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Magnetostrictive materials are smart materials which show dimensional and
magnetization changes in response to magnetic fields. Presently, there is growing
interest to find magnetostrictive thin films for many microsystem applications,
especially in microelectromechanical systems (MEMS) as powerful transducers for
microactuators. But to exploit their capabilities and meet the stringent needs of
microactuator and sensor applications, small driving magnetic fields on the order of
mT are desirable. Current magnetostrictive materials such as rare-earth containing
Terfenol, despite exhibiting giant magnetostriction, is at an extreme disadvantage due
to the high saturation field (H > 0.1 T) imposed by its large magnetocrystalline
anisotropy. Recently, large magnetostriction was observed in Fe-Ga alloys, and has
sparked widespread research into other Fe-based alloys for possible replacements of
Terfenol. Furthermore, it is becoming increasingly important to find rare-earth free

compounds from a cost and availability point of view.



In this thesis, we investigated the composition dependent magnetostrictive and
micro-structural properties of several binary (Fe-Ga, Co-Fe, Fe-Zn, Fe-W, Fe-Mo)
and ternary (Fe-Ga-Zn, Fe-Co-Al) Fe-based thin film alloys prepared using a co-
sputtering based composition spread approach. This technique facilitates synthesis
and screening of large compositional landscapes in individual studies and allows
rapid identification of compositions with enhanced physical properties.
Magnetostriction measurements were performed on as-deposited and on some
annealed composition spread films, which were fabricated on arrays of micro-

machined cantilevers substrates.

From this study, binary Co-Fe thin film alloys emerged as a large
magnetostrictive material with effective magnetostrictive values in excess of 260 ppm
at a low saturation field = 10 mT, which were quenched following a vacuum anneal at
800 °C for 1 hour. This substantial increase in magnetostriction was observed for
compositions near the (fcc+bcc)/bee phase boundary (CogesFeos), and was found to
depend on the cooling rate from the annealing temperature. Structural
characterization by synchrotron micro-diffraction and transmission electron
microscopy (TEM) reveals that this large increase in magnetostriction is associated
with the presence of an equilibrium Co-rich fcc phase that precipitates into a Fe-rich
bcc host phase upon annealing. The Co-Fe system is compared with Fe-Ga alloys, in
which DO; nanoprecipitates dispersed in the host A2 matrix were observed at
compositions (FepgGaogz), which displays enhanced magnetostriction. The DOs
nanoprecipitates in the Fe-Ga alloys are believed to behave as tetragonal defects in

the matrix and their orientations can be changed by the application of a magnetic



field, leading to magnetostriction. It is speculated that the Co-rich precipitates in our
Co-Fe films function in much the same way as the DOj3 precipitates in the Fe-Ga
alloys, implying that the mechanisms which give rise to magnetostriction in both
systems are similar.

The results on the as-deposited Fe-Ga-Zn and Fe-Co-Al ternary thin film
spreads are somewhat encouraging from the point of view of finding new
magnetostrictive materials. In the Fe-Ga-Zn alloys, we found that the
magnetostriction value around the FegsGag1Zng3 compositions was reasonably high,
Aert ~ 80 ppm. This could be interesting from an application and cost points of view:
this means that a less expensive metal such as Zn could be substituted for Gab, while
still preserving the magnetostriction. For the Fe-Co-Al ternary, the highest effective

magnetostriction, Aes ~ 80 ppm, was observed near the FepsC0g.25Alg.25 composition.
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Thesis Overview

The motivation for this thesis was driven both by curiosity and technological
implications. It focuses on the exploration of magnetostrictive thin film materials, in
particular Fe-based alloys through the application of combinatorial materials science
methods for the accelerated development and discovery of large magnetostrictive
materials and to investigate their composition-structure property relationships. In
addition, the reader will become familiar with the growing effort dedicated to
developing rare-earth free large magnetostrictive compounds for microactuators and
other sensing needs. The Co-Fe alloys discussed in this thesis could perhaps one day
replace some of the more expensive alloys that are currently in use.

This thesis is divided into seven chapters. Chapter 1 entails the main
introductions to all the subtopics and concepts that comprise this thesis. Chapter 2 is
the experimental method section. Chapters 3, 4, 5, and 6 are the results sections.
Finally, Chapter 7 provides a global conclusion and an outlook at some future work

that could be of potential interest.



Chapter 1: Introduction

Overview

This chapter serves as the primary introduction to all the subtopics contained
in this thesis. It begins by reviewing some of the basic and fundamental principles of
magnetism and discusses some of the underlying parameters that give rise to
magnetism in materials. Next, the topic of ferromagnetism will be introduced
followed by the concepts of magnetoelastic effects of which magnetostriction is a
byproduct. Next | will delve into how magnetostriction is manifested in isotropic and
anisotropic materials. This is followed by some historical examples of
magnetostrictive materials and their applications. Finally, | will close the chapter with
an introduction to the concepts of the combinatorial science which is the scientific

method central to this thesis.

1.1: Magnetism

Magnetism is the magnetic response of materials to an applied magnetic field.
This behavior is dictated by the interactions of the magnetic moments of the atoms in
the material. Unlike mechanical forces, forces of magnetism are non-contact forces
which manifest in the form of dipoles, where like poles repel each other and unlike
poles attract each other. In general, magnetic materials are classified based on the
way their local atomic moment couple to each other i.e. randomly oriented (not
coupled at all) or partially coupled (can be parallel, anti-parallel). If the individual

atomic moments, P, are randomly oriented such that X, = 0 or experiences partial



coupling under the influence of a magnetic field then the material is said to be a
paramagnet. Paramagnetic materials have magnetic moments which cancel each other
in the absence of a magnetic field due to their non-ordering in the bulk material. They
have susceptibility in the range 10® to 107 and such materials at best can only exhibit
weak field induced magnetization. Alternatively, if the atomic moments are strongly
coupled then the material will exhibit some type of magnetic ordering such that Xp, #
0 in the absence of a field. Depending on how the atomic moments are aligned
(parallel, antiparallel), the material can be either ferromagnetic, antiferromagnetic, or
ferrimagnetic. Materials that maintain strong parallel coupling of their atomic
moments in the absence of a magnetic field are known as ferromagnets. This is due to
the long range ordering of magnetic dipoles. These materials exhibit magnetostrictive

behavior and constitute the focus of this thesis.

1.1.1: Ferromagnetism

In order to comprehend the concepts of magnetostriction and the behavior of
magnetostrictive materials, a fundamental understanding of ferromagnetism is
required.

Ferromagnetism is the resulting magnetic behavior exhibited by ferromagnets
i.e. materials that have unpaired electrons. They are characterized by long range
ordering of their atomic moments and tends to have spontaneous orientations of their
magnetic spins, which are aligned parallel even in the absence of a magnetic field.
The long-range spontaneous magnetization of a ferromagnet only exists at lower

temperatures and vanishes above an ordering temperature known as the Curie



temperature Tc. Above Tc, the thermal energy agitates the atomic spins to a state of
disorder and the spins are no longer parallel to each other. At this point, the material
becomes paramagnetic and the susceptibility drops precipitously from y ~ 10 to 10*
(ferromagnets) down to y ~ 107 to 10° (paramagnets).

Materials such as iron (bcc a-phase), cobalt, nickel and rare-earth containing
permanent magnets which exist in their ferromagnetic phase at room temperature are
known as ferromagnetic materials. The maximum value of magnetization or
saturation magnetization (M) is achieved when the applied field is able to align all
the magnetic moments in the material in the direction of the applied field. Thus the
Ms can be viewed as the product of the magnetic moment of each atom and the
number of atoms in the material, divided by the volume of material. The magnetic
moment mentioned here is due to the electron spin and orbital motion of electron
around the nucleus. The coupling of magnetic moments between adjacent atoms can
occur in materials other than ferromagnets. If the spins are arranged in opposite
directions then the material is said to be antiferromagnetic. Figure 1.1 shows a
schematic of the localized spin alignments in a ferromagnet and that of an

antiferromagnet characterized by antiparallel spins.
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Figure 1.1 Examples of two types of magnetic order using an array of localized
moments. Top) simple ferromagnetism, and bottom) simple antiferromagnetism.



1.2: Introduction to magnetostriction

The change of the magnetization of a ferromagnetic material is almost always
accompanied by a change in its dimensions. The resulting change is called
magnetostriction and is defined as the measure of the fractional change in the
dimensions of a ferromagnetic material when an external magnetic field is applied.
This strain induced by a directional magnetic field is called the magnetostrictive
strain and was first observed in 1842 by James Joule, when he observed that a sample
of iron changes its length when magnetized. The magnetostrictive strain is denoted by
A = Al/l, where | is the unmagnetized length and Al is the change in length after the
material has been magnetized. From a phenomenological point of view, there are two
types of magnetostriction: spontaneous magnetostriction which arises from the
ordering of magnetic moments into domains at the Curie temperature; and field
induced magnetostriction, which is more technologically important and the focus in

this thesis. Both cases are discussed in the following sections.

1.2.1: Spontaneous magnetostriction

As stated above, all ferromagnetic materials are in their non-ordered magnetic
state above their Curie temperature. When a ferromagnetic material is cooled through
its Curie (ordering) temperature, the previously non-ordered magnetic moments
which were randomly oriented becomes ordered over a long range encompassing a
large volume of atoms due to exchange interaction. In these volumes called
“domains” all the magnetic moments lie parallel to each other. However, the direction

of spontaneous magnetization Ms varies from domain to domain throughout the



material such that the net magnetization of the bulk material is zero. This is due to
the minimization of the magnetostatic energy of the overall material.

We consider an isotropic material in its paramagnetic state having spherical
domains of unstrained solid, represented by spherical solids in Figure 1.1a, and we
lower the temperature. At the onset of ferromagnetism, i.e. when spontaneous
magnetization occurs and the magnetic moments become ordered, there is an
associated strain e or magnetostriction Ao along a particular direction as shown in
Figure 1.1b. Within each domain, the strain varies with an angle 6 from the direction

of spontaneous magnetization according to the relation:
e(0) = e cos?0 (1.1)

Since a material can consist of polycrystalline grains, the domains will be oriented at
random and any crystallographic direction is likely. Therefore, the average

deformation throughout the material can be obtained by integration

Ao = [*zecos? 0 sinf d (1.2)
2

=e/3.

Thus, this is the spontaneous magnetostriction caused by long range ordering of
magnetic moments at the onset of ferromagnetism. It is important to note that for this
scenario the strain is equally distributed in all directions such that although the

sample undergoes changes in dimensions, its shape remains the same.



1.2.2: Field induced magnetostriction

Now let’s consider field induced magnetostriction. Here, we consider the
magnetostriction which is the fractional change in length between a demagnetized
ferromagnetic state and a magnetized state. In other words, there is a transition from
an ordered but demagnetized state to the ordered saturated state under the application
of a magnetic field. In the saturated state, the magnetic moments in each domain are
all aligned in the direction of the field therefore causing the strains to be parallel to
the field as shown in Figure 1.1c. The resulting saturation magnetostriction can then

be represented as the following

As=e— A (1.3)
A= (e—%) =2e (1.4)
3 3
Therefore by measuring the saturation magnetostriction As, One can measure the
spontaneous strain e within a material due to magnetic ordering.
The saturation magnetostriction also depends on the angle 0 to the magnetic
field. For an isotropic material the saturation magnetostriction As (0) at any angle 6 to

the field direction is given by:

25(0) = 2A,(cos?0 —3) (1.5)

where A IS the saturation magnetostriction along the direction of magnetization. In
most experiments, the field is either applied parallel or perpendicular to a sample

direction and their saturation magnetostriction is given in terms of the direction in



which the field was applied as As| and AL for field applied in parallel and
perpendicular directions to the selected sample direction, respectively. The difference
between these two quantities gives the spontaneous strain within a single domain.
Ag 3
A=Ay =As+— = A, =e (1.6)

Thus the strain in an isotropic material is given by the expression above.



a) Non-ordered ~el3

b) Ordered and unaligned

CECEE

c) Ordered and aligned

Figure 1.2 Schematic diagram illustrating the magnetostriction in: (a) the non-
ordered (paramagnetic) state; (b) the ferromagnetic state demagnetized; and (c)
the ferromagnetic state, magnetized to saturation®.
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Anisotropic materials

The exchange interaction which occurs at the Curie temperature leads to
spontaneous magnetization. However, it does not dictate in which direction the
magnetization will align. Therefore, magnetization is free to orient along any
crystallographic direction without altering the internal energy. However, in all
ferromagnetic materials there exists a preferred direction known as the “easy axis” in
which the magnetization likes to align. The direction varies for different classes of
materials with different crystal structures but in general, rotation of the magnetization
away from the easy direction increases the internal energy of the system. Since the
energy of the system is at its minimum when the magnetization is aligned along the
easy direction, rotation of the magnetization can only occur by means of a magnetic
field. This energy which dictates the preference in magnetization orientation is called
the magnetic anisotropy, and the anisotropy that assigns energy to different directions
in the crystal is called the magnetocrystalline anisotropy.

Since most ferromagnetic materials exhibit some degree of anisotropy, the
saturation magnetostriction needs to be defined relative to the crystal axes along
which the magnetization lies. For a cubic crystal structure there are two principal
directions in which the magnetization likes to orient: they are <100> or <111>
crystallographic directions.

The magnetostrictions or spontaneous strains are defined along those
directions. In the case of cubic materials there are two independent magnetostriction
constants Aj0p and Az11. Table 1 shows the two magnetostrictive coefficients for some

cubic materials. The values can sometimes vary substantially as is the case in
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Terfenol. The directional dependence of the saturation magnetostriction of a single

domain single crystal cubic structure is given by:

3 1
As =5 100 (afﬁf +aify + aips - g) +3M111(1a281 82 + az 3PP +

a3a1P361) 1.7

where M09 IS the saturation magnetostriction measured along the (100) direction, A111
is the saturation magnetostriction along the (111) direction, a4, o, a3 are directional
cosines relative to the field direction of the axis along which the magnetic moments
are saturated, and B1, B2, B3 are the directional cosines relative to the field direction in
which the saturation magnetostriction was measured. The spontaneous strains along
the two principal axes are e100= (3/2)A100 and e111 = (3/2) A111.

