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ABSTRACT 

Vertically aligned nanocomposite (VAN) thin films are a promising thin-film platform that 

allows the combination of a highly desired material with another complementary oxide. 

Traditionally, VANs have been limited to combining an oxide with another oxide which has shown 

a wide range of functionality, and, by adjusting the different growth parameters, it has led to the 

tuning of their physical properties. While VANs have already shown to be an effective platform 

with immense potential, further enhancement of physical properties can be performed by replacing 

one of the oxides with a metal forming metal-oxide VANs.   

In this dissertation, by the inclusion of the 3d transition metals, e.g., Fe and Co, into various 

oxide matrices, such as La0.5Sr0.5FeO3, BaZrO3, and BaTiO3, strong, highly anisotropic, 

ferromagnetic properties have been achieved. By varying the growth parameters, tunable physical 

properties, mainly coercivity and anisotropic ratio, have been demonstrated. Furthermore, in the 

case of Co-BaZrO3, a multi-layer stack has been successfully grown and demonstrated a tailorable 

magnetoresistance. Additionally, a novel system by combining Fe pillars into a BaTiO3 matrix has 

been demonstrated. This new system allows for the combination of the room temperature Fe 

ferromagnetic properties with the ferroelectric properties of BaTiO3, allowing for coupling 

between the two with coercivity tuning  and tailorable ferromagnetic properties.  

Lastly, it has been shown a possible framework by adding additional metals into the 

existing metal-oxide VAN platform. By adding the third phase, another metal, it opens up a new 

avenue to induce additional functionality while creating a method to introduce coupling between 

the different metals and physical properties.  
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1. INTRODUCTION 

Magnetic materials have continued to attract considerable interests due to their wide range 

of applications such as memories [1,2], power electronics [3,4], sensors [5,6], etc. Magnets were 

first discovered in the ancient world with from the naturally occurring mineral called a lodestone 

which chemical composition consists of iron oxide. From suspending the lodestone, they were able 

to observe that the magnetism always point in one direction, leading to the first compasses[7]. It 

was not until much later in the late 18th century that the physics behind magnetism was more 

rigorously studied by notable figures such as Carl Gauss, Charles Coulomb, Hand Oersted, 

Michael Faraday, James Maxwell, Pierre Weiss, and many others, that led to our present-day 

understanding.  

In a similar vein that magnetic materials have attracted considerable interest, ferroelectric 

materials have also attracted similar interest due to their wide range of applications[8]. Of recent 

interest however is integrating ferroelectric with ferromagnetic materials to produce a multiferroic 

system[9,10] creating additional avenues of control. 

Next, a spintronic device that has been on the forefront of many different applications are 

tunnel junctions[11]. Tunnel junctions all operate utilizing resistive switching as the mechanism 

that caused the switching used to classify and identify different types of tunnel junctions. For these 

tunnel junctions, it is crucial to select the proper ferroelectric, ferromagnetic, or multiferroic 

materials to improve the performance of the device.  

One possible classification of materials that can improve the performance of different 

spintronic devices are magneto-optical materials[12,13]. Magneto-optical  are materials which 

combine optical and magnetic properties to create systems where magnetic fields can polarize light 

and where polarized light can affect magnetic fields. In order to create these materials though, 

specific structures must be made, which requires different fabrication techniques with each having 

advantages and disadvantages[14].   

An interesting platform that have created novel ferromagnetic, ferroelectric, multiferroic, 

and magneto-optic films is Vertically Aligned Nanocomposites (VANs)[15]. VANs are a 

promising platform that grows highly anisotropic nanostructures via self-assembly which are 

further classified via the type of materials are used in the VAN. From these VAN, many different 

types of systems were created to address many different application and device needs.  
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The introduction will first cover a brief introduction to the mechanism of magnetism and 

the different classifications of magnetic materials and the different physical phenomena that are 

caused by these magnetic materials. In the second part, a brief introduction of ferroelectricity will 

be introduced, followed by an introduction to tunnel junctions with a brief overview on both the 

classifications and mechanisms. In the third part, optical materials and later, magneto-optical 

materials, are introduced with a short overview on the different fabrication techniques used to 

make these materials. Lastly, VANs are introduced with emphasis on both oxide-oxide and metal-

oxide VANs.  

1.1  Magnetism 

1.1.1 Overview of Magnetism 

Figure 1.1 Electron spinning around the atom is the origin of the atomic magnetic moment[16].  

 

Magnetism originates from the motion of the electron, or more specifically, the orbital spin 

and the orbital motion of the electron, as it travels around the nucleus. As the electrons orbit around 

the nucleus, the path they take act as solenoids causing a net magnetic moment to form. Although 

for most electron orbits, two electrons can fill one orbit with the electrons having opposite spins, 

thus resulting in a net zero magnetic moment. The magnetic material is classified into different 

categories based on its magnetic susceptibility, Xm, which is the ratio of the induced magnetization 

of the material to the applied magnetic field[17]. The different categories used to classify the 

materials are diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic. 
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1 Figure 1.2 Schematic demonstrating how different types of magnetic material react to an 

applied magnetic field[18].  

1.1.2 Diamagnetism 

The term diamagnetism was first coined by Faraday in 1845, where he found that 

magnetism was a universal part of matter[19]. Diamagnetism occurs when there are no unpaired 

electrons in a material, resulting in a less than zero Xm[20]. These electron pairs when exposed to 

an external magnetic field will distort the electrons resulting in a weak magnetic moment to be 

produced. However, this magnetic response will weakly oppose the applied magnetic field in a 

proportional fashion, causing a negative Xm. Since almost all materials will have paired electrons, 

this property will be present in all materials. Yet to be classified specifically as a diamagnetic 

material, the strongest magnetic response must be caused by this intrinsically weak diamagnetic 

property which occurs in certain materials as in bismuth[21] and antimony[22].  

 
1 Image reproduced with permission of the rights holder, Springer Nature. 
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1.1.3 Paramagnetism 

Paramagnetism is one of the most common magnetic classification of inorganic materials. 

Paramagnetism comes from the existence of an unpaired electron in an energy level[23]. Since this 

electron is unpaired, the electron’s movement will not be canceled out by another electron moving 

in the opposite direction. This imbalance results in the sole electron’s spin being affected by an 

external magnetic film, resulting in a Xm above 0. For paramagnetic material, the magnetic 

response of the material will align in the same direction and increase linearly with the applied field, 

but once this  external magnetic field is removed, the material will revert to a zero net magnetic 

moment[24]. Interestingly though, there is a subclass of paramagnetic materials called 

superparamagnetic materials. Superparamagnetism usually appear in ferrimagnetic or 

ferromagnetic nanoparticles that shrink below a certain size threshold[25]. Below this threshold, a 

single domain comprises the entire nanoparticle, causing the magnetism to fluctuate directions 

randomly due to temperature with the time between flips is referred as the Néel relaxation time[26].  

1.1.4 Antiferromagnetism 

In 1936, Nobel Prize winner Louis Néel, theorized an existence of two other magnetic 

phases called antiferromagnetic and ferrimagnetic[27]. Antiferromagnetic materials are a special 

case of materials which the neighboring electron spins will always be in opposite directions. The 

opposing directions will cancel out any net magnetic moment from the material in the absence of 

any magnetic field. When a magnetic field is applied, one of the spin directions may become 

stronger, resulting in a non-zero net magnetic moment.  This material is sensitive to thermal 

fluctuations and have a temperature Néel temperature, TN. Above this temperature, the thermal 

energy of the system can overcome the spin ordering in the electrons leading to the system 

becoming paramagnetic.  

1.1.5 Ferrimagnetism 

Ferrimagnetic material is similar to antiferromagnetic material in that there are opposing 

magnetic directions between neighboring electrons. The key difference between antiferromagnetic 

and ferrimagnetic is the magnitude of the magnetic directions are not equal. This results in a net 

magnetization to remain and this phenomenon can be seen in materials such as Fe3O4[28]. This 
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critical difference causes some unique characteristics that is only present in ferrimagnetic materials. 

One characteristic, called magnetization compensation point, is when certain ferrimagnetic 

materials such as DyCo5, have a temperature below the Curie temperature, where the magnetic 

fields cancel out each other producing a net magnetic moment of zero[29]. Another characteristic, 

called angular momentum compensation point, is when the net angular momentum is at zero. 

When the net angular momentum is zero, there is no force that holds the magnetic direction in one 

specific direction. By having no preferred magnetic direction, this allows for the magnetic 

direction to be easily changed, resulting in potentially high frequency switching in these 

materials[30]. 

