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Key to the continued scaling of electronic devices is the efficient control of magnetism
with electric fields. In this work, multiple routes of achieving this control are explored, including
CoFeB/MgO-based magnetic tunnel junctions to be incorporated into next-generation
magnetoelectric random-access memory arrays and FeGa/NiFe-based magnetic multilayers to be
incorporated into microscale magnetoelectric antennae.
For the magnetic tunnel junction application, this work verifies that the VCMA effect is
greatly affected by the quality of the CoFeB/MgO interface and suggests that both the interfacial
oxidation and crystallinity of the CoFeB layer are key factors in optimizing the VCMA
characteristics of CoFeB/MgO-based MeRAM material systems. Furthermore, the successful
integration of CoFeB with single-crystal MgO substrates is a substantial step toward achieving a
greater degree of crystallinity in magnetic memory technologies.
For microscale magnetoelectric antennae, magnetic multilayer composites were
synthesized in an attempt to combine the complementary properties of FeGa and NiFe and create
an optimal magnetoelastic material. These multilayers combine the low magnetic loss at high

ii

frequency of NiFe with the strong magnetoelastic coupling of FeGa, and the properties were
optimized by varying the thin film deposition conditions, thickness, and composition, and the
resulting properties are well-suited for high-frequency applications. The metallic nature of these
films, representing a significant source of energy loss when they are subjected to high-frequency
AC magnetic fields through the generation of eddy currents, was mitigated by the insertion of
ultrathin insulating Al2O3 interlayers. Subsequent integration with thin-film piezoelectrics
eliminated the reliance on bulk piezoelectric substrates and enables integration with Si-based
electronics.
This work demonstrated the importance of interfacial engineering in the development of
emerging magnetoelectric materials. A better understanding of the role that oxidation at the
CoFeB/MgO interface plays in the electric-field control of magnetization in magnetic tunnel
junctions has already contributed significantly to the field of spintronics. The insulated FeGa/NiFe
multilayer composites serve as ideal candidates for incorporation into next-generation
magnetoelectric antenna concepts.
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Chapter 1 Introduction

As time goes on, our society continues to rely more and more heavily on technology,
constantly demanding higher performance devices, being both faster and less power hungry. Power
efficiency of electronic devices has thus positioned itself as one of the foremost problems
confronted by materials researchers. In this study, experimental work was used to guide the
development of composite materials systems for integration into next-generation power-efficient
electronic devices, with an emphasis on electric-field control of magnetism.

1.1 Motivation
Downscaling of electronics, especially memory devices, has been a major focus of
materials research over the past several decades. Following Moore’s Law, the areal density of
memory devices has been doubling approximately every two years; however, this miniaturization
of devices is rapidly approaching fundamental limits of the underlying physical phenomena. For
example, dynamic random-access memory (DRAM), which operates via the charging and
discharging of capacitors, requires a refresh of the stored data every 64 µs, which represents a
major form of wasted energy in these memory devices. Wasted energy such as this leads to severe
problems upon aggressive downscaling of these technologies. In order to continue this rapid trend
in device miniaturization, new means of device operation, listed in
Table 1.1, are currently being developed as potential replacements for DRAM. Specifically, the
energy usage per bit, write speed, read speed, cell size, endurance and standby power are
compared, along with the non-volatility and non-volatile logic capability.
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Table 1.1 Performance of various existing and emerging memory concepts.1

>100

NAND
Flash
106

STTRAM
100

1

20

106

1–10

1–10

Read Speed (ns)

1

30

50

1

1

Cell Size (F2)

>40

6–10

4

8–30

4–8

Endurance (cycles)

1016

1016

105

1016

1016

Standby Power

Leakage

Refresh

None

None

None

Nonvolatility
Nonvolatile Logic
Capability

No

No

Yes

Yes

Yes

No

No

No

Limited

Yes

SRAM

DRAM

Energy/Bit (fJ)

100

Write Speed (ns)

MeRAM*
<10

Focusing on the two types of memory technology that are still emerging, spin-transfer
torque magnetic random-access memory (STT-RAM) and magnetoelectric random-access
memory (MeRAM), one of the glaring differences is in the energy required per bit during
operation. STT-RAM, which utilizes a high-density spin-polarized current (above a value known
as the critical current, IC) during its write process, uses 1−2 orders of magnitude more energy than
MeRAM, whose write process relies only on small applied voltages. The high current density in
STT-RAM generates substantial heat in the memory arrays, which limits its downscaling. In
addition, implementation of such high current density requires large access transistors compared
to MeRAM; this translates directly to the size of a single memory cell, or bit, as seen in Figure 1.1,
where the reduction in required current density enables higher density memory arrays.
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Figure 1.1 Areal density and write speed of various memory technologies, highlighting the increase
in density in MeRAM over STT-RAM.2

MeRAM, being extremely power efficient and as a result more easily scaled, is thus an
excellent candidate for incorporation into next-generation memory devices. However,
optimization of MeRAM devices, along with an increasing number of devices in today’s
technological landscape, rely on efficient control of magnetism via an applied voltage for further
development and eventual commercialization.

1.1.1 Voltage Control of Magnetism
The use of electric field, as opposed to electric current, is at the core of designing devices
which efficiently convert energy between electric and magnetic degrees of freedom. The motion
of electrons in current-based devices leads to resistive heating that cannot be easily handled in
nanoscale electronics, where heat dissipation is a major challenge. The application of electric field
significantly reduces losses resulting from Joule heating and allows efficient conversion of energy.
Many avenues exist for the control of magnetism with an applied electric field in composite
materials. Through the careful selection of materials, architecture, crystallinity, and many other
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factors, the induced changes in the dielectric medium can efficiently affect the properties of an
adjacent magnetic material. This type of behavior can be combined in seemingly limitless ways
for the design of new devices.

1.2 Dielectric Materials
A dielectric material is an electrically insulating material which contains atoms that can be
polarized by an applied electric field, during which charged species in the material realign to
produce a dielectric polarization and an internal electric field in a direction opposite to that of the
applied field. Due to cancellation of charges within the bulk of the material, this is equivalent to
the generation of charge on the surfaces of the dielectric medium, which is commonly taken
advantage of in electronic devices.

1.2.1 Piezoelectricity
Crystalline materials possessing no inversion symmetry may exhibit piezoelectricity, in
which an applied force produces surface charges and an applied electric field brings about
mechanical deformation of the material. This process, shown schematically in Figure 1.2, has
numerous applications for actuation and sensing.

4

Figure 1.2 Schematic illustration of the interplay between electric field, polarization, and strain in
ferroelectric materials (a) under no applied electric field, (b) under an electric field aligned parallel
with the polarization, and (c) under an electric field aligned antiparallel to the polarization.3

The piezoelectric effect is linear with the applied electric field. On the other hand, some
materials, such as relaxor ferroelectrics, exhibit a strongly nonlinear dependence of their strain
state on the applied electric field; second-order electromechanical effects such as this are known
as electrostriction. Electrostriction, which relates to potential anharmonicity of an ionic crystal,
should not be confused with the Maxwell stress that originates due to free charges on adjacent
electrodes.4 As a fourth-rank tensor, electrostriction is not restricted to crystal groups having
specific symmetries.

1.2.2 Ferroelectricity
Ferroelectricity is a property of certain dielectric materials which possess a spontaneous
electric polarization that can be reversed by the application of an electric field. Importantly, this
ferroelectric polarization remains present even in the absence of an electric field, representing an
important distinction between piezoelectricity and ferroelectricity. The polarization of a
macroscopic ferroelectric material is divided into different regions known as ferroelectric domains,
within which the ferroelectric polarization remains approximately uniform. However, this
5

phenomenon only occurs at temperatures below the material’s Curie point; above this temperature,
thermal energy randomizes the position of the species responsible for generating this ferroelectric
polarization and destroys any long-range ordering of electric polarization in the material. Note that
a material must lack a center of inversion symmetry to maintain a polarization in the absence of
an applied electric field.
Ferroelectric materials exhibit an important property of ferroelectric hysteresis, shown in
Figure 1.3 along with idealized illustrations of the corresponding ferroelectric domain structure.
At the saturation polarization (Ps), the polarizations of all domains are aligned in the same
direction. This polarization relaxes to the remanent polarization, or remanence (Pr), upon removal
of the electric field. Reduction of the ferroelectric polarization to zero requires an electric field
equal to the coercive field (EC). Note that all ferroelectric materials are also piezoelectric.

Figure 1.3 Example of a P-E hysteresis loop.
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1.2.3 Common Dielectric Materials
Material properties for several common piezoelectric materials are listed in
Table 1.2, including the dielectric constant (κ), Young’s modulus (E), piezoelectric coefficients
(d33 and e31), dielectric loss tangent (tan δ), and electromechanical coupling coefficient (k2).
Properties desired for multiferroic actuation are highlighted green; undesired properties are
highlighted red.

Table 1.2 Material properties for several common piezoelectric materials.

1.2.3.1 Lead Zirconate Titanate (PZT)
Lead zirconate titanate, or Pb(ZrxTi1-x)O3 (PZT), is one of the most used ferroelectric
materials for good reason, boasting an extremely large dielectric constant, ferroelectric
polarization, and piezoelectric coefficients. It has been used for decades in a variety of technologies
from ultrasonic transducers to magnetoelectric sensors.
PZT’s favorable electric properties originate from its perovskite-phase crystal structure,
shown in Figure 1.4, in which a central metal ion is displaced from the center of the unit cell below
the Curie point, resulting in a spontaneous electric polarization.
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Figure 1.4 Crystal structure of perovskite-phase PZT above (left) and below (right) the Curie
temperature.

Note that optimal dielectric and piezoelectric behavior is observed at compositions near
the morphotropic phase boundary (MPB), where the tetragonal and rhombohedral phases, both of
which are ferroelectric, coexist. The availability of both types of crystalline domains at roughly
equal energy allows for efficient reorientation of its crystal structure and enhanced piezoelectric
response. A phase diagram of PZT is shown in Figure 1.5, in which the MPB is observed at a
composition of Pb(Zr0.52Ti0.48)O3, illustrating the fact that PZT is a solid solution of lead zirconate
(PbZrO3) and lead titanate (PbTiO3).

Figure 1.5 Phase diagram of PZT.
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Note that above the Curie point, PZT transitions into a cubic state (CP in Figure 1.5) which,
possessing inversion symmetry, is incapable of maintaining a spontaneous ferroelectric
polarization in the absence of an applied electric field.

1.2.3.2 Lead Magnesium Niobate-Lead Titanate (PMN-PT)
Lead Magnesium Niobate-Lead Titanate (PMN-PT) is a relaxor ferroelectric exhibiting
strong electrostriction. Note that despite lead magnesium niobate-lead titanate (PMN-PT) having
superior properties to PZT, PMN-PT is extremely difficult to fabricate in thin film form, typically
precluding its incorporation into thin-film composites.

1.3 Magnetic Materials
The magnetization, M, of a material is defined as the magnetic moment per unit density.
The magnetic susceptibility per unit volume, χ, represents the ease with which a material’s
magnetization can be changed by an applied magnetic field and is defined as
𝜒=

𝑀
(CGS units)
𝐵

𝜒=

𝜇0 𝑀
(SI),
𝐵

where B is the magnetic flux density and µ0 is the permeability of free space. Note that χ is a
dimensionless value in both unit systems.

1.3.1 Types of Magnetic Ordering
Ordered arrays of magnetic moments can exist in many different forms and orientations.
The sections below review the most common types of magnetic ordering: ferromagnetism,
antiferromagnetism, and ferrimagnetism. More exotic magnetic ordering, such as helical ordering,
is out of the scope of this work.
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1.3.1.1 Diamagnetism
When the magnetic flux through an electron’s orbit is changed, an induced electric current
forms which opposes this change in flux; the associated induced magnetic moment is known as a
diamagnetic moment.5 This results in a negative contribution to the magnetic susceptibility.
1.3.1.2 Ferromagnetism
In ferromagnetic materials, below the ordering temperature known as the Curie point
(analogous to the ordering temperature of ferroelectric materials), neighboring unpaired electron
spins become strongly coupled due to the exchange interaction. Electron spins become aligned in
the same direction, forming regions known as magnetic domains. A macroscale ferromagnetic
material consists of many such magnetic domains, within which the magnetization is extremely
uniform; however, magnetic domains need not be aligned with one another.
A key aspect of ferromagnetic materials is ferromagnetic hysteresis, in which the
magnetization is dependent upon the history of applied magnetic fields, analogous to ferroelectric
hysteresis. A magnetic hysteresis loop is shown in Figure 1.6, along with idealized representations
of what the magnetic domain structure might look like at various points along the loop.
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Figure 1.6 Schematic illustration of an M-H hysteresis loop.

Note that the magnetization directions of all the magnetic domains are aligned at the
saturation magnetization (Ms). The magnetization relaxes to a value known as the remanent
magnetization (Mr) upon removal of the magnetic field. The magnetic field required in order to
return the magnetization to zero after saturation is known as the coercive field (Hc).