Magnetostrictive effects arise due to the reorientation of magnetization by
both magnetic fields and stress, and is known as magnetomechanical or

magnetoelastic effect. The magnetoelastic effect will be discussed next.

Table 1 Magnetostriction coefficients of some cubic materials

Material Moo (PPM) M1 (ppm)
Iron 21 -21

Nickel -46 -24
Terfenol 90 1600
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1.3: Magnetoelastic effects

The phenomenon of magnetostriction is the manifestation of the
magnetoelastic coupling which exists in all ferromagnetic materials. This behavior is
observed to some degree in all magnetic materials and manifests itself in different
ways. Over the years such behaviors have been categorized, and their various names

and descriptions are listed below.

Joule effect

The Joule effect? was first discovered by James Prescott Joule in 1842, and it
is characterized by a change in length due a change in the magnetization state of the
material. This is also sometimes known as linear magnetostriction and assumes that
the volume of the material remains constant. More details on this type of

magnetostriction will be presented in section 1.3.2.

Villari effect

The Villari effect® (1865) otherwise known as the inverse Joule effect or stress
induced anisotropy describes the mechanical stress-induced change in magnetization.
Materials with a positive magnetostriction will show an increase in magnetization as
the stress is increased, while materials with negative magnetostriction exhibits a
decrease in magnetization with decreased stress. If As is positive, it is easier to
magnetize the material in the tensile stress (o > 0) direction. In general, it is harder to

magnetize a material in a direction for which As<0and c >0o0rAs>0and 6 <0.
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Wiedemann effect

The Wiedemann effect* arises due to the torsional motion of a sample when a
current passing through a magnetic material in the direction of magnetization causes a
twisting of the magnetization around a current axis. In the inverse effect known as the
“Matteucci effect,” a mechanical twisting of the sample causes a voltage drop to
appear along the sample length consistent with the Faraday’s law and the strain-

induced magnetization change.

Volume Magnetostriction

Barrett (1882) observed that the volume changed in certain ferromagnetic
materials under the influence of a magnetic field and coined the term “volume
magnetostriction®.” In this scenario, the material undergoes an isotropic expansion of
the lattice. Volume magnetostriction typically occurs at high fields and the increase is
small and therefore has no practical applications.

Conventionally, the Joule and Wiedemann effects are used for actuation

purposes, whereas the Villari and Matteucci effects are used for sensing purposes.

1.3.1: Magnetoelastic energy

Magnetoelastic energy is the energy expressed in terms of magnetization
direction of the atomic moments and the lattice strain. It arises from the strain
dependence of the magnetostatic energy, magnetocrystalline anisotropy energy, and
the Heisenberg exchange energy. In actuality, solid ferromagnets are not rigid but

rather elastic, and the magnetoelastic energy can modify the magnetization properties
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in a material when subjected to a mechanical stress. Due to the magnetoelastic
energy, the material strains when its magnetization is changed. Typical
magnetostriction values can range from near zero A~ 10" to nearly + 10 in 3d metals
and alloys. There is a magnetic stress tensor called the magnetoelastic coupling
coefficient Bj; which relates the magnetostrictive strains in formula: Bj; oc Ciju A
where C = Young’s modulus. Magnetoelastic coupling arises from spin-orbit coupling
and strong interaction between electron clouds of adjacent atoms. The reciprocal
effect holds true also, i.e. the magnetization changes if the material is stressed by
external mechanical force. As stated earlier, this phenomenon was first observed by
Villari in 1865 and has since been known as the Villari effect®or the inverse Joule

effect.

1.3.2: Mechanism of Joule Magnetostriction

Joule magnetostriction arises from the spin-orbit coupling and is an inherent
material property that does not degrade with time. The large phenomenon of Joule
magnetostriction can be viewed as a result of the transition from a demagnetized
multi-domain state to a single domain state through the motion of domain walls due
to the application of a directional magnetic field. As seen in the schematic of Figure
1.2b and 1.2c, the magnetic moments in the material is a makeup of the orbital spins
(black arrows) and surrounding electron clouds (ellipses), which are strongly coupled
to the crystal lattice structure, for a ferromagnetic sample in two states. At H=0
(Figure 1.2b) or when no magnetic field is applied the spins are coupled to the orbits

in a random orientation. The application of a magnetic field tries to orient the electron
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spins along the direction of the applied field. The orbits which are coupled to the
spins also rotate as shown in Figure 1.2c. It is this rotation of the orbits and the
associated distortion of the crystal lattice which manifests as magnetostriction. The
ideal spin-orbit coupling should be large enough to produce significant lattice
distortion but at the same time the magnetocrystalline anisotropy should be small
enough so that the lattice can be distorted by applying small magnetic fields.

Joule magnetostriction can also be considered as the relationship between the
spontaneous magnetization and elastic response of a material, and thus measurements
of magnetostrictive strains are convoluted functions of the respective
magnetostrictive constants of the principal axes. For example, in a cubic material, the
measured strain is related to the saturation magnetostrictive constants along the [100]
A10o and [111] Aq11 directions by equation (1.7). In polycrystalline samples, there is
random orientation of the crystal axis with respect to the measurement direction, and
one must average the contributions of the two magnetostrictions over all possible
orientations of the measurement direction with respect to the crystal axis. This can be

achieved by evaluating the following integral

As = [z, fgzo A sin 0dOd¢ (1.8)

Usually to obtain the saturation magnetostriction, it is necessary to magnetize
the samples in two orthogonal directions to ensure that the domains have switched
between two orthogonal single domain states. This is primarily done to remove any
ambiguity that arises from determining the strain of the zero magnetization state since

at zero magnetization, there can be an infinite number of possible domain
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configurations. However, in most bcc bulk materials, especially Fe-based, the [100]
direction gives a substantially larger magnetostriction than the [111] direction, so
measuring Aiqo is sufficient to get a good idea of the magnetostrictive constant. Figure
1.3 illustrates the joule magnetostriction in bulk and thin film materials. In bulk, the
material expands/contracts linearly until saturation along the same direction in which
the field was applied. For thin film materials clamped to substrates, application of a
magnetic field results in bending of the substrate. Figure 1.3 also shows the bending

motion of the substrate derived from applying field along two different directions.

Apply
magnetic field

M 11 [100] M li1910;

substrate

Figure 1.3 Schematic of Joule magnetostriction illustrated in different materials.
top) bulk and bottom) thin films.

17



1.4: Magnetostrictive materials

Magnetostrictive materials are active materials which can transduce energy
from one form to another. The capability of energy transduction in active materials
makes them different from a passive device such as hydraulic press which only
transmits (not transduces) mechanical energy through a fluid, thereby producing a
mechanical advantage. Although, sensing and actuation requires active materials, the
requirements of ideal sensors can be different from that for actuators. Table 2

summarizes some of the desirable characteristics for actuators and sensors.

Table 2 Desirable characteristics of actuators and sensors Ref®.

Actuator Sensor

Large stroke High sensitivity

Large blocked force Large range

High stiffness High resolution

High coupling factor Low drift

Impedance matching High accuracy and precision

Since the discovery of magnetostriction by Joule? in 1842 in an Fe specimen,
most ferromagnetic materials have been found to exhibit some degree of
magnetostriction. Some of the earlier and most common materials to show
magnetostriction include pure elements such as Fe, Ni, and Co. They have
magnetostriction on the order of 10 pe and have limited use in practical applications.

However, this changed with the development of rare-earth (RE) alloy systems which
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include Terfenol-D, a Th-Dy-Fe alloy that can generate a giant magnetostrictive strain

over 2000 ppm.

1.4.1: Bulk magnetostrictive materials

Most of the magnetostrictive materials currently being studied are in bulk
forms. By bulk, we mean a piece of three dimensional material, where its overall
shape usually does not matter but it is at least several microns thick in each
dimension. Since this dissertation is on the study of thin-film materials, most of the
discussions will be limited to thin film materials, where the material is very large in

two directions and have thickness of the order of ~ 0.5 um in the third dimension.

1.4.2: Thin-film magnetostrictive materials

There has been a growing interest in developing thin film magnetostrictive
materials for applications where bulk is not possible. Most of the magnetostrictive
materials studied in bulk have also been studied in thin films. Magnetostriction in thin
film is usually smaller compared to bulk materials due to the clamping effect imposed
by the substrate. However, from an applications point of view, thin film
magnetostrictive materials are vastly important and there are many critical
applications such as sensors and micro-actuators in smart microsystems. To fully
exploit their capabilities for microactuators and sensors applications, small driving

magnetic fields on the order of mT is desirable.
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Studies on magnetostrictive films date back to the mid 1970’s’. Since then
various single layer and multilayer alloy films have been investigated®™®. The main
idea behind the multilayer design is to decrease the saturation field while preserving
the magnetostriction. To date, the multilayer film ThFe/FeCo consisting of alternate
layers (8 nm) of giant magnetostrictive amorphous ThFe metals and high saturation
magnetization FeCo have exhibited the largest magnetostriction of about 550 ppm at
20 mT field**™. It is believed that the large magnetostriction in thin multilayer arises
from enhancement in the magnetic polarization and very high magnetoelastic
energies. Some of the conditions for designing giant magnetostrictive multilayer films
include deposition under a magnetic field and some type of post-field annealing. This
is necessary in order to induce an easy axis in a desired in-plane direction®*.

Single layer films, such as those to be discussed in this thesis have great
practical applications. It is also increasingly important to find rare-earth free
compounds to reduce cost and increase availability. In the next section, | will

introduce some of the growing applications of magnetostrictive films.

1.4.3: Applications of magnetostrictive films

Thin film materials that exhibit giant magnetostriction are of technological
importance due to their potential use in microsystem applications, especially
microelectromechanical  systems (MEMS) as powerful transducers for
microactuators™. Other attractive features are remote control operation without

wires, simple actuator designs, low fabrication temperatures, and compatibility with
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microelectronics manufacturing processes, allowing for seamless integration in

current technologies 5%*%2*,

Actuators

In an actuator device, applying a magnetic field causes a shape change. Based
on this phenomenon, devices can be used to do work. In fact, actuators using bulk
magnetostrictive materials are currently in existence such as under-water sonar
devices. One of the growing applications for which magnetostrictive materials are
gaining interest is in the field as microactuators. However, for this application to be
realized we need low saturation field on the order of mT. Figure 1.4 shows two
examples of actuator designs using magnetostrictive thin films. These examples®®
demonstrate the promising actuation mechanism for realization of different

microactuators, especially if large magnetostriction at low fields can be achieved.

Sensors

In a magnetostrictive sensor device, stressing the material causes a change in
the magnetization state of the material. An excellent example of a sensor application
IS a magnetoelectric sensor which uses the magnetoelectric (ME) effect. The working
principle behind the ME effect is that magnetic field induced strain (A) in the
magnetostrictive layer which is transferred to a strain (g) in the piezoelectric
component through elastic coupling, resulting in a piezoelectric induced voltage. By
utilizing such a multilayer composite configuration, a large ME coupling can be

obtained??.
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IbFe 13 pm Si (100) 10/50 pm

Ultrasonic magnetostrictive thin film micromotor

TbDyFe film (20 ym)
Si (F10 mm x 50 pm)
SmFe film (20 ym)

magnet { ;

passive
cantilever-type
vaive
Si (100) (10 pm)
\

\
Y Si (100) (180, 240 pm),
by laser micropatterning

outlet

cross-section of the magnetostrictive membrane-type micropump

Figure 1.3 Examples of two actuator designs using magnetostrictive thin films.
top) ultrasonic micromotor, and bottom) magnetostrictive micropump, from
Ref™.

As an example, an all thin-film ME sensor based on magnetostrictive and
piezoelectric layers is shown in Figure 1.5. This design allows for fabrication of
sensor arrays as well as integration with other circuit components. Also a major
advantage of the all-thin-film devices over that of bulk-based devices is the fact that
the ME coupling is achieved through natural film adhesion rather than the epoxy resin

used in bulk magnetostrictive/piezoelectric laminate composite.
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Figure 1.4 lllustration of an all thin-film ME device for sensor applications. top)
schematic of the fabricated structure, left) top view, right) side view. bottom)
measured ME coefficient of the composite device as a function of dc magnetic
field at its mechanical resonant frequency Ref.
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In chapters 3-6 of this thesis, | will discuss some magnetostrictive thin film
materials that we have been exploring which can potentially used in applications,

such as the ones discussed above.

1.5: Combinatorial Materials Science

Combinatorial materials science is a high-throughput materials exploration
approach. It is geared toward rapid discovery, study, and optimization of new and
known compounds by combining parallel synthesis, high-throughput screening, and
fast data processing. Its goal is to investigate properties of large numbers of
compositionally varying materials simultaneously. It allows synthesis and screening
of large compositional landscapes in individual studies and facilitates rapid
identification of compositions with enhanced physical properties. The term
“combinatorial” refers the act of combining and “mixing” different materials or
groups of elements as their constituents in order to arrive at new multi-component
compounds. Combinatorial synthesis techniques have been used to fabricate
assemblies of both bulk and thin-film materials. However, the application of the
combinatorial methodology to technologically interesting smart materials is best
implemented in the form of thin-film libraries.

By one account, the earliest history of a high-throughput approach to materials
exploration can be traced back to 1878 when Thomas Edison applied parallel and
combinatorial methods for the investigation of suitable filament materials for the
incandescent lamp as outlined in a review by Schubert and co-workers®. In 1970,

Hanak successfully demonstrated the principle idea of a composition spread or
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gradient libraries at the research laboratories of RCA in the investigation of inorganic

1.° coined the term

materials®*. However, it wasn’t until 1995 when Xiang et a
combinatorial approach to materials discovery that the “multiple-sample concept”
took off. Since then numerous studies have demonstrated the applicability of the
combinatorial methodology in a variety of materials systems ranging from catalysts

and biomaterials to electronic materials and polymers?®“

. Rapid synthesis of
materials libraries and their high-throughput characterization is also instrumental in
the determination of compositional phase diagrams. The concept of the combinatorial

thin film library is discussed in the following section.

1.5.1: Materials libraries

A combinatorial library is a large number of spatially addressable,
compositionally  varying samples which were fabricated in a single
synthesis/deposition experiment. There are three different types of materials library
designs which can be used in the combinatorial approach for materials exploration.
They are natural composition spread libraries, discrete libraries, and the layer-by-
layer composition spread.

The natural composition spread is usually implemented through a co-
deposition technique resulting in intimate atomic mixing of materials during
deposition. Figure 1.6a shows a schematic of this design. In this example, three
elements/compounds (A, B, and C) are co-sputtered. The deposition profile from
each element/compound during deposition is such that there is a thickness gradient

the farther one goes away from the position directly below each target. Co-sputtering
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multiple elements/compounds results in a relatively uniform thickness, and the
regions of a wafer where the deposition profiles overlap result in an atomically mixed
composition spread. In fact, one advantage of this technique is the uniform atomic
intermixing during deposition in the plasma which negates the need for post
annealing to acquire compositional homogeneity throughout the thickness of the
film®2. The discrete library has sets of separated samples with discrete compositions
(Figure. 1.6b) and allows for rapid screening of a large number of compositionally
disparate materials. Each site is spatially separated from its neighbor through shadow
masking and can be individually addressed. Such libraries have been used in the
investigation of luminescence materials as shown in Figure 1.6b?°. The layer-by-layer
deposition library can be used to generate a continuous composition variation which
can be denoted, for instance, by A;1.xBx. By utilizing a continuously moving masking
system, the composition can be made to vary from pure A on one end to pure B on the
other end in a binary spread as shown in Figure 1.6c. The samples are deposited in a
layer-by-layer wedge configuration which allows for atomic mixing at the nanometer
level. This type of library is more suitable for the determination of composition-
structure-property relationships with respect to a given binary/ternary compositional
phase diagram**.

In this thesis the natural composition spread library, illustrated in Figure 1.6a
was used in the fabrication of binary and ternary composition spreads on cantilever
substrates. The use of the natural composition techniques has already been shown to
be a reliable method for exploring previously unknown regions of phase diagrams for

28,42-44

new materials with enhanced physical properties Here, efforts to explore the
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functional phase diagrams of various binary and ternary Fe-based systems will be

described, with emphasis on the structure-magnetostrictive property relationship.

Natural composition Discrete sample Layer-by-layer
spread library composition spread

Figure 1.5 Examples of common combinatorial sample designs. a) Natural
composition spread, the type used in the present work. b) Photograph of the as-
deposited discrete quaternary library under ambient light used in the search for
a blue photoluminescent composite material. The array of colors in the different
sites arises from variations in the film thicknesses and their different optical
indices of reflection®. c) Schematic of a layer-by-layer composition spread
showing pure A on one end of the binary spread and pure B on the other.
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Chapter 2: Experimental Methods

Overview

This chapter describes the various experimental methods that were used in the
fabrication and characterization of thin-film composition spreads studied here. It
begins with a description of the design and fabrication of the cantilever substrates,
followed by details on the thin film fabrication process using a specialized
combinatorial sputtering system for depositing all the films investigated in this work.
I will then describe the post-deposition thermal treatment which was performed on
some of the composition spread samples. This will be followed by an in-depth
discussion of a revised method to measure magnetostriction in thin-films using the
cantilever method. A brief description on the measurements performed to determine
the elastic modulus, which in turn is used in the calculation of magnetostriction is
also presented. Finally, 1 will close this chapter with descriptions of the TEM and
synchrotron micro-diffraction techniques which were used for micro-structural

characterization on the samples.

2.1: Fabricating the cantilever substrates

Each thin film sample studied in this thesis was deposited onto arrays of mm
sized cantilevers, which had been patterned from 3-in thermally oxidized (1.5 pum
SiOy) Si wafers via standard Si bulk micromachining techniques. The etching of the
cantilevers involves a sequence of photolithography steps performed in a clean-room

as described in the flowchart below.
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Start with bare Si/SiO, wafer

1 Si/SiO, wafer

Spin-coat wafer with photoresist
(top and bottom)

!

Pattern with mask and expose with UV light
(both sides), develop

!

Etch undeveloped SiO2 and rinse remaining photoresist
(Buffer-oxide- etch)

!

Etch Si and release cantilevers
(TMAH bath @ 120 °C)

lllustration 1 Flow diagram showing the lithographic steps involved in the
fabrication of the cantilevers used in this thesis.

At the end of the wet etching process, tive rows totaling 101 identical
unimorph cantilevers; 10 mm thick, 2 mm wide, and 70 um thick were fabricated and
used as a substrate during thin film depositions. Depositing thin films on cantilever
substrates instead of whole wafers provides the advantage that the film is no longer

completely constrained by the full substrate, and thus changes in actuation properties
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can be detected. The process of monitoring the displacements of cantilevers has been
the basis for measurements of the thermal actuation of martensite®®, magnetic field

actuation of magnetostrictives*®***

, and hydrogen adsorption/desorption in hydrogen
storage materials*’. For the deposition of thin-films on these cantilever substrates, we
use a combinatorial co-sputtering based technique which will be discussed in the

following section.

2.2: Combinatorial Magnetron Co-Sputter Deposition System

The natural composition spread libraries used in this work were deposited in a

dedicated ultra-high vacuum (UHV) combinatorial sputtering system.

2.2.1: Magnetron sputtering

Sputtering is the removal of atomized material from a solid due to the
energetic bombardment of its surface layers by ions or neutral particles. To begin the
sputtering process, a controlled inert gas (such as Ar) is allowed inside the high
vacuum chamber while a negative voltage (> -300 V) is applied to the target material
to be sputtered causing a large potential drop across the material and the source. The
high energy ions collide with the surface of the target, and some of their energies are
transferred to the target. If the energy transfer is greater than the binding energy of the
constituent atoms of the target material, collision cascades occurs resulting in atoms
being scattered backwards and “sputtered” towards the substrate. Sputtering is a

hyper- thermal process with energies of the species in the keV to MeV range.
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A magnetron sputtering system is equipped with magnets which are fixed to
the back of each target material to be sputtered. The magnetron creates a magnetic
field which confines the orbits of the ions and electrons to maintain intensity of the
plasma and to increase the collision rate with Ar gas. The target material hits the
substrate with very high energy and cools to room temperature rather quickly, thus
sputtering is considered a hyper-thermal process or quenching phenomenon. A
schematic of the magnetron sputtering system is shown in Figure 2.1. One of the main
advantages of a magnetron sputtering over a conventional sputtering is the wide range
of target materials which can be sputtered. These range from pure metals where a d.c.
power supply can be used to semiconductors and insulators which require r.f. power,
and the depositions can be carried out in either non reactive (inert gas) or reactive
(inert and reactive gas) discharges. Also, the magnetron causes a higher sputtering
rate which enables lower pressure to be used. During the sputtering process, the
electrons follow the helical paths dictated by the magnetic field lines thus undergoing
additional collisions with the ions. These additional collisions enhance the ionization
of the plasma near the target which results in a higher sputtering rate.

Sputtering was one of the first depositions techniques used to create
compositions spread samples by Hanak et al. in the 1970°s%*3. Recent combinatorial
investigations have embraced sputtering due to its ability to deposit a variety of

materials without heating the source material.
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Figure 2.1 Schematic of magnetron sputtering. A magnetic field confines the
orbits of the ions and electrons to maintain intensity of the plasma and to
increase the collision rate with Ar gas. This significantly enhances the number of
Ar ions formed and impinging on the target, knocking out individual atoms
which are then deposited onto the substrate, taken from Ref*.

2.2.2: Composition Spreads

The combinatorial magnetron sputtering system (Figure 2.2), used in these
experiments can create compositions spreads across 3” silicon wafers by
simultaneous sputtering of different materials which leads to a natural atomic mixing
of elements. The main chamber has a cryo-pump (CP-8 Oxford) which creates a base
pressure lower than 2 x10°® Torr. The system is equipped with 3 magnetron sputtering
guns, parallelly placed and adjacent in a triangular geometry as shown in Figure 2.3.
Each gun uses a 1.5” diameter target and can be sputtered simultaneously using either
direct current (DC) or radio frequency (RF) power supply whose power can range

from 5 to 200 Watts. The guns are housed in individual chimneys which help to
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prevent cross-contamination as well as direct the plasma onto the substrate during
deposition.

Elemental targets (purity: 99.99% or better) are used for the present
experiments and pre-sputtered for at least 5 minutes at the beginning of each
deposition run to minimize contamination. Depositions are performed with ultra-high
purity (99.9995% purity) Ar at a typical pressure of 5 mTorr, with a target-to-
substrate distance of 150 mm and without intentional substrate heating. During
depositions, the sample is placed on a vertically height adjustable substrate heater
allowing manipulation of the target-to-sample distances which in turn allows precise
control over the size of the composition region to be covered within a compositional
phase diagram. The substrate heater has a temperature range of 25-900 °C, and is used

for in-situ post-deposition anneals.

Figure 2.2 A picture of the magnetron co-sputter deposition system used in the
experiments described in this thesis.
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Figure 2.3 Schematic of gun/target orientation in our magnetron co-sputter
deposition system®. This multi-gun configuration leads to the interatomic
mixing of sputtered species A, B, & C during deposition as represented here.

As mentioned earlier, one of the special features about this particular chamber
is the orientation of the sputtering guns. Typically, magnetron sputtering systems
have guns that focus to the same point on the wafer usually to provide uniform
composition across the wafer. In our case, the guns are non-confocal, and it is this
non-confocal geometry that allows for the natural composition spreads to be
fabricated without the use of a masking system.

For deposition of binary composition spreads, only two guns were used, but

for ternary spreads the three gun orientation shown above was used.
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2.3: High Vacuum Annealing

To capture any high temperature or metastable phases present in the thin-film
composition spread samples, we utilize a high-vacuum quenching chamber, as shown
in Figure 2.4. This narrow slit chamber is a mobile high-vacuum system that gets
placed directly inside a modified in-house high temperature furnace. Prior to
annealing, the wafers are placed inside the chamber, in contact with the inside wall of
the chamber so that during annealing the chamber and the wafer are at the same
temperature. The chamber is pumped down to high vacuum with a base pressure
better than 107 torr using a cryopump (CP-5). The nose of the chamber is inserted
into a high-temperature furnace for annealing. A schematic of this setup is shown in
Figure 2.5. This is similar to the technique discussed in references**.

Following high temperature annealing, the spreads are cooled from a high
temperature while in vacuum either by slow-cooling or by quenching. For general
slow-cooling, the chamber with the samples were pulled out of the high-temperature
furnace at the end of the anneal and allowed to cooled down to room temperature.
The typical cooling rate for the slow-cooled samples is approximately 2 °C-min™. In
the case of the quenched samples, the nose of the chamber with the samples were
pulled out of the high-temperature furnace at the end of the anneal and immediately
plunged into an ice-bath for rapidly cooling down to room temperature. It takes on
average 2~5 seconds to obtain fully quenched samples, yielding a cooling rate

cooling rate of 2.3x10° °C-min™. Since the sample is always in contact with the walls

of the chamber, both the sample and the chamber cool at the same time.
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Figure 2.4 Picture of the high-vacuum mobile quenching furnace used for
performing high temperature high vacuum post-deposition annealing on some of
our thin film composition spreads.

He gas
Furnace inlet

)

Vacuum chamber

Cryo
pump

Roughing
Pump

Figure 2.5 Schematic detailing the operation of the high vacuum quenching
chamber for capturing high-temperature phases in thin film composition spread
samples. The picture of the vacuum chamber is shown in Figure 2.4.
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2.4: Measuring magnetostriction in cantilever thin films

The magnetostriction of all composition spread thin film samples (as-
deposited and annealed) studied in this work were determined using the cantilever
method*®. A 635 nm power-stabilized diode laser (5 mW) was deflected off the tip of
each cantilever onto a position sensitive detector (PSD) ON-TRAK OT301 precision
sensing module. Once the magnetic field has been applied, cantilever bending occurs
due to the magnetostriction in the film, and the resultant cantilever displacement is
captured on the PSD and measured as a function of the applied field as schematically
shown in Figure 2.6. Displacement measurements were recorded for magnetic fields

applied parallel and perpendicular to the cantilever length.

H,

il
|IIII
i

laser Position sensitive
detector

Figure 2.6 Schematic of the experimental setup for measuring magnetostriction
in cantilever thin films. The figure shows the laser (5 mW), position sensitive
detector, and magnets for applying field in parallel (H|) and perpendicular (H.)
directions to the sample.
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As the magnetic field was applied along the in-plane directions of each
sample, careful adjustments were made to ensure minimum contribution from torque
is included in the displacement output. The torque effect, which is different from true
magnetostriction, comes from the mutual misalignment between the direction of the
magnetic field and the magnetization of the cantilever. This can cause the cantilever
to deflect/displace even when there is no magnetostriction. To mitigate this, the
cantilevers were adjusted until the cantilever/field angles was zero and the “wings” of
the butterfly curve were flat. Figure 2.7 shows typical magnetostriction displacement
/butterfly curves of a cantilever sample. The two bottom curves labeled initial and 1%
adjustment illustrate the effect of torque while the green plot shows the near zero

torque after the appropriate adjustments were made.
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Figure 2.7 The effect of torque and the corrective adjustments during the
measurement of magnetostriction. The bottom curve indicates a misalignment
between the field and magnetization of the cantilever, while the middle and top
curves are following successive adjustment steps showing reduction in torque.
The green curve shows ideal alignment which exhibits a near zero torqgue.
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Data taken from measurements similar to the green curve shown in Figure 2.7
above are used in the calculation of the magnetostriction. To obtain the overall
magnetostriction in thin film samples, magnetic fields were applied parallel and
perpendicular to cantilever’s long axis and the resulting displacement are measured
separately. Recent studies carried out on cantilever unimorphs have used the

formulation of Lacheisserie to calculate magnetostriction>#%>%

, the same technique
is used here. According to the Lacheisserie model, the raw parallel (D)) and
perpendicular (D,) displacements from measurements with two field directions can be

converted to a magnetoelastic coupling constant (b) through the expression of du

Tremolet de Lacheisserie and Peuzin®®:

b= (Dy—D, )*Esxt?
3%E px L2+t £+ (1+v5)

(1.9)

Here L is the sample length, E; and Es are Young’s moduli of the film and substrate, t
and ts are their respective thicknesses, and v and vs are their respective Poisson's
ratios. Djjand D, represent the displacement measured when the field is applied along
the length and perpendicular to the cantilever, respectively.

The effective magnetostriction constant (Aerr) Can then be calculated from the
magnetoelastic coupling constant by taking the ratio of the magnetoelastic coupling
(b) with the shear coefficient (c) of the film, and the formula for magnetostriction

becomes:

1 _ 2(Dy—D)EstZ(1+vy)
eff T 9E;L2t;(1+vy)

(2.0)
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The Aetr convention used reflects the fact that the measured overall magnetostriction is
a convolution of the cubic constants (Moo and Aq11) Since the films studied here are
either polycrystalline or textured.

For the case of polycrystalline samples the effective magnetostriction is given

by>%:
2 3
Aepr = §/11oo + §/1111 (2.1)

and the formula for a 110 textured sample is given as®*:

1 4
Aepr = §7L1oo + 5/1111 (2.2)

where A1gp and Aj11 are the cubic constants.

2.4.1: Measuring Young’s modulus of the films

The elastic modulus (Ex) of the films is calculated by measuring the frequency
of the first flexural mode of just the Si cantilevers, and then with the film deposited
using a laser doppler vibrometer. This technique used to determine the Young’s
modulus of the films is similar to the one used in reference®. To account for non-
uniformities in the Si cantilever thickness which resulted from the release procedure
and estimated to be 0.01 um, an effective thickness was calculated using Euler-
Bernoulli beam theory®*. Using the calculated thickness, the modulus of the

deposited films can be determined from the following equation:
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where E, h, p are the modulus, thickness, and density, respectively with subscript s
and f denoting properties of the substrate and film respectively. The ratio of f,, and
fpi is not fully simplified to show the full forms of the frequency equations where L is
the length of the cantilever and k; is the eigenvalue for the flexural mode (3.516 for
the first mode). Error bars were calculated using the 95% confidence intervals for the
Lorenzian fit of the resonant peaks at fu, and fy;. The extracted Young's modulus is

then used to calculate A using equation (1.9).

2.5: Wave dispersive spectroscopy

The composition distribution of the combinatorial thin-film samples were
accurately mapped using wavelength dispersive spectroscopy (WDS) on an electron
microprobe (JXA-8900R). WDS is a non-destructive x-ray spectroscopic method for
determining the atomic percentages of elements in unknown specimens. WDS is a
widely used microprobe technique for obtaining quantitative composition analysis.
The basic principle of this technique is that a focused electron beam (30 microns
diameter) penetrates the unknown sample, and part of the energy of the incident

electrons scatters as characteristic x-rays of particular elements. These emitted x-rays
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which have a different wavelength depending on the elements present are filtered
through selected x-ray spectrometers and analyzed. By detecting characteristic
wavelengths of different elements, quantitative identifications of elements can be

performed.

Phase diagram

3’ spread wafer

WDS mapping

Figure 2.8 llustration of the WDS mapping from a natural composition spread.
left) projected areal coverage from 3 sputtering targets onto a 3" wafer, right)
composition mapping via WDS onto a ternary phase diagram.

An example of the use of WDS to map regions of a ternary system is shown
above in Figure 2.8. In this example, A, B, and C are three different elements. Each
point on the composition spread wafer spread A-B-C has a different atomic
percentage of each element. Each composition data point is projected onto a ternary
A-B-C phase diagram. Phase diagram makes it easier to visualize hundreds of

compositions and their characteristic properties.
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2.6: Structural Identification

The crystal structures of the films were characterized via synchrotron X-ray
micro-diffraction and high resolution transmission electron microscopy. In the next

few pages | will discuss these very important characterization techniques.

2.6.1: Synchrotron microdiffraction

Synchrotron micro-diffraction is an X-ray analysis tool which uses
synchrotron radiation emitted by relativistic electrons in a cyclotron (high intensity
X-ray) to study structural details of materials. The lattice parameters of the thin film
samples in this study were characterized using synchrotron X-ray micro diffraction at
the 11-3 beam line at the Stanford Synchrotron Radiation Lightsource user facility at
the SLAC National Accelerator Laboratory. In these studies (Figure 2.9), each
diffraction measurement was recorded at room-temperature on an image plate
detector (MAR 345) with an exposure time of 30 seconds, long enough to obtain
sufficient diffracted intensity for complete lattice parameter analysis. The beam size
was focused to 15x15 um?, the photon energy used was 12.7 keV, and the incident
angle (o) of the beam was set at 5°. Figure 2.10 shows a picture of the inside of the
hutch, where all measurements were performed. The diffraction peak positions of the
raw data were normalized using the National Institute of Standards and Technology
CeO, standard powder. High resolution d-spacings were extracted from the integrated
diffraction patterns of the different compositions using fit2d software

(wwwe.esrf.eu/computing/scientific/FIT2D/. To identify the detected phases,
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comparisons were made to databases of known phases using Pauling Files binaries,

DIFFRACPLUS software from Bruker, and the Pearson’s Crystal database.

MAR 345
imaging
plate
Cantilever library

E =13keV

to detector

movablexyz § \ \W B \\

sample stage

Figure 2.10 Actual picture of the inside of the hutch at the user facility of
Stanford Synchrotron Radiation Lightsource of SLAC.

44



2.6.2: Transmission electron microscopy

Transmission electron microscopy (TEM) is performed on as-deposited and
annealed films to determine their microstructure. All investigations were carried out
on a JEOL TEM-3010UHR microscope operated at 300 kV. High resolution d-
spacings are extracted from the integrated diffraction patterns of the different
compositions.

In principle, a TEM operates much like an optical microscope except that
optical microscopes use light sources and glass lenses, while TEMs use electron
sources and electromagnetic lenses. During operation, electrons are emitted from a
filament at very high accelerated voltage (100 kV — 1000 kV) then focused through a
high resolution set of condenser lenses onto the specimen. The electron beam is
scattered by the specimen and the diffracted beams are brought into focus by an
objective lens on a focal plane to form a diffraction pattern. Some of the common
diffraction imaging techniques are: conventional imaging (bright-field and dark-
field), selected area electron diffraction (SAED), convergent-beam electron
diffraction (CBED), phase-contrast imaging (high resolution TEM, HRTEM), and Z-
contrast imaging.

In addition, to the diffraction and spatial imaging, spectroscopic techniques
such energy-dispersive x-ray spectroscopy (EDS) and electron energy-loss
spectroscopy (EELS) can be performed. The latter techniques use the electronic
excitations of the atoms in the specimen. In this work, bright-field and dark-field
imaging, SAED, and TEM was used to characterize the microstructures, and EDS

was used to study the chemical compositions in the films.
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2.6.3: Scanning electron microscopy (SEM)

Since the thickness of the magnetic layer influences the bending motion of the
cantilevers which affects the saturation magnetostriction, it is very important to get an
accurate measurement of the film thickness. To this end, the film thicknesses of the
composition spreads were measured using cross-sectional scanning electron
microscopy (SEM). The cantilevers were broken off at their bases and inserted into
the SEM tool with the broken end exposed to the electron gun. The electron probe
scans across the cross-section to the cantilever to give high resolution image such as
that seen in Figure 2.12. In this figure, the magnetostrictive film, the insulating layer
(Si/Si02), and the substrate (Si) can be clearly seen. All measurements are carried out

on a Hitachi SU-70 ultra-high resolution analytical SEM equipment.

Figure 2.11 Actual SEM image taken from a magnetostrictive thin film sample.
Here, the magnetostrictive film, the insulating Si/SiO2 and substrate are clearly
visible.
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Chapter 3 Magnetostriction in Fe-Ga alloys

Overview

This chapter discusses magnetostrictive properties in rare-earth free Fe-Ga
alloys. Fe-Ga was one of the first Fe-based alloys to show promise as large
magnetostrictive material. This also serves as one of the motivations behind
investigating magnetostriction in other alloys such Co-Fe which will be discussed in
the following chapter. It begins with a brief introduction to the Fe-Ga alloys and in
particular how the discovery of Galfenol has inspired other research. This is followed
by a discussion on thin-film magnetostriction in Fe-Ga, followed by results on
magnetization and microstructural studies on Fe-Ga thin films. This study on Fe-Ga

thin films is an extension of Jason Hattrick-Simpers PhD thesis (2007) work.

3.1: Introduction to Fe-Ga binary alloys

Single crystal iron (a-Fe) at room temperature has a body centered cubic
(BCC) wunit cell which is equivalent to an A2 disordered structure in the
strukturbericht notation®. In an A2 structure, each lattice point has a compositionally
weighted equal probability of having an iron or gallium atom. The bulk Fe-Ga phase
diagram (Figure 3.1b) shows that the a-Fe or A2 phase exists up to 12 atomic percent
Ga while the a-FesGa (L1,) ordered FCC phase exists between 25 and 30 atomic
percent Ga>>. The region between 12 and 25 atomic percent Ga consists of a mixture
of these two phases. Other phases such as D03 (ordered FCC), B2 (ordered BCC), and

B-FesGa (D0yo) only exists at temperatures above 650 °C. Extensive work on the Fe-
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Ga phase diagram showed that the structural properties of these alloys are thermal
history-dependent, they display complex meta-stable phases which influence their
magnetic properties®®®, For more details on the Fe-Ga phase diagram, all is referred

to Ref®.

3.2: Magnetostriction in Fe-Ga alloys

Bulk
R. C. Hall showed that substitution of Al for Fe leads to increase

magnetostriction of more than five times that of pure Fe*®. Clark et al later found that
alloying Fe with 20 at.% Ga in single crystal Fe;xGay alloys yields an even larger
magnetostrictive tetragonal strain of 3/2 Ajp0 > 400 ppm (Figure 3.1a). The quantity
Moo IS the magnetostriction coefficient with the field applied in the [100]
crystallographic direction of the sample®. These alloys also show good mechanical
properties at low fields®. Such characteristics have made Fe-Ga alloys attractive
alternatives to existing rare-earth based magnetostrictive materials such as Terfenol-
D, which despite its large magnetostriction > 1000 ppm’, has large
magnetocrystalline anisotropy and low workability due to its brittleness.

One of the striking features of the FeygGag, alloy is the phase condition under
which enhancement in magnetostriction occurs: a disordered body-centered-cubic
(bee) a-Fe (or A2) phase formed due to quenching is in metastable equilibrium with a
D05 (ordered bcc) phase®®. A proposed model for magnetostriction in FeyxGay
suggests that the D03 nanoclusters embedded in the A2 matrix give rise to a magnetic

field induced rotation leading to the large magnetostriction®.
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Figure 3.1 Magnetostriction in bulk single crystal Fe-Ga alloys®? and a portion of
the Fe-Ga phase diagram® showing that the peak in magnetostriction occurs at
the phase boundary of D03/A2 phases.

It is quite remarkable that substituting non-magnetic Ga atoms for Fe can
induce such an enormous magnetostrictive strain, to more than ten-fold increase from
that of pure Fe (Ai00 ~25 ppm for pure Fe to Aigo > 400 in FepgGag,). While the
investigation continues as to whether the mechanism of magnetostriction is
conventional Joule magnetostriction due to spin-orbit coupling®®® or driven by a
structural change®®, applications of Fe-Ga for sensing and transducers are being

explored’®™. However, these alloys are known to display fatigue rather easily’"®
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and thus strain minimization is important. This is particularly true for thin films
where strain-free growth is desirable’®.

To address this issue in thin films, we investigated the magnetic and structural
properties of Fe;Gay, (0 < x < 45) films grown on Si/SiO, substrates and
demonstrated that films can be grown with minimal stress while still exhibiting
reasonably large magnetostriction. Composition spread thin films of Fe-Ga where the
composition continuously change were co-sputtered using a pure Fe target and an
intermetallic Fe,Gas target, at 75 and 40 W, respectively in an ultra-high vacuum
sputtering chamber described in Chapter 2.2. The binary composition spreads were

deposited on arrays of Si/SiO, cantilevers at room temperature. In this study no post-

deposition annealing was carried out.

Thin films

Magnetostriction measurements on as-deposited Fe-Ga binary composition
spread alloys were performed using the cantilever method described in Chapter 2.3.
Each cantilever is 10 mm long, 2 mm wide, and approximately 70 um thick. Only the
first three rows of the composition spreads were measured to ensure film thickness
uniformity in the cantilevers. Displacement measurements were recorded for
magnetic fields applied parallel (Dpara) and perpendicular (Dperp) to each sample.
Figure 3.2 shows the displacement profiles obtained from the two field direction for
the entire spread at different at.% Ga. The values from the Dpara-Dperp plot were

inserted in equation (2.0) to calculate the effective magnetostriction. Figure 3.3 shows
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the results of the effective magnetostriction measurements as function of atomic
percent gallium in the cantilever sputtered thin films. The figure shows two plots of
highly reproducible data taken from different wafers over a one year time frame. As
seen, two peaks of magnetostriction at high Ga contents are present at ~ 24 and 34
at.% Ga. Though the peak positions are slightly shifted from those reported in bulk,
these results are consistent with previous thin film results using an identical

technique®®°

, and have already been shown to correlate well with the bulk
compositional trends®. 1 will not focus much on the magnetostriction aspect of these
Fe-Ga films as extensive work has been carried out by Hattrick-Simpers (2007 PhD

Thesis), but rather | will discuss the magnetization and structural properties which

provides useful and important parameters for their applications.
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Figure 3.2 Cantilever displacement profiles for magnetic field applied in two
directions: parallel (Dpara) and perpendicular (Dperp) to the samples. The
values from (Dpara-Dperp) was used in equation (2.0) to calculate the effective
magnetostriction.
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Figure 3.3 Compositional dependence of magnetostriction of Fe-Ga thin film
alloys. Results from two different wafers made 1 year apart are shown indicating
good reproducibility in the experiment.

3.3: Magnetization

The magnetization in the Fe-Ga films was measured using a vibrating sample
magnetometer (VSM). Hysteresis loops of the films were taken at each composition
and the measured magnetic moment values is converted to magnetization. Figure 3.4
shows the magnetization results of the Fe-Ga films along with bulk data®. As seen
from the figure, the magnetization value remains high and close to that of pure Fe
(bulk ~1740 emu/cc) with up 15 atomic percent Ga substitutions, after which the
magnetization decreases sharply with increasing Ga content. The lower magnetization
of the thin films data might be due pinning of the magnetic moments which is caused
by grain boundaries and defects. However, in a qualitatively manner the trend of the

thin-film is similar to that of the bulk.
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Figure 3.4 Comparison of magnetization in bulk and thin-films. Bulk data was
taken from Ref®".

3.4: Microstructure of Fe-Ga films

To investigate the microstructure in the films, we have performed high-
resolution synchrotron X-ray micro-diffraction measurements on as-deposited
samples with gallium content between 19 and 43 %, as shown in Figure 3.5. Previous
thin film studies on Fe-Ga have shown that the sputtered films are polycrystalline,
with slight evidence of [100] texturing, having grain sizes of about 30 nm*®. From the
figure, there are two strong reflections at 20 = 24 and 41 degrees, corresponding to
bce (110) and bec (200) peaks, respectively, for > 25 at.% Ga. At these Ga
concentrations, the ordered DO3 and B, phases are more pronounced. Above 25 at.%

Ga, we see the emergence of an ordered phase with (111) reflection at ~ 26 = 33
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degrees. The onset of this ordered phases corresponds with the peak in
magnetostriction (0 at ~ 25 at.% Ga ®"’. However, there is no apparent structural

correlation with the other known maximum in magnetostriction at Ga at.% ~ 34.
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Figure 3.5 Synchrotron X-ray micro-diffraction patterns for different at.% Ga
compositions in Fe-Ga thin film samples.

3.6: Conclusion

In summary, we have grown Fe;.,Gay films on Si/SiO; and investigated the magnetic
and structural properties by combinatorial methods. We found that the nearly zero
stress observed at ~ 35 at.% Ga is coincident with the minimum in the tetragonal

elastic modulus c’, which gives rise to a local maximum in the magnetostriction A ~
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100 ppm as a function of at.% Ga. Synchrotron diffraction measurements showed that
for at.% Ga > 25, the emergence of the ordered DO3 phase is responsible for the
maximum in magnetostriction. The observation of strain-free high-magnetostriction
films not only presents many opportunities for practical applications but can also be

used to provide insight into the physical mechanism of the phenomenon.
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Chapter 4. Magnetostriction in Co-Fe binary alloys

Motivation

Since the discovery of large magnetostriction in Fe;4Gay alloys a decade ago,
intense research have been dedicated to deciphering the origin of its unusually large
magnitude. Although these alloys show good mechanical properties at relatively low
fields® as compared to large magnetostrictive high field Terfenol-D, they are still
quite brittle. These facts sparked considerable research effort to alloy Fe-Ga with a
suitable ternary element in hopes to increase its workability. One of the striking
features about the FeggGag» alloy is the phase dynamics under which enhancement in
magnetostriction occurs: a disordered body-centered-cubic (bcc) a-Fe (or A2) phase
is in metastable equilibrium with a DO; (ordered bcc) phase®. A proposed model for
Fe;.xGay suggests that the DOz nanoclusters embedded in the A2 matrix give rise to a
magnetic field induced rotation leading to the large magnetostriction®. Also, in the
previously studied Fe-Al alloy system, a significant increase in magnetostriction was
observed in compositions at the D03/A2 phase boundary.

An emerging trend then is that magnetostriction enhancement in some Fe-
based systems occurs for compositions near structural phase boundaries®. It is of
fundamental interest to identify new alloys with large magnetostriction and to help
understand the origin of magnetostriction enhancement. Here, we investigated the Co-
Fe system with a focus on the (fcc+bcc)/bee phase boundary around the Cog 75Fep 25

composition.
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4.1: Introduction to Co-Fe thin film alloys

The bulk Co-Fe phase diagrams®*®* (Figure 4.1), show that the o-Fe bcc
phase exists at higher temperatures for all compositions. At temperatures lower than
912 °C and Co concentrations > 50 at.%, the bcc phase intersects with a mixed phase
region of face-centered-cubic (fcc) Co and bcc Fe phases. Applying the scenario
described above for the FepsGag, alloy, it is at this (fcc+bcc)/bee boundary that the

enhancement of the magnetostriction would be expected to occur.
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Figure 4.1 Co-Fe phase diagram®® showing the mixture phases and single phases.
The red solid line indicates the phase boundary where enhancement of
magnetostriction is expected to occur.

Early bulk studies introduced the Co-Fe alloy system as a highly

magnetostrictive material, exhibiting two peaks of magnetostriction; one at the

85-86

Cop7Feps and the other near the equiatomic compositions of Fe and Co™™. Later
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experiments by Hall on bulk single crystal FesoCoso alloys suggested that the
increase in magnetostriction was due to a near zero anisotropy and strong B2 ordering
that develops during processing of the alloy®®®’. Since then, several studies on alloys
of the 50:50 composition in bulk and thin films have been reported® %2188 pyt
very little attention has been given to the other compositions. In a recent bulk
experiment (unpublished), As;;z of 150 ppm was achieved in a post annealed
homogenized arc-melted Cog;Feos alloy®, igniting interest in this alloy’s high

magnetostrictive potential and leading to the present investigation.

In this work, we investigated the magnetostrictive and micro-structural
properties in CoixFex alloy thin films prepared using the combinatorial composition
spread approach. High-throughput measurements were performed on as-deposited
and annealed (cooled at different rates) composition spread films spanning a

composition range from CoggFeg 1 to Cog1Fegqto study their magnetostriction.

4.2: Thin- film preparation (As-deposited and annealing)

Co-Fe thin film composition spread samples were fabricated in a manner
described in Chapter 2.2. Pure Co and Fe targets were deposited at room temperature
on cantilever substrates to obtain composition variation as shown in Figure 4.2. Some
of the samples were annealed at 800C for 1hr then slow-cooled or water-quenched to
achieve annealed samples. As previously reported in single crystal bulk Fe-Ga,

annealing can lead to significant enhancement in the magnetostrictive properties.
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Figure 4.2 Illustration of Co-Fe thin-film composition spread. Top) shows the
targets and projected coverage area of binary composition spread. Bottom)
composition variations as one traverse the diameter of the wafer.

4.3: Magnetostriction results on Co-Fe thin film alloys

The measured effective magnetostriction as a function of atomic composition
for the as-deposited state (black circles), and two references of previous work is
shown in Figure 4.3. The room temperature as-deposited composition spread shows
that as Co is substituted for Fe, two composition regions with enhanced

magnetostriction appear. The first region is centered around the well-studied
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CogpsFeps composition and reaches a maximum magnetostriction of 67 + 5 ppm at
Cog.44Feg 56, While the maximum value of the second enhanced region is 84 + 5 ppm
near Cog 73Feo 27, in the vicinity of the phase boundary of (fcc+bcc)/bec of the Co-Fe
phase diagram shown in Figure 4.1. This composition trend is similar to the one
reported for bulk materials where two peaks of magnetostriction were observed near
the CogsFeos and Cop7Feqs compositions®*. The magnetostriction value of 67 ppm
obtained for our CogsFegs films is in good agreement with previous polycrystalline
thin film® and bulk® reports as shown in Figure 4.3.

Figure 4.4 shows the magnetostriction as a function of atomic percent Co after
two thermal treatments; one which was annealed for 1 hour at 800 °C and slow-
cooled (blue circles), and the other which was annealed for 1 hour at 800 °C and
water-quenched (red circles). The as-deposited composition spread is also included
for comparison. The annealed and slow-cooled spread (blue circles) shows a
significant increase in magnetostriction over the majority of the composition range
studied here, and the two broad peaks of magnetostriction observed in the as-
deposited sample have now shifted to lower Co content by a few at.%. The maximum
magnetostrictions are now 103 £ 6 ppm and 156 + 7 ppm for compositions of

Cop 4Feps and CogssFeo 34, respectively, in the slow-cooled spread.
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Figure 4.3 Magnetostriction in CoixFex alloys, of as-deposited films and
comparison with an earliest bulk report®™ and recent thin film reports®. As seen
from the figure, our thin-film data agree well with previous results.

Annealing and quenching the spreads (red circles) leads to an even larger
enhancement in magnetostriction over a large composition range. There are two
noticeable features about this heat treatment. First, starting from about Cog 1gFeo g, as
more Co is substituted for Fe, the magnetostriction increases steadily up to 180 ppm
and a broad plateau is observed in magnetostriction for compositions between 38 and
56 at.% Co. Upon further increase in Co content, the magnetostriction value rises to
an unusually high level between 60 and 75 at.% Co with a maximum
magnetostriction of 260 + 10 ppm at the CogesFepss composition. Beyond
Coo.75Fe0.25, the magnetostriction drops precipitously as more Co is added and
becomes negative at compositions > 82 at.% Co. At the CoggsFeo.34 cOmposition, the

magnetostriction of the annealed and water-quenched sample is more than three times
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the as-deposited value. Two repeat experiments with the same thermal processing
have resulted in the same magnetostriction values across the spread. We have
confirmed that the composition distribution across the spread remains unchanged
after thermal treatment. A comparison plot of the magnetostriction and the

corresponding phase diagram is presented in Figure 4.5.
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Figure 4.4 Magnetostriction in CoixFex alloys from different synthesis
conditions. black) as-deposited, blue) annealed and slow-cooled, and red)
annealed and water-quenched.

62



Co Atomic Percent Cobalt Fe
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Figure 4.5 a) Magnetostriction vs. atomic percent cobalt for Co;.«xFex composition
spreads with three heat treatments: as-deposited (black dots), annealed and
slow-cooled (blue dots), annealed and water-quenched (red dots). The two dotted
lines indicate the compositions of maximum magnetostriction for the as-
deposited and annealed samples. b) Co-Fe phase diagram. The thick red solid
line indicates the (fcct+bcc)/bcc boundary at which the enhancement of
magnetostriction was found to occur.
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4.4: Microstructure of Co-Fe thin films

The microstructure in the present Co-Fe films were determined using a variety

of techniques. These results are discussed in the next few sections.

4.4.1: Synchrotron micro-diffraction

To explore the structural origin of this enhancement in magnetostriction,
synchrotron X-ray micro-diffraction was carried out on the three composition spreads
to map their phase distribution. Figure 4.6 shows density plots of the measured d-
spacings as a function of atomic composition for the (a) as-deposited, (b) annealed
and slow-cooled, and (c) annealed and water-quenched samples. In Figure 4.6a (as-
deposited spread), a dominant a-Fe (110) phase spans almost the entire Co-Fe
composition range studied here. The bcc phase is maintained to compositions with Co
concentration as high as 90 %. However, near 78 at.% Co, a weak reflection between
d~2.05 A and d ~2.10 A, corresponding to the fcc (111) reflection of fcc p-Co begins
to appear. The two phases co-exist (mixed phase) over a few at.% Co concentration as
indicated in the figure. Note that the composition where the $-Co (111) peak first
appears (Co 78 at.%) is coincident with the composition that shows the largest
magnetostriction in the as-deposited film (Figure 4.3).

Figure 4.6b shows the diffraction data for the same composition spread after it
was annealed at 800 °C and slow-cooled. The peak near 2.01 A that was prominent in
the as-deposited state remains, but the full width half max value for the reflection is
half of the as-deposited value, indicating a well crystallized bcc (110) phase peak.

However, the most striking feature in this figure is the fcc (111) p-Co peak at d ~2.05
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A. This peak which was weak and broad in the as-deposited state has now evolved
into a well pronounced peak and extends further into the Fe-rich region (up to 30 at.%
Fe). The growth of this fcc phase during the anneal has resulted in a broader
composition region of two-phase mixture compared to the as-deposited state. More
importantly, there is a shift in the (fcc+bcc)/bee phase boundary to lower Co content
(= Co 66 at.%), and this composition is again coincident with the composition which
shows the highest magnetostriction (Figure 4.4).

Figure 4.6¢c shows the density diffraction plot of the annealed and water-
quenched composition spread samples. In structure, it mirrors the slow-cooled spread,
and a well defined (111) B-Co peak overlaps with the (110) a-Fe peak to create an fcc
Co + bce Fe phase mixed region, and the phase boundary is shifted to approximately
66 at.% Co. This result closely follows the Co-Fe phase diagram (Figure 4.5) in
which the red-line indicating the (fcc+bcc)/bec phase boundary trends towards lower
Co content as the temperature is increased. The key finding here is that in the slow-
cooled and the quenched spreads, the maximum enhancement of magnetostriction
occurs at the (fcct+bcc)/bee phase boundary which is where the fcc phase first
appears. The peak seen in all three spreads at 2.10 A results from an oxidized thin
surface layer of CoO (Tyn = 287 K), which does not contribute to the room

temperature magnetic properties discussed here.
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Figure 4.6 Synchrotron microdiffraction of a) as-deposited, b) annealed and
slow-cooled, c) annealed and water-quenched composition spread samples. The
diffracted intensity is presented in color code to the right of each plot. The red
line marked “Amax” in each spread indicates the approximate composition of the
(fcctbec)/beec phase boundary. This is also the composition of maximum
magnetostriction.
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44.2: TEM

To elucidate further correlation between the crystal structure and the
magnetostriction properties, three magnetostrictive Co gsFe 34 composition thin film
samples (as-deposited, slow-cooled, and quenched) were analyzed by transmission
electron microscopy (TEM). A low magnification cross-sectional image of this

sample is shown in Figure 4.7.

bcc [11'1]

Figure 4.7 Low magnification cross-sectional TEM image of a Co-Fe sample.
The image shows the film, insulating layer, and Si substrate.

Figure 4.8a shows a dark-field image of the (011) reflections from the selected
area electron diffraction (SAED) pattern (Figure 4.8b) of the as-deposited sample.
The image shows a microstructure consisting of randomly oriented nano-sized
polycrystals of an average grain size ~ 10 nm. The SAED pattern of Figure 4.8b

reveals diffraction rings indicative of the random crystallographic orientations of the
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nano-grains of the as-deposited state. All diffraction rings are identified as that of a
bcc structure consistent with the synchrotron data in Figure 4.6a.

Figure 4.8c and 4.8d is a bright-field image and the SAED pattern,
respectively, of a sample which was quenched following an anneal at 800 °C.
Compared with Figure 4.8a, Figure 4.8c shows a much coarser structure with grain
sizes up to ~ 100 nm. The corresponding SAED pattern taken over a large area
shows that in addition to the expected bcc reflections, a second phase is present.
Detailed SAEDs from individual grains labeled "A" and "B" in Figure 4.8c of the
annealed sample were identified to be bcc (Figure 4.8e) and fcc (Figure 4.8f),
respectively. Further analysis by EDS (not shown) on theses grains revealed that the
bcc phase is Fe-rich and the fcc phase is Co-rich, consistent with the Co-Fe phase

diagram and synchrotron results of Figures 4.5b and 4.6c, respectively.
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bcc [011] Nrecor1y-

Figure 4.8 TEM images of CoggsFeos4: a) (110) dark field image of as-deposited,
b) SAED of as-deposited, c) bright field image of annealed, d) annealed SAED
pattern of (c) using ~ 1.5 micrometer diameter aperture showing the mixture
structure of bcc and fcc phases, €) [011] bcc diffraction pattern from grain “A”
in (¢), and f) [011] fcc diffraction pattern from grain “B” in (c).
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To better understand the relationship between the cooling process and the
magnetostriction properties, a detailed TEM analysis was performed on individual
grains from both slow-cooled and quenched samples. Figure 4.9a displays an image
of a bcc grain from the slow-cooled sample with a composition of CogesFeo34 and a
Aett OF 156 ppm. The four weak inner reflections in the SAED pattern of this grain,
shown in Figure 4.9b, indicates a beam direction of [001] onto a highly ordered B2
structure. In contrast, the image and SAED pattern (Figure 4.9c and 4.4.2-3d) of a
quenched sample of the same composition whose A IS 260 ppm shows no diffracted
[100] spots and thus no evidence of ordering. This demonstrates that ordering
suppresses magnetostriction and is the reason for the reduced magnetostriction

observed in the slow-cooled samples as compared to the water-quenched samples.
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Figure 4.9 TEM of CopgsFeoss grains from the slow-cooled (a and b) and
guenched (c and d) heat treatments. The bright field images (a and c) show the
location of the corresponding SAED patterns (b and d). The [001] pattern from
the slow-cooled grain (b) shows a typical bcc pattern with the addition of four
dim [00] reflection that indicates B2 ordering. The absence of the [100]
reflection in the [011] SAED pattern of the quenched grain indicate the grain is
disordered.
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4.4.3: Atomic Force Microscopy (AFM)

Atomic force microscopy was used to probe the topography of the Co-Fe thin
films in an effort to provide some topological information about the film surfaces.
Figure 4.10 shows the image of an as-deposited sample of CoggsFepss atomic
composition. It shows a very fine almost amorphous type grain structure, consistent
with the TEM results presented earlier. It is obvious from the figure that this fine
grain structure resulted in a smooth surface as shown. The root mean square (RMS)

roughness of the as-deposited is estimated to be less than 1 nm.

10.0 nm

0.0 nm

Figure 4.10 AFM of an as-deposited CoggsFeoss thin film sample. The image
shows a smooth surface and a very fine grain structure almost amorphous in
nature.

Similar measurements were performed on annealed (slow-cooled and water-

quenched) samples. Figure 4.11 shows that annealed samples have much coarser

72



grains and thus a rougher surface than the as-deposited which is again consistent with
the TEM analyses reported earlier. We also see that there is a substantial difference
in the grain sizes between the slow-cooled and the quenched samples. This leads to
almost twice the roughness of the water-quenched samples (RMS ~ 30 nm) over

slow-cooled samples (RMS ~ 16 nm) of similar compositions.

100 nm

0Onm

150 nm

0nm

CoggcFeg 34 (Water-quenched)

Figure 4.11 AFM of slow-cooled and quenched Cog gsF€o.34 thin film samples. The
images show a substantial difference in smoothness between the two different
heat treatments. The quenched sample is almost twice as rough as the slow-
cooled sample of same composition.
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4.5: Magnetization studies on Co-Fe thin films

The magnetic hysteresis loops of the as-deposited and annealed and water-
quenched thin film samples were measured at room-temperature using a vibrating
sample magnetometer (LakeShore7410 VSM system). Figure 4.12 shows the in-plane
magnetization M/M; vs applied field curves from a CoggsFeo34 as-deposited and
annealed and quenched film. It is clear from the figure that this quenched film
saturates well below 0.01 T. We also observe significant reduction in the coercive
field as well as rounding of the M-H curves upon annealing and quenching of the
film. Compared to the as-deposited film, the quenched film displays a much smaller
coercive field of 50 Oe. This is consistent with the heterogeneous magnetostriction
model that an applied field leads to reconfigurations of fct microdomains and the bcc
magnetic domains resulting in reduction of the coercive field.

Using the “butterfly” curves presented in Chapter 2.4 of the magnetostriction
plots, we were able to extract the coercivity in the as-deposited and slow-cooled
spreads. This was done by taking the difference in magnetic field at peak-to-peak in
at each composition. Figure 4.13 shows the coercivity mapped as a function of
composition for the as-deposited and annealed and slow-cooled films. As the figure
indicates, there is more than 50% reduction in the coercivity of the slow-cooled over
as-deposited samples over majority of the composition. The annealed and quenched
sample (not shown) shows even lower coercive field than the slow-cooled which is
consistent with the results obtained via the VSM method. Due to the strong
crystallinity of the quenched samples which results in smaller coercivity, it was

difficult to get accurate measurements using the method employed here. Therefore,
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only the as-deposited and slow-cooled samples, which have larger coercivity was
measured.
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Figure 4.12 In-plane M — H curves for as deposited and quenched CoggsF€o.34
thin films. It also shows the reduction in coercivity in the quench film.
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Figure 4.13 Difference in coercivity between the as-deposited and the annealed
and slow-cooled composition spread samples.
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4.6: Discussion

The substantial enhancement of magnetostriction in annealed Coj4Fey thin
film alloys observed here, particularly in the quenched samples, and dependence of
the microstructure on processing underscores the close tie between microstructure and
magnetostriction. It is remarkable that annealing the sample at a
temperature/composition close to the (fcc+bcc)/bcc phase boundary followed by
quenching would yield magnetostriction values more than three times that of its as-
deposited state. In Figure 4.5a, we see that the peak of magnetostriction shifts to ~7
at.% Co lower composition after annealing. Similarly, the (fcc+bcc)/bcc phase
boundary in Figure 4.6 shifts by about the same amount in the annealed spreads
indicating that the peak of magnetostriction is linked to this structural phase interface
in the composition space.

From Figure 4.6, we also see that the dominant phase at the (fcc+bcc)/bee
interface is bcc. The TEM data from Figure 4.8c and Figure 4.8d of an annealed
sample also confirm that the composition consists of the predominant bcc phase and a
secondary fcc phase. As discussed above, precipitation of the fcc Co-rich grains into
the bce a-Fe matrix is the cause of the increase in magnetostriction observed in the
annealed samples. This is analogous to the Fe-Ga alloy system where the maximum
magnetostriction is observed near the A2/DOj3 phase boundary at the composition of
FeosGag. In a recent report, a significant amount of DO3 nanoprecipitates dispersed
in the host A2 matrix was observed in Fe-Ga samples, and the DO3 nanoprecipitates
are believed to play a significant role in the enhancement of the magnetostriction®.

The interpretation is that coarsening resistant metastable martensitic clusters form
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when DOj precipitates equilibrate by undergoing a displacive transition, and it is
these martensitic clusters which lead to magnetostriction. It is likely that the Co-rich
precipitates in our Co-Fe films function in much the same way as the DOj3 precipitates
in the Fe-Ga alloys.

There is a strong dependency of the magnetostriction on the cooling process in
the present Co-Fe alloys. According to the Co-Fe phase diagram, the B2 phase exists
in the composition region between 28 and 78 at.% Fe. When slow-cooled, samples in
this composition space are expected to enter the B2 phase and become ordered as
clearly illustrated in Figure 4.9, and there is a substantial difference in
magnetostriction of the slow-cooled (B2-ordered) and water-quenched (disordered)
samples. Similar ordering dynamics was observed in Fe-Ga where a disordered solid
solution is the preferred phase for achieving large magnetostriction®.

In the case of FepgGag 2, martensitically transformed precipitates would act as
tetragonal defects embedded in the matrix ®. Their orientations can be rotated by
applying an external stress or a magnetic field. The magnitude of the resulting
magnetostrictive strains is dependent on the density of the precipitates in the matrix.

In our Co-Fe films, a similar scenario can be envisioned at the (fcc+bcc)/bcc
matrix boundary. The displacive transition would be bcc to fct (fcc). It is possible that
the bcc phase consists of coherently stabilized DOs™. It is the reorientation of the
tetragonal precipitates due to magnetic field that would give rise to the
magnetostriction observed here. From other TEM micrographs we have obtained
from the quenched Cog gsFe0.34, We estimate the volume fraction of the fcc precipitates

to be about ~ 3.4 x10. Multiplying this with the un-relaxed bcc/fcc Bain strain of
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0.30, which translates to magnetostriction upon reorientation, we arrive at an upper
limit magnetostriction value of 1400 x 10°. Since our annealed films are [110]
textured, the relationship of the effective magnetostriction to the cubic constants is

given by*%:

1 4
Aepr = 5/1100 + 5/1111 (2.4)

If we assume that the reorientation strain dominates, i.e. A111 << 100,

A100 = 5Agpp ~ 5 * 260 x 1076 = 1300 x 107 (2.5)

Thus, with a simple heterogeneous mixture model, we can obtain qualitative
agreement between the observed value of magnetostriction and the expected value
from reorientation of the precipitates.

We also observe significant reduction in the coercive field as well as rounding
of the M-H curves upon annealing and quenching of the film (Figure 4.12).
Compared to the as-deposited film, the quenched film displays a much smaller
coercive field of 5 mT. This is consistent with the heterogeneous magnetostriction
model that an applied field leads to reconfigurations of fct microdomains and the bcc
magnetic domains resulting in reduction of the coercive field. Additionally, we see a
drop in Young’s modulus at the onset of magnetostriction enhancement as a function
of composition in the quenched sample (Figure 4.14) as predicted in the model®®.

Young’s modulus was measured by the technique described in Chapter 2.4.1. These

observations together provide strong evidence that the proposed precipitate
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magnetostriction model for Fe-Ga maybe applicable here in the quenched Co-Fe

films at the (fcc+bcc)/bec structural boundary.
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Figure 4.14 Dependence of the Young’s modulus on Co composition for annealed
samples. The line fit shows that there is a drop in the Young’s modulus at the
onset of enhanced magnetostriction.

4.7: Conclusion

Giant effective magnetostriction in excess of 260 ppm was discovered in
annealed and quenched Co-Fe alloy thin film samples that were prepared using the
combinatorial composition spread method. Synchrotron microdiffraction and high
resolution TEM analyses suggest that an equilibrium fcc phase which formed during
annealing and precipitated into a host bcc phase is responsible for the enhanced
magnetostriction seen in the slow-cooled and quenched samples at the given
composition. This fcc phase appears as a weak reflection in the as-deposited samples,

but eventually evolves into a strong phase in the annealed samples to necessitates the
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structural accommodation. The substantial difference in magnetostriction of the
rapidly quenched sample and the slow-cooled sample is attributed to the ordering of
B2 from a high temperature phase in the slower cooled sample, while the rapidly
cooled one appears to retain its disordered state. This suggests that the formation of
B2 ordering depends not only on the composition of the high temperature bcc phase
but also on the rate of cooling.

The low field magnetostriction reported here is among the highest for a single
thin film alloy and is promising for micro-actuator applications. A larger implication
of the observed enhancement at the phase boundary and the striking qualitative
agreement between the overall properties of the Co-Fe quenched films and the
predictions of heterogeneous magnetostriction originally developed for Fe-Ga ® is
that the model can perhaps be extended as a guideline to explore compositions with
enhanced magnetoelastic properties in other material systems. These results also
suggest that perhaps if we could anneal/quench the Fe-Ga films, we can probably
obtain even larger A. However, we need to find a way to circumvent the problem
caused from the high vapor pressure of Ga atoms especially at elevated temperatures,

before our present technique can be employed.
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Chapter 5 Magnetostriction in other binary thin films

Overview

Since the discovery of the FepsGap, (Galfenol) alloy which exhibits
magnetostriction more than 10 times that of bulk Fe over a decade ago, Fe-based
metallic alloys have received considerable interest for magnetostrictive applications.
Though the mechanisms for the large increase is still not clear, the discovery raises
the possibility that perhaps other non-rare-earth alloying elements might also lead to
even larger magnetostriction than Galfenol. In addition to studies done on Co-Fe
alloys presented in Chapter 4, we have also explored some other systems that are of
interest.

In this chapter, | will present results on magnetostrictive properties of three
binary Fe-based alloys: Fe-Zn, Fe-W, and Fe-Mo that were investigated for the first
time using the thin film composition spread technique. I will begin with a brief
introduction, to be followed by the magnetostrictive and microstructural results that
were carried out in each system, starting with the Fe-Zn binary alloy system. To
conclude | will provide a comparison of all the interesting binary studies which were
performed using our technique. These results are by no means exhaustive, but aim to
serve as a precursor for future investigations. | should also mention that for all the
samples presented in this chapter, during the magnetostriction measurements, the
magnetic field was applied only in the parallel direction to the sample. Thus only the
D component was measured. It is well-known that in many Fe-based systems, D is
negative which means that (D| - D+) > Dj|. Since only D| was used in the calculation

of magnetostriction, the effective magnetostriction presented here is a lower bound.
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As seen in Fe-Ga plot of Figure 3.2, the qualitative values of D is a reasonable
reflection of the composition dependence magnetostriction in the spread, even though

the quantitative values are different.

5.1: Introduction to Fe-Zn binary alloys

The Fe-Zn phase diagram in Figure 5.1 shows the various phases present in
this system but more importantly it shows that Zinc has a large solubility in o-Fe at
elevated temperatures®. Fe-Zn alloys are of interest in the study of magnetostriction
in a-Fe base binary alloys for a number of reasons. Zn occupies a position next to Ga
in the period table, thus the effect of Zn on the magnetostriction in Fe could lead to a
better understanding of the mechanism(s) for large magnetostriction in certain Fe
alloys compared with pure Fe. In one report, Zn has been porously substituted for Fe
in the (Th-Dy)Fe-2 Laves phase compounds to study its effect on magnetostriction
which is known to decrease with increasing prestress®. In general, processing of Fe-
Zn alloys in bulk form is very challenging. The main issue is that the boiling point of
Zn (1179 K) is much lower than the melting point of Fe (1809 K)*, and this limits
processing temperatures to below 1179 K. The two metals cannot be melted together
because of the high vapor pressure of Zn. To date, Fe-rich Fe-Zn alloys have been
fabricated either by (i) vapor-phase transport and dissolution of Zn in Fe” or (ii)
mechanical alloying®, and recently by explosive compaction’. To the best of our
knowledge, there have not been any studies of magnetostriction in Fe-Zn thin films.

Here, we applied the combinatorial thin film approach to the Fe-Zn binary
alloys. Composition spread thin films of Fe-Zn where the composition continuously

changes were deposited in an ultra-high vacuum sputtering chamber with two
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magnetron sputtering guns oriented in a non-confocal geometry, the details of which
can be found in Chapter 2.2.2. To deposit binary spreads of Fe-Zn, a pure Fe target
and a pure Zn target were co-sputtered at 75 and 40 W, respectively on micro-
machined cantilevers held at room temperature as described in Chapter 2.1. In
consideration of the high vapor pressure known to exist in Zn, the cantilever samples
were post-annealed in vacuum at 300 °C and then slow-cooled. Magnetostriction
measurements are presented for as-deposited and vacuum annealed (300 °C) samples,

followed by some structural data obtained by X-ray diffraction and TEM.
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Figure 5.1 Fe-Zn phase diagram Ref®.

5.1.2: Magnetostriction in Fe-Zn thin films

Figure 5.2 shows the magnetostriction variation as a function of atomic

composition for the Fe;.xZn, composition spread film samples. Samples with up to 50
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atomic percent zinc was investigated. Two peaks of magnetostriction were observed
one at about ~7 at.% and the other at ~35 at.% Zn for the room temperature as-
deposited samples. The annealed samples showed a modest increase in
magnetostriction but the overall trend mirrors that of the as-deposited samples. The
largest peak in effective magnetostriction was 40 ppm observed at ~7 at.% in the
annealed sample. These results differ from the theoretical predictions of 3/2 Aipp >
200 ppm near 12 at.% Zn*. The difference can attributed to the clamping effect
imposed by the substrate and the fact that we only measured the D) component,

which would lead to lower bound magnetostriction values.
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Figure 5.2 Experimental results of magnetostriction in Fe-Zn thin film alloys for
as-deposited (black) and vacuum annealed (red) samples showing two small
peaks at ~7 and ~30 at.% Zn.
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5.1.3: X-ray diffraction in Fe-Zn thin films

To explore the structural properties, synchrotron X-ray micro-diffraction was
carried out on the two Fe-Zn composition spreads to map their phase distribution.
Figure 5.3 shows contour plots of the measured d-spacings as a function of atomic
composition for the (top) as-deposited and (bottom) annealed and slow-cooled Fe-Zn
samples. In the as-deposited spread, a dominant a-Fe (110) phase spans almost the
entire Fe-Zn composition range studied here. Figure 5.3 (bottom) shows the
diffraction data for the same composition spread after it was vacuum annealed at 300
°C and slow-cooled. The peak near 2.02 A that was prominent in the as-deposited
state remains, but the full width half max value for the reflection is half of the as-
deposited value, indicating a well crystallized bcc (110) phase peak. In addition, there
are few spots of high intensity ~ 2.1 A for 10 and 25 at.% Zn compositions likely a
result of Zn clustering.

To elucidate further correlations between the magnetostriction and structural
origins, two compositions of FepgsZngs and Feg75Zno2s samples were examined in
their as-deposited and annealed conditions using a D8 Bruker XRD equipment. Only
one peak at ~44.5 (2-theta) degrees which appears to be that of bcc Fe (110) phase
was observed in the two sets of samples as shown in Figure 5.4. From these results,
we see that the position of the bcc Fe phase peak shifts to lower 2-theta values at
higher Zn content. This suggests an enlargement of the crystal lattice which means

that Zn atoms are substituting Fe in these alloys.
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Figure 5.3 Synchrotron X-ray microdiffraction of two Fe-Zn composition
spreads. Top) as-deposited, bottom) annealed at 300 °C and slow-cooled.
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Figure 5.4 X-ray patterns of FepgsZnoos and Feg75ZNng 25 thin film samples. Red
plots) annealed sample, black plots) as-deposited.
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5.2.4: Micro-structural studies of Fe-Zn thin films

The microstructure of the Fe-Zn thin films were examined by TEM. Due to
the potential problems caused by the high vapor pressure from Zn atoms, it was
necessary to ascertain if the sputtering technique used here was capable of producing
good homogeneous films. Any segregation or clustering of Zn atoms would be
detrimental to our efforts. The goal of this microscopy study was therefore to
determine homogeneity of the Zn atoms in the bcc Fe matrix. Despite the modest
magnetostriction observed in these films, there is still great benefit in realizing
adequate techniques that can produce high quality films. Figure 5.5 and Fig 5.6 show

the TEM image of as-deposited and annealed Fep g5Zno s and Feg 752N 25 samples.

A b

5 1/nm

Figure 5.5 Bright-field image and SAED patterns for FeggsZngs thin films. a) as-
deposited bright-field image, b) corresponding SAED pattern, ¢) bright field
image for annealed sample, d) corresponding SAED pattern.
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Figure 5.6 Bright-field image and SAED patterns for Feg75Zno2s thin films. a)
bright-field image, b) corresponding SAED pattern, c) high-resolution image of
as-deposited sample. d) bright-field image e) corresponding SAED pattern, f)
high-resolution image of annealed sample.

5.2.5: Conclusion on Fe-Zn thin films

Fe1.xZnx composition spread film samples with x up to 50 % were fabricated
using the composition spread technique. Their magnetostrictive and microstructural
properties were analyzed in two sets of samples: one as-deposited and the other
annealed and slow-cooled at 300 °C. Magnetostriction variation as a function of

atomic composition showed two peaks one at about ~7 at.% and the other at ~35 at.%
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Zn. The largest peak in effective magnetostriction was 40 ppm observed at ~7 at.% in
the annealed sample. Synchrotron and conventional X-ray diffraction showed only
the o-Fe phase over all compositions studied. Despite the modest values of
magnetostriction observed, the TEM results of Figure 5.6 shows no segregation or
clustering of Zn atoms in the Fe matrix, suggesting that the fabrication technique

employed here is reliable for growing high quality homogeneous Fe-Zn films.

5.3: Fe-W and Fe-Mo binary alloys

5.3.1: Introduction to Fe-W and Fe-Mo binary alloys

As a part of our continued effort to explore other Fe-based systems which
could potentially give large magnetostriction, Fe-W and Fe-Mo binary alloys were
investigated. Similar to the Fe-Ga and Fe-Zn alloys discussed earlier, Fe-W and Fe-
Mo has an a-phase. They are non-ideal solid solutions and have non-random
distribution of solute atoms in the bcc parent lattice, which means they exhibit either
solute clustering or solute ordering*®. Strain modulations introduced due theses non-
random distributions of solute atoms can influence the magnetostriction.

Guruswamy et al'® studied the magnetostrictive behaviors of several
compositions of Fe-W and Fe-Mo single crystals. The bulk materials were grown
using vertical Bridgman technique, and post-growth treatment were performed. Table
3 shows a summary of the study. As is the case with most bulk synthesis techniques,

only a limited number of compositions can be produced in single crystal experiments.
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Table 3 Magnetostriction constant A1qo for various Fe alloy single crystals Ref*®.

Thermal history Magnetostriction

(3/2) A100 (x10)

Fe-15 at.% Mo Annealed at 1250 °C for 70 days 123
Fe-17.5 at.% Mo DG 24
Fe-17.5 at.% Mo Annealed at 1400 °C for 4 hrs 75
Fe-4.4 at.% W Annealed at 1400 °C for 4 hrs 97
Fe-10 at.% W DG 99
Fe-10 at.% W Annealed at 1500 °C for 2 hrs 122

Due its high-throughput and versatility, the combinatorial strategy was applied
to the Fe-W and Fe-Mo binary alloys. As shown in previous studies®®***°, this
technique is good at uncovering potentially interesting compositions which may have
been overlooked during bulk synthesis. Binary composition spread thin films of Fe-W
and Fe-Mo were fabricated in a manner similar to that described in Chapter 2.2.2. In

each experiment, pure Fe, W, and Mo targets were sputtered at 75, 35, and 50 Watts,

to make their respective binary spreads.

5.3.2: Magnetostriction in Fe-W and Fe-Mo thin films

Figure 5.7 shows the magnetostriction variation as a function of atomic
composition for the Fe; Wy composition spread film samples. The figure shows that
as more W is substituted for Fe, there is a monotonous increase in magnetostriction
from pure Fe up to about 10 at.% W with a maximum effective magnetostriction ~ 45
ppm. As more W is added, the magnetostriction decreases dips below that of pure Fe

at around 25 at.% W.
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Figure 5.8 shows the magnetostriction variation as a function of atomic
composition for the Fe;.xMoyx composition spread film samples. In this plot, there
appears to be no clear dependence of the magnetostriction on composition as the
values of the magnetostriction hovers around that of pure Fe (~ 25 ppm) up 25 at.%
Mo. From this plot, it appears that there might be a potentially interesting
composition at approximately 7 at.% Mo, which is the composition of largest
magnetostriction (~ 35 ppm) in this plot. Qualitatively the results reported here for the

Fe-W are consistent with previous bulk reports'®

where a peak in magnetostriction
was observed at 10 at.% W in bulk crystals. As discussed in the introduction of this
chapter, the effective magnetostriction values presented here on Fe-W and Fe-Mo thin
film spreads are lower bound, since only values of D was used calculation the

magnetostriction.
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Figure 5.7 Effective magnetostriction in Fe-W thin film alloys. The figure shows
maximum magnetostriction ~ 10 at.% W.
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Figure 5.8 Effective magnetostriction in Fe-Mo thin film alloys. The figure shows
maximum magnetostriction ~ 7 at.% Mo.

5.3.3: Conclusion on Fe-W and Fe-Mo thin films

Fe-W and Fe-Mo composition spread film samples were fabricated using the
composition spread technique. Magnetostrictive characterizations were performed on
both sets of spreads. The largest peak in effective magnetostriction was 45 ppm
observed at ~10 at.% W in the Fe-W spread while the Fe-Mo spreads did not show

any clear dependence of magnetostriction on composition in samples studied.

5.4: Comparison of different Fe-based binary alloy system

We compare the magnetostrictive values of the three a-Fe binary systems
which were studied in this thesis. Figure 5.9 shows the comparison of those
magnetostriction values for the different binary thin film composition spreads. As

seen in the figure, the Fe-Ga spreads show much larger magnetostriction values than
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the other samples. The Fe-W and Fe-Zn alloys only show modest magnetostriction

values.
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Figure 5.9 Comparison of magnetostriction in different Fe-based metallic thin
film alloys.
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Chapter 6: Magnetostriction in some ternary alloys

As stated previously in Chapter 3, the discovery of Galfenol has triggered
explorations of alloys to integrate in the Fe-Ga system in attempts to increase the
magnetostriction. This Chapter is a compilation of some of the promising ternary
systems which we have investigated using the co-sputter deposition technique. All the
results presented in this chapter were done on as-deposited samples with no post-
annealing. Also, no D1 measurements were done, which means that the

magnetostriction values are only lower bound.

6.1: Introduction to Fe-Ga-Zn ternary system

The embrittlement caused by large amounts of Ga has led to the study and
development of partially replacing Ga with a suitable ternary element. The goal of the
ternary element is to enhance the workability of the material especially in areas of
ductility while preserving its large magnetostriction. So far majority of the alloying
studies have been done with bulk materials where limited compositional sampling

and run-to-run errors can cause promising compositions to be potentially overlooked.

6.1.1: Fabrication of Fe-Ga-Zn thin-films

Using theoretical predictions based on density functional theory calculations,
Wu et al*® that postulated that there should be substantial magnetostriction at the
compositions of Fegg7sGag.os2 ZNoos2 in the Fe-Ga-Zn system (Figure 6.1), we applied
the combinatorial approach to investigate Fe-Ga-Zn ternary system. The deposition
technique is the same as described in the deposition of Fe-Ga binary but now we co-

sputtered with a third element, Zn. We co-sputtered pure Fe, pure Zn, and
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intermetallic Fe,Gas targets to create ternary composition spreads. The film thickness

was about 0.7 pum.
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Figure 6.1 Theoretical calculations of magnetostriction in FeggsGagosz ZNo.os2
bulk material. These calculations were generated using rigid band models based
on density functional theory Ref®.

6.1.2: Magnetostriction in Fe-Ga-Zn thin-films

Figure 6.2 shows the magnetostriction results of the ternary Fe-Ga-Zn thin-
films. Note that the maximum compositions for Zn and Ga is 50 at.%. The first
notable feature about this figure is that as one goes along the Fe-Zn binary
compositions, we see modest values of magnetostriction with maximum less than 40
ppm, which is consistent with the results obtained for the binary Fe-Zn. On the other
hand, the highest magnetostriction lies along the Fe-Gasy binary and the maximum
effective magnetostriction occurs for compositions close to 35 at.% Ga with < 2 % of

Zn addition. There is a slight increase in the magnetostriction value of the ternary Fe-
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Ga-Zn over binary Fe-Ga. Another important take away from this figure is the
unexpectedly large values of magnetostriction around FeogGagi1Zngs composition,

where the maximum magnetostriction approaches ~80 ppm.
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Figure 6.2 Effective magnetostriction in Fe-Ga-Zn thin film alloys.

6.2: Introduction to the Fe-Co-Al ternary alloys

Another ternary system we studied was the Fe-Co-Al. Fe-Al is a well-known
magnetostrictive system and have magnetostriction upwards of 150 ppm in bulk
materials™. From our own studies we have discovered that the Fe-Co is large
magnetostrictive material. Individually, Fe-Al and Fe-Co have large magnetostriction,
so the idea behind this ternary exploration was to see if we could obtain enhanced

magnetostrictive properties in some other compositions by combining these two
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systems. At the time when this study was carried out there has not been any other thin

film or bulk study on this system.

6.2.1: Magnetostriction in Fe-Co-Al thin-films

Again we apply the combinatorial strategy to the Fe-Co-Al ternary system
through the simultaneous sputtering of Fe, Co, and Al targets on cantilevers, as
described throughout this thesis. The result of the magnetostriction measurements on
the as-deposited Fe-Co-Al ternary thin films is shown in Figure 6.3. The highest
magnetostriction Aer ~ 80 ppm, obtained in this system is for the FesoCoz5Alzs
composition. We also observed some consistency along the Fe-Co binary, with small
amounts of Al, with our own studies on the Co-Fe results in Chapter 4. Here at the
approximate FessCogs composition (> 5 at% Al), we get an effective
magnetostriction of ~70 ppm which is around the same value we reported for the as-

deposited binary film in Figure 4.3.
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Figure 6.3 Effective magnetostriction in as-deposited Fe-Co-Al thin films.

6.3: Conclusion on Fe-Ga-Zn and Fe-Co-Al thin films

The composition spread technique was applied in the investigation of
magnetostriction in Fe-Ga-Zn and Fe-Co-Al thin films. Though our magnetostriction
results on the Fe-Ga-Zn thin films didn’t corroborate with the values from theoretical
predictions, we found that near the magnetostriction values around the FegsGag1Zno3
compositions was reasonably high, A« ~ 80 ppm. This is interesting from an
applications and cost points of view, because this means that a cheaper metal like Zn
could substitute Ga, while still preserving the magnetostriction.

For the Fe-Co-Al ternary, the highest effective magnetostriction, Aer ~ 80
ppm, was observed near the FesoCozsAls composition. We also found good
agreement along the Fe-Co binary, with minute amount of Al added, to our previous

results on as-deposited binary Co-Fe thin films reported in Chapter 4.
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Chapter 7

7.1: Overall conclusion

Magnetostrictive materials belong to a class of smart materials that show
dimensional change in response to a magnetic field. They are used in a variety of
applications such as sonars, ultrasonic shakers, position controllers for machine tool
heads, and in acoustic devices and magnetic field sensors. They have also been used
in conjunction with piezoelectric materials in hybrid transducers. As thin films they

101 "and in microactuators'®, micro

are used for monitoring biomechanical movement
bio sensors'®, and several other MEMS applications™®.

In this thesis, we investigated the composition dependent magnetostrictive and
micro-structural properties of several binary (Fe-Ga, Co-Fe, Fe-Zn, Fe-W, Fe-Mo)
and ternary (Fe-Ga-Zn, Fe-Co-Al) Fe-based thin film alloys prepared using a co-
sputtering based composition spread approach. This technique facilitates synthesis
and screening of large compositional landscapes in individual studies and allows
rapid identification of compositions with enhanced physical properties.
Magnetostriction measurements were performed on arrays of micro-machined
cantilevers with sputter deposited compositionally graded films.

From the study on the binary films, the Co-Fe alloys emerged as a large
magnetostrictive material with magnetostrictive values that rival that of well-known
large magnetostrictive compound such as Fe-Ga. In the Co-Fe alloy, a substantial
increase in magnetostriction was observed for compositions near the (fcc+bcc)/bce

phase boundary, in particular after annealing the spread at 800 °C for 1 hr, this

enhancement was found to depend on the cooling rate from the annealing
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temperature. Structural characterization by synchrotron micro-diffraction and
transmission electron microscopy (TEM) reveal that the large increase in
magnetostriction is associated with the presence of an equilibrium Co-rich fcc phase
that precipitates into a host Fe-rich bcc phase upon annealing. The Co-Fe system is
compared with Fe-Ga alloys, in which DO3 nanoprecipitates dispersed in the host A2
matrix was observed. The DO3; nanoprecipitates in the Fe-Ga alloys are believed to
act as tetragonal defects in the matrix and their orientations can be changed by the
application of a magnetic field, which lead to magnetostriction. It is speculated that
the Co-rich precipitates in our Co-Fe films function in much the same way as the DO3
precipitates in the Fe-Ga alloys, which would imply that the mechanisms which give
rise to magnetostriction in both systems are similar. We also note that there has been
a recent neutron scattering study on Fe-Ga alloys whose result is not consistent with
the heterogeneous model discussed above for enhanced magnetostriction observed in
Fe-Ga alloys. For more details on this, please check Chaitanya Mudivarthi PhD
Thesis, University of Maryland (2010). In spite of this, we feel that the heterogeneous
model presented by Khatchaturyan and Viehland provides a clear comparison
between our Co-Fe films and Fe-Ga alloys. It is expected that future work will shed
light on more details and the true nature of the enhanced magnetostriction observed in
both systems.

The results on the as-deposited Fe-Ga-Zn and Fe-Co-Al ternary thin film
spreads are somewhat encouraging. In the Fe-Ga-Zn alloys, we found that the
magnetostriction value around the FegsGag1Zno3 compositions was reasonably high,

Aert ~ 80 ppm. This could be interesting from an application and cost points of view,
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because this means that a cheaper metal like Zn could substitute Ga, while still
preserving the magnetostriction.  For the Fe-Co-Al ternary, the highest effective
magnetostriction, Aesr ~ 80 ppm, was observed near the FesoCo2sAlos composition. We
also found good agreement along the Fe-Co binary with our previous results on
binary Co-Fe thin films.

All the magnetostriction measurements with the exception of the Co-Fe films
were carried out on room-temperature as-deposited films. Also, the Young’s modulus
was only measured for the Co-Fe films. In all the other films, we used an effective
modulus, where E¢/(1 + V) = 50 GPa. This value was used in previous works on
cantilever thin films®.

As seen in the Co-Fe alloys, substantial a substantial increase in
magnetostriction was observed after post deposition heat treatments were carried out.
It is possible that performing heat treatments on some of the other binary and ternary
spreads studied here, can result in similar enhancement in their magnetostrictions. As
noted earlier, special considerations will have to be made when dealing with systems

that have high vapor pressure elements such as Ga and Zn.

7.2: Implications of the current work

In most current applications using magnetostrictive materials, the active
material is Terfenol-D, which is an expensive rare-earth containing compound. One
motivation behind the development of Fe-based magnetostrictive materials, in
particular Fe-Ga, is to find suitable rare-earth free materials. Our discovery of large

magnetostriction at low saturation fields in Co-Fe alloys is an important step towards
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achieving this goal. Figure 7.1 shows how our current finding stacks up against other
magnetostrictive thin films.

Furthermore, Fe-Co has advantages of being more ductile and cheaper than
the Fe-Ga, and therefore could be a strong candidate for replacing Terfenol-D or
expensive rare-earths in current applications.

According to the metalprices.com website, the costs for various metals are as follows:
Terbium: < $5000 per 100 gram

Gallium: ~ $45 per 100 gram

Cobalt: ~ $4 per 100 gram

This indicates that from a cost effective point of view, replacing gallium with cobalt
in Fe-based systems not only provides better ductility but it is also much less

expensive.
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Figure 7.1 Magnetostriction vs saturation magnetic field for various
magnetostrictive thin films. Our Co-Fe labeled “our films” (Cog gsFeg 35) is within

the operation regime of devices and is thus a good candidate for device
applications.

7.3: Future work

Throughout this thesis, we have demonstrated that the combinatorial approach
is a viable technique for investigating magnetostriction in Fe-based alloys. Table 4
highlights some of the elements from which different combinations of composition

spreads were made and studied in this thesis, namely: Fe-Ga, Fe-Co, Fe-Zn, Fe-Mo,
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Fe-W, Fe-Ga-Zn, and Fe-Co-Al. Though most of the work is complete on the Fe-Co,
Fe-Ga, and Fe-Zn binaries, more measurements should be perform on the Fe-Mo and
Fe-W alloys. For example, they should be annealed at high temperatures and their
respective magnetostrictions and Young’s modulus measured. The magnetostriction
results presented in Chapter 5 was calculated using only Dy, these measurements
should be repeated for D1, to obtain more precise values on the effective
magnetostriction. Our preliminary results on room temperature as-deposited Fe-Co-
Al is encouraging. It might be possible to get enhancement in magnetostriction after
some post-deposition heat treatment is carried out, similar to the binary Co-Fe. It is
recommended that the same annealing conditions (800 °C for 1hr in UHV) as that of

the Co-Fe alloys be used as a starting point for the Fe-Co-Al films.

Table 4 A portion of the periodic table highlighting the elements that were to
make the binary and ternary composition spreads studied in this thesis.

boron carbon nitrogen oxygen fluorine 'null;
6 7 8 9 10
B|C|N|O|F|Ne
12.011 14.007 15.999 18.998 20.180
aluminium silicon phosphorus sulfur chlorine argon
14 16 17 18
All Si| P | S |Cl|Ar
- 28.086 30.974 32.065 35453 39.948
vanadium | chromium | manganese iron cobalt nickel copper ne gallium [l germanium | arsenic selenium bromine: Kkrypton
24 25 26 27 28 29 30 31 32 33
V |Cr|Mn|Fe|Co] Ni [Cu|Zn] Ga] Ge| As | Se | Br | Kr
| sogss2 aae 54.938 _“ﬂ_‘ a4 £0.a% 58,602 63.546 $5.39 20727 72.61 74.922 78.96 79.904 83.80
niobium nolybdenum technetium | ruthenium modium palladium silver < ndium tin antimony tellurium iodine xenon
M 42 43 44 45 46 47 48 49 50 51 52 53
Nb Mo |Tc [Ru|{Rh|Pd|Ag|Cd| In |[Sn|Sb|Te| | | Xe
92.906 8 o4 98] 101.07 102.91 106.42 107.87 112.41 114.82 118.71 121.76 127.60 126.90 131.29
tantalum ungsien rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
73 74 75 76 77 78 79 80 81 82 83 84 85 86
TaJW |Re|(Os| Ir | Pt |/Au|Hg| Tl |Pb| Bi | Po| At | Rn
180.95 183.84 186.21 190.23 192.22 195.08 196.97 200.59 204.38 207.2 208.98 [209) [210) [222]
o dubnium e bohrium hassium eline b nunquadium
105 106 107 108 109 110 11 112
Db | Sg | Bh | Hs | Mt |Uun{Uuu(Uub Uuq
[262] [2686] [264] [269] [268) [271] [272) [277] 289
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Other systems of interest

Besides the ones discussed above, there are also other ternary systems that we
feel could be interesting to apply the combinatorial strategy and study their
magnetostrictive properties. These have either been postulated by theory or
formulated through combinations of binary systems.

Fe-Co-Ga: This ternary system might be interesting for the fact that both the binary
Fe-Co and Fe-Ga alloys show appreciable large magnetostriction. Thus combining
both systems could lead to an enhancement in magnetostriction. To date, there have
been a few bulk studies, but to the best of our knowledge there have not been any
reported thin film studies on this alloy system.

Fe-Co-W and Fe-Co-Mo: Due to the extraordinary results (260 ppm) which we
obtained in annealed Co-Fe alloys, and the small magnetostriction observed in as-
deposited Fe-W (~45 ppm) and Fe-Mo (~35 ppm) alloys, it is conceivable that under
the right processing conditions both alloys could give large magnetostriction. It is
recommended that the Fe-Co-W and Fe-Co-Mo alloys be heated treated under similar
conditions to that used in Co-Fe alloys which presented in Chapter 4. In both the as-
deposited Fe-W and Fe-Mo binaries, the maximum magnetostriction was observed at
around 10 at.% W and Mo, respectively. Therefore, the concentrations of W and Mo
should be kept under 10 at.%.

Fe-Ga-Pt, Fe-Pt-Al, Fe-Ir-Al: Theoretical work using ab initio calculations by Wu et

al (MURI Review meeting, 2009) suggests that giant magnetostriction in excess of
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1000 ppm could be obtained in these alloys. Below are the predicted magnetostriction
values at their respective compositions:

FegsPtsGas ~ 950 ppm, FegsPtsAlg ~ 1156 ppm, and FessirtsAligs ~ -1100 ppm. It’s
important to note that these theoretical predictions by Wu et al, does not take into

account the heterogeneous model.
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Appendix A

Re: Measuring magnetostriction in cantilever thin films

In Chapter 2.4, we talked about how to measure magnetostriction in cantilever thin

films. A picture of the magnetostriction setup is shown in Figure Al.

supply ¢ : : ‘ Hall probe

displacement
display

Figure Al Picture of the high-throughput setup for measuring magnetostriction
in cantilever thin films.

Now, I would like to provide some specific details when using our current setup here

at UMD.
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Do not use a light chopper or a lock-in amplifier. The current PSD model
(OT-301) by ON-TRAK has all adjustable parameters built in already. Using
additional accessories will lead to erroneous results.

PSD amplifier should not exceed 1 to 5 V for sum voltage and both H/L
indicators should be off during measurements.

The PSD is equipped with an optical filter. The filter is only sensitive to “red
light” or the wavelength of the laser and is therefore used to filter out ambient
light during measurements. However, to ensure maximum accuracy,
measurements should be carried out in a dark room.

The blue wave laser is 635 nm at 25 mW intensity. However, we have
attached a 5% filter, which means the effective laser intensity is about 1.25
mW, which is appropriate for this PSD that we currently use. Note: using
higher intensity laser > 5mW, while over saturate the photo-diode in the PSD
which will reduce its sensitivity. This can be a big problem when measuring

small displacements.
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