1.1.6 Ferromagnetism 

Ferromagnetism is the most sought-after magnetic classification due to both their strength 

of their magnetism and their ability to remember magnetic moments resulting in permanent 

magnets. Ferromagnetism is similar to paramagnetism due to the tendency for both types of 

materials to align to an external magnetic field, but ferromagnetic materials differ in the 

mechanism to which the magnetic moments of the electrons align. For paramagnetic films, the 

alignment happens on an individual electron scale, while for ferromagnetic materials, groups of 

neighboring electrons, called magnetic domains, will align in the same direction and retain this 

direction. Thus, the material will remember the magnetic alignment even after the external 

magnetic field is reduced to zero up to a certain temperature.  Of the ferromagnetic materials, the 

3d transition metals, Ni, Co, Fe are among the magnets with the strongest dipole moments. This is 

due to them having unpaired electrons in their 3d orbitals, and it was found that the 3d orbitals are 

the least overlapping resulting more unpaired electrons when compared to other orbitals[31].  

In the late 19th century, Pierre Curie discovered that temperature has an effect on the 

magnetization on different magnets, and he found that a certain temperature, the Curie temperature, 

TC, the magnet ceases to act like a permanent magnet[32]. As the temperature increases, more 

thermal energy will be introduced into the ferromagnetic material system. As this thermal energy 

increases, it will arrive at the point, TC, where the thermal energy will overcome the magnetic 

domains, resulting in only individual atom alignment as seen in paramagnetic films.  

Ferromagnetic and ferrimagnetic materials are different from the other types, because even 

if the external magnetic field is removed, both types of materials are able to remember a magnetic 
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direction. The magnetic moment of the electrons will stay the same for an extended period until 

another external magnetic field or external force is applied. This degree of remembrance of the 

magnetic moment is generally classified by the hysteresis loop that can be plotted in a magnetic 

moment vs magnetic field or M-H graph. Generally, the hysteresis shape is classified by 

quantifying the magnetic saturation (Ms),  magnetic remanence (Mr), and coercive field (Hc). 

Magnetic saturation is the value of the magnetic moment when every magnetic domain within the 

material is aligned to the applied direction. This value will depend on intrinsic qualities of the 

material with the transition 3d metals, such as Fe, Ni, and Co having the strongest magnetic values 

of all the elements. Magnetic remanence is the magnetic moment that is left after the external 

magnetic field is removed. This value is usually determined by the material’s inherent 

characteristics. Coercive field is the magnitude of an external magnetic field applied in the opposite 

direction to zero out the remembered magnetic moment. The magnitude of the coercive field often 

is determined by the domain sizes, whereas the large domains will exhibit larger coercive field, 

and smaller domains will exhibit smaller coercive fields.  

There are two different classifications of ferromagnetic materials that depend on the 

strength of their respectively coercivity: hard and soft. Hard ferromagnetic materials have long 

been used in permeant memory storage due to their ability to retain a magnetic direction for 

extended periods without any additional energy input, only requiring energy to change the memory 

state or read the memory state[33]. Soft ferromagnetic materials are used in transformers due to 

their susceptibility to AC current allowing for more efficient switching[34]. This type of material 

is also largely sought out for their applications within ferromagnetic memory, especially 

MRAM[35], due to the requirement for these circuits to switch at high frequencies, thus lower 

coercivity will lead to lower energy requirements. 

1.1.7 Exchange Bias 

Exchange bias was first discovered by Meiklejohn and Bean in 1956 in partially oxidized 

cobalt nanoparticles, where the ferromagnetic cobalt regions were surrounded by the 

antiferromagnetic cobalt oxide[36]. They discovered that by applying a magnetic field while 

cooling from temperatures above the Néel temperature of the cobalt oxide causes the hysteresis 

loop of the cobalt to shift laterally and causes an increase in the coercivity. This phenomenon was 

named exchange bias. Generally, exchange bias is typically found at interfaces between soft 
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ferromagnetic and antiferromagnetic regions[37]. When the antiferromagnetic material is cooled 

with an applied magnetic field from above its Néel temperature, the spins within the 

antiferromagnetic will be aligned perfectly in an antiparallel fashion. This alignment will alter the 

direction of the ferromagnetic spins that are near the interface. At smaller magnetic fields, the 

ferromagnetic spins will align more readily with the spins of the antiferromagnetic film near the 

interface, causing a smaller magnetization required to shift into this alignment. On the opposite 

portion of the hysteresis, where the ferromagnetic direction opposes the antiferromagnetic 

alignment, more applied field will be needed. This is because in addition to the flipping the moment 

in the ferromagnetic, the antiferromagnetic magnetic spins will oppose this flipping. By opposing 

the flipping, it will require more magnetization due to having to overcome both the preexisting 

alignment within the ferromagnetic and the spin pinning caused by the antiferromagnetic[38]. 

These two mechanisms in conjunction with each other causes the shifts seen in the magnetic 

hysteresis plot. 

1.2  Magnetic Anisotropy 

1.1.2 Overview of Magnetic Anisotropy 

For many magnetic materials, magnetic anisotropy can be seen in their magnetic behavior. 

Magnetic anisotropy is when different directions have different magnetic hysteresis loops. 

Generally, for magnetic anisotropy, there is an easy and hard direction for magnetic moment. The 

soft direction is the direction, generally out-of-plane or in-plane for crystalline material where the 

material is easily saturated i.e. has a smaller field required for saturation. The hard direction is the 

opposite direction, where the material is harder to be fully magnetized, i.e. have a larger field 

required to be saturated. There are different ways in which magnetic anisotropy can arise with 

from magnetocrystalline anisotropy, stress anisotropy, shape anisotropy, and exchange anisotropy.  

1.1.3 Magnetocrystalline Anisotropy 

 Magnetocrystalline anisotropy is anisotropy that arises from the inherent crystal structure 

of the material causing energy differences in the easy and hard directions. Magnetocrystalline 

anistropy depends greatly from the spin-orbital coupling which describes an electron spin 

interaction with an energy potential with certain electron orbitals having more energetically 
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preferred spin directions[39–41]. This preferred spin directions for the orbitals causes a difference 

in the hard and soft magnetic directions, in that for the soft directions, the preferred spin direction 

is in the same direction as the applied while for the hard direction, the preferred spin direction is 

normal to the applied field’s direction. In a cubic system, the formula to calculate the 

magnetocrystalline anisotropy energy for a cubic structure is: 

 

𝐸 = 𝐾0 + 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2(𝛼1
2𝛼2

2α3
2)+ ..  Equation (1) 

 

Where the K0, K1, K2, …, are the constants for a particular material at a given temperature, α1, α2, 

α3, are the cosines of the angle between Ms and the a, b, and c axis in the cubic system, 

respectively[42].   

1.1.4 Stress Anisotropy 

Stress anisotropy is magnetic anisotropy that arises from magnetorestrictive material. 

Magnetorestriction is the effect that applied magnetic fields have on the mechanical properties of 

a ferromagnetic or antiferromagnetic material. As a field is applied to a  magnetorestrictive 

material, the field will induce a mechanical stress to the material resulting in a length change. 

Inversely, if a mechanical stress is applied to a magnetorestrictive material, the material will 

produce a magnetic field.  

1.1.5 Shape Anisotropy 

Shape anisotropy arises from dipole-dipole interactions[43]. In shape anisotropy, since not 

every magnet can be a perfect sphere, the overall shape of the magnet will cause a hard and easy 

direction to occur. This is most notable for thin films. For most single-phase epitaxial films, the 

in-plane coercive field will be much larger than the out-of-plane resulting in a soft out-of-plane 

direction and a hard in-plane direction. This is due to the geometry of the in-plane (parallel to the 

substrate) having a significantly larger dimension than the out-of-plane, and this shape anisotropy 

is extremely important for nanocomposite films, with the effect magnetic pillars embedded within 

a non-magnetic show been theoretically calculated to have a large shape anisotropy[44]. 



 

 

22 

1.3  Magnetoresistance 

1.1.6 Overview of Magnetoresistance  

Magnetoresistance is when a material will change its resistance when exposed to an 

external magnetic field. This magnetoresistance was found by Lord Kelvin in 1856[45]. From 

There have been different types of magnetoresistance discovered since Lord Kelvin’s initial 

discovery, and their classification of based on the underlying mechanism of how the electrons 

propagate through the material with the possible classifications of 1) colossal magnetoresistance 

2) giant magnetoresistance 3) tunneling magnetoresistance.   

1.1.7 Colossal Magnetoresistance 

2Figure 1.3 Schematic showing the band splitting and elongation of the Mn-O bonds[46]. 

 

 
2 Image reproduced with permission of the rights holder, Elsevier. 
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Colossal magnetoresistance is usually found in manganese-based perovskite oxides that is 

characterized by an immense decrease in their electrical resistance when an external magnetic field 

is applied near the ferromagnetic to paramagnetic transition point. The phenomenon was first 

discovered by G. H. Jonker and J. H. van Santen in the 1950s[47], and shortly after the double-

exchange model was developed to explain the origin of the large change in magnetoresistance. In 

this model, it attributes the high resistance change to the jumping of electrons from a Mn3+ to Mn4+ 

facilitated by the jumping of eg orbital electrons from Mn3+ to O p-orbital and at the same time an 

electron with the same spin jumping from O p-orbital to the now empty eg orbital of Mn4+.  The 

applied magnetic field facilitates this jumping allowing for a change in resistivity[48]. However, 

the double exchange model does have its limitations, and recent work has been on to illuminate 

additional mechanisms that result in the resistance change[49–51]. 
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1.1.8 Giant Magnetoresistance 

3Figure 1.4 Normalized resistances of the Fe/Cr layers[52]. 

 

Giant magnetoresistance deals with the interaction between ferromagnetic layers separated 

by a thin non-magnetic metal. This phenomenon was first discovered by Nobel Prize winner A. 

Fert et al. in 1988 with Fe/Cr multilayers and Nobel Prize winner P. Grünberg et al. in Fe/Cr/Fe 

trilayers[52,53].  In the experiments, they that two resistance states existed between the 

ferromagnetic layers. Since the middle layer is non-magnetic, the two surrounding ferromagnetic 

layers can be independently switched.  When the spin alignment of the electrons within the 

ferromagnetic layers are parallel, a low resistance state exists, Rp,  and when the spin alignment is 

antiparallel, a high resistance state exists, Rap. The MR is calculated via the equation below: 

 

𝐺𝑀𝑅 =
𝑅𝑎𝑝−𝑅𝑝

𝑅𝑝
∗  100%  Equation (2) 

 
3 Image reproduced with permission of the rights holder, American Physical Society. 
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1.1.9 Tunnel Magnetoresistance 

Tunnel magnetic resistance (TMR) typically is used to calculate the resistance switching 

exhibited in tunnel junctions (MTJ). There are three different type of tunnel junctions, ferroelectric, 

ferromagnetic, and multiferroic, with the classification being determined by what mechanisms 

causes the resistive switching[11]. MTJ consist of two ferromagnetic materials surrounding an 

insulating barrier. When the magnetic directions of the two ferromagnetic materials are in the same 

direction, it promotes electrons to tunnel through causing a “low” resistance state, Rp,  and when 

the magnetic directions are biased in opposite directions, it hinders tunneling, causing a “high” 

resistance state, Rap. The TMR is calculated via the equation below:  

 

𝑇𝑀𝑅 =
𝑅𝑎𝑝−𝑅𝑝

𝑅𝑝
∗  100%  Equation (3) 

 

The magnetic tunnel junction was first proposed by M. Julliere with a Fe/Ge-O/Co junction 

that exhibited a small TMR of only around 14% at 4.2 K, but nonetheless it was one of the first 

successful demonstrations of a tunnel junction[54]. Next, demonstrations of tunnel junctions that 

exhibited a non-zero, TMR at room temperature using aluminum oxide with TMR values of 

slightly larger than 10% were developed by T. Miyazaki in 1997[55]. As better fabrication 

techniques were developed, a main breakthrough that greatly benefited tunnel junction was the 

development of the growth of epitaxial, single-crystal, MgO[56]. 

1.4  Ferroelectricity 

While magnetics have widespread use, ferroelectrics are also widely used in a variety of 

different devices and application. They are typically characterized as having a noncentrosymmetric 

crystal structure that enables spontaneous polarization[57]. Typically, some of the most well 

studied and widely utilized ferroelectrics are the perovskites. Perovskites are ideally identified by 

a chemical formula of ABO3 where A and B are cations with A having a larger diameter than B, 

with examples being BaTiO3 and PbZrxTi1-xO3. The ferroelectricity derives from a combination of 

two different concepts, soft mode and the Laudau-Ginzburg-Devonshire theory. In soft mode 

theory, the exhibited polarization comes from the instability of the lattice generated from its 

vibration due to temperature[58]. If the temperature decreases below a transition temperature, the 
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TC, the B atom displacement is permanent, resulting in spontaneous polarization. Above this 

temperature, this property vanishes and turns the material into a paraelectric. As for the Laudau-

Ginzburg-Devonshire theory, at temperatures below the transition temperature, the free energy of 

the ferroelectric as a function of the polarization can be described as a double well. This double 

well has two energetic minimas corresponding to two different energetically stable spontaneous 

polarization states. In order to switch from one state to the other, energy will need to be added to 

the ferroelectric material to cause a polarization switch[59].  

 

 

4Figure 1.5 The double well free energy graph as a function of polarization calculated via using 

Laudau-GinzBurg-Devonshire theory, with two minima shown[59].  

 

 
4 Image reproduced with permission of the rights holder, Springer Nature. 
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1.5  Tunnel Junctions 

5Figure 1.6 Tunnel junctions and the different resistive levels based on the switching direction 

for a) magnetic tunnel junctions, b) ferroelectric tunnel junctions, and c) multiferroic tunnel 

junctions[11]. 

1.1.10 Ferroelectric Tunnel Junctions 

One type of ferroelectric device is ferroelectric tunnel junctions. In FTJ, the layout typically 

is a ferroelectric material surrounded by a non-magnetic metal. In this device, the switching is 

performed via a middle ferroelectric layer that is able to switch polarization. By switching the 

polarization direction, the tunneling current will increase or decrease due to the ferroelectric barrier 

changing its work function, and thus the barrier height. As the barrier height decreases due to the 

polarization direction, the electrons have higher probability to tunnel through resulting in a higher 

current. While the other polarization direction will increase the barrier height, inhibiting the 

electron tunneling[60].  However, this is a simple explanation for the resistance variation, as other 

factors may contribute to the ratios between the two polarizations. One factor is that since the 

ferroelectrics will also be piezoelectric materials, the thickness of the barrier will change modulate 

with the applied voltage used to switch the polarization. Since the ferroelectric barrier thicknesses 

 
5 Image reproduced with permission of the rights holder, Cambridge University Press. 
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are small to begin with, this modulation will influence the current across the ferroelectric, 

especially when a large read voltage is utilized[61].   

6Figure 1.7 Schematic demonstrating how the polarity direction of the ferroelectric alters the 

barrier height[60]. 

1.1.11 Magnetic Tunnel Junctions 

 

In MTJ, the insulating layer between the ferromagnetic layers plays an essential role due 

to the fact the electrons need to tunnel through the layer. MgO was previously calculated to be able 

to create the tunnel junction structure of Fe/MgO/Fe with high switching behavior at room 

temperature by both J. Mathon and W.H. Butler in 2001 due to the unique band structure of 

MgO[62,63], and later that year, Bowen et al. was able to fabricate a Fe/MgO/FeCo device that 

demonstrated strong switching at room temperature with a TMR of above 60%[64]. Next, S. Yuasa 

made further improvements when the FeCo layer was replaced with Fe, resulting in even higher 

TMR of over 150% at room temperature[65]. These tunnel junctions though were all in the in-

 
6 Image reproduced with permission of the rights holder, Springer Nature. 
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plane direction with the layers growing directly on top of each other, but the next biggest 

breakthrough was when the ferromagnetic, switching layers had perpendicular anisotropy. 

7Figure 1.8 Schematic of the setup for the perpendicular magnetic junction. b) Top view of the 

magnetic tunnel junction taken using scanning electron microscopy[66]. 

1.1.12 Perpendicular Tunnel Junctions 

There is an ongoing preferential direction for perpendicular anisotropy because it allows 

for high density, low energy, and high frequency switching[67–69]. As the semiconductor industry 

keeps pursuing Moore’s law as a guideline for future technology, there comes an imperative need 

for high density electronics. As the density of devices increases, conventional semiconductor 

devices will consume more energy and radiate more heat resulting in substantial efficiency loss. 

To overcome this, a spin on the conventional in-plane MTJ must be developed. One of the first 

out-of-plane MTJ to be developed that showed promising room temperature properties was 

developed by H. Ohmori et al. where they grew TbFeCo/Fe/MgO/Fe/GdFeCo perpendicular MTJ 

 
7 Image reproduced with permission of the rights holder, Springer Nature 
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that had a TMR of 64%[70]. Later, a perpendicular tunnel junction with a high TMR was 

developed by Ohno[66]. In this seminal work, Ohno developed a CoFeB/MgO/CoFeB MTJ with 

the CoFeB utilized as the ferromagnetic switching layers with additional metal layers to aide in 

the spin transfer. He found that below certain thicknesses, CoFeB switches from the usual 

preferred in-plane direction to out-of-plane and was able to successfully utilize this to grow a 

perpendicular MTJ. Using this design, he was able to successfully demonstrate a large 

perpendicular TMR of over 100 at room temperatures with thermal stability of CoFeB diameters 

of around 40 nm. 

1.1.13 Multiferroic Tunnel Junctions 

 Multiferroic tunnel junctions (MFTJ) are a combination of the ferroelectric and magnetic tunnel 

junctions to create 4 resistive states. These four resistive states derive from the different 

combinations of ferromagnetic and ferroelectric orientations the switching materials can be in. 

There are two possible configurations that can result in the creation of this device. One of the 

common configurations is when the ferromagnetic materials, which are preferably conductive, 

surround a ferroelectric barrier[11]. In this configuration, the interface between the ferromagnetic 

and ferroelectric is important and crucial for the performance of the device. The less common 

configuration is a conductive electrode surrounds a multiferroic material. This configuration is less 

common, because multiferroic materials, in this case that are both ferromagnetic and ferroelectric 

are limited to few materials, and even less so at room temperature[71].  

1.6  Optical Materials 

Optical materials are utilized in a wide variety of applications[72]. Recently, the potential 

for these materials to improve the performance spintronic devices have been demonstrated, and 

there is ongoing work to both identify and create different optical, especially magneto-optical 

materials to improve device performance[73,74].  

1.1.14 Classification of Optical Materials 

 Generally, there are two main classifications of materials, dielectric and metallic, that 

depend on the sign of the material’s relative permittivity, εr. In the case of dielectric materials, the 



 

 

31 

εr of the materials will be positive. In these cases, the material will allow light to propagate through 

the material with the refraction of the light changing slightly based on the material’s properties. 

Dielectric  materials tend to be oxides or semiconductors in nature with some of the most well-

known being materials such as SiO2, Al2O3, BaTiO3, etc.  

 The other classification of materials, metallic, are materials that have a negative εr. In this 

case, the material will not allow light to propagate and instead the light will be reflected[75]. 

Metallic materials, as suggested by its name, are generally metals such as Au, Fe, Ni, etc. These 

two different classifications are broad and encapsulate nearly all known materials, yet by 

combining the two different properties of the classifications, interesting thin films and applications 

can be developed.  

1.1.15 Metamaterials 

 Metamaterials are a classification of materials are artificially structured materials that give 

rise to properties not found in nature. Metamaterials were first proposed by Victor Veselago in 

1967[76], where he proposed a theoretical material that will exhibit negative permittivity, ε, and 

negative permeability, μ. Prior to this publication, it has been largely accepted that the refractive 

index of materials can only be positive, yet in this paper he theoretically proves that the refractive 

index can have negative values. By having a negative refractive index, this will result in light 

entering a material to bend in an inside direction rather than the traditional outside direction. Next, 

Pendry first proposed the use of different artificial materials to achieve the negative index[77]. 

This led to the development and creation of a wide variety of metamaterials seen today. Now, 

metamaterials are widely used in a variety of different applications, with cloaking[78], 

superlens[79], and absorbers[80] being just a couple of application, with electromagnetic 

metamaterials being the most applicable to magnetic and optical applications. 

1.1.16 Electromagnetic metamaterials 

Electromagnetic metamaterials are artificially made materials that can manipulate the 

electromagnetic waves. To classify the different number of metamaterials, the parameters of ε and 

μ are used with the different combination of signs of the parameters determining the 

classifications[81].  
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 There are two possible classifications when the permeability, μ, is positive, based on the 

sign of ε. One is when  ε>0, where the material is classified as dielectric, and the other is when 

ε<0, where the material is considered metallic. Now in the cases where the permeability is negative 

and the dielectric is positive, there exists natural materials called ferrites. In these ferrites, they 

exhibit negative permeability at low frequencies, but the magnetic properties fade away as the 

frequency increases to microwave regions[82]. The most interesting category, which this section 

will primary be discussing, is when the both the permeability and the dielectric is negative, . 

 When both μ and ε are negative, it indicates that it must be an artificial material since no 

natural material can have this combination of properties, and that the index of refraction is negative. 

Now this negative index of refraction is crucial in a variety of applications with some being perfect 

lenses, which allow for resolutions greater than λ/2n, perfect absorbers, which can absorb incident 

electromagnetic waves, and for switching and modulating electromagnetic waves[72]. One 

specific type of electromagnetic meta materials that have attracted considerable interest are 

hyperbolic materials. 

1.1.17 Hyperbolic Materials  

8Figure 1.9 Schematic demonstrating the equifrequency surface when the dielectrics in one 

direction is negative, resulting in the hyperbolic classification[83].  

 

 
8 Image reproduced with permission of the rights holder, Springer Nature. 
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Hyperbolic materials are a type of metamaterial that is characterized by having highly 

anisotropic permittivity values, meaning that the out-of-plane and in-plane permittivity values 

differ greatly with one direction having a positive value and the other having a negative value[14].  

This differs from metals in that in metals, all directions of the material have negative permittivity 

values, yet in hyperbolic material, this negativity is confined in one or two directions. This 

confinement of the negative permittivity is typically done by restricting the electron motion to 

these specific directions, which is why most of the hyperbolic materials have extreme geometric 

anisotropy. The most common structures that have been made into hyperbolic materials are layered 

metal-dielectric structures and nanowire arrays[83]. 

 

  

Layered metal dielectric structures are multi-layer structures where a metal and dielectric 

are continuously stacked on top of each other. In this structure the effective dielectric tensors for 

parallel and perpendicular to the anisotropy axis is characterized by the equations[84]: 

 

𝜖⊥ =
𝜖𝑚𝑑𝑚+𝜖𝑑𝑑𝑑

𝑑𝑚+𝑑𝑑
   Equation (4) 

1

𝜖||
=

𝑑𝑚/𝜖𝑚+𝑑𝑑/𝜖𝑑

𝑑𝑚+𝑑𝑑
  Equation (5) 

 

where the εm and εd refers to the dielectric component of metal and dielectric, respectively and dm 

and dd stands for the thickness of the metal and dielectric layers, respectively. By manipulating the 

thicknesses and the material, it is possible to have one of the permittivity directions be negative 

Figure 1.10 Schematics demonstrating the a) metal-dielectric stack, and b) metal nanopillars in a 

dielectric matrix with the darker blue being the metal and lighter blue being the dielectric. 
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resulting in a hyperbolic material[85]. However, at certain wavelengths, the plasmonic response 

that appears at the interfaces between the metal and the dielectric may affect the index of reflection 

causing a positive index to occur. This structure has been fabricated in a variety of different 

systems that include Ag/Al2O3[86], Ag/TiO2[87], and Au/Al2O3[88], etc[89,90]. 

 Another common structure for hyperbolic materials is nanowire arrays. Nanowire arrays 

are when parallel metallic wires are embedded within a dielectric matrix, producing a hyperbolic 

metamaterial[91]. In this setup, the dielectric tensors for both the parallel and perpendicular to the 

length of the wire being[92]: 

 

𝜖⊥ = 1     Equation (6) 

𝜖||(𝑘𝑧) = 1 −
Ω𝑝

2

𝜔2−δ2−𝑐2𝑘𝑧
2  Equation (7) 

 

where the Ωp = c/a[ln(a/2πR)/(2π) + 1/12]-1/2  and δ= Ωpa[πR2(1-εwire)]
-1/2, where R refers to the 

wire radius, a refers to the period, and εwire is the dielectric constant for the material that composes 

the wire. By adjusting the radius of the wires, it will tune the dielectric constants, tuning the 

dielectric properties and by extension the hyperbolic transition points. This nanorod setup has 

shown promise in biosensors and optical fibers, because these the nanopillar structure have high 

sensitivity to the refractive index of a matrix, especially when compared to smooth metallic 

films[93,94]. 

1.1.18 Plasmonic Materials 

Plasmonic materials have attracted recent interest due to their unique ability to modify 

density of states to create large density of states at select frequencies. The unique ability originates 

from the resonant oscillations of plasmons, a type of charge carriers, that are energetically excited 

by a light source, emitters, or thermal fluctuations. Furthermore, these oscillations can be tailored 

or controlled via changing the dimensions of the regions that interact with the electron plasma[95]. 

These materials are metallic in nature and have a negative permittivity, with Au and Ag being 

some of the most notable.  

 Surface plasmon resonance is a term that refers to electron resonant oscillations that occur 

between the interface of the metallic, or negative permittivity, and dielectric, or positive 
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permittivity[96]. When a light is shone on the interface, generally the metal will reflect most of 

the light back, but when the applied light’s momentum and energy matches with the electrons at 

the interface, the electrons will start to resonant. This resonance will cause the light reflected to 

dip significantly, indicating surface plasmon resonance[97]. This technique and phenomena have 

applications in a variety of areas, with biosensors[98], and more recently fiber optics[99] being 

some of the most prominent. 

 Localized surface plasmon resonance is a specialized type of surface plasmon resonance  

has to generally deal with the interaction between a metallic nanoparticle and the surface 

plasmons[100]. Most commonly, Au and Ag are used for LSPR responses due to them being able 

to exhibit LSPR within the visible light spectrum. When the diameter of the metallic nanoparticles 

is below the wavelength of the incident light, the electrons at the surface and the light will interact 

forming coherent localized plasmon oscillations. These oscillations can be altered via changing 

the composition of the materials, the size and geometry of the nanoparticles, etc[101]. This 

phenomenon is useful in a variety of biosensor applications due to its ability to scatter light 

allowing for its usage in labeling of cells[102]. 

1.7  Magneto-optical Coupling Effects 

Magneto-optical effects is when an electromagnetic wave that is traveling through a material 

is affected by a magnetic field. Magneto-optic effects have been discovered and documented since 

the 1840s[103], yet it was only in the recent decades that most of their applications have been 

developed with memory[104], sensors[105], microscopy[106], and spintronics[13] to name a few.  

Light is an electromagnetic wave that can be polarized in two different directions, linearly, 

circularly, or elliptically polarized. When the light is linearly polarized, the light propagates in a 

single plane with the transverse electric field vector being perpendicular to the propagation 

direction. In an elliptically polarized light, the transverse electric field would be rotating in a plane 

perpendicular to the propagation forming a shape of an ellipse. Instead if the electric field 

magnitude remains constant while the rotation occurs, this will result in a circle and the light being 

circularly polarized. Two prominent magneto-optic effects that are well-studied and are of interest 

in a variety of fields are the Faraday Effect and Magneto-Optic Kerr Effect. 
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1.1.19 Faraday Effect 

First discovered by Michael Faraday in 1845, Faraday was able to show that linearly 

polarized light can undergo a rotation of its polarization upon traversing through a medium that 

has an applied magnetic field applied along the axis of propagation[103]. The angle at which the 

polarization alters is proportional to the strength of the applied magnetic field and is modeled by 

the following equation. 

𝜙 = 𝑉 ∫ 𝐵 𝑑𝑙 = 𝑉𝑙𝐵
𝑙

0
  Equation (8) 

Where ϕ is the angle of rotation, B is the magnitude of the magnetic field, l is the length of the 

sample, and V is the Verdet constant, which varies with the material of the medium, the 

temperature, and the wavelength of the light.  

1.1.20 Magneto-Optic Kerr Effect  

 

The Kerr effect was first discovered by John Kerr in 1875[107,108]. While the Faraday 

Effect alters the angle of polarity when light travels through a material, Magneto-Optic Kerr Effect 

is the change in polarization and reflected intensity when light is reflected from a magnetic material. 

This change in the angle of the polarization is proportional both the magnetic strength and the 

thickness of the material[109]. Generally, there are three different categories of MOKE that are 

characterized by the direction of the magnetization vector with respect to the surface of the 

reflecting material and the incident plane. Polar MOKE is when the magnetic field is perpendicular 

to the surface of the material and parallel to the incident plane. Longitudinal MOKE is when the 

magnetic field is parallel to the surface of the material and incident angle. Transversal MOKE is 

 

Figure 1.11 The different configurations of MOKE are utilized. 



 

 

37 

when the magnetic field is the perpendicular to the incident plane and parallel to the surface of the 

material.  

1.1.21 Plasmon-Enhanced Magneto-Optical Materials 

Plasmon-enhanced magneto-optical materials and devices have been recently shown to great 

effect in a variety of different applications such as in magneto-plasmonic nanoantennas[110], 

detectors[111], and spintronic devices[112]. By using a plasmonic material, usually Au or Ag, 

with a magnetic material, it adds active control of the plasmons within the noble metals that can 

be manipulated. These materials show large magneto-optical properties that shows promise for 

ultrafast control of light that can be used for high frequency applications. One such study was 

performed by Dutta et al. in 2017 that showed that by designing and simulating a device that 

included a ferromagnetic and plasmonic layer, it was able to show a near one magnitude increase 

in performance due to the surface plasmon resonance and ferromagnetic coupling[74].   

1.8  Fabrication Approaches for Magnetic and Optical Nanostructures 

The fabrication of nanostructures is essential for a variety of magnetic and optical devices. 

These nanostructures generally improve performance and/or add additional functionalities due to 

their unique structure and design. By designing and fabricating a highly anisotropic nanostructure, 

such as nanopillers, it creates highly anisotropic physical properties. While perpendicular 

anisotropy is highly coveted, fabricating systems with them is a technical and engineering 

challenge. Generally, for the fabrication process, there are generally two different fabrication 

classifications, top-down and bottom-up, each having their own advantages and 

disadvantages[113].  

1.1.22 Top-Down Fabrication 

For today’s IC’s and devices, top-down fabrication and patterning is an essential tool. Top-

down is typically when lithography and patterning is done after the different materials are grown. 

This fabrication method is widespread throughout the semiconductor industry and has shown 

precision in the case of fabricating devices such as MEMs[114], nanoantennas[115], and field 
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effect transistors[116]. Although there are numerous different ways to perform patterning and 

lithography, two of the most common are methods are optical lithography and e-beam lithography. 

Optical lithography, one of the most utilized fabrication techniques in the semiconductor 

industry, was first introduced in the 1960s[117]. In optical lithography, light is focused through a 

quartz plate onto a photoresist covered wafer. Photoresists are typically a light sensitive polymer 

that reacts to the light in two different manners based on their classifications of negative or positive. 

In a positive photoresist, when light is exposed to the photoresist, the photoresist’s solubility 

increases allowing for solution to remove the photoresist. On the other hand, for negative 

photoresists, when light is shone on the photoresist, the photoresist becomes cross-linked, resulting 

in the areas where light was not shone to be washed in away in a solution[118]. By developing the 

masks and the photoresists properly, it creates the necessary layouts for the devices and the wafers 

for current semiconductor technology. This allows for a wide range of variability, in that to change 

the layout of the wafer, it only requires the changing of the mask to the desired shape. By 

performing conventional optical etching, it is possible to create feature sizes down to 1 μm[119]. 

But as the demands for technology becomes more stringent, other engineering solutions were made. 

By including other optical apertures to focus the light and an additional mask, it was able to scale 

the resolution to even smaller resolutions of <32 nm[120]. 

While optical lithography is commonly and widely used, another top-down fabrication 

technique that is widely utilized is e-beam lithography. Rather than the optical lithography that 

uses light to perform the patterning, e-beam uses electrons to perform the etching. This results in 

the e-beam lithography to not suffer from having to deal with the light diffraction index, helping 

to create smaller feature sizes within the nanometer range rather than the micron. Normally, the e-

beam process occurs when an electron beam is applied to the surface of the wafer with the areas 

that are not to be etched covered by a photoresist. While this process is much more precise than 

conventional optical lithography, with feature sizes of around 40 nm being developed utilizing e-

beam lithography, it suffers from the speed at which the etching occurs.  

1.1.23 Bottom-Up Fabrication 

Bottom-up fabrication, when the nanostructures is primary driven by the self-assembly and 

nucleation of the atoms, allows for smaller feature sizes than the top-down approaches. There are 
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numerous methods that are utilized for this type of growth but some of the more prominent growth 

methods are vapor phase deposition for ceramic thin films.  

 In vapor phase deposition, there are two different types based on how the vapor arrives, 

Physical Vapor Deposition and Chemical Vapor Deposition. Chemical Vapor Deposition involves 

the dissociation of gaseous reactants that react chemically together to form various structures. Of 

recent interest is the growth of ZnO nanostructures via using metal oxide chemical vapor 

deposition with various growth conditions[121,122]. In PVD methods, the materials are 

evaporated by a high energy source and the vapor travels to a substrate and deposits. By changing 

the different growth conditions and the concentration of the materials, it is possible to grow 

different structures that have much smaller feature sizes with some being ~10 nm large in both the 

PVD and CVD techniques[123,124]. This growth method allows for much smaller feature sizes 

that can be used in current day devices but currently have limitations in controlling the exact 

placement of the different nanostructures that the top-down technique does not.  

1.9  Vertically Aligned Nanocomposites 

1.1.24 Oxide-Oxide Vertically Aligned Nanocomposite 

Vertically aligned nanocomposites (VAN) are a bottom-up growth platform that allow for 

an unprecedent amount of anisotropy control and tuning of physical properties. VAN was first 

developed in 2002 by O. I. Lebedev when he grew a LCMO:MgO system[125]. VAN consists of 

multiple phases of different materials that are grown in a single step process, with the phases 

aligning in a vertical column manner. Of particular interest is the amount of vertical interface strain 

coupling that occurs between the different phases. By engineering the strain, it opens up new 

avenues for physical property tunability and property coupling. VAN that consists of two separate 

oxides have been developed with one phase typically containing a highly desired physical property 

with another oxide that allows for ideal strain matching and allows for highly desired anisotropic 

properties[126–134].  Strain matching is essential to selecting the proper phases and it has been 

reported and shown that when the strains of the different phases are in opposite directions; one 

tensile and one compressive, allows for more uniform and epitaxial VAN[135].  
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1.1.25 Metal-Oxide Vertically Aligned Nanocomposite 

While oxide-oxide VAN allows for tunable physical properties, metals have one substantial 

advantage over oxides when it comes to their highly sought out room temperature properties. With 

most ferromagnetic oxide materials have a significantly lower TC than room temperatures, it 

presents a pressing issue for integration into memory and devices. Electronic devices typically 

operate at temperatures above 30 oC, thus while oxide-oxide VAN does offer a plethora of 

advantages, this one disadvantage necessitates the metals to replace one of the oxide phases. In 

metallic VAN, one of the oxide phases will be replaced by a metal with desirable room temperature 

properties. The metals will than lead to strong room temperature properties with shape anisotropy 

induced by the unique vertical alignment of the VAN. These films typically exhibit strong out-of-

plane anisotropic properties with a degree of ordering. For ferromagnetic materials, some of the 

most widely known materials for magnetic applications are the 3d transition metals of Ni, Co, and 

Fe. These metals are highly used due to their known high TC’s and their strong intrinsic magnetic 

properties. Additionally, other widely sought metals such as Au have been integrated into VAN to 

introduce plasmonic properties into the VAN. VAN unique geometry allows for columns of metals 

to be grown. This results in shape anisotropy within the VAN system due to the length of the 

metals vastly exceeding the diameter.  

One of the first reported metal VAN was Fe-LSFO. In this work, L. Mohaddes-Arbalili et 

al. was able to grow self-assembled Fe nanowires in a LSFO oxide matrix[136]. They were able 

to grow the material system utilizing a LSFO target in vacuum condition. In a vacuum condition, 

the redox reaction shown below occurred causing the formation of Fe (110)  pillars from the LSFO 

target. 

2𝐿𝑎0.5𝑆𝑟0.5𝐹𝑒𝑂3 → 𝐿𝑎𝑆𝑟𝐹𝑒𝑂4 + 𝐹𝑒 + 𝑂2  Equation (9) 

 

The resultant Fe pillars led to a vast improvement in the physical properties of the original 

LSFO system. It showed extremely strong, highly anisotropic, ferromagnetic response. 

Additionally, they were able to demonstrate a tunable coercive field by changing the thickness of 

the film. 
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9Figure 1.12 HAADF image of the Fe nanopillars within the LSFO matrix. b) The out-of-plane 

and in-plane magnetic response of the film with c) coercive field tuning via thickness control[136].  

 

Next, by incorporating the metal within the oxide in the target to make a single oxide with 

metal doping target led to a host of other highly desired ferromagnetic films such as Ni-CeO2[137], 

Ni-Ba0.8Zr0.2Y3[138], and Co-BaZrO3[123]. Co-BaZrO3. J. Huang et al. was able to grow regular 

Co pillars within BZO that showed regular density throughout the surface of the film. Additionally, 

he was able to show highly anisotropic, room temperature, ferromagnetic properties with a strong 

out-of-plane direction. Furthermore, by adjusting the frequency of the deposition, the diameter of 

the Co pillars was able to be tuned, which changes the coercivity of the ferromagnetic hysteresis. 

Not only has the integration of ferromagnetic metals with oxides in VAN has been demonstrated, 

other metals with highly desired properties has also been integrated, such as Au. Au is a well-

known plasmonic material and it has been integrated into a variety of oxides such as Au-

BaTiO3[139] and Au-TiO2[140]. In these systems, they were able to show optical tuning via 

changing the Au nanostructure shapes. 

 
9 Image reproduced with permission of the rights holder, Springer Nature. 
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1.1.26 Selection Criteria and Growth Mechanisms for VANs 

 

10Figure 1.13 Epitaxial Paradigm illustrating how strain compensation can be utilized to grow 

VAN films[141].  

 

The growth of the VAN is a delicate balance between the nucleation and diffusion of the 

adatoms and the surface energy interactions between the different phases and the substrate. 

Generally, as mentioned in the strain compensation paradigm, strain is an indicator of what phases 

may grow into VANs with each other[142].  It is highly desirable to have the two phases be in 

opposite strain states with each other, with one being compressive and the other being tensile[135]. 

This strain dichotomy enables the two different phases to grow into ordered nanostructure with the 

interfacial strain used to compensate the differing strain state. While for oxide-oxide VAN this 

tends to be the case, for metal-oxide VAN the growth mechanism is typically more complex. The 

surface energy for metals and oxides tend to be greatly different, with metals such as Co, having a 

much lower surface energy than the oxides[123,143]. This results in two different growths modes 

when relating to the substrate. The metallic adatoms will clump together forming island growths 

due to their lower surface energy when compared to the oxide substrate. While the oxide adatoms, 

will grow in a layer growth, due to their similar surface energy values when compared to the 

substrate. This leads to the metal-oxide VAN forming an oxide layer with metal island growth 

causing the metal nanopillars to form. To ensure the pillars form correctly for both oxide-oxide 

 
10 Image reproduced with permission of the rights holder, Cambridge University Press. 
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and metal-oxide VAN, careful consideration must be taken on selecting the phases and the 

substrates. This will lead to ordered pillar growth throughout the film.  

1.1.27 Three Phased VAN Systems 

 

11Figure 1.14 STEM and EDX images of the three phased growth with ZnO and Au grown 

within a BTO matrix[144]. 

 

While two-phased growth is being investigated and explained in past literature, a new twist 

to the growth has been introduced. By including another metallic phase, it is possible to grow a 

three phased system. The benefits of having a three phased system instead of a two phased system 

is that by adding an additional phase, especially one with strong physical properties, to an existing 

two-phased system, it will lead to additional physical properties. This was shown by Shikhar Misra 

et al. that demonstrated the growth of Au and ZnO nanostructures within a BaTiO3 matrix[144]. 

Au-BaTiO3 already has shown strong plasmonic responses, but by including the ZnO with the Au 

it increases the hyperbolic response in the visible wavelengths. Interestingly though, the Au caps 

 
11 Image reproduced with permission of the rights holder, John Wiley and Sons. 
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the ZnO regions, showing a preferential nucleation of the metal phases together, showing potential 

other materials that will be able to grow a three-phased VAN system.   
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2. EXPERIMENTAL METHODOLOGY 

2.1  Pulsed Laser Deposition 

 

12Figure 2.1 Schematic set-up for a pulsed laser deposition[145]. 

 

Pulsed laser deposition (PLD) is a physical vapor technique that allows for a high level of 

deposition control. PLD works by ablating a target with a powerful laser (KrF exclaimer laser, λ 

= 248 nm) that ejects the target particles as plasma consisting of energetic ions deriving from the 

target composition. These ions travel through the chamber to land on the substrate. Once the ions 

land on the substrate, they are referred to as adatoms and undergo kinematic reactions to create the 

film. In pulsed laser deposition, there exists many parameters that are able to be tuned that will 

affect the kinematics from temperature to deposition frequency. In the case for the multiple phase 

VAN films, the growth conditions will play essential roles in tuning the strain and structures of 

the different phases, and by extension, the physical properties. For example, it has been extensively 

reported that deposition frequency plays a critical role in the diffusion and creation of the phases. 

Higher frequency will lead to a lower diffusion time, resulting in a lower diffusion length leading 

to lower diameters, and vice versa for lower frequencies. This elongation and narrowing of the 

 
12 Image reproduced with permission of the rights holder, Elsevier. 
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diameter of the different pillars allowing for the tuning of physical properties, especially in the 

case of the metallic VAN. Another key parameter that will play a factor in the growth kinematics 

is the laser energy. The laser energy will affect the plasma dynamics with the higher energies 

allowing for a higher degree of diffusion and will alter the nanostructure of the different phases. 

2.2  X-ray Diffraction 

13Figure 2.2 Schematic demonstrating the electron diffraction caused by atoms[146]. 

 

X-ray diffraction (XRD) is a powerful tool that allows for non-destructive composition 

analysis for a material. XRD utilizes a non-ionizing electron source to fire electrons at a certain 

angle at a material and counts the number of electrons that arrive at a detector after being reflected 

off the material. One of the most widely used scans to determine crystal orientation and 

composition is the theta-2theta scan. In this scan the detector moves at double the angular speed 

of the emitter. From Bragg’s law, it is possible to calculate the vertical d spacing of the lattice 

allowing for the calculation for out-of-plane strain, and by extension, in-plane strain.   

Not only can XRD be used to calculate the strain and find the orientation, it can be used to 

determine the crystallinity of the film. Amorphous films will not have a distinct diffraction peak, 

because there is no lattice for the electron to deflect off of. Polycrystalline film will have multiple 

peaks with irregular spacing. Lastly, crystalline films will have peaks with regular spacing. 

Additionally, more crystalline films will have a smaller full width half maximum (FWHM)  than 

films with lower degree of crystallinity. From PDF cards, it is also possible to determine the correct 

orientations of the different peaks and to determine peak shifts to calculate strain. 

 
13 Image reproduced with permission of the rights holder, Elsevier. 
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2.3  Physical Property Measuring System and Magnetic Property measuring System 

Physical Property Measuring System (PPMS) (Quantum Design) and Magnetic Property 

Measuring System (MPMS) (Quantum Design) are essential tools that allow for a wide range of 

electrical and magnetic measuring system. It allows for temperature control from 1.9 K to 400 K 

and allows for a wide array of magnetoelectrical and electrical testing in the case of the PPMS, 

and magnetic testing for the MPMS. The vibrating sample module (VSM) for the PPMS is similar 

to the MPMS system in which it uses a pair of electromagnets that can generate a DC magnetic 

field of up to 9 T. As the sample vibrates through a coil, it produces a magnetic flux change which 

induces an AC voltage that can be used to pick up the signal. 

For the electron transfer option in the PPMS, it allows for both two and four wire 

measurements. The four-wire measurement system is reliable up to 1 MOhm, while the two-wire 

measurement system is reliable above that threshold. In the option, it allows to see the phase of 

the measurement and if it is above a few degrees, then a bad contact or the measurement settings 

is off. The four-wire measurement supports four connections and biases via current, and the two-

wire measurement supports two connections and biases via  a voltage. For the out-of-plane 

magneto transport measurements, the measurements were measured using the four-wire method 

with the two wires of V+ and I+ connected to the same contact on the surface and V- and I- 

connected to the same contact on the bottom conductive layer.  
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2.4  Transmission Electron Microscopy 

14Figure 2.3 Schematic demonstrating the difference between how the electron beam arrives at 

the sample for TEM and STEM[147]. 

 

Transmission electron microscopy is used to image the nanostructure and study the overall 

crystal structure of the different films. TEM works by passing a powerful, electron beam through 

an electron transparent sample allowing for the imaging of the films. TEM was developed to 

replace the visible light used to magnify the sample with an electron beam allowing for much 

higher magnification. The TEM allows for atomic level magnification allowing for a detailed study 

on the nanostructure of the film and the crystal arrangement. 

Presently, many TEMs have incorporated many other techniques in a single instrument 

besides the conventional imaging technique, such as high-angle annular dark field (HAADF), 

scanning transmission microscope (STEM), and energy-dispersive X-ray spectroscopy (EDX). 

The STEM mode focuses the beam as it hits the sample, allowing for a high contrast image, where 

the contrast is correlated to the atomic number. EDX mode allows for a detailed chemical 

 
14 Image reproduced with permission of the rights holder, Springer Nature. 
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composition study of the film by analyzing the X-rays emitted by the atoms as the electron beam 

ionizes them. 

2.5  Absorption Spectrophotometer 

Absorption spectroscopy measures the percentage a material absorbs as light with varying 

wavelengths are shown through the sample. In this test, a focusing lens will focus a beam of light 

into a sample covering a pinhole. The amount of light that goes through the sample relative to the 

light being focused will be recorded and plotted. In the system that was used, the light wavelength 

ranged from the near infrared to the ultraviolet spectrum with the transmission percentages at 

different wavelengths being catalogued and plotted. This is especially important for plasmonic 

materials. At certain wavelengths in plasmonic materials, plasmonic resonance will occur at 

specific wavelengths of light, resulting in a dip in the transmission at these wavelengths due to the 

light being absorbed into the sample to produce the resonant oscillations. By quantifying the local 

minima along these dips, the plasmonic resonance point can be measured and detected.  

 In order to achieve accurate measurements utilizing this instrument though, sample 

preparation is a must. In thin film samples, the measured material is typically grown on a substrate 

that is typically single side polished. This will lead to the substrate blocking most of the incoming 

light. To only measure the film, it is necessary to polish the other side using diamond lapping paper 

until the substrate is optically transparent.  

2.6  Magnetoelectro Coupling 

In magneto-electric testing, the setup that was used was putting a sample in-between 

Helmholtz coils and wired in such a way to be able to measure the charge the sample generates 

within the coils. In this case, the samples had a contact on a conductive layer below the film to be 

measured and on the surface of the film. By utilizing the coils to produce a varying magnetic field, 

the instrumental setup will measure the charge generated by the film in response to the magnetic 

field. Based on the data from the varying magnetic field, it becomes possible to determine the 

magneto-electric coupling coefficient to quantify the coupling between the ferromagnetic and 

ferroelectric portions of the film. The magneto-electric coupling coefficient is calculated by using 

the equation below. 
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𝛼𝑀𝐸 = ∂E/ ∂H  Equation (10) 

 

Where α is the magnetoelectric coupling coefficient, E is the measured electric field across the 

sample, and H is the applied magnetic field. 

2.7  Angular Dependence Ellipsometry 

15Figure 2.4 Schematic of the typical setup of an ellipsometer[148].  

 

Ellipsometry is a non-destructive instrument that measures the optical reflectance of a 

material to determine its optical properties. In ellipsometry, a polarized light is shone onto a sample 

and is refracted into a detector. As the polarized light is refracted, the sample will change the 

polarization of the light, and with the ellipsometer measuring the amplitude ratio of the different 

polarized light before and after being refracted the sample. For many different setups though, the 

angle of the incidence and the wavelengths of light can be varied. By varying these different 

parameters, it becomes possible to measure more data points from a single sample, allowing for 

more detailed characterization of a specific sample.  

2.8  Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a high-resolution type of scanning probe microscopy 

with resolutions in nanometers.  The configuration of the AFM is that it consists of a cantilever 

that has a sharp tip that is utilized to scan the surface of the sample. When the cantilever reaches 

 
15 Image reproduced with permission of the rights holder, Elsevier. 
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near the surface of the sample, a force is exerted between the tip and the sample which is 

characterized by Hooke’s law. 

 There are a couple of different contact modes which are used to characterize the surface 

of the sample, with them being contact mode, tapping mode, and non-contact mode. In contact 

mode, the tip is moves at a constant height at the surface of the sample and the morphologies of 

the surface is mapped by indexing the force required to keep the cantilever at a constant height.  In 

tapping mode, the cantilever is made to oscillate up and down near a resonant frequency. This 

mode is mainly utilized for films that develop a liquid meniscus layer.  By oscillating up and down 

near the resonant frequency, the tip is able avoid being stuck to the surface of the sample, and it 

also reduces the amount of impact the tip will have when compared to the contact mode. The 

topology of the sample is measured by seeing the magnitude difference in the oscillations that are 

caused by the interactions between the surface and the tip. The last mode is non-contact mode. In 

this mode, the tip does not actually encounter the surface of the sample. This mode is mainly used 

for either soft or biological samples. In this mode, the cantilever is oscillated at a certain frequency 

at a set height above the sample. As the cantilever moves along the surface, forces between the 

surface and the sample interact changing the oscillating frequency. This change is compensated by 

the AFM and mapped to produce a topology map.  

Of importance to measuring ferroelectric materials is piezeoresponse force microscopy 

(PFM). This is a type of AFM that enables the imaging and the measuring of piezoelectric, and by 

extension, ferroelectric domains. This measurement is performed by putting a sharp tip in contact 

with the surface of a sample and applying an AC signal. This will induce a deformation in the 

sample surface due to the converse piezoelectric effect. This deformation will then cause a 

deflection in the cantilever which is measured using a laser diode in conjunction with a lock in 

amplifier. Generally, the piezoelectric properties are characterized by the phase and the magnitude 

of the piezoresponse of the sample to an AC signal.  As the AC signal is applied with a sweeping 

DC bias, as the DC bias switches the polarization direction of the sample, the piezoresponse will 

have a phase difference from the AC signal with the phase change being 180o as the polarization 

changes from one direction to another. Additionally, the magnitude of the piezoresponse indicates 

the strength of the ferroelectric response which will lead to the calculation of the d33.  
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3. RESEARCH CHALLENGES AND FUTURE DIRECTIONS 

Metallic VAN has been shown to have extremely promising physical properties, from 

optical to ferromagnetic. Additionally, it has been shown that .It has been shown that a single metal 

with highly desired room-temperature properties can be included into different oxides. There are 

still needs to be an understanding of the growth mechanics of the metallic VAN is needed to better 

tune their physical properties by changing the metallic nanostructure and to better select the two 

phases that leads to better crystallinity and by extension, better properties. 

As more and more metallic VAN are discovered and fabricated, there comes an interesting 

possibility of introducing another physical property into the system. There are two different 

methods to add more properties into the metallic VAN system. One method is by changing the 

oxide into a material that has highly desired properties, such as BTO with its strong ferroelectric 

properties. There needs to be careful consideration into which oxide to integrate into the metallic 

VAN, because if the lattice parameter of the oxide leads to a highly strained state, the VAN might 

not successfully grow. The second option is to integrate another material phase into the metallic 

VAN phase. If one was to introduce another material with highly desired physical properties into 

a metallic VAN to form a third phase that will lead to improve functionality. For example, adding 

Au to the metallic VAN will allow for the introduction of a highly coveted plasmonic, leading to 

interesting optical properties into the original two-phase metallic VAN.  

In order to utilize the metallic VAN growth for devices, more work needs to be done on 

patterning and long-range ordering. Array of devices and circuits require precise control of the 

spacing. To integrate these metallic VAN where each metallic VAN can be a location of a device, 

there needs to be a more detailed study on a method. It has been showing that by templating the 

substrate, the pillars are able to be concentrated along lines across the substrate[149]. The main 

drawback it suffers from is the limitation that it still not possible to accurately predict the location 

of each pillar. As more studies are done on etching and patterning on substrates, it may eventually 

be feasible to control individual growth locations of the metallic VAN.  

Finally, despite the limitations, VAN remains a promising candidate for anisotropic 

applications. Its single step growth allows for a simplicity that does not exist in patterning and 

etching to achieve its unique column geometry. As work continues on VAN, it will be possible to 
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introduce even more tuning and properties into the VAN system and leading to promising VAN 

films for spintronic integrations. 

  



 

 

54 

4. TUNABLE MAGNETIC ANISOTROPY OF SELF-ASSEMBLED FE 

NANOSTRUCTURES WITHIN A LSFO MATRIX16 

4.1. Summary 

Metallic nanostructures within ceramic matrices provide a unique platform for integrating 

magnetic, optical, and electrical properties for device applications. Currently, hurdles still exist for 

the integration of metallic nanostructures within conventional devices, including the incompatible 

growth conditions between metals and ceramics and control of the overall physical properties. In 

this study, we demonstrate the tunability of a one-step growth method to fabricate magnetic and 

metallic nanostructures embedded within an oxide matrix, La0.5Sr0.5FeO3:Fe, from a composite 

target using pulsed laser deposition. The metal-ceramic nanocomposite films demonstrate tunable 

nanostructures and anisotropic magnetic response by varying deposition energy, presenting a 

mechanism for tuning the physical properties of vertically aligned ferromagnetic metallic 

nanopillars in an oxide matrix. This study also opens avenues towards the integration of nanoscale, 

vertical, metallic ferromagnetic contacts for anisotropic magnetic tunneling junctions which may 

not be easily realized by single-phase thin films. 

4.2. Introduction 

Spintronics is based on the interaction between the spin of electrons and the magnetic 

properties of materials[150,151]. This interaction is used for spin-dependent applications in 

semiconductor devices such as memory devices[5,152–154] and sensors[5,155]. Among these 

devices, tunnel junctions are especially prominent because of their potential applications as low-

current, high density, and non-volatile memory devices[1,156]. Tunnel junctions can be classified 

into three different types based on the mechanism for resistive switching: ferroelectric-[61], 

ferromagnetic-[157], and multiferroic-tunnel junctions[71,158], which use a ferroelectric 

barrier[159], a ferromagnetic contact surrounded by a non-ferromagnetic barrier, and a 

ferroelectric-ferromagnetic barrier, respectively[71]. There has been recent interest in anisotropic 

 
16  This chapter is reprinted with permission from “Tunable magnetic anisotropy of self-assembled Fe 

nanostructures within a La0.5Sr0.5FeO3 matrix” by B. Zhang, et al., Appl. Phys. Lett., 2018, 112, 013104. © 

2018, American Chemical Society.   
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ferromagnetic materials with an out-of-plane easy axis for room-temperature ferromagnetic 

tunneling junctions. These materials have the potential to reduce both the size and the current of 

devices while maintaining large tunnel magnetoresistance switching[66,160,161]. Metals with 

ferromagnetic response (e.g., Fe, Co, and Ni) are the preferred anisotropic ferromagnetic materials 

owing to their strong magnetic responses and high Curie temperature (e.g., TC = 1043 K and 

saturation magnetization ∼1700 emu/cc for Fe). 

Oxide-oxide vertically aligned nanocomposites (VANs) represent a unique platform to 

tune and enhance physical properties such as low-field magnetoresistance and ionic 

conductivity[130,162–165]. For example, Chen et al. reported a peak magnetoresistance of 30% 

in La0.7Sr0.3MnO3:ZnO via controlling the nanostructures[130]. Recently, advancements in VANs 

allowed for the growth of highly uniformed, epitaxial metallic pillars (e.g., Au and Ni) embedded 

within a ceramic matrix[138,139] by pulsed laser deposition (PLD) using a composite metal-

ceramic target. However, the deposition of composite metal-ceramic materials faces difficulties 

due to the oxidation nature of metals especially for Fe, which is easy to be oxidized during the 

high temperature growth[166]. One promising solution is the formation of Fe pillars embedded in 

the La0.5Sr0.5FeO3 (LSFO) matrix through self-decomposition of LSFO. LSFO is a well-studied 

material system with an epitaxial LSFO film grown on single-crystalline (STO) SrTiO3 (001) by 

pulsed laser deposition (PLD) under certain oxygen pressure. Instead, under vacuum, Fe pillars 

can be formed within the LSFO matrix on STO (001). The composite LSFO with epitaxial Fe 

pillars embedded exhibits a high magnetization of 1600 emu/cc at room temperature. This 

composite film is a promising candidate due to its high anisotropic magnetic response at room 

temperature.[167] 

In this study, we utilized a LSFO:Fe2O3 composite target to fabricate high density Fe 

nanoinclusions in the LSFO matrix. Laser energy is tuned to vary the Fe inclusion morphologies 

from nanopillars to nanodots, and thus, tunable anisotropic magnetic properties can be achieved in 

these nanocomposite systems. Detailed microstructural characterization studies including 

TEM/STEM (transmission electron microscopy/scanning transmission electron microscopy) are 

coupled with magnetic property measurements to explore the impacts of the overall kinetic energy 

on the growth morphologies and physical properties of LSFO:Fe nanocomposites. 
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4.3. Experimental 

A composite target La0.5Sr0.5FeO3:Fe2O3 (molar ratio 94:6) was prepared using a conventional 

ceramic sintering method. Two sets of epitaxial films were grown on single-crystal SrTiO3 (STO) 

(001) substrates by PLD (KrF excimer laser, λ = 248 nm) with a laser fluence of 1.9 J/cm2 at 750 °C 

under high vacuum and laser frequencies of 2 and 5 Hz, respectively. The 2 Hz sample has a 

thickness of 25 nm, and the subsequent set of films' thicknesses is between 80 and 100 nm. After 

deposition, the films were cooled to room temperature under high vacuum. 

The epitaxial quality of the films was characterized using X-ray diffraction (XRD, 

PANalytical Empyrean). The nanostructure and its phase separation were further investigated via 

transmission electron microscopy (TEM, FEI TECNAI G2 F20), electron-dispersive X-ray 

spectroscopy (EDS), and scanning transmission electron microscopy (STEM, FEI TALOS T200X). 

The magnetic measurements were performed at 300 K using a commercial physical property 

measurement system (PPMS 6000, Quantum Design) coupled with the vibrating sample 

magnetometer (VSM) option. A magnetic field of 5000 Oe was applied perpendicular and parallel 

to the film plane for out-of-plane and in-plane measurements, respectively. 

4.4. Fe:LSFO Growth and Characterization 

 

Figure 4.1 Phase identification of metal-ceramic LSFO:Fe films grown at 5 Hz. (a) X-ray 

diffraction (XRD) h-2h patterns of the LSFO:Fe film grown at different deposition energies 

showing the presence of Fe (110) peaks. (b) Magnified XRD h-2h patterns centered around the 

Fe (110) peak displaying the peak shift. 
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To characterize the phase and investigate the composition of the LSFO-Fe films deposited 

at different laser energies, XRD θ-2θ patterns were collected for the samples. Figure 1 shows the 

XRD θ-2θ patterns of the thin films deposited on STO (001) substrates at 300, 400, and 450 mJ 

with a laser frequency of 5 Hz, respectively. From Fig. 1(a), the diffraction peaks located at 

2θ = 45.035° or 44.600° and 2θ = 41.7° for the films deposited at different laser energies are 

attributed to Fe (011) and LaSrFeO4 (006). The position of the Fe (011) peak shifts with various 

deposition energies as shown in Fig. 1(b), indicating a structural difference between the films 

deposited at different energies. For the samples deposited at 300 and 450 mJ, the Fe (011) peak is 

located at 45° with a corresponding d spacing value of 2.103 nm. For the sample deposited at 400 

mJ, however, the Fe (011) peak shifts left to 44.600° with a corresponding d spacing value of 

2.030 nm. This peak shift indicates a −0.163% strain compared to the bulk value of Fe (110) d-

spacing of 44.673° (pdf card: 06-0696). For the sample deposited at 400 mJ, additional peaks of 

LaSrFeO4 (004) and LaSrFeO4 (008) located at 2θ = 27.92° and 57.74° have been observed, 

respectively. The film deposited at 400 mJ displays distinct peaks of Fe (011), LaSrFeO4 (004), 

and La0.5Sr0.5FeO3 (002), which may indicate that a reaction 

2La0.5Sr0.5FeO3→LaSrFeO4 + Fe + O2 occurs as previously reported[136]. 
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Figure 4.2 Phase and composition demonstration of the LSFO:Fe film grