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Abstract 

This thesis investigates the use of magnetostrictive Galfenol thin films for the production 

of surface acoustic waves along a piezoelectric, lithium niobate, surface via the 

magnetostrictive effect. Using the combination of magnetostriction for surface wave 

actuation and piezoelectric detection it is postulated that a device of this type will produce 

a frequency doubling when driven with a magnetic field. This thesis investigates this type 

of device through multiphysics simulation using the software, COMSOL, showing how 

the design dimensions effect the operating frequency, and demonstrating the frequency 

doubling effect. Included in the modelling is the effect of magnetostrictive film thick on 

magnitude of the signal produced. The thesis outlines the fabrication steps to produce a 

device for investigation, with the radio frequency (RF) sputtering method chosen to 

produce the Galfenol film, and energy dispersive X-ray (EDX) analysis to determine the 

film composition. Electron-beam (E-Beam) evaporation is used to pattern the lithium 

niobate substrate with a set of gold thin film interdigital transducers (IDTs) for the 

piezoelectric detection of the surface wave. An experimental setup is describe that uses a 

pulsed magnetic field is used to actuate the magnetostrictive films, with the IDTs 

connected to an oscilloscope to measure the electric output and confirm s surface wave. 

However, the device operation is not experimental verified within this work, possibly 

own to weak production of surface waves due to the thickness of the film in combination 

with a poor signal transfer by IDTs for measurement.  
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Chapter 1 - Introduction 

 

1.1 Background and motivation for this thesis 

Functional materials facilitate the conversion of energy from one form into another. 

Amongst them, materials that can be used to convert to and from electrical energy are 

particularly important within electronics since these can be used to drive a system based 

on an electrical input or extract measurements based on the electrical output produced by 

the material. For actuation and sensing, the conversion between mechanical and electrical 

energy has been of particular importance and acoustic responses of materials have been 

used for a variety of applications that include particle manipulation, sonic cleaning, non-

destructive measurements and signal processing.  

Two main types of materials, piezoelectric and magnetostrictive materials, make the 

conversion between electrical and mechanical energy relatively simple. Piezoelectric 

materials strain in the presence of a changing electrical field. Inversely, these materials 

produce potential difference changes when a mechanical stress is applied to them. 

Magnetostrictive materials interact with magnetic fields in a similar way as magnetic 

fields cause the material to strain, and applied stresses cause a change in the magnetisation 

of the material. Whereas electrodes are attached to the piezoelectric material for it to 

interact with a circuit, magnetostrictive materials interact wirelessly with circuits using 

electric coils, to produce and detect magnetic changes.   

The acoustic spectrum provides some advantage over the electromagnetic spectrum for 

signal processing, through the miniaturisation of signal processing components allowing 

for more compact circuits (1). Electromagnetic waves have a velocity of approximately 

3 × 108 𝑚/𝑠 whereas acoustic velocities within solids are typically several thousands of 

metres per second. Acoustic wavelengths are therefore much smaller compared to their 

electromagnetic counterpart for the same frequencies. Additionally, signal-processing 

components can perform these processes passively based on their mechanical structure 

and response to the applied signal. These are the important reasons for the early 
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investigation into acoustic devices and functional materials, especially piezoelectric 

materials (1-4).  

Recent research and development of novel magnetostrictive materials, especially in their 

thin film forms and with improved qualities, have led to renewed research interest. For 

instance, it is possible to electroplate Galfenol, a magnetostrictive material made of 

Gallium and Iron to grow structures in situ (5, 6). This can be used to produce different 

complex structures and readily produces thicker film compared to other thin film 

deposition techniques. Combinations of magnetostrictive thin films deposited on 

piezoelectric substrates have also been used to create ferroelectric devices and tuneable 

filters (7-11). Such devices have more usually been built as bulk layered composites. In 

some cases, a mixture was created with the magnetostrictive material distributed within 

a ceramic based piezoelectric. An advantage of using bulk materials is that these can be 

grown with uniform structure. The axes that exhibit the effects more strongly can be 

chosen to maximise the effect. A disadvantage is that reproducibility of these devices can 

be challenging due to the nature of the assembly. These rely on adhesives to join the 

layers, and these composites can show variations from device to device. These devices 

have typically been tested using a biased magnetic field, to reduce the operation over a 

smaller linearized region of the magnetostrictive curve. The benefit of this biasing is that 

a smaller driving field is required as the device is driven over a smaller region of the 

magnetic curve. In the case of tuneable filters, it is known that the stiffness of the 

magnetostrictive material varies with magnetisation as it strains.  This results in changes 

to the acoustic behaviour of the material, which causes a change of the acoustic velocity 

of the material and frequency of the device.  

Research has demonstrated magnetically-transduced surface acoustic wave (SAW) 

devices using magnetic films (12, 13). Magnetostrictive substrates and films have both 

been used to create devices to produce and detect surface waves through magnetostrictive 

effects. However, the materials, mu-metal (an alloy of both nickel and iron) (13) and a 

cobalt–iron-tantalum-zirconium (CoFeTaZr) (12) alloy used in these studies, exhibited 

poor or unknown magnetostriction. These materials are generally not used for their 

magnetostrictive properties. As a result, these devices showed poor performance 

compared to their piezoelectric counterparts. This area of research has received little 
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attention since, and no formal description of the design and wave production of these 

devices is available.  

Research into combining magnetically transduced SAW and piezoelectric detectors does 

not appear to have received attention within the literature. SAW devices are frequency 

filters, with the operation frequency based on the spacing of the electrodes and acoustic 

velocity of the substrate. This offers a way to design devices to operate at a known 

frequency without the need for simulation tools.  

1.2 Research focus 

This thesis focuses on the design of a surface acoustic wave (SAW) device combining 

magnetostrictive thin films of Galfenol deposited onto a piezoelectric substrate. Galfenol 

is the chosen magnetostrictive material due to its relatively high magnetostrictive value 

and relatively low saturation fields. The intention is to use a patterned magnetostrictive 

thin film to induce a mechanical surface wave along a piezoelectric substrate that can be 

detected using a set of patterned electrodes using the piezoelectric effect. 

Magnetostrictive materials respond to an applied magnetic field by straining in the 

direction of that field. It turns out that these materials exhibit the same strain for a given 

magnitude of magnetic field independent of the direction of the magnetic field. This 

results in a symmetric curve for strain around the zero value of the magnetic field. 

Moreover, at first approximation, the strain is a quadratic function of the magnetic field 

H. A periodic variation of the field at a frequency 𝜔 will therefore generate a strain at a 

frequency 2𝜔. An example curve showing this is presented in Figure 1.1. 

Strain curves for piezoelectric materials are also symmetric but display a butterfly shape 

around the zero value of the electric field. The direction of the strain for these materials 

is influenced by the direction of the applied electric field and example curve is depicted 

in Figure 1.1. The operation of piezoelectric is confined to a single region of the curve.  
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Figure 1.1 Examples of magnetostrictive and piezoelectric strain curves  

However, it may be more practical to take advantage of the second order effect produced 

by magnetostrictive materials. As explained before, this effect can cause the material to 

strain at a rate that is a multiple of the driving field, given an appropriate design and 

driving signal. The electric field of the piezoelectric material will change at the same rate 

as the strain produced, so that this combination of magnetostrictive and piezoelectric 

materials can provide a means to create a device that responds at twice the frequency of 

the driving field. The SAW structure offers a way to design a device to operate at a 

specific central frequency, this acts as a filter and reduces the appearance of unwanted 

additional frequencies within the measured signal (14). Moreover, as the frequency of 

operation is chosen as part of the device design, the expected response and behaviour of 

the device are known, and more readily identified. These devices are compatible with 

traditional microfabrication processing, enabling thereby the cost-effective production of 

components of same characteristics. 

1.3 Hypothesis behind the study 

Based on the second order nature of magnetostriction, it should be possible to produce a 

frequency doubling of the driving field. For instance, if the magnetostrictive element were 

driven with a 25 MHz oscillating field, it would strain in a given direction at a rate of 50 

MHz. This is the basis for the frequency multiplication property of the proposed device. 

Combining this with the piezoelectric material and its given potential-strain profile, one 
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would expect to see this translate to a frequency double of the piezoelectric response 

compared with driving magnetic field.  

The intention is to use patterned magnetostrictive films that will strain in response to a 

magnetic stimulus and induce waves along the surface of a piezoelectric substrate. These 

waves will travel to a patterned electrode on the surface of the substrate where through 

the piezoelectric effect they will be converted into an electric signal that can be measured. 

An example of the film patterns for the magnetostrictive elements and the electrode 

patterns, known as interdigital transducers (IDTs) is shown in Error! Reference source 

not found.. 

 

Figure 1.2 Illustration of the film pattern for the magnetostrictively transduced and 

piezoelectrically detected SAW device, with the relevant physical fields and their expected relevant 

size.  

Based on the expected response of the magnetostrictive fingers to the magnetic field, it is 

predicted that a surface wave will be produced at twice this driving frequency. This means 

that the electrodes to detect the SAW piezoelectrically will need to be designed to operate 

with a central frequency that is twice that of the driving field. 

1.4 Statements of objectives 

The objectives within this research are:  
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1. To produce Galfenol thin films by the radio frequency (RF) sputtering technique. 

As Galfenol is a mixture of Gallium and Iron, we want to obtain the same 

stoichiometric coefficient as that corresponding to the peak magnetostriction as 

reported in the literature (15).  

2. To design, model and simulate a suitable structure of SAW device to produce the 

required effect. 

3. To develop a process to fabricate and integrate the magnetostrictive films into the 

structure.  

4. To fabricate a prototype device and create a test setup to characterise the 

performance of the device.  

In the simulation work, the device and the materials used will be included to aid in the 

design process and test assumption, as well as to help with understanding experimental 

results obtained.   

1.5 Layout of the thesis 

Chapter 2 provides the theory behind magnetostriction, piezoelectricity and SAW device 

design and operation. Explanation for the design and operation of the magnetostriction-

based SAW device is then presented based on the preceding discussion. 

Chapter 3 reviews the literature related to development of magnetostrictive materials, 

and the deposition techniques used for producing thin films based on these materials. A 

particular focus is given to Galfenol, which is also compared with other magnetostrictive 

materials. This chapter also reviews the development of surface acoustic wave devices; 

particular focus is given to those devices, which incorporate magnetostrictive elements in 

their design. 

Chapter 4 discusses the multiphysics modelling of the devices and magnetostrictive 

material. It outlines an approach for a magnetostrictive material model for Galfenol, a 

SAW device model, and a magnetostrictively transduced and piezoelectrically detected 

SAW model. 

Chapter 5 outlines the manufacture processes to produce the device. This includes the 

steps taken to pattern the thin film films on the substrate, and the production of thin films 
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of Galfenol using RF sputtering technique. SAW delay-line devices were manufactured 

to ensure that the fabrication processes produced working devices of a known type and 

response, which could be compared with the magnetostrictive type device proposed here. 

Chapter 6 outlines the experimental work undertaken in this research to characterise the 

devices understudy and presents the results from the measurements taken.  

Chapter 7 provides the concluding remarks, outlining improvements and potential future 

work for further investigation of the devices studied.
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Chapter 2 - Fundamentals of 

Magnetostriction and Applications   

 

2.1 Introduction 

Functional materials are materials that have properties which can be changed in a 

controlled way by the application of an external stimulus (16). This is possible because 

of the internal material properties, which create a coupling between two or more physical 

fields. These can include electric, magnetic, mechanical and optical properties that offer 

a way to transduce one form of energy to another. These types of materials are used in a 

variety of applications that require sensing, transducing and actuating elements within a 

system. 

Of interest for this thesis is the combination of piezoelectric and magnetostrictive 

materials. Both materials strain under the influence of an applied field. Piezoelectric 

materials respond to electric fields, while magnetostrictive materials respond to magnetic 

fields. Both effects are also reciprocal: when the material is under mechanical stress, the 

internal electric or magnetic field changes and vice versa. Combining these two materials 

yields structures that can perform a conversion between electric and magnetic energy. 

This effect does occur naturally in some materials; however, the coupling is too weak to 

be of practical use. Investigation of composite materials with various magnetostrictive 

and piezoelectric structures have resulted in enhanced electro-magnetic coupling. 

Research in this area has largely focused on the bulk vibration of these composites. 

Although combinations of the two materials have been researched for surface acoustic 

wave devices (9, 11, 17-21), this research has not been concerned with the magneto-

electric coupling of SAWs. The generation of surface acoustic waves using 

magnetostriction has also received little attention within the literature (12, 13, 17). The 

reason for this lack of interest is the poor performance of the investigated magnetostrictive 

surface acoustic wave devices compared with their piezoelectric counterparts. For 

example the initial work in the area by Voltmer et al. produced a device with insertion 
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loss of 100 dB at resonance (17), while Ellis et al. produced a device with a 60 dB 

insertion loss (12).   

SAW devices using combination of piezoelectric and magnetostrictive elements have 

seen extensive investigation for application as tuneable filters and delay lines, as well as 

for magnetic sensing. The surface waves produced by these devices were driven using the 

piezoelectric effect, and the magneto-elastic coupling of the magnetostrictive film was 

used as a means to manipulate the surface wave.  

This chapter discusses the magnetostrictive effect caused by the physical response of a 

magnetic material to an applied magnetic field. Surface acoustic wave devices, their 

design and operation, are then outlined with reference to the piezoelectric effect and the 

implications that the choice of materials has on the transducer design for a given 

frequency response. A brief discussion of magnetostrictively transduced surface wave 

devices is then included for background. This chapter concludes by outlining the design 

of the proposed magnetostrictively transduced wave device that is the primary focus of 

this research based on the discussion in the previous section.   

2.2 Magnetostriction 

2.2.1 What is magnetostriction? 

Magnetostriction is the phenomenon whereby a ferromagnetic material undergoes a 

mechanical deformation due to a change of magnetisation of the material. This effect is 

also known as the Joule effect, as it was first reported by James Joule in the year 1847 

(22). This change in magnetisation can occur either due to a change in temperature or by 

the application of a magnetic field (23). The magnetostrictive effect is quantitatively 

characterised by a fractional length change, δl/l, as a function of the applied magnetic 

field. This length change occurs in the direction of the applied field, and its value is a 

monotonic function of the magnitude of the applied field. This fractional length change 

is referred to as the magnetostrictive strain coefficient and is typically indicated with the 

λ symbol, where the magnetostrictive strain saturation value for a material is given as λs. 

The values are typically quite small, but can range from 10-8 to 10-3 (24, 25). The 

necessary applied field, H, to achieve these strain values, depends on the 
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magnetocrystalline anisotropy of the material. Amorphous ferromagnets with soft 

magnetic properties due to the absence of a crystalline structure typically require lower 

magnetic fields. An example is Iron-Gallium-Boron (FeGaB) which saturates at  ~1.6 

kA/m (20 Oe) (26). Highly anisotropic materials, such as (Terbium-Iron) TbFe2 require 

fields of 800 kA/m  (~10 kOe) to saturate (25). A schematic of the changing 

magnetostrictive strain of a material as a function of the magnitude of the applied 

magnetic field is illustrated in Figure 2.1. As the magnetisation of the material increases 

with an increase in the magnitude of the applied magnetic field, so too does the 

magnetostriction until saturation is reached.  

 

Figure 2.1 Magnetostrictive strain curve vs applied field for a typical positively straining 

magnetostrictive material  

The magnetostrictive effect is reciprocal: an applied mechanical stress generates a change 

in the magnetic moment of the material, due to the forced displacement of the internal 

magnetic structures. This inverse effect of the Joule effect is known as the Villari effect 

(27).  

As mentioned in Chapter 1, the strain exerted by an applied magnetic field exhibits a 

symmetric curve in a magnetostrictive material. Figure 2.1 shows the case of an 

elongation of the material. The material exhibits the same strain, either elongating or 

contracting, along the direction of the applied magnetic field irrespective of the sign of 

the field. While the curve above shows a positive magnetostrictive material that expands 

in the direction of magnetisation, there are materials that are negatively magnetostrictive, 

and contract in the opposite direction of the magnetisation. Galfenol, an iron-gallium 
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alloy is an example of positively straining material. Nickel is an example of a negatively 

straining magnetostrictive material. 

The basis of whether a material is positively or negatively magnetostrictive can be 

attributed to the structure of the magnetic domains and their rotation in the presence of a 

magnetic field. A magnetic domain is an area within a material where the magnetisation 

points along the same direction. The formation of these domains are a result of the 

magnetic moments from the individual atoms that make up the material, aligning along a 

uniform direction in regions of the magnetic material. The shape of these domain 

structures dictates whether the stains exhibited are elongations or contractions as 

illustrated in Figure 2.2. 

 

Figure 2.2 Illustration of magnetostriction based on domain rotation, positive strain (right) and 

negative strain (left) (28) 

2.2.2 Spontaneous Magnetostriction 

There are two main types of magnetostriction: spontaneous and field induced (29). The 

former is the result of the ordering of magnetic moments into domains as the material 

cools and passes through the Curie temperature. The latter is caused by the presence of 
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an external magnetic field and those spontaneous magnetic domains orientating 

themselves with respect to action of that magnetic field.  

 

Figure 2.3 Illustration of spontaneous and field induced magnetostriction. The spontaneous strain is 

given as “e” (29). 

Chikazumi and Graham (24), and Jiles (29) provide a similar explanation regarding the 

length change for the spontaneous and field induced magnetostriction. This explanation 

is outlined here with reference to Figure 2.3 to illustrate the mechanisms taking place and 

their mathematical description. 

The approach is to consider a sphere of ferromagnetic material that is above its Curie 

temperature, the temperature at which a material loses its permanent magnetic properties. 

This sphere contains unstrained spherical volumes of material in an unordered state as 

depicted in Figure 2.3(a). As the material cools to below its Curie temperature and 

becomes ferromagnetic, spontaneous magnetization occurs, and magnetic domains form 

within the material. Each of these domains have their own magnetic moment. These are 

distributed in such a way that the combination of the domains generates a demagnetised 

state with the sum of their moments being zero. Each of these domains has a spontaneous 

strain, e, in a particular direction, and the material exhibits a magnetostriction, λ0 = e/3, 

as illustrated in Figure 2.3(b), with the unordered and randomly aligned domains.  

Considering the case for an isotropic material, these strains are independent of the 

crystallographic direction, and for each domain the strain varies by an angle, θ, from the 

direction of spontaneous magnetization, which is described by (29) 
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𝑒(θ) = 𝑒 𝑐𝑜𝑠2θ  (2.1) 

As the domains are randomly orientated and hence any direction is equally likely, the 

average deformation throughout the solid due to the spontaneous strain is the average of 

equation (2.1) (24, 29), 

λ0 = ∫ 𝑒 𝑐𝑜𝑠2(θ) sin(θ)𝑑θ = e/3
𝜋/2

0
                                           (2.2) 

If this sample material is now placed in a magnetic field of sufficient magnitude, the 

material becomes magnetically saturated in the direction of the field. As a result, all the 

magnetic domains within the sample become aligned forming a single domain. This 

sample has now moved from a demagnetised state to a magnetically saturated state, where 

magnetostrictive saturation, λs, is reached Figure 2.3 (c). This leads to the following 

expression, 

𝜆𝑠 = 𝑒 − 𝜆0 = 2𝑒/3                                           (2.3) 

The spontaneous strain, e, within the domains of the material, which is due to the 

magnetic ordering along a particular direction, can therefore be obtained by measuring λs.  

𝑒 = 3𝜆𝑠 2⁄                                             (2.4) 

Here, it is taken that the saturation magnetostriction value, λs, corresponds to the strains 

measured as the material transition from a demagnetised state to a magnetically saturated 

state in the direction of the applied field.  

2.2.3 Field Induced Magnetostriction 

Of most interest in the study of magnetostrictive materials is the variation of the 

magnetostrictive strain as a function of the applied magnetic field. The direction of the 

applied field is also of importance due to the typically anisotropic nature of magnetic 

materials. Some directions of the applied field promote greater magnetostriction, as 

explained in the next section for a simple case study.  
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2.2.3.1 Magnetostriction at an Angle to an Applied Magnetic Field 

The material chosen can be a single crystal structure or a polycrystalline structure where 

alignment of the domains has been forced through a mechanical loading, as illustrated in 

Figure 2.4. In an initial demagnetised state, the material has domains aligned in an anti-

parallel fashion, (a). If the magnetic field, H, is applied to the easy axis of this sample, 

with an intensity of sufficient magnitude to saturate the magnetisation in the direction of 

the field, (b), the process will result in no field induced magnetostrictive strain of the 

material (24). This is because the direction of the magnetisation of the domains is already 

parallel to the direction of the applied field. In this case, the external magnetic field, H, is 

applied at an angle of θ = 0 to the easy axis, leading to a fractional change in length of 

𝑑𝑙/𝑙 = 0. If H is now applied perpendicular to the easy axis, where θ = 90°, (c), the 

fractional change in length is now 𝑑𝑙 ⁄ 𝑙 =  3 𝜆𝑠/2 . In this case, the magnetisation takes 

place throughout the material by rotation of the magnetic moments and domains leading 

to a strain of the whole sample. 

 

Figure 2.4 Magnetisation and magnetostrictive elongation of a uniaxial sample 

This can be represented in the mathematical form (24):  

𝜆(𝜃) =  
3

2
𝜆𝑠(1 − 𝑐𝑜𝑠

2(𝜃)) (2.5) 
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In the case of an isotropic solid with a random distribution of domains, such as a 

polycrystalline material, we demonstrated previously that the strain of the material that 

occurs with the onset of ferromagnetism was e/3. The maximum strain at the 

magnetostrictive saturation value of λs was 2/3e. The result can then be represented by 

the following equation:  

𝜆(𝜃) =  
3

2
𝜆𝑠 (𝑐𝑜𝑠

2(𝜃) −
1

3
) (2.6) 

The strain that is observed perpendicularly to the axis of the applied field is - λs/2, and is 

due to the rotation of the magnetic moments and domains. For magnetostrictive 

measurements taken with fields applied parallel to directions of measurements, λ∥, and 

with the field perpendicular to the direction of measurement, λ⊥, the spontaneous strain 

of a single domain can be calculated from (29): 

𝜆∥ − 𝜆⊥ = 𝜆𝑠 +
𝜆𝑠
2
=
3

2
𝜆𝑠 = 𝑒 (2.7) 

  

2.2.3.2 Magnetostriction vs Magnetic Field Strength 

The most documented characteristic of magnetostrictive materials is the variation of the 

magnetostriction with the applied field, λ(H). While equations (2.6) and (2.7) provide a 

way to calculate the magnetostriction at saturation, the relationship between the variation 

of magnetostriction and the applied field depends heavily on the structure of the material. 

It is not typically possible to give a general relation regarding the variation of the applied 

magnetic field and the resulting magnetostrictive strain induced (29).  

Again, the simple case of a material with a uniaxial anisotropy is chosen, where the 

magnetic domains are aligned and parallel. First, consider the magnetisation of the sample 

for a field applied in a direction perpendicular to the easy axis, where the magnetic field 

increases in magnitude. As the strength of the field increases, so does the magnetisation 

of the sample through rotations of the domains to align with the field. The magnetisation 

of the material, M, in the direction of the applied field can be expressed as (24): 

𝑀 = 𝑀𝑠 cos 𝜃 (2.8) 
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where Ms is the magnetisation saturation of the material and the angle θ is the angle 

between the direction of the field and the axis. The magnetostriction for this case can be 

given by the following equation:  

𝜆(𝜃) =  
3

2
𝜆𝑠 𝑐𝑜𝑠

2(𝜃) (2.9) 

The insertion of equation (2.8) into equation (2.9) provides a relation between 

magnetisation and magnetostriction of a material:  

𝜆 =  
3

2
𝜆𝑠 (

𝑀

𝑀𝑠
)
2

 (2.10) 

for a magnetisation along a particular direction in the material.  

The situation is more complex for a polycrystalline material. Assuming that the material 

is initially in a demagnetised state, with a uniform spontaneous strain throughout, the 

interest is on what happens as the domains start to rotate and align with increasing applied 

field. Two cases are presented by Chikazumi and Graham (24) with the further 

assumptions that (i) each domain is aligned parallel to one of the three perpendicular 

Cartesian axes, (ii) this distribution is random with approximately one third of each 

domain parallel to one of these three axes and (iii) the magnetic field applied to the sample 

is along one of these axes. The relative change in length of the sample then depends on 

the relative ease of rotations of the parallel magnetisation compared with the 

perpendicular one. For example, if the domains parallel to the field are easily displaced 

compared with those perpendicular to the applied field, the change in magnetisation of 

the sample, while increasing to Ms/3, should present no change in length, as the change 

in magnetisation that occurs is only due the rotation of the domains parallel to the applied 

field. However, if all the domains rotated at the same time, the change in length is 

proportional to the change in magnetisation (24). 

The first case can be represented as (24): 
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𝜆 =

{
 

 0              ,
𝑀

𝑀𝑠
<
1

3
3

2
𝜆𝑠 (

𝑀

𝑀𝑠
−
1

3
) ,

𝑀

𝑀𝑠
≥
1

3

 (2.11) 

In either case, whether the domains all rotate together or if there is a preferential order to 

the rotation of the domains, the maximum strain observed is λs =2/3e, the measured 

saturation magnetostriction, as illustrated in Figure 2.5. 

Figure 2.5 has been recreated from Chikazumi and Graham (24) with reference to 

experimental measurements by Webster (30) for single crystal iron samples. The 

experimental results of Webster show a closer relation to the case where the parallel 

domains have a preferential motion to the perpendicular domains. 

 

Figure 2.5 Magnetostriction as a function of magnetisation, with the lines showing (1) preferential 

motion of the parallel domains, (2) simultaneous motion of both parallel and perpendicular 

domains. Experimental points from Webster (24), (30). 

However, magnetostrictive strains are observed earlier than the case suggests indicating 

that the perpendicular domains start their motion before the parallel domains have 

completed aligned.  

𝜆 =  𝜆𝑠 (
𝑀

𝑀𝑠
)
2

 (2.12) 
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This equation offers a closer agreement with the experimental results of Webster, when 

compared with the two cases illustrated above, as shown in Figure 2.6.  

 

Figure 2.6 Magnetostriction as a function of magnetisation for different models (30) 

Equation (2.12) will form the basis for the magnetostriction model for the modelling of 

the thin films in future chapters, as it appears to be more representative of the 

experimental case by Webster. While this is a simpler equation to setup in the numerical 

solver, it has the added complexities associated with non-linearity problem solving. 

2.2.4 Magnetostriction in applications 

Magnetostrictive materials, due to the reciprocal nature of the effect, are useful for 

sensing and actuation applications. Typical examples include the sensing and 

quantification of a mechanical stress as a function of the change in magnetisation as the 

material strains, or the straining of an actuator in response to a controlled magnetic field. 

Beyond the magnetoelastic coupling of these materials, the stiffness properties of the 

material change also with variations of magnetisation. This effect, known as the E 

(Delta-E) effect, has been used to control the velocities of acoustic waves within these 

materials for applications such as tuneable filters and delay lines (7, 9, 31-34). The inverse 

of this effect has been exploited through the straining of the material by acoustic signals 

to lower the coercivity, easing thereby the writing of magnetic patterns (21, 35).  
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When choosing a material for its magnetostrictive properties, the magnetostrictive 

saturation is only one of important factors to consider. To be a useful material,  the 

magnetostriction should occur at low coercive fields (36, 37), have a high Curie 

temperature, be able to demonstrate the magnetostrictive effect at normal temperatures, 

have good mechanical properties for the material to be machined, and be able to be 

operated under both compressive and tensile loads.  

 

Figure 2.7 Plots of Magnetostriction vs applied magnetic field by Etrema for Galfenol under a 

compressive load, examples of (top figure) as-grown and (bottom figure) stress annealed Fe81.6Ga18.4 

(38). 
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To achieve a maximum fractional change in length during magnetisation, the magnetic 

domains need to be aligned perpendicularly to the direction of the applied field. 

Practically, this is achieved either by applying a load to the sample and mechanically 

forcing the domains into alignment, or by stress-annealing samples to build in a pre-stress. 

Etrema Inc. have produced polycrystalline samples of Galfenol (FeGa), demonstrating 

the effects of both of these procedures as shown in Figure 2.7. For the as-grown sample 

of FeGa, the magnetostriction value increases by approximately one third when 

sufficiently loaded mechanically aligning the magnetic domains. The stress annealing has 

a similar effect: mechanically aligning the material produces the greatest strains for the 

applied field. What is notable is the widening of the curve as increasing stress is applied 

to the material. This is most likely due to the additional energy required to overcome the 

applied mechanical stress in the first case, and the internal stresses in the second case.     

In practice, the magnetostrictive elements are magnetically biased around a point to 

linearize the operation of the device and reduce the magnitude of the required fields to 

obtain maximal strain. If the device is operated unbiased, there is the potential to take 

advantage of the second order nature of magnetostriction for a frequency double effect, 

at the expense of a larger magnetic field to maximise the strains produced. This is 

illustrated in Figure 2.8 where the red curve along the dl/l vertical axis has twice the 

frequency of the blue curve. 
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Figure 2.8 Operation of a magnetostrictive material in bias and not biased state 

2.2.5 Magnetostriction in thin films 

The use of thin film magnetostrictive material is attractive for microsystem applications. 

Much effort has been made in the development of suitable magnetostrictive thin films 

(39-47), although magnetostrictive values achieved are less than for bulk material. This 

is likely due the inherent anisotropy of the magnetic material and the internal stresses 

within the material as it adheres to the substrate layer during the deposition process. 

Methods of depositing these thin films have included a variety of vacuum process set-ups 

and electroplating: more details are presented in the literature review in the following 

chapter.   

This research is focused on the use of deposited magnetostrictive thin films, which are 

assumed polycrystalline with a random distribution. With these assumptions, the 

maximum magnetostriction along any axis of the material will be the measured 

magnetostriction saturation value, λs, of the film. Equation (2.12) will be used in 

combination with a B-H curve to model the magnetostriction as a function of its 

magnetisation. The linear approach adopted for simplicity in the modelling of the material 
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is justified, as we are interested in the maximum strain produced and the frequency 

response achieved, not the intermediate effects as the strain changes.  

2.3 Surface Acoustic Wave Devices 

2.3.1 Surface Acoustic Waves 

The theory of surface acoustic waves (SAW) was first presented by Lord Rayleigh in 

1885 (48) offering a way to explain seismic signals that were not well understood at the 

time (14). For this type of waves, the majority of the energy is confined to the surface of 

the medium over which the waves propagate. The amplitude of the wave decreasing with 

increasing depth and typically reaches zero at a depth of more than one wavelength. This 

makes surface waves very sensitive to changes at the surface of the propagation medium. 

An example of the medium displacement is illustrated in Figure 2.9. 

 

Figure 2.9 Illustration of medium displacement for a surface acoustic wave (14)  

The velocity of acoustic waves within solids is much lower than that of electromagnetic 

waves. An acoustic wave-based device is therefore much smaller than its electromagnetic 

counterpart for operation at the same frequency. This prompted interest in developing 

devices such as delay lines, resonators and filters (1, 2). An additional advantage is that 

propagation losses for single crystal piezoelectric materials, typically listed at 1 GHz 

operation, are very small (14). 
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2.3.2 Piezoelectricity 

The piezoelectric effect is a physical phenomenon where the electric field and elastic field 

of a material are coupled (49, 50). This effect occurs in anisotropic materials possessing 

a non-centric crystal structure, and therefore an electric dipole moment. As a result, when 

a pressure is applied to the crystal causing the structure to strain, a change in the electric 

dipole moment produces a change in the electric potential. This effect is known as the 

direct piezoelectric effect. The effect is reciprocal: if an electric field is applied to the 

crystal, a change in shape occurs as the dipole reacts to the external field. These effects 

are illustrated in Figure 2.10. 

 

Figure 2.10 Medium displacement and polarisation for the direct and inverse piezoelectric effects 

Piezoelectricity was discovered by the brothers Pierre and Jacques Currie in 1880 when 

they observed that certain crystals when compressed would produce a positive or negative 

charge along their surface (51). They noted that the effect was dependent on certain 

directions of compression along the crystal to produce the observed charge, and that the 
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magnitude of the charge was proportional to the magnitude of the compressive force (52). 

This effect can be represented by the following equations (51, 52): 

𝑃1 = 𝑑111𝑇11 (2.13) 

𝑆11 = 𝑑111𝐸1 (2.14) 

Where  

P – polarization vector 

d – piezoelectric strain coefficient tensor 

T – stress applied 

S – strain produced through the piezoelectric effect 

E – magnitude of applied electric field vector 

Equation (2.13) links the polarization of the material to the stress applied through the 

piezoelectric strain coefficient. Equation (2.14) relates to the strain of the material when 

an electric field is applied (51). As piezoelectric materials are anisotropic, the direction 

of the applied stress bears an effect on the polarity of the resultant field. As one would 

expect the case is the same for the inverse piezoelectric effect, the polarity of the electric 

field applied to the crystal affects the direction of the strain induced in the crystal.  

With SAW devices, both the direct and inverse piezoelectric effects are used for surface 

wave generation and detection, respectively. SAW devices are usually fabricated on a 

polished single crystal piezoelectric substrate, such as Lithium Niobate (LiNbO3), 

Lithium Tantalate (LiTaO3), and quartz, as these can be produced with consistent quality 

and material characteristics. Other piezoelectric materials, such as Zinc Oxide (ZnO), 

Aluminium Oxide (Al2O3) and Gallium Arsenide (GaAs), have been researched and used 

as piezoelectric thin films, but propagation losses are high for frequencies greater than 

200 MHz, and there is difficulty in producing films with consistent material 

characteristics (53). 

When choosing a piezoelectric substrate, there are a number of properties that need to be 

considered for designing a suitable device. While each substrate material has its own 

properties based on its atomic composition, other important factors affect the properties 

and design considerations of a SAW device to be fabricated, based on the anisotropic 

nature of the piezoelectric crystals. These properties include the cut of the crystal and the 
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propagation direction of the SAW along the surface of that cut. These will determine the 

velocity, the electromechanical coupling factor and the temperature coefficient of delay 

(TCD) of the surface wave. The electromechanical coupling factor gives an indication as 

to how well energy is transduced, with higher values being preferred for more energy 

efficient systems. The TCD gives the length change of the substrate that occurs with 

change in temperature, which will affect the propagation of the surface wave. While this 

property can be a useful for temperature sensing applications, it is typical for engineers 

to try to minimize this for most other applications so that temperature fluctuations do not 

affect the overall operation. The wave velocity is an important factor for the design of 

SAW devices as it is used for determining the central operating frequency and the design 

of the electrodes structure for SAW generation.  

Listed in Table 2.1 are some of the common single-crystal substrate materials used for 

SAW device fabrication, and their relevant properties. 

Table 2.1 Common piezoelectric materials used for SAW device substrates 

 

The electromechanical coupling factor for SAW’s, K2, is a measure of the piezoelectric 

coupling to the wave. This parameter is determined by twice the percentage change in 

SAW velocity for a free surface, 𝜐𝑓, and an idealised metallised surface, 𝜐𝑚. This 

metallised surface shorts the parallel component of the electric field, but it is too thin to 

have any mechanical effect (14): 
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Δ𝜐
𝜐⁄ =

(𝜐𝑓 − 𝜐𝑚)

𝜐𝑓
= 𝐾

2

2⁄  (2.15) 

2.3.3 Design and Operation 

In 1965, White demonstrated the first use of a structure known as a interdigital transducer 

(IDT) for the generation and detection of surface acoustic waves along a piezoelectric 

substrate (2, 3). Previously surface waves were generated for study using piezoelectric 

plates that would produce bulk waves through structures that would couple the vibrations 

to a free surface to excite surface waves across them. 

The IDT structure is illustrated in Figure 2.11. It is a metallic thin film structure of 

interleaved fingers that serve as an electrode through which oscillating electric signals 

can be passed creating oscillating electric fields and therefore a mechanical response from 

the piezoelectric substrate.   

 

Figure 2.11 Typical single finger IDT structure used for piezoelectric SAW devices 

This basic structure is used today in modern surface acoustic wave devices, for 

applications ranging from signal processing, sensing, identification, particle and material 

manipulation and microfluidics (2, 18, 21, 34, 54-60). It is a relatively simple structure to 

fabricate, as it is a patterned thin metal film on a smooth piezoelectric substrate requiring 

only photolithography to create the pattern, a thin film deposition method and an etching 

or lift-off step to finish the fabrication. This is a cost-effective process to perform and 

upscale; as a result SAW devices are now standard components in everyday electronics 

(57). 
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The design and spacing of the fingers determine the wavelength of the SAW and its 

central frequency based on the chosen substrates surface wave velocity. It is described by 

the relation: 

𝑓𝑜 = 𝑣𝑜 𝑑⁄  (2.16) 

Where, 𝑓𝑜 – Central frequency 

 𝑣𝑜 – Acoustic velocity of the substrate 

 𝑑  – Wavelength  

Surface acoustic waves are produced the most efficiently when an oscillating electric 

signal that matches the central frequency of the design is applied to the IDT’s (4, 53). 

Changing the width and spacing of the IDT pattern modifies the wavelength of the 

induced surface waves and hence the central frequency of the device.  

 

Figure 2.12 SAW Generation along a piezoelectric substrate 

What occurs at the substrate surface is illustrated in Figure 2.12. As an oscillating voltage 

is applied to the IDTs, electric fields of alternating polarity are created. Because of the 

piezoelectric properties of the substrate material, the alternating polarity causes areas of 

the material to strain. The direction of the strains depends on the polarity of the electric 

fields, producing areas of either tension or compression. 

The basic IDT structure, shown in Figure 2.11, is one of the initial and simplest designs 

proposed. Other designs exist, as an example there is a double finger structure that is used 
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to reduce reflections at the IDTs and improve efficiency. The double finger structure is 

follows the same pattern as that illustrated in Figure 2.11 but with each finger split into 

two by placing a gap in the middle of each finger. However, this is not the topic of this 

research and will not be discussed but examples can be found in (14, 53). The two most 

common designs for surface acoustic wave devices are illustrated in Figure 2.13. These 

are the resonator (top figure) and delay line (bottom figure) type SAW devices. These can 

be either single or two port devices; Figure 2.13 illustrates the two-port versions. Both 

have two sets of IDTs with some separation, with one acting as an input and the other as 

an output for the signal. 

 

Figure 2.13 Two-port SAW device types, resonator (top) and delay line (bottom) (4)  

The resonator has the IDTs placed closer together and has a set of pattern ridges on either 

side of the two IDTs. These can either be an additional structure added to the top of the 

substrate or be grooves etched into the substrate. They are there to form a resonance 

cavity, reflecting the generated SAW to produce a standing wave, that is sampled at the 

output IDT (4). The delay line configuration has a greater distance between the input and 

output IDTs. This creates a time delay between the input and output signal, as the acoustic 

wave travels this distance to reach the opposite transducer. The time delay is a function 

of the separation of the IDTs and of the surface wave velocity of the substrate. For 

example, for an ST-X cut Silicon Dioxide (SiO2) substrate, which has an acoustic velocity 
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of 3159 m/s, if a separation of 1 cm between the centre of the input and output IDT 

structures is created, the time delay for the signal will be approximately 3.17 μs.  

 

2.4 Magnetostrictive SAW Devices 

Devices employing magnetostriction to produce and detect surface waves have been 

investigated as a possible alternative to piezoelectric based devices (12, 13, 17). These 

devices used either a magnetostrictive substrate (17) or a magnetostrictive film 

transducers (12) as a means to produce and detect the waves. However, the performance 

of these devices was poor and there is little further study of them within the literature. 

The poor performance is likely due to low magnetostriction of the materials that were 

available for use to the researchers at the time of study. With the developments of 

magnetostrictive materials and their films that have taken place, these types of devices 

now warrant further investigation and development.  

Two primary types of structure were investigated for these types of devices. The first type 

was based on a magnetostrictive substrate layer or equivalent thin film layer with 

transducer structure fabricated on the surface (17). For the second type, the 

magnetostrictive layer was part of the transducer structure and it was this structure which 

would strain a non-magnetostrictive substrate (12). It is this second type of structure, 

which initially demonstrated the production of magnetostrictive waves along a surface 

using a magnetostrictive thin film finger pattern.  

 

2.5 Magnetostrictive SAW Device Design and Operation 

The relation between the finger spacing and the central frequency for these devices is not 

discussed in the literature. However, based on the understanding of the magnetostrictive 

effect and of surface acoustic wave propagation and generation, one can make initial 

assumptions for the design, based on the desired magnetostrictive interaction, whether it 

is biased or unbiased. 
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The discussion will consider a design for an unbiased device that utilises the second order 

effect of magnetostriction. Consider the piezoelectric surface acoustic wave device, and 

the formation of surface wave based on the IDT structure, as depicted in Figure 2.11. 

Here, there is an evenly spaced pattern of fingers subject to alternating potentials, which, 

in turn, create an alternating pattern of evenly spaced areas of tension and compression 

along the surface due to the piezoelectric effect. If these fingers are now replaced with a 

magnetostrictive thin film material, the areas where the compression and tensile strains 

occur will change. In the case of the IDTs, the polarity of the fingers alternates, this results 

in alternating areas of compression and tension under each finger. For the 

magnetostrictive fingers, each finger exhibits the same strain in response to the magnetic 

field, and hence the same change in electric potential occurs under each of the 

magnetostrictive fingers. The alternating areas of tension and compression occur 

underneath the film finger and the space between them, respectively, as depicted in Figure 

2.14. This results in the change of electric potential along the surface occurring in the 

areas under the magnetostrictive film fingers and between pairs of fingers. 

 

Figure 2.14 Piezoelectric and magnetostrictive SAW generation along a substrate 
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In this case, the wavelength is twice the finger width. A benefit of this structure for 

fabrication compared to the piezoelectric IDTs is that the minimum feature size for this 

mechanism is twice that of the minimum IDT feature size for operation at the same 

frequency. Figure 2.15 shows an illustration for the concept of a delay line type 

magnetostrictively actuated SAW device, where the SAW is detected for output by a set 

of IDTs at the opposite side. This structure is investigated in this research. 

 

 

Figure 2.15 Magnetostrictive SAW device with IDT output design and layout 

2.6 Concluding Remarks 

This chapter outlines the magnetostrictive effect and the considerations for application, 

and describes the design and operation of SAW devices. This information is presented as 

background for discussion of an initial proof-of concept device, one that uses 

magnetostrictive generation and piezoelectric detection of surface acoustic waves. Here 

was presented the design and expected dimensions for the magnetostrictive transducer 

elements relative to the known IDT dimensions for a SAW to operate at a selected 

frequency. Based on the known strain properties of magnetostrictive elements, and their 

typically behaviour in an oscillating magnetic field, it is determined that to produces SAW 

of the same wavelengths the magnetostrictive finger transducers should be twice the 

width when compared to piezoelectric SAW IDTs. Wave speed is determined by the 

choice of substrate. Based on the typically behaviour of magnetostrictive materials to 

either expand or contract irrespective of the direction of the magnetic field it was 
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summarised that this could be used to produce a frequency doubling effect of the driving 

magnetic field.
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Chapter 3 - Literature survey 

 

3.1 Introduction 

Piezoelectric and magnetostrictive materials have long been studied alongside surface 

acoustic wave (SAW) technology. This started from the early development of the modern 

piezoelectric SAW device using the interdigital transducer (IDT) as demonstrated by 

White and Voltmer  in 1965 (3). A similar device based on the magnetostrictive effect 

with an alternative current carrying transducer design, was also proposed by Voltmer and 

White using yttrium iron garnet (YIG, Y3Fe2(FeO4)3), a single crystal ferrite material, as 

the substrate layer (17). However, the device performed poorly compared to its 

piezoelectric counterpart, due to the small magnetostrictive strains achievable by the high 

loss YIG material (12).  

The use of magnetostrictive thin films with piezoelectric SAW devices began in the mid-

1970s with the integration of nickel films into delay line devices demonstrating an ability 

to magnetically shift the phase of the travelling wave (18). Development of rare earth 

alloyed magnetic materials, which showed an enhanced magnetostriction, was occurring 

at around the same time. This prompted research into a variety of magnetic material thin 

films that could potential provide greater tunability. Development of piezoelectric thin 

film deposition processes led to versions in SAW device structures incorporating 

magnetic films to improve the tunability of SAW devices for communication and sensing 

applications.  

Piezoelectric and magnetostrictive materials are suitable materials for similar application 

areas as both exhibit properties allowing for the conversion between electrically driven 

stimuli to mechanical forces and vice versa. Combinations of these materials have been 

used to create devices with a magnetic-electric coupling greater than those that occur 

naturally. While magnetostriction was discovered earlier than piezoelectricity, the use of 

piezoelectric materials became more prevalent than magnetostrictive material for the first 

half of the twentieth century. Whereas practical investigations for magnetostriction began 
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in the 1920s (27), it was not until the 1960s that magnetostrictive materials fell into wider 

usage, with sonar applications as the primary example (45).  

Growing interest into magnetostrictive materials led to further investigation into the 

development of new magnetic alloys incorporating rare-earth metals, which exhibit giant 

magnetostrictive strain at low temperature. This led to alloy materials with enhanced 

magnetostrictive properties at more suitable working temperatures. Terfenol-D drew 

great interest and has since been the subject of much research as it exhibits 2500 parts per 

million (ppm) strains at saturation, with moderate applied fields (61). One issue with the 

material is its poor mechanical properties: the material is brittle, making it difficult to use 

and unsuitable for some machining processes and tensile loading.  

The developers of Terfenol-D later created Galfenol an iron-gallium (FeGa) alloy that 

demonstrates up to 400 ppm magnetostrictive strains at saturation (6). Galfenol has lower 

coercive fields, more favourable mechanical properties, and contains no rare earth metals 

making its production more cost effective when compared with Terfenol-D. Galfenol is 

more easily machined and has been deposited using vacuum or electrochemical processes, 

which are compatible with micro-electrical-mechanical-systems (MEMS) processes. 

Galfenol can therefore be used in the development of magnetically actuated micro-

systems. It is these unique properties and methods of deposition that has generated 

interested in Galfenol. Research on Galfenol thin films has primarily focused on device 

integration and the development of suitable deposition conditions to enhance 

magnetostriction.  

The aim of this chapter is to provide an overview of Galfenol and magnetic SAW devices. 

The first part of this chapter concentrates on Galfenol and provides a brief history of the 

development and research into magnetostrictive materials before more detailed 

discussion of Galfenol. The focus here is on thin films. Studies that have reviewed the 

details of bulk samples of Galfenol will be referred to whenever necessary. Following 

Ellis et al. [5], the next part of this chapter discusses the topic of magnetostrictive SAW 

devices into two parts: magnetic SAW (MSAW) devices and magnetically transduced 

SAW (MTSAW) devices. The section related to MSAWs reviews SAW devices for 

communication, sensing and the variations in structure and design of these devices. The 



Chapter 3 - Error! Reference source not found. 

37 

 

section on MTSAW devices reviews the work on magnetostrictive-based surface wave 

devices, an area of limited study but particularly relevant to this research.  

3.2 Overview of Magnetostrictive Materials and Choice of Galfenol 

Magnetostriction is a property inherent to all magnetically ordered materials. This effect, 

typically characterised as a change in dimension of a material as it is magnetised, was 

first measured in iron by James Joule in 1842 (25). The inverse effect is known as the 

Villari effect, whereby an applied stress to a magnetic material causes a change in the 

materials magnetic state as reported by Villari in 1865 (62). These effects are useful for 

actuation and sensing, respectively. Other useful magnetostrictive effects are the 

Weidemann effects, which are observed with current carrying magnetic wires (27). The 

direct effect occurs when a magnetic field is applied along the axis of the wire, forcing it 

to twist; inversely a twisted wire exhibits a change in its magnetisation.  

In early measurements of magnetostrictive strain, challenges arose due to the heat 

produced by the current flowing through the magnetic coil heating the surrounding area 

and the sample under examination. Thermal expansion of metals is typically greater than 

the expansion produced by the magnetostrictive effect, leading to difficulty distinguishing 

and measuring the magnetic expansion (27). Improvements in measurement equipment 

have allowed the capture of the magnetic expansion of the material before the heating of 

the surrounding area affecting the sample. 

The three primary materials that were subject to initial investigation included iron, cobalt 

and nickel. The latter two elements exhibit negative magnetostriction while iron exhibits 

positive magnetostriction in the initial stages of its magnetisation before displaying 

negative magnetostriction with increase of the applied field. Investigation of alloys of 

these materials showed the ability to control the magnetic strain produced by these 

materials based on the composition of the alloy, as shown in Figure 3.1. 
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Figure 3.1 Magnetostrictive curves for Ni, Fe, Co and their alloys (27). 

Of significant importance is the variation of quantity of nickel to iron within the alloy 

combination. The alloy shows positive magnetostriction with increase of nickel up to 42% 

content. Beyond this limit, negative magnetostrictive effect occurs, leading to the 

discovery of an alloy, at nickel content of 80% and known as Permalloy, presenting 

practically no magnetostriction (27). 

It was also discovered that rare earth elements, like dysprosium and terbium, exhibit giant 

magnetostrictive strains (23, 45, 63). However, due to their low Curie temperatures of 88 

K and 237 K respectively, these strains were only observed at temperatures around 80 K, 

with no signification magnetostriction at room temperature. In an attempt to produce a 

material with large magnetostrictive strains at room temperature, these rare earth elements 

were alloyed with 3d transition elements that have higher Curie temperatures, producing 

a cubic Laves phase Rare Earth-Fe2 compounds (25, 45). This led to a number of alloys 

including TbFe2, SmFe2 and DyFe2, which exhibit large magnetostriction at room 

temperature, with measured 3λs/2 values of 2,630 ppm, -2,340ppm and 650 ppm, 

respectively (23, 25, 45). The magnetic field strengths required to drive these materials 

to saturation is however too large for practical applications, owing to the large magneto-

crystalline anisotropies of the alloys (25, 45). For example, TbFe2 at room temperature 

achieves strains of approximately 2,000 ppm, however the necessary applied is 800 kA/m 
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(25). These large magneto-crystalline anisotropies can be reduced by combining some 

rare earth metals of magnetic anisotropy constants of different signs, for instance terbium 

and dysprosium, in the correct proportions (63). Combination of these alloys with iron 

resulted in the development of a ternary alloy known as Terfenol-D, (Tb0.27Dy0.73)Fe1.95, 

by researchers at the Naval Ordinance Laboratory (63). Terfenol-D exhibits giant 

magnetostriction (~2,000 ppm) at room temperature for a saturation field of 

approximately 400 kA/m, with a significant reduction in magnetocrystalline anisotropy 

when compared with TbFe2 or DyFe2. While Terfenol-D is commercially successful for 

use in actuators (64), there are still several drawbacks to the material. The required fields 

for saturation are still very high, limiting its use for practical applications and Terfenol-

D is a brittle material and is unsuitable for some machining processes. The material also 

cannot operate in tension and has limited tolerance to shock loads. 

Investigation by Hall showed that additions of some non-magnetic elements to iron 

resulted in changes to the magnetostriction and anisotropy of the resulting alloy (65, 66). 

For example, additions of chromium, aluminium and vanadium reduce the anisotropy and 

increases the λ100 magnetostriction of the resultant iron based alloys (66). Clark et al. 

investigated iron-based alloys with addition of gallium and gallium-aluminium, observing 

a significant increase of magnetostriction, 250 ppm for iron-gallium alloys (Fe83Ga17) at 

room temperature and low magnetic field of around 8kA/m (6). Additionally these alloys 

show a low temperature dependence on its magneto-mechanical behaviour, low 

hysteresis; the materials to produce are relatively inexpensive, and show good mechanical 

properties (67, 68). These properties make iron-gallium alloys a promising material for 

sensing and actuating applications, and further investigation was carried out by Clark et 

al. (15) to understand this material and determine the most suitable ratio of the elements 

to enhance the magnetostrictive properties of the binary alloy.  

Table 3.1 summaries some of the highly magnetostrictive materials that have been 

discussed, giving values for the peak magnetostriction values measured for those 

materials and the applied magnetic field strength at which they were measured. Also 

included are the temperature at which the measurements were made if not at room 

temperature, and the Curie temperature of the material.  
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Table 3.1 Table of highly magnetostrictive materials 

Material 𝜆 (× 10−6) Magnetic Field 

Strength (A/m) 

𝑇𝑐(°𝐶) Ref. 

Tb 3000 

*(-196 °C) 

~ 1.2 MA/m  

(15 kOe) 

-48 (69) 

Dy 6000 

*(-196 °C) 

~ 1.2 MA/m  

(15 kOe) 

-184 (69) 

TbFe2 2630 ~1.99 MA/m 

(25 kOe) 

423 (70) 

DyFe2 650 ~1.99 MA/m 

(25 kOe) 

- (70) 

SmFe2 -2340 ~1.99 MA/m 

(25 kOe) 

- (70) 

Terfenol-D 2000 400 kA/m 380 (63) 

Galfenol 

(Fe83Ga17) 

250 8 kA/m 670 (6) 

 (*magnetostrictive measurements taken at room temperature unless otherwise stated) 

Galfenol is the material chosen for this project primarily due to its moderate-high 

magnetostriction at relatively low magnetic fields as shown in Table 3.1. It should provide 

sufficient actuation, without requiring the strong magnetic field setup of the other 

materials that that been discussed. Additionally the favourable mechanical properties of 

Galfenol, which allow it to be used under tension and make it easier to work with than a 

material like Terfenol-D, as seen as a benefit for working with and processing the 

material. 

3.3 The Effect of Fe:Ga Ratio on Magnetostriction 

Nickel-iron alloys show that the value of magnetostriction saturation can be controlled 

by variation in the ratio of its elements. Clark et al. investigated the influence of iron-

gallium ratio on the magnetostriction saturation on single crystal samples of these iron-

based alloys. They also studied how differences in the manufacture process influenced 

the results (15). Single crystal Fe-Ga rods were prepared using Bridgman growth and 

these were either furnace cooled or quenched. The researchers showed significant impact 

on magnetostriction with variations of gallium content within the alloy, discovering two 

peaks of maximum magnetostriction at ~19% and ~27% gallium content (15). Results are 
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shown in Figure 3.2. Depending on the preparation process, the location of the peaks 

varies and rapid quenching in water enhances the magnetostriction of the alloy. 

 

Figure 3.2 Variations in Ga content vs magnetostriction of FeGa single crystal binary alloys (15). 

A peak magnetostriction for FeGa occurred at ~19% gallium content with strains of ~400 

ppm for the 3λ100/2. An explanation for the increase in magnetostriction is attributed to a 

change in the magnetoelastic energy as a result of the Ga substitution leading to a 

softening of the lattice (15). While single crystal samples are useful for characterising the 

magnetostriction of a produced alloy, interest has focused on textured polycrystalline 

Galfenol for a more viable commercial production of the material. Extrema Inc. was the 

first company to commercially produce rods of textured polycrystalline Galfenol; these 

rods are now produced by TdVib LLC (64). These samples under compressive loads 

demonstrate peak magnetostriction of 250 ppm; pre-stressing of the material shows 

similar performance as those operating under compressive loads with saturation fields of  

around 8kA/m – 20 kA/m depending on the applied load as explained in the previous 

chapter (38). Figure 2.7 is reproduced here for completeness as Figure 3.3. 
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Figure 3.3 Plots of Magnetostriction vs applied magnetic field by Etrema for Galfenol under a 

compressive load, examples of (top figure) as-grown and (bottom figure) stress annealed FeGa (38). 

In addition to rods, work has also been carried out in producing Galfenol in other forms 

including sheets, ribbons, wires, and thin films, with moderate magnetostriction in the 

range of 147 ppm to 189 ppm (5, 71-74). Thin films are of particular interest for micro-

electro-mechanical systems, as they are compatible with semiconductor manufacture 

enabling integration of functional magnetic structures in microelectronics. As a result, 

there is an active research in the area of Galfenol thin film deposition and characterisation, 

exploring a variety of methods to produce the films, and variation within these methods 
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to enhance the magnetostrictive properties. These include electrochemical deposition, 

sputtering and evaporation. 

3.4 Galfenol Thin Films  

There is interest in magnetostrictive thin films for micro-system applications for the 

development of magnetically actuated MEMS, with requirements that the films are 

magnetically soft with high magnetostriction (23, 75, 76). One of the earliest examples 

of using magnetostrictive films for a surface acoustic wave based device involved 

evaporated nickel films (18). With the discovery that rare earth metals could be alloyed 

with 3D transition elements such as iron, to form RFe2 alloys with high magnetostriction 

at room temperature, there has been much investigation into the preparation and 

characterisation of these RFe2 magnetostrictive films: TbFe2, DyFe2 and Terfenol-D, with 

much of this work occurring in the 1990s (77). Deposition methods used have included 

DC magnetron sputtering, ion beam sputtering (78), vacuum flash evaporation (79), 

electron beam evaporation and ion plating (77). These studies showed that the processes 

and variations within them to produce the films have significant influence on the structure 

of the films and magnetostriction values (77). However, these RFe2 based films still 

require high magnetic fields for significant magnetostriction (42, 77). Multi-layering of 

these films with magnetically soft films did show some reduction in required field 

strength for magnetostriction compared with single layer giant magnetostrictive films 

(76).   

Galfenol thin films have relatively soft magnetic properties and moderate 

magnetostriction making them suitable for integration into microsystems. The majority 

of research has involved magnetron sputtering, with variation in the deposition conditions 

to improve the magnetostriction (41, 42, 73), but several groups have also demonstrated 

the ability to electroplate Galfenol (5, 80, 81). Advantages of electroplating compared 

with vacuum deposition methods include the relatively low cost to deposit films over a 

large area, ability to deposit complex geometries as line of sight is not required, and higher 

deposition rates (44, 80).   
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3.4.1 Electrochemical deposition of Galfenol 

McGary and Stadler produced in 2005 the earliest work in electrochemically deposited 

Galfenol, creating nanowires for an acoustic sensor (5, 82). They produced magnetically 

soft FeGa nanowires with low anisotropy; analysis showed that the Ga percentage varied 

along the length of the wire. This was expected as investigation of the deposition rates of 

gallium and iron showing that Ga ion fell at a faster rate compared to Fe ions for the same 

voltage deposition. Lupu et al. investigated the electrochemical deposition of FeGa/NiFe 

multi-layered films and nanowire arrays (83), showing that with variation in the 

composition of the electrolyte and the deposition potential the Ga content could be 

controlled. McGary et al. later carried out in 2010 a more comprehensive study for the 

co-deposition of iron and gallium to produce magnetostrictive Fe1-xGax thin films. They 

showed that control of the composition and microstructure could be achieved by 

controlling the variations in the chemical plating solution, current densities and deposition 

potential (39). Iselt et al. (80) investigated static and pulsed potential electrochemical 

deposition to produce Galfenol films with a 20% Ga content, close to the first peak 

observed for single crystal Galfenol measurements (Figure 3.2). They identified the 

interactions between the electrolyte and substrate surface as the cause of the high oxygen 

content and low reproducibility of Galfenol films with a static potential deposition. Using 

pulsed potential, the group produced dense, homogenous films, reducing oxygen content 

to 1%. Estrine et al. produced Fe83Ga17 Galfenol films using a rotating disk electrode to 

achieve uniformity of the thin films layer (44, 84). They were the first group to measure 

magnetostriction of an electrochemically deposited Galfenol film, showing 

magnetostriction of 140 ppm, overcoming issues with adhesion and delamination of the 

film with appropriate adhesions layers. Desmulliez et al. carried out investigations into 

finding the optimal process parameters for electrodeposition of micrometre thick Galfenol 

in an effort to achieve maximum magnetostriction. Focus was on producing films with 

gallium contents of 19% and 29% where the two most prominent magnetostrictive peaks 

occur (85), (86). Fe content and pH of the electrolyte were adjusted to deposit films with 

varied Ga content. Reduced hydrogen evolution was shown for higher pH levels. The 

films were plated onto copper foils to produce cantilevers for measurement, where tip 

deflection using Micron Epsilon probe NCDT2400 confocal displacement probe was 
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measured to work out the magnetostriction of the film. The measurements obtained 

showed that the Fe81Ga19 films had a magnetostrictive coefficient of 96 ppm.  

Electrodeposition does offer a relatively low-cost method to plate films over large 

surfaces and the ability to grow films and structure in-situ; however, the gallium salts 

required for the electrolyte solution are expensive, a drawback for large plating systems. 

Additionally, the films grown with this method are usually porous and the substrates that 

are suitable for deposition are limited (41). Incorporating a gallium anode into the 

chemistry to replenish Ga within the electrolyte as the plating process occurs could reduce 

costs of the required salts; however, attempts at this have not been reported in the 

literature so far. Galfenol is the only multifunctional material that has demonstrated the 

ability to be grown in situ  through this process (44). Refinement of the process could put 

Galfenol in a unique position to offer greater flexibility and design possibilities for 

MEMS. 

3.4.2 Physical Vapour Deposition of Galfenol 

While electrodeposition does offer some advantages, most thin film preparation for the 

study of Galfenol has been done using physical deposition methods that occur under a 

high vacuum.  

Physical vapour deposition describes a number of processes that occur in vacuum to 

produce thin films. These processes take a target material that is in a condensed state and 

move it to a vapour state and then into a final condensed thin film state. Examples of these 

processes include evaporation and sputtering; for the latter, DC magnetron sputtering has 

been the most common method used. A number of studies have been carried out on the 

effects of variations of the deposition processes which include (i) the effect of the 

substrate layer on film growth, (ii) the influence of buffer layers, (iii) annealing effects 

on the grown films, (iv) growth on heated substrates, (v) variations in deposition power 

and system pressure, and (vi) film thickness and influence of a forming field. In order to 

grow films with suitable magnetostrictive properties, it is important to have an 

understanding of these conditions and their effects on the properties of the films grown. 

The earliest work investigating sputtered Galfenol films was conducted by Weston et al. 

(36) and Butera et al. (87, 88), who studied the epitaxial growth of thin film Galfenol via 
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DC magnetron sputtering from a single Galfenol target onto either a Si(100) wafer using 

an epitaxial buffer layer of Cu and a MgO(100) substrate. The interest in epitaxial growth 

of these films is due to the anisotropy of the material, with the (100) crystallographic 

direction of the cubic structure exhibiting the greatest magnetostrictive strains. The 

authors showed that for the Si(100) single crystal substrate the films that were grown 

exhibited a strong (110) texturing which were confirmed in subsequent studies (40, 89-

91). For the MgO(100) substrate, there was a more ideal cubic epitaxial growth due to the 

lattice characteristics and subsequent interaction of the film and substrate materials. Film 

thickness studies were investigated for those films grown on the Si substrate and showed 

that, with increased film thickness, more variants of the (110) texture appeared for thicker 

films. For the MgO grown films, the authors investigated the effects of changes in the 

sputtering power, noting that, for lower powers, it was possible to grow the films with a 

cubic symmetry, and for higher powers, an in-plane anisotropy appeared. The range of 

thicknesses for the films examined were 10 nm to 160 nm, with the authors choosing to 

grow 90 nm thick films on the MgO substrate. Weston and Butera’s studies showed the 

ability to influence the growth and structure of FeGa thin films through the selection of 

substrate, film thickness and with changes in the sputtering power. Magnetostriction 

characterisation of these films was not included in these studies. Adophi et al. (43) studied 

the effects of seed layers on the growth of Fe83Ga17, on Si and SiO2 comparing the textures 

of films grown by DC magnetron sputtering on the substrates without seed layer, and with 

either Ti or Ti/Cu layers. The range of film thicknesses studied varied from 100 nm to 5 

μm. The study showed that seed layers greatly influenced the texture of the Galfenol films 

produced. The films deposited directly onto both substrates showed no explicit texturing 

and the films had poor adhesion, while films with the seed layers showed strong texturing 

and improved adhesion. The Ti seed layers resulted in films with a (110) texture for 

Galfenol films with thicknesses below 1000 nm, and (111) textures for films with greater 

thicknesses. The Ti/Cu films showed a (110) texturing similar to what Weston et al. and 

Butera et al. observed.  

Interest in flexible electronics has also prompted the study of Galfenol deposited onto 

flexible substrates, where mechanical changes can be applied with greater ease to affect 

the magnetic properties of the film due to the magnetoelastic coupling of the material. 

Dai et al. deposited Fe81Ga19 onto a polyethylene terephthalate (PET) substrate, applying 
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different stains and measuring the magnetic properties (92, 93). Measurements of the 

hysteresis loops for different applied strains showed that the magnetic properties of the 

film could be tuned through mechanically applied stress. 

Basantkumar et al. investigated variation in deposition conditions for RF magnetron 

sputtered FeGa films, examining how changes in chamber Ar pressure, sputtering power 

and film thickness or time sputtering affected the gallium content and magnetostrictive 

properties of the films (73). Using a single Fe81.4Ga18.6 target they produced films with a 

Ga content of between ~15- 30 atomic percent (at.%). Of particular interest was that the 

film composition differed for films deposited under the same conditions except different 

sputtering times. This may be attributed to the different sputtering rates of the elements 

involved over time, potential leaving the target as more Fe or Ga rich after each deposition 

subsequently affecting the next deposition. The magnetostriction for these films were 

investigated and ranged from 16 – 147 ppm, exhibiting a two peak magnetostriction that 

changes with Ga content, however the results are shifted by ~4 %at compared with the 

results from Clark et al. depicted in Figure 3.4 (15). This may be a result of the intrinsic 

stresses produced in the films through the sputtering process. From these results, it 

appears that control of the Ga content for sputtered FeGa films may be an issue (41), 

particularly when films of various thicknesses with similar FeGa contented are needed 

for comparison. It is unclear whether this is a direct result of the deposition conditions, 

the deposition process effects on the target composition between depositions or a 

combination of the two. From the results produced by Basantkumar et al., the Ga content 

was shown to decrease for an increased sputtering power; however, for increased 

sputtering time in order to produce thicker films under the same conditions, the Ga content 

differed. The exception was a sputtering process at 100 W, which produced films with 

similar Ga content for both times. 
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Figure 3.4 Gallium content with variations of the RF sputtering power and for different sputtering 

durations from (73). 

As sputtering time is a primary parameter for adjustment when trying to grow films of 

different thicknesses, these results illustrate a potential issue when trying to grow films 

with the same stoichiometry but with different thicknesses. Studies of sputtered Galfenol 

films have not typically mentioned large variation in Ga content between deposited films 

and sputtering target. A number of researchers have reported that their analysis indicated 

that the composition of the films and sputtering target were within agreement (42, 43, 89). 

Adolphi et al. produced films of thicknesses between 100 nm and 5 μm stating that the 

films produced were approximately that of the target composition (43). Gopman et al.’s 

study of the dynamic and static properties of DC sputtered films, showed Ga content 

ranging between 15 – 25 %at. for a 19 %at. Galfenol target (94). 

Efforts have been made to control the Ga content of vacuum-deposited thin film through 

co-deposition from two targets. One of the first investigations was by Dunpal et al. who 

used a co-sputtering system to study varying composition of alloy films (95), (96). Using 

a Fe target and a Fe50Ga50 target for their study, Dunpal et al. grew FeGa thin film with a 

wide range of Ga content; however, a drawback to the system is that the composition of 

the films produced rely on the target substrate distance for the variation in composition. 

Morley et al. (41, 97) developed a co-deposition system involving the use of sputtering 

combined with evaporation as gallium’s low melting temperature makes it unsuitable for 

use as a sputtering target. This system was designed to produce Galfenol films with a 
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wide variation of Ga content and overcome the variations in Ga that has been observed 

for different film thicknesses. The authors have produced a number of studies for films 

grown using their system (40, 91, 97, 98).  

Javed et al. (98) examined the influence of Ar pressure for their co-deposition sputtering 

and evaporation systems. No significant difference in magnetostriction was reported for 

the deposited films. The change in Ar pressure did however produce changes in the 

anisotropy and magnetic softness of the films. For lower pressure deposition, the films 

showed a weak uniaxial anisotropy, while higher pressures resulted in isotropic films. 

An early studied into the effects of a using a forming field during DC magnetron 

deposition and annealing of Fe81Ga19 films after growth was produced by Wang et al. 

(89). The results showed that the effect of the forming field increased the magnetostrictive 

saturation of the films but decreased the magnetostriction exhibited at lower strength 

field. Wang et al. attributed this to changes in the in-plane anisotropy of the films, 

however Morley et al. (97) attributed this to changes in microstructure and texturing of 

the films noted by Wang et al.  Morley et al. studied the effect of a forming field for films 

grown with a number of varying Ga content. Their studies did not show changes in 

microstructure that Wang et al. observed and the effect on magnetostriction occurred only 

for one of the compositions studied. This is possibly due to the differences in thickness 

between the two sets of films studied: Wang et al.’s films were 660 nm in thickness while 

Morley et al.’s was 75 nm; the lower thickness films are likely to be more influenced 

from their interaction with the substrate structure. Javed et al. noted that, for their 

depositions with the forming field, there was a reduction in Ga content compared to that 

without the forming field. The effects of thermal annealing on the films showed increases 

in grain size for annealing temperature above 300oC, and a reduction in magnetostriction 

of the films that the authors suggest as the reason. 

Nivedita et al. studied the growth of the Fe73Ga27 thin films on heated Si(100) substrates 

of various temperatures (42, 99). They showed that, for increasing substrate temperature, 

an increase in grain size occurred, a result similar to what Wang et al. showed with 

annealing temperature of the films. Nivedita et al. observed that, for increased substrate 

temperature, magnetisation and anisotropy increased up to a temperature of 250oC. 

Beyond this limit, both properties decrease.  
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In summary, from the work produced on sputtered Galfenol films the following 

observations are noted: 

- Sputtering has produced variations in film compositions from a single target.  

- Temperatures (annealing and substrate) affects the grain size and 

magnetostriction. 

- Typically (110) textures grow on Si (100). The substrate crystallography greatly 

influences the structure of thinner films; for MgO single crystals different textures 

are seen to grow.  

- Thickness of films produces changes in the degree of texturing. 

- Seed and buffer layers affect the texturing. 

- Forming field increases saturation magnetostriction for thicker films (Wang vs 

Morley’s results). 

With the exception of the specific texturing directions, these observations should hold 

true for other sputtered magnetic films. 

3.4.3 Galfenol thin films in devices and structures 

As Galfenol exhibits attractive magnetic properties for integration into MEMS, there has 

been some studies into the use of this material in devices for sensing and actuation. Within 

the studies mentioned in the previous section on thin films growth, Galfenol was 

integrated into unimorph cantilevers in order to characterise the magnetostriction effect 

(44, 73). These cantilevers could also be used as sensing elements with the integration of 

a coil to sense the changes in magnetisation of the thin films as they bend. 

An interesting use of magnetostrictive materials relates to their coupling with 

piezoelectric materials. The resulting magneto-electric (ME) devices are capable of 

traducing magnetic and electric energy through the mechanical coupling of the materials. 

Early investigation into these devices involved composites created by bonding bulk cuts 

of these two types of materials together with epoxies. Zhao et al. created a thin film 

structure composed of Fe70Ga30 on a Si cantilever with a ME coefficient of 1.8 V/Oe 

(18V/mT) at 333 Hz for a bias field of 90 Oe (9 mT) (100). The thin film version of these 

devices facilitates their integration into arrays or with electronic circuit components. 

Adhesion is also more reliable compared with epoxy-based laminate bonding.  
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Fischer et al. proposed a passive resonant magnetic bending sensor for medical 

applications, for the monitoring of the healing process of fractured bones (101-103). A 

Galfenol thin film was deposited onto a Si with a Cu coil deposited on top separated by 

an insulating layer of SiO2. The sensor could be remotely interrogated with an external 

coil, and the resonant frequency of the sensor was shown to change in a near linear fashion 

up to an applied force of 5 N. The effects of mechanical clamping were decreased with a 

reduction of the substrate layer thickness. 

A particular area of interest for magnetostrictive thin films is in communication devices, 

as the properties of these films provided a method by which to tune devices. Kuanr et al. 

explored the use of Galfenol thin film as part of a microstrip filter using an external 

magnetic field to tune the resonance frequency of the device, from 9 GHz to 36 GHz for 

fields of ranging from 0 to 7.5 kOe (0 – 0.75 T) (104).  

 

3.5 Magnetostrictive Thin Films and Surface Acoustic Wave Devices  

Interest in tuneable filters prompted some of the first investigations into the use of 

magnetostrictive thin films in combination with SAW devices (9, 18, 31, 105). The E 

effect in magnetostrictive material was seen as a means to manipulate the acoustic 

properties of the travelling surface waves by altering the stiffness of part of the medium 

it is travelling. This same interaction is applicable for magnetic sensing devices.  

The early focus of these studies was on the magnetic films themselves, with the 

exploration of different materials and their suitability for tuning SAW devices. Materials 

that exhibited large magnetostriction were especially studied, as greater ranges of 

magnetostriction typically indicate a more pronounce E effect. While these studies 

showed the desired effect, and investigation of newer materials with greater 

magnetostriction continued, the degree of tunability remained modest. Alternative design 

approaches, including layered monolith structures and IDTs composed of 

magnetostrictive material, were proposed which showed improvements in tunability but 

still fell short of the range needed for useful applications within communication systems. 

For these types of devices, there are two primary parameters of importance when 
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considering the film: the degree to which the measured response changes (phase shift, 

velocity change, frequency) and the required magnetic field magnitude to elicit a sensible 

response. 

3.6 Tuneable/Magnetic Surface Acoustic Wave Devices  

Surface acoustic wave devices provide a compact passive means to provide signal delays 

and filtering for electronic systems. Tuneable filters have become increasingly important 

for mobile devices to enable multiband and multi-standard operation to comply with 

regulation and locally-accessible frequency bands (106). Tuneable filters allow for a 

simpler radio-frequency (RF) front end, by reducing the number of components/filters 

(33).  

A proof-of-concept magnetically controlled SAW delay line was demonstrated by 

Ganguly et al. in 1975 using an evaporated 0.85 μm thick nickel thin film deposited 

between IDTs on a YZ LiNbO3 substrate (18, 107). Using a vector voltmeter to measure 

the phase difference when a field was applied, the authors demonstrated a maximum 

0.02% relative velocity change in the third harmonic of the 70 MHz SAW device, with a 

bias magnetic field of 80 kA/m (1 kOe). The authors measured a phase shift of 15o for the 

70 MHz central frequency, and 80o for the 210 MHz third harmonic. A reason for this 

increased effect at the higher frequency is that the acoustic wavelength decreases with 

increased frequency. As the penetration depth is of the order of one wavelength, for higher 

frequency SAWs, a larger percentage of the wave and a larger number of wave are within 

the magnetic film and hence influence more greatly the film (9). 

Robbins and Simpson compared RF sputtered 0.9 μm Ni films for a delay line SAW 

device, with a central frequency of 63 MHz, and demonstrated a relative velocity change 

of 0.044% (9, 105). The sputtered films showed an enhanced result compared to the 

evaporated Ni films of Ganguly et al. (18). Similarly, it was the third harmonic that 

showed the largest relative velocity change of 0.068%, more than three times the previous 

result, with a reduced bias field of around 9.15 kA/m (115 Oe). These results indicate that 

the deposition process for the magnetostrictive films is of importance for the overall effect 

and functionality of the devices produced. Robbins and Simpson suggested that there was 

a lower intrinsic stress in the sputtered films compared to the evaporated films devices of 
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Ganguly et al. Their assumption is based on a numerical analysis by Ganguly et al. (107) 

for the nickel film magnetoelastic wave interaction on a piezoelectric substrate. In this 

analysis the intrinsic stress of the film was used an adjustable parameter to fit the theory. 

Another possible reason as to why the sputtered Ni showed an enhanced effect is that 

sputtered films typically adhere to a substrate better than evaporated films, which could 

improve the mechanical coupling between the substrate and thin film layer. Robbins and 

Simson also produced another device with a central frequency design of 125 MHz and 

relative velocity change of 0.05%. As can be seen from these two devices with increased 

SAW frequency, there are increased changes to the SAW velocity. It was noted by the 

authors that a greater effect could be obtained by increasing the Ni layer thickness; 

however, it would come at the expense of increased attenuation. The suggestion by the 

authors for improved tuneability was that the magnetostrictive material requires a high 

magnetostriction and low anisotropies (105).  

These initial studies indicate that the dependence of the velocity variations upon the film 

parameters is complex, and that the film properties are highly dependent on the material 

composition and preparation. For example, the bias field required for evaporated and 

sputtered Ni films were 1kOe field for the maximal relative velocity change in the former 

case and 100 Oe in the latter case. The most important parameters of the magnetic film 

for tuneability of the SAW are the saturation magnetostriction, the saturation 

magnetization and the intrinsic stresses. The magnetostrictive constant indicates the 

degree of magnetic field dependence of the elastic properties and hence the relative 

velocity changes obtainable. The saturation magnetization and the intrinsic stresses affect 

the field strengths required to produces strains and changes in the films elastic properties 

that, in turn, produce the changes in SAW velocity (31). An ideal thin film would be one 

that is easily saturated with a low magnitude magnetic field strength, with a significant 

magnetostriction and hence E effect.  

With a proof-of-concept device that demonstrated a modest tuning ability, and a growing 

field of research in the development of materials with giant magnetostriction, 

investigation of these giant magnetostrictive materials in a thin film form began to 

improve the tuneability of SAW devices. Two primary criteria were selected: high 
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magnetostriction for increased tuning effect and magnetically soft for easier switching 

and magnetisation.  

Forester et al co-evaporated a 0.8 um thick Fe1-xBx (0.15 < x < 0.2) thin film onto ST 

quartz, fabricating a SAW delay line device with a central frequency of 130 MHz (19). 

The FeB film had a similar magnetostriction as Ni, around 30 ppm, but without the large 

uniaxial stress as seen in the Ni film. Magnetostriction saturation was reached at 20 Oe 

compared to the 4 kOe for the evaporated nickel films, and a similar relative velocity 

change of 0.02% at 210 MHz was seen in this device at the lower magnetic fields, 4 Oe 

(19). The wavelength for these devices is around 24 μm, compared to 16 m with the 

previous evaporated Ni devices at 210 MHz. The FeB-based device has a more 

pronounced effect at a similar frequency where the wavelength was smaller and the film 

taking up a similar percentage of the surface interacting with the SAW.  

Simpson and Robbins studied 1.2 m thick, Fex-Si1-x films RF-sputtered onto a LiNbO3 

substrate to manufacture a 63 MHz SAW device, the SAW frequency of their previous 

study of sputtered Ni films (32). A further step, temperature annealing of the films for 30 

minutes, was added to the process to improve performance. Samples were annealed at 

different temperatures ranging from 170oC to 290oC and compared with the as-deposited 

film to examine the effects. The annealing process was used to remove the perpendicular 

anisotropy and reduce coercive field and anisotropy. Of the different compositions of Fex-

Si1-x studied, x=0.69 showed the greatest relative velocity change, 0.05%, and the rest of 

the study is based on this composition for the film. The annealing resulted in an increase 

in the relative velocity change of between 0.003 and 0.02% for the 63 MHz device, for 

temperatures up to 200oC. Beyond this temperature, a reduction in the relative velocity 

was measured, with the 290oC annealing temperature reducing the effect to zero as shown 

in Figure 3.5. The films were assumed amorphous, but this was not confirmed. Maximum 

relative velocities changes of 0.02% at 63 MHz and 0.05% at 189 MHz, for fields of 50 

Oe were observed. 
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Figure 3.5 Relative SAW velocity change vs magnetic field for Fe0.69Si0.31 films on LiNbO3 at 63 

MHz (32). 

Nivedita showed that temperature annealing of Galfenol films caused changes to the grain 

size and structure of the films (42, 99). The sputtered Ni films previously studied by the 

Robbins and Simpson, showed relative velocity changes of 0.044% and 0.068% at fields 

of 110 Oe respectively for the same 63 MHz and 189 MHz frequencies. Simpson and 

Robbins noted that optimum film composition, effect of orientation for an in-plan easy 

axis, and reduction on the variability of velocity changes from one field to another were 

issues to be resolved. 

Yamguchi et al. sputtered 2.5 m thick amorphous TbFe2 films onto LiNbO3 for a 42 

MHz device (11). TbFe2 was chosen because of its high magnetostriction and E effect. 

The films were annealed at 240°C to relieve the internal stress obtained by the deposition 

process. Results showed the largest relative velocity change at the time, 0.27%, for a bias 

field of 4 kOe. Hashimoto et al. sputtered CoCr magnetostrictive films of different 

compositions and varied thickness up to 4 m onto YZ LiNbO3 in order to obtain 36 MHz 

delay line devices (47). The largest relative velocity change was 0.03%, for a 4 μm film 

using a bias field of 5 kOe, for a Co17.3Cr82.7 film. 

In 1981, Altan and Robbins investigated a monolith SAW structure, with a piezoelectric 

ZnO film deposited on top of a magnetostrictive layer, TbFe2, as illustrated in Figure 

3.6(7). The magnetostrictive layer occupied the same area as the device to minimize the 

propagation length required. 
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Figure 3.6 Monolithic SAW delay line structure using a sputtered ZnO film as the piezoelectric 

layer on top of a magnetostrictive film layer (7). 

The device was designed to have a central frequency of 150 MHz, in practice this was 

actually 137 MHz, showing a 0.3% relative velocity change at 3 kOe (3 kG) field. This 

result shows a similar velocity change as Yamguchi et al. 0.27%. However, the SAW 

velocity and wavelength were strongly dependent on the thickness of the ZnO (108), and 

the magnetostriction of the TbFe2 was limited in part by substrate clamping. Another 

device using the ZnO piezoelectric film was also investigated, using the previous design 

with the magnetic film deposited on top of the piezoelectric film. FeSiB was the magnetic 

layer, showing a peak relative velocity change of 0.02% for a 200 Oe (200 G) field. Altan 

and Robbins also mentioned the potential use of the device as a magnetic sensor (7). 

In 1982, Hietala and Robbins investigated sputtered TbFe films of various compositions 

for change of SAW velocity with an applied magnetic field (8). Their study focused more 

on the material characterization of magnetostrictive films, comparing films deposited on 

ST-Quartz, YZ LiNbO3, as well as glass slides as these were used in initial studies to 

characterize deposited films magnetic properties. The published work did not discuss the 

characteristics of the magnetic films used, or effects that the deposition conditions affect 

their properties. Relative velocity changes were used as a measure to benchmark the films 

but with devices having different film thicknesses and operating frequencies. Hietala and 

Robbins compared different frequency SAWs showing that devices of higher frequency 

with lower wavelengths had larger velocity changes. They proposed a first-order theory 

to predict the relative SAW velocity changes, showing that film thickness vs wavelength 

is an important factor. By varying the sputtering pressure, for a range of TbFe 

composition films, and measuring the magnetostriction, they showed that changes in the 

magnetostriction of films with similar composition depend on the deposition conditions. 

They also noted that decrease in attenuation caused increase in relative velocity changes. 
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This was explained as energy losses of the propagating wave to the domain walls forming 

as the film demagnetizes; as the number of walls increases, losses become higher. When 

the moments align with the external field, the number of domain walls is reduced. 

However, a simpler explanation may be based on the changes in stiffness of the material 

as it becomes magnetised in the direction of the field, the E effect. Stiffer materials are 

indeed more efficient at transferring mechanical/acoustic energy, while softer materials 

tend to be more absorbing. 

Hanna et al. investigated SAW propagation in magnetic bubble garnet films (109). These 

structures were monolithic SAW devices similar to that of Altan and Robbins with a ZnO 

piezoelectric layer sputter deposited on the garnet film. The device operated at 105 MHz 

and had a reported maximum phase change of 0.024 % δ/δ. Only the phase changes for 

this device were reported by the authors. 

Koeninger et al. ion beam sputtered different combinations of TbxDy1-xFe2 (Terfenol-D) 

(110). Maximum relative velocity changes of 0.14% were observed in 4.9 m thick films 

in 1.8 kOe (180 mT) field parallel to the direction of propagation. The SAW device was 

designed on 128 YX LiNbO3 with a central frequency of 20 MHz. Thicker layers of 

magnetic film would increase the velocity change at the expense of increased attenuation. 

The authors suggested multilayer structures to overcome this difficulty. Multi-layering 

piezoelectric thin films and magnetostrictive thin films for SAW devices one wavelength 

deep could provide a far greater tuneability. Surface acoustic waves would be produced 

and travel over the entirety of the propagation medium instead of primarily at the surface. 

A drawback however is that, accompanied with the E effect, there are differences in 

attenuation for propagating SAWs. While the relative change in velocity of the SAW is 

expected to increase for this type of structure, it could be expected that attenuation would 

also increase. 

Smole et al. proposed a tuneable SAW resonator device with potential to reduce the 

number of filter components for multiband mobile devices if sufficient frequency shift 

could be achieved (10). In this design, the central frequency of the device is altered due 

to a change in the stiffness of the substrate due to the E effect in magnetic layer when 

exposed to a magnetic bias field. The device is built as a monolith device with a ZnO 
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layer on top of the magnetic film, similar to that of Altan and Hanna, except that the IDT 

structure is a resonator instead of a delay line. As the E effect occurs, the acoustic 

velocity of the structure changes, which, in turn, changes the central frequency of the 

device. Smole et al. investigated their device using two different fabrication processes, 

examining their effect on the FeCoSiB magnetostrictive layer (111). The first devices 

were fabricated using the conventional layering technique: substrate, magnetostrictive 

layer, piezoelectric layer, IDTs structures. The second used a sacrificial layer, first 

layering a protective coating, then the piezoelectric layer, followed by the 

magnetostrictive layer, and then adhering it to a wafer substrate, before removing the 

previous substrate. Devices with central frequencies of 1.65 GHz and 1.21 GHz were 

fabricated using the sacrificial layer technique and showed the greatest frequency shift of 

-0.86% and -1.2%, respectively, for field ranging from 0 to 50 Oe. Investigation of the 

layers using tunnelling electron microscope (TEM) and X-ray diffraction (XRD) revealed 

crystallization of the magnetic layer in the conventional deposition method, while the 

material exhibited amorphous state using the sacrificial layer method.   

Galfenol was used by Li et al. for a delay line type SAW magnetic sensor (112). The 

substrate was quartz, with an operating frequency of 158 MHz, and showed a 0.64% 

relative velocity change. The Galfenol film thickness varied between 100 nm and 500 

nm, with increased thicknesses showing increased effect. The device achieved the 

greatest relative velocity change to date for moderate applied field strengths, at 19 mT 

(190 Oe / 15 kA/m). 

3.6.1 Factors influencing the surface wave tuneability 

From all these studies, a quantitative comparison of the effects of thin films is difficult to 

compile. The devices have differences in frequency, wavelength, deposition conditions, 

substrate, magnetic film thickness and the discussion of the effects of annealing treatment 

on the films is limited.  

The film thickness to wavelength ratio, 𝑡𝑓/𝜆, is however an important factor for SAW 

devices, particularly for a comparison of the tuneability achievable by different 

magnetostrictive films. Within these studies, the range of film thickness as a percentage 

of the wavelength is between 1.6 and 6.5 %. While the studies by Yamaguchi et al. (11) 
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and Hashimoto et al. (47) for example used devices with films of considerably greater 

thickness compared with earlier works, they fall in the middle of this range at 3% and 

4.1 %, respectively, as the frequencies of the devices were much lower. If a range of 

thicknesses were to be investigated for a single frequency and substrate type, it would 

allow for a quantitative comparison of the performance of the films for devices designed 

at different frequencies. This is because, as mentioned earlier, the greater the thickness of 

the film, the greater the effect of the tuneability of the SAW as there is more material to 

influence the SAW. Noting and comparing the film to wavelength ratio is a reasonable 

way to quantify the results and compare the effect of the films. Without this measure, it 

is more difficult to judge how much the effect is influenced by the material properties 

itself or by the amount of material present. Additionally, it would allow one to gauge the 

attenuation caused by different film thicknesses and allow for optimisation of the design. 

The effect of annealing was also not fully investigated, particularly with regard to film 

structure and its influence on magnetostriction of the film. As indicated by Nivedita et 

al.,  temperature the annealing of Galfenol films impacts on the grain size of the films, 

and subsequently affects the value of the magnetostriction at saturation which, in turn, 

would affect the tunability of the device (42). As while this process may reduce stresses 

that negatively affect the magnetic properties, the physical changes to the structure may 

also alter the effective magnetostriction of the film over certain temperatures.  

Tuneable SAW filters based on magnetostrictive material have a limited range of 

tuneability. For practical mobile applications, larger changes of the central frequency shift 

are required. As demonstrated, choices of material and structure can improve this. Typical 

structures have been restricted to a single layer piezoelectric material (either substrate or 

thin film) and a single layer magnetostrictive layer. The active magnetostrictive layer, 

which produces the E effect to influence the SAW velocity, is typically a thickness of 

only several percent of the overall wavelength of the SAW. As discussed in the literature, 

thicker layers would result in a greater velocity changes, but at the expense of increased 

damping of the SAW because of a greater amount of material along its propagation path. 

The monolithic structures have the advantage of active magnetostrictive layer beneath the 

piezoelectric thin film layer, not loading the propagation path and exerting greater 

influence on the piezoelectric layer. However, these structures have typically been limited 

with thicknesses much smaller than the typical wavelength of the SAW, reducing the 
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effectiveness of the produced SAW and the E effect. For these monolithic structures, 

the piezoelectric film that generates the surface wave relies on the quality of the film and 

its thickness to strain the substrate. It was shown by Emanetoglu et al. that, for epitaxial 

grown ZnO on sapphire, the coupling increased with increasing thickness to wavelength 

ratio (113). In addition, for higher quality films for example, epitaxial grown vs. sputtered 

polycrystalline films was shown to improve the coupling. The increase in the coupling 

coefficient for increasing film thickness of ZnO is possibly due to the increased amount 

of piezoelectric material for the electric fields to interact with, as well as the reduction of 

the clamping effect of the substrate experienced by a thinner film. If high quality, 

epitaxially grown multi-layered piezoelectric-magnetostrictive monolithic structures with 

a comparable thickness to wavelength could be achieved, it would allow for devices with 

enhanced tuneability. Current devices that have been studied typically use active layers 

of several percent of the wavelength of SAW devices central frequency. Increasing the 

thickness to wavelength ratio even modestly may prove to show greater tuneability, either 

by increasing the thickness of the active layers or by increasing the central operating 

frequency of the SAW with a reduction of the IDT dimensions. Challenges to this are the 

production of high-quality multi-layer piezoelectric-magnetostrictive films, and the 

attenuation changes that occur with the velocity shift due to the E effect and subsequent 

effect on the travelling waves energy transfer. 

Improvement in the manufacturing of magnetostrictive films is one factor in the 

development of magnetically tuneable SAW devices; another is the design and structure 

of the device itself. With the development of newer and improved magnetic materials, the 

tuneability has been shown to increase. Similarly, with the development of newer 

structures and designs like the monolithic structure, tuneability has been enhanced. 

Thicker magnetostrictive films show greater changes in relative velocity when 

magnetised. This is also why thicker high quality piezoelectric films show improved 

performance for SAW propagation. The ability to control the E effect over a larger 

percentage of propagation medium is the primary factor in adjusting the SAW velocity. 

These films are also affected by clamping to the substrate layer, which can hinder the 

overall effect caused by the mechanical movement of the film. Layers of increased 

thickness should be preferred if the attenuation of the acoustic wave can be managed. A 

multi-layered film could be used to increase the thickness of the active area and improve 
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the piezoelectric performance with increased number of layers interacting with the 

electric fields of the IDTs. Moreover, with magnetostrictive layers between the 

piezoelectric layers the E effect may be enhanced with increased coupling area.  

3.7 Magnetically Transduced Surface Acoustic Wave Devices 

Magnetically transduced SAW devices do not use a piezoelectric material for the 

generation of SAW. Instead, the magnetostrictive material is used with a transducer 

pattern that allows for the flow of current to create a magnetic field causing 

magnetostrictive strains and SAW propagation. 

Voltmer, White and Turner first proposed a magnetoelastic surface wave device in 1969 

using YIG as the substrate (17). While YIG has the advantage of being insulating, the 

material showed low magnetostriction, 1-2 ppm. The device operated at 60 MHz and 

exhibited high insertion losses of the order of 100 dB. Although not suitable for practical 

applications, the device did however demonstrate a compact surface acoustic wave 

device. The design, illustrated in Figure 3.7, was also not optimal with the meander line 

structure producing currents in opposite direction, with resulting destructive interference 

of the magnetic fields produced, thereby reducing the performance of the device. 

 

Figure 3.7 Magnetoelastic SAW delay line device using meander line transducers to produce 

magnetic fields to excite SAW along the surface of the magnetic material (17). 
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It was much later in 1999 with the development of magnetic materials with improved 

magnetostriction, that these types of devices were investigated again. Ellis et al. revisited 

this type of device experimenting with a CoFeTaZr (CFTZ) magnetostrictive alloy; the 

magnetostriction value was not confirmed but an upper limit of 20 ppm was estimated 

(12). New designs for the transducer pattern and material layering for the structure were 

also put forward by the same authors, drawing a distinction between magnetic SAWs (M-

SAWs), magnetoelastic SAW (ME-SAWs) and magnetically transduced SAWs (MT-

SAWs). M-SAWs were described as SAW devices whose primary operation for surface 

wave generation was via the piezoelectric effect, but a magnetic element was incorporated 

for modalities such as the tuneable filters and magnetic sensors. ME-SAW devices, such 

as those described by Voltmer et al. (17), were described as devices where the acoustic 

wave was primarily contained within the magnetic layer. Whilst MT-SAW devices 

produced acoustic waves through the magnetostrictive effect, the waves could be induced 

in a substrate that is not necessarily magnetic itself and hence the SAW produced is a 

purely acoustic wave. This would be similar to the monolithic SAW devices utilising 

piezoelectric thin films. Ellis et al. suggested potential advantages for these types of 

device compared with traditional piezoelectric SAW devices. The amorphous or 

polycrystalline structure of the material allow for deposition onto any surface, and do not 

require high temperature process. Due to the second order nature of the magnetostrictive 

response to the direction of the magnetic field for the same photolithographic process, the 

resonance frequency is double that of traditional SAW devices. 

As the materials with higher magnetostriction values are typically conducting, a new 

approach was needed for the design and fabrication compared to the ME-SAW devices. 

For the current carrying transducer design, the meander line was chosen (referred to as a 

serial transducer) as in Voltmer (17), and additionally a parallel structure transducer was 

proposed; these are shown in the Figure 3.8. As mentioned, the serial transducer is not a 

particularly effective magnetic field generator design. This is because the currents in 

adjacent lines travel in opposite directions, producing opposite magnetic fields. 
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Figure 3.8 Transducer designs for magnetically transduced SAW device  

The structures of layers for these devices included a Metal – Insulator – Ferromagnetic, 

(MIF) and a Metal – Ferromagnetic – Metal (MFM) layer on top of a substrate. These are 

illustrated in Figure 3.9. For the MIF structure, the magnetostrictive layer is continuous 

and not patterned, with the metal layer containing the patterned transducer. The surface 

waves are induced through the magnetostrictive effect in the ferromagnetic film induced 

by the current in the metal layer. The second structure proposed is a Metal – 

Ferromagnetic – Metal (MFM) layer on top of a substrate; this layer structure is aimed to 

reduce the demagnetizing field by sandwiching the metal layer between the 

magnetostrictive layers. The surface waves are induced on the substrate through the 

magnetostrictive action of the transducer pattern. 
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Figure 3.9 Device structure and layers for the magnetically transduced SAW device designs. 

Four different possible combinations are therefore possible. The work presented by Ellis 

et al. focuses on the results of a device fabricated with Ferromagnetic-Metal-

Ferromagnetic (FMF) structure and the serial transducer pattern (Figure 3.8) fabricated 

on a borosilicate glass substrate with sputtered Cu between two sputtered CFTZ layers. 

Ti was also used for adhesive layers. MIF serial devices were also fabricated on Si and 

glass using SiO2 as the insulating layer. Several acoustic modes were identified including 

SAWs and bulk acoustic waves (BAWs). The devices need further study and refinement 

in design and fabrication to improve performance. The authors suggested films with 

larger magnetostrictive constants for further study. CoFeTaZr was used as they could 

control its magnetic properties but its magnetostriction value was not provided. 

In 2007 Scheerschmidt et al. further investigated MT-SAW devices using Mu-Metal (Fe-

Ni-Cu alloy) using both simulation with a multiphysics FEM package and through 

experiments (13). They used the parallel transducer structure with the MIF layering on a 

silicon substrate. Theoretically, the device was designed for 16 MHz but simulation and 

experiment showed SAWs appearing at 28 MHz and 58 MHz. Several other modes were 

excited including Lamb waves. The device did not require a bias field for operation. Due 

to the structure of the device, capacitive characteristics were dominant when the 

impedance was measured, and the thickness of the insulating layer was a key component 

to match the impedance of the device. This left questions as to whether the resonance was 

caused by the magnetic interaction or was simply an electric resonance for the structure. 

This was resolved with optical measurement using laser interferometry to confirm the 
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present of SAWs in addition to the network analyser results. The materials used to test 

the idea of these MT-SAW devices, CFTZ and Mu-metal, are not known to exhibit strong 

magnetostrictive properties. While their magnetic properties may be easy to control, the 

magnetostrictive properties of these materials fall short in comparison to many other 

materials that were available at the time. In addition, the magnetostrictive values of the 

films were not confirmed. These types of devices do not appear to have been tested so far 

using films that demonstrate medium to high magnetostrictive strains. A MT-SAW using 

Galfenol may produce a device with improved insertion losses, showing potential for 

integration within electronic circuits. 

3.7.1 Future Directions  

A magnetostrictive-based SAW device could inherently be tuneable and potentially offer 

a greater degree of tuneability depending on the design and structure of the device. If the 

MIF structure as illustrated in Figure 3.9 is considered, the SAW would be directly 

induced in the layer where the mechanically properties are being modified. If a 

magnetostrictive layer with thickness comparable to the wavelength of the SAW is used, 

a much larger proportion of the SAW would be contained within the layer and, as a result, 

have a greater response to the E effect as a magnetic field is applied. This could be used 

for both delay line and resonator type SAW device. Taking advantages of plating 

processes much thicker layers of films than typically achieved for vacuum processes 

could be achieved.  

Additionally, the losses and damping associated with thicker layers of magnetic films for 

the tuneable MSAW devices considered earlier may not be as much of an issue as the 

SAWs are generated within the magnetic material itself. It is not an additional layer 

loading area of the travelling wave. The addition of a sensing/delay layer of a material to 

a SAW device naturally has thickness limit where SAW would be critically damped. This 

is not the case for the layer where the SAW is produced as seen in the case of piezoelectric 

SAW devices. 

The work of Smole et al.’s for the structure of tuneable resonators where layers of 

piezoelectric material are placed on top of a magnetostrictive material (10, 111). The 

methods described for the layering of structures using a sacrificially layer could be a way 



Chapter 3 - Error! Reference source not found. 

66 

 

to enhance the desirable magnetic properties required for such devices and achieve greater 

tuneability.  

3.8 Conclusions  

This chapter reviewed the research carried out on magnetostrictive materials, leading to 

the development of Galfenol. Focus was directed towards thin film Galfenol for MEMS 

applications, the methods of producing these films and techniques to enhance the 

magnetostrictive effect. Sputtering offers a way to alter composition based on the 

sputtering conditions and possible enhance magnetostriction by including various 

techniques in the process. For instance, the application of a forming field or the heating 

of the substrate during deposition, as well as temperature annealing of the films after 

deposition have shown potential at enhancing the magnetostriction of these films. The 

inclusion of seed layers to affect the texturing of the grown films has also been 

demonstrated to influence the magnetostriction. 

The use of magnetostrictive films in SAW devices was also reviewed. Different magnetic 

films evaporated or sputtered onto to SAW devices were reviewed alongside the 

measurements of the relative velocity achieved for an applied magnetic field. From these 

studies it is apparent that film which exhibited a greater magnetostriction also showed the 

greatest relative velocities changes. However, as these devices were built with different 

substrates and operating at different frequencies, the comparison of different films and 

effectiveness based on the percentage change in relative velocity is difficult to undertake. 

The proportion of the SAW affected by the magnetic film is indeed different in each case, 

with thicker films clearly showing a greater influence. Monolithic structures with 

sputtered piezoelectric SAW devices sputtered onto magnetic films also showed promise 

as a tuneable resonator device. These studies lend to the idea that, to enhance tuneability 

of SAW devices, multilayer piezoelectric-magnetostrictive of sufficient thickness 

compared to central frequency wavelength may be a solution. A greater proportion of the 

SAWs would reside in the layer subject to the E and hence has a larger effect on the 

SAWs velocity. 

The investigation into magnetically transduced SAW devices was then reviewed. This 

area contains relatively few studies, possibly owing to the poor performance of the 
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devices in comparison to piezoelectric-based devices. However, with the continuous 

development of magnetostrictive materials, this area may be worth further investigation, 

as newer materials may prove more suitable for SAW generation and detection. In 

particularly the area of tuneable devices would benefit from this type of development. 

The substrate or thick films where the SAW is produced and through which the SAW 

travels would be more susceptible to magnetic tuneability, offering greater influence over 

the SAW velocity. Another perspective on magnetically transduced wave is the use of 

patterned magnetostrictive fingers on top of a substrate to produce SAWs. This aspect is 

of interest for the direction of this research, in producing a SAW device that couples 

magnetic and electric energy as it demonstrates the ability of magnetostrictive thin films 

to launch SAWs across a substrate layer and to receive them. Within the literature, no 

specific design is outlined regarding finger width and central frequency. Thoughts behind 

these designs are outlined in Chapter 2, and some validation for them provided in the 

Chapter 4 regarding simulations of such devices.
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Chapter 4 - Simulation of 

magnetostrictive material and surface 

acoustic wave devices 

 

4.1 Introduction 

Numerical modelling is a method by which complex problems are solved using computer 

simulation. They are used to approximate real world systems, solving sets of partial 

differential equations that mathematically represent the system under study. These 

systems are usually mathematically too complicated to yield analytical solutions. 

Numerical modelling provides a way to approximate the solution, by dividing the model 

down into a finite number of smaller parts that are simpler to solve. The contributions 

from each of these parts is combined to provide an approximate solution for the problem.  

There are three main numerical methods used to solve these types of problems: Finite 

Difference Method (FDM), Finite Volume Method (FVM) and Finite Element Method 

(FEM). While the general principle of breaking down the model into smaller parts that 

are simpler to solve is used for each of these methods, the approaches taken by FDM, 

FVM and FEM are different. FDM determines the properties at a single point. FVM 

determines properties for a volume with dependent values concentrated at the centre of 

the volume. FEM determines the properties over an element consisting of two or more 

points. Each has its own advantages and disadvantages, and all are commonly used in 

industry and academia. FEM is more often used for multi-physics simulations owing to 

its ability for mixed formulation, the combination of different types of functions within 

an element, which is used to represent different physic formulas in mechanics, thermic, 

electromagnetics, etc. This is more difficult to accomplish with FDM and FVM.  

The device to be simulated uses piezoelectric and magnetostrictive effects, combining 

electrical, magnetic and mechanical domains of energy. For this type of study, FEM 
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analysis is the most appropriate method to use. Software packages that provide 

multiphysics numerical modelling based on FEM include COMSOLTM and ANSYSTM. 

COMSOL was chosen for this analysis as it allows the integration of a wide range of 

physical phenomena and is able to readily edit and include bespoken formulation. In 

particular, the software includes multiphysics coupling of electric field and solid 

mechanics for the modelling of piezoelectric effects. The software also possesses a large 

library of materials with the necessary property values. The version of COMSOL used 

for this research was 5.2a, and the modelling relies on a combination of the solid 

mechanics, electrostatics and magnetic fields physics modules within the COMSOL 

package in order to be able to support the modelling of a combination of magnetostriction 

and piezoelectric effect. 

This chapter presents the modelling and simulation work undertaken for this research. 

Three topics are covered in this chapter: 

 The creation of a suitable magnetostrictive material model to reflect the 

mechanical and magnetic properties of Galfenol and its actuation behaviour. Such 

properties have been taken from the literature and results of the simulation have 

been compared with published results for validation.  

 The creation of a surface acoustic wave (SAW) device model to confirm that 

piezoelectric coupling is taking place within the model in the expected way, and 

that the correct behaviour of the physical device such as delay times and frequency 

filtering is captured correctly.  

 The creation of the full model device that includes the magnetostrictive elements 

that will magnetostrictively induce the surface wave along the substrate.  

4.2 Modelling of the magnetostrictive material 

A suitable model is needed to reflect the mechanical and magnetic properties of Galfenol. 

The physics required to model magnetostriction are a combination of solid mechanics for 

the material deformation, and magnetic fields for the magnetisation of the material. Most 

of the properties used in the modelling are based on published values in the literature for 

the bulk material with sources referenced in Table 4.1. The value of the magnetostriction 

saturation, 𝜆𝑠, is based on results reported in (86) for thin film Galfenol, and is less than 
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that of the bulk material as thin films have so far not replicated the large strains shown in 

the bulk samples. Some of the properties in the literature, for instance the Young’s 

modulus, are given over a range of values as this material property changes as it is 

magnetised or stressed. However, a single value for each property was chosen to create 

the model.  

Table 4.1 Properties used for the Galfenol material model 

 

The magnetostriction in this model is controlled using the magnetisation of the material 

and the strain value of the material. The strains produced as the material is magnetised is 

described by equation (4.1) and was presented previously in Chapter 2: 

𝜆 =  𝜆𝑠(𝑀 𝑀𝑠⁄ )2 (4.1) 

The magnetisation of the material is defined based on the BH curve measured by Etrema 

Ltd (38) and provides a relation between the external applied field and the internal flux 

of the material. A table of points representing the BH curve is provided and an 

interpolation function is generated to use within COMSOL to control the magnetisation 

of the material in relation to an applied field.  
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The magnetic material that is being represented is anisotropic: its magnetic behaviour will 

vary depending on the direction the magnetisation. However, for these models it was 

chosen to model the effect as though it was isotropic. This is because for the 2-D 

representation of the device it is sufficient to simulate the magnetostrictive strains along 

the direction of the applied magnetic field. To test the material model and confirm its 

validity, a unimorph cantilever model has been set up and results were compared with 

that of the published study by Ng et al. (86). 

This modelling does not include the effects of thermal expansion, as we wished to isolate 

the magnetostrictive effects. It should be noted however that thermal expansion could 

affect the result presented if there is a fluctuation of temperature. Huang et al have 

included the thermal effects in their modelling of Terfenol-D (114), from which we can 

make some assumptions about how thermal changes may affect the results. Huang et al 

showed that for increases in temperature the magnetostriction decrease, and that for the 

dynamic response of their system the operation bias point shifted downwards with an 

increase in temperature. From this, we may expect a similar behaviour for Galfenol, to 

show a decrease in its magnetostrictive strain as temperature increases. Which would 

reduce the deflection, which is a result of the magnetostriction for the cantilever model, 

and reduce the magnitude of the output signal for magnetostrictive SAW device.   

4.2.1 Cantilever Model 

The model is based on the unimorph cantilever model described in (86). The model 

consists of three primary domains: the thin film, the substrate layer and a surrounding 

block of air. The film and substrate layer make up the cantilever, and the surrounding 

block is used for the magnetic field setup. The cantilever is formed by joining the film 

and substrate (in COMSOL parlance) and is governed by the solid mechanics physics 

within the simulation package. One end boundary of the cantilever is rigidly fixed, while 

the rest of the cantilever boundaries are free to move. Magnetic field physics is applied 

to the film and air domains. Enclosing the cantilever within the air domain are two 

additional boundaries that represent the coils of a solenoid to produce the magnetic field. 

An image illustrating the model setup is shown in Figure 4.1.  
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Figure 4.1 Schematic of the cantilever model, based on the typical experimental setup for 

measuring magnetostriction of thin films. 

Measurements are made of magnetic field within the solenoid, and of the deflection of 

the tip of the cantilever. These are made by selecting points within the model, (for instance 

the cantilever tip) and choosing the physical fields for which we wish to extract 

information, for example the displacement of that point (the cantilever tip) along a given 

axis. For this model, the current was increased in steps of 1 A, and the values for the tip 

displacement and the magnetic field within the solenoid recorded for each of these steps. 

An example of the information retrieved from the model is shown in Figure 4.3 Using the 

measurements of the tip deflection, combined with knowledge of the cantilever 

dimensions and the material properties of the film and substrate we can calculate the strain 

of the film, the details of these calculation are discussed later in this section.  

The cantilever in (86) has a length of 5 mm, thickness of 0.6 μm for the magnetostrictive 

Galfenol film, on top of a 20 μm thick copper foil used as the substrate layer. The 

properties for the materials are given in Table 4.2.  

Table 4.2 Values used for the magnetostrictive calculations (86). 
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A deflection of 1.15 μm was measured for a reported λs value of 96 ppm (86) using the 

Klokhom formula (115),   

λs  =  
(1 + υf)(Est

2)D

3L2Efd(1 − υs)
 (4.2) 

This is used to calculate the magnetostriction of a thin film based on the tip deflection of 

a cantilever. Here 𝜆s is the saturation strain; 𝜐𝑓 , 𝜐𝑠 are the Poisson ratios of the film and 

substrate, respectively; Ε𝑓 , Ε𝑠 are the Young’s modulus of the film and substrate 

respectively; 𝑡 is the substrate thickness; 𝑑 is the film thickness; 𝐷 is the deflection; and 

𝐿 is the length of the cantilever. Results from (86) are shown in Figure 4.2. 

 

Figure 4.2 Results of the cantilever tip deflection vs magnetic field measurements from (86) to 

measure the magnetostriction of the Galfenol thin film. 

A model cantilever was constructed based on these values, as given in Table 4.2, using a 

BH curve from (64) to model the magnetisation against the applied field. The additional 

values as needed by the simulator are taken from Table 4.1. The BH curve will naturally 

change depending on the conditions of film deposition process, the substrate and the 

internal stresses of the film. What is expected is that a similar magnetostrictive saturation 

and hence tip deflection will be reached showing a reasonable agreement between the 
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behaviour of the modelled film and physical film. The results obtained from the model 

are shown in Figure 4.3.  

 

Figure 4.3 Result of cantilever tip deflection vs applied field for the model based on the values from 

(86). 

The maximum tip deflection recorded based on these values within the model did not 

correspond to the measured value reported in the article. At saturation, the model showed 

a tip deflection of 5.9 μm compared with the 1.15 μm. Upon reviewing the values and the 

Klokholm formula used, there was found to be an error as the calculated λs is 32 ppm. 

However, if the film thickness value is adjusted to 0.2 μm and used in equation 1 with the 

rest of the parameters maintained, λs becomes 96 ppm. The error in the given film 

thickness was confirmed by contacting the authors of the article. The model was updated 

accordingly with the new value of film thickness. The results are shown in Figure 4.4. 

 

Figure 4.4 Result of cantilever tip deflection vs applied field for the model based on the updated 

film thickness with the values from (86). 

Even with this updated information there is still a discrepancy between the numerical 

simulation and the analytic results presented in (86). The maximum tip deflection as 
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related to the saturation magnetostrictive strain does not match. Using the values provided 

in (86), the numerical model showed a deflection of 2.04 μm compared with the 1.15 μm 

reported, a 77% difference between the two results. With further investigation of the 

analytic model used to calculate magnetostriction deflection, it was found that 

Klokholm’s solution has limitations in its use beyond certain film-substrate thickness 

ratios (116). Beyond a film-substrate thickness ratio of 0.001, the calculation becomes 

inaccurate. In the case of (86) the ratio of film to substrate thickness is 0.01, ten times 

greater than the limit. 

An alternative analytical model was presented by Guerrero and Wetherhold based on free 

energy calculations. The model is designed to account for any film-substrate thickness 

ratio (116, 117). The equations by Guerrero and Wetherhold for the calculation of the 

deflection, D, of a magnetostrictive unimorph cantilever are: 

D = 3χζλs
(1 − νsνf) − 2(νf − νs)

1 − νs2
 (4.3) 

With 

χ =  (
Ef

1 − νf
2) (

Es
1 − νs2

)⁄  

ζ =  
tf
ts

 

(4.4) 

Where 𝜒 is the stiffness ratio and 𝜁 is the thickness ratio of the cantilever film/substrate. 

The remaining parameters are the same as previously outlined. Using Guerrero and 

Wetherhold’s analytical model with corrected values from (86), the calculated value for 

the cantilever tip deflection is 2.15 μm, which is in reasonable agreement with the 

simulation result of 2.04 μm, a 5.1 % difference. These can be further reduced with 

refinement in the meshing, at the cost of added computational resources and extra time to 

finish each simulation. For the purposes of this study, the intention of the simulation work 

was to obtain a theoretical validation of the work using experimental values.  
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A summary of the results regarding the simulation and analytic model are shown in Table 

4.3. The input values and material properties for both the numerical and analytic models 

were changed to reflect those in Table 4.1, in the lower half of Table 4.3 including a 

change of the magnetostrictive saturation values, λs, that more closely corresponds to the 

deflection measured in (86). 

Table 4.3 Results of the tip deflection for the cantilever unimorph models. 

These results show similar values for both the numerical solutions produced using 

COMSOL and analytical calculations as put forward by Guerrero. This indicates that the 

lower magnetostrictive saturation value of 47 ppm is the more likely result for the films 

produced in (86) as Klokholm’s model is not applicable for the film-substrate thickness 

ratio of the cantilevers used for that experiment.  

The material from the model reaches saturation at a lower applied field than in the 

experiment in the study. This is most likely due to the HB curve that has been used to 

create the material model, which is based on the curve of the bulk sample of Galfenol, 

which is not constrained by the substrate layer. The thin film samples can have an 

additional stress due to the deposition conditions of the film onto the substrate. This needs 

to be overcome and requires additional energy. This is apparent from the magnetostrictive 

curves measured by Etrema Ltd regarding Galfenol rods under an applied stress, as shown 

earlier in Figure 2.7.  

                                        Materials Calculations 

                                  Cu FeGa Guerrero COMSOL 

Relevant 

Properties 

E 

(GPa) 
𝜈 𝜆𝑠 

(ppm) 

E 

(GPa) 
𝜈 𝜆𝑠 

(ppm) 
Deflection (μm) 

Reference (86) 117 0.33 - 72.4 0.3 96 2.15 2.04 

Table 4.1 110 0.35 - 75 0.3 96 2.23 2.22 

Modified Values 110 0.35 - 75 0.3 47 1.15 1.08 
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Figure 4.5 Plots of the cantilever tip deflection vs the applied field, alongside the HB curve that was 

used to model the Galfenol thin film. 

Figure 4.5 shows the tip deflection versus the applied field, plotted with the HB curve 

used to model Galfenol. As expected, the tip deflection reflects the magnetostriction and 

is similar to the HB curve. The difference in slope occurs due to the clamping effect of 

the material substrate layer, requiring additional energy to produce the strain. This HB 

data could be replaced to reflect different magnetisation curves within the model. 

These simulations present a magnetostrictive model of Galfenol thin film actuated under 

an applied field. The results for maximum tip deflection are comparable with the 

published analytic model from (116, 117) as seen in Table 4.3, and with published 

experimental results (86) if the corrections for the deflection calculation as outlined here 

are applied. The material model allows for changes to key properties of the material that 

govern the magnetostrictive material to be made simply. A shortcoming is that the 

magnetisation curve upon which the model is based is of bulk material, as it does not 

accurately represent the magnetisation of thin film. 
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The model is limited however as it is only capable of representing the direct 

magnetostrictive effect and does not account for hysteresis. This is considered a 

reasonable omission as only the direct magnetostrictive effect is used to produce surface 

acoustic waves. Galfenol has also a relatively narrow hysteresis, low coercivity which 

makes it attractive for sensor and actuator applications (42). The additional complexity 

of adding this to the model would likely result in negligible differences regarding the 

results at the expense of increased computational burden.  

4.3 SAW device modelling 

Surface acoustic wave (SAW) devices were first modelled on their own before adding 

magnetostrictive elements. This modelling step was implemented to understand the 

appropriate setup for the physics, boundary conditions, solver, and validate the model 

with the known theory and experimental results of similar devices. The model used the 

coupling of electric fields and solid mechanics physics within the software package for 

the piezoelectric effect. The piezoelectric effect is fully modelled within the COMSOL 

package. The material properties for commonly used piezoelectric materials, such as 

LiNbO3, are given and listed in the material libraries without the need of further 

modification. 

The model was limited to two dimensions (2D). A number of 3D models were attempted, 

with adjustments made to the solver settings in an attempt to improve the outcome. These 

all took considerable time and resources to compute, even with reductions to the overall 

dimensions and number of FEM elements. These attempts were unfortunately not 

successful. As such, a useful set of results could not be obtained. It was decided to 

concentrate on 2D models, which would solve the simulation and reduce the 

computational time to allow for a great number of adjustments to the model to be 

explored. 

This solution, however, has limited the ability to model the exact cut of the LiNbO3 (128° 

Y-X) used for the experiments. COMSOL provides limited options in 2D to transform 

the orientation of the material. These include 90° rotations only around the X, Y, and Z 

axes. The default setting for the XZ plane-system within the piezoelectric material node 

for the LiNbO3 is used for the model. It corresponds to a Y-cut X propagating SAW type 
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LiNbO3. It was chosen based on the acoustic velocity for the orientation and provides an 

acoustic velocity value for surface wave reasonably close to that of the chosen cut of 

substrate. This led to similar dimensions for the design in the model and of the delay times 

for the acoustic signal.  

There did not appear to be any particular advantage in changing the default set up for the 

material. However, one disadvantage is that this is not a cut typically used for SAW 

devices and published results for the characteristics of this cut are not readily available. 

The model presented is therefore primarily used here as a qualitative study to observe and 

understand the expected physical behaviour and signal outputs for the SAW device. It 

does not capture every aspects of the device, such as issues arising from impedance 

mismatch, to reduce unnecessary complexity within the model.  

The primary purpose of the model is to produce and detect surface acoustic waves via the 

piezoelectric effect. It also aims to show the expected behaviour of a delay line device 

with its bandpass characteristic at the designed frequencies. The models were designed to 

operate at frequencies of the fabricated devices: 5 MHz and 20 MHz. The setups were 

designed with the thought of adjusting the dimensions of the entire model to the 

wavelength of the device based on the resulting acoustic velocity and frequency of 

operation. 

4.3.1 Piezoelectricity and LiNbO3 for SAW modelling 

The SAW properties, such as velocity and coupling factor, for the available LiNbO3 

orientations within the software were unknown and needed to be determined. This was 

achieved using an eigenfrequency study where the vibration modes and associated 

potential can be observed over a range of frequencies to identify the SAW modes. This 

study was performed on a length of substrate corresponding to the dimension of one 

wavelength, which is equivalent to one interdigital transducer (IDT) pair. The thickness 

of the domain was several wavelengths to account for the surface wave penetration.  

This single domain was given the properties of LiNbO3 with the solid mechanics and 

electrostatics physics applied to this domain to model the piezoelectric effect. The lower 

boundary is set as FIXED while the top boundary is set as FREE moving for the SAW 

propagation. The two side boundaries are set with periodic conditions, as this domain 
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represents a slice of a larger repeating systems vibrating at a natural frequency. This is 

illustrated in Figure 4.6. 

 

Figure 4.6 Illustration of the eigenfrequency study and periodic boundary conditions setup used in 

the modelling. The periodic boundary condition is used to represent a section of a larger repeating 

system of vibrations. 

The study sweeps over a range of frequencies and produces a number of modes of 

vibration within this range for the given dimensions. By examining the vibration modes 

associated at each frequency, one can identify the surface acoustic waves among the other 

types. With the appropriate modes identified, the velocity can be calculated using the 

value of the frequency at with the mode occurs and the wavelength, which is in this case, 

the width of the domain, as shown in Equation (4.5):  

υ =  λ × f (4.5) 

As the acoustic velocity is initially unknown, an arbitrary value was chosen for the 

wavelength. In this case, the value associated with the 128° YX LiNbO3, at 20 MHz, 

giving a wavelength of 199 μm.  The SAW velocity is calculated based on the frequency 

at which the SAW modes are observed. The model was then adjusted when the SAW 

velocity was calculated based on the initial results to produce a 20 MHz SAW. Plots of 

the SAW modes are shown in Figure 4.7. There are two plots associated with the 
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fundamental SAW frequency: the displacement (top) and potential (bottom) plots of the 

SAW vibration mode.  

 

Figure 4.7 2D plot result of the SAW vibration modes and electric potential plots for the 20 MHz 

SAW device design, this represent a single section where the area of the top section is a single 

wavelength, a single IDT finger pair. 

This procedure was repeated for the different orientations of the piezoelectric material. 

For the default orientation of the LiNbO3, the SAW velocity is 3,897.84 m/s. This is a 

difference of approximately 10% compared to the 128° YX LiNbO3 substrate. The rest 

of the SAW velocities for the available built-in orientations of piezoelectric material are 

presented in  

Table 4.4, where known values for the SAW velocity of the substrate cut are also 

presented for comparison. The orientations as listed within the solid mechanics node of 

the software. 
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Table 4.4 Lithium niobate orientations within COMSOL and physically cut with SAW velocity 

 

The YZ LiNbO3 has a SAW velocity in agreement with the results from the 

eigenfrequency study. The electromechanical coupling factor, K2, for SAW is a measure 

of how well the acoustic wave couples to the material. Similar to many of the SAW 

properties, this characteristic can be obtained from the acoustic velocity of the wave. The 

electromechanical coupling is based on the difference of the SAW velocity for a free 

surface, 𝜐𝑓, and a metallized surface, 𝜐𝑚, where the metallized surface shorts the parallel 

component of the electric field and is thin enough not to cause any mechanical changes 

to the wave. The electromechanical coupling for the SAW is calculated as (14):  

𝛥𝜐

𝜐
 ≡  

(𝜐𝑓 − 𝜐𝑚)

𝜐𝑚
 ≡  

𝐾2

2
 (4.6) 

An additional boundary condition was added to simulate the thin conducting layer at the 

free surface of the model. The terminal boundary condition, from the electrostatics 

physics module of COMSOL, provides a conductive boundary, which is the equivalent 

of a metalized surface. This boundary condition avoids the addition of any further 

domains to model a thin film material, which would require very fine meshing. The 

change of boundary condition to meet the needs of the model means that the structure of 

the meshing between the models is left unchanged. 
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The velocity of the metalized layer, 𝜐𝑚, is calculated in the same way as described earlier, 

by using the frequency and the wavelength at which the SAW modes are observed. The 

model was first tested for the known YZ LiNbO3 and results were compared to known 

values in the literature. The values recorded from the models are shown in Table 4.5. The 

numerical model is in agreement with the known values from the literature. 

Table 4.5 Values of the free and metalized velocities from the model with the corresponding 

coupling values 

 

4.3.2 SAW Delay Line Modelling 

The next step was modelling a full SAW device structure, capable of both the inverse and 

direct piezoelectric effects. The SAW models were set up as delay line devices, where the 

time delays, waveforms and frequency response could be observed and compared with 

physical devices.  

The first devices experimentally fabricated for this research were 20 MHz delay lines, 

and a corresponding simulation model was built to compare the results. These consisted 

of IDTs with 10 finger pairs, to provide the alternating potential difference between 

fingers. Each first and third finger was set with a terminal condition, to either act as an 

input or a probe. Every second finger was set with a ground condition, providing the 

reference for the potential difference along the substrate. Two sets of IDTs were placed 

at opposite ends of a piezoelectric domain, to create the delay line. The terminal 

placement is outlined in Figure 4.8. 
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Figure 4.8 Illustration of the SAW delay-line model terminal layout along the substrate surface. 

Boundary conditions were applied to the edges of the substrate domain. These were low 

reflection boundary conditions at either end of the substrate to reduce the effects of wave 

reflection from the ends. This is done for practical device fabrication to improve 

performance (53). Additionally, this same boundary condition was applied to the lower 

boundary of the substrate, to reduce bulk reflections through the substrate layer, while the 

top boundary was left as a free boundary to allow the SAW to propagate. These boundary 

placements are depicted in Figure 4.9. 

 

Figure 4.9 Illustration of the SAW delay-line model boundary conditions as used for the outer 

boundaries of the 2D model. 

Two types of study types were used to investigate the delay line structure and verify the 

qualitative results of the model. These were a time-based study to verify the time delay, 

and a frequency-based study to ensure that the frequency response and filtering 

characteristics of the device were captured in the model. 

The time-based study is to observe the evolution over time of the SAW propagation 

between the IDTs. It is used to look at both driving the device at a constant input 

frequency as well as with a single pulse. The results of the time-based model are 

compared with the experimental results from measurements of a physical device as 

presented in chapter 6. The frequency study is implemented to compare the filter 
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capability of the device with the expected frequency response from the design and the 

experimental results obtained from a network analyser. 

Figure 4.10 illustrates the dimensions and layout of the first model create for the 20 MHz 

SAW delay-line, with the results for the frequency study and time study following. Of 

interest here was confirming that the simulation would produce results similar to what is 

expected with a physical device of similar dimensions and properties.  

 

Figure 4.10 Layout and dimensions of the 2D 20 MHz SAW device model 

SAW devices have a well-known frequency response: they act as a passband filter centred 

at the frequency of the acoustic wave. To study the frequency response the model was 

run by sweeping the frequency applied to the input terminal, from 5 MHz to 35 MHz. The 

insertion loss of the modelled device was calculated at each frequency using the ratio of 

voltage measured at the output terminal and the input voltage as shown in Equation (4.7):  

Insertion Loss (dB) = 20 log10(Vout Vin⁄ ) (4.7) 
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Figure 4.11 Result from the frequency response simulation of the 20 MHz SAW delay line model. 

Figure 4.11 shows the results of the simulated device’s insertion loss, with the expected 

passband centred at around 20 MHz.  

The time dependent study was implemented for the same model with an oscillating signal 

applied to the input terminal at the central frequency of the modelled device. Input signal 

and device response are observed by probing both the input and output terminals. A delay 

regarding the output response is expected to depend on the distance between the IDTs, as 

the SAW travels across the substrate. A decrease in magnitude of the output signal is also 

expected owing to losses due to the coupling. The results from the time study of the model 

are displayed in Figure 4.12. 
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Figure 4.12 Results from the time study of 20 MHz SAW delay line model, showing a 1.5 μs section 

of time where the SAW reaches the output IDTs. 

The driving input signal is a 20 MHz sinusoidal 1 V input signal. The distance between 

the centres of the IDTs corresponds to approximately 30 wavelengths of the SAW, with 

a wavelength of 194.8 μm. The time at which the SAW overlaps the output set of IDTs is 

then approximately 1.5 μs, corresponding to the 3897 m/s velocity. However, what is 

observed is that the output signal continues to increase, reaching a plateau at 

approximately 2 μs. This additional 0.5μs corresponds to an additional distance of 10 

wavelengths, the width of the IDTs. As the SAW begins to propagate, the first 

occurrences of the wave contain less energy. As the driving signal continues to generate 

waves, resonance occurs as the waves overlap, and the output signal becomes uniform.  

Figure 4.13 shows the 2D plot of the varying potential as captured by the software for a 

time close to 1.5 μs, which is the time point at which the SAW overlaps the output IDTs. 

The difference in potential across the surface wave is seen to increase from right to left 

in the figure, up to the centre of the figure. The left-hand side where the SAW is initiated 

is constantly varying with the input driving the SAW. 



Chapter 4 - Simulation of magnetostrictive material and surface acoustic wave devices 

88 

 

 

Figure 4.13 Results from the 2D 20 MHz SAW delay line modelling showing the varying potential 

along the substrate surface caused by surface wave propagation along the piezoelectric substrate, at 

three instances in time duration the simulation. 

These models show the initial setup and conditions for modelling the rest of the SAW 

devices, and for the study of the magnetostrictively generated SAWs.  

4.3.3 Pulsed modelling of the SAW devices 

Experimentally the SAW devices are driven using voltage pulses, for characterisation of 

their behaviour in time. The pulse produces a wave envelope that travels across the 

substrate. This wave is detected by the output IDTs that provide a way to measure the 

time delay and determine the frequency. As the magnetostrictive based SAW device will 

be driven using a magnetic field, pulsing is the preferred method to actuate the device. 

This is because magnetic fields induce currents in circuit elements, producing voltages 

across those elements, which could obscure the signal we want to detect. To overcome 

this, the delay line structure of the SAW can be taken advantage of, by using single pulses 

to generate SAW wave packets. With the correct design, the wave packet could arrive 

after the interference in the circuit caused by the magnetic field. The pulsed models also 

provide further point of comparison between the model and physical devices.  

The physical device design was changed to a lower frequency, 5 MHz, as the devices at 

this frequency have a larger minimum feature size, the larger feature sizes are easier to 
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fabricate, which lead to improvement of the device build and improved performance. The 

model was also adjusted to simulate the lower frequency SAW devices for comparison 

with the physical devices. The model dimensions and structure are illustrated in Figure 

4.14. The model setup is the same as described in the previous section, with changes to 

the dimensions of the structure to reflect the 5 MHz frequency and the applied signal to 

the IDTs for the pulse. The pulse functions for these models was created using a triangle 

function, with a width of 0.5 × 10−7𝑠, centred at 1 × 10−7𝑠, with a peak voltage of 10 

Volts. 

 

Figure 4.14 5MHz SAW delay-line structure and dimensions used for the modelling 

Attentions was given to the IDT spacing for the time delay and number of finger pairs. In 

an effort to reduce the dimensions of the model and the computational time, the distance 

between the IDTs and edges of the substrate were initially two wavelengths. Low 

reflective boundaries were used to reduce the reflections from the edges. The first results 

for this model are shown below in Figure 4.15. 
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Figure 4.15 Results from the time study of pulsed 5 MHz SAW model 

In this model, the pulse occurs at approximately zero second. The starting fingers of IDTs 

sets are spaced 16.4 wavelengths apart, 12.86 mm, corresponding to a 3.3 μs delay 

regarding the peak of the envelope. What is noticeable is a tail to the envelope, which 

increasingly distorts further away from the envelope. 

 

Figure 4.16 SAW design layout for the 5 MHz pulsed model, illustration the incident and reflected 

wave as they come into contact with the output IDT set  (λ is wavelength) 
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Comparing the model dimensions shown in Figure 4.16 with the waveform it is possible 

to identify what occurs in the model. The distance in wavelengths and the corresponding 

times are outlined in the Table 4.6 below. This table shows the expected times for the 

incident wave to first reach the output IDTs, overlap them, and completely pass them, 

followed by the same events for a wave reflected at the edge. Due to the symmetry of the 

model, the reflected waves from each edge of the substrate domain travel the same 

distance to reach the output IDT set, although from opposite sides. 

Table 4.6 Events for the incident and reflected wave at the output IDTs 

 

Even with the low reflective boundary, it appears there is a noticeable reflection, resulting 

in the tail observed in the waveform. Changing the boundary condition to the default free 

boundary for the edge of the substrate nearest the output IDTs, as illustrated in Figure 

4.17, enhances the reflected wave. 

 

Figure 4.17 Adjusted free boundary condition adding it to one edge of SAW model, to enhance edge 

reflections in the simulations 
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The results from both simulations, low-reflective boundary and free boundary, are plotted 

in Figure 4.18 along with difference of the two waves. This is done to illustrate that the 

additional envelope observed is the reflected wave.  This begins at around 4.1 μs, where 

difference in voltage magnitude begins to display the wave envelope. There is also a slight 

shift in phase, which may be a result of the free edge displacement.  

 

 

Figure 4.18 Results from the time studies of the pulsed 5MHz SAW models using different 

boundary conditions to examine effect on the reflected waves, and showing the difference. 

The distance between the IDTs for the model were then adjusted, along with the distance 

between the substrate edge and the output IDT to confirm the assumptions made about 

the wave envelopes observed. The updated dimensions are shown in Figure 4.19.  
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Figure 4.19 5MHz SAW delay-line structure and with adjusted dimensions used for the modelling 

to further examine the reflected waves in the model 

Similarly, the expected events for the SAW as detected by the output IDT based on the 

dimensions above are listed in Table 4.7. 

Table 4.7 Incident and reflected wave events at the output IDT for the adjusted SAW model 

 

Figure 4.20 shows the results of the modified 5 MHz SAW model with the different 

dimensions. Included in the plot are the points at which the incident and reflected waves 
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occur. The first point indicates the time at which the wave reaches the IDT; the middle 

point indicates overlap; and the third and final point for when the wave has passed the 

IDTs. 

 

Figure 4.20 Results from the time study of pulsed 5 MHz SAW model with adjusted dimensions, 

with points showing the calculated points for the waveforms 

Figure 4.20 shows three overlapping envelopes: the incident wave and the two reflected 

waves. The decrease in magnitude is related to absorption of the wave, which is a function 

of the distance travelled and the effect of the non-reflecting boundary. In this set of results, 

the distortion that appeared in the reflected wave envelopes for the model device in Figure 

4.15 do not appear in the results of this model. What is noticeable here is that the 

oscillation continues without apparent distortion, as the signal fades. The behaviour 

differs from the first model where the signal distorts earlier as it fades. This is likely due 

to destructive interference between SAWs.  

The output signals from the pulse driven models displays the expected wave packet, at 

the expected times, including reflected waves that are seen to appear on the physical 

devices. The frequency can easily be calculated from observation of the period of the 

waves. A MATLAB script was written to perform a Fast Fourier transform (FFT) on the 
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model results and to extract the signal frequency for output signals. Below in Figure 4.21 

and Figure 4.22 are the plots with the FFT for the modelled devices. 

 

Figure 4.21 FFT of the modelled 5 MHz SAW delay line with the initial layout dimensions 

 

Figure 4.22 FFT of the modelled 5 MHz SAW delay line with the adjusted layout dimensions 

In both figures, the central frequency is approximately 5 MHz. For these modelled 

devices, a degree of deviation is expected in the numerical solutions. With the change in 
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the model dimensions for the second model, there may be interference that causes the 

shift in frequency. The shape and response are in agreement with the theory and 

experimental observations for these type devices providing confirmation of the observed 

wave packets.  

4.3.4 Pulsed model variations 

Mismatched IDT sets were also modelled in the event that the assumptions made for the 

frequency and wavelength of the magnetostrictively induced surface waves were 

incorrect. Two variations are presented with the output set of IDTs dimensions altered. 

The dimensions were altered to double the width and half the width of the input IDTs 

representing half and double frequency of the input. The layout for the models is similar 

to the layout in Figure 4.19; each model has the same overall width. However, as the IDT 

dimensions change with frequency, the length for the same number of IDTs pairs at 

different frequencies also changes. To account for this, the number of pairs of fingers was 

reduced to half, five fingers, for the 2.5 MHz model, the dimensions for this model are 

shown in Figure 4.23. 

 

 

Figure 4.23 Dimensions for the adjusted model with 5 MHz input IDT set with a 2.5 MHz output IDT 

set 

For the 10 MHz case, the number of IDTs was kept the same, because of the smaller 

dimensions of the higher frequency SAW IDTs. The length of substrate, which the 10 
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MHz IDTs cover, was reduced by half, compared with that of the 5 MHz IDT set. These 

models use the same pulse at the input. The models are run for 15 μs, which is a sufficient 

time for the SAW to travel across the device. The model dimensions correspond to that 

of Figure 4.19Error! Reference source not found..  

The signals are expected to show significant attenuation as they fall outside of the 

passband filter. The results from these models are shown in Figure 4.24. The first set 

shows the device with a 5 MHz input set of IDTs and a 2.5 MHz output set of IDTs. From 

the time plot, at approximately 1 μs, there is an increase in the frequency of the signal. 

This is the time expected for the SAW to reach the output IDTs from the start impulse. 

The magnitude of the signal is much less than what was seen for the model where the IDT 

dimensions are matched for the 5 MHZ frequency. From the FFT two peaks occurs around 

the 2.5 MHz and 5 MHz frequencies corresponding to the IDTs dimensions for the 

substrate. 

 

Figure 4.24 Results from the time study and FFT of the pulsed SAW delay-line model with a 5 MHz 

input IDT and 2.5 MHz output IDT 

Figure 4.25 shows the electric potential from the time study. At 5 MHz, the SAW 

wavelength is half the length for the corresponding 2.5 MHz frequency SAW on the same 

substrate. This result in the IDT fingers each experiencing the same potential when the 

SAW aligns with the IDTs. The IDTs are designed to produce and detect an alternating 
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potential between each IDT pair of fingers, summing the potential differences. If there is 

only negligible difference in potential between the finger pairs, there is minimal signal 

output. The output signal would be zero if the model were an idealised version producing 

only surface wave vibrations. However, there are additional vibrations that are weakly 

transmitted through the substrate, as can be seen in the lower areas of the plot, Figure 

4.25. These may affect the overall surface wave and differential of potential throughout 

the substrate leading to the additional signals observed. 

 

Figure 4.25 Surface potential plot for the matching 5 MHz IDTs, where it can been seen that the 

potential aligns with the IDT spacing 

The simulated results for the SAW device with matched pair of IDTs set designed for the 

5 MHz frequency have already been shown in Figure 4.20. For comparison, the potential 

plot of the matched SAW is shown in Figure 4.25, where the alternating potential between 

each IDT finger is displayed. The dimension of the model with 10 MHz output IDT set 

are shown below in Figure 4.26, with the results from this models following in Figure 

4.27. 
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Figure 4.26 Dimensions for the adjusted model with 5 MHz input IDT set with a 10 MHz output IDT 

set 

 Similarly, the magnitude of the plot is small and comparable with the other mismatched 

IDT plot at 2.5 MHz. While the time plots for each of the devices have a spike when the 

input pulse occurs, the 10 MHz device shows a ringing at the start, which is not seen in 

the other plots. An increased frequency of oscillation is seen, when the SAW approached 

the output IDTs. In this case, it occurs earlier at approximately 2.4 μs due to the decreased 

spacing between the IDTs at the higher frequency. The FFT shows a spike at 

approximately 5 MHz and another smaller spike at 10 MHz corresponding to the two IDT 

designs. 
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Figure 4.27 Results from the time study and FFT of the pulsed SAW delay-line model with a 5 MHz 

input IDT and 10 MHz output IDT. 

The surface plot of the potential as the SAW passes the 10 MHz IDTs is shown in Figure 

4.28. The wavelength of the SAW is twice that of the IDT spacing between finger pairs. 

The peaks and troughs of the SAW overlap the IDT pairs of fingers. 

 

Figure 4.28 Surface potential plot for the 10 MHz IDT receiving the 5 MHz SAW, where it can be 

seen that the potential overlaps entire IDT finger pairs 

The SAW delay line models with the mismatched IDT sets show that weak signals can 

still be extracted for the devices. While the fundamental frequencies may not be as 
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obvious from the time plots, the fundamental frequency can be extracted with the use of 

signal process techniques.  

4.4 Magnetostrictively transduced SAW models 

The model in this section is built from the modelling work outlined in the previous two 

sections. It relies on a combination of the solid mechanics, electrostatics and magnetic 

fields physics modules within the COMSOL package in order to be able to support the 

modelling of a combination of magnetostriction and piezoelectric effect. The 

magnetostrictive material model used is the one outlined in section 4.2. The structure of 

the model is similar to the SAW delay line models outlined in section 4.3. The IDTs set 

here are used for the direct piezoelectric effect to detect the acoustic wave as it travels 

across the substrate whilst the other set of IDTs is replaced by a set of magnetostrictive 

fingers, which are used to produce the SAW. The set of magnetostrictive fingers is 

enclosed in an additional domain modelled as air, where the magnetic field is set up. 

The dimensions of the magnetostrictive fingers are changed so that they are twice the 

width of the IDTs since the magnetostrictive fingers operate differently to the IDTs as 

outlined in Chapter 2. The number of magnetostrictive fingers is therefore reduced to half 

that of the IDTs to produce a wave envelope of similar length as would be produce by the 

IDTs used to detect surface wave. The dimensions and layout for the simulated model is 

illustrated in Figure 4.29. 
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Figure 4.29 Dimensions for the 5MHz magnetostrictively transduced (MT) and piezoelectrically 

detected SAW device model 

The models are all simulated using time studies with the two driving methods used for 

the SAW device models. The applied voltage to produce the electric field is replaced with 

a magnetic field. The pulse studies are compared with those of the SAW devices, and 

similar models with mismatched IDTs have been made for comparison. As described in 

Chapter 2, magnetostriction is a second order effect, straining in the same direction for 

either a positively or negatively applied magnetic field. Because of this, it is possible to 

use the effect as a frequency doubler of the input field. The time model is designed to test 

this approach, by driving the modelled device at a frequency that is half of the central 

frequency of the device. The models have been designed to operate with a central 

frequency of 5 MHz, to match the previous models for comparison and examine the 

behaviour of a physical device. 

The magnetic field is produced in the model using a uniform magnetic flux density, which 

is varied in time. The time varying function uses a single Gaussian pulse that occurs at 

0.1 μs. It is modelled to produce a magnetic field of 8 kA/m in magnitude, reflective of 

the saturation field reported for Galfenol (38, 64) and of the HB curve of the material 

model. Results using a pulsed magnetic field are shown below in Figure 4.30, with two 

different boundary conditions that either reduce or enhance the wave reflection from the 

substrate edge. The magnetic pulse occurs just after the zero second, with the wave packet 

beginning to take form at around 2 μs, with the peak occurring at approximately 3.5 μs 
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where the surface wave overlaps all of the IDTs, as with the previous SAW models. The 

timings and travel distance in wavelengths are shown in Table 4.8. 

Table 4.8 Distance in wavelengths and times for the incident and reflected wave to reach the output 

IDTS 
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Figure 4.30 Time study plots of terminal output for the MT and piezoelectrically detected SAW 

device model with low reflecting and free edge boundary conditions. 

Similar to the SAW device model, the terminal output is not a symmetric wave envelope 

as shown in Figure 4.30. There is a slight extension of the wave towards the end, owing 

to the reflected waves. As seen with the SAW device model, even with a low reflecting 

boundary at the edges, there is still reflection of the acoustic wave. In this model, a similar 

effect takes place to extend the wave packet. This is seen more clearly in a model where 

the boundary condition is changed to reduce the absorption. The difference of these two 

plots is shown in Figure 4.31. 
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Figure 4.31 Difference between the output terminal potentials for the low reflecting and free 

boundary conditions for the 5 MHz MT and piezoelectrically detected SAW device 

The FFT shows a peak for the frequency just below 5 MHz, similar to the early plot of 

the modelled SAW device in Figure 4.32. 

 

Figure 4.32 Time study plot and FFT of the 5 MHz MT and piezoelectrically detected SAW device 

model 
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The surface plot in Figure 4.33 shows the distribution of the difference of potential as the 

SAW passes the IDTs. The alternating potential between each finger is clearly visible. 

This indicates that the SAW launched via the action of the magnetostrictive fingers is of 

a comparable wavelength to those of the IDTs for the case of 5 MHz frequency. This 

model confirm the assumptions made in Chapter 2. 

 

Figure 4.33 The surface potential plot of the 5 MHz magnetostrictively transduced SAW with the 5 

MHz IDTs, where the SAW potential can be seen to align with the 5 MHz IDTs. 

A similar model was set up this time for the output IDT set designed to operate at 2.5 

MHz. This was for comparison with the SAW model described earlier with the 5 MHz 

input IDT set and 2.5 MHz output IDTs, the design is shown in Figure 4.34.  
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Figure 4.34 Dimensions for the 5MHz magnetostrictively transduced (MT) and piezoelectrically 

detected SAW device with 2.5 MHz IDT set model 

2.5 MHz was chosen, as it is a sub-multiple of the central frequency; additionally, the 

dimensions match those of the magnetostrictive fingers. What is expected is that for the 

same finger width dimensions, the magnetostrictively actuated fingers will produce a 

surface wave that is double the frequency of that produced piezoelectrically with IDTs. 

 

Figure 4.35 Time study and FFT plots for the 5 MHz magnetosrictively tranduced surface wave 

with the 2.5 MHz IDT output. 
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Figure 4.35 displays the time plot and FFT of surface waves of this device model 

variation. The form of the signal received at the output IDT is similar to the purely 

piezoelectric model shown in Figure 4.24. The initial pulse at the start for the SAW device 

models is however excluded. The similarities in the mismatched output IDT indicates that 

a similar SAW is being launched with the magnetostrictive fingers. Figure 4.36 shows 

the surface plot of the potential and the IDTs. The peaks or troughs of the alternating 

voltage coincide with the spacing of the IDT fingers. This is expected and leads to 

minimal differences in potential between the finger pairs, which results in an output signal 

of reduced magnitude.  

 

Figure 4.36 Surface plot of potential for the MT SAW with the 2.5 MHz IDTs, it can be seen that 

the potential aligns across the fingers in a way that there is no (or minimal) portential difference 

between the finger pairs. 

The output IDT dimensions were adjusted for a 10MHz wave, just as was done for the 

solely piezoelectric SAW delay line model, with the dimensions as shown in Figure 4.37.  
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Figure 4.37 Dimensions for the 5MHz magnetostrictively transduced (MT) and piezoelectrically 

detected SAW device with 10 MHz IDT set model 

 Figure 4.38 and Figure 4.39 show the time plots, FFT and surface potential plots as 

calculated by the model. The time plot shows an increase in frequency of the signal at the 

output IDT, with a decreased magnitude compared with the value at the fundamental 

frequency. As this is the first harmonic of the fundamental frequency, this is not an 

unexpected behaviour. The FFT shows the device model with a strong response at ~9.4 

MHz, slightly below the 10 MHz design of the IDTs. This is similar to what is depicted 

in Figure 4.27 for the piezoelectric SAW device. However, the form of the wave envelope 

is notably different, most likely due to some differences in the model dimensions from 

comparison of Figure 4.19 and Figure 4.29, where the substrate length differs by two 

wavelengths for the 5 MHz frequency. The positions at the magnetostrictive finger to 

produce the peaks and troughs of the SAW wave also have an effect on the timing of the 

incident and reflective waves. 
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Figure 4.38 Time study and FFT plots for the 5 MHz magnetosrictively tranduced surface wave 

with the 10 MHz IDT output. 

 

Figure 4.39 Surface plot of potental for the 5MHz MT SAW propagating along the 10 MHz IDTs 

section of the substrate. 

Based on the appearance of surface potential plots and the shape of the measured voltage 

at the terminals, the modelled magnetostrictive devices are indeed producing SAWs. 

These models are in reasonable agreement with the purely piezoelectrically based SAW 
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device models, confirming the design discussed in Chapter 2. The next step is to 

demonstrate the frequency doubling that is expected based on the magnetostrictive 

response, using a continually driven sinusoidal signal of a frequency that is half that of 

the central frequency of the device. 

 

4.5 Frequency Doubling of the MT SAW  

The pulsed model had the greatest output signal at 5 MHz, which is the expected central 

frequency, based on the design dimensions. It also produced the expected shape for the 

pulsed SAW compared with the SAW model and physical device. At other frequencies, 

the magnitude of the voltage produced was considerably lower, and did not follow the 

expected shapes for pulsed SAWs at their central frequency. This was demonstrated with 

the pulsed models in the previous section; this also applies here when driving the device 

with a sinusoidal signal. One would realistically expect distortion at the output terminal 

of the sinusoid if the frequency were not a match. 

The working 5 MHz model with the 5 MHz IDT set (Figure 4.29) was adapted to verify 

frequency doubling. The driving magnetic field pulse was replaced with an oscillating 

signal at half the central output frequency for the device. Results from this model are 

illustrated in Figure 4.40. The magnetic field is plotted alongside the output terminal 

voltage to show the frequency doubling effect at the output. Looking at the results, a delay 

is observed as the SAW propagates across the surface between the transducers. The 

progressive increase in voltage until saturation is also present as the SAW overlaps the 

IDTs completely. This goes on longer than expected given the time for the SAW to 

overlap the IDTs but may be accounted for as additional increase in energy of the SAW 

due to reflected waves from the end of the substrate.  
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Figure 4.40 Time study plot of 2.5 MHz frequency driven magnetic field, magentostrictively driving 

the SAW device model with voltage plot of the output IDT set. 

The driving magnetic field is significantly less than that of the pulsed models, where the 

pulse was set to 8kA/m. This also means a reduced voltage output in comparison to the 

pulsed models. Had the magnitude of the driving signal been matched, the output signal 

would have had a greater magnitude compared with the pulsed model. This is because the 

device would have been driven at or near resonance increasing its effectiveness to convert 

energy. Attempts were made to produce a simulation with similar driving magnetic field 

magnitudes. However, despite a setup similar to the previous pulsed model, the 

magnitude of the magnetic field was not as expected. It greatly undershot the target 

magnitude of the magnetic field. Adjusting the model parameters to compensate, resulted 

in a mix of overshooting and undershooting the target. It also affected the simulation time 

sometimes greatly increasing the duration of the simulation run. Why this occurs is not 

completely understood at this time. The magnitude of the magnetic field within the model 

was set to be 10 kA/m. The magnetic field is set as the physics of a domain; there was not 

another piece within the model such as a coil, which may have demonstrated additional 

behaviours. For instance, if using a coil to produce a magnetic field in the model, a 

number of dimensional parameters are required to represent the coil. This could lead to 

the coil having a specific resonance frequency, which may affect the magnetic field. It is 

possible that a similar effect is occurring in this case but, given how the magnetic field is 

set up for this model, as a uniform flux density, it is not immediately apparent why. Given 
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this result, if further investigation of the modelled devices is desired, this current 

sinusoidal driven model is not ideally suited.  

4.6 Comparison of magnetostrictive film thicknesses 

The previous models used a film thickness of 20 μm for the magnetostrictive film to ease 

the simulation runs. With thinner film elements, the number of mesh elements in the 

adjacent larger domain increases, subsequently increasing the simulation time. Practical 

film thickness will depend on the method of deposition and available equipment. 

Electroplating is typically used to produce thicker films in the range of 1 to 100 μm in 

thickness, and evaporation methods can achieve these thicknesses also; sputtering is used 

to produce thinner films typically not exceeding thicknesses of several microns. It would 

be of interest to compare film thicknesses and the output voltages produced under the 

same conditions.  

Three further models were produced based on the 5 MHz pulsed magnetostrictively 

produced SAW model. Adjustments were made to the thickness of the magnetostrictive 

film domains. The other model parameters were left unchanged; however, the meshing 

for each model changed based on the thickness of the film layer. Below are the results for 

three further models, where the film thickness was reduced from 20 μm, 1 μm down to 

100 nm. 
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Figure 4.41 Time study plot and FFT of the pulsed magnetostrictive SAW with 20 μm thick 

Galfenol film 

Between Figure 4.41 and Figure 4.42, the film thickness has been reduced by a factor of 

20, resulting in a reduction by a factor of 50 (50 mV to 1 mV) of the voltage magnitude 

at the peak of the envelope. A voltage decrease is expected as the thickness of the film 

decreases, as there is less material to provide the actuation to generate the surface wave. 

A saturation point for voltage produce is also expected for increases in the film thickness, 

where increases in thickness no longer enhance the level of the output signal, because the 

in-plane strain of the magnetostrictive material has reached a maximum.  
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Figure 4.42 Time study and FFT plot of the pulsed magnetostrictive SAW with 1 μm Galfenol film 

As the film is further reduced to 100 nm, (similar in dimension to the 70 nm experimental 

test piece) there is a further decrease in the voltage magnitude as shown Figure 4.43. Here 

the peak voltage of the 50 μV, 0.1% the level of the 20 μm film and 5% of that of the 1 

μm film. 
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Figure 4.43 Time study and FFT plot of the pulsed magnetostrictive SAW with 100 nm Galfenol 

film 

This set of results indicates that films of thickness of the order of micrometres may be 

more suited for practical applications where higher voltages are required. Figure 4.44 

shows a comparison of the magnitudes for the three film thicknesses. 

 

Figure 4.44 Magnitudes of the pulsed magnetostrictive transduced surface wave devices for the 

different film thicknesses 
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As can been seen the magnitude of the signal produced by the 0.1 micron film is negligible 

compared to the other thickness of film used in the device models. 

4.7 Conclusions  

This chapter produced a multiphysics model of a magnetically transduced and 

piezoelectrically detected surface wave device, investigating its design and frequency 

response as well as the effect of film thickness for the magnetostrictive element.  

As part of this effort, a magnetostrictive material model was created to represent thin film 

Galfenol. The model film was investigated using a model of a cantilever structure, which 

is typically used for the measurement of magnetostriction in thin films. When compared 

to the analytical model presented by Guerrero, the results from the numerical simulation 

were found to agree to within 5%, using values taken from published experimental studies 

of thin film Galfenol. 

Following the development of a suitable Galfenol material model, a SAW delay line 

model was produced to confirm piezoelectric transduction of SAW, and the expected 

response for a given delay line SAW structure. The piezoelectric material, LiNbO3, and 

the available orientations were compared, examining the wave speeds and 

electromechanical coupling values to published values. Those values that were available 

were found to agree with 2%.  

With suitable simulations for a magnetostrictive material and a SAW device established, 

these were combined to produce the device of interest for this study that would 

magnetostrictively produce SAWs for piezoelectric detection. The model successfully 

demonstrated the conversion of magnetic signal to an electric signal via an acoustic 

coupling, and demonstrated the frequency doubling effect that was predicted. The model 

verified the predicted required dimensions for the magnetostrictive transducer fingers 

relative to the piezoelectric IDTs, which is double, for a given central frequency of 

operation for the device. The modelling in the chapter confirmed this with simulations of 

devices with transducers sets at mismatched frequencies, comparing the results with a 

model of a known SAW devices, where the patterns of the surface plots of the potential 
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showed agreement with those produced using the magnetostrictive generation of surface 

waves.  

The relationship between thickness of the magnetostrictive film and voltage was also 

investigated. Modelling of magnetostrictive fingers at thickness of 0.1 μm, 1 μm and 20 

μm and the magnitude of the electric signal produced was compared. This modelling 

showed that the thicker films produced stronger signals. Magnitudes of the signal 

produced using the pulsed methods for the films at 0.1 μm, 1 μm and 20 μm had 

magnitudes of 1x10-6, 2.4x10-4 and 0.009 respectively. Between the 0.1 μm and 1 μm film 

transducers this is an increase of approximately 240 times, for 10 time increase in film 

thickness. For the 1 μm and 20 μm the difference equates to approximately a 37 times 

increase in the signal magnitude for a 20 times increase in film thickness. This indicates 

that films of at least a micrometre in thickness may be preferable for practical 

applications. However, this will also likely have a frequency dependence, based on the 

central frequency of the device since dimensions of the SAW are dependent on the 

frequency and the substrate properties. It is possible that smaller device dimensions at 

higher frequencies may be suitable with thinner magnetostrictive films, but without 

further investigation, this is difficult to predict currently. 

The results from the simulations presented provide an insight for suitable design 

parameters for device being investigated. So that devices constructed for experimental 

investigation can be designed with the correct transducers dimensions to operate at an 

intended frequency, and provide an idea for the appropriate film thicknesses that may be 

required.       
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Chapter 5 - Microfabrication of devices  

 

5.1 Introduction 

Fabrication and operation of modern SAW devices are well understood (14, 53). Devices 

have been produced with operating frequencies ranging from a few tens of megahertz to 

several gigahertz. Commercial devices make use of single crystal substrates. For SAW 

filters, the fabrication process is relatively straightforward, involving a combination of 

photolithography, thin film deposition and either lift-off or etching processes for 

patterning the transducers. Both sets of the interdigital digital transducers (IDTs) are 

normally produced in a single deposition process using the same single element metallic 

thin films. The transducers produced for this thesis use different films for each of the 

transducers, requiring thereby more manufacturing steps. The magnetostrictive alloy 

provides some additional challenges to the fabrication process. The method to produce 

the films here, radio frequency (RF) magnetron sputtering, is affected by the magnetic 

nature of the target material from which the films are deposited. The target adversely 

affects the magnetic field paths created by the magnetron to enhance the sputtering 

process and the setup requires adjustments to account for magnetic materials. Methods 

are also required to ensure the correct stoichiometry of the magnetostrictive alloy film as 

the composition can differ relative to the target composition, as noted in Chapter 3. 

This chapter outlines the fabrication processes to produce the device for study. The 

fabrication steps (which include: cleaning of the substrate, photolithography, E-beam 

evaporation, and RF sputtering and assembly),  to produce working surface acoustic wave 

(SAW) devices are first discussed followed by the description of the process used to 

produce Galfenol thin films, and their incorporation onto the SAW structure. The 

objective is to produce and test a SAW type device with the potential to transduce surface 

waves via a magnetostrictive actuation from a set of patterned magnetostrictive Galfenol 

fingers.  
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5.2 SAW Device Fabrication 

The standard method of producing SAW devices uses a combination of photolithography 

and thin film deposition steps (53). A basic outline for the photolithographic process is 

depicted in Figure 5.1, the recipe details are provided in section 5.2.2. The steps are as 

follows; a photoresist is spread along the substrate and spun to obtain a uniform resist 

thickness, Figure 5.1 B (i) - (ii). It is then soft baked, to remove the solvent and solidify 

the resist. A photomask is placed over the coated substrate and this is then exposed to 

ultraviolet (UV) light Figure 5.1 B (iii). The areas of photoresist that are not shielded by 

the photomask either have their polymer chains broken down or strengthen by the UV 

light, depending on the resist type, either positive or negative Figure 5.1 B (iv). The coated 

substrate is then placed in a developer agent to remove the unwanted resist leaving a 

pattern on the substrate made up of exposed and covered areas Figure 5.1 B (v).   

The thin film metal deposition process can occur either before or after the 

photolithographic process and depends on the method chosen to pattern the film. In the 

case where the deposition occurs before the photolithography, the resist then acts as a 

protective layer against an etching process Figure 5.1 A (vi) – (vii), where the exposed 

film is removed from the substrate. When the deposition process takes place after the 

photolithography, the resist acts as a barrier between the film and the substrate ensuring 

the film only coats the areas of the substrate that require the film pattern Figure 5.1 B (v) 

– (vi). The resist is then washed away, lifting of the film deposited on top of it, leaving 

only the patterned metal Figure 5.1 B (vii). The steps for the photolithographic and 

deposition processes are illustrated in Figure 5.1. Details regarding each manufacturing 

step is provided in the next sections. 
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Figure 5.1 Photolithography and metal deposition steps for SAW device fabrication 

A lift-off process was chosen here to reduce the complexity of the process; this was to 

avoid the need to develop a suitable chemical solution to wet etch the Galfenol. Dry 

etching methods were not suitable for use with the LiNbO3 due to its pyroelectric 

properties, causing the substrate to react to heating caused by the dry etch process. 

5.2.1 Substrate Choice 

Lithium Niobate, LiNbO3, the 128° Y-X cut single crystal substrate was chosen, because 

this substrate and cut provides one of the highest electromechanical coupling factors for 

the typical single crystal substrates used for SAW devices. This is an important factor for 
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the detection of surface waves along the substrate, additionally, this cut of LiNbO3 has 

low bulk wave production, minimises the bulk acoustic signals which are not of interest. 

The temperature coefficient of delay (TCD) is high, but will have minimal effect on the 

aspects under investigation. Table 5.1 shows a comparison of the properties of different 

single crystal substrates used to produce SAW devices. 

Table 5.1 Single crystal substrates used for SAW devices and properties 

 

5.2.2 Photolithography 

The photolithography recipe developed for this work is outlined as follows:   

1. Wash substrate with acetone. 

2. Photoresist Microposit S1813 is spread across the substrate. 

3. The substrate is spun at 3000 RPM for 45 seconds, giving a photoresist with a 

thickness of around 1.6 μm. 

4. Soft bake on hot plate 

a. 1 minute at 60°C, warm up 
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b. 2 minutes at 95°C, bake 

c. 1 minute 60°C, cool down 

5. Substrate is removed from hot plate and left to cool to room temperature 

6. Using a Karl Suss Mask Aligner MJB3 for the UV exposure, the photomask is 

placed and exposed to UV light with a power of 12 mW/cm2 for 9 seconds. 

7. The substrate is developed using Mircoposit M-351 Developer for 45 seconds 

8. The substrate is dipped into deionised water to wash away the developer for 10 

seconds 

9. Moisture is removed from the substrate using pressurised nitrogen gas 

LiNbO3 did prove to be challenging to work with during the baking stages, because of its 

pyroelectric nature. As an example, during the baking the photoresist, LiNbO3 has been 

reported to crack due to sudden thermal shock if it is heated too rapidly (118). This is the 

reason for the three steps of the soft bake including the warm-up and cool down ramping 

stages. There was noticeable electric discharge, which was both audible and visible when 

heating the substrate, which increased in magnitude if the rate of heating occurred too 

quickly. These electric discharges can cause damage to the resist and affect the quality 

and consistency of the photo pattern. An alternative to minimise the pyroelectric effects 

is to use black LiNbO3, where the material has been treated to minimise its pyroelectric 

effects. This would be suggested for further work with LiNbO3 that requires substrate 

heating to minimise pyroelectric effects. 

5.2.3 Photomask design 

The photomasks used for the photolithography steps were designed using the software 

package AutoCAD 2016. These files were processed by Micro Lithography Services, 

who produced the acetate film masks used to fabricate the devices. The first devices 

produced were designed to operate at a central frequency of 20 MHz, with the minimum 

feature sizes of approximately 50 μm. Subsequence devices were designed for 5 MHz 

with a minimum feature size of approximately 200 μm. Film masks were chosen as a 

suitable and cost-effective choice given the minimum feature sizes. Chrome on glass 

masks would be more suitable to capture the resolution where the minimum feature size 

is below 50 μm. Figure 5.2 shows an example of the computer aided design (CAD) image 

used to produce the photomask for one of the 20 MHz device. Included in the image are 

two edge markers to aid in aligning the mask to the substrate chip piece. 
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Figure 5.2 CAD image of the photomask design for the 20 MHz SAW 

5.2.4 Electron-Beam Evaporation  

Two methods were used to deposit the thin films: electron-beam (e-beam) evaporation 

and RF Magnetron sputtering. Both methods are processed under vacuum to ensure the 

purity of the films. The e-beam system is more suited for depositing single element 

metals; these include titanium, copper and gold for the IDT finger patterns. This system 

uses a beam of electrons to heat up a target material to a high enough temperature so that 

it starts to evaporate. This vapour will solidify on the substrate surface as soon as it makes 

contact with depositing a thin film layer.  

SAW devices that operated solely through piezoelectric surface wave generation and 

detection were first manufactured to ensure a suitable fabrication process that would 

produce working devices. Both the sputtering and e-beam evaporation methods (the 

systems used are detailed later) for film deposition were attempted to fabricate the 

devices, using aluminium and copper respectively in the initial test fabrications. These 

first test pieces showed poor adhesion between the films and substrate. At the lift-off 

stage, parts of the intended IDT patterns were removed and parts of the film intended for 
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removal could not be lifted away without taking the IDT pattern as well. Examples of the 

first test samples are shown in Figure 5.3 and Figure 5.4. 

 

Figure 5.3 Initial attempts to fabricate SAW devices, showing poor adhesion of films 

To resolve the issue of adhesion between the films and substrate, two further processes 

were added which included the deposition of metal layers before the conductive thin 

films, and an oxygen plasma to clean the substrate surface immediately before deposition. 

Titanium and chromium are examples of materials typically used as adhesion layers in 

thin film deposition. Titanium was chosen for the adhesive layer in the initial fabrication. 

The oxygen plasma removes organic matter present on the surface of the substrate that 

can reduce adhesion between the layers. The oxygen plasma process was performed using 

an Oxford PlasmaLab μP 80 system, for duration of 15 seconds at 150 W, with the oxygen 

flow at 30 sccm and chamber pressure set to 100mTorr in the system. 

 

Figure 5.4 Adhesion problems for the IDT films 
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The process chosen for depositing the metal films for the IDTs was the e-beam 

evaporation system. This is because only single element conductive metal films were 

needed for the IDTs and the evaporation system can store several targets, which can be 

changed without breaking vacuum allowing for multiple layers of films. This allows for 

the deposition of the adhesive layer of titanium before depositing the more conductive 

layer. For the IDTs, the adhesion layer had a thickness of 10 nm and the conductive layer 

is 100 nm, and the materials used for the conductive layers were either copper or gold. 

 

Figure 5.5 Fabricated 5 MHz SAW device with direct connections to SMA connectors for 

measurements 

SAW devices were produced to operate at two different frequencies during the course of 

this research, initially 20 MHz and then 5 MHz. What was found was that for the 20 MHz 

devices, because of the smaller feature sizes and the added difficulties due to the 

pyroelectric effects of the LiNbO3, these devices were more difficult to produce. In nearly 

every case, there were numbers of IDT fingers that were damaged meaning that the full 

length of the IDT fingers was not capable of producing the alternating potential 

difference. In some other cases, it appears that there was damage to the photoresist, which 

resulted in a shorted device being produced with the film deposition. When the frequency 

was change to 5 MHz, and thus the minimum feature size increased, the damage to the 

IDT fingers previously seen and production of shorted devices became far less of an issue, 

Figure 5.5 depicts on the 5 MHz SAW delay line devices produced. 

5.2.5 Radio Frequency Magnetron 

Evaporation was not a suitable deposition method for the deposition of Galfenol because 

of the substantially different melting temperatures of gallium and iron. As only a single 

target system was available at Heriot-Watt University, it would be considerable difficult 

to control the stoichiometry of the films this way. With a dual deposition system, it would 

be possible to co-deposit the materials from separate crucibles and achieve the required 
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composition for the alloy. As outlined in Chapter 3 the sputtering method has been used 

to successful deposit Galfenol thin films and radio frequency (RF) magnetron sputtering 

was the chosen method to deposit the Galfenol in this work. Sputtering has generally been 

found to produce films with similar stoichiometry to that of the Galfenol target, with the 

potential to exercise some control over the composition with variation in sputtering 

parameters. The Galfenol target was of a composition 19:81 at % gallium to iron, for 

which the first magnetostrictive peak of Galfenol occurs. The targets used were produced 

by Testbourne Ltd.  

Sputtering uses positively charged ions of an inert gas, typically argon, which is 

accelerated towards a target to dislodge particles from the target material. This is achieved 

by creating a high negative potential difference with the target, which draws the positive 

ions towards it. The target particles are dislodged from the target through the force of the 

collisions from the ions, forming a physical vapour that coats the surrounding areas when 

the target particles make contact. There are two types of sputtering system, DC and RF, 

and both can include magnetrons to enhance the sputtering rate. DC systems make use of 

a constant potential difference between the target and substrate, while the RF systems are 

continually switching the potential direction. As the direction of the potential field is 

constantly varied, RF systems can be used to sputter non-conducting targets. Magnetrons 

are used in both systems to improve the rate of deposition by increasing the density of the 

plasma near the surface of the target leading to increased bombardment of the target 

surface, allowing thereby a large number of target particles coating the surface of the 

substrate. 

As discussed in Chapter 3, sputtered films have been reported to retain the approximate 

composition of the target, or adjust the composition by changing the sputtering 

conditions. Sputtering also produces better adhesion between the films and substrate 

layers compared with the evaporation method. Sputtering presents a way to produce films 

of the required composition based on a target of composition matching that of the 

magnetostrictive peaks of Galfenol. While electro-chemical co-deposition was 

considered, it was recognised that this would have required significant time and resources 

to investigate and to produce films of the desired composition.  
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5.2.6 Electrical connections 

The fabricated SAW devices were connected to a Sub-Miniature version A (SMA) to 

provide a way to connect to the oscilloscope and network analysers used to characterise 

the devices. The chips were attached to stripboards with SMA connectors attached to 

them. The connection between the IDTs and SMAs was made using wires attached using 

a silver epoxy paste. It is not possible to use solder for the connection to the LiNbO3 

crystal, as the heat from the iron would damage the crystal. 

A later addition to these connections included a LC matching circuit to improve the power 

transfer to and from the devices. These consisted of an inductor and a trimming capacitor 

to allow for some tuning. The SAW devices were not ideally matched, but this addition 

did improve the input to output signal magnitude by approximately 10 dB for the two-

port SAW delay line devices. For pulsed signal responses, this resulted in a clearer output 

with the feature of the waveform being more distinguishable. 

 

Figure 5.6 Fabricated 20MHz SAW device with LC matching circuit between IDTs and SMA 

connectors 

5.3 Galfenol deposition 

The sputtering took place within a modified Edwards 306 Vacuum Thermal Evaporation 

chamber at Heriot-Watt University. The system had the addition of an AJA sputter gun 

powered by an external Dressler Caesar RF generator. The target dimensions required to 

fit the AJA sputter gun were 50.8 mm diameter and 6 mm in thickness. For the Galfenol 

thin film deposition, the ability to deposit a film from the target needed to be established, 

and then the composition of the produced films needed to be confirmed. A target to fit 

the AJA was produced by Testbourne Ltd. of a composition with a 19:81 at.% Ga:Fe 

ratio. The initial attempts to sputter from the Galfenol target using the AJA sputter head, 
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was onto  glass microscope slides, and followed the setup used for sputtering from other 

target materials used in the system, which have included SiO2, Ti, Cr, and Ni.  However, 

deposition from the Galfenol target proved to be more challenging. Firstly, the plasma 

required for the process did not strike as readily for the Galfenol target as for the other 

targets used in the system. This was overcome with adjustments of the RF power to the 

sputter head and argon pressure within the system. Both were increased until the plasma 

ignited, these were then reduced to a more sustainable level for longer deposition times. 

The initial deposition attempts used the following parameter settings:  

 RF Power: 80 W 

 Ar Pressure: 6 × 10−3 mbar 

 Target to Substrate distance: 10 cm 

 Deposition time: 30 minutes 

The first deposition attempts did not produce any visible films on the slides. To confirm 

that no films were present, the surfaces were tested for a conductive path, and a surface 

measurement was made using a Detak profilometer. The measurements revealed no 

conductive path along the slides, and no changes to the surface profile that were indicative 

of an additional surface layer were detected. The deposition conditions were varied to 

examine whether this would result in a film. There were three parameters that could be 

changed, the RF power, the Ar pressure and the target to substrate distance. The ranges 

for the variations in the deposition conditions values were as follows: 

 RF Power: 40 W – 100 W 

 Ar Pressure: 2 × 10−3 −  6 × 10−3 mbar 

 Target to Substrate distance: 5 cm – 15 cm 

 Deposition time: 20 – 60 minutes 

Initially the deposition pressure was kept constant at 6 × 10−3 mbar with the power 

varied for sputtering times of 30 and 60 minutes. The system was not typically run above 

100 W for extended periods: this limit was chosen as an upper limit to avoid excessing 

heating of sputter head. The Ar gas pressure was not put above 1 × 10−2 mbar as this 

triggered the system warning indicating a vacuum failure. The heights above the sputter 

head where the substrate was placed were at fixed distances 5 cm apart. At the minimum 

distance, 5 cm, it was difficult to strike the plasma necessary for the sputtering process. 

More often, the plasma did not ignite at this distance, which is believed to be due to poor 
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circulation of Ar gas near the sputter gun because of the placement of the substrate holder. 

The Ar gas is fed from the top of the chamber and the tray to hold the substrate is between 

the gas feed and the sputtering head. At this close distance, it appears that placement of 

the holder obstructs gas flow to the sputter head.  

Again, as with the initial attempts with the sputter system, there was no detectable films 

observed on the slides. A visible but faint circular discolouration appeared on around the 

target in the expected shape for erosion caused by the sputtering: this is shown in Figure 

5.7. 

 

Figure 5.7 Galfenol target after a number of sputtering attempts 

This would indicate that a process is happening to the target; however, what was 

preventing the film deposition was not understood. A very slow deposition rate was 

considered, but even after a 60-minute process time, at higher RF powers there was still 

no observable films on the slides. If this were simply a slow deposition rate, it would have 

been impractical to produce the devices; however, the results were more indicative of a 

lack of film deposition. 

Following this chamber, the target clamps and target shield were cleaned and polished to 

reduce contamination built up over time from earlier depositions, which may have 

unknowing negative effects on the deposition. 
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Figure 5.8 Target clamp and shield for the sputter system prior to cleaning 

 

Figure 5.9 Target clamp and shield after clean and polish 

Similarly, the surface of the target was also polished with a fine silicon carbide paper, 

washed in acetone, and rinsed using isopropanol. This was immediately prior to setting 

up the chamber for the deposition following a suggestion that native oxide layer may have 

been causing issues for the deposition from the target. Again, there was still no 

improvement and no observable films were deposited. 

The literature does not specifically mention target thickness for sputtered Galfenol, or 

magnetic targets. It was found through discussion with other researchers with experience 

sputtering from Galfenol targets that the targets they used were typically thinner than the 

current 6mm thick target. It was not clear whether this was to facilitate sputtering from 

the ferromagnetic target or simply chosen due to the dimensions required by the systems 

used to fit the target. It was decided to progressively thin down the Galfenol target, 

eventually reducing it to a thickness of 1.5 mm. To make up the thickness necessary for 
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the sputter gun clamps, the target was bonded to copper discs, using indium, pictured in 

Figure 5.10. 

 

Figure 5.10 Thinned Galfenol target bonded to copper discs using indium 

This again however proved to be ineffective, and no observable films were deposited on 

the glass slides. It was not until an issue arose with the sputter head that the problem was 

identified. It became impossible to ignite a plasma with any target in the system, and with 

examination of the sputter head it was found that one of the ceramic insulators had 

become damaged causing the system to short. When taking apart the sputter gun, it was 

apparent that the magnets making up the magnetron had become weakened over time. 

This is most likely due to the continually heating of the sputter head during the deposition 

process over the many years of use, reducing the magnetisation of the magnets. The 

magnets were no longer capable of producing a strong or uniform magnetic field around 

the targets. This reduced the rate of deposition from all targets used within the system but 

was more problematic for the magnetic target as there was not a sufficiently strong 

magnetic field to direct the ions to the target. 

The AJA sputtering head was replaced, as it could not be repaired, with a Kurt J Lesker 

(KJL) Torus 2 model sputter head, combined with an additional stronger set of magnets 

specifically for magnetic targets. The Torus 2 has an adjustable clamp allowing for targets 

of different thicknesses, providing with it recommended target thicknesses for different 

magnetic metals, notably a 3.18 mm thickness for nickel and a 1.58 mm height for iron 

targets to be used with the strong magnet set provided. With the new Torus 2 sputter gun 

and stronger magnet set, it finally became possible to deposit films from the iron-gallium 

target. The Galfenol target was separated from the copper backing plates, as these were 
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no longer needed due the adjustable clamps, and cleaned for use with the Torus 2. From 

this, it is understood that to deposit ferromagnetic materials using a magnetron system, 

adjustments are required of the system and target. Targets will typically need to be thin 

and the magnetic field strength of the magnetron increased compared to non-magnetic 

targets. These factors will depend on individual systems to some extent. The sputtered 

iron-gallium films showed good adhesion to the substrate layer without the need for an 

adhesive layer. Additionally, adjustments of the deposition parameters showed no 

negative affect on the ability to deposit films from the Galfenol target. This allowed for 

investigation into variations of the sputtering conditions and the effects on the film 

composition.  

5.4 Galfenol Films 

When the ability to deposit films from the Galfenol target was established, the 

composition of the films needed to be verified and the rate of deposition determined to 

provide a guide for deposition times. Although, it is expected that the composition should 

be similar to that of the target as noted in Chapter 3, it has been reported that this is not 

always the case. The reasons why changes occur in composition of the film compared to 

that of the target is not clear from the literature, it may be a direct effect related to the 

deposition parameters or because of changes in the target composition caused during the 

sputtering process. Heating of the target and contamination within the chamber could 

contribute to chemical changes of the target. 

5.4.1 Sputtering Depositions Rates 

The deposition rate is based on the chamber parameters. To work out the rate of film 

deposited for a target, all parameters must remain the same, with only the deposition time 

varying. If any of the other deposition conditions were changed, the deposition rate would 

also be expected to change, even if only modestly. When depositing from the Galfenol 

target a RF power of 60 W was selected to beginning with, the distance between the 

substrate and target was set at 6.5 cm. With the placement of the new Torus 2 sputter head 

the set spacing between the substrate and target within the chamber was altered by 1.5 

cm. Deposition times of 20 and 40 minutes were used to calculate an average rate of 

deposition for different sputtering parameters. The depositions were performed with an 
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Ar pressure of 2 × 10−3, 4 × 10−3, and 6 ×  10−3 mbar, and the results for deposition 

rates are shown in Figure 5.11.  

 

Figure 5.11 Deposition rates for constant power (top), constant Ar pressure [𝟔. 𝟏𝟎−𝟑 mbar] 

(bottom) 

Increases in the chamber Ar pressure increased the deposition rate for the Galfenol target 

with a sharper increase between 2. 10−3 and 4. 10−3 mbar of pressure, compared with the 

4. 10−3 to 6. 10−3 mbar change. As the gas pressure increases, the density of the gas and 

plasma near the sputter gun also increases. This leads to an increase in the number of 

collisions at the target surface and increase in deposition rate. However, beyond a certain 

threshold pressure, the increase in density of the plasma does not increase the deposition 

rate and can negatively affect it since increases in the number of collisions start to prevent 

target material reaching the surface of the substrate due to more frequent collisions with 

themselves. The chamber argon pressure was not increased beyond 6. 10−3 mbar for 

deposition processes, as it was not typically used beyond this pressure for extended 

periods, and there is not a significant difference between the deposition rates between this 

pressure and 4. 10−3 mbar pressure. Without measurements beyond this pressure, it is 

difficult to say with certainty; however, it appears as though the deposition rate is 

approaching its saturation point. The bottom plot in Figure 5.11 shows the rate of 
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deposition for changes in RF power with a constant Ar pressure, 6. 10−3 mbar. As one 

may expect, as the power increases, the deposition rate also increases. The deposition rate 

has an effect on the formation of the films and their structure; the film structures have an 

effect on the magnetostrictive properties of the films as noted in Chapter 3.  

5.4.2 Galfenol film composition 

The Galfenol target was composed with an 81:19 ratio of iron to gallium, corresponding 

to the first peak of magnetostriction for changing gallium content. As discussed in 

Chapter 3, while sputtering as a technique has the potential to produce films that reflect 

the target composition this is not guaranteed. A reason for this may be the different 

physical properties of the two elements that make up the alloy and that some aspect of the 

sputtering process may cause the elements to deposit at different rates. This would result 

in a film of a different composition compared with the target, and in turn, would leave the 

composition of the target different between subsequent depositions leading to further 

variation in the stoichiometry of the films from that target.  

To examine the films composition, energy dispersive X-ray spectroscopy (EDX) was 

used. For each sample, five random points were analysed and averaged to determine a 

composition for each of the films. The samples analysed were deposited under different 

sputtering condition, including changes of sputtering time, Ar gas pressure and RF power. 

These were deposited onto cuts of LiNb03 substrate. The ratio of the iron to gallium was 

compared to work out the ratio of the film composition. The results from the EDX 

analysis are shown in Table 5.2.  
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Table 5.2 Galfenol ratio with variation in sputtering conditions 

Power 

(W) 

Ar Pressure 

(mbar) 

Time 

(minutes) 

Film Thickness 

(μm) 

Ga content 

(%at.) 

60 2. 10−3 20 251 12.5 

60 4. 10−3 20 254 15.5 

60 6. 10−3 20 284 16.3 

60 2. 10−3 40 490 15.1 

60 4. 10−3 40 664 13.6 

60 6. 10−3 40 616 15.7 

80 6. 10−3 20 503 13.1 

80 6. 10−3 40 1030 12.1 

100 6. 10−3 30 851 12.1 

 

What is apparent from these results is that all the films fall short of the 19% Ga content 

that one would expect from the target. These results do indicate some variation in the film 

composition with different sputtering parameters. The target at this point had been in use 

for some time and was put through a number of processes, including the target thinning 

and sputtering attempts. These processes caused heating of the target, while placing it in 

contact with other materials, such as residual particles from previous grinding processes 
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and lubricants potential contaminating the target. An EDX analysis of the target was also 

preformed, again taking five random points across the target surface and comparing the 

iron to gallium ratio. 

Table 5.3 EDX results of the Galfenol target, %at 

 

Table 5.3 shows the results from the EDX analysis of the Galfenol target. Comparing 

only the ratio of iron to gallium, results in a ratio of 82.34: 17.66, 𝐹𝑒: 𝐺𝑎. However, the 

high percentage of carbon presents in the analysis was unexpected. The ratio of 𝐹𝑒: 𝐺𝑎: 𝐶 

as seen in Table 5.3 shows a high percentage of carbon. This caused some concern as to 

whether the films magnetostriction would be affected as carbon is used to produce steel. 

This would counteract the addition of the gallium to iron, whose purpose is to soften the 

structure, which increases the magnetostriction observed compared to iron alone. Small 

quantities of carbon added to Galfenol have shown some benefits to magnetostriction at 

the second magnetostrictive peak, 29 at% gallium (119, 120). However, these were low 

percentage additions of carbon, less than 0.5 percent atomic weight. Carbon would be 

expected to have the opposite effect particularly at larger ratios, causing the material to 

be stiffer, reducing or possibly negating the magnetostrictive effect. Milled steel for 

instance contains approximately two percent weight (%wt) addition of carbon to 

strengthen the alloy. The equivalent weight percentage indicated by these results is ~5.4 

%wt. for the carbon content of the target, which is double that of mild steel. 

Reviewing the results for the films, similar percentages of carbon was also found in the 

region of 22 – 30 %at. in the EDX analysis. The carbon had initially been ignored along 
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with the other elements as the focus was on the iron and gallium ratios. This is because 

the analysis of the thin films, also contain measurements of the substrate as the X-rays 

penetrates both the film and the substrate. This naturally introduces additional unexpected 

elements into the measurements, which appear in the results. By analysing the target, 

which is expected to contain only iron and gallium, the appearance of unexpected 

elements beyond trace amounts caused concern about the make-up of the films. 

 

Figure 5.12 Carbon content vs film thickness for sputtered Galfenol thin films 

 

Figure 5.13 Iron content vs film thickness for sputtered Galfenol thin films 
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Figure 5.14 Gallium content vs film thickness for sputtered Galfenol thin films 

Figure 5.12, Figure 5.13 and Figure 5.14 show the percentages of carbon, iron and gallium 

from the analysis of different film thicknesses produced from the Galfenol target. For the 

film of less than 50 nm, carbon shows the largest percentage, but as the film thickness 

increases, the percentage of carbon decreases. The carbon content may be an artefact of 

the analysis itself. There is contamination within the EDX system chamber from its use, 

as this system is regularly used for analysis of organic matter. This, in addition to handling 

of samples, can cause surface contamination of the films and target leading to the carbon 

content seen in the analysis. As the carbon content decreases with the film thickness, it 

does not appear as though the target is the source, if it were the source one would expect 

the carbon percentage in the films to be similar regardless of the film thickness. A pre-

sputter is performed before each deposition, removing the surface layer of target and any 

potential contamination, before exposing the substrate for coating with the film. As such, 

it is expected that, the target would be cleaned after removal of the material from its 

surface. However, outside these processes when the materials are removed from the 

vacuum, handled and transported between labs, this inevitably leaves opportunity for 

some exposure to some form of contaminate.  

An additional new Galfenol target was obtained and analysed for comparison to the first 

target, which had undergone more processes and time in storage. The second target was 

made up of the same 81: 19, 𝐹𝑒: 𝐺𝑎 composition, of the recommended 1.5 mm thickness 

for sputtering iron. The results of the EDX analysis showed similar percentages of iron, 

gallium and carbon as that of the first target. This would appear to indicate surface 

contamination from handling and/or contamination from within the EDX chamber. The 

possibility that the target itself was the source carbon, a result of contamination during its 
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manufacture was considered. However, considering the results from the different 

thicknesses of films it would be expected that the ratios of elements would remain 

relatively constant. As this is not the case, it would appear to indicate that it is not the 

source of carbon.  

EDX analysis of the substrate, LiNbO3, several other targets, including titanium, nickel, 

copper, chromium and a cut of steel were performed for a further comparison. In addition 

to this, a Galfenol rod produced by Etrema Ltd used for research at Heriot-Watt 

University was also analysed. The single element targets were expected to be 99.99% 

pure, as this what is typically used for deposition processes. The results from the analysis 

were mixed, with some showing carbon content and others not. The EDX analysis 

LiNbO3 substrate and Ti target showed no trace of carbon, while the steel cut and the 

targets of copper, chromium and nickel showed carbon within the range of 20 – 40 %at. 

This was also true of the Galfenol rod produced by Etrema. From these results, it appears 

that carbon content seen is from handling and/or an artefact of the EDX analysis, 

produced by organic contamination within the chamber. Why the LiNbO3 and titanium 

did not show carbon is not fully understood, however the surfaces of both were 

considerably smoother than the other samples analysed. This makes them easier to clean, 

and less likely to trap contamination within pores on their surfaces.   

The decreasing levels of carbon in the Galfenol film results shown in Figure 5.12 provide 

a reasonable indication that the target is not the carbon source, as the percentage of carbon 

would be similar. Additionally, the results are similar for the Galfenol rod produced by 

Etrema Ltd. and the analysis of a cut of steel, which typically has a low carbon content 

showed higher than expected carbon content. Based on this, the carbon content that 

appears in the analysis is not viewed as a constituent of the Galfenol film. It is believed 

to be a surface contamination that appears after the deposition confined to the surface of 

the film and target. 
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5.5 Summary 

This chapter has outlined the fabrication steps and processes required to produce surface 

acoustic wave devices and for the RF sputtering of Galfenol thin films at approximately 

the stoichiometric associated with the first magnetostrictive peak for the alloy.  

The fabrication of SAW delay line devices on a lithium niobate substrate revealed the 

necessity of a titanium adhesion layer for the conductive layer material, gold, to adhere 

to the surface of the substrate. Additionally it was found that incorporating an additional 

cleaning step by way of an oxygen plasma before the e-beam deposition also benefited 

the adhesion of the thin film materials to the surface. Lithium niobate as a substrate 

proved challenging to work due to its pyroelectric nature and the need for heating the 

photoresist and a recommendation is made to obtain black lithium niobate, which has 

been treated to reduce its pyroelectric effects, for work that requires heating treatment of 

the substrate. 

Investigation of the RF sputtering of Galfenol showed that the deposition rated could be 

increased with changes in pressure and RF power, as well as composition of the film. 

Deposition occurred with a target substrate deposition of 6.5 cm. There was shown to be 

a more significant increases deposition rate when the chamber’s Ar pressure was 

increased from 2 x 10-3 mbar to 4 x 10-3 mbar, changing from 12.5 nm/min to 14.5 

nm/min, compared with a similar increase in pressure from 4 x 10-3 mbar to 6 x 10-3 mbar, 

which showed no significant increase. Similarly, increases in RF power increased the 

deposition rate; with the most significant rate increase occur between RF power increases 

from 60 W to 80 W, with deposition rates of approximately 15 nm/min to 30 nm/min.  

The Galfenol films that were deposited ranged in thicknesses from between 250 nm to 1 

μm. An analysis of the composition of these films showed that for a chamber pressure of 

6 x 10-3 mbar, an RF power of 60 W and target distance of 6.5 cm, Galfenol films with a 

gallium percentage of ~16% to closest achieved to the correct stoichiometry for the first 

magnetostrictive peak of the Galfenol alloy.    
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Chapter 6 - Experimental Measurements 

and Results 

 

6.1 Introduction 

This chapter presents the experiment setup and measurements taken for the devices 

fabricated as outlined in the previous chapter. It begins by characterising the surface 

acoustic wave (SAW) devices produced using the methods described in Chapter 5, 

looking at both the frequency response and time response of the devices. The examination 

of the physical SAW devices provides a comparison for the simulations discussed in 

Chapter 4, confirming that the models capture the behaviour characteristics of the surface 

acoustic wave devices. They also demonstrate that the fabrication process produces 

working devices with the expected response and provides a point comparison for the 

magnetostrictive-based surface wave device. Following this, the setup for measurements 

of the magnetostrictive-based surface wave device is discussed, and results from 

measurements are provided. 

 

6.2 Device characterisation  

The key parameters of interest when characterising SAW devices are their frequency 

response, the energy transfer between ports and the time delay between the input and 

output signals. These characteristics can be measured using a network analyser where a 

frequency sweep is used to show the frequency response of the device and reveals power 

transfer over the range of frequencies swept. Another method that can be used to 

characterise surface acoustic wave devices is to apply an impulse to one of the ports and 

measure the response at the other port, by examining the signal at the port the wave 

envelopes, delay times and central frequency can be identified. The magnetostrictive-

based SAW devices investigated in this work are driven magnetically. This presents an 

issue with the driving magnetic field inducing currents in the connections that could 
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produce additional signals appearing in the measurements. The delay-line type SAW 

device can mitigate this by providing a sufficient time delay between the driving pulse 

and the measured output signal at the output port produced by the surface wave on the 

piezoelectric substrate. This allows for differentiation between the signals induced by the 

magnetic field and that of the travelling SAW, which is why the delay-line SAW design 

was chosen.  

6.2.1 SAW devices 

The SAW delay-lines devices that were produced according to the methods outlined in 

Chapter 5 were first measured to ensure that the fabrication procedure produced devices 

operating as expected. As a reminder these device were produced on lithium niobate cuts 

with dimension of 15 x 30 mm2, using a 10 nm adhesive layer of chromium and a 100 nm 

conductive layer of either gold or copper, with 10 finger pairs for the IDTs. For a given 

set of IDTs dimensions and separation, the devices were tested to assess whether they 

operated at the expected frequency, had the expected time delay and if acoustic signals 

were being produced and detected piezoelectrically. The initial devices produced for 

testing were designed to operate at a central frequency of 20 MHz, the lowest frequency 

that could be examined using the Agilent Technologies N5225A Programmable Network 

Analysers (PNA) available at the time. This is also the typical lower frequency limit seen 

for SAW devices that are commercially produced, due to practical size considerations 

(53). During the course of this study, a Vector Network Analyser (VNA) (Copper 

mountain planar TR1300/1) with a lower frequency range became available, and devices 

of a lower frequency, 5 MHz, were fabricated for the remainder of the work. The larger 

feature sizes of the lower frequency, 5 MHz design, meant that these devices were easier 

to fabricate compared to the 20 MHz SAW design, producing devices of improved 

quality. Results from both devices are presented in this chapter. 

The SAW delay lines were first characterised using both network analysers. The network 

analysers require a calibration before measurements and then the SAW devices were 

attached to the ports of the network analyser. The network analyser performs a frequency 

sweep of the SAW device. A frequency range of 10 MHz to 30 MHz was used, for the 20 

MHz device, and 1 MHz to 10 MHz for the 5 MHz SAW device. The input versus output 

voltage is measured and the response from the two device ports calculated and plotted to 
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show the magnitude of the response for range of frequencies. Figure 6.1 shows the layout 

of the 20 MHz SAW device structure that was fabricated on to the lithium niobate 

structure. This is similar to the device pictured in Figure 5.6 that includes the matching 

network.Figure 6.2 

 

Figure 6.1 Diagram of the 20MHz SAW device, IDT dimensions and connections 

Figure 6.2 shows the magnitude plot of the scattering parameter S12 response for the 20 

MHz SAW device. The device shows a passband around the 20 MHz frequency as 

expected for the device. 

 

Figure 6.2 Magnitude plot of the 20 MHz SAW device measured using a PNA 
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A measurement of the return scattering S11 was also made of each of the device to 

determine the port input impedance. The IDT structure has a capacitive characteristic and, 

as expected, the impedance for the SAW device ports that connected to the IDTs were 

capacitive in nature. These impedance measurements provided the information to design 

a matching circuit to improve the power transfer between the device ports to and from the 

network analysers, for a port impedance of 50 .  

 

Figure 6.3: Illustration of the matching circuit used to match the port of the SAW devices 

By using a Smith Chart plot of the port impedances, required values for the inductive and 

capacitive elements were calculated; the matching circuit used is depicted in Figure 6.3. 

The impedance values varied from port to port due to imperfection in the fabrication of 

the IDTs, which results in a difference of impedance value for each set of IDTs. Given 

the variation in impedance values for each set of IDTs it was not possible to design a 

circuit that would ideally match the 50 Ω impedance for all devices. A simple inductor, 

capacitor (LC) circuit was used to bring the impedance closer to the 50 Ω impedance 

value of the electronic measurement equipment. The connections are shown below in 

Figure 6.4; the measurements of the two devices with and without the matching circuit 

are shown in Figure 6.5, where a notable average improvement of approximately 10 dB 

is seen.  
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Figure 6.4 Diagram of the 20MHz SAW device, IDT dimensions and connections with matching 

circuit 

 

Figure 6.5. Results of the magnitude plot as measured using a PNA with and without the LC 

matching circuit for the 20 MHz SAW device 

In addition to the measurements obtained from the network analyser, the time response 

of the SAW delay line was also measured. A function generator was used to create a 
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pulsed signal at one port of the SAW device and the response measured using an 

oscilloscope connected to the second port. The same setup was used to measure the 

magnetostrictive-based SAW device. The function generator was also connected to the 

oscilloscope where the pulse to the SAW could be observed to measure the time delay 

between the trigger pulse and the resultant surface wave. The function generator was 

programmed to send a 50 s wide pulse every 1 ms, to allow ample time for the SAW 

and any reflection to dissipate. The edges of the pulse, where the change in potential 

occurs triggered the surface wave at the input port. It was noted that, for narrow pulse 

widths, interference could occur between the surface wave envelopes as the wave from 

the second pulse edge is launched before the first wave travels passed the area of the 

IDTs. This could result in an overlap of the wave envelopes causing a destructive or 

constructive interference, changing the shape of the SAW envelope. The driving pulse 

widths were widened to ensure this did not occur. 

Figure 6.6 shows the results for the pulse response of a 20 MHz SAW device with and 

without the LC matching circuit attached to the device ports. The pulse edge is triggered 

at zero second. For the given spacing between the IDTs (7.2 mm), it is expected that the 

surface wave should overlap the output set of IDTs at approximately 1.8 μs.  

 

Figure 6.6 Time measurement of the pulse Response for the 20MHz SAW Device with and without 

a matching network 

Looking at set of measurements depicted in Figure 6.6 a 20 MHz wave envelope is 

observed centred at approximately 1.8 μs. For the device without the matching circuit, 
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the surface wave envelope is of a notable lesser magnitude and superimposed on a lower 

frequency oscillation that has appeared, with a step change in potential for the duration 

of the trigger pulse. If the signal produced by the surface wave were not as strong it would 

not have been as apparent from the measurements and had been overlooked. For those 

devices with a matching circuit, the SAW is more clearly distinguished in the plots. 

Further analysis of the waveform for the time plot can be undertaken to reveal the 

underlying frequencies in the signal, in the same way as for the simulated time study 

results for the SAW device. Below are plotted the individual pulse responses for the 20 

MHz SAW devices from Figure 6.6, along with the Fourier analysis of the signal. Figure 

6.7 shows the plot of the SAW device with the matching network at each end, as depicted 

in Figure 6.4. The Fourier analysis shows the largest peak at approximately 20 MHz, in 

addition to peaks at lower frequencies. These lower frequencies are the results of the 

additional peaks and troughs visible in the time plot of the signal, most notably those 

occurring after 4 μs. 

 

Figure 6.7 Time measurements and FFT of the pulsed response of the 20MHz SAW device with 

matching at both ports 
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A device with a single matching network at one port was fabricated as illustrated in Figure 

6.8. 

 

Figure 6.8 Diagram of the 20MHz SAW device, IDT dimensions and connections with single matching 

circuit 

Figure 6.9 shows the results for this device with the single matching network. Outside of 

the SAW envelope and the oscillation that occurs from the pulse, there is little other 

disturbances of note. As expected with the removal of matching at one of the ports the 

magnitude of the signal is reduced compared to the device with matching at both. The 

waveform envelope is still clearly defined. The Fourier analysis shows a peak at 

approximately 20 MHz, the expected frequency, and a lower frequency response near 10 

MHz. The only other source of signal amplitude in the time plot is the one that occurs at 

the time the pulse is triggered, which appears to be the source of the 10 MHz peak. 
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Figure 6.9 Time measurement and FFT of the pulsed response of the 20MHz SAW device with a 

matching circuit at a single port 
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Figure 6.10  Time response and FFT of the pulsed response of the 20MHz SAW device with no 

matching at either port 

Figure 6.10 shows the response of the SAW device with no matching, as shown earlier in 

Figure 6.1. The time plot here is notably different compared with the devices that have 

the matching circuit attached to one or more of their ports. There is a clear step up in 

potential that occurs with the pulse, as well as a lower frequency signal. The SAW is seen 

superimposed on this lower frequency wave occurring at the expected time. In the Fourier 

analysis, these lower frequency signals dominate the plot, and the expected SAW 

frequency peaked is dwarfed in comparison, and not entirely clear. From these 

measurements, without the addition of some form of matching circuit it may be difficult 

to distinguish the SAW, even the results for the Fourier analysis do not capture a 

distinguishable peak at the expected central frequency for operation. A matching circuit 

may be necessary for the magnetically transduced SAW device to aid in the energy 

transfer of the surface wave into a detectable signal. 
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It was decided that fabrication of 5 MHz device was preferable, as this aided the 

fabrication process with the larger feature sizes. A diagram of the 5 MHz devices showing 

the IDT dimensions and materials is shown in Figure 6.11. 

 

Figure 6.11 Diagrams of the 5 MHz SAW devices with and without matching networks, showing IDT 

dimensions and materials 

Similar measurements were performed for comparison with the 20 MHz device. Figure 

6.12 shows plots of two 5 MHz SAW devices, one with a matching circuit in place and 

one without.  
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Figure 6.12 Time measurement of the pulse response of the 5 MHz SAW with and without a 

matching circuit 

The device with the matching network shows a clearer and stronger signal as expected 

with the addition of the matching circuit. The device without the matching network has a 

similar raised level as the step pulse occurs at 0 seconds. The number of finger pairs for 

the 5 MHz device is 10, the same at that of the 20 MHz devices. The magnitude of the 

signal from the 5MHz devices are approximate 10 times greater in magnitude compared 

to that of the 20 MHz device for the same driving input pulse. This is attributed as being 

due to improvements in the fabrication with the increased feature size, resulting in a 

reduction in the number of damaged IDT fingers, which improves both the piezoelectric 

generation and detection of SAWs along the substrate. More notably, the appearance of 

SAW reflections from the edges of the substrate is seen in the time plot. This was 

discussed in more details in the Chapter 4 in the sections on SAW device simulations. 
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Figure 6.13 Time measurement and FFT of the step response for the 5 MHz SAW delay line with 

matching circuit  

Figure 6.13 shows the time plot and the Fourier analysis of the 5 MHz SAW device with 

matching circuits at both ports. In addition to the incident wave envelope of the SAW 

from the input set of IDTs, there is also the appearance of reflected wave envelopes. These 

reflections were not seen for the 20 MHz devices due to two factors: (i) the fabrication of 

the 20 MHz devices was more challenging due to the smaller feature sizes, (ii) the 

pyroelectric nature of the LiNbO3 caused damage to the photoresist pattern as it was 

baked. This resulted in damages to the IDT fingers reducing efficiency the energy transfer 

to produce and detect the surface waves. This is the most likely reason why there is a 

stronger response for the 5 MHz devices compared to the 20 MHz devices.  In addition, 

the devices were fabricated on similarly sized substrate chips, the increased wavelength 

of the lower frequency surface wave results in a longer IDT set, which is closer to the 

substrate edges, reducing the distance between the IDTs and edges of the substrate. Even 

without a matching circuit, the 5 MHz device (Figure 6.14) shows a greater magnitude 

response near its central frequency compared with the 20 MHz employing matching 
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circuits at both ports. The appearance of the SAW envelope is more pronounced at least 

for the beginning of the wave envelope for the 5 MHz device compared to the 20 MHz 

device when both do not employ a matching circuit. 

 

Figure 6.14 Time measurement and FFT of the step response for the 5 MHz SAW delay line 

without a matching circuit 

From the initial investigation of these SAW devices and their fabrication, the lower 

frequency devices are more readily produced with higher quality. This improves energy 

transfer as defects in the metallic pattern occur less with the larger feature sizes. This is 

the reason for the lower frequency devices performing better than the higher frequency 

devices.  

The addition of matching elements at the ports of the devices reduced energy losses, 

which resulted in more clearly defined signals and visible SAW envelopes for the incident 

and reflected waves. To better capture the SAW produced magnetostrictively, these 

matching elements may be needed to improve signal transfer from the device port to the 

scope. 
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6.2.2 Comparison between physical and simulated SAW devices 

Figure 6.15 shows measurements taken from one of the earlier fabricate 5 MHz SAW 

devices, similar to the matched 5 MHz devices depicted in Figure 6.11. It was used for 

the initial comparison with the models discussed in chapter 4. 

 

Figure 6.15 Measurements of a pulsed physical 5 MHz SAW device 

The layout of the surface dimensions given in Figure 6.16, provided in the same way as 

previously given for the models in chapter 4.  

 

Figure 6.16 Physical device layout 

The dimensions of the physical device are similar to the model present in chapter 4; 

however, the SAW velocity of the physical device is different due to the orientation of 

the substrate. An X dimension is given because one of the device’s edges was not straight. 
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Table 6.1Error! Reference source not found. shows the wave events as detected by the 

output IDT, based on the device dimensions and SAW velocity. 

Table 6.1 Incident and reflected wave events at the output IDT for the physical SAW 

 

 

Figure 6.17 Time plots of the modelled and physically measured SAW delay line devices. 
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The modelled device with the free boundary edge presented in chapter 4, Figure 4.18, and 

the physical device measurements are placed side by side in Figure 6.17. This shows 

similar waveforms for what are identified as the incident and reflected waves. The 

amplitude of the signal is less despite the higher coupling coefficient for the physical 

device and is primarily due to imperfect matching at the ports. 

From this comparison of the modelled and physical results, it is shown that the models 

discussed in chapter 4 provide reasonable representations of the physical operation of a 

SAW delay line device, providing the expected time delays, frequency response, using 

both the direct and inverse piezoelectric effect. 

6.3 Magnetostrictively transduced SAW device 

The magnetostrictively transduced SAW device that is the focus of this study is intended 

to act as a frequency multiplication device, and the use of a network analyser is not suited 

to characterise these types of devices. Network analysers are more suited to characterise 

devices that operate at a single frequency. Instead, a magnetic pulse is used to drive the 

magnetostrictive film fingers into producing surface waves along the LiNbO3 substrate, 

similar to how the function generator was used to provide the potential change to 

stimulate the piezoelectrically generated surface wave. For this system, what is required 

is a magnetic pulse of sufficient magnitude to cause the Galfenol fingers to strain. 

The magnetostrictive saturation of Galfenol occurs between 8 KA/m – 20 KA/m (100 – 

250 Oe) (38), depending on the pre-stress for bulk material. For thin films, the stress of 

the film depends on deposition conditions, but the results from investigation of the bulk 

material provide a reasonable range of stresses to make initial judgements. For this 

testing, a magnetic field of suitable magnitude is required to cause the films to strain. 

Based on the values determined for the bulk material, a magnetic field strength of 20 

kA/m (25 mT) was chosen for the magnetic pulse magnitude. The pulsing magnetic 

circuit was designed around the dimension of the magnetostrictively transduced SAW 

device. A solenoid was wound consisting of 10 turns, over a 20 mm length, with a 

diameter of 20 mm, which would accommodate the SAW chip piece, and cover a length 

greater than that of the Galfenol fingers. Based on these dimensions and the aim of 
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producing a 20 KA/m magnetic field, it was calculated that a 40 amp current was 

necessary. This is based on the equation (6.1), for a magnetic field in a solenoid, 

𝐵 =  𝜇𝑜
𝑁

𝐿
𝐼 (6.1) 

Where, 

 B – magnetic field 

 μo – permeability of free space 

 N – number of turns 

 L – length of the solenoid 

 I – current  

Rearranging for I,  

𝐼 =  
𝐵𝐿

𝜇𝑜𝑁
 (6.2) 

Based on the coil dimensions, the magnetic field strength of the pulse and current 

required, the self-inductance of the coil is calculated using,  

𝐿 =  
𝑁Φ

𝐼
 (6.3) 

Where,  

 𝐿 – Inductance 

 Φ – Magnetic Flux 

 𝑁 – Number of coil turns  

 𝐼 – Current in the coil 
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Resulting in an inductance of approximately 2 μH, the magnetic flux using in the previous 

equation is calculated as,  

Φ = 𝐵𝐴 (6.4) 

Where,  

 𝐵 – Magnetic Flux Density 

 𝐴 – Area 

Based on the inductance value, the voltage required to drive the current through the coil 

can be calculated. The voltage level effects the rise time of the pulse edge, with greater 

voltages reducing this time and lower voltages increasing the time. The following formula 

shows the relationship between the voltage and rate of change of current through an 

inductor, 

𝑉 = 𝐿
𝑑𝐼

𝑑𝑡
 (6.5) 

From this, it can be seen that for a 2 μH inductor with a 40 amp change in current, a 

voltage of 40 V would have a rise time of around 2 s. An 80 V source would have a rise 

time of approximately half that time. Using stepped voltage, a slower rise time was 

simulated for pulsing the SAW devices with the function generator, it was seen that even 

with a faster rise time of 1-2 s, a SAW pulses was visible and distinguishable.  

In order to drive the solenoid with the required pulse of current, the following circuit was 

designed as shown in Figure 6.18.  
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Figure 6.18 Pulsing circuit to generate the magnetic field pulse 

This circuit uses a capacitor discharge to provide the voltage to drive the current required 

by the solenoid, using a MOSFET as the switch to complete the discharge circuit. An 

additional MOSFET stage was added before this to provide sufficient voltage to trigger 

the MOSFET for the discharge of the capacitor. A programmable signal generator was 

used to provide the drive the pulses and trigger the switching. The circuit produced more 

oscillations than anticipated, and the function generator was replaced with an Arduino 

based timer to trigger the two-stage MOSFET trigger. To monitor the current that going 

through the solenoid (depicted as the inductor) a low resistance, 0.01Ω resistor, was 

placed in series with the coil after the MOSFET and the voltage measured. Each amp of 

current would produce a 10 mV voltage across the resistor, as measured by an 

oscilloscope. 

Within the pulsing circuit, a source voltage of 80 V was used in conjunction with a 2  

resistance to limit the current into the inductor to 40 A. A variable transformer connected 

through a full bridge rectifier was used for the voltage source to the circuit. This setup 

provided some flexibility, allowing for a variation in the voltage level supplied to the 

discharge capacitor to ensure the correct voltage level for the coil. 
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Figure 6.19 below illustrates the measurement setup for testing the magnetostrictive-

based SAW device, consisting of the pulsing circuit with the connected solenoid, the 

device under test (DUT) and a LeCroy WaveRunner oscilloscope. The DUT is placed in 

the solenoid with its output port connected to the oscilloscope to measure the potential 

difference across the IDTs as the SAW travels across the surface of the substrate. The low 

value resistor has probes placed across it to measure the voltage so that the current across 

the solenoid coil so that the current pulse can be calculated and monitored. This provides 

a trigger point around which the observations for the SAW signal can be made showing 

when the solenoid coil charges and discharges, an example can be seen in Figure 6.20 

below. 

 

Figure 6.19 Measurement setup for magnetostrictive-based SAW device 
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Figure 6.20 Time measurements from the pulsing circuit, showing the voltage across the current 

monitoring resistor 

Here it can be seen that the voltage across the 0.01 Ω resistor to monitor the current 

through the coil peaks at approximately 370 mV, indicating a 37 A current passing 

through the solenoid, a little less than the calculated value and simulation of the circuit. 

Given the dimensions of the coil, the expected magnetic field for this current is around 

18.4 kA/m (23.2 mT). This reduction in voltage is likely a result of additional resistance 

in the solenoid and connection wires in the circuit that has not been accounted for in the 

calculation.  

6.3.1 Measurements of magnetostrictive transduced SAW devices  

Two devices were fabricated with an intended central frequency of 5 MHz. One was built 

as intended with a set of magnetostrictive, Galfenol-based fingers. For the other, in place 

of the magnetostrictive fingers were placed fingers constructed of the same non-magnetic 

metals as the IDTs, chromium and gold, an illustration of the device and the placement 

of the films is shown in Figure 6.21. These two devices were fabricated, so that other 

magnetically induced phenomenon within the circuit could be identified and separated 

from the magnetostrictively induced acoustic signals along the piezoelectric substrate. 
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Figure 6.21 Illustration of the test pieces layout and materials, both devices use chromium/gold 

layers for the IDT. Device (a) uses the same chromium/gold layer, while device (b) using a Galfenol 

layer for the magnetostrictive transducer pattern. 

The magnetostrictive device produced had a 70 nm thick Galfenol film for the 

magnetostrictive fingers. It was initially produced as a fabrication test piece with the 

intention of fabricating a device with Galfenol films of thickness of several hundreds of 

nanometres to 1 micron. However, this was not possible due to difficulties with the 

sputtering system as explained in the previous Chapter. Measurements were therefore 

made using this test piece.  
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Figure 6.22 Time measurement of the pulsed signal from the magnetostrictive SAW device, and 

dummy device without a magnetostrictive thin film  

Figure 6.22 shows the measurements from two of the fabricated devices, one with fingers 

made of the magnetostrictive Galfenol, and the second with fingers of the non-magnetic 

metals Cr-Au. The pulse width is 50 μs, with an expectation that the travelling SAW 

would appear at a time 3.37 μs after the pulse edge, corresponding to the 13.38 mm 

distance between the centres of the sets of fingers. Figure 6.23 and Figure 6.24 show 

closer views of the edges of the magnetic pulse.  
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Figure 6.23 Close up view of first edge of the pulsed measurement for the MS SAW and dummy 

devices 

 

Figure 6.24 Close up view of the second edge of the pulsed measurement for the MS SAW and 

dummy devices 

There are no visible wave envelopes occurring after the pulse edges as the plots for both 

devices follow similar paths. The only difference is a minor change signal level during 

the pulse duration between the device with the magnetostrictive Galfenol fingers and that 

of the non-magnetostrictive fingers. There is no detectable SAW produced by the 
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magnetostrictive fingers, and no visible change in the signal occurring at the expected 

time after the pulse edge that indicates a 5 MHz wave envelope. One would expect to see 

changes in the frequency of the signal similar to that observed of Figure 6.2 or Figure 

6.14 for the 5 MHz SAW device. This may be because the strain of the Galfenol film is 

not sufficient to produce a SAW that can be measured by the IDTs. 

As discussed early in this chapter, LC matching circuits were constructed to improve the 

signal transfer at the ports of the SAW devices. A similar LC matching circuit was 

attached to the IDT output port of the device with the magnetostrictive fingers in the hope 

of improving the signal transfer to the oscilloscope. .  

 

Figure 6.25 Time measurement of the magnetostrictive SAW device with a matching circuit 

Figure 6.25 shows the plot of the measured signal from the IDT output of the device with 

the magnetostrictive fingers. What is immediately noticeable between this plot and the 

one of Figure 6.22 is that, during the pulse, there is less of a change in voltage during the 

magnetic pulse. At the end of the magnetic pulse at the edge, there is a spike and some 

ringing. Closer views of the signal at the edges of the magnetic pulse are shown in Figure 

6.26 and Figure 6.27. 
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Figure 6.26 Close view of the first edge of the magnetic pulse measurement of the magnetostrictive 

SAW device with matching network 

 

Figure 6.27 Close view of the second edge of the magnetic pulse measurement of the 

magnetostrictive SAW device with matching network 

Similar to the preceding figures, there is no indication of a SAW type signal propagating 

along the piezoelectric surface. From the results of the simulations in Chapter 4, where a 

comparison of the Galfenol film thickness were made, there are indications that a thicker 

film would produce a SAW of greater magnitude. It maybe that the Galfenol film is not 
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sufficiently thick to produce a surface wave of suitable magnitude for detection. The 

results are disappointing but reasons for the lack of results have been clarified. 

The simulation results from chapter four may explain the lack of conclusive evidence 

from the measured physical device. The magnetostrictive film for this device is 70 nm, 

the output voltage may only have been several tens of microvolts and this would not have 

been observed given the magnitude of the potential produced by the magnetic field. 

Additional difficulties in matching the ports for more efficient signal transfer would also 

have played a factor as a large part of the SAW energy may be reflected. 

6.4 Conclusions  

This chapter outlines the experimental measurements made of the devices produced, 

which include both a standard SAW delay line and the magnetostrictive-based SAW 

generation device describe in this thesis. The primary focus is on devices operation at a 

frequency of 5 MHz, also presented are results from an earlier device designed to operate 

at 20 MHz.  

The measurements from SAW devices showed that we were able to produce working 

devices operating as expected by showing the corrected bandpass filter centred at 

~20MHz or ~5MHz depending of the device design. We were also able to improve the 

signal transmission for the SAW delay lines with the inclusion of an LC matching 

network at the ports, which resulted in a 10dB improvement. This enhanced the output 

signal produced when pulsing the devices allowing for clearer identification of the 

incident and reflective waves that have been shown in Chapter 4 on the simulations on 

SAW devices.       

For the measurements of the magnetostrictive-based SAW devices, an experimental setup 

was produced to magnetic pulse of 18.4 kA/m within a solenoid to excite the 

magnetostrictive elements. However, within this work we were not able to confirm the 

magnetostrictive generation of SAWs that could be piezoelectrically detected with our 

devices. A suitable test piece, with films of a reasonable thickness could not be fabricated 

at the required stage of the project. Additionally it should be mentioned that the IDTs and 

their matching networks for this device were not as effective as those for the SAW delay 
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lines discussed within this chapter. The results presented from the measurements of the 

magnetostrictive-based device for magnetic pulsing are inconclusive as a result. To fully 

understand whether this type of device will function as intended, a piece with a larger 

amount of Galfenol film is necessary for testing and measurements, as well as a better set 

of IDTs with matching circuit to improve the signal transfer for measurement. The 

intention was to produce a number of devices for testing and comparisons, however, 

difficulties with deposition chamber required to produce the Galfenol thin films, with no 

readily available alternative impeded this aim. It is fully expected that an acoustic surface 

wave be produced through the magnetostrictive action of the pattern Galfenol film, 

however the thickness of the film required to produce a detectable waveform was not met. 

Comparison with the simulated results from Chapter 4 indicated that films of at least 1 

μm in thickness would considerable improve the magnitude of the output signal, when 

compared to a film of 100 nm, with the model showing a ~240 times increase in 

magnitude of output signal. 
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Chapter 7 - Conclusions and Future 

Work  

This work presented the design, fabrication and testing methods for a magnetostrictive 

and piezoelectric based surface wave device with the potential to act as a frequency 

multiplier. While physical measurements were not obtained that demonstrated the real 

world working principles, there is material within the simulation chapter that confirms 

the design and working principle of the device under investigation. The simulation results 

also show that the device may benefit from an increase in thickness of the 

magnetostrictive film to the magnetostrictive generation of the surface wave along the 

substrate. 

7.1 Contributions 

As part of this work the transducer design and spacing of the fingers for a 

magnetostrictively generated surface acoustic wave device has been described in chapter 

2. While devices that use of magnetostrictive films to induce surface waves have been 

investigated, the design and relationship to frequency of operation has not been 

previously been outlined in the literature. This work explains the design for a 

magnetostrictive transduced surface wave device and provides simulation results to verify 

the design in chapter 4.  

This work reviewed the literature, chapter 3, on the development of magnetostrictive thin 

films for applications, particularly related to surface acoustic wave devices. The review 

discusses deposition techniques for magnetostrictive thin films and the methods applied 

to enhance magnetostriction, focusing on the deposition of the alloy known as Galfenol. 

As part of the discussion on magnetically tunable surface wave devices, it is noted that 

for comparison of the performance of different magnetic films, the film thickness to 

surface acoustic wavelength ratio is an important metric. This measure provides an 

indication as to the proportion of the surface wave that interacts with the film, which is 

useful given the range of frequencies and film thicknesses that were used in the studies 

on tunable SAW devices. We also propose a multi-layered, piezoelectric-

magnetostrictive, structure to enhance tuneability, while potentially reducing damping 

effects caused by placing increased amounts of film on top of the SAW structure. 
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Attention is also given to the investigations of magnetostrictively induced surface wave 

devices, where it is observed that some of these studies employed a meander-line 

transducer structure, which due to the current directions is not the optimal choice for 

promoting magnetic field to induce a magnetostrictive SAW. Moreover, this work 

recommends the parallel transducer patterns for further investigation into the area of 

magnetostrictively induced surface wave devices. 

This research presents the basis for a frequency doubling surface wave device using a 

combination of magnetostrictive transduction and piezoelectric detection. 

Chapter 4 presents models for the magnetostrictively transduced surface wave device, 

and an approach for modelling magnetostrictive thin film with comparisons to an analytic 

model and published experimental results to verify the magnetostrictive saturation. The 

device model demonstrates the frequency relationship to the transducer dimensions with 

comparisons to known piezoelectric surface acoustic wave devices. The modelling also 

demonstrates the frequency doubling effect using the magnetostrictively generated 

surface waves combined with the piezoelectric detection using interdigital transducers. 

Within this chapter, simulations of the device using different thicknesses of 

magnetostrictive film are also provided to compare the magnitude of the produced signal, 

showing that thicker films produced signals of a greater magnitude for the range 

investigated. 

Chapter 5 provides details of the manufacture processes used to produce the devices for 

study. In particular, the challenges of depositing a magnetostrictive alloy are noted, and 

presents the modifications to the process required to deposit the films. 

Chapter 6 outlines the experimental setups used in this research to characterise the devices 

fabricated and presents the results from the measurements taken. While the manufacture 

of a solely piezoelectric based SAW device was successfully, this study was not able to 

produce a working magnetostrictively transduced SAW device, which is attributed to the 

thickness of the Galfenol film, 70 nm, as the modelled results indicated that films of 100 

nm and less produced pulses with a magnitude in the microvolt range. 
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7.2 Recommendations and future work 

The physical device fabricated for this research did not produce the effect described. 

Further work is therefore required to demonstrate the operation of the physical device, in 

particular what is seen as a failing, is the thickness of the Galfenol film pattern that could 

be achieved for the device that was tested. In the first instance a device with Galfenol 

films of greater thickness for this type of SAW delay line device operating at a 5MHz 

frequency, a recommendation is a Galfenol film of at least a 1μm thickness produced for 

a measurable device. As indicated by the simulations would lead to surface waves that 

would produce a greater potential difference, more detectable by the IDTs. Galfenol thin 

films of as low as 5 nm in thickness have been shown to successful magneto-electrically 

couple with Pb(Zr,Ti)O3 400nm film (121). It is possible for a higher frequency SAW 

device, which has a smaller structure, that a thinner Galfenol thin may also be suitable 

producing the required mechanical disturbances for detection. 

If successful, a range of film thicknesses should be studied to determine the optimal 

magnetostrictive film thickness, and whether, as suggested, there exists a saturation point 

where increases in the film thickness produce no further increase in the magnitude of the 

piezoelectrically generated output signal.  

Following this demonstration of the principle of operation a number of devices could be 

produced over a range of frequencies to study. As the dimensions of the fingers widths 

varies with changes in frequency it would be interesting to discover whether this has any 

notable limits on the frequency range of operation and what effects it has on the 

magnitude of the signals produced, and whether this can be compensated for with 

increases in film thickness.  

For the work at higher frequencies, which require smaller feature sizes, it is recommended 

to move to a piezoelectric substrate that does not demonstrate pyroelectric effects to 

simplify the fabrication process. For instance, a black version of LiNbO3 that is treated 

would reduce deleterious pyroelectric effects.  
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The choice of piezoelectric substrate could also be varied to examine whether particular 

materials promote Galfenol film textures that enhance magnetostriction along the SAW 

propagation direction. 
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