1.3.1.3 Ferrimagnetism
In many magnetic crystals, the saturation magnetization does not correspond to the
complete parallel alignment of its constituent paramagnetic ions. For example, only the single
ferrous (Fe2+) ion in each formula unit of magnetite (Fe3O4) contributes to its saturation
magnetization; the ferric (Fe3+) ions are arranged antiparallel to one another and thus do not
contribute to the net magnetic moment.5 The term “ferrimagnetic” was originally used to describe
this ferrite-type magnetic ordering but is used more generally to include almost any magnetic
material featuring antiparallel arrangement of moments.5
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1.3.1.4 Antiferromagnetism
Antiferromagnets similarly possess an antiparallel arrangement of magnetic moments.
They are essentially a special case of ferrimagnets, having the property of zero saturation
magnetization below an ordering temperature known as the Néel temperature. In other words, the
magnetic moments present in each magnetic sublattice are equal and completely cancel one
another out.

1.3.2 Magnetostriction
Magnetostriction is a property of all ferromagnetic materials, in which shape change of the
material occurs upon reorientation of its magnetization, shown schematically in Figure 1.7. An
applied magnetic field increasing in intensity leads to magnetostrictive strain in a ferromagnetic
material, eventually reaching its saturation value, λS, referred to as a material’s saturation
magnetostriction.

Figure 1.7 Schematic illustration of magnetostriction.

1.3.3 Magnetic Resonance
When a magnetic moment is subjected to a magnetic field (assumed here to be in the 𝐳̂
direction), the interaction energy leads to a splitting of energy levels that is proportional to the
strength of the magnetic field:
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𝑈 = − 𝝁 ∙ 𝑩 = − 𝝁 ∙ 𝐵0 𝒛̂ ,
where the bolded terms µ, B, and 𝐳̂ are vectors representing the magnetic moment, magnetic field,
and unit vector in the z direction, respectively. All non-bold terms are scalars in this equation.
Magnetic resonance occurs when this energy difference is precisely matched by the energy of an
oscillating electromagnetic field, driving transitions between these states.
The rate of change in the angular momentum (the torque) on the magnetization of a
ferromagnetic material with large damping is well-described by the Landau-Liftshitz-Gilbert
(LLG) equation:
𝑑𝑴
𝑑𝑡

= −𝛾 (𝑴 × 𝑯𝑒𝑓𝑓 − 𝛼𝑴 ×

𝑑𝑴
𝑑𝑡

),

where γ is the gyromagnetic ratio (a scalar), M is the magnetization vector, Heff is the effective
magnetic field vector (which includes the applied static field, the demagnetization field, and other
effects), and α is a unitless scalar quantity known as the Gilbert damping coefficient.6 A large
(small) Gilbert damping coefficient represents high (low) damping of the magnetic moments in
the material.
If the interactions between electron spins in a ferromagnet were neglected, the full width
at half maximum of the ferromagnetic resonance absorption peak (known as the FMR linewidth)
would be expected to be exceedingly narrow, having contributions from only magnetic field
inhomogeneities, saturation effects, or radiation damping.7 However, magnetic loss and
broadening of the FMR linewidth originates from many sources in real materials, including
hysteretic loss, domain wall resonance, and the generation of eddy currents.8 Defects and
inhomogeneities within the structure contribute to the extrinsic broadening of this peak via twomagnon scattering processes,9 and can also lead to asymmetry in this peak.10
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Hysteretic loss, associated with the area enclosed by a magnetic hysteresis loop, is
proportional to the frequency of the oscillating magnetic field and can be neglected for small field
amplitudes.8 Domain wall resonance in multidomain magnetic materials typically occurs at 1–100
MHz,8 below the frequency region of interest in this study. Magnetic losses associated with eddy
currents, however, show a nonlinear dependence on the frequency of the applied magnetic field
and become the dominant magnetic loss mechanism at frequencies above approximately 1 GHz.8
For paramagnetic ions in crystalline materials, when the magnetization along the direction
of an applied magnetic field is not in thermal equilibrium, it approaches equilibrium at a rate that
is partially quantified by what’s known as the longitudinal relaxation time or spin-lattice relaxation
time, T1.5 This relaxation predominately occurs via phonon modulation of the crystalline electric
field, as shown schematically in Figure 1.8.5 Note that in metallic systems, relaxation also occurs
via scattering of conduction electrons.

Figure 1.8 Schematic diagrams of spin relaxation occurring via phonon emission, inelastic phonon
scattering, and a two-stage phonon process. The temperature dependence of the associated
longitudinal relaxation time, T1, is listed below each process.5

Similarly, if the transverse components of a material’s magnetization are nonzero when
subjected to a static magnetic field in the z direction, they decay to zero at a rate related to the
transverse relaxation time or spin-spin relaxation time, T2. This is a measure of how long the
14

individual transverse moments remain in phase with one another, as inhomogeneities in the local
magnetic field within the sample cause these moments to precess at different frequencies and
eventually dephase.5 Note that no energy is needed to be transferred into or out of the spin system
for the transverse components to decay.5
Spin resonance in ferromagnetic materials at microwave frequencies shares many of the
same principles as nuclear magnetic resonance. The net magnetic moment of the electrons in the
ferromagnet precess about the direction of the static applied magnetic field, and energy is absorbed
by an applied transverse magnetic field when its frequency matches the precessional frequency of
the moment.5 However, there are some major differences between the two phenomena. Due to the
large magnetization in ferromagnetic materials relative to paramagnets, the measured transverse
susceptibility components are much larger, and the large resulting demagnetization field makes
the shape of the specimen very important in analysis.5 In addition, the strong exchange coupling
between the moments in a ferromagnetic material acts to suppress the dipolar contribution to the
resonance linewidth.5 Also worth noting is the fact that ferromagnetic materials cannot be driven
so hard that the magnetization is reduced to zero or flipped in direction; the signal breaks down
into spin wave modes before the magnetic moment is able to rotate appreciably from its initial
direction.5

1.3.4 Common Magnetic Materials
Some magnetic materials commonly found in the literature are summarized in
Table 1.3, including ferromagnetic resonance (FMR) linewidth, coercivity (HC), saturation
magnetostriction (λS), piezomagnetic coefficient (dλ/dH), Young’s modulus (E), and
magnetomechanical coupling coefficient (k2). Properties that are desired for high-frequency
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magnetoacoustic actuation are highlighted in green, while undesirable properties are highlighted
in red.

Table 1.3 Material properties for several common magnetic materials.

FeGa and NiFe represent the materials of choice for integration into ultrathin
magnetoelectric composites, as they possess complementary properties that could potentially be
combined. For example, FeGa exhibits strong magnetoelastic coupling, essential to the generation
of strain in a magnetic field; on the other hand, NiFe boasts extremely low loss, making it ideal
for high-frequency applications.

1.3.4.1 FeGa
As shown in
Table 1.3, FeGa boasts a very large saturation magnetostriction and high magnetomechanical
coupling compared to many of the other materials. However, its broad ferromagnetic resonance
linewidth at high frequency and wide coercivity demonstrate that it is quite magnetically lossy.
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The doping of FeGa with B leads to improved performance at high frequencies but reduces the
saturation magnetostriction.
1.3.4.2 NiFe

Table 1.3 also shows that NiFe, while boasting superior magetic loss properties at high frequency,
has extremely small magnetomechanical coupling. In fact, this material has low magnetic losses
largely due to its lack of strong magnetostriction.

1.4 Mechanisms of Magnetoelectric Coupling
Controlling magnetic performance characteristics with an applied voltage can be achieved
in a large variety of ways. As shown schematically in Figure 1.9, an electric field can be used to
induce changes in a material’s magnetic anisotropy, coercivity, magnetization, exchange bias,
Curie temperature, magnetoresistance, and many other properties. This coupling results from the
interplay of a variety of coupling mechanisms, which are discussed throughout this section.
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Figure 1.9 Example sketches of the various magnetic performance characteristics that can be
modified by an applied electric field (E).11

1.4.1 Intrinsic Magnetoelectric Coupling
Some materials possess both ferromagnetic and ferroelectric ordering and are particularly
desired for magnetoelectric devices. However, these materials are very scarce, as the typical
mechanism for ferroelectricity (cation displacement) requires empty d orbitals while the existence
of magnetic moments in transition metals usually requires these d orbitals to be partially
occupied.12 This contradiction has driven research into alternative ferroelectric mechanisms that
are compatible with magnetic ordering. For example, materials such as BFO and other bismuthbased magnetic ferroelectrics rely on lone-pair electrons on the large A-site cations to provide
ferroelectricity while possessing a small magnetic B-site cation.13 Unfortunately, most of the
single-phase multiferroic materials that have been studied lack the magnitude of electric and
magnetic polarizations at room temperature desired for device integration.12
To circumvent this issue, another large research topic has been the design of composite
multiferroic materials, which combine individual ferroelectric and magnetic phases. This strategy
allows for each phase to be optimized individually and affords much more flexibility in device
design. The following sections describe the different ways in which this magnetoelectric coupling
is mediated in composite structures. Note that these coupling mechanisms correspond to the four
degrees of freedom in correlated electron systems (i.e., spin, charge, orbital, and lattice).

1.4.2 Magnetoelectric Effects Mediated by Exchange Coupling
The exchange coupling between an antiferromagnet and various ferromagnetic materials
can also be used to induce magnetoelectric effects. This exchange bias typically manifests as an
offset of the magnetic hysteresis curve from the origin due to the exchange coupling of the top
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layer of magnetic moments of the antiferromagnetic with the ferromagnetic material on top of it.
If the antiferromagnetic material also happens to be ferroelectric (as is the case for the intrinsic
multiferroic materials Cr2O3, YMnO3, LuMnO3, and BFO), clever usage of an applied voltage can
be used to reverse the orientation of the uncompensated spins in the antiferromagnet at its interface
with the ferromagnet.11 One of the earliest experimental demonstrations of this phenomenon
utilized composites of Cr2O3 with Co/Pd multilayers and a combination of electric and magnetic
fields to reverse the single-domain antiferromagnetic state of the Cr2O3, subsequently reversing
the direction of the exchange bias observed in the magnetic hysteresis curves.14

1.4.3 Magnetoelectric Effects Mediated by Charge Carrier Modulation
Magnetic materials’ performance characteristics are often inherently linked to the carrier
density, and changes in carrier density can have significant effects on their properties. Applying
an electric field across a dielectric material builds up and depletes charge on opposite sides of the
material, respectively, selectively modulating the Fermi level of an adjacent magnetic metal.
Unpaired d electrons in transition metals near the Fermi level act as the free carriers resulting from
the applied charge and also determine the magnetic properties of the material. Thus, applying a
voltage can be used to manipulate a material’s magnetic characteristics. Due to the charge
screening behavior or metals, this effect does not have much of an effect far from the interface,
but ultrathin metal layers can be easily manipulated using this approach.11
In addition, modulation of a ferromagnetic metal’s carrier density has a direct effect on its
magnetocrystalline anisotropy via the occupancy of d electron states.15 The nature of this effect on
magnetocrystalline anisotropy can vary; for example, FePt and FePd have opposite dependencies
of magnetocrystalline anisotropy energy with band-filling.16
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1.4.4 Magnetoelectric Effects Mediated by Orbital Reconstruction
Electronic orbital occupation plays a major role in determining the electronic structure and
thus the magnetic properties of a material.17 Orbital hybridization occuring at the interface of a
magnetic and nonmagnetic material can therefore have a profound influence over magnetism,
offering an additional avenue for magnetoelectric coupling. Traditionally, ferromagnetic metals
were often interfaced with nonmagnetic heavy metals to take advantage of the perpendicular
magnetic anisotropy18 originating from strong hybridization between 3d orbitals in the ferromagnet
with 5d orbitals in the heavy metal.19 Even interfacing these magnetic materials with materials
having weak spin-orbit coupling can impact magnetic anisotropy, as is the case for Fe/MgO
heterostructures, where hybridization of the Fe 3d orbitals with the O 2p orbitals leads to very
strong perpendicular magnetic anisotropy that is heavily dependent on interfacial oxidation.18 This
is shown schematically in Figure 1.10. If the magnetic layer is thin enough, this effect can dominate
other sources of magnetic anisotropy, such as shape anisotropy (magnetostatic energy), and lead
to a stable out-of-plane magnetization.
When interfaced with a ferroelectric material, reversal of the ferroelectric polarization can
likewise be used to modulate the extent of orbital reconstruction. This was shown for Fe/BaTiO3
multilayer composites, in which a change in ferroelectric polarization is associated with a change
in distance between Fe and Ti atoms and thus a change in the extent of hybridization between
interfacial 3d orbitals in the Fe and Ti.20
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Figure 1.10 Schematic illustration of the orbital hybridization underlying the observed interfacial
perpendicular magnetic anisotropy at CoFeB/MgO interfaces.21

This perpendicular magnetic anisotropy resulting from the hybridization of orbitals at the
interface between magnetic and nonmagnetic materials can subsequently be modulated by an
applied voltage due to electric-field-induced changes to electronic orbital occupancy in the
magnetic material;15 this phenomenon is known as the voltage-controlled magnetic anisotropy
(VCMA) effect. Modulation of the occupancy of the hybridized orbitals responsible for the
perpendicular magnetic anisotropy via application of an electric field can thus effectively
strengthen or weaken the magnetic anisotropy originating from the interface, as has been
demonstrated for Fe/MgO15 and many other material systems.
Quantification of the VCMA effect requires knowledge of the magnetic anisotropy of the
magnetic material in question as a function of applied electric field. This is commonly achieved
by determining the orientation of the magnetization as a function of in-plane magnetic field for
several different applied voltages. In such a case, the perpendicular magnetic anisotropy energy
density is calculated from the relationship between the normalized in-plane magnetization (Mx/Ms)
and the in-plane applied magnetic field Hx:
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1
M 
E perp = 0 M S  H X d  X 
 MS 
0

This quantity is then used to determine the proportion of the perpendicular magnetic anisotropy
energy that derives from interfacial effects:

K i ( E ) 0 M S 2
E perp ( E ) =
−
tCoFeB
2
Here, Ki represents the interfacial perpendicular magnetic anisotropy energy density. The
derivative of Ki with respect to the strength of the applied electric field is known as the VCMA
coefficient, the figure of merit for many studies involving electric-field control of magnetic
anisotropy.

1.4.5 Magnetoelectric Effects Mediated by Electrochemistry
Electrochemical redox reactions at the interface with the magnetic material can also induce
very large changes in the magnetic performance characteristics, especially when an ionic liquid or
material with high oxygen mobility is used as gating.11 The application of an electric field to an
ionic liquid causes separation of anions and cations and leads to the formation of an electric double
layer at the interface of the magnetic material; the large electric field offered by the electric double
layer can lead to oxygen migration in the adjacent magnetic material. On the other hand, materials
with high oxygen mobility (e.g. GdOx) act as reservoirs of oxygen ions that can be directly driven
to the interface using an applied electric field.
Even in metal/oxide FET-type systems, where the changes in magnetic properties are
widely accepted to result largely from changes in carrier density, interfacial oxidation and orbital
hybridization between the metal and oxygen ions is unavoidable. In fact, partial oxidation of Fe
atoms in FeCo/MgO structures can be reversibly manipulated with an electric field, which was
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verified via XMCD.22 Note that because this mechanism often relies on the movement of ions,
however, the cycling speed is severely limited.

1.4.6 Magnetoelectric Effects Mediated by Strain
In ferroelectric ferromagnetic multiferroic composite materials, a ferroelectric material is
combined with a ferromagnetic material so that electrical and magnetic energy can efficiently be
converted back and forth, mediated by interfacial strain. This can occur via the magnetoelectric
effect, in which an applied magnetic field induces strain in the ferromagnetic material, which
strains the adjacent ferroelectric material to change its polarization, or it can occur via the converse
magnetoelectric effect, in which an applied electric field induces leads to strain in the adjacent
ferromagnetic material to change its magnetic properties. This coupling is illustrated in Figure
1.11, showing the combination of piezoelectricity and magnetostriction that gives rise to this
effect.

Figure 1.11 Heckman diagram schematically illustrating the interplay between the different types
of ferroic ordering.12
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These ferroic materials can be combined in various ways, the most common of which are
shown schematically in Figure 1.12, including mesoporous composites (0D-3D), multilayer
laminates (2D-2D), and coated nanopillars (1D-3D).

Figure 1.12 Schematic diagrams of (a) 0D-3D, (b) 2D-2D, and (c) 1D-3D architectures.

A literature review of strain-mediated coupling results are shown in Table 1.4 for a variety
of coupling architectures. The figure of merit in these types of composites is the magnetoelectric
coupling coefficient, αME, representing the efficiency with which an applied magnetic field can
elicit a change equivalent to the generation of an electric field (in units of electric field per
magnetic field). However, converse magnetoelectric coupling coefficients, αCME, of the reverse
effect are more difficult to determine, and a lack of a standardized means of calculation often
prevents a straightforward comparison using this number.
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Table 1.4 Magnetoelectric coupling coefficients of strain-mediated multiferroic composites.
Ferroelectric
Material

Ferromagnetic
Material

Synthesis Method

Type
(D-D)

Bi3.15Nd0.85Ti3O12
Pb(Zr,Ti)O3
BaTiO3
BaTiO3
Pb0.85La0.15TiO3
Pb(Zr,Ti)O3
BaTiO3
Pb(Zr,Ti)O3
Pb(Zr,Ti)O3
Pb0.85La0.15TiO3
Pb(Zr,Ti)O3
Pb(Zr,Ti)O3
Pb(Zr,Ti)O3
Pb(Zr,Ti)O3

CoFe2O4
CoFe2O4
CoFe2O4
Co
CoFe2O4
CoFe2O4
CoFe2O4
(Co0.6Zn0.4)Fe2O4
CoFe2O4
CoFe2O4
CoFe2O4
Tb0.3Dy0.7Fe2
La0.67Sr0.33MnO3
CoFe2O4

Spin-coating
Solid-state Reaction
Molten Salt
Sputtering
Sol-gel
Sol-gel
Sol-gel
Tape-casting
Sol-gel/Sputter
Sol-gel
Sol-gel
Sputtering
PLD
PLD

Bulk
Bulk
3-3
0-3
0-3
0-3
2-2
2-2
2-2
2-2
2-2
2-2
2-2
1-3

ME coefficient
αΜΕ
(mV/cm-Oe)
34
30
17
160
250
320
20
160
240
200
270
150
300
390

Ref.
23
24
25
26
27
28
29
30
31
27
32
33
34
35

1.5 Interfacial Engineering
Essential to strain-mediated magnetoelectric composites is the transfer of strain across an
interface of two dissimilar materials. To ensure efficient strain transfer across such an interface,
the crystalline structures of the two materials must be compatible. Ideally, the materials have nearly
identical crystal structures, resulting in a coherent interface free of dislocations. Moderate lattice
mismatch between the two materials leads to a series of misfit dislocations, resulting in a
semicoherent interface, in which a decrease in bulk elastic energy is accompanied by an increase
in interfacial energy. In materials with largely dissimilar crystal structures, the interface is
incoherent, preventing effective transfer of strain across the interface. These types of interfaces are
shown schematically in Figure 1.13. In designing strain-coupled magnetoelectric composites,
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ensuring that the crystal structures of the materials are a close match is therefore essential to
producing high-quality strain-mediated coupling.

Figure 1.13 Schematic illustrations of (a) a coherent interface, (b) a semi-coherent interface, and
(c) an incoherent interface.36

1.6 Applications of Voltage-Controlled Magnetism
The control of magnetism using electric fields has led to the development of a large number
of practical devices with many more on the way.11 This section focuses on two emerging
technologies that motivate the current work: magnetoelectric random-access memory and
magnetoelectric antennae.

1.6.1 Magnetoelectric Random-Access Memory
Reading and writing operations in magnetoelectric random-access memory (MeRAM)
cells are based on the magnetic tunnel junction (MTJ), shown schematically in Figure 1.14. The
state of the memory cell is determined by the relative orientation of the two ferromagnetic layers;
parallel alignment of their magnetization directions represents a logical “0”, and antiparallel
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alignment of their magnetization directions represents a logical “1”. The magnetization in one of
these ferromagnetic layers is kept aligned in one direction (referred to as the pinned layer), and
that of the other is switched between two orientations depending on the state of the magnetic bit
(referred to as the free layer). Note that this is a nonvolatile form of memory storage that does not
require a constant power supply to preserve the state of the memory cell.

Figure 1.14 Schematic of a magnetic tunnel junction.

The write process in MeRAM devices is accomplished via the VCMA effect, whereby the
application of a moderate voltage is used to build up positive and negative charge on opposite
surfaces of the tunneling barrier. This leads to stabilization of the PMA in the pinned layer and
destabilization of the PMA in the free layer due to the modulation of occupancy in the hybridized
orbitals from which the PMA originates. At this point, switching can occur via thermal activation,
in which the thermal energy in the ferromagnetic material overcomes the local energy barrier
between stable magnetization states, or via precenssional switching, in which the voltage pulse is
used to make the magnetization precess, stopping in the other stable magnetization direction if the
pulse is timed precisely. These processes are shown schematically in Figure 1.15. Note that
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switching via thermal activation requires the application of a small magnetic field in order to make
the switching process deterministic.

Figure 1.15 Schematic illustration of the two write mechanisms in MeRAM.

The state of the memory device is read out nondestructively by applying a small bias to the
top electrode, which results in a small tunneling current through an ultrathin insulating layer
(known as the tunneling barrier). Due to the quantum mechanical phenomenon of tunneling
magnetoresistance (TMR), in which the tunneling current through such a barrier is heavily
dependent on orientation of the ferromagnetic layers, the current through the barrier can be used
to directly determine the magnetic state of the bit. Parallel magnetic layers yield a large tunneling
current, while antiparallel magnetic layers yield a low tunneling current. The percent reduction in
the resistance through the barrier going from a parallel to antiparallel orientation is known as the
TMR ratio.
In order to function properly, MeRAM cells must possess an adequate TMR ratio to
accurately read the state of the magnetic bit; TMR ratios above around 50% are more than adequate
for this purpose. In addition, in order to efficiently write the state of the magnetic bit, a large
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VCMA coefficient is necessary in order to minimize the strength of the required voltage pulse.
Maximizing the VCMA coefficient has become a major goal of the spintronics community; typical
values obtained using the common Ta/CoFeB/MgO-based MTJ are listed in Table 1.5.

Table 1.5 Typical VCMA coefficients measured in Ta/CoFeB/MgO-based MTJs.

Material System
Ta/CoFeB/MgO
Ta/CoFeB/MgO
Ta/CoFeB/MgO

ξ (fJ/V·m)
-33
-29
-37

Reference
37
38
39

In addition to an adequate TMR ratio and large VCMA coefficient, PMA is desired in these
devices to allow for further scaling, as the magnetostatic energy of the in-plane magnetic state
increases dramatically upon continued scaling of the diameter of these junctions, eventually
disrupting the stability of the bit.

1.6.2 Magnetoelectric Antennae
The size of conventional antennae, such as dipole and monopole antennae, are intimately
tied to the wavelength of the signal they are designed to transmit or receive, with conductive
elements often made to be one fourth of this wavelength (see Figure 1.16). For low-frequency
signals, such as those transmitted by AM radio towers, the antennae themselves over 100 m in
length. Antennae designed for higher frequency signals, such as those integrated into cellular
phones, on the other hand, are centimeters in length. This poses a major problem for the design of
microscale antennae; a conventional antenna of this size would correspond to a signal in the
terahertz gap, the region of the electromagnetic spectrum nominally spanning 0.1–10 THz. While
there are very capable microwave and infrared sources (operating on either end of this region),
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sources that work well across this entire region of the electromagnetic spectrum have largely
eluded researchers.40

Figure 1.16 Schematic illustration of how the size of a traditional antenna scales with the
wavelength of the signal it transmits/receives.

In order to design a microscale antenna that operates at a frequency well below the terahertz
gap, this traditional size-scaling paradigm must be bypassed. To accomplish this, recent work has
utilized strain-mediated magnetoelectric coupling. If a ferromagnetic material is interfaced with a
piezoelectric, incoming electromagnetic radiation can be converted to an acoustic wave via
magnetostriction, which transfers to the adjacent piezoelectric layer and generates a time-varying
voltage across the piezoelectric layer. In reciprocal fashion, an alternating voltage can be applied
to the piezoelectric layer, generating an acoustic wave in the ferromagnet that leads to precession
of the magnetization and radiation of an outgoing signal. The advantage of this technique is that
the wavelength of the signal is reduced to the acoustic wavelength of the substrate, only several
micrometers in length for many common piezoelectric materials. An example of such a device, a
bulk acoustic wave antenna, is shown in Figure 1.17.
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Figure 1.17 Schematic illustration of a bulk acoustic wave antenna.

Using this approach, a 1 GHz (30 cm) signal could be handled using an antenna that is 5
orders of magnitude smaller than what conventional antenna scaling would dictate. These devices
are easily integrated into Si-based electronics and have implications for wireless communication
systems such as embedded medical devices.41
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Chapter 2 Experimental Setup

In this work, thin film composite heterostructures were deposited by magnetron sputtering.
The material properties were analyzed to ensure proper chemical composition, crystal phase, and
film thickness, as well as their electrical and magnetic properties. The methods used for both the
materials synthesis and subsequent characterization are outlined in this chapter.

2.1 Materials Synthesis
The composite structures in this work were fabricated using a combination of thin film
deposition methods and, for certain materials, be subjected to post-deposition annealing to control
the resultant crystal phase. This section provides a detailed description of the techniques relevant
to producing these composite materials.

2.1.1 DC Magnetron Sputtering
Sputtering is a thin film deposition technique where material is ejected from a source, or
target, onto a substrate. This process is driven by the bombardment of the target by ionized
particles, which are introduced to the system via an ion beam or through extraction from a plasma.
In the case of plasma sputtering, as is used in this work to deposit multilayers of FeGa and NiFe,
a plasma is formed in the vacuum system, typically from an inert gas such as argon, and its
constituent ions are accelerated toward the negatively biased target holder. The large amount of
energy imparted to the target causes the target material to eject from the surface and deposit onto
the substrate. Note that the vast majority of ejected material is uncharged and is therefore
unaffected by the applied bias. At very low pressures, ballistic transport of the target material to
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the substrate surface occurs at high energy without any additional collisions; however, at increased
pressures, the transport occurs via diffusion and deposits in a less energetic fashion.
Target holders often use a magnetron in order to confine the plasma near the surface of the
target through large electric and magnetic fields. The charged ions, when subjected to these fields,
travel in a helical path near the surface of the target, leading to greatly increased interaction with
the target surface and hence a faster rate of emission of the target material. This helical motion of
the ions is evident from the appearance of a circular “racetrack” erosion profiles that develop on
the surface of targets after extended use, as shown in Figure 2.1. Targets in this condition can often
be melted to reproduce a flat target surface and allow for additional use.

Figure 2.1 Schematic of magnetron sputtering process and resulting circular “racetrack” erosion
profile on a used Cu sputtering target.42

Target holders are usually made from very electrically conductive materials, but the target
material itself may be either conductive or insulating. The case of a conductive target material is
relatively simple, since a DC bias can be applied throughout the deposition; on the other hand, the
charge that builds up on an insulating target material during deposition would lead to repulsion of
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the incident ions. To avoid this, insulating materials are sputtered using an AC applied bias at radio
frequency (RF) to prevent this buildup of charge. However, operation under an RF bias requires
expensive RF power supplies and impedance matching networks.
The sputtering performed in this work used magnetron sputtering on an Ulvac JSP 8000
system in the Integrated Systems Nanofabrication Cleanroom of the California NanoSystems
Institute. This piece of equipment holds four different sputtering targets, which can be opened
either simultaneously (for co-sputtering) or sequentially (for multilayers). This work used NiFe
and FeGa targets in a sequential manner in order to fabricate magnetic multilayers of various
thickness and spacing, as shown schematically in Figure 2.2. While the equipment is capable of
applying both DC and RF bias, the deposited films are highly conducting; therefore, operating
under a DC applied bias was sufficient.

Figure 2.2 Schematic of the sequential sputtering deposition process used in this work to produce
multilayers of FeGa and NiFe.

While plasmas are typically generated from inert gases such as argon to prevent reaction
with the target material, reaction with the target material is desired in what is known as reactive
sputtering. In this type of sputtering, a reactive plasma, typically formed from oxygen or nitrogen,
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is used to bombard the target material, whose composition differs from that in the desired film.
The ejected target material reacts with the plasma either on the target surface, during flight, or
upon reaching the substrate surface, depending on the process parameters.
The main parameters that can be adjusted during sputter deposition of a material are the
gas flow rate and sputtering power. An optimal gas flow rate exists where the growth rate of the
film is maximized; at too low of a gas flow rate, there is not enough gas to support the plasma,
while at too high of a gas flow rate, the ions frequently collide with the unionized gas. The
sputtering power can be altered by adjusting the strength of the electrical bias applied to the target
holder and also affects the deposition rate, with larger sputtering power increasing the rate and
energy of target material emission. The deposition parameters developed for synthesis of
FeGa|NiFe multilayers via sequential DC sputtering are shown below in Table 2.1.

Table 2.1 Deposition parameters used for the sputtering of FeGa/NiFe multilayers.

Sputtering Targets
Fe80Ga20
Ni80Fe20

Ar Flow Rate
(sccm)
3-10
3-10

Sputtering Power (W)

Bias (V)

100
100

350−450
350−450

The amount of energy transferred to the sample surface during deposition is an important
parameter to optimize, as it affects the strain state of the deposited thin film. In addition,
resputtering, or re-emission of the material already present on the substrate, can occur at higher
energies.
Normally, the plate that holds the substrates rotates throughout the deposition to ensure
consistent film thickness; however, a thickness gradient can also be intentionally introduced by
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keeping the sample stationary. This thickness gradient allows for the study of thickness dependent
phenomena simply by studying different regions of the same device.

2.2 Thin Film Characterization
The thin films fabricated for this work were characterized on the basis of their chemical,
structural, electrical, and magnetic properties. The remainder of this chapter describes the various
characterization methods that were used in this work and outline which quantities can be taken
from each.

2.2.1 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA), is a highly surface-sensitive technique for determining the elemental
composition and bonding state of atoms in a material. A sample is bombarded with X-rays, which
causes electrons to be ejected from the core shells of atoms in the material, as shown in Figure 2.3.

Figure 2.3 Schematic of X-ray photoelectron spectroscopy.
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By measuring the kinetic energy of these photoelectrons after they are ejected from the
material, the binding energy of the electron can be calculated as
Eb = h − Ek −  ,

where h is Planck’s constant, ν is the frequency of the incoming X-rays, Ek is the kinetic energy
of the photoelectron, and Φ is the work function of the spectrometer. The binding energy of a
particular electron is affected by the chemical state of the originating atom, including its charge,
oxidation state, and immediate environment. Therefore, by comparing the binding energies of the
detected electrons to standard values of different materials, a wealth of information can be learned.
Note that charging on the surface of a material that accumulates as a result of the measurement
affected the calculated binding energies of all the electrons in a sample; this effect is corrected for
by aligning the binding energy of the carbon 1s orbital to a reference value (284.8 eV is used in
this work).
The surface sensitivity of the technique relies on the fact that the mean free path of ejected
photoelectrons is only a few nanometers. As a result, only from a thin surface layer less than 10
nm thick are a significant number of photoelectrons able to reach the spectrometer without losing
kinetic energy in a collision, and the signal from an atom decays exponentially with its depth from
the surface of the film. In order to mitigate similar gas-phase collisions, XPS must be performed
under high vacuum.
The elemental composition of the material’s surface can be calculated by determining the
proportion of photoelectrons coming from each element. This can be done by comparing the
integrated areas of peaks in the spectrum associated with the various elements in the material.
These integrated areas must then be corrected by dividing by a relative sensitivity factor (RSF)
specific to each element. These corrected areas can be directly compared between elements to yield
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a relative composition or between all elements in a sample to yield the overall composition at the
surface (excluding hydrogen and helium, which are too light to be detected).

2.2.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a type of electron microscopy in which an image
is produced by scanning across a sample surface with a focused beam of electrons. The electrons
are emitted from an electron gun at energies of several hundreds to tens of thousands of electron
volts and focused by a series of condenser lenses to a spot on the order of a nanometer wide. A set
of deflector plates or coils act to raster the electrons over a designated area of the sample. A
schematic of an SEM is shown in Figure 2.4. Because electrons in this energy range have a much
shorter wavelength than visible light, this method offers significantly increased resolution and
depth of field in comparison to traditional optical microscopy techniques.

Figure 2.4 Schematic of a scanning electron microscope.
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Upon bombardment of the sample surface, secondary and backscattered electrons are
produced, both of which can be analyzed by the system to produce a topographical image of the
sample. The most common mode of operation for SEM involves collecting secondary electrons
that are ejected via inelastic scattering events with the incident electron beam. Due to their low
energy, only those electrons within several nanometers of the surface are able to escape the sample
and reach the detector. Therefore, when scanning along curves and edges of a sample, more
electrons are within a short distance from the surface, resulting in a greater number of detected
secondary electrons and brighter regions in the image. This difference in signal intensity is what
gives the secondary electron images a three-dimensional effect without additional image
processing. Backscattered electrons are high energy electrons from the original electron beam that
are elastically scattered by the atoms of the sample. Heavy elements backscatter electrons more
frequently than light elements, and so SEM can be used to contrast between areas with different
chemical compositions by imaging these backscattered electrons rather than the secondary
electrons.
In addition to viewing the top surface of a sample, SEM can be used to take a crosssectional image of a cleaved edge. This is extremely useful for measuring film thicknesses and
determining the structure of multilayer materials.
While preparing samples for SEM is rather straightforward, care must be taken to ensure
that the sample is adequately conductive. Otherwise, charge buildup on the surface can lead to
uncontrolled discharge and a severe reduction in image quality, including abnormal contrast and
image deformation, especially with secondary electrons. In order to avoid this, samples are
typically covered with a thin layer of gold via sputter deposition to ensure that the sample remains
electrically neutral.
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The SEM used in this work is an FEI Nova 600 with a resolution of 1.1 nm at an
accelerating voltage of 15 kV. This equipment is invaluable in obtaining topographical images of
various nanostructures, as well as for precisely determining film thicknesses.

2.2.3 Spectroscopic Ellipsometry (SE)
Spectroscopic ellipsometry is a common thin film analysis technique involving the
interaction of polarized light with a sample surface. Linearly polarized light over a range of
frequencies from infrared through the visible spectrum is directed at the sample surface, and the
light reflected from the sample, now elliptically polarized, is analyzed. The procedure is shown
schematically in Figure 2.5. The reflected light can be thought of as having s and p components,
which oscillate perpendicular and parallel to the plane of incidence, respectively. The quantity of
interest in ellipsometry measurements is the complex reflectance ratio, ρ, given by

=

rp
rs

= tan (  ) ei ,

where rs and rp are the total reflection coefficients of the s- and p-polarized light, respectively,
tan(Ψ) is the ratio of amplitudes of the reflected to the incident light, and Δ is their phase difference.
From this equation it is clear that the complex reflectance ratio is simply the ratio of total reflection
coefficients for the s- and p-polarized light. Data is typically displayed as a collection of Ψ and Δ
values.
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Figure 2.5 Schematic illustration of a spectroscopic ellipsometry measurement.

Ellipsometry is an indirect method in that these ellipsometric parameters cannot be directly
converted to a film thickness or set of optical constants. In general, a model of the system being
studied is needed. Such a model must include the thickness and complex refractive index

n = n + ik ,
where n is the real refractive index, and k is the extinction coefficient, of all layers in the system.
An iterative procedure is used to vary unknown optical constants and/or thicknesses, and values
of Ψ and Δ are calculated using the Fresnel equations and compared to the experimental data until
an optimal set of parameters is determined. For example, when a film of known structure is
analyzed, its complex refractive index (and thus its complex dielectric function) can be calculated.
Alternatively, when a film of known optical constants is measured, its thickness can be determined.
In this work, spectroscopic ellipsometry was performed on a JA Woollam M88
spectroscopic ellipsometer within the lab. This ellipsometer is equipped with a 75 W Xe arc lamp
and capable of measuring a range of light from 280 to 760 nm. Models for ALD PZT and the
underlying platinized silicon substrate were developed with assistance from JA Woollam Co. and
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was used to determine the thickness of deposited films. Throughout the work, cross-sectional SEM
was used to confirm film thicknesses and the validity of the models when needed.

2.2.4 Scanning Probe Microscopy (SPM)

Atomic Force Microscopy (AFM)
Scanning probe microscopy (SPM) is a general type of microscopy in which an image is
formed using a physical probe that moves near or along the surface of a sample. One of the more
common variations of this technique is known as atomic-force microscopy (AFM) and has a
resolution of less than a nanometer. In a typical AFM apparatus, as shown in Figure 2.6, a
cantilever with an atomically sharp tip on its underside is delicately brought into contact with a
sample surface through the use of piezoelectric actuators within the microscope. The forces
experienced by the tip as a result of being in contact with the sample surface cause deflection of
the cantilever; these deflections are monitored and used in a feedback loop to adjust the height of
the tip.

Figure 2.6 Schematic illustration of an atomic force microscope.43
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Most systems utilize what is known as the beam-deflection method, in which a laser beam
is reflected off the backside of the cantilever and analyzed by a position sensitive detector, often
consisting of two closely positioned photodiodes (namely, a split photodiode detector). The
relative strength of the signal between these two photodiodes is used to quantify the deflection of
the cantilever and produce a topographical map as the tip is scanned across the sample surface.
However, many other methods for detection exist, including schemes where the cantilever itself
incorporates a piezoelectric element that can directly produce a voltage output from its deflection.
Several different modes of operation exist for AFM, the two most common of which are
contact mode and tapping mode. In contact mode, the tip is made to drag directly along the sample
surface, and the feedback signal is most commonly used to maintain a constant height above the
sample surface. However, attractive forces can be very strong near the surface of the sample, and
so operation in this mode can lead to degradation of the sample surface, especially for softer
materials. To avoid this problem, AFM can be operated in tapping mode, in which the cantilever
is made to oscillate near its mechanical resonance frequency using a drive signal of constant
amplitude. The interaction of the tip with the sample surface affects the amplitude of the resulting
cantilever deflection, which is maintained at a constant amplitude through a feedback loop.
Although the peak forces experienced by the tip and sample in tapping mode can be greater than
in contact mode, tapping mode is generally less destructive due to the short duration and direction
of the forces (vertical as opposed to lateral).
AFM is incredibly useful for analyzing the surface morphology of thin films, including
their grain structure. One of the most useful pieces of quantitative information that AFM can
produce is a film’s surface roughness, which is typically reported as the root-mean-square
deviation from the average height of the sample:
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RRMS =

1 n
 ( Zi − Z avg )2 ,
n i =1

where Zi is the height of the sample at a particular point, Zavg is the average height of the sample,
and n is the number of data points in the scan.

Conductive Atomic Force Microscopy (C-AFM)
Conductive atomic force microscopy (C-AFM) is a variant of AFM which simultaneously
measures the electrical current between the tip and sample surface along with the usual
topographical map obtained from AFM. This allows for the correlation of certain regions of the
sample surface with their electrical conductivity, which was used to determine the presence of
pinholes in oxide films that would otherwise be insulating. Note that this technique requires that
the tip be conductive and that the underlying substrate be electrically grounded.

Piezoresponse Force Microscopy (PFM)
Piezoresponse force microscopy (PFM) is another variation of AFM that allows one to
study the ferroelectric domain structure of a material’s surface. By applying an AC bias to a
conductive tip, the resulting piezoelectric deformation of the sample surface is measured via the
associated deflection of the cantilever. The orientation of the polarization (out-of-plane versus inplane) at a given point can be determined by the phase difference between the piezoresponse of
the material and the AC drive voltage, as shown in Figure 2.7. When the electric field applied to
the sample is in the same direction as the polarization, expansion of the material occurred in the
out-of-plane direction, whereas antialignment of the applied field and polarization led to out-ofplane contraction; therefore, the orientation of the polarization can be determined from whether
the piezoresponse of the material is in phase or 180° out of phase with the drive voltage. Note that
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the in-plane piezoresponse of the material can be separated from the out-of-plane piezoresponse
to account for torsional movement of the cantilever. This technique is therefore capable of
providing a detailed map of a material’s polarization, which is used to analyze the shape and
orientation of ferroelectric domains. In addition, by applying sufficient bias voltages, these
ferroelectric domains can be manipulated and subsequently imaged to study the evolution of the
domain structure as a function of applied field.

Figure 2.7 Determination of polarization orientation in PFM.

Magnetic Force Microscopy
Magnetic force microscopy (MFM) is yet another variant of AFM which uses
ferromagnetic tips to construct an image of a surface’s magnetization. In order to enhance the
contrast of these images, an initial scan is performed to determine the topography of a sample’s
surface before the tip is lifted further from the sample surface and made to scan over the same area.
Close to the sample surface, electrostatic forces contribute significantly to the cantilever’s
deflection; however, further from the surface, the magnetic forces are more prevalent. This second
scan is what is used to extract information on the sample’s magnetization. Note that despite this
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imaging method, MFM does not have as high of a resolution as AFM (tens of nanometers as
opposed to less than a nanometer).
In this work, a Bruker Dimension Icon scanning probe microscope was used to analyze the
surface morphology of the produced films. This instrument is capable of performing AFM, CAFM, PFM, and MFM given the proper attachments. Using these techniques, information
regarding a sample’s surface roughness, grain structure, and ferroelectric/ferromagnetic domain
structure can all be collected and used to optimize the deposition and post-deposition annealing of
thin film ferroelectric and ferromagnetic materials.

2.2.5 X-ray Diffraction (XRD)
X-ray diffraction (XRD) is an important method for determining the crystal structure of a
material. When an atom is hit with X-rays, the interaction of this electromagnetic wave with the
atom’s electron cloud produces a secondary spherical wave centered about this atom.
Correspondingly, when a crystal is bombarded with X-rays, the ordered array of atoms leads to
the generation of an ordered array of secondary spherical waves. X-rays are used because their
wavelength is typically the same order of magnitude as the spacing between scattering bodies,
which is required to have significant diffraction. Although in most directions these waves largely
cancel each other out due to destructive interference, if the incoming X-rays are all of a particular
wavelength, then they combine constructively in a set of directions according to
2𝑑 𝑠𝑖𝑛 𝜃 = 𝑛𝜆 ,
where d is the spacing between crystal planes in the sample, θ is the angle of incidence of the
incoming X-rays, λ is the wavelength of the X-rays, and n is a positive integer. This relation is
known as Bragg’s law, displayed schematically in Figure 2.8, and is regularly used by
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crystallographers to determine a material’s crystal structure from the angles at which diffraction
occurs. The diffraction pattern can be indexed according to which crystal planes the constructive
interference originates from through comparison with reference patterns available from the Joint
Committee on Powder Diffraction Standards (JCPDS), organized by the International Center for
Diffraction Data (ICDD). The relative intensity, position, and width of the peaks in the diffraction
pattern allows researchers to deduce the crystalline phase, lattice spacing, crystallite size, and
orientation of a crystal.

Figure 2.8 Schematic of X-ray diffraction.

X-ray diffraction can also be performed using synchrotron radiation, created through the
radial acceleration of charged particles at a synchrotron source. There are many advantages to
synchrotron radiation, including a broad spectrum of frequency, coherence, and a pulsed time
structure with temporal resolution down to tens of picoseconds, but the most important advantage
is the sheer intensity of the beam, thousands of times brighter than a conventional X-ray source.
This results in a much higher resolution, enabling researchers to observe subtle details of a
material’s crystal structure. For example, the evolution of the position of a particular peak in a
ferroelectric sample can be precisely monitored as a function of different polarization states.
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Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS)
Grazing-incidence wide-angle X-ray scattering (GIWAXS) is a form of X-ray diffraction
that focuses on X-rays that are scattered at large angles, which correspond to small crystal plane
spacing. This technique employs the use of a two-dimensional area detector, which aids in the
study of film texture.

2.2.6 Magnetostriction Measurements (Optical Cantilever Method)
In this work, magnetostriction measurements were performed with the help of collaborators
at Northeastern University under the guidance of Prof. Nian Sun. Their custom magnetostriction
tester, shown schematically in Figure 2.9, utilizes an MTI-2000 fiber-optic sensor to detect small
deflections of the Si cantilever (upon which the magnetostrictive sample is grown) under the
application of a low-frequency magnetic field and a static bias field provided by two pairs of
Helmholtz coils.44

Figure 2.9 Schematic illustration of the optical magnetostriction tester made by collaborators at
Northeastern University in (left) from the top, (upper right) from the front, and (lower right) from
the side.44
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The deflection in these samples as measured by the optical magnetostriction tester as a
function of the static bias field allows calculation of the magnetostriction of the magnetic film
when combined with the mechanical properties of the Si cantilever and the thin films. This testing
configuration is capable of reaching fields of 300 Oe, which is suitable for measurement of the
saturation magnetostriction for all films studied in this work.

2.2.7 Superconducting Quantum Interference Device (SQUID) Magnetometry
Superconducting quantum interference device (SQUID) magnetometers are highly
sensitive instruments used to detect small magnetic fields. Its operation is based on the Josephson
effect, in which a supercurrent develops across an insulating barrier between two superconducting
regions as a result of the quantum mechanical tunneling of Cooper pairs. In conventional
superconductors, Cooper pairs are pairs of electrons (or other fermions) which are weakly bound
together due to disturbances in the positively charged ion lattice. These disturbances (phonons)
create local areas of positive charge that can attract electrons via electron-phonon interaction; at
large distances, this attraction is strong enough to overcome the electrostatic repulsion experienced
by the electrons, and the electrons become weakly bound. Thermal energy can easily destroy these
bonds, and so a significant number of Cooper pairs are only present at low temperature, requiring
Josephson junctions in SQUID magnetometers to be kept at cryogenic temperatures.
SQUID magnetometers can operate in DC or RF modes. In DC mode, two Josephson
junctions are used, as shown schematically in Figure 2.10, and a bias current, I0, is applied across
the Josephson junctions in parallel. In the absence of a magnetic field, the current across each
junction is equal; however, as a magnetic field begins to be applied, a screening current, Is,
develops in the loop such that
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I1 =

I0
− Is
2

I2 =

I0
+ Is ,
2

and

where I1 and I2 represent the current through each individual Josephson junction. The screening
current develops because the magnetic flux through the area enclosed by the superconducting loop
must be an integer multiple of the magnetic flux quantum
0 =

h
= 2.0678 10−15 T  m2 .
2e

When the magnetic flux, Φ, through the loop is less than half the magnetic flux quantum, the
induced current acts to decrease the magnetic flux through the loop to zero. However, once the
external magnetic flux is increased above half of Φ0, the induced current switches direction to
increase the magnetic flux through the loop to Φ0, as this is more energetically favorable. As a
result, the screening current through the superconducting loop switches direction every time the
flux increases by a half multiple of Φ0.

Figure 2.10 Schematic illustration of the operating principle of DC SQUID magnetometry.
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As soon as the current across one of the Josephson junctions exceeds some value Ic, known
as the critical current, a voltage difference develops across the junction. If the bias current is made
sufficiently large, the SQUID therefore continually operates in a resistive mode, and the voltage
across the junctions, which oscillates as a function of the applied magnetic field with a period of
Φ0, can be measured to determine the strength of the applied magnetic field.
Since the current-voltage response of a DC SQUID is often hysteretic, a shunt resistance
is added to the barrier (if the intrinsic resistance is not already large enough) to eliminate this
hysteresis. Note that operation in RF mode requires only a single Josephson junction; however,
this mode is slightly less sensitive.
Magnetoelectric coupling between two materials can also be measured using an electrical
poling apparatus in conjunction with a SQUID magnetometer. A voltage can be applied between
electrodes on the top and bottom of a film in situ or ex situ, and the magnetic properties of the
composite can be measured as a function of this applied field. Changes in the magnetic hysteresis
of the material can be used to calculate changes in the saturation magnetization (Ms), remanent
magnetization (Mr), coercive field (Hc), and magnetic anisotropy. Understanding the effect of an
applied electric field (and subsequently strain) on these properties is central to an understanding
of magnetoelectric coupling.

2.2.8 Ferromagnetic Resonance (FMR) Spectroscopy
Early microwave systems utilized waveguides, which are large and expensive yet capable
of operating at high power, and coaxial lines, which have large bandwidths but are different to
integrate with complex microwave components, as transmission lines.45 Planar transmission lines,
e.g. striplines, microstrips, coplanar waveguides, etc., are compact and low-cost alternatives that
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can easily be integrated into microwave integrated circuits.45 Due to the trend of device
miniaturization, a great deal of microwave circuity uses planar transmission lines such as these.45
In a typical ferromagnetic resonance (FMR) spectroscopy experiment, a voltage signal is
sent along a planar transmission line atop which a sample is placed, generating an oscillating
magnetic field that interacts with the sample. Analysis of the reflection of the voltage signal via a
vector network analyzer reveals the extent to which this electromagnetic energy is absorbed by the
sample itself as a function of the frequency of the electromagnetic radiation. This process can be
repeated as a function of the static bias field applied perpendicular to the oscillating magnetic field
to determine the magnetic field and frequency dependence of this absorption. The microwave
absorption vs either the magnetic field or frequency contains information on the damping of
magnetic materials through the linewidth of the absorption peak, known as the FMR linewidth.

2.2.9 X-ray Magnetic Circular Dichroism (XMCD)
In X-ray magnetic circular dichroism (XMCD), polarized X-rays are used to probe the
magnetization of ultrathin magnetic materials. Photons possessing right-handed or left-handed
circular polarization are preferentially absorbed by electrons of particular angular momentum, as
the total angular momentum of the system must be conserved upon absorption of the photon. This
angular momentum is transfered to the electron in such a way that the magnetic quantum number
of the electron changes by ±1, thus conserving the total angular momentum. The energy of the
polarized X-rays is tuned to near the desired absorption edge; for example, to measure the magnetic
phenomena occurring within the 3d orbitals of Co, the photon energy was tuned to excite electrons
in the 2p orbitals, which absorb the X-rays and are excited to the orbital of interest. This process
is shown schematically in Figure 2.11 for a Co film deposited onto LaFeO3.
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Figure 2.11 XMCD image and associated X-ray absorption spectra at various locations on the film
having various magnetic anisotropies.46

X-ray absorption spectra are taken via alternating scans using left- and right-circularly
polarized light, which differ based on the extent of magnetization projected onto the photon
propagation direction. In this way, the relative number of hole states are probed through
comparison of the X-ray absorption of different helicities, providing a direct means of monitoring
the magnetic anisotropy of thin magnetic films.
The signal from these measurements is typically collected via two different means: total
electron yield and luminescence yield. The former uses the photoelectrons ejected from the surface
to determine the extent of X-ray absorption, while the latter method requires the sample to be
constructed on a substrate which luminesces at the desired energy.
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Chapter 3 Tuning Magnetoelectricity in CoFeB/MgO Heterostructures

Building off the available literature on interfacial engineering in MTJs, including the effect
on VCMA of inserting various heavy metals and the structural enhancements produced as a result
of Mg insertion, ultrathin Ta, Pt, and Mg layers were investigated as a potential means of
enhancing the VCMA effect. In order to study the effect of these layers as a function of layer
thickness, the insertion layers were sputter deposited as a wedge during fabrication of the MTJ,
with the thickness of the insertion layer varying continuously across a large sample.

3.1 Sample Preparation
The sample structures studied were deposited on the native oxide of Si wafers via
magnetron sputtering as follows: Ta (5)/CoFeB (1)/X (t)/MgO (2.5)/Al2O3 (5), where the numbers
in parentheses refer to the thickness of each layer in nm (“X” refers to Ta, Pt, or Mg). Metallic
layers were deposited using a DC bias, and all insulating layers were deposited using an RF bias
to prevent charge buildup on the target.
Following deposition, the entire structure was annealed at 325°C for 30 minutes under high
vacuum (10-7 Torr). These samples were subsequently analyzed using GIWAXS and Hall bar
measurements to determine the crystalline structure and magnetic anisotropy, respectively.

3.2 Magnetoelectric Characterization
In order to determine the magnetic anisotropy in these structures, Hall bar devices were
fabricated, and the anomalous Hall resistance was measured as a function of out-of-plane applied
magnetic field. A gate oxide consisting of 33 nm of Al2O3 was deposited via ALD, and Cr/Au was
subsequently deposited via e-beam evaporation to form a gate electrode. Hall bars measuring 20
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µm by 130 µm were then formed using standard photolithographic and dry etching techniques.
Results of this measurement (performed at room temperature) for several different thicknesses of
Ta insertion are shown in Figure 3.1(a), where a sharp resistance change as a function of field for
the thinnest Ta layers gives way to a gradual resistance change as the Ta thickness is increased
past 0.22 nm. From these measurements (and from similar measurements using Pt and Mg
insertion layers), the out-of-plane anisotropy field was calculated, as shown in Figure 3.1(b) for
Ta, Pt, and Mg as a function of insertion layer thickness. Positive (negative) values of µ0Hk
correspond to an out-of-plane (in-plane) easy magnetization axis.

Figure 3.1 (a) Anomalous Hall resistance (RHall) as a function of applied magnetic field (µ0Hz) for
different Ta insertion thicknesses (tTa). (b) Out-of-plane anisotropy field (µ0Hk) as a function of
insertion layer thickness (tinsertion) for Ta, Pt, and Mg.

For each insertion layer material, a critical thickness exists beyond which the easy
magnetization axis transitions to in-plane. For Ta and Pt insertion, this transition occurs at 0.22
nm and 0.17 nm, respectively; however, for the case of Mg insertion, PMA is maintained at a
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relatively consistent up to a thickness of 1.53 nm. Since PMA is destroyed so readily by Ta and Pt
insertion, and because PMA is strongly desired in this type of device, subsequent measurements
focused largely on Mg insertion.
To determine the VCMA characteristics of the structures incorporating Mg insertion layers,
additional Hall bar measurements were then performed using an in-plane magnetic field while
applying an out-of-plane electric field of various strengths (by applying a gate voltage between -5
V and 5V). Results of this measurement are given in Figure 3.2(a) for the case of 0.31 nm of Mg
insertion, where a change in the Hall resistance is observed for different electric field strengths, as
revealed in the top-right inset. Note that a positive gate voltage (and electric field) is defined as
the top gate electrode being at a positive electric potential relative to the bottom Ta electrode (see
the schematic in the bottom-left inset). Interfacial PMA energy density (Ki) values were then
calculated from the anisotropy energy density by way of the normalized magnetization (Mx/Ms)
and plotted as a function of out-of-plane electric field strength in Figure 3.2(b), again for the case
of 0.31 nm of Mg insertion.
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Figure 3.2 (a) Hall resistance (RHall) as a function of in-plane magnetic field (µ0HX) under different
applied electric fields (E). Top right inset: zoomed-in view of the same data. Bottom left inset:
schematic for the Hall bar device under different applied gate voltages (VG). (b) Interfacial PMA
energy (Ki) as a function E.

The derivative of Ki with respect to the applied electric field strength yields a VCMA
coefficient, ξ, of -95.7 ± 2.7 fJ/(V·m). Note that this value is approximately 3 times larger than
those measured for Ta/CoFeB/MgO-based MTJs in the literature. The tight linear fit for the
dependence of Ki on applied electric field for 0.3 nm of Mg insertion is strong evidence for the
fact that this effect is produced through the modulation of electron density at the interface and not
the migration of ionic species to or from the interface (Maruyama, 2009; Bauer, 2012).
Following this method, the VCMA coefficient and interfacial PMA energy were calculated
as a function of insertion layer thickness for Ta, Pt, and Mg. These results are compiled in Figure
3.3 along with saturation magnetization values measured via SQUID magnetometry. The effect of
Mg insertion thickness on the magnetic properties of these samples are broken down into four
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regimes, labeled from I to IV and designated by color. Region I boasts the largest VCMA
coefficient but low saturation magnetization and PMA. As the thickness of the Mg insertion layer
increases in regions II and III, the VCMA coefficient initially drops then remains relatively
constant while the saturation magnetization and PMA rise steadily. In region IV, the VCMA
coefficient, PMA, and saturation magnetization all decrease rapidly as the thickness of the Mg
layer increases past 1.5 nm.

 (fJ/V-m)

100
80

I

60
40

II

III

IV

II

III

IV

II

III

IV

0.8

1.2

20

Ki (mJ/m2)

0 (a)
0.8

I

0.7
0.6
0.5
0.4

MS (emu/cm3)

0.3

(b)

900
800

I

700

(c)
0.0

0.4

1.6

2.0

tinsertion (nm)
Figure 3.3 In a) VCMA coefficient (ξ), (b) interfacial PMA energy (Ki), and (c) saturation
magnetization (Ms) as a function of insertion layer thickness (tinsertion) for Ta, Pt, and Mg. VCMA
coefficients are given as absolute values (measured values were all negative).
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This behavior is attributed to a change in the oxidation state of the CoFeB layer at the
CoFeB/MgO interface, as illustrated in Figure 3.4. The ultrathin Mg layers are believed to act as a
barrier to oxidation of the CoFeB layer upon RF sputtering deposition of MgO, during which the
sample surface is bombarded with high-energy O- ions, believed to react with the Mg insertion
layer to form additional MgO. The thinnest Mg layers offer minimal protection from these ions
and allow significant oxidation of the underlying CoFeB. The observed enhancement in VCMA
coefficient using the thinnest Mg insertion layers is consistent with theoretical predictions that
slightly oxidized Fe atoms show enhanced VCMA characteristics (Nakamura, 2010; Ibrahim,
2016). This hypothesis also explains the reduction in PMA, as the oxidized layer would form a
barrier between the underlying CoFeB and MgO. The reduction in saturation magnetization
follows from the fact that all the oxides expected to form from CoFeB are either antiferromagnetic
(CoO, FeO, and α-Fe2O3) or ferrimagnetic (Fe3O4, γ-Fe2O3, and CoFe2O4) and possess lower
saturation magnetization values than CoFe (Lu, 2007).

Figure 3.4 Schematic illustration showing the four regions of oxidation.

As the thickness of the Mg layer increases, additional protection from the oxidizing ionic
bombardment is afforded, leading to a reduction in the extent of CoFeB oxidation. As the CoFeB
layer becomes less and less oxidized, the PMA and saturation magnetization increase across region
II before reaching their respective maxima in region III. Region III is believed to correspond to
59

the ideal CoFeB/MgO interface, in which the CoFeB layer is not oxidized to any appreciable
extent. In region IV, the Mg insertion layer becomes so thick that a distinct metallic Mg layer is
believed to be present even after RF sputtering of the MgO layer; the presence of this metallic Mg
layer would completely disrupt the CoFeB/MgO interface, which serves as the nucleation site for
the CoFeB during post-deposition annealing. Lack of proper CoFe crystallinity would explain the
drastic reduction in VCMA coefficient, interfacial PMA energy, and saturation magnetization
observed in region IV.

3.3 Analysis of Oxidation Kinetics
To determine the validity of this hypothesis regarding the extent of CoFeB oxidation, our
results our compared to a theoretical treatment of metal oxidation. During the initial stages of
magnesium oxidation, adsorption of oxygen results in a contact potential, known as the Mott
potential, with respect to the underlying metallic layers. Electrons tunnel from the underlying metal
at a time scale much faster than the diffusion of Mg ions in order to maintain this potential over
time. Cabrera deduced that a flux of molecular oxygen from the gas phase sufficient to maintain
Mott potential during oxidation requires oxygen pressures of the order of 10-4 Torr or larger.47 For
ultrathin oxide layers on the order of 1 nm thick, this electric field is very strong and drives the
diffusion of both Mg2+ and O2- ions through the MgO layer even in the absence of a concentration
gradient, resulting in further growth of the oxide layer. In single-crystal samples of MgO, the selfdiffusivity of Mg2+ is approximately two orders of magnitude larger than that of O2-, and despite
O2- diffusion being significantly enhanced along grain boundaries in polycrystalline MgO,48
evidence that polycrystalline MgO films grow outwards (as opposed to at the buried interface with
the metal) in an oxygen environment suggests that Mg2+ diffusion to the surface drives oxidation.49
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This is also evidenced by the fact that the growth rate of MgO in water vapor is largely independent
of the partial pressure of water.50 Since the Mott potential is independent of oxide thickness, the
field slowly decreases as the oxide layer grows thicker, which results in the growth rate decreasing
in a logarithmic fashion as the oxide layer thickens (up to several nm).
Using the empirical relationship observed by Splinter et al. for the upper bound of MgO
thickness,50
𝑑𝑀𝑔𝑂 (𝑛𝑚) = 0.18 log(𝐿) + 0.72 ,
where L is the exposure in langmuirs, no more than 2.9 nm of MgO is predicted to be formed after
30 minutes of MgO sputtering (using a pressure of 10-4 Torr as determined by Cabrera and Mott,
which is consistent with the chamber pressure during sputtering). Taking into account the change
in Mg density between Mg and MgO, this calculation is consistent with our hypothesis that an
additional 1.2 nm of Mg is oxidized during sputtering of the 2.5-nm MgO layer.

3.4 Structural Characterization
The rough agreement between the magnetoelectric data collected and the theory of
oxidation was promising support for the hypothesis that these changes in magnetoelectric
characteristics were driven by a change in oxidation of the CoFeB layer. To further corroborate
this hypothesis, grazing-incidence wide-angle X-ray scattering (GIWAXS) was conducted using
the 11-3 beamline at the Stanford Synchrotron Radiation Lightsource (SSRL) to determine if these
changes in magnetoelectric properties were manifested in the microstructure of the stack materials.
Two-dimensional XRD spectra were taken of samples having various Mg insertion layer
thicknesses. The results of two such scans, corresponding to samples from regions II and III,
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respectively, are shown in Figure 3.5. Note the appearance of a fine ring in the sample with 1.2
nm of Mg insertion, indicating the presence of crystalline CoFe.

Figure 3.5 GIWAXS images of samples using (a) 0.6 nm of Mg and (b) 1.2 nm of Mg.

These images were then integrated over the ranges of azimuthal angle χ corresponding to
the expected position of reflections from the (110) lattice planes of CoFe and the (220) lattice
planes of MgO. The integrated GIWAXS spectra are shown in Figure 3.6 for several thicknesses
of Mg insertion. Note that the presence of CoFe is observed only in the sample from region III and
that an enhanced signal from MgO is also only observed in this sample.
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Figure 3.6 GIWAXS intensity versus reciprocal lattice vector (q) for films with different Mg
insertion layer thicknesses (tMg) integrated over the range of azimuthal angles (a) 80° < χ < 100°
and (b) 40° < χ < 80°. The regions corresponding to the (110) lattice planes of CoFe and (220)
lattice planes of MgO are highlighted.

This phenomenon, in which samples containing 1.1−1.3 nm of Mg insertion show
enhanced CoFe and MgO crystallinity, was repeatable across batches of samples, adding
credibility to the hypothesis that the samples in region III possess CoFeB layers that are not
oxidized to any appreciable extent yet do not possess distinct metallic Mg layers after RF
sputtering of MgO and post-deposition annealing at 325°C. Note that the convoluted signal
observed in the range of 2.4−3.0 Å-1 is believed to consist of a combination of signals from Ta,
Al2O3, SiO2, and possibly CoFe2O4, but the large number of overlapping peaks present in this
range precluded a meaningful quantitative analysis.
This work verifies that the VCMA effect is greatly affected by the quality of the
CoFeB/MgO interface and suggests that both the interfacial oxidation and crystallinity of the
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CoFeB layer are key factors in optimizing the VCMA characteristics of CoFeB/MgO-based
MeRAM material systems.
Further optimization of CoFeB/MgO-based material stacks for incorporation into MeRAM
arrays requires intimate understanding of the various factors affecting the strength of the VCMA
effect. The first goal was the development of a robust experimental method for direct measurement
of the VCMA effect, namely XMCD with in situ applied electrical bias. This method was then
used in order to assess the effect of strain, CoFeB thickness, and enhanced crystallinity in the
material stack on the VCMA effect.
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Chapter 4 Optimization of Soft Magnetoelastic Properties in FeGa/NiFe Nanolaminates

Magnetic multilayer composites have been synthesized in an attempt to combine the
complementary properties of FeGa and NiFe and create a material optimized for use in a nanoscale
magnetoelastic antenna. These multilayers combine the low magnetic loss at high frequency of
NiFe with the strong magnetoelastic coupling of FeGa.

4.1 Effects of Layering
Layering these materials on the nanoscale results in ultrathin magnetic layers sometimes
thinner than 10 nm. As such, the role of interfacial phenomena can dominate bulk effects and lead
to interesting physics if properly designed. At such small length scales, interlayer exchange
coupling cannot be neglected, and the quality of interfaces has a drastic effect on the resulting
functional properties of the composite.

4.1.1 Physical and Chemical Properties
In these magnetoelastic multilayer composites incorporating FeGa and NiFe, the top and
bottom of layers were composed of FeGa; FeGa is the magnetostrictive material, and the
application of interfacial strain is of paramount importance during construction of strain-based
multiferroic composites.
Exposure of both FeGa and NiFe to atmospheric conditions results in rapid oxidation.
This oxidation also drives diffusion of metal cations toward the surface, and the differences in
diffusivities and in the thermodynamic driving forces among the different ions leads to a
significant compositional change at the surface.
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Figure 4.1 Cross-sectional TEM image (left) and HAADF image (right) of a 186-nm 5-bilayer
FeGa/NiFe multilayer composite.

The cross-sectional SEM and TEM images in Figure 4.1 show clearly distinct layers and
grain growth that, in places, extends through multiple layers of the composite. The fact that the
FeGa serves as an acceptable seed layer for NiFe (and vice versa) suggests strong adhesion
between the layers as is necessary for adequate strain transfer through the composite.
The HAADF images shown in Figure 4.1 are more sensitive to chemical makeup than the
brightfield images above yet also reveal a smooth and sharp interface between the Fe-rich FeGa
layers and the Ni-rich NiFe layers. This suggests minimal intermixing of the layers during
sputtering, as would be expected from sputtering at low power and not subjecting the films to any
thermal treatment.
The SAED patterns in Figure 4.2Error! Reference source not found. show the change in
crystallinity between a single-phase FeGa film and a 186-nm 5-bilayer FeGa/NiFe composite. The
presence of more spots and diffuse rings in the diffraction pattern of the multilayer suggest a finer
grain structure in the FeGa/NiFe composite, consistent with a reduced coercivity.
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Figure 4.2 SAED pattern of an FeGa film and a 186-nm 5-bilayer FeGa/NiFe multilayer composite.

4.1.2 Static and Dynamic Magnetic Properties
The first step in optimizing the properties of this multilayer system was accomplished by
varying the thickness of individual FeGa and NiFe bilayers. Samples of constant total thickness
containing between 1 and 7 of these bilayers were fabricated, and their magnetic properties were
characterized via a combination of SQUID magnetometry and ferromagnetic resonance (FMR)
spectroscopy (see Figure 4.3). Note that these properties can be tuned over a small range simply
through adjusting the thickness of the layers, with an optimal balance of low loss and high
magnetomechanical coupling present in the 5-bilayer and 6-bilayer samples.
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Figure 4.3 Coercivity and FMR linewidth at X-band of 100-nm (FeGa/NiFe)n/FeGa composites
having a 1:1 FeGa:NiFe volume ratio.51

The properties of the FeGa/NiFe multilayer composites were then compared to the singlephase properties of FeGa and NiFe. FeGa is magnetically hard (HC = 60 Oe) and lossy at high
frequencies while NiFe is magnetically soft (HC ≈ 1 Oe) and exhibits very low loss at high
frequency. As shown in Figure 4.4, the multilayer composite is somewhere in between; it is
relatively magnetically soft and displays impressively low loss compared to FeGa.
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Figure 4.4 Magnetization hysteresis loops from SQUID magnetometry of FeGa, NiFe, and a 5bilayer FeGa/NiFe composite.
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To study the high-frequency magnetic properties of these composites, trilayer
FeGa/NiFe/FeGa composites (each layer 10 nm in thickness) were fabricated on resistive Si
substrates and measured using FMR spectroscopy. The results, shown in Figure 4.5, demonstrate
an extremely narrow FMR linewidth and Gilbert damping coefficient (0.005) relative to FeGa.
Note that the linewidths in the trilayer composites are lower than the 5-bilayer composites due to
the simpler structure and fewer interfaces (which reduces the extent of two-magnon scattering).

3 GHz
3.5 GHz
4 GHz
4.5 GHz

3

15.6 Oe

25

16.9 Oe
18.9 Oe

20

FMR Linewidth (Oe)

4

S11 (%)

20.4 Oe
2

1

15

10

5

0

0
0

20

40

60

80

100

120

3.0

140

3.5

4.0

4.5

Frequency (GHz)

Magnetic Field (Oe)

Figure 4.5 FMR linewidth from S11 transmission measurements as a function of frequency for a 10nm FeGa/10-nm NiFe/10-nm FeGa trilayer composite, exhibiting a Gilbert damping coefficient of
0.005.

4.1.3 Magnetoelastic Properties
The magnetoelastic properties of FeGa were compared to two different FeGa/NiFe
composites using the optical magnetostriction tester described previously. As shown in Figure 4.6,
the thinner multilayer composite, containing thinner FeGa layers, shows a substantial reduction in
the magnetoelastic coefficient compared to FeGa. However, the thicker FeGa layers in the 186nm composite retain nearly all of the desired magnetomechanical properties of the FeGa film.

69

10
FeGa (100 nm)
FeGa/NiFe 5 BL (186 nm)

8

FeGa/NiFe 5 BL (100 nm)

-b (MPa)

6

4

2

0
0

20

40

60

80

100

120

140

160

180

Magnetic Field (Oe)

Figure 4.6 Magnetoelastic coefficient of FeGa and two FeGa/NiFe multilayer composites with
different total thicknesses via optical magnetostriction measurements.

4.2 Effects of Individual Layer Thickness
To assess the effect of individual layer, a trilayer structure was created with
FeGa/NiFe/FeGa, with varying thicknesses, as shown in Figure 4.7. The results showed that the
coercivity of the trilayer composites increases with the thickness of the FeGa layers. The increased
thickness of the FeGa layers results in the formation of larger grains during deposition, consistent
with an increased coercivity. Note that the addition of a Ta capping layer had a negligible effect
on the soft magnetic properties of the trilayer composites, suggesting that the top FeGa layer was
not oxidized to a significant extent.
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Figure 4.7 Magnetic hysteresis curves from SQUID magnetometry of FeGa/NiFe/FeGa trilayer
composites of varying thickness on Si.
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4.3 Effects of FeGa:NiFe Ratio
To evaluate the effect of FeGa:NiFe ratio on the resulting properties of the FeGa/NiFe
multilayers, 100 nm 5-bilayer composites of varying composition were fabricated and measured
using SQUID magnetometry. Each composite consisted of 6 FeGa layers and 5 NiFe layers, but
the thickness of these layers were varied in order to modify the overall composition. The static
magnetic properties of these composites are summarized in Figure 4.8.
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Figure 4.8 Coercivity and saturation magnetization of 5-bilayer FeGa1-x/NiFex samples as a function
of volume fraction of NiFe.

The linearity of the saturation magnetization (Ms) as a function of volume fraction of NiFe
indicates that the saturation magnetization of the composite is essentially just a volume average of
the two magnetic materials. However, the trend that the coercivity shows is strongly nonlinear;
breaking up the FeGa with even 2 nm of NiFe is enough to reduce the coercivity by over 50%, and
thicker NiFe layer (in combination with thicker FeGa layers) further reduces the coercivity below
10 Oe.
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Chapter 5 Interfacial Engineering of Magnetoelectric Composite Materials

Interfacial engineering of magnetoelectric composites allowed for improvement in the
performance of a CoFeB-based magnetic tunnel junction as well as the ease of integration of
FeGa/NiFe-based multilayers. For the former, the successful integration of CoFeB with singlecrystal MgO substrates marks a substantial step toward achieving a greater degree of crystallinity
in magnetic memory technologies. For the latter, the use of a Ti buffer layer successfully leads to
the retention of favorable soft magnetic properties of the FeGa/NiFe multilayer composites upon
incorporation with substrates that would ordinarily lead to a reduction in the magnetic
performance.

5.1 Integration of CoFeB-based Magnetic Tunnel Junctions with Bulk-Crystal Dielectrics
The magnetic anisotropy of ultrathin CoFeB layers is controlled by many factors, including
its shape, crystallinity, and a variety of interfacial effects (e.g., strain, charge). A better
understanding of these interfacial effects is critical to the advancement of new computer memory
technologies, but their further study is difficult, if not impossible, without high-quality material
interfaces and advanced characterization tools. This section discusses the integration of CoFeB
films with single-crystal MgO substrates and how this enables new methods of in situ soft X-ray
characterization.
Recent work involving the integration of Cr electrodes into MeRAM stacks has enabled
processing of CoFeB/MgO-based MTJ stacks at temperatures as high as 600°C for 30 min. This
high-temperature thermal processing and single-crystal MgO substrates enhances the crystallinity
of the stack materials. This is due to the low lattice mismatch between MgO and Cr, expected to
result in epitaxial growth of the bottom Cr electrode on the underlying MgO substrate as well as
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of the top MgO layer on the bottom Cr electrode. Enhanced texture of MgO in the (001) direction
correlates with large TMR ratios52 necessary for easily reading the states of magnetic bits.
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Figure 5.1 Kerr rotation measurements from polar MOKE of a MgO (001)/Ta/CoFeB (t)/MgO
where the thickness of the CoFeB layer is t = 0.9 nm, 1.0 nm, 1.1 nm, and 1.2 nm.

As shown from the evolution of hysteresis curves in Figure 5.1, the magnetic anisotropy
of these layers can be controlled simply by changing the thickness of the CoFeB layer; as the layer
grows thicker, interfacial effects which drive perpendicular magnetic anisotropy are eventually
overwhelmed by bulk effects, and the magnetization is pulled in plane.
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Figure 5.2 Magnetization hysteresis loops from SQUID magnetometry of MgO (001)/Ta/CoFeB
(1.2 nm)/MgO/Al2O3.

The magnetization hysteresis loops in Figure 5.2 show the magnetic anisotropy of the last
sample from Figure 5.1 in greater detail, verifying that the sample exhibits an in-plane easy axis.
These results demonstrate the successful integration of CoFeB with single-crystal MgO substrates,
a substantial step toward achieving a greater degree of crystallinity in magnetic memory
technologies.

5.2 Integration of FeGa/NiFe-based Multilayers with Thin-Film and Bulk-Crystal Piezoelectrics
Strain-coupled multiferroic composites commonly rely on bulk single-crystal piezoelectric
substrates, such as PMN-PT or LiNbO3. These bulk crystals boast very strong electromechanical
coupling and are well suited for measuring magnetomechanical properties of prototype magnetic
materials; however, these substrates are expensive and are difficult to incorporate into Si-based
microelectronics. In nanostructured devices, piezoelectric materials which can easily be fabricated
into thin films, e.g., PZT or AlN, are often used.
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Designing a strain-coupled multiferroic structure requires careful consideration of the
quality of the interface, as mentioned previously. Unfortunately, many of the most commonly used
piezoelectric materials are oxides and would cause significant oxidation of the adjacent magnetic
material if the two were directly interfaced. In addition, the crystal structure of the piezoelectric
and magnetostrictive materials may differ to a substantial degree, preventing the adequate transfer
of strain across the interface.
As a preliminary step toward addressing the feasibility of incorporating thin films of PZT
with the previously-described FeGa/NiFe multilayers, multiferroic composites of PZT and FeGa
were fabricated via a combination of ALD and magnetron sputtering. To determine whether
interfacial reaction between the PZT and metallic FeGa would destroy magnetoelectric coupling
in very thin layers due to a formation of an oxide layer, ex situ electrical poling in conjunction with
SQUID magnetometry was conducted on 70 nm of FeGa deposited onto 65 nm of PZT following
rapid thermal annealing. These results, shown in Figure 5.3, demonstrate an obvious change in
magnetic properties as a result of the electrical poling and the subsequent change in remanent
electric polarization and strain state of the underlying PZT layer. The piezoelectric strain induced
by the ex situ electrical poling leads to an effective out-of-plane anisotropy field of 1150 A/m,
calculated from the change in the amount of magnetic work required to switch the magnetization.
Thus, applying 300 V to the top electrode of this composite (in this case FeGa) is equivalent to
applying an out-of-plane magnetic field having a strength of 1150 A/m, corresponding to a
converse magnetoelectric coupling coefficient of 4.7 × 10-4 Oe·cm/kV. Note that these
measurements were made after ex situ electrical poling; in situ electrical poling would enable
measurement of the change in magnetic properties before strain relaxation occurs upon removal
of the electric field, resulting in a greater change in magnetic properties and a larger measured
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coupling coefficient. The observed coupling suggests that the formation of an interfacial oxide
layer, if present, does not completely destroy the coupling between the PZT and FeGa; however,
the dramatic reduction in the saturation magnetization after ex situ electrical poling could result
from oxidation of the FeGa at the interface with the PZT substrate, aided by oxygen migration
driven by the electric field.

Figure 5.3 In-plane M-H hysteresis loops of 70 nm of FeGa on 65 nm of PZT before and after ex
situ electrical poling at 300 V for 10 minutes.

Preliminary results indicate that 70 nm of FeGa grown on a 65-nm PZT film possesses
magnetoelectric coupling after ex situ poling. However, interfacial oxidation is likely impeding
the transfer of strain between the PZT and FeGa. To address this, the use of an ultrathin Pt buffer
layer deposited via e-beam evaporation at the PZT/FeGa interface could potentially be used to
enhance this coupling, as has been shown in PZT/FeGa-based thick-film magnetometers.53
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5.3 Buffer Layers for Improved Interfacial Stability with Oxide Substrates
In order to ensure both chemical stability and adequate lattice match, a layer is often grown
between the dielectric and magnetostrictive materials. FeGa grown directly on oxide substrates
can lead to a reduction in magnetic properties due to oxidation of the FeGa film as well as due to
a mismatch between the crystal structures of the two materials. Even when grown directly on the
native oxide present on single-crystal Si substrates, as shown in Figure 5.4, a significant
enhancement in the soft magnetic properties of FeGa is achieved using only a 10-nm Ti buffer
layer; the saturation magnetization increases from 1090 emu/cm3 to 1160 emu/cm3, and the
coercivity decreases from 80 Oe to 42 Oe.

Figure 5.4 In-plane M-H hysteresis loops of 100-nm FeGa films (a) directly on Si with a native
oxide and (b) using a 10-nm Ti buffer layer.

The hysteresis loops in Figure 5.5 show unfavorable soft magnetic properties for 100 nm
of FeGa grown directly on LiNbO3. The reduced saturation magnetization and increased coercivity
of the FeGa film grown directly on LiNbO3 likely result from a significant degree of oxidation of
the FeGa layer in the absence of the Ti buffer layer. The 10-nm Ti buffer layer prevents significant
oxidation of the FeGa layer, reducing the coercivity from 80 Oe to 42 Oe and increasing the
saturation magnetization from 1150 emu/cm3 to 1330 emu/cm3.
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Figure 5.5 In-plane M-H hysteresis loops of 100-nm FeGa films (a) directly on LiNbO3 and (b)
using a 10-nm Ti buffer layer.

Even with non-oxide substrates, chemical and physical compatibility is still a concern. For
example, Figure 5.6 shows magnetic hysteresis loops for FeGa films grown on AlN with and
without a 10-nm Ti buffer layer. Again, the Ti buffer layer leads to an improvement in the soft
magnetic properties, increasing the saturation magnetization from 1210 emu/cm3 to 1260 emu/cm3
and decreasing the coercivity from 72 Oe to 45 Oe. The improvement in saturation magnetization
being smaller is consistent with a lack of oxidation of FeGa (expected given that the substrate is
not an oxide).
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Figure 5.6 In-plane M-H hysteresis loops of 100-nm FeGa films (a) directly on AlN and (b) using
a 10-nm Ti buffer layer.

The magnetic properties of the FeGa film are very consistent when using a Ti buffer layer,
regardless of the underlying substrate. This indicates that the presence of Ti promotes grain growth
in the adjacent FeGa layer. Furthermore, these results suggest that the magnetic properties of these
multilayers could remain similar on a variety of other substrates given that the Ti film can properly
adhere to them.

Figure 5.7 In-plane M-H hysteresis loops from SQUID magnetometry of 100-nm FeGa films on Si
with and without a 10-nm Ta buffer layer.

80

As shown in Figure 5.7, the use of Ta as a buffer layer has a similar effect of reducing the
coercivity of the FeGa films. However, a small portion of the film does not switch its magnetization
until above 200 Oe; this may be due to a magnetically hard region of FeGa near the interface with
Ta. The saturation magnetization does not change within the error associated with cleaving the
samples.

5.4 Magnetoelectric Composites Incorporating FeGa/NiFe Multilayers
As the bottom layer of all the FeGa/NiFe multilayer composites used in this work are FeGa,
integration of these multilayer composites with the substrates described in the last section is a
straightforward extension. In-plane magnetic hysteresis loops from SQUID magnetometry for
FeGa/NiFe composites grown on Si, LiNbO3, and AlN are shown in Figure 5.8.
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Figure 5.8 In-plane M-H hysteresis loops of 100-nm FeGa/(NiFe/FeGa)10 multilayer composite
films on Si, LiNbO3, and AlN, all using a 10-nm Ti buffer layer.

These results demonstrate that the use of a Ti buffer layer successfully leads to the retention
of favorable soft magnetic properties of the FeGa/NiFe multilayer composites upon incorporation
with substrates that would ordinarily lead to a reduction in the magnetic performance.
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Chapter 6 Mitigating Magnetic Losses in FeGa/NiFe Nanolaminates

While the properties of the developed FeGa/NiFe-based magnetic multilayers are wellsuited for high-frequency applications, the metallic nature of these films represent a significant
source of energy loss when they are subjected to high-frequency AC magnetic fields through the
generation of eddy currents. These undesired electrical currents lead to resistive losses through
Joule heating as well as the creation of magnetic fields that counteract the composite material’s
interaction with the applied magnetic field. This section focuses on mitigation of these eddy
currents in the hopes of increasing the energy efficiency of this material system.
The thickness of these layers were optimized in order to balance the energy savings from
eddy current mitigation with the possible reduction in magnetoelectric coupling resulting from the
introduction of non-magnetostrictive layers into the composite system.

6.1 Intentional Oxidation of NiFe in FeGa/NiFe Multilayers
As an initial attempt to reduce the eddy currents in these magnetic multilayers, NiFeOx was
incorporated into these multilayers via a natural extension of the current deposition process. By
exposing NiFe to oxygen plasma halfway through the deposition of each NiFe layer, an ultrathin
layer of NiFeOx is formed, breaking up the flow of electrons through the NiFe layers and reducing
the size of eddy currents generated in the magnetic multilayers.
This method of intentionally oxidizing part of the NiFe layer benefits from simplicity in
the sense that it does not require an additional sputtering target. However, it did not afford much
control over the resulting stoichiometry of the oxide. Additionally, the magnetic properties of the
formed oxide complicated analysis of the magnetic properties of the adjacent magnetostrictive
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films. For these reasons, the intentional oxidation of NiFe was ruled out as a means of mitigating
magnetic losses in these FeGa/NiFe multilayer structures.

6.2 Incorporation of Al2O3 into NiFe
To compare to the straightforward incorporation of NiFeOx into these structures, ultrathin
Al2O3 layers deposited via the same sputtering system was incorporated in a similar manner to
disrupt the flow of eddy currents through the magnetic multilayers. Despite requiring an additional
sputtering target, this strategy allows for the reliable deposition of a stoichiometric oxide. Al2O3
was chosen due to its high electrical resistivity, ease of deposition, and thermodynamic stability
when interfaced with FeGa and NiFe.
The hysteresis loops shown in Figure 6.1 verify that incorporation of ultrathin Al2O3 layers
does not seem to have any detrimental effect on the static magnetic properties of the NiFe. The
saturation magnetizations of all samples are approximately equal (within the error involved in
cleaving the same area for all samples), suggesting that any magnetic dead layer formed by
oxidation of the NiFe is at most a few nanometers thick.
Electrical resistance measurements were conducted on multilayer composites with and
without the insulating layers, confirming a transition from metallic to insulating in the out-of-plane
direction. Even in the in-plane direction, the resistance associated with electron flow in the plane
of the film is expected to increase, as the electrons are confined to more restricted spaces between
the insulating layers.
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Figure 6.1 In-plane M-H hysteresis loops from SQUID magnetometry of NiFe/Al2O3(t)/NiFe
composites, where t = 0, 1.25, 2.5, 5 is the thickness of the films in nanometers.

6.3 Incorporation of Al2O3 into FeGa/NiFe Multilayers
With Al2O3 confirmed as a viable oxide for introduction into these magnetic multilayers,
the next step involved integrating the Al2O3 into the full FeGa/NiFe multilayer system. In order to
optimize this structure, both the layering sequence (i.e., where within the stack the Al2O3 should
be inserted) and the thickness of the Al2O3 must be considered.
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6.3.1 Layering Order of Al2O3 in FeGa/NiFe Composites
To determine the optimal placement of Al2O3 in these structures, Al2O3 layers were
inserted into various points within the structure, both between the functional layers and embedded
within them.
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Figure 6.2 Magnetization hysteresis loops from SQUID magnetometry of a 10-nm FeGa/(t)
Al2O3/10-nm NiFe/(t) Al2O3/10-nm FeGa structure, where t varies from 0 to 20 nm.

Based on the static magnetic properties shown in Figure 6.2, this structure is undesirable
for a magnetoelastic antenna. The multiple shoulders present on the magnetization hysteresis loop
indicate that, especially for the thicker Al2O3 layers, the magnetic layers are not switching
simultaneously. The NiFe layer is no longer strongly exchange coupled to the FeGa due to the
presence of the Al2O3 and is free to switch after the application of a very small magnetic field. The
two FeGa layers possess a larger coercive field than the NiFe as would be expected from their
individual properties. The fact that there is a third switching event suggests that the two FeGa
layers switch at different fields, potentially due to varying degree of oxidation, strain, or
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crystallinity between the two layers. These results seem to suggest that FeGa may not have
desirable properties when grown directly on Al2O3.
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Figure 6.3 (top) Magnetization hysteresis loops from SQUID magnetometry of an FeGa/NiFe/FeGa
trilayer structure compared with multilayer structures with an Al 2O3 layer interposed (lower left)
within each FeGa layer and (lower right) within each NiFe layer.

Considering the static and dynamic properties shown in Figure 6.3, the optimal placement
of the Al2O3 seems to be embedded within each NiFe layer. This structure boasts the smallest
coercivity and does not require breaking up the magnetostrictive FeGa layer.
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6.3.2 Thickness of Al2O3 in Laminated FeGa/NiFe Multilayer Composites
After determining the optimal placement of the Al2O3 layers within the structure, the next
step was optimizing the thickness of these layers. A series of samples was fabricated in which the
thickness of the oxide embedded within the NiFe layers was varied from 0 to 20 nm. The static
magnetic properties of these composites are shown in Figure 6.4.
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Figure 6.4 Magnetization hysteresis loops from
Si/Ta/[FeGa/NiFe/Al2O3(t nm)/NiFe]x5/FeGa/Ta composite.
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of

a

The static magnetic properties of the multilayer composite with Al2O3 interlayers are not
strongly affected by the thickness of Al2O3. This is consistent with the hypothesis that the majority
of the oxidation occurs at the top of the metallic layers during the initial stages of Al2O3 deposition,
during which high-energy oxygen atoms bombard the exposed metallic surface until the oxide film
forms. Since Al2O3 is a very stiff material, too much of it may have detrimental effects on the
mechanical properties of the composite, and Al2O3 layers should be made as thin as possible in the
optimized structure.
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Figure 6.5 Magnetoelastic coefficient of 5-bilayer FeGa/NiFe/Al2O3/NiFe multilayer composites
with varying Al2O3 thicknesses.

Magnetoelastic coefficients for a 5-bilayer FeGa/NiFe/Al2O3/NiFe composite with varying
thicknesses of Al2O3 from optical magnetostriction measurements are shown in Figure 6.5. As
expected, the insulated multilayer system has a reduced magnetostriction compared to the
magnetic multilayers without the stiff Al2O3. However, the magnetoelastic coupling in these
multilayers is still strong even after incorporation of a nonmagnetic layer.

89

Figure 6.6 S11 absorption via FMR spectroscopy of a 5-bilayer FeGa/NiFe composite with and
without Al2O3 insertion.

The dynamic magnetic properties of a 5-bilayer multilayer composite with and without the
Al2O3 insulating layers are shown in Figure 6.6. The insulated multilayers show a 50% reduction
in the FMR linewidth compared to the multilayers without the Al2O3. This suggests a dramatic
reduction in the absorption line-broadening caused by eddy currents, one of the major loss
mechanisms at high frequencies. These results confirm that insulated FeGa/NiFe multilayer
composites are excellent candidates for incorporation into next-generation magnetoelectric
antennae.
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Chapter 7 Summary

Through careful consideration of interfacial effects, the work outlined herein has
contributed to the development of emerging magnetoelectric technologies. A better understanding
of the role that oxidation at the CoFeB/MgO interface plays in the electric-field control of
magnetization in magnetic tunnel junctions has already contributed significantly to advancements
in the field of spintronics. This work has also detailed the optimization and eddy current mitigation
of FeGa/NiFe multilayer composites, which serve as ideal candidates for incorporation into nextgeneration magnetoelectric antenna concepts. Furthermore, these material systems were
successfully integrated with functional substrates through the use of Ti buffer layers.
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