisotropy is derived from the demagnetizing field, which is essentially a 

dipole to dipole interaction. The demagnetization factor, N, depends on the direction 

of the magnetization, Ms, with respect to the shape of the sample. The demagnetizing 

field tends to reduce the effective field inside the sample and thus determines the total 

magnetostatic energy per unit volume, Em. For a ferromagnetic ellipsoid with uniaxial 

shape anisotropy,  

2

0

1

2
m sE NM  [J/m

3
]    (1.1) 

whereis the permeability of vacuum space. The shape anisotropy constant, Ksh, is 

expressed as [2]:

2

0

1
(1 3 )

4
sh sK M N  [J/m

3
]    (1.2) 

Induced anisotropy can be generated when an external stress is applied along one axis. 

The stress induced anisotropy constant, uK  , is expressed as [2]: 

3

2
u sK    [J/m

3
]    (1.3) 

where sis the saturation magnetostriction and is the applied stress. Annealing or 

depositing a film under an applied magnetic field also induce an anisotropy. Details 

of the stress induced anisotropy and related concepts will be covered in Chapter 3. 
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Magnetocrystalline anisotropy is an intrinsic property of a ferromagnet.  It depends 

on the orientation of magnetization with respect to the crystalline axes.  For example, 

the easy axis of the face center cubic nickel is [001] and the hard axis is [100] while 

for the hexagonal close packing cobalt, the easy axis is [111] and hard axis is [100]. 

The related anisotropy energy depends on the uniaxial magnetocrystalline anisotropy 

constant, Ku, and it can be written as: 

2sinm uE K   [J/m
3
]    (1.4) 

where  is the angle between the magnetization and the easy axis. 

 

1.2 Magnetic Material Characterization 

In this work, the magnetic thin films are mainly characterized by magneto-optical 

Kerr effect microscope (MOKE) and a vibrating sample magnetometer (VSM). This 

section discusses the capabilities and basic operation principles of these two 

measurement systems. At the end of this section, another important characterization 

technique, ferromagnetic resonance (FMR), is discussed. 

1.2.1 Magneto-Optical Kerr Effect Microscopy 

Generally there are two principal magneto-optic effects: the Faraday effect and the 

Kerr effect. In the Faraday effect, a linear polarized light passes through a transparent 

magnetic medium while in the Kerr effect, the light is reflected at the surface of a 

magnetic sample. In both cases, the polarization of the incident light is altered by the 

magneto-optic interaction and this change reveals the magnetization structure in the 

sample. The fact that Kerr effect does not require the sample to be transparent, 

together with its non-invasiveness to sample and high sensitivity to magnetization, 

render it as a widely used magneto-optic technique in the characterization of 

magnetization in ferromagnetic material.  
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There are three major modes of magneto-optical Kerr effects (MOKE), categorized 

by the direction of the magnetization, as shown in Fig. 1.3. For the polar Kerr effect, 

the magnetization is normal to the sample surface plane and the incident light is 

required to be normal to the surface. It is usually used to observe the magnetic 

domains in material with perpendicular anisotropy. For the longitudinal and 

transverse Kerr effects, the magnetization is in the surface plane for either cases, but 

parallel or perpendicular to the light incident plane respectively. These two modes are 

suitable for characterizing magnetic material with in plane anisotropy. Generally, the 

polar mode is more sensitive to the magnetization than the other two modes. 

 

 

Fig. 1.3. Illustration of three modes of the Kerr effect: the polar, longitudinal and 

transverse Kerr effect.   is the angle between the incident light and the sample 

surface normal.  

The physical principle behind the Kerr effect is illustrated in Fig. 1.4, assuming 

working in polar mode. An incident light beam, normal to the sample surface, is first 

polarized by a linear polarizer, whose polarization axis lies along x-direction. Thus, 

the plane of electric field of the incident light is in the x-z plane. Once the light hits 

the sample surface, the electrons are agitated by the electric field and begin to 

oscillate in the electric field plane with velocity, v. At the same time, these oscillating 

electrons with charge, q, experience another force, effected by the magnetic field, B, 

from the magnetization. This is the Lorentz force and is defined as: 

M 

 

M 

M 

Polar  Longitudinal Transverse  = 0 

  

 > 0 > 0 
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F qv B       (1.5) 

This force is along the y direction and it results in a Lorentz motion along y direction 

on the electrons; they no longer oscillate in the x-z electric field plane but in a plane 

offset by a small angle due to the y component. This Lorentz motion 
lorV  can be 

expressed as Eq. 1.6, where M  is the magnetization of the sample and E  is the 

electric field. 

lorV M E       (1.6) 

 

 

Fig. 1.4. Lorentz motion induced by the magnetization to the polarization state of 

light. 

Thus, when the incident light is reflected on the surface of a ferromagnetic sample, its 

polarization axis is altered by a small angle, , and the change is defined as the Kerr 

amplitude, 
KA , as seen in Fig. 1.5. 
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Fig. 1.5. The polarization of the incident light is shifted by the Kerr effect.  

NA  is the original polarization axis and 
totA  is the modulated one. The rotation angle 

is defined as: 

=arctan K K

N N

A A

A A
      (1.7) 

This angle can be calculated mathematically using the Maxwell equation with proper 

boundary conditions. This angle is tiny with a typical value of 0.01 degree. When this 

modulated light passes through an analyzer (essentially, a polarizer) with its 

polarization axis perpendicular to that of the first polarizer, only the 
KA  component is 

allowed to pass through and is detected by a camera.  

In the practical operation, the magnetic sample is usually demagnetized and 

neighboring domains have magnetization pointing in opposite directions. Thus when 

the incident light interacts with the two magnetization, the generated Kerr 

components, 
1KA  and

2KA , point in opposite directions as well (see Fig. 1.6). The axis 

of the analyzer is thus titled by a small angle close to so that light reflected from 

one domain (
2totA ) is completely blocked while the other one (

1totA ) is observable. 

This makes one magnetization appear dark and the other bright in the Kerr image and 

thus can be differentiated and analyzed.  

 

A
tot

 

A
N
 

A
k
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Fig. 1.6. Generated Kerr components, 
1KA  and

2KA , point in opposite directions. 

A MOKE microscope was implemented by the author for the characterization of 

magnetic thin films. Fig. 1.7 illustrates the schematic of the optical path and 

components in the microscope.  The light source is a high intensity mercury lamp 

with 546 nm light wavelength. Compared to a mercury lamp, a laser light source is 

more stable but has a tendency of strong interference fringes and speckle. A halogen 

light source is not recommended because of its continuous spectrum, which results in 

interference between light in different wavelengths. 

LPVISB050 (Thorlabs, Inc.) linear polarizers are employed in the microscope. They 

have high extinction ratio of 100,000:1 from 520 nm to 600 nm. A high sensitivity 

and low noise Qimage Retiga 2000R CCD (charge coupled device) camera is used. It 

has a small dark current less than 0.5e-/pixel/s at non-cooled working state.  Fig. 1.8 

shows the implemented MOKE microscope. 
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Fig. 1.7. The optical path of magneto-optical Kerr effect microscope. 

 

Fig. 1.8. The magneto-optical Kerr effect microscope implemented in the author’s 

laboratory. 
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Two Kerr images are given here as examples. Fig. 1.9 shows the magnetic domain of 

a 160 nm thick FeCoBSi film with in-plane anisotropy measured in longitudinal Kerr 

mode.  The magnetization in the hexagonal magnetic domains form a closed magnetic 

path to minimize the magnetostatic energy (see the white arrows). Fig. 1.10 is the 

polar Kerr image captured on an yttrium iron garnet (YIG) film whose magnetic 

domain appears in a stripe pattern. This is typical for samples with perpendicular 

anisotropy.  

 

     

Fig. 1.9. Magnetic domain of 160 nm FeCoBSi thin film. 

 

 

Fig. 1.10. Magnetic domain of YIG film. 
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40 µm 
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1.2.2 Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM), first invented by Simon Foner [3], is 

widely used to measure the magnetic moment of a sample.  

 

Fig. 1.11. Schematic of the VSM system in the author’s laboratory. 

A VSM typically consists of a pair of electromagnets, a mechanical resonator and a 

set of pick-up coils, as shown in Fig. 1.11. The signal is detected by a lock-in 

amplifier and processed in computer. The sample is magnetized in a uniform 

magnetic field, H, provided by the electromagnet and physically vibrates 

perpendicular to the field. As it vibrates, the magnetic flux at the pick-up coil changes 

and this change is detected as voltage through Faraday’s law [4]: 

d dB
V N NA

dt dt


        (1.8) 

Here V is the induced voltage on the pick-up coils, N is the number of turns in the coil, 

A is the area of the coil, is the magnetic flux, and B is the magnetic flux density 

detected by the pick-up coils. Since the applied magnetic field, H, is constant, the 

change in the magnetic flux density is only due to the sample vibration:  
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0
0

[ ( )]dB d H M dM dx

dt dt dx dt





     (1.9) 

The magnetic flux density changes at the same rate as the sample vibrates and the 

induced voltage is measured by a lock-in amplifier with the vibration frequency set as 

the reference frequency.  The sensitivity of a VSM can be improved by optimizing 

the pick-up coil configuration [5] and typically magnetic moment as small as ~10
-8

 

Am
2
 can be detected [1]. Usually the external field, H, is swept to obtain a hysteresis 

loop. Fig. 1.12 shows the hysteresis loop of a FeGa thin film measured with it. 

 

Fig. 1.12. The hysteresis loop of a 120 nm FeGa thin film measured in VSM. 

 

1.2.3 Ferromagnetic Resonance 

Ferromagnetic resonance spectroscopy is a common technique widely used to probe 

the magnetization, the anisotropy field and the gyromagnetic ratio of a ferromagnetic 

sample. It is observed when the sample is magnetized in a uniform magnetic field and 

an additional transverse oscillating field exerts a torque on the sample magnetization, 

exciting precession. The oscillating magnetic field is usually generated by a 

microwave signal and if the microwave frequency matches with the magnetization 
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precession frequency, a resonance absorption of the microwave can be detected. The 

precession frequency, f, is determined by the internal effective field in the 

ferromagnetic sample that includes the external field and the demagnetization field. 

The resonance frequency is given by the Kittel equation [6]: 

0 [ ( ) ][ ( ) ]
2

ext x z ext y zf H N N M H N N M
 


       (1.10) 

where  is the permeability of free space,  is the gyromagnetic ratio, Hext is the 

external magnetic field, M is the magnetization and Nx, Ny, Nz are the demagnetization 

factors in the sample. The magnetocrystalline anisotropy field, Hk, also impacts the 

internal effective field and can be added in the above equation. Table 1.2 summarizes 

the resonance frequency in some special cases such as a sphere and thin film. 

Table 1.2. Resonance frequency in sphere and thin film. 

Sample 
xN ,

yN , zN  Resonance frequency 

Sphere 1/3, 1/3, 1/3 
0 ( )

2
ext kf H H

 


   

Thin film  

( extH  in film plane) 

1, 0, 0 
0 ( )( )

2
ext k ext kf H H H H M

 


     

Thin film  

( extH  normal to film 

plane) 

0, 0, 1 
0 ( )

2
ext kf H H M

 


    

 

1.3 Magnetic Recording 

Magnetism finds its first application in the South Pointer, a “compass” invented by 

ancient Chinese. Since then magnetism has been explored with great endeavor and 

magnetic materials have been widely used. One of the most important applications, 

without a doubt, is in magnetic recording technology. This is an era of information 

explosion – huge amounts of data are generated from every aspect in our life: social 
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network, stock market, video entertainment, education and medical system. Fig. 1.13 

shows the total amount of universal data keeps growing at an exponential rate and is 

estimated to reach 40,000 exabytes at the year of 2020 (data from 

http://www.emc.com/collateral/analyst-reports/idc-the-digital-universe-in-2020.pdf).  

 

Fig. 1.13. Estimated universe data growth from 2010 to 2020. 

In the past few decades, magnetic recording technology (represented by hard disk 

drive) has been successfully serving as a main solution to the mass data storage. From 

the debut of the giant RAMAC (Random Access Method of Accounting and Control), 

the first commercialized hard disk drive demonstrated by IBM in 1956 to the 

shipment of the first 8 terabyte (TB) hard disk drive from Seagate in 2014, the 

magnetic recording density has increased from 5 kbit/in
2
 to almost 1 terabit/in

2
, which 

is an amazing increase of 10
8
 times within 60 years. The volume of HDD has shrunk 

from the barrel-like RAMAC to chicken-egg size drive for iPod. The data can be 

stored in HDD reliably for at least 10 years and its price (per gigabyte) is quite 

affordable and attractive – now for a 1 terabyte HDD, the price per gigabyte is only 

$0.04, much cheaper compared to the $1.00 per gigabyte in solid state drive (SDD). 

Besides HDD, there are some alternative non-volatile memory devices available in 
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the market such as solid state drive (SDD), magnetoresistive random access memory 

(MRAM), spin-torque transfer RAM (STT-RAM) and phase change RAM (PCRAM). 

They all have the advantages of high speed, high recording density, and low power 

consumption and are regarded as the potential ultimate memory devices in the future. 

However, due to the remarkable reliability, inexpensive price, large production 

capability and data storage capability, HDD dominates with a large market in 

personal computers and data centers of enterprises and government agencies with tens 

of billion dollar revenue every year (revenue of $32 billion in 2014) and is still 

regarded as the principal memory device worldwide to address the need of storage of 

ever-increasing information. 

 

1.3.1 Basics of Magnetic Recording in Hard Disk Drive 

In all the computer based operation systems, data are encoded in the form of digital 1s 

and 0s. In a hard disk drive, the digital 1 and 0 are represented by the direction of the 

magnetization in the recording medium, e.g., magnetization pointing up could mean 

“1” and down mean “0”. Fig. 1.14 shows a schematic of the read/write head and the 

recording media in HDD for perpendicular magnetic recording.  

 

 

Fig. 1.14. The schematic of reading and recording system in a hard disk drive. 
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To write the information, a current is applied to the coils in the monopole inductive 

write head, generating a magnetic field which magnetizes the medium (the data bit) 

underneath in the desired direction (either up or down), and thus recording a “1” or 

“0”. The soft under layer serves as a magnetic mirror so that the generated field is 

enhanced and assured to be perpendicular to the medium. To read out the information, 

the stray field of each magnetized bit is detected by a giant magnetoresistive (GMR) 

sensor and “1” and “0” are differentiated by the direction of the stray field.  

The data are stored and formatted in circular tracks in the recording media on a hard 

disk. As shown in Fig. 1.15a, each data bit consists of hundreds of magnetic grains 

which are isolated by non-magnetic material. The disk is rotated by a spindle at a few 

thousand revolutions per minute. The head is integrated in an actuation arm and is 

able to access any location on the disk (to write or read) while it is spinning (Fig. 

1.15b). During the reading and writing, the head flies right above the disk with an 

extremely small gap of 3 nm to 5 nm.  

 

 

Fig. 1.15. (a) Each data bit is comprised of a cluster of magnetic grains and the size is 

defined by the data track width and bit length. (b) The recording head can access to 

any bit on the disk and reorient its magnetization by applying a field. 
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1.3.2 Challenges for Ultra-High Density Magnetic Recording  

Compared to SSD, MRAM and other solid state memory devices, the key merit of 

hard disk drive lies in its large storage capacity and high recording density. In 2014, 

the capacity of a single drive reaches 8 Terabyte with a recording density close to 800 

GB/in
2
.  The continuous increase in the recording density leads to the decrease in the 

bit size of recording media. This requires the media to have an increased coercivity to 

avoid data loss due to thermal instability. However, data recording in a high 

coercivity medium is challenging for practicable write field. Therefore, there are 

contradictions among on the recording density, data stability and writeability and this 

is known as magnetic recording trilemma [7]. 

A. SNR and Recording Density 

As the recording density keeps increasing, the area of one bit has to shrink 

accordingly. This means that either the number of grains per bit or the individual 

grain volume needs to decrease. Since the read out signal to noise ratio (SNR) is, 

generally, proportional to N
1/2

 (N is the number of the grains per bit), each bit has to 

consist of enough number of grains [8]. The requirement on the number is due to the 

inherent randomness of grains in the granular thin film. Since in the manufacturing 

process, the grain does not grow with the same size or into a regular pattern that the 

read out signal from each bit has to be averaged over all the grains in it. Therefore, to 

increase the recording density without sacrificing the read out SNR, one has to reduce 

the individual grain volume. 

B. Superparamagnetic Limit and Thermal Stability 

However, if the volume shrinks below a critical value (depending on material), the 

grain loses its ferromagnetic property; instead, it behaves like a paramagnet. This is 

known as the superparamagnetic limit of the grain size. As mentioned in the previous 

section, the magnetic moments are aligned spontaneously within ferromagnets 
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through the short range exchange interaction effect, exhibiting a net magnetization. 

However, if the volume of a ferromagnet become sufficiently small (such as in a nano 

magnetic particle), its magnetization is able to flip the direction randomly under the 

impact of thermal fluctuation. The magnetization flips so fast that the measured 

average magnetization is zero. Under this state, the randomly oriented magnetization 

is easily aligned by external field, just like a paramagnet, but with a much larger 

susceptibility than that of a paramagnet. Therefore, more accurately saying, it behaves 

like a super paramagnet. 

 

 

Fig. 1.16. Illustration of two stable magnetic states separated by an energy barrier. 

Typically in nano-magnetic particles, there are two stable and antiparallel 

magnetization orientations (or easy axes) determined by the magnetic anisotropy and 

separated by an energy barrier (see Fig. 1.16). The energy barrier determines the 

average time between each flip. The time is known as the Néel relaxation time, and 

can be expressed by the Néel-Arrhenius equation: 

0 exp( )u
N

B

K Vol

k T
      (1.11) 

The interpretation of each symbol in equation (1) is summarized in Table 1.3 and 

uK Vol  is defined as the energy barrier.  Therefore, when the volume of a ferromagnet 

is large, its energy barrier is sufficiently high, and its magnetization cannot be flipped 

Energy 

“1” “0” 

Energy Barrier = K
u
Vol/k

B
T 
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by thermal fluctuations. For HDD recording media, the energy barrier is usually 

higher than 60kBT, which ensures the data are stable for at least 10 years.  

Table 1.3. Interpretation of symbols in equation 1.11. 

Symbol Interpretation Note 

N  
Néel relaxation time  

0  
Attempt time, depending on material ~10

-9
 second 

uK
 

Magnetic anisotropy energy density, 

characteristic of material 

 

Vol  Volume   

Bk
 

Boltzmann constant 1.38 × 10
-23

 m
2
 kg s

-2
 K

-1
 

T  Absolute temperature Room temperature is 300 K 

 

Therefore, when the recording density is increased and the volume of the individual 

grain becomes so small that it approaches the superparamagnetic limit, the grain 

magnetization will flip randomly under thermal fluctuations, resulting in the stored 

information being lost.  

 

C. High Ku Media and Writeability 

One way to by-pass the superparamagnetic limit is to use a high Ku magnetic material 

as the recording medium. Since the energy barrier is determined by the product of 

magnetic anisotropy, Ku, and the volume, a small grain with large Ku can maintain 

stability against thermal fluctuations.  L10 phase FePt, CoPt and FePd alloys as well 

as Co based hexagonal close packed (hcp) alloys exhibit large magnetic anisotropy 

and are considered promising candidates for ultra-high density recording media. 

Table 1.4 lists some of these materials and their relevant properties [9].  
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Table 1.4. High Ku magnetic materials. 

Type Material Ku (10
7
 erg/cm

3
) Ms (emu/cm

3
) Hk (kOe) Dp (nm) 

 CoCrPt 0.2 298 13.7 10.4 

Co alloy Co 0.45 1400 6.4 8.0 

 Co3Pt 2.0 1100 35 4.8 

 FePd 1.8 1100 33 5.0 

L10 alloy FePt 6.6-10 1140 116 2.8-3.3 

 CoPt 4.9 800 123 3.6 

Transition 

metal 

SmCo5 11-20 910 240-400 2.2-2.7 

 

Ms is the saturation magnetization, Hk is the anisotropy field and Dp is the minimum 

stable grain size. Co based alloy is currently used as the recording medium in 

products. For future recording media, much higher Ku material is required. SmCo5 has 

the highest Ku among all the candidates but it contains a rare earth element and 

suffers from serious corrosion issue.  L10 phase FePt has the second largest Ku and is 

chemically stable. Thus it is widely accepted as the most promising material for 

future recording media.  

High Ku material usually comes with a high switching field, which could be as large 

as a few tesla. This means, to reverse the magnetization in one bit, a writing field 

stronger than the switching field is required. However, in practice, the achievable 

writing field is limited. This is because the writing field is proportional to the 

saturation magnetization, Ms, of the material used in the write head. The magnetic 

moment of some common magnetic materials is summarized in Fig. 1.17. Among all 

the available magnetic materials, FeCo has the largest saturation magnetization of 

~2.45 T and the highest achievable writing field so far is capped at 2.45 T [10].  
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Fig. 1.17. The magnetic moment of some common magnetic materials (with 

permission to reuse the figure from [10]). 

To summarize, media with small grain size and high magnetic anisotropy are required 

to reach high density recording without sacrificing the read out SNR and thermal 

stability. However, the available writing field is not strong enough to write data in 

such high anisotropy media. This challenge among high density, thermal stability and 

writeability is known as the magnetic recording trilemma. 

 

1.3.3 Solutions for Achieving Ultra-High Density Magnetic Recording 

To break the magnetic recording trilemma, several solutions have been proposed and 

generally, they can be categorized into two major types: energy assisted magnetic 

recording which includes heat assisted magnetic recording (HAMR) [11] and 

microwave assisted magnetic recording (MAMR) [12]; and using either bit patterned 

media (BPM) [13], [14] or exchange coupled composite (ECC) [15], [16] material as 

the recording media. These solutions are proposed independently but some of them 

can be potentially combined with each other, for example, bit patterned ECC media 
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[17], [18], [19] or HAMR plus BPM [20], [21] or HAMR technique with ECC media 

[22], to reach higher recording density of 20 Tbits/in
2
 [23]. The following two 

sections describe the working principle, advantages and challenges for HAMR and 

MAMR respectively. 

A. Heat Assisted Magnetic Recording 

Heat (or thermally) assisted magnetic recording is the most developed and promising 

technique capable of reaching 1 Tbits/in
2
 recording density and at least 10 years data 

stability.  

 

 

Fig. 1.18. The schematic of recording system with HAMR technique in HDD. 

In HAMR, material like L10 phase FePt with high anisotropy is used as the recording 

medium to ensure the thermal stability at high recording density [24]. The switching 

field of FePt is too high and the data could not be written by a conventional write 

head. However, HAMR technique employs an optical system integrated in the write 

head that focuses a laser onto the selected bit [25] and temporally heats it over its 

Curie temperature during the writing process [11] (see Fig. 1.18). The switching field 

of the high anisotropy ferromagnetic bit is reduced to zero when the temperature goes 

beyond the Curie point and data can be recorded. After the writing, the heat is quickly 
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Read head Write head 
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removed and the bit regains its high magnetic anisotropy and the stored data becomes 

thermally stable. The writing process is illustrated in Fig. 1.19. 

 

 

Fig. 1.19. Writing process in HAMR technique. 

Hard disk drives with 1 Tbits/in
2
 areal density based on HAMR technique have 

already been demonstrated [26].  However, before shipment to the market as a mature 

product, a few technical issues in HARM based HDD have to be resolved. On the 

recording head side, the integrated optical system is quite complicated whereby the 

laser must be coupled through several optical waveguides to a near field transducer 

(NFT), which then delivers the optical energy to the recording media through the 

surface plasma resonance effect [27]. The NFT is able to focus the laser beam into a 

tiny (around 70 nm diameter [25]) spot whose size is far below the diffraction limit of 

traditional optical components. The highly confined heating spot size is critical for 

ultra-high density recording as the neighboring data tracks must not be heated and 

thus overwritten by mistake.  
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Besides the small heated spot size, the thermal gradient needs to be as large as 

possible to achieve a sharp bit edge [28]. Moreover, the NFT is required to deliver the 

optical energy with a high efficiency in a short time scale so that the heating could be 

finished in few nanoseconds to match the data rate. The delivered power should be 

sufficient to heat the medium over its Curie temperature (usually around 1000 K). 

The fast and high power operation, together with the large thermal load, have caused 

severe operation stability and heat-cycling issues in the NFT and imposed huge 

engineering challenges in the design and fabrication of it [29].  

On the side of recording media, a few technical issues have to be resolved as well. 

FePt film requires high temperature (above 500 ◦C) to form high anisotropy L10 

phase during the sputtering process but low deposition temperature is more 

compatible with the current mass production process. The overcoat and lubricant on 

top of the recording layer should be thermally stable during the HAMR writing [30]. 

A heat sink layer is needed under the recording layer to assist achieving fast heating 

and cooling cycling [31].  However, this heat sink layer causes additional issues like 

undesired grain growth and surface roughness of the recording layer impacting the 

recording performance. 

   

B. Microwave Assisted Magnetic Recording 

Microwave assisted magnetic recording (MAMR) was first proposed in 2008 [12]. 

Unlike the optical system in heat assisted magnetic recording, MAMR employs an 

integrated spin-torque oscillator (STO) in the write head and lowers the switching 

field in the medium through precessional dynamics driven by the field from the STO. 

Fig. 1.21 shows the schematic of the integrated oscillator in proximity with the 

recording medium.  
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Fig. 1.20. Schematic of the integrated spin torque oscillator system into a recording 

head (with permission to reuse the figure from  [12]).  

In writing, the spin-torque oscillator is energized and generates a localized ac 

(microwave) field, which is applied perpendicular to the conventional write field [32], 

[33]. This ac field increases the precessional angle of the magnetization at magnetic 

resonance in the medium, resulting in precessional switching of the magnetization. 

Consequently, data can be recorded with a writing field lower than the coercivity of 

the medium.  

A systematic micromagnetic modelling of the performance of MAMR technique has 

been demonstrated [34] and experimental observations of microwave assisted 

magnetic switching are also reported [35]–[37]. However, the practical design and 

fabrication of a spin torque oscillator for generating microwave magnetic fields of 

sufficient amplitude in the proximity of the recording head remains a challenge [36]. 

In the real scenario, the writing field, the STO microwave field, the field from the 

induced eddy current and the magnetic dipole to dipole coupling among the recording 
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media interact with each other in a complex way [34]. Moreover, from the 

perspective of power consumption, achieving a strong microwave field with a low 

driving current is also critical to the practical realization of MAMR technique. 

 

1.4 Scope of This Work 

In this dissertation, a new paradigm for energy assisted magnetic recording, 

acoustically assisted magnetic recording (AAMR), is investigated.  It adopts the idea 

of applying a mechanical strain effected by surface acoustic waves to a continuous 

magnetostrictive recording medium, where the strain lowers the coercivity of the 

medium through the inverse magnetostrictive effect (or Villari effect), enabling the 

data to be recorded at a smaller write field than that of an unstrained media.  

An experimental device consisting of interdigitated transducers for generating the 

surface acoustic wave is fabricated on a piezoelectric substrate. The device is 

designed with particular concerns to generate surface acoustic wave with large 

amplitude and thus resulting in large strain. The impedance of transducer is matched 

with signal source for maximized power transmission. Acoustic reflectors are 

fabricated to confine the acoustic energy within the recording medium to further 

amplify the acoustic strain. The amplitude of the strain is directly measured by a 

heterodyne interferometer system. 

For the ease of the experiment, galfenol film, with high magnetostriction and low 

coercivity, is selected as the recording medium. A 57 nm galfenol thin film is 

deposited on the same piezoelectric substrate and the acoustic wave propagates 

through it. The dependence of the coercivity of galfenol on the applied acoustic strain 

is characterized. In HDD, high anisotropy material is used as the recording medium. 

L10 phase FePtPd thin film is a leading candidate for high anisotropy recording 

medium and its magnetostriction effect is characterized. It is found that 
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magnetostriction of FePtPd depends on the Pd content, and thus could be optimized 

by controlling film composition.  

In the proof-of-principle experiments of AAMR, modulation of coercivity by the 

acoustic strain is first observed using magneto-optical Kerr effect microscopy. Then 

data tracks are recorded in an acoustically-strained galfenol medium with a smaller 

write field than that of an unstrained media. By focusing the surface acoustic wave 

with a curved acoustic transducer, an individual bit in the medium can be selectively 

recorded. This makes it possible to conceive of an acoustic transducer being 

integrated into a write head of a hard disk drive so that the strain can be focused at the 

location of writing. Also, the possibility of coupling the acoustic strain from the 

transducer to the media through electromagnetic/magnetostrictive interaction is 

investigated.  

Besides magnetic recording, the study of mechanical-magneto interaction also finds 

applications in achieving various magnetization patterns like periodic stripes and 

single dot. This could be potentially used in magnetic particle manipulation, spatial 

light modulation and magnonic signal processing. Also, a magnetic field exploiting 

the E effect in which the velocity of the surface acoustic wave changes with the 

external field is demonstrated.  
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Chapter 2. Basics of Surface Acoustic Wave 

In this thesis, surface acoustic waves (SAW) serve to excite strain in the recording 

medium necessary to achieve the acoustically assisted magnetic recording. This 

chapter covers the key aspects of surface acoustic waves. It starts with an introductory 

description of the SAW, then moves to the basic principles of SAW generation and 

detection, and finally a description of the design and optimization of SAW 

components and devices. In the end, an in-house heterodyne interferometer is 

included to discuss measurement of SAW phase and amplitude. 

 

2.1 Introduction to Surface Acoustic Waves 

2.1.1 Surface Acoustic Wave 

A surface acoustic wave is a mechanical strain wave that propagates along the surface 

of a substrate. Essentially, SAW is one type of a Rayleigh wave, which consists of a 

transverse wave and longitudinal wave coupled together. Longitudinal wave is a wave 

whose displacement in the medium is in the same direction of the wave propagation. 

The most common example of longitudinal wave is the sound wave. On the contrary, 

in transverse waves, the displacement is perpendicular to the direction of propagation. 

In a Rayleigh wave, these two motion components couple together with a constant 

ratio in the wave amplitude and a shift in phase.  Fig. 2.1 illustrates the displacement 

motion of the particles in the medium surface. The particle moves both in the Z 

direction along with the wave propagation and in the Y direction perpendicular to the 

surface plane. One important feature is that the wave amplitude decays exponentially 

along Y, usually within a distance of one wavelength from the surface. This means 

that the energy of the wave is restricted mostly near the medium surface. The wave 

amplitude along the X direction (not indicated in Fig. 2.1) is uniform and without any 

variation. 
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Fig. 2.1. Surface acoustic waves propagate along Z direction in a medium. Note that 

at the peaks and dips, tensile and compressive stresses are induced respectively. 

The longitudinal motion, zu , and the transverse motion, 
yu , is coupled with a phase 

shift of 90 degree; that is, the particle moves in an elliptical track. At a surface 

location where the particles are compressed most in the Z direction, there is a 

maximum displacement in the Y direction. As a result, tensile and compressive stress 

are induced at the peaks and dips along the wave.   

 

2.1.2 Piezoelectric Substrate 

Surface acoustic waves can be excited by transducers patterned on a piezoelectric 

substrate. As the SAW propagates, it generates particle displacement, zu  and
yu , as 

well as the electrical potential, V, at the surface. The displacement is related with the 

electrical potential, V, via constants cx,y,z that
, , , ,x y z x y zc V . These constants are 

substrate dependent, and are listed for some common substrates in Table 2.1. Also, 

the SAW velocity, v0, piezoelectric coupling constant, K
2
, and the SAW characteristic 

admittance, y0, depend on the substrate and their values are listed in Table 2.2 for 

some common piezoelectric substrates.  
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Table 2.1. cx, y, z for common piezoelectric substrates [38]. 

Substrate Cut Direction 
xc ( A V ) 

yc ( A V ) zc ( A V ) 

LiNbO3 Y Z 0.0 1.8j -1.2 

Quartz ST X 0.6 -6.3j 4.1 

LiTaO3 77.5  -rotated Y 90  to X 0.0 -3.3 2.9j 

GaAs 100 110 0.0 -13.1 9.8j 

 

Table 2.2. Piezoelectric properties for common substrates [38]. 

Substrate Cut Direction 
0v (m/s) K

2 
(%) 

0y (mmhos) 

LiNbO3 Y Z 3488 4.6 0.21 

Quartz ST X 3158 0.11 0.87 

LiTaO3 77.5  -rotated Y 90  to X 3379 1.6 0.58 

GaAs 100 110 2864 0.07 3.1 

 

 

 

Fig. 2.2. Wave propagation in ST-X quartz. 

In this thesis, the substrate is ST-X quartz where the SAW propagates perpendicular 

to the wafer flat, as shown in Fig 2.2. One has to consider substrate cut and direction 

because of two factors. The first one is beam steering. Generally, these piezoelectric 

Wafer flat 

ST-X quartz 

SAW propagates 

along X direction  
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substrates are anisotropic; that is, the SAW velocity varies when traveling along 

different directions. Due to the existence of velocity anisotropy, designers have to 

consider another important issue in SAW devices, the acoustic wave power flow 

angle. The power flow direction is not perfectly perpendicular to the wave phase front 

when the wave propagates in an anisotropic medium. Instead, it deviates away by an 

angle, , relative to the perpendicular that: 

0

1 dv

v d



      (2.1) 

 is the angle between wave propagation and X direction, v is wave velocity and v0 is 

the wave velocity along angle   is the beam steering angle. To eliminate the 

impact of beam steering, the orientation of the substrate is carefully selected so that 

the wave only propagates along the direction in which dv d  is equal to zero.  In the 

case of ST-X quartz, its velocity anisotropy, relative to the X direction, is shown in 

Fig. 2.3 and the corresponding power flow angle is shown in Fig. 2.4. Here, the wave 

velocity reaches its minimum when angle is zero (wave propagates along X). 

 

Fig. 2.3. The wave velocity depends on the propagation direction relative to the X 

axis on a ST-X quartz substrate. 
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Fig. 2.4. The corresponding power flow angle relative to the X axis of a ST-X quartz 

substrate. 

The second consideration lies the fact that the piezoelectric coupling coefficient, K
2
, 

is anisotropic in the substrate as well. Therefore, the cut and orientation are always 

selected so that the strongest piezoelectric coupling is achieved. Although LiNbO3 

has a much higher piezoelectric coupling constant than that of ST-X quartz, the wave 

velocity of ST-X quartz is more stable under temperature variation. ST cut quartz has 

a zero first-order temperature coefficient of wave velocity. For LiNbO3, the first-

order temperature coefficient of velocity is 94×10
-6

 ˚C
-2

. Moreover, quartz has larger 

values in cx, y, z (see Table 2.1) than LiNbO3 and thus for a given power carried by the 

acoustic wave, the resulting strain is larger. The derivation is shown in section 2.5.1.  

Therefore, ST-X quartz is more suitable for SAW devices that are used for 

demonstrating acoustically assisted magnetic recording experiments.  
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2.2 SAW Components and Device  

2.2.1 Introduction to Interdigitated Transducer 

In this work, the surface acoustic wave is generated by an interdigitated transducer 

(IDT) fabricated on a piezoelectric quartz substrate. The IDT is a metal thin film 

device that is deposited and patterned onto the surface of a piezoelectric substrate, as 

illustrated in Fig. 2.5. When an ac voltage is applied to the IDT, it converts the 

electric voltage variation (electrical energy) into mechanical wave motion 

(mechanical energy) through piezoelectric effect [39].  Note that the generated wave 

is bidirectional perpendicular to the interdigitated electrodes, only the one traveling to 

the right hand side is shown in Fig. 2.5. 

 

Fig. 2.5. Schematic of interdigitated transducer fabricated on a piezoelectric substrate. 

The phase velocity of the SAW is determined by the piezoelectric substrate. In this 

work, ST-X quartz is selected and the velocity is 3158 m/s (see Table 2.2). The 

wavelength, , is determined by the spacing of the interdigitated electrodes. As 

shown in Fig. 2.5, the center to center distance between the neighboring electrodes is 

half of the wavelength. The corresponding resonant frequency, f0, is then determined 

by: 

Piezoelectric substrate  Interdigitated transducer (IDT) 

+ + 
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      (2.2) 

When driving the IDT at its resonant frequency, the acoustic wave generated under 

each finger propagates in phase with each other, constructively forming a SAW.  As a 

common configuration of SAW device, two IDTs are employed on the same 

piezoelectric substrate. One acts as signal input and the other one as the output. The 

mechanical acoustic wave generated by the input can be converted back into voltage 

variations at the output. The reciprocity principle applies on the IDTs so the output is 

able to be used as an input. This reciprocal feature allows the designer to achieve 

versatile signal processing functions, such as delay lines, RF signal filters and 

resonators. Also different acoustic wave modes can be obtained through the 

interaction of acoustic waves. For example, when exciting two IDTs synchronously, a 

standing wave mode can be achieved in the cavity, as shown in Fig. 2.6. 

 

 

Fig. 2.6. Standing wave is created when powering two IDTs in phase at the same time. 

 

2.2.2 Requirements of IDT 

In this research, the employment of IDT is to generate a surface acoustic wave (also 

known as mechanical strain wave), which propagates through a magnetostrictive thin 

film. The propagating strain wave modulates the magnetic property of the thin film 

through magneto-mechanical interaction, to achieve desired magnetic properties that 

are required for magnetic recording. Therefore, the primary concern in the IDT design 
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Power source 

Standing wave 
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is to achieve a transducer capable of converting the electrical energy to mechanical 

wave energy efficiently such that the amplitude of the resulting strain wave can 

sufficiently modify the coercivity of the magnetostrictive film. This requires the input 

impedance of the IDT to be matched to the impedance of the power source at the 

driving frequency. In this work, the IDT is designed for 50 Ω at 158 MHz. 

 

2.2.3 Second Order Effects 

Besides achieving an IDT with 50 Ω impedance to maximize the power conversion, 

several second order effects that significantly distort the frequency response of the 

SAW device have to be considered. Although impossible to be completely eliminated, 

these effects can be suppressed by careful design. A few principal second order 

effects and their root causes are listed below. 

Electromagnetic feed through: this is the direct electromagnetic coupling between the 

input and output IDTs. The electromagnetic signal travels at the speed of light and 

results in ripples in the frequency response. Since the IDT behaves like a capacitor, 

this effect becomes increasingly significant when operated at high frequency. Since 

the electromagnetic crosstalk travels at the speed of light, much faster than the 

acoustic wave, when characterizing the SAW device, a gating function can be used in 

the network analyzer to eliminate the coupling effect from the signal received at the 

output. 

Triple transit interference: this is due to the fact that part of the SAW power received 

by the output IDT is converted back into SAW, which propagates towards the input 

IDT. The same thing happens at the input IDT, where the SAW is regenerated and 

reflected to the output, forming a triple acoustic wave transit. This effect originates 

from the reciprocity feature of the IDT which is able to convert the electric power 

into acoustic power and vice versa. Again, this interference can be suppressed by the 

gating function in the network analyzer. 
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Bulk acoustic wave interference: when the IDT is excited to generate SAW, a bulk 

acoustic wave (BAW) is generated at the same time. Unlike the SAW, the BAW 

travels inside the substrate at a different speed (usually much higher than that of the 

SAW). It can be reflected at the bottom of the substrate and interfere with the SAW 

propagation. To reduce this effect, the bottom of the substrate can be roughened to 

diffract the BAW or attached with some absorbing material.  In this work, single side 

polished ST-X quartz is selected as the piezoelectric substrate. The unpolished bottom 

side is sufficiently rough to suppress the bulk acoustic wave interference.  

Diffraction: this is due to the fact that the surface acoustic wave generated by the 

small acoustic aperture spreads out, just like the light or water ripple diffracts when 

passing through a narrow window. The diffraction or spreading is characterized by 

the Fresnel parameter, F, which is defined as [40]: 

2

D
F

W


      (2.3) 

where  is the acoustic wavelength, D is the distance between the edge of the IDT 

acoustic aperture and the probing point, W is the width of the acoustic aperture. 

Within the region (the so called Fresnel region) where the Fresnel parameter is 

smaller than 1, the surface acoustic wave diffraction can be neglected and it travels as 

a parallel beam. When the F is larger than 1, the acoustic wave starts to spread and 

travels with a circular wave front. Generally, diffraction is not desired and causes 

additional insertion loss. Therefore, the output IDT is usually located within the 

Fresnel region to make sure that most of the acoustic wave is received. In this work, 

the acoustic aperture is 3 mm, the wavelength is 20 m and the distance between the 

IDT is 5 mm. The corresponding Fresnel parameter is ~0.01, well within the Fresnel 

region. 

Beam steering loss: this is caused by the velocity anisotropy in the substrate. The 

surface acoustic wave propagates at different speed along different directions. This 

beam steering loss is independent of the wave frequency but determined by the 
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misalignment of the IDT with the desired crystal axis. It causes additional insertion 

loss since less incident wave would be received by the output IDT. 

 

2.2.4 Modeling of IDT 

There are a few models [38] for the design of the IDT and each one is focused on 

different aspects of design. Delta-function model is easy and fast to access the IDT 

transfer function and frequency response. However, it cannot provide any information 

on the impedance of the IDT. The SAW cross-field model, or the Mason model, gives 

information on the IDT impedance and its frequency response. But it does not take 

the wave reflection from IDT or reflectors into account. The reflection is mainly 

caused the by discontinuity in the mass loading at the IDT electrodes. The equivalent-

circuit model, however, includes the effects of the acoustic reflection and is often 

considered as an extended Mason model with lumped parameters. 

In this thesis, the design of the IDT is based on Engan’s [41] and Morgan’s [42] work, 

in which the complex impedance is derived by an equivalent circuit for the IDT as 

shown in Fig. 2.7. The equivalent circuit includes the radiation conductance, Ga(f), 

the acoustic susceptance, Ba(f), and the static capacitance, CT. 

 

Fig. 2.7. The equivalent circuit of an interdigitated transducer. 

From the equivalent circuit at frequency w, the input admittance of an IDT is: 

( ) ( ) ( )a a TY f G f jwB f jwC      (2.4) 
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According to Morgan [42], the acoustic susceptance, Ba(f), is equal to zero when the 

IDT is operated at its resonant frequency, which is the case in this work. At the 

resonant frequency, the radiation conductance, Ga(f), is determined by [41]: 

2 2

0( )pGa WN w K        (2.5) 

2sin
( ) (1 ( ,1 / 2))

( cos )
t

s

s
R s

P


 



 
 

    (2.6) 

And the capacitance is given by: 

0( )T pC WN         (2.7) 
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     (2.8) 

The variables used in equations 2.4 to 2.8 are described in Table 2.3.  

Table 2.3. Variables description in equations 2.4 to 2.8. 

Variable Interpretation Unit 

W  Acoustic aperture m 

w  Angular frequency rad/s 

0  permittivity of free space F/m 

p  permittivity of piezoelectric substrate F/m 

2K  electro-mechanical coupling coefficient  

N  number of fingers in an IDT  

( )sP x  Legendre function of the first kind  

s  1/number of electrodes per period   

  geometric factor  

tR  factor for electrode polarity pattern  

( ,1/ 2)s  Equals to 1 when s=1/2  
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The values of the last four variables listed in Table 2.3 are determined by the 

geometry of the IDT. For single electrode IDT with 0.5 metallization ratio (the ratio 

between the width of the finger and the width of the mechanical period), their values 

are 
1

2
s  , 

2


  , 

1

4
tR   and ( ,1/ 2) 1s  . Limited by the available micro-

processing and lithography capability in our university facility, the feature size of the 

acoustic transducer is 5 m, which is the width of the IDT finger. Each finger is 3.02 

mm long and the length of the finger overlapped in the interleaving determines the 

acoustic aperture width, which is 3 mm.  The edge to edge spacing between the 

fingers is also 5m and thus the electrical period of the IDT fingers is 20m. ST-X 

quartz is selected as the piezoelectric substrate due to its low cost and zero 

temperature coefficient for velocity at room temperature. The coupling coefficient, K
2
, 

is 0.11%. The velocity of x-propagating SAW in ST cut quartz is 3158 m/s. The 

frequency at which the SAW wavelength coincides with the electrode period and the 

IDT most efficiently excites surface acoustic waves is known as the resonant 

frequency. In this case, the calculated resonant frequency for the desired 20m SAW 

wavelength is 158 MHz. With the selected substrate and the designed operation 

frequency, the number of the IDT fingers is determined to be 574 to achieve a 50 Ω 

impedance based on equation 2.5. Table 2.4 lists all the parameters used in the 

designed IDT. 

Table 2.4. Design parameters of the IDT. 

Parameters Value 

W  0.003 m 

f  158 MHz 

0  128.85 10  F/m 

p  
125.52 8.85 10   F/m 

2K  0.11% 

N  574 
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  0.359
 

  0.5 

 

 

With the above design parameters, the IDT is estimated to have an impedance of 50 

Ω at the resonant frequency using equation 2.5. Fig. 2.8 shows the schematic of the 

designed IDT with dimensions.  Usually, two identical IDTs are fabricated on the 

same substrate, serving as the signal input and output respectively for the purpose of 

IDT characterization.  

 

Fig. 2.8. Illustration of the IDT configuration. The width of each finger is 5 m. The 

operation frequency is 158 MHz and the corresponding SAW wavelength is 20 m. 

 

2.2.5 Design of Reflectors 

The waves generated by the IDT are bidirectional; they travel along the desired 

crystal axis in opposite directions and carrying 50% of the acoustic energy in each 

direction. To enhance the wave amplitude in one direction (say along the positive X 

direction), reflectors are employed in the design so that the wave propagating along 

the negative X direction can be reflected. The reflected wave must travel in phase 

with the one that originally propagate along the positive X direction, so these two 

wave amplitude add up with each other constructively. Fig. 2.9 shows the design of 

the reflector used in this work. It is fabricated on the same substrate as the IDT. The 

 

Finger to finger spacing = 10 μm  Number of fingers = 574  

Acoustic aperture = 3 mm 

ST-X quartz 
substrate 
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reflector has the same finger width and spacing as that in the IDT and can be regarded 

as an electrically shorted IDT. The edge to edge distance between the IDT and 

reflector is 12.5m, which ensures that the reflected wave interacts constructively 

with the original one. The total reflectivity depends on the material of the substrate 

and the reflector, the thickness and the number of the fingers. Since the wave 

reflection is caused by the mass discontinuity at the surface, light material with low 

density results in small reflection. Here the reflector is patterned from 110 nm Al thin 

film on the ST-X quartz substrate and has 480 fingers.  

 

Fig. 2.9. The schematic of the IDT and reflector. 

 

2.2.6 Experimental SAW Device Configuration and Fabrication 

Fig. 2.10 shows the complete SAW device configuration used for demonstrating 

acoustically assisted magnetic recording. It is fabricated using standard 

photolithography technique on a 0.5 mm thick ST-X quartz piezoelectric substrate. 

The SAW device consists of two identical IDTs for SAW generation and detection 

(the signal input and output) and they are separated by 5 mm. A pair of reflectors are 

fabricated next to each IDT, restricting the acoustic wave power within the two IDTs. 
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Both the IDTs and reflectors are patterned from 110 nm Al thin film which is DC 

sputtered at 200 W for 20 minutes. The Ar pressure is 6 mTorr. A 57 nm FeGa 

(galfenol) magnetic thin film is deposited on the same substrate and lies in the 

acoustic path. The galfenol film is DC sputtered at 200 W from a galfenol target. The 

Ar pressure is 2.4 mTorr and the deposition rate is about 6 nm/min. The galfenol film 

is 4.96 mm long and 16 mm wide (much wider than the 3 mm acoustic aperture). 

 

Fig. 2.10. Schematic of the experimental SAW device. 
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Fig. 2.11. SAW device fabrication process. 

The fabrication process is summarized in Fig. 2.11. Fig. 2.12 shows a picture of the 

experimental device fabricated. The device is mounted on a printed circuit board. The 

IDT electrodes are wire bonded to the copper traces, which are electrically connected 

to the signal source through SMA connectors. When the two IDTs are excited 

synchronously, the SAW is constrained in the acoustic cavity by the reflectors, 

resulting in a standing wave being set up across the galfenol film. 
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Fig. 2.12. Picture of the SAW device for demonstrating acoustically assisted magnetic 

recording. 

 

Fig. 2.13. The zoomed in image of the circled area on the device observed by a 

microscope. 

2.3 SAW Device Electrical Characterization 

The IDT device is designed with 50 Ω input impedance at the operation frequency of 

158 MHz. Its frequency response is confirmed by a vector network analyzer (VNA) 

experimentally. The two IDTs are electrically connected to the VNA and the power 

transmission parameter between the input and output IDT, S21, is measured. As 
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shown in Fig. 2.14, the S21 reaches its maximum point at 157.88 MHz with an 

insertion loss of -12.5 dB. This confirms that its resonant frequency is very close to 

the designed value. Additional resonant modes are built up at other frequencies due to 

the variance of IDT finger width. 

 

 

Fig. 2.14. S21 of the SAW device. 

To eliminate the impact from the reflection, PDMS (polydimethylsiloxane, a silicon-

based organic polymer) is employed, covering the IDT and reflector on one side of 

the galfenol film.  

 

Fig. 2.15. One set of IDT and reflector is damped by PDMS to minimize the wave 

reflection. 

The power reflection parameter, S11, is measured by the VNA and is shown in Fig. 

2.16. Three points should be noted here. First, the resonant frequency in S11 is found 
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to be 157. 54 MHz, which is slightly off from that in S21. This is due to the minor 

physical geometry difference between the two IDTs during fabrication. Second, the 

ripples disappear in the frequency response due to the minimization of acoustic wave 

reflection. Third, the power reflection parameter is around -35 dB at the resonance, 

indicating that little power is reflected.  

 

Fig. 2.16. The measured S11 of one IDT. 

The impedance of the IDT can be directly measured by the VNA and illustrated on a 

Smith chart. Fig. 2. 17 shows the measured impedance Z of the IDT at the resonance: 

Z 54.7 7.8j        (2.9) 
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Fig. 2.17. The measured impedance of one IDT illustrated on the Smith chart. 

 

2.4. SAW Device with Curved IDT 

The acoustic waves generated by an IDT with straight fingers, like the one shown in 

Fig. 2.15, propagate with a planar wave front through the film that lies in the acoustic 

path. The width of the wave is defined by the acoustic aperture. Instead of straight 

fingers, one can design the IDT with curved fingers so that the generated acoustic 

wave converges at one focal point [43]–[45]. This is more favorable to this project 

since higher acoustic strain can be achieved with the same acoustic power.  

 

 

Fig. 2.18. Focusing IDT with curved fingers.  
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Generally, the configuration of the curved IDT is very similar to the straight IDT 

except that the fingers are concentric curved electrodes, as shown in Fig. 2.18. 

However, for a tight focus, the curved fingers are not simply concentric circular arc; 

instead, the curvature of the IDT is particularly designed to match the anisotropy in 

acoustic velocity (Fig. 2.3) of the quartz substrate [46][47].   

 

 

 

Fig. 2.19. A SAW device with curved IDT. 

The fabrication of curved IDT device is the same as the straight IDT device. Fig. 2.19 

shows a device with only one curved IDT. The detailed features are observed under 

microscope. This IDT consists of 440 curved fingers and each is 5m wide. The edge 

to edge spacing between fingers is also 5m and the resulting wavelength is 20m.  

Fig. 2.20 shows its frequency response a measured by a VNA. It has a resonant 

frequency at 157. 75 MHz with -5 dB power reflection. This device is not matched 

with the power source.  
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Fig. 2.20. S11 of the curved IDT. 

 

2.5 SAW Amplitude and Strain Measurement 

As mentioned above, the goal of employing surface acoustic waves in the 

experimental device is to modulate the coercivity by the strain from the propagating 

SAW. An acoustic strain model is developed to estimate the acoustic wave amplitude 

and the resulting strain as a function of the power in the wave. A heterodyne 

interferometer system is implemented to measure the amplitude of the acoustic wave 

directly [48], [49]. 

2.5.1 Acoustic Strain Calculation 

Assume that the SAW is propagating on a ST-X quartz substrate with a wavelength , 

the power carried by the acoustic wave is P and the wave is propagating in the Z 

direction (see Fig. 2.1 and Z is in the surface plane and perpendicular to the wave 

front). The characteristic impedance, Z0, of the IDT is defined as: 
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where V is the surface electric potential of the surface wave. The characteristic 

impedance also depends on the acoustic beam width, W. Acoustic wave having the 

same potential and wider beam width carries more power, thus the corresponding Z0 

is lower. By introducing a quantity z0, which is independent of the beam width, the 

characteristic impedance can be written as: 

0
0

z
Z

W 
      (2.11) 

And the characteristic admittance Y0 is then given by: 

0 0

0

1 W
Y y

Z 
      (2.12) 

Where y0 is a constant determined by the substrate and its value is listed in Table 2.2. 

In a SAW, the surface particle moves in an elliptical trace, which consists of Z 

displacement, uz, and Y displacement, uy. Both the displacements are related to the 

wave potential through constant ci so that:  

z zu c       (2.13) 

y yu c       (2.14) 

Note that ci is a material property that only depends on the substrate (see Table 2.1). 

Combining equations 2.10 to 2.14, we have: 

0

2
z z

P
u c

y W


      (2.15) 

0

2
y y

P
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y W


      (2.16) 

y
z

z

y

c
u u

c
      (2.17) 

Therefore, the Y and Z components of the surface acoustic wave displacement can be 

estimated by the equations listed above. The values of the variables are listed in Table 

2.5.  

Table 2.5. Variables used to estimate the wave amplitude. 
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Parameters Value 

Acoustic aperture W = 0.003 m 

Wavelength = 20 m 

Normalized characteristic admittance y0 = 0.87 mmhos 

Substrate property cz = 4.1 nm/V 

Substrate property cy = –j6.3 nm/V 

 

Note that cy is a complex number and this is because the Y component is 90 degree 

out of phase from the Z component.  Therefore we have,  

1016 10 ( )zu P m       (2.18) 

y y0.65z
z

y

c
u u j u

c
       (2.19) 

Once the wave amplitude along Z direction is known, the resulting in plane acoustic 

strain can be derived. As the wave is propagating on the surface and can 

approximated as a sine wave function, the displacement along Z is given by: 

102 2
( , ) cos( ) 16 10 cos( )z zz t u z wt P z wt

 
  

 

         (2.20) 

where =2w f  is the radian frequency of wave and  is the phase term. Since the 

strain is defined as the ratio of total deformation (dz) to the initial dimension (dz), 

the maximum strain caused by the propagating acoustic wave can be expressed as the 

derivative of wave function to the position Z: 

4

max

max

2
=5.02 10z

z

d
P

dz

 
 



       (2.21) 

One can estimate the wave amplitude and thus the acoustic strain using the above 

equation if the power in the wave is known. However, the actual electrical power 

converted into the acoustic wave that exactly propagates through the magnetic film is 

difficult to calculate. It depends on the efficiency of the IDT, reflectivity of the 

reflectors and other power loss due to the second order effects.  
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An alternative approach is to experimentally measure the vertical wave displacement, 

uy, using laser interferometry [48]–[50] and then calculate the wave displacement, uz, 

by equation 2.19. Then the resulting acoustic strain is given by: 

max y

max

2 2
=z z

z

y

d c
u

dz c

  
 

 
       (2.22) 

The details of the interferometer measurement are discussed in the next section. 

 

2.5.2 Measurement of Acoustic Strain by Laser Interferometry 

Interferometry is a sensitive optical probing method that is able to detect both the 

amplitude and phase of vibration on a reflective surface. Capability of high vibration 

amplitude resolution (up to picometer) and large area scanning, together with the non-

destructive probing, render it as a versatile technique for surface vibration 

measurement.  

In this work, the amplitude of the surface acoustic wave is measured by heterodyne 

interferometry [49], in which two linearly polarized laser beams with a frequency 

difference, wmod, are employed. Assuming the wave amplitude, U1 and U2, of the two 

beams are described as follows that: 

1( )

1 1

i wtU Ae        (2.23) 

2 mod[ ( ) ]

2 2

i w w t
U A e

  
     (2.24) 

where w, and A are the angular frequency, phase and magnitude of the 

displacement of the two beams respectively. When the two beams combine together, 

the total amplitude, U, is: 

2 mod1 [ ( ) ]( )

1 2

i w w ti wtU Ae A e
      (2.25) 

And the intensity of light is defined as the square of amplitude of the light beam and 

thus can be mathematically is expressed as: 

* 2 2

1 2 1 2 mod( ) 2 cos( )I t UU dt A A A A w t        (2.26) 
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 or simply as: 

1 2 1 2 mod( ) 2 cosI t I I I I w t      (2.27) 

If one beam is reflected from a vibrating surface with a sinusoidal displacement, say a 

surface with traveling SAW, it introduces an additional phase offset, t, between 

the two lasers and the resulting optical intensity is then: 

1 2 1 2 mod( ) 2 cos( ( ))I t I I I I w t t      (2.28) 

0

4
( ) cos( )SAW

L

t u w t


  


      (2.29) 

Here L is the wavelength of the laser and u is the vibration amplitude normal to the 

sample surface. wSAW and  are the frequency and phase of the acoustic wave 

respectively.  is an arbitrary phase offset between the two laser beams.  

Assuming 1
L

u


, then the frequency dependent term in Eq. 2.28 can be rewritten as: 

    

12 1 2 mod 0

mod 0 mod 0

( ) 2 (cos( )

2
sin ( ) sin ( ) )SAW SAW

L

I t I I w t

u w w t w w t




   



 

       
 (2.30) 

Therefore, in the frequency domain, the resulting optical intensity will have three 

peaks: one center peak appears at wmod with two side peaks at mod( )SAWw w  and

mod( )SAWw w , as illustrated in Fig. 2.21. The merit of this is that by measuring the 

ratio between the amplitudes of the center and side peak (the ratio equals
2

L

u




), the 

normal displacement of the vibration, u, is easily determined. This u is the same term 

uy in the SAW description.  
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Fig. 2.21. Illustration of optical signal intensity in frequency domain. 

Fig. 2.22 shows the schematic of the heterodyne interferometer.  A linearly polarized 

HeNe laser is first split into two beams with 200 MHz frequency offset after passing 

through an acoustic-optical modulator. One beam is directly guided to the photo 

detector without any further modulation, serving as a reference beam. The other beam 

is directed to an objective lens and focused onto the acoustic path of SAW device. 

Being modulated by the SAW, it is reflected and recombined with the reference beam 

at the photo detector. The total optical intensity received at the photo detector is 

observed on a spectrum analyzer, where the vibration amplitude of the SAW can be 

analyzed. The interferometer is shown in Fig. 2.23. 

 

Fig. 2.22. Schematic of the heterodyne interferometer. 
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Fig. 2.23. Interferometer setup.  
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Chapter 3. Magnetostrictive Recording Media 

 

In this work, high magnetostrictivity and low coercivity galfenol thin film is used as 

the recording medium for acoustically assisted magnetic recording. This chapter 

covers the fabrication and characterization of the magnetostrictive recording media. It 

starts with an introduction to the magnetostriction effect and then it moves on to its 

characterization in galfenol thin films. The magnetostriction effect is measured by 

cantilever bending technique. In the last section, the magnetostriction of high 

anisotropy L10 phase FePtPd alloy thin film is investigated for practical application in 

HDD. 

 

3.1 Magnetostriction 

3.1.1 Magnetostriction and Its Origin 

Magnetostriction is defined as the physical deformation of a magnetic material when 

its magnetization is increased from zero to saturation, when subjected to an external 

magnetic field. The fractional change in the dimension, dL/L, is defined as the 

saturation magnetostriction coefficient, s, whose typical value is from 10
-7

 to 10
-4

 

depending on material [1].  If the dimension increases along the magnetization, then 

the material has a positive magnetostriction coefficient and s>0. If the dimension 

decreases along the magnetization, then it has a negative s.  

The magnetostrictive deformation occurs in the same process as the magnetic 

material transits from a demagnetized state to saturation state, or vice versa. For 

example, for a demagnetized polycrystalline magnetic sample, its magnetization in 

each domain is oriented along one particular direction (exchange effect) but among 

the domains, the magnetization is randomly aligned and thus the sample itself 

exhibits zero net magnetization. When subjected under an external magnetic field, the 

domain walls start to shift. Those domains whose magnetization is oriented along the 
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field direction grow in volume at the expense of their neighboring domains whose 

magnetization is against or aligned away from the field. As a result, the net 

magnetization is no longer zero and starts to increase.  As the external field becomes 

stronger, the net magnetization is further increased by the rotation of the 

magnetization in those “field-unfavorable” domains. Until the magnetization in all the 

domains is aligned along the field, the sample is magnetically saturated.  

This process can result in a physical deformation if we assume that each magnetic 

domain itself is spontaneously strained due to the existence of magnetization within it, 

as illustrated in Fig. 3.1. Therefore, as the strained magnetic domains expand and 

rotate under the external magnetic field, the dimension of the sample changes 

accordingly and it is manifested as the magnetostrictive effect.  

 

 

Fig. 3.1. (a) In the absence of the applied field, self-strained magnetic domains are 

randomly distributed. (b) When subjected to a field, the magnetization in each 

strained domain is reoriented along the field, resulting in physical deformation. The 

fractional change in the dimension is defined as s. 

The above explanation is based on the assumption that the domain is spontaneously 

strained due to the spontaneous magnetization. This assumption, in fact, is reasonably 

true. It is known that the magnetocrystalline anisotropy energy and the exchange 

(a) 

(b) 

dL 
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energy depend on the crystal structure and lattice constant. A spontaneous strain, 

which could minimize the contribution from these two energies by changing the 

interatomic distance, is thus energy-favorable in the system. Therefore, the domain 

itself will strain spontaneously in order to reach a minimum energy.  

 

3.1.2 Field Dependence of Magnetostriction 

Consider an isotropic magnetic sample. The sample strains anisotropically when it is 

magnetized from its demagnetized state to saturation by an external magnetic field.  

Assuming it has a positive magnetostrictive coefficient, it extends along the field 

direction and shrinks in the plane perpendicular to the field, as shown in Fig. 3.2.  

 

 

Fig. 3.2. For a material with positive magnetostriction coefficient, its dimension 

expands along the magnetization as it is saturated by an applied field. The black 

arrow indicates the magnetization. 

The strain measured parallel with the magnetization,
|| , is opposite in sign with the 

strain perpendicular to the magnetization, . Therefore, the strain, , measured along 

an arbitrary direction at an angle, , relative to the saturation magnetization can be 

expressed as [2]: 

23 1
(cos )

2 3
s         (3.1) 

Demagnetized 

state 

Saturated 

External 
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||

3

2
s          (3.2) 

One should note that for isotropic material, the measured strain is a function of the 

measurement direction. However, the saturation magnetostriction coefficient, s, is 

constant, determined only by the material chosen. In practice, the parallel and 

perpendicular strain (
||  and ) are measured respectively and the difference between 

the two is used to determine the saturation magnetostriction coefficient via equation 

3.2.  

 

3.1.3 Anisotropic Magnetostriction 

The isotropic material mentioned above has a constant saturation magnetostriction 

coefficient, s. However, for anisotropic material, the magnetostriction coefficient 

varies along different crystalline axis.  For example, bulk iron has a positive s along 

<100> but a negative s along <111>. Table 3.1 lists magnetostriction constants for 

common magnetostrictive materials [1], [4], [51]. 

Table 3.1. Typical magnetostriction constants of some bulk magnetostrictive 

materials. 

Material 100 (10
-6

) 111 (10
-6

) Polycrystal s (10
-6

) 

Iron 21 -21 -7 

Ni -46 -24 -34 

Terfenol 90 1600 1200 

Galfenol 263 40 N/A 

 

3.1.4 Inverse Magnetostriction Effect 

While magnetizing a magnetostrictive sample can induce a physical strain and 

deformation in it, straining the sample can, in turn, modify its magnetic property such 
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as changing its magnetic anisotropy [52]. This effect was first discovered by Villari 

[53] in 1865 and is called the Villari or inverse magnetostrictive effect. The existence 

of forward and inverse magnetostriction effects indicates that the magnetic energy 

contains terms that couple the mechanical strain to the magnetization. Thus the 

magnetic energy density ( , )E    of a material can be written as [1]: 

( , ) ( ) ( ) ( , )ani el meE E E E         [J/m
3
]   (3.3) 

Here, the first term, Eani(), on the right hand side of equation 3.3 is the 

magnetocrystalline anisotropy energy that only depends on , the angle between the 

magnetization relative to the crystal axis. The second term is the pure elastic energy, 

which is only related to the induced strain and elastic stiffness constants of the 

material. The last term is the magnetoelastic energy, depending on both the strain, , 

and the angle  From equation 3.3, it is obvious that the imposition of an external 

stress, which induces a strain within the sample, changes the magnetic energy density 

and its anisotropy. The change in the magnetic anisotropy creates a certain axis or 

certain plane more favorable for the magnetization. As a result, when being 

magnetized to saturation, the behavior of the magnetization is altered, which is 

manifest in the hysteresis loop of the material. 

 

3.2 Magnetostrictive Effect of Galfenol Thin Film 

Galfenol is a highly magnetostrictive alloy of Fe and Ga that was invented by the 

Naval Surface Warfare Center Carderock division at Maryland, USA in 1998. The 

addition of gallium into iron has boosted the magnetostriction effect by about 10 fold.  

A magnetostriction coefficient of 400 ppm is reported in bulk galfenol [51], much 

higher than that of conventional magnetostrictive materials such as Ni and Fe. 

Although Terfenol exhibits 4 times larger magnetostriction than galfenol, galfenol is a 

much more robust material and more easily prepared by sputtering [54]. Also galfenol 
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shows a relative lower coercivity than Terfenol. All these advantages allow galfenol 

thin film to be conveniently used in the proof-of-principle experiment for strain 

assisted magnetic recording.  

In this work, a galfenol thin film is used as the magnetic recording medium, whose 

coercivity is lowered by acoustic strain through the inverse magnetostriction effect to 

enable writeability. To quantify how the coercivity is modulated by strain, a sample 

straining experiment is conducted, in which a galfenol sample is systematically 

strained in a clamp while its coercivity is measured [55].  First, a galfenol thin film is 

DC sputtered onto a 0.5 mm thick ST-X cut quartz substrate at 200 W from a galfenol 

alloy target (Fe81.6Ga18.4) at room temperature. The film deposition rate is about 5.8 

nm/minute and the measured film thickness is 57 nm. The chamber base pressure is 

4×10
-6

 Torr and the partial Ar pressure is 2.4 mTorr. A low coercivity galfenol film 

with a square hysteresis loop is obtained. The sharp magnetization reversal at the 

coercive field indicates a tight switching field distribution in the film. An example 

hysteresis loop of such galfenol film is shown in Fig. 3.3. 

 

Fig. 3.3. The measured hysteresis loop of a 57 nm galfenol (FeGa) thin film. 
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Fig. 3.4 shows the sample structure and dimensions. The quartz substrate is cut into a 

10 mm by 10 mm chip and the galfenol film is wet etched into a 4 mm by 10 mm 

stripe to meet the sample size constraints in the sample straining setup (see Fig. 3.5). 

 

 

Fig. 3.4. Structure and dimensions of the Galfenol sample for the sample straining 

experiment. 

The sample is mounted in a clamp as shown in Fig. 3.5. The top half has a pair of 

ridges spaced 4.23 mm apart and the bottom half has two ridges separated by 7.73 

mm.  In the measurement, the top ridges are pressed with a force, F, against the 

bottom ridges, resulting in a strain uniformly distributed across the region between 

the top ridges. The 4 mm wide galfenol stripe fits in the region between the top ridges 

and is thus uniformly strained [56]. 

 

Fig. 3.5. Schematic of the sample straining experiment setup. 
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The strain induced in the galfenol thin film between the two ridges can be calculated 

by [55]: 

2

2

3 (1 )
= s

s

Fc v

Wt E



    (3.4) 

All the variables as well as their values used in equation 3.4 are summarized in Table 

3.3.  

Table 3.2. Variables used to calculate the strain. 

Variables Interpretation Value 

  Induced strain  N/A 

F Total force applied to the sample N/A 

c Distance between inner and outer ridges 1.75 mm 

W Width of substrate 10 mm 

t Thickness of substrate 0.5 mm 

Es Young’s modulus of substrate 80 GPa 

vs Poisson’s ratio of substrate [55] 0.17 

Fig. 3.6a shows the in-plane magnetic hysteresis loops that were measured in a 

vibrating sample magnetometer under varying strain conditions. Note that the field is 

applied along the long axis of the galfenol film stripe while the strain is along the 

short axis of it. For the acoustically assisted magnetic recording experiments 

introduced in Chapter 4, the field is also applied in a direction perpendicular to the 

strain so the measurement setups are consistent in the two experiments. As seen from 

the loops, under a compressive strain, the coercivity is increased while under a tensile 

strain, the coercivity is decreased. This indicates a positive magnetostriction 

coefficient in the galfenol, which is in agreement with previous reports [57]–[59]. 
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Fig. 3.6. (a) Hysteresis loops of galfenol thin film under varying strain conditions (b) 

Dependence of coercivity on strain in the galfenol film. 

The coercivity, as determined from these hysteresis loops, changes as a function of 

the strain. As seen from Fig. 3.6b, under a tensile strain of 0.7×10
-3

, the coercivity is 

reduced by ~8%. A further decease could be achieved with a larger strain. This shows 

that the magnetization in a strained galfenol film can be reversed with a field lower 

than the coercivity of the unstrained film, and supports the possibility of using an 

acoustic wave to lower medium coercivity.  
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3.3 Magnetostrictive Effect of High Anisotropy Material  

Strong perpendicular magnetic anisotropy materials, such as L10 ordered FePt, FePd 

and FePtPd alloy films, are widely considered as leading candidates for ultrahigh 

density recording media in next-generation hard disk drives and solid state magnetic 

random access memory (MRAM) technologies [60]. In heat assisted magnetic 

recording (HAMR), the medium experiences large strains due to thermal expansion 

during recording, while MRAM bit cells are often subject to large process-induced 

strains. Therefore, characterization of the magnetostrictive properties of such 

materials are of importance, as strain in these systems will impact their magnetic 

switching characteristics. Moreover, the discovery or design of a highly 

magnetostrictive, high-anisotropy material would be advantageous to the 

development of strain-assisted magnetic recording proposed in this work.  

 

The magnetostriction of FePt and FePd thin film has been previously characterized in 

the work of [61], [62]. However, the magnetostriction of FePtPd, with intermediate 

alloy composition, has not been investigated. Here the measurement of 

magnetostriction in high-anisotropy, L10 phase Fe50Pt(50-x)Pdx thin films with varying 

Pd content (x = 19, 25, 37.5, 43 and 50) is conducted using the cantilever deflection 

technique [63].  

 

The 100 nm Fe50Pt(50-x)Pdx films were deposited on 0.5 mm thick single crystal MgO 

(100) substrates by co-sputtering from three independent Fe, Pt and Pd targets. The 

sputtering power to the Pd and Pt targets was controlled to grow films with different 

compositions and the deposition rate was maintained on the order of 0.01 nm/sec. The 

base chamber pressure was below 15×10
-7

 mTorr and the Ar pressure maintained at 5 

mTorr during the sputtering. The substrate was heated and kept at 500 ºC during 

deposition to promote L10 ordering in the Fe50Pt(50-x)Pdx (L10 phase typically shows a 
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high anisotropy in FePt/FePd/FePtPd alloys). L10 phase was confirmed by X-ray 

diffraction measurements as shown in Fig. 3.7. 

 

Figure 3.7. XRD measurements of the Fe50Pt(50-x)Pdx films. The (001) and (003) peaks 

indicate the L10 ordering in the films. 

The in plane and out of plane hysteresis loops of the Fe50Pt(50-x)Pdx films were 

measured by superconducting quantum interference device (SQUID), a magnetometer 

for characterizing hysteresis loop of magnetic material. As seen from the hysteresis 

loops in Fig. 3.8, the films exhibit perpendicular anisotropy.  
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Fig. 3.8. In plane and out of plane hysteresis loops of Fe50Pt(50-x)Pdx films.  

Fig. 3.9a shows a schematic of the magnetostriction measurement setup, consisting of 

a capacitive displacement sensor and a cantilevered sample clamped in a non-

magnetic (BeCu) fixture. The FePtPd film is on the bottom of the cantilevered 

substrate as shown in Fig. 3.8b. In the absence of an applied field, the magnetization 
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in the film, due to its perpendicular anisotropy, is directed normal to the plane i.e., θ = 

0° in Fig. 3.9b. When a field in the X-direction varying from 0 T to 5 T is applied, the 

magnetization rotates from θ=0° towards θ=90°.  

 

Fig. 3.9. (a) Schematic of the cantilever setup (b) Magnetization rotates from θ = 0˚ to 

θ = 90˚ as the film is magnetized in the x-direction. 

As a result of magnetostrictive strain in the film, the free end of the cantilever deflects. 

However, an addition effect, the magnetostatic effect, also causes the sample to bend, 

in which the deflection is a linear function of the applied field strength and thus can 
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be removed. Fig. 3.10 shows the free end displacement as a function of the applied 

field with the magnetostatic effect eliminated. 

 

Fig. 3.10. Free end deflection measurements of Fe50Pt(50-x)Pdx thin films as a function 

of applied field. The field is applied in the film plane along the x direction.  

Based on the displacement, D, as measured by the capacitive sensor, the strain, , in 

the film can be determined at a given applied field using [63]: 

 
2 2

2 2

(1 )(1 5 9)9
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2 (1 )(1 5 9)

f f s s

s s f s

l t Y v v
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t Y v v


 

 
    (3.5) 

where t, Y and v with the appropriate subscripts denote the thickness, Young’s 

modulus and Poisson’s ratio of the film and substrate. l is the length of the cantilever. 

The strain thus determined for a given field can be related to a corresponding 

magnetization in the x-direction, Mx, from the in plane SQUID measurements. Since 

the applied field is perpendicular to the axis along which the magnetization is aligned, 

the magnetostriction coefficient of the polycrystalline Fe-Pt-Pd film, s, can be 

calculated using [4]:      
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Here, Ms is the saturation magnetization of the Fe50Pt(50-x)Pdx films.  

 

Fig. 3.11. (a) Cantilever displacement versus (Mx/Ms)
2
 for different Fe50Pt(50-x)Pdx 

film compositions. (b) Dependency of magnetostriction coefficients on the Pd content 

of the Fe50Pt(50-x)Pdx thin films. 
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As seen from Fig. 3.11a, the displacement (or equivalently, the strain) measured for 

the different FePtPd films is proportional to 

2

x

s

M

M

 
 
 

 - in agreement with Eq. 3.5 and 

3.6. The magnetostriction coefficients, obtained from the slopes of the linear fit to 

these data, are plotted as a function of the targeted Pd content in the films. The 

magnetostriction are 14.2 ppm, 20.3 ppm, 24.7 ppm, 27.8 ppm and 20.4 ppm for 

Fe50Pt(50-x)Pdx films with x = 19, 25, 37.5, 43 and 50 respectively (Fig. 3.11). The 

magnetostriction is found to be composition dependent, suggesting that 

magnetostriction in FePtPd can be engineered by controlling the film composition. 

The dependence of magnetostriction on the film composition is probably because the 

addition of Pd to FePt affects the film crystalline structure and the degree of L10 

phase ordering in the FePtPd film. For example, a higher saturation magnetostriction 

of 250 ppm was reported in a less L10 ordered FePd film than that (magnetostriction 

of 65 ppm) in an ordered film [69]. Thus, additional experiments are necessary to 

characterize how the Pd content affects crystalline structure (such as the c/a ratio of 

the face-centered tetragonal crystalline lattice) and the film ordering.   

 

 

3.4 Summary 

In this chapter, a few fundamental concepts including the definition, origin and 

characteristics of magnetostriction, together with some common magnetostrictive 

materials, were reviewed.  

Galfenol is selected as the recording medium for acoustically assisted magnetic 

recording experiments due to its high magnetostriction. The magnetostrictive 

properties of the galfenol thin film, especially the Villari effect in which the 

coercivity of the film depends on the induced strain, is quantitatively characterized 
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using the sample straining technique. Its coercivity can be reduced by ~8% under a 

~700 ppm tensile strain. 

For more practical application, the magnetostriction of high anisotropy L10 phase 

FePtPd alloy thin film is investigated using a cantilever bending technique. It is found 

that the magnetostriction coefficient can be engineered by controlling the film 

composition. 
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Chapter 4. Acoustically Assisted Magnetic Recording 

 

4.1 Introduction 

Magnetic recording has been the dominant solution for mass information storage for 

several decades. To meet the demands of ever increasing storage capacity, the bit size 

and magnetic grain volume in the recording medium must be reduced. 

Correspondingly, to avoid data loss due to thermal instability, the coercivity of the 

medium must be increased, leading to the challenge of recording with a practicable 

write field. For high-density recording, there are thus conflicting requirements of high 

coercivity for storage and low coercivity for writeability.  Several solutions have been 

proposed to surmount this challenge: HAMR [11] uses a laser to heat the bit above its 

Curie temperature and temporarily lower the coercivity during writing. Hard disk 

drives using HAMR have been demonstrated [25], however reliability of the near 

field optical transducers used for focusing the laser remains a concern. A less 

developed approach, microwave assisted magnetic recording [12], seeks to integrate a 

spin torque oscillator in the write head to reduce the coercivity of the medium through 

magnetic resonance. 

Here, we demonstrate a new technology, acoustically assisted magnetic recording, 

which uses a surface acoustic wave to modulate the coercivity of the recording 

medium by the inverse magnetostrictive (Villari) effect [53], [64], [65]. To 

thoroughly illustrate operation principles and capabilities of AAMR, this chapter is 

divided into three sections focusing on: 

1. Acoustically assisted magnetization switching  

The magnetization in a strained galfenol film switches under a smaller magnetic 

field than in an unstrained film. The switching is observed using a magneto-

optical Kerr effect microscope. 

2. Acoustically assisted magnetic recording 
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Data tracks, are recorded with the assistance of acoustic wave under a smaller 

magnetic field than in an unstrained film. The recording is demonstrated on a 

home-made contact tester in which the data writing and reading are achieved by a 

HDD write head and floppy disk read head. The advantages and limitations of 

AAMR are analyzed and compared with HAMR technique. 

3. Future applications of AAMR in practical recording devices.  

  

The experimental device is the same as the one shown in Fig. 2.10. The device 

configuration allows for standing as well as traveling surface acoustic waves to be 

excited. To generate standing waves, both transducers are driven synchronously. The 

resulting counter-propagating acoustic waves superpose with each other to generate 

strain spatially periodic in 10 µm and amplified by the quality factor of the resonant 

cavity.  

To generate traveling waves, the IDT and reflector on one side (those on the right 

hand side of the galfenol film) are covered with silicone absorbers to avoid wave 

reflection, as shown in Fig. 4.1. Only the IDT on the left hand side is excited, 

generating a wave traveling across the galfenol film to the right. 

 

Fig. 4.1. Device configuration for generating a traveling acoustic wave. One IDT and 

the neighboring reflector is covered with a silicone absorber to eliminate wave 

reflection. 

Curved IDT Silicone absorber 
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4.2 Acoustically Assisted Magnetization Switching 

An acoustic wave propagating through the magnetostrictive recording film modulates 

its coercivity via the acoustic strain. A first proof of this principle is demonstrated in 

the erasure of a magnetic recording pattern with the assistance of acoustic waves.  

 

 

Fig. 4.2. Schematic of stripe pattern imprinted from a credit card into the galfenol thin 

film. 

First, a magnetization pattern is imprinted on the galfenol thin film by placing a credit 

card in contact with the film. When this galfenol film is subjected to a magnetic field 

larger than the coercivity of the film, all the magnetic moment within it will be 

realigned with the field and the imprinted magnetization pattern will be “erased”. 

Under a magnetic field smaller than the coercivity of the film, the pattern will remain 

unchanged (see Fig. 4.3a). However, when a traveling surface acoustic wave is 

applied, the magnetic pattern lying in the acoustic path, whose coercivity is lowered 

by the acoustic strain, could be erased by a magnetic field lower than the coercivity of 

the unstrained galfenol film. This is illustrated in Fig. 4.3b.  
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Fig. 4.3. Illustration of magnetization pattern erasure assisted by acoustic waves. The 

magnetization pattern stays unaffected under a field smaller than the coercivity of 

galfenol film (a) but when an acoustic wave is applied, the pattern is erased (b).  

The experiment designed above is conducted in a setup shown in Fig. 4.4. The SAW 

device is first mounted between the poles of an electromagnet, which is powered by a 

DC supply and able to generate a uniform magnetic field in the galfenol thin film. 

The interdigitated transducer is driven by a signal generator at the resonance 

frequency and the input acoustic power is set by a digital RF power amplifier. The 

magnetization pattern in the galfenol thin film is observed using a magneto-optical 

Kerr effect microscope with a 50X objective lens and field of view is about 100 µm 

by 100 µm. 

 

Applied field < Coercivity of galfenol film (no strain is applied) 

Applied field < Coercivity of galfenol film (with strain 

appied) 

(a) 

(b) 
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Fig. 4.4. Schematic of experimental setup for acoustically assisted magnetization 

switching. The magnetic field is calibrated by a gauss meter (not shown in this figure) 

mounted at the same position as the SAW device prior to the experiment.  

 

 

Fig. 4.5. Kerr image of the galfenol film showing the magnetization imprinted by a 

credit card (a). The pattern in the acoustic path is erased under a field of 5.9 kA/m 

when an acoustic wave with power of 0.67 W/mm is applied. (These images are taken 

with an yttrium-iron-garnet viewer placed on the galfenol film to enhance the Kerr 

contrast). 

Signal  

generator 

DC  

supply 

RF  

amp. 

(a) (b) 
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The Kerr image of the imprinted magnetization pattern is shown in Fig. 4.5a. The 

coercivity of the unstrained galfenol film is measured to be 6.71 kA/m.  When a field 

of 5.9 kA/m is applied to the film, the pattern remains unchanged. Applying a SAW 

with an acoustic power of 0.67 W/mm, the pattern in the acoustic path is erased (see 

Fig. 4.5b). Here, acoustic power is defined as the power delivered to the interdigitated 

transducer divided by the acoustic aperture. Note that only the pattern in the path of 

the acoustic wave is erased.  

Besides erasing, the acoustic wave can be applied to create a simple magnetization 

pattern, which is demonstrated in the following experiment. In this experiment, the 

same SAW device in the pattern erasure experiment is used, but, with the silicone 

absorber being removed. This time, the standing acoustic wave is employed, where 

the IDTs are energized synchronously. The acoustic wave is restricted within the 

cavity by the reflectors. The device configuration is shown in Fig. 4.6.  

 

Fig. 4.6. Schematic of the experimental device for creating magnetization pattern with 

the assistance of acoustic waves. A standing wave is generated in the resonant cavity. 

The experiment setup is the same as the one shown in Fig. 4.4 and the created 

magnetization pattern, as seen in Fig. 4.7, is imaged under the Kerr microscope,. Prior 

to the experiment, the galfenol film is saturated to the right, represented by the white 

arrow in Fig. 4.7a. Then a field of 5.8 kA/m, which is lower than the 6.71 kA/m 
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coercivity of the unstrained galfenol film, is applied in the opposite direction. 

Otherwise unaffected by the reversing field (Fig. 4.7a), the magnetization in the 

acoustic path is switched to the left when a surface acoustic wave with power density 

of 1.33 W/mm is applied (yellow arrow in Fig. 4.7b). The reversal of the 

magnetization in the acoustic path creates two magnetization transitions, where the 

magnetization is aligned head-to-head and tail-to-tail, imaged as two boundary lines 

(white and black) under the Kerr microscope.  

 

Fig. 4.7. A simple magnetization pattern is created by acoustically assisted 

magnetization reversal.  (a) Kerr images of saturated magnetization (white arrow) in 

the galfenol film pointing to the right hand side and (b) reversed magnetization 

(pointing to the left hand side) in the acoustic path. An yttrium-iron-garnet film is 

overlaid on the galfenol for contrast enhancement. 

These two experiments mentioned above, the erasure and the creation of 

magnetization pattern, have qualitatively proved that the coercivity of the galfenol 

thin film could be reduced by the acoustic strain. In the next experiment, the 

SAW 
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temporary change in coercivity effected by the acoustic wave is quantified by 

observing the magnetic field at which the net magnetization vanishes in the galfenol 

film when subjected to acoustic waves of varying power.  

 

Fig. 4.8. Dependence of coercivity in the galfenol film on the applied acoustic power. 

The Kerr images, obtained as the applied field and acoustic power is varied, 

correspond to the (a) saturated (b) demagnetized and (c) reverse magnetized states of 

the galfenol film. 

Again, the experiment setup is the same as shown in Fig. 4.4. In this experiment, the 

film is first saturated in a field of 28 kA/m to the left (Fig. 4.8, inset image a), to 

obtain a positive net magnetization M > 0. Then the film is strained by a traveling 

acoustic wave of preset input acoustic power. The wave propagates in a direction 

perpendicular to the magnetization in the saturation state. A reverse magnetic field, 

increasing in steps of 0.1 kA/m, is simultaneously applied to the film. The net 

magnetization gradually decreases as part of the magnetization is reversed by the 

(a) 

(b) 

(c) 
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magnetic field and the corresponding magnetization in the film is imaged via Kerr 

microscopy. The field at which roughly equal areas of bright and dark domains 

appear (Fig. 4.8, inset image b) is identified as the coercivity under the applied 

acoustic power. The measurement is repeated for varying acoustic power and the 

resulting coercivity is plotted in Fig. 4.8 as a function of the power. As expected, the 

higher the applied acoustic power, the lower is the coercivity or field needed to 

demagnetize the film. The inset images typify the magnetization behavior observed: 

the saturated film (image a) remains unaffected until the combination of the applied 

field and acoustic power is sufficient to create reversal domains (image b). Thereafter, 

the film is magnetized in the opposite direction (image c).  

Seen from Fig. 4.8, when the galfenol film is not strained by the acoustic wave, its net 

magnetization vanishes at its coercivity of 6.71 kA/m. As the acoustic wave is applied 

to the galfenol film, its coercivity decreases – a lower coercivity is achieved with a 

wave of larger acoustic power. At an acoustic power of 0.82 W/mm, the coercivity is 

reduced by 11.2%, from 6.71 kA/m to 5.96 kA/m.  

 

4.3 Acoustically Assisted Magnetic Recording 

The preceding experiments verified that the coercivity is reduced in an acoustically 

strained galfenol film. A smaller magnetic field is required to switch the 

magnetization than in an unstrained film.  

Next, acoustically assisted magnetic recording in the galfenol thin film is 

demonstrated using a contact tester [66]. A schematic of the contact tester is sketched 

in Fig. 4.9. The contact tester consists of an inductive floppy-disk head and a 

magnetoresistive hard drive head to write and read data respectively. Both heads can 

be translated relative to the recording medium using computer-controlled 

micropositioners. Fig. 4.10 shows the picture of the contact tester.  
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Fig. 4.9. Schematic of the contact recording tester. A translational floppy disk head is 

used to write data in the underlying galfenol film. Data are read back by the hard disk 

head. 

 

Fig. 4.10. Picture of the contact tester. 

 

Floppy disk 

head for writing 

Hard disk head 

for reading 

Galfenol thin film 
Interdigitated 

transducer 

Write head 

Read head 

Motion stage 
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In the experiment, the galfenol film is first saturated under a field of 28 kA/m prior to 

the recording. Fig. 4.11 shows six data tracks written with the assistance of acoustic 

waves in the galfenol film. Each track is written while the applied acoustic power (or 

equivalently the induced acoustic strain) is set at a given power. Here, for the proof of 

acoustically assisted magnetic recording, standing waves are excited to obtain 

maximal strain in the film and hence, assistance in recording. The generated waves 

travel perpendicular to the down-track direction of the data track.  

 

Fig. 4.11. Data tracks recorded at different acoustic power. Recording is from left to 

right with gradually increasing write current. Progressively lower current (or 

equivalently, write field) is needed to record the data as acoustic power is increased. 

A white dashed curve is superposed to highlight this trend. 

During the writing, the write head is stepped from left to right as the amplitude of the 

alternating write current (or equivalently, write field) is gradually increased, from 3 

mA to 12 mA. Transitions begin to be recorded when the write field exceeds the 
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coercivity of the film under the given strain. For example, when there is no acoustic 

strain, the transition starts to be recorded when the writing current above 8.5 mA. 

Increasing the acoustic power further lowers the coercivity resulting in the medium 

being writeable with smaller write fields. With an acoustic power of 0.28 W/mm, the 

data can be recorded with a writing current as small as 4 mA. This implies a ~50% 

reduction in the coercivity by the acoustic waves. The corresponding read-back 

signals in Fig. 4.12, reconstructed by integrating across the width of each track, 

additionally emphasize this trend in writeability with increasing acoustic power. 

 

Fig. 4.12. Corresponding reconstructed read-back signals from the recorded data 

tracks in Fig. 4.11. 

The experiment shown above is a direct proof of the acoustically assisted magnetic 

recording. However, the actual acoustic power applied in the acoustic wave is, in fact, 

not well known. This is because the acoustic power has been so far defined as the 

input power to the IDT divided by the acoustic aperture, which is a rough estimation. 
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The actual acoustic power carried in the standing wave is determined by the input 

power, the conversion efficiency of the IDT, the reflectivity of the reflectors and the 

acoustic power loss during the traveling. An accurate calculation of the power in the 

standing wave is hard to achieve and thus it is not accurate to characterize the change 

in coercivity as a function of the acoustic power. Also, when operating in the standing 

wave mode, the acoustic energy is confined within the cavity, resulting in a 

temperature increase in the galfenol film. The temperature goes up to about 63 ˚C 

when the standing wave (with 0.28 W/mm acoustic power) is on for 1 min. The rise 

of the temperature may affect the coercivity and introduce uncertainties to the 

experiment. 

Thus, a similar but more rigorous experiment was conducted in which the SAW 

device is mounted with heat conductive paste on a heat sink – a 2 mm thick Cu plate. 

With the heat sink, the temperature of the galfenol film is maintained within 28 ˚C 

throughout the recording experiment.  

The data tracks are recorded with the assistance of a traveling wave (instead of a 

standing wave so less acoustic power is in the wave). This helps keep the temperature 

down but the maximum achievable acoustic strain is much smaller than that of a 

standing wave. The recording performance is evaluated against the induced acoustic 

strain, instead of the acoustic power. The actual acoustic strain induced in the 

galfenol film at a given acoustic power is measured using laser interferometry. The 

basic principle and general procedures for this measurement can be found in section 

2.5.  

Also the data tracks are recorded at the same region in the galfenol film with the 

assistance of acoustic strain.  Each time, the previous data track is erased with a 

saturating field before the next recording. This eliminates the potential impact on the 

recording performance due to the variation of the properties of the recording medium. 

 



88 

 

 

 

Fig. 4.13. (a) Data tracks recorded at different acoustic power with a traveling 

acoustic wave. Recording is from left to right with gradually decreasing write current. 

(b) Corresponding reconstructed read-back signals from the recorded data tracks in 

(a). 

Fig. 4.13a shows the data tracks recorded with the assistance of acoustic wave on the 

contact tester. A traveling wave is propagating perpendicular to the data writing 

direction. To write a data track, the write head starts to write the data transitions from 

left to right with a decreasing write field (the amplitude of the alternating write 

(a) 

(b) 
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current is gradually reduced). When the write field is decreased below the coercive 

field of the film under the applied acoustic strain, no more transition can be recorded. 

As expected, the film has a lower coercivity when subjected to a stronger acoustic 

strain and this allows the head keep writing at a smaller write field. Before writing a 

second track on the same location, the previous track is erased by a saturating field 

from the write head powered by 14 mA dc writing current. The line scans of each 

track are shown in Fig. 4.14b. 

In the recording experiment, the transitions in the data track are recorded using an 

alternating write voltage with a decreasing amplitude, from 0.07 V to 0.02 V, with 18 

alternation periods. The total length of each data track is 1.5 mm. To calculate the 

relative change in the coercivity, the voltage at which no more transition can be 

recorded is estimated in each track. For example, as seen in Fig. 4.14a, when no 

acoustic strain is applied, 12 periods of transitions are recorded. The 12
th

 period is 

recorded at a voltage of 0.0376 V, which is calculated by the following equation:  

(0.07 0.02) ( 1)
0.07

( 1)

n
V

N

  
 


    (4.1) 

where N equals 18, the number of total writing alternation periods and n equals 12, 

the number of recorded periods. V is the corresponding voltage at the n
th

 period and is 

defined as the critical voltage. Additionally, an error in calculating the critical voltage 

has to be included because the writing field does not decrease continuously; instead, it 

is quantized into discrete field amplitude. For example, the actual writing field 

required to record the data in the unstrained film in Fig. 4.13a may not occur at the 

12
th

 period, but at the 12.2
th

 period. Thus, we assume an error of ±0.2 period when 

counting the recorded periods. The estimated critical voltage and the normalized 

coercivity under varying strain are summarized in Table. 4.1.  
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Table 4.1. Estimation of critical voltage and change in coercivity. 

Strain in 

film 

Recorded period 

n 

Voltage V  Normalized coercivity  

0 12 ±0.2 0.0376 ±0.00058 V 100±2.9% 

0.69×10
-3 

13 ±0.2 0.0347 ±0.00058 V 92.3±2.9% 

1.20×10
-3 

14 ±0.2 0.0318 ±0.00058 V 84.5±2.9% 

 

 

Fig. 4.14. Strain dependence of coercive field in the galfenol film measured by 

different techniques as noted in the legend. The data are compiled from Fig. 3.6, Fig. 

4.8 and Fig. 4.13. 

So far, the inverse magnetostriction effect in the galfenol thin film, where the 

coercivity is modulated by (acoustic) strain, has been thoroughly characterized by the 
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bending experiment in the VSM (Fig. 3.6), the acoustically assisted magnetization 

reversal experiment using magneto-optical Kerr effect microscope (Fig. 4.8) and the 

acoustically assisted magnetic recording experiment conducted on the contact tester 

(Fig. 4.13 and Table 4.1). Note that the galfenol thin films characterized in all these 

experiments are co-sputtered and expected to have the same magnetic properties.  

Thus, the strain dependence of the coercive field in the galfenol film can be 

summarized in Fig. 4.14. Note that in Fig. 4.8, the coercivity is plotted as a function 

of the acoustic power, but the acoustic power is converted to the induced acoustic 

strain using the laser interferometry method. The results from the VSM measurement 

in Fig. 3.6b, Kerr measurement in Fig. 4.8 and recording experiment in Fig. 4.13 

agree very well with each other.  The coercivity decreases almost linearly with the 

applied acoustic strain. A maximum decrease of ~12.9% in the coercivity is achieved 

with a 1.2 × 10
-3

 strain. 

Of the possible approaches to addressing the magnetic recording trilemma, heat 

assisted magnetic recording is currently the most developed one. A recent 

demonstration has achieved thermally stable magnetic recording about 1 TB/in
2
 areal 

density on high-anisotropy media using a focused laser below the write head to heat 

the disk. However, a few technical issues have to be resolved such as: the complex 

integration of optical system that couples a laser through optical waveguides to a near 

field transducer, which further delivers the optical energy to the recording media; the 

large thermal loads on the write head since the integrated NFT is required to deliver 

sufficient energy in a short time so that the bit is heated over its Curie temperature 

without sacrificing the data rate; the effects of thermal cycling in the disk that extra 

care needs to be taken on the design of lubricant, cap and heat sink layer. 

In the contrast, AAMR, as an alternative recording technique, is potentially both 

simpler to integrate with the recording head and requires less energy. The high-

anisotropy FePt-based materials being considered as media for HAMR conveniently 

exhibit a magnetostrictive effect (also see section 3.3), making them ideal for AAMR. 
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We estimate that the strain energy required to reduce the coercivity of a given volume 

of FePt to zero through magnetostriction is nearly 6 times less than the thermal 

energy needed to heat the same volume to above the Curie temperature.  

In HAMR the minimum energy, EHAMR, required to heat a unit volume of the 

recording medium from room temperature to the Curie point is simply: 

HAMR pE C T       (4.2) 

where  is the density, Cp the specific heat and ΔT the difference between the Curie 

temperature, TC, and room temperature. Using published values [67] for L10 FePt, i.e. 

 =1520 kg/m
3
, Cp = 295 J/kg-K and TC = 650 K, we get EHAMR = 1.57 J/mm

3
. 

For AAMR, instead, we consider the minimum elastic energy required to strain a unit 

volume of the recording medium to the point where the magnetostriction overcomes 

the anisotropy of the recording material. The effective uniaxial anisotropy due to 

strain in a magnetostrictive material is [2]: 

,

3

2
u strain sK        (4.3) 

where s is the magnetostriction coefficient and  is the stress. Setting the 

magnetostriction induced anisotropy equal to the material anisotropy and using 

published values [68], [69] for L10 FePt film, i.e. Ku = 10
6
 J/m

3 
and s = 70×10

-6
, one 

obtains a required stress of 9.52 GPa. The elastic energy associated with the stress is: 

2

2
AAMR

Y

E
E


       (4.4) 

With Young’s modulus, EY = 180 GPa for FePt and the required stress of 9.52 GPa, 

the strain energy per unit volume is only EAAMR =0.252 J/mm
3
. 
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The foregoing analysis does not include efficiencies of the heat or strain generating 

mechanism. The laser and optics used in HAMR are inefficient, with typically less 

than 1% of the energy applied to the laser ending up as heat in the disk. Acoustic 

transducers, on the other hand, can readily attain efficiencies exceeding 95% when 

properly impedance matched to the electrical driving circuit. 

 

4.4 Potential Applications of AAMR Technique 

4.4.1 Integration into Hard Disk Drive 

In the proof-of-concept experiments discussed in the previous sections, the 

interdigitated transducer for generating the acoustic waves is fabricated on the 

recording film substrate and all the film lying in the acoustic path is strained, that is, 

the acoustic energy is uniformly distributed over the film. For practical application in 

a hard disk drive, only the selected bit needs to be strained. A non-contact SAW 

transducer integrated with a conventional recording head, as shown in Fig. 4.15, may 

be used to focus acoustic energy under the write pole. 

 

 

Hard disk 
write head 

Acoustic wave generated and 
focused at the write pole 

Acoustic transducer 
integrated with slider 



94 

 

 

Fig. 4.15. Concept of integrating an acoustic transducer into the write head and 

focusing the acoustic strain wave into the medium for data recording. 

This concept imposes two requirements on the acoustic transducer – focusing the 

acoustic energy to one single spot and coupling the acoustic energy from the write 

head to the recording medium.  

A. Focusing The Acoustic Energy 

Focusing the acoustic strain selectively on the recording medium could be achieved 

by using an IDT with curved electrodes, as illustrated in Fig. 4.16. Unlike the IDT 

with straight fingers (shown in Fig. 4.1) which generates a broad beam of acoustic 

waves, the curved IDT is able to focus the acoustic strain to one spot. The curvature 

of the electrodes is particularly designed to match the anisotropy in the power flow 

and wave velocity of the quartz substrate so that the acoustic wave converges tightly 

at the focal point [45], [47]. The design and fabrication of the curved IDT can be 

found in section 2.4 in detail. 

  

Fig. 4.16. Schematic of acoustic transducer with curved IDT for converging the wave 

into a single spot. 

Fig. 4.17 shows a mapping of the amplitude of the converging acoustic wave 

measured using laser interferometry. The measured surface vibration is converted to 

in-plane strain using known elastic properties of quartz. As can be seen, the strain 

produced by the acoustic wave has a distinct maximum at the focal point.  

Curved IDT PDMS for wave absorption 
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Fig. 4.17. The acoustic wave generated by the curved IDT converges tightly at the 

focal point with a maximum strain.  

 

Fig. 4.18. Spatial addressing for practical application of AAMR. (a) Schematic of a 

curved transducer for focusing the acoustic waves. (b) Amplitude of the focused 
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acoustic strain (region within the white box in Fig. 4.18). (c) Kerr image of a recorded 

bit at the focus. 

Spatial addressing using the focused waves is demonstrated in Fig. 4.18. The curved 

IDT is driven at a power of 1 W, focusing an acoustic strain at the focal point in a 

previously saturated galfenol film. This strain lowers the local coercivity sufficiently 

that its magnetization is switched when a reversing field of only 4.2 kA/m is applied. 

Note that the unstrained film coercivity is 6.71 kA/m. This reversed magnetization is 

imaged as an isolated dot under a Kerr microscope.  

The results reported here are obtained using acoustic waves of 20 µm wavelength, 

limited by the resolution of lithographic capabilities available. Shorter wavelength 

acoustic waves, attainable by more advanced lithography techniques, will provide 

higher peak strain and hence, aid to writeability. Additionally, a smaller focus for 

localizing the strain will be possible, enabling higher density recording. Surface 

acoustic waves with 220 nm wavelengths have been experimentally demonstrated 

[70]. The acoustic spectrum extends well beyond 100 GHz [71]. Thus, in principle, 

sub-100 nm resolution with acoustically assisted recording should be possible.  

 

B. Wave Energy Coupling from Transducer to Media 

The focusing acoustic transducer can be integrated in the write head of a hard disk 

drive. However, during the recording process, the write head flies ~5 nm above the 

disk medium. The acoustic wave should be coupled in the medium to lower its 

coercivity. Transferring the acoustic energy from the write head to the recording 

medium across this gap may possibly achieved by an electromagnetic acoustic 

transducer (EMAT) [72], [73].   

EMAT is widely used for ultrasonic nondestructive testing where an ultrasound wave 

is directly generated in the testing material without contact [74], [75]. It can create an 
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acoustic wave in a non-contact mode and can be assembled into a phase array with 

beam focusing [76], [77] and steering capability [78]. The basic configuration of an 

EMAT is illustrated in Fig. 4.19. The EMAT consists of a meandering line transducer 

patterned from a metal film on a non-conductive substrate [79], [80]. The transducer 

is driven by an ac current source and able to generate acoustic wave in a conductive 

medium through the radiated electromagnetic wave. The medium (the disk medium) 

is comprised of an insulated substrate coated with a conductive (or magnetostrictive) 

layer and is suspended above the EMAT.  

 

Fig. 4.19. Schematic of an EMAT. 

Generally, the acoustic wave can be generated in the medium via two independent 

mechanisms: by Lorentz force and by magnetostrictive force (Fig. 4.20). In the 

former mechanism, the meandering line transducer is excited by an ac current source, 

and an eddy current is mirrored in the conductive film with the same periodic spacing 

as the meandering line. The eddy current experiences a Lorentz force if a bias 

magnetic field, Bbias, is applied and the force generates a periodic surface deformation 

that results in a traveling wave. The Lorentz force is proportional to the cross product 

of the eddy current and the bias field.  Improving the force, and thus the wave 

Current source 

Meandering line transducer 

Metal film 

Insulating substrate D 
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amplitude, requires a larger field which can be provided by a stronger permanent 

magnet or electromagnet. A larger eddy current is also favorable, however, it requires 

deliberate design of transducer and the wave medium. Assuming an ac current of 

frequency, f, is flowing in the transducer, the induced eddy current is mostly 

distributed within the skin depth from the surface of the wave medium. The skin 

depth, , is given by: 

2
=

2 f


 
     (4.5) 

where  is the conductivity and  is the permeability of the wave medium. The wave 

medium should be thicker than the skin depth to avoid losing much eddy current but 

also be practical to deposit. Assuming the driving frequency is 60 MHz, the skin 

depth for Al film is around 10 m, which is hard to achieve through sputtering 

deposition. Thus a small skin depth is needed and material with large conductivity 

and permeability is favorable.  

 

 

Fig. 4.20. Illustration of acoustic wave transduction mechanism of EMAT.  

For the design of the meandering line, the center-to-center spacing, D, should be 

larger than the skin depth so that the induced eddy current does not partially cancel 
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with the neighboring ones. Considering the spacing, D, is half of the wavelength, one 

can derive the maximum driving frequency for transducer: 

 

2
=

2 2

v
D

f f


 
      (4.6) 

2

4

v
f

 
      (4.7) 

For example, assuming the wave velocity is 3400 m/s, the maximum frequency for 

FeGa, Al and Ni film are around 75 MHz, 160 MHz and 70 MHz respectively.  

To generate acoustic wave with magnetostrictive force, the wave media has to be 

magnetostrictive. The varying magnetic field, Bac, generated by the ac current flowing 

in the meandering line, creates a periodic magnetostrictive strain at the medium 

surface through magnetostriction effect (Fig. 4.20). A magnetostrictive FeGa film is 

used as the medium. Also, since the ac magnetic field, Bac, is weak (typically around 

0.5 mT to 1 mT), the coercivity of the FeGa film has to be sufficiently small so that 

saturation magnetostriction could be induced. Dr. J. Arout Chelvane from Defence 

Metallurgical Research Laboratory in India helped us in preparing FeGa thin films of 

~0.5 mT coercivity with a moderate magnetostriction of ~ 30 ppm. These films are 

suitable to be used as the medium for the wave coupling experiment.  

EMAT provides a promising approach to generate acoustic waves in a non-contact 

situation. However, compared to IDT, EMAT has a low transduction efficiency [81], 

[82] and is typically large in size [83]. Significant research effort for developing a 

micron-size thin film EMAT with high transduction efficiency is required. Reducing 

the gap between the transducer and the medium, designing a transducer with its 

impedance matched to that of the power source (thus stronger magnetic field can be 

generated) may help to improve the efficiency of the transducer. 
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4.4.2 Writing Magnetic Patterns with Surface Acoustic Waves 

Conventionally writing a magnetization pattern in a magnetic thin film is achieved by 

using a magnetic recording head (like in a hard disk or tape drive) or using localized 

heating (such as magneto-optic recording [84]) or by contact printing with another 

magnetized film [85] (recall the magnetization pattern imprinted in the galfenol film 

from a credit card shown in Fig. 4.3). In this section, an alternative, solid-state 

technique is demonstrated for writing magnetization patterns with the assistance of 

surface acoustic waves. The waves modify the coercivity in selected regions of a 

magnetostrictive film and the magnetization can be switched and thus patterned by a 

magnetic field. The key advantages of this technique are twofold: the generation of 

surface acoustic waves can be realized in a robust, solid-state device (i.e., no moving 

parts) and electronic control of the wave sources can be used to create varying 

patterns.  

Surface acoustic waves are applied to a magnetostrictive film. Through the Villari 

effect [53], [64], this spatially varying strain selectively lowers the coercivity of the 

magnetostrictive film. When a magnetic field is applied, magnetization can be 

reversed in regions where the coercivity is lowered by the strain below the level of 

the applied field. In this way, a magnetization pattern replicating the acoustic wave 

can be created.  

This process is first demonstrated using standing acoustic waves to generate stripes of 

alternating magnetization in a magnetostrictive galfenol film. Interdigitated 

transducers for generating the acoustic waves are fabricated on a piezoelectric quartz 

substrate, as shown in Fig. 4.21. A galfenol thin film is deposited between the two 

IDTs on the quartz substrate, serving as the medium for magnetization patterning. 

The galfenol film has a coercivity of 6.8 kA/m, measured by a vibrating sample 

magnetometer.  
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Fig. 4.21. Schematic of the experimental device for writing magnetization pattern. 

To create a standing wave, the two transducers are excited synchronously with the 

same power. The generated acoustic waves travel towards each other, setting up a 

standing wave in the galfenol thin film.  

 

Fig. 4.22. Schematic of generated standing acoustic wave in the galfenol thin film. 

Tensile and compressive strains are generated at the wave crests and troughs 

respectively. 
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As illustrated in Fig. 4.22, the strain induced by the standing wave has two 

characteristics. First, it is a spatially varying strain, whose period is determined by the 

wavelength  of the traveling acoustic wave. The spatial distribution of the strain, 

thus, can be modulated, either wider or narrower, by generating an acoustic wave 

with a different wave length. Second, the strain is time-varying at a single location. 

Assuming at time t =0, one particular location in the film experiences a maximum 

compressive strain. After one half of the time period, T/2, it undergoes the maximum 

tensile strain. This time-varying strain results in a time-varying coercivity at that 

location. When a magnetic field is applied, its magnetization can be reversed only 

when the coercivity is below the level of the applied field. When the coercivity is 

increased by the strain, the already reversed magnetization will not be affected by the 

field. 

 

Fig. 4.23. The spatially varying strain in the galfenol film measured by the laser 

interferometer. Note the spatial period of the strain is 10 μm. 

In the experiment, each acoustic transducer is driven with acoustic power of 1.33 

W/mm. The operation frequency is 158 MHz and the generated wavelength is 20 m. 
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Maximum film strain occurs at the antinodes while no strain at the nodes. Fig. 4.23 

shows the acoustic strain measured by the laser interferometer.  

  

Fig. 4.24. (a) The galfenol film is first saturated before writing the pattern. (b) Under 

a standing acoustic wave, the magnetization is patterned into stripes by a reverse 

magnetic field. (c) Kerr image of the stripe pattern. A schematic of the IDT is 

superposed to emphasis the period of the stripes is half of the acoustic wavelength. 

Reverse field 
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After the standing wave is built up, the galfenol film is saturated with a 28 kA/m field 

perpendicular to the wave propagation (Fig. 4.24a). Then a field of -5.8 kA/m, lower 

than the coercivity of the unstrained film, is applied in the opposite direction. As a 

result, the magnetization around the antinodes, whose local coercivity is lower than 

the field strength, is reversed while those at the nodes remain unaffected. This creates 

an alternating magnetization stripe pattern (Fig. 4.24b), which is imaged using Kerr 

microscopy (Fig. 4.24c).  

Several things need to be noted here. First, determined by the created standing wave, 

the period of the pattern is 10 μm. A pattern with a different periodicity can be 

achieved if acoustic waves with a different wavelength are used. Second, the width of 

the stripe is tunable and this is illustrated in Fig. 4.25a. In the standing wave, the 

spatially periodic strain modifies the coercivity and creates a spatially periodic 

variation in coercivity.  

 

Fig. 4.25. (a) Schematic of the standing-wave-modulated coercivity and expected 

striped pattern in a reversing field. Kerr images of the 10 µm period stripes written 

with an acoustic power of 1.33 W/mm and a reverse field of (b) 5.8 kA/m, (c) 6.2 

kA/m and (d) 6.4 kA/m (stripes are merged together). 

With preset acoustic power, if the bias magnetic field strength is increased, 

magnetization in a larger area around the antinodes is switched (Fig. 4.25b and Fig. 

30 μm 
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4.25c). If the field strength keeps increasing, the stripes become wider and wider and 

eventually merge with each other (Fig. 4.25d). If the field direction is switched, a new 

stripe pattern can be written again. Thus, by selecting the acoustic wavelength and the 

magnetic field amplitude and direction, a periodicity-tunable, width-tunable and 

rewritable stripe magnetization pattern can be achieved. 

Similarly, an isolated magnetic dot can be written by focusing the acoustic waves to a 

focal point, which is already demonstrated in section 4.4.1. A curved IDT is powered 

by 1 W and generates a focusing wave at the focal point in a previously saturated 

galfenol thin film. Around the focal point, the coercivity is sufficiently low so that the 

magnetization is switched when a -4.2 kA/m reversing field is applied. The reversed 

magnetization stands out as a dot when being observed under a Kerr microscope (Fig. 

4.18c). The achieved dot size is 3 μm and can be changed by the field strength, the 

acoustic power and wavelength in a same way as described for tuning the stripe 

pattern.  

So far, periodic stripe pattern and an isolated dot are written with the acoustic wave. 

In each case, the feature size of the magnetization pattern can be manipulated by the 

applied magnetic field and acoustic power. In principle, it should be possible to write 

arbitrary magnetization patterns by scanning the focal point throughout the film area 

or generating more complex interference patterns from multiple sources.  

The capability of writing magnetization patterns with the assistance of acoustic waves 

can be applied in magnonic signal processing. For example, the periodic stripe 

magnetization pattern generates a spatially periodic magnetic field, by which the spin 

wave transmission [87] and spatial light transmission can be modulated [88]. In 

biological studies, magnetic manipulation of cell and molecules is typically 

accomplished by the magnetic field from lithographically patterned conducting wires 

[89] and micron-sized magnetic elements [90]. In this work, the magnetic field 

gradient generated at the boundary of opposing magnetization can be used for this 

application. Also an “acoustic tweezers” technique which utilizes the standing surface 
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acoustic wave to arrange the cells was demonstrated [91]. Thus our technique can be 

possibly used as a hybrid “magneto-acoustic tweezes” that is capable of using both 

acoustic wave pressure and magnetic field gradient for magnetic particle 

manipulation. 

Limited by the available photolithography capability, the magnetization patterns here 

are written with a 20 µm wavelength wave. However, shorter wavelength acoustic 

waves are demonstrated (wavelength of ~230 nm has been reported [92]) and a 

feature size ~100 nm should be achievable. It is possible to miniaturize the 

magnetization pattern and to manipulate smaller particles. 

 

4.5 Summary 

In this chapter, experiments of proof-of-principle of acoustically assisted magnetic 

recording technique have been systematically demonstrated, showing that acoustic 

waves can be used to temporarily and locally lower the coercivity of a recording 

medium. 

For experimental convenience, a low coercivity galfenol thin film is used as the 

recording medium. For practical application, high-coercivity materials such as FePt, 

FePd and SmCo, being investigated for thermally stable, high-density data storage, 

and may also be well suited for AAMR due to their large magnetostriction. 

The acoustic transducer, in this work, is fabricated on the recording film substrate. 

For application in a hard disk drive, a non-contact transducer (electromagnetic 

acoustic transducer) may be integrated with the recording head to generate acoustic 

waves in the medium through Lorentz force or magnetostrictive transduction. 

Besides the application in data storage, AAMR technique provides an alternative 

method to write magnetization patterns using a solid-state acoustic device, which can 
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be used in particle manipulation and optical grating modulation. The magnetization 

pattern is determined by the acoustic wave interference and can be manipulated by 

electrical control of the acoustic device.   

In sum, AAMR presents a new paradigm for magnetic data storage. Experimental 

results shown here advocate its promise. However, needless to say, significant 

additional research and development will be required in materials selection, 

transducer design and system integration for AAMR to be technologically viable. It is 

hoped that our work has paved the way for continued investigation of this novel 

concept.   
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Chapter 5. Surface Acoustic Wave Magnetic Field Sensor 

In this chapter, a surface acoustic wave magnetic field sensor using galfenol thin film 

is presented. The operation is based on the ΔE effect [1], where velocity of the 

surface acoustic wave propagating in the galfenol thin film depends on the applied 

magnetic field. This chapter starts with an introduction to the physics of the ΔE effect 

and then moves to the design, fabrication and characterization of the sensor. In the 

end, factors governing the sensor performance are analyzed.  

5.1 Introduction to ΔE Effect  

When a material is subjected to a stress, , its physical dimension changes and the 

resulting strain, , can be related to the stress via the Young’s modulus, EY: 

=
YE


       (5.1) 

However, the material always appears mechanically softer if it exhibits 

magnetostriction effect. As discussed in the previous chapters, application of an 

external strain to a magnetostrictive material introduces an easy axis or easy plane in 

the magnetic anisotropy, which tends to rotate the magnetization. This is known as 

the Villari effect. However, the stress-induced movement of magnetization (towards 

the easy axis or plane) generates additional strain through the magnetostrictive effect. 

This magnetostrictive strain adds up with the original mechanical strain, making the 

material more compliant to the applied stress and mechanically softer. For a 

magnetostrictive material, with a Young’s modulus, EY, the strain induced by a stress, 

, can be written as [1]: 

23 1
(cos )

2 3
s

YE


         (5.2) 

The first term on the right hand side of equation 5.2 is the pure elastic strain 

originating from the external stress. The second term is the additional 

magnetostrictive strain. θ is the angle between the magnetization and the strain 



109 

 

 

measuring direction. sis the saturation magnetostriction coefficient. The equivalent 

Young’s modulus can be seen from: 

23 1
(cos )

2 3( ) ( )
s

Y YE E E
 

  



        (5.3) 

Therefore, the effective Young’s modulus becomes smaller in a magnetostrictive 

material and this change is defined as the ΔE effect. Generally, this magnetostrictive 

strain is small compared to the mechanical strain and ΔE effect is weak. However, it 

plays an important role in modulating the resonance frequency or surface acoustic 

wave velocity when used in thin film acoustic devices.  

5.2 Surface Acoustic Wave Magnetic Field Sensor 

A surface acoustic wave can be generated by the interdigitated transducers on a 

piezoelectric substrate. When the acoustic wave travels in a magnetostrictive film, 

which is deposited on the same piezoelectric substrate, the wave velocity changes 

with the externally applied magnetic field. The applied field induces a strain through 

magnetostriction effect and thus affects the ΔE term in equation 5.3. This effect could 

be applied to realizing tunable SAW delay lines, oscillators or SAW-based magnetic 

field sensors. The idea of such a sensor is to detect the change in the acoustic velocity, 

which is sensitive to the magnitude of the external magnetic field. 

5.2.1 Device Design and Fabrication  

The performance of a SAW based magnetic field sensor significantly depends on the 

magnetostriction effect of the film. Galfenol film has some unique properties making 

it very promising for the sensing application [93]. First, it has a large 

magnetostriction (400 ppm measured in bulk), much larger than other common 

magnetostrictive materials [51]. Although terfenol has a higher magnetostriction of 

~2400 ppm, galfenol is more attractive due to its higher tensile strength and higher 

magnetostriction at a relatively low applied magnetic field [94]–[96]. Galfenol film is 
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also easier to be deposited by sputtering and has found applications in MEMS 

application [54], bending sensor [97] and magnetoelectric devices [98]. Thus, 

galfenol has high sensitivity, good reliability and low fabrication cost and is worthy 

of further investigation in sensing applications.  

The SAW based magnetic field sensor consists of a pair of interdigital transducers 

(IDTs) fabricated on a ST-X cut quartz substrate, working as the transmitter and 

receiver for generating and detecting the SAW (Fig. 5.1). The IDTs have 60 finger 

pairs. Each finger is 5 m wide and separated by 10 m apart from center to center. 

The device operates at 158 MHz, generating SAWs with a wavelength of 20 m. 

Note that the input impedance is not matched to 50 Ω as the velocity of wave is the 

main concern of this experiment, instead of the wave amplitude. The IDTs are 

patterned from a 180 nm thick Al film. 

 

Fig. 5.1. Schematic of the SAW based magnetic field sensor. The SAW is generated 

by the left IDT (transmitter) and detected by the right IDT (receiver).  

A galfenol thin film is deposited between the IDTs as the magnetic field sensing 

medium. The galfenol film is DC sputtered at 300 watts from a galfenol target with a 

composition of Fe81.6Ga18.4. The Ar pressure is 6.1 mTorr and the deposition rate is 

about 7 nm/minute. A series of SAW devices are fabricated with galfenol film of 

varying thicknesses. Table 5.1 summaries the film dimensions in all the devices.  

Film length 

Transmitter Receiver Galfenol film 

SAW 



111 

 

 

Table 5.1. Galfenol film dimensions in the magnetic field sensors.  

Device Film length (mm) Film thickness (nm) 

Dev1 5.0 100 

Dev2 5.0 230 

Dev3 5.0 300 

Dev4 5.0 500 

 

 

Fig. 5.2. XRD measurement of galfenol thin films. The peak centered at 43º is 

indicative of (110) texture. The values of the (110) peaks of 100 nm, 230 nm, 300 nm 

and 500 nm films are 109, 180, 193 and 223 respectively.  

The crystalline structure of the galfenol film is first characterized by X-ray diffraction.  

Fig. 5.2 shows diffraction peaks of the 100 nm, 230 nm, 300 nm and 500 nm galfenol 

thin film. In this experiment, all the deposited galfenol films exhibit strong [110] 

(110) 

(200) (211) 
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peaks in the XRD measurement, indicating a (110) texture is dominant in the films. 

This is consistent with results published by Adolphi et al. for galfenol films sputtered 

on Si and SiO2 [57]. This is because for body center cubic material, such as galfenol, 

(110) planes are the closed packed planes and is more favorable during the film 

growth.  

 

Fig. 5.3. Intensity of the (110), (200) and (211) peaks versus the film thickness. 

As seen from Fig. 5.3, the intensity of the (110) peaks relative to the intensities of the 

(200) and (211) peaks grows as the film thickness increases, indicating that the 

texture has the best quality in the 500 nm film while in the 100 nm film, it is not fully 

developed. The less developed (110) texture may result in a weaker magnetostriction 

effect that degrades the performance in the magnetic sensor application.   

 

5.2.2 Experiment and Results 

Experiments are conducted to measure the change in SAW velocity as a function of 

applied magnetic field. Fig. 5.4 shows the schematic of the experimental setup.  
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Fig. 5.4. Schematic of experiment setup for characterizing SAW based magnetic field 

sensor. 

The SAW device is configured as a delay line. The group delay of the acoustic wave 

from the transmitter to the receiver is characterized by a vector network analyzer. The 

acoustic wave travels along the x-direction. For the network analyzer, the center 

frequency is set at 158 MHz with a frequency span of 20 MHz. The sweep time is 30 

ms with 1024 points. The group delay is measured with a proper time gating so that 

triple-transit acoustic wave arising from reflections is eliminated.  

 

Fig. 5.5. The effective length of the acoustic path. 
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The group delay can be directly measured from the network analyzer and it 

corresponds to the effective time that the acoustic wave travels from the center of the 

transmitter to the center of the receiver, as illustrated in Fig. 5.5. The total length of 

the acoustic path is then given as: 

1 1

2 2
tot IDT film IDTL L L L       (5.4) 

However, the wave velocity varies when it propagates from the pure quartz substrate 

into the region covered with galfenol film. Thus the wave velocity in the galfenol film 

vfilm and velocity in the quartz vquartz can be related to the measured group delay, t, by: 

film IDT

film quartz

L L
t

v v
      (5.5) 

The length of the film is 5 mm while the length of the IDT is 1.6 mm. The wave 

velocity in the ST-X cut quartz is a constant value of 3159 m/s. Thus, by measuring 

the time delay, t, the wave velocity in the galfenol film can be determined.  

 

Fig. 5.6. Hysteresis loop of a 300 nm galfenol film. 
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In the experiment, the device is subjected to a uniform magnetic field, generated by 

an electromagnet along the x-direction as shown in Fig. 5.4. As the field is swept 

from -0.34 T to 0.34 T, the elastic property of the galfenol thin film is modulated 

through the ΔE effect, resulting in a change of the wave velocity, which is detected by 

the network analyzer. All the films have a coercivity of ~19 mT and can be saturated 

around 75 mT. The hysteresis loop of a 300 nm galfenol film is shown in Fig. 5.6.   

The change of acoustic velocity, Δv, is a function of the applied magnetic field and it 

is plotted relative to the minimum velocity, vmin, in Fig. 5.7. The maximum wave 

velocity occurs when the galfenol film is in the demagnetized state (the applied 

magnetic field is 19 mT). This corresponds to the coercivity of the galfenol thin film 

as seen from the hysteresis loop measured for the 300 nm galfenol film. Films with 

other thickness show the same coercivity. 

 

Fig. 5.7. Dependence of Δv/vmin on the applied magnetic field. The maximum change 

in velocity corresponds to the coercive field of the galfenol thin film. The hysteresis 

loop shown is for a 300 nm galfenol film. 

The dependence of velocity change on the film thickness is summarized in Fig. 5.8. 

The maximum change is about 0.64% in the 500 nm galfenol thin film while only 
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0.35% in the 100 nm film. In comparison to results reported for similar sensors, we 

observe a larger relative change in SAW velocity. For example, Forester, et al. 

reported a 0.03% velocity change in an 800 nm FeB film-quartz substrate system [99]. 

Ganguly, et al. reported a 0.02%-0.07% change in an 850 nm Ni film-LiNbO3 system 

[100]. A velocity change of 0.27% and 0.03% respectively in 2.5 μm TbFe2 and 4.0 

µm CoCr films on the LiNbO3 has also been reported [101], [102]. The large velocity 

change observed in our system is possibly due to the formation of (110) texture in 

galfenol which has a large magnetostriction effect.  

 

Fig. 5.8. Dependence of Δv/vmin on film thickness. 

As seen from Fig. 5.8, generally, a thicker galfenol film introduces a larger velocity 

change. This could be attributed to two effects. First, as the SAW propagates in the 

galfenol thin film, its acoustic energy penetrates wavelength-deep (about 20 m) into 

the substrate, only a part of it travels in the galfenol. For the thicker galfenol films, a 

larger portion of the wave is within the magnetostrictive material, resulting in a larger 

impact on the wave velocity. 

Second, according to the Tiersten formula [103], the change of the SAW velocity is 

proportional to the film thickness if the film medium is considered acoustically thin: 
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                             (5.6) 

where  is the SAW frequency and t is the film thickness[104]. The criterion for 

determining the acoustically thin and thick films is the ratio, R, given by: 

Afv t
R

G


                                    (5.7) 

where A is a property of the substrate. G, f, v, , and t are the film shear modulus, 

frequency, wave velocity, film density, and film thickness [97]. If R is much smaller 

than 1, then the film is acoustically thin.  Table 5.2 summaries the values for the 

variables used in Eq. 5.7 [51], [105]. 

Table 5.2. Interpretation of variables in Eq. 5.7.  

Variable Interpretation Value 

A Substrate property (Quartz) 1.9 

f Frequency 158 MHz 

v Wave velocity 3159 m/s 

 Film density 7870 kg/m
3 

t Film thickness 100, 230, 300 and 500 nm 

G Film shear modulus 120 GPa 

 

The R ratios for the 100 nm, 230 nm, 300 nm and 500 nm galfenol film are 0.006, 

0.013 and 0.018, 0.031 respectively, much smaller than 1. Thus, all the films can be 

treated as acoustically thin films and Eq. 5.6 is valid to evaluate the effect of film 

thickness in the velocity change in this experiment. 

According to Eq. 5.6, the velocity change is a linear function of the film thickness. 

However, as seen in Fig. 5.8, the maximum velocity change drops sharply at the 100 

nm galfenol film. Recall that the (110) texture is not fully developed in the 100 nm 
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film. This may explain the departure from the linear dependence on thickness 

expected from Eq. 5.6.  

 

5.3 Summary 

A SAW based magnetic field sensor using galfenol thin film is characterized. The 

velocity of the SAW propagating in the magnetostrictive galfenol thin film changes in 

response to the external magnetic field through the ΔE effect. The change depends on 

the thickness of the galfenol film. A relative velocity change of 0.64%, greater than 

previously reported results using different magnetostrictive films, is obtained. The 

large change in velocity only demonstrates that galfenol has superior properties (high 

magnetostriction, high tensile strength and ease in fabrication) for sensing application 

and thus may be further investigated in MEMS and magnetoelectric systems. 

However, the SAW based field sensor itself is not able to compete with commercial 

Hall effect magnetic field sensors in the aspect of operation field range (the SAW 

based field sensor saturates around a field of ~0.2 T) and accuracy (SAW based field 

sensor shows a hysteresis response to the field). 
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Chapter 6. Conclusion 

 

In this dissertation, a novel recording technique, acoustically assisted magnetic 

recording, is investigated.  This technique is based on the inverse magnetostriction 

effect, that is, when a strain is applied to a magnetostrictive material (galfenol film in 

this case), its coercivity can be modified. Here the strain is applied using surface 

acoustic waves. Acoustically assisted magnetic recording technique provides an 

alternative approach to achieve high density data storage. Compared to HAMR, an 

leading magnetic recording technology under development, AAMR is potentially 

more energy efficient. 

For acoustically assisted magnetic recording experiments, surface acoustic wave of 

20 m wavelength is generated by an interdigitated transducer on a piezoelectric 

quartz substrate. The wave propagates in a 57 nm thick magnetostrictive galfenol film 

in the acoustic path. The galfenol film works as the recording medium. In the proof-

of-principle experiments, data are recorded in the strained medium with a smaller 

write field than that in an unstrained medium. The required write field is reduced by 

10% when a strain of 100 ppm is applied.  By focusing the strain with curved acoustic 

transducer, an individual bit, with a diameter of 3 m, can be selectively written in 

the medium. 

In practice, high anisotropy materials, instead of low anisotropy galfenol films, would 

be used as the recording medium. High anisotropy L10 phase Fe-Pt-Pd thin film is a 

leading candidate for high density recording medium and its magnetostriction effect 

has been characterized. The magnetostriction is found to be dependent on the Pd 

content, implying the magnetostriction can be controlled by adjusting the film 

composition. Fe-Pt-Pd films grown in different deposition conditions and with 

difference film compositions should be characterized systematically to obtain the 

highest magnetostriction.  
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Also, application of AAMR to HDD requires the acoustic transducer to be integrated 

in the write head and to be able to couple the acoustic strain to the underlying 

recording medium. The possibility of coupling the wave through an electromagnetic 

acoustic transducer is investigated. The preliminary results suggest that the 

performance of this transducer is limited by its low energy transmission efficiency. 

Reducing the gap between the transducer and the medium, designing a transducer 

with its impedance matched to that of the power source (thus stronger magnetic field 

can be generated) may help to improve the efficiency of the transducer. 

The investigation of interaction between acoustic waves and magnetostrictive 

material also leads to other applications like magnetization patterning and magnetic 

field sensing. Various magnetization patterns such as periodic stripes (10 m 

periodicity) and single dot (3 m diameter) could be written in the magnetostrictive 

film by creating different acoustic interferences. This could be potentially used in 

magnetic particle manipulation, spatial light modulation and magnonic signal 

processing. Also, a magnetic sensor based on surface acoustic wave is successfully 

demonstrated. The wave velocity can be modulated by an external magnetic field 

through the ΔE effect when the wave propagates in magnetostrictive film (galfenol). 

By measuring the acoustic velocity, the magnetic field can be determined. With the 

highly magnetostrictive galfenol film as the wave propagation medium, a maximum 

velocity change of 0.64% is achieved, much larger than previously reported results in 

SAW sensors implemented with different magnetostrictive materials and substrates. 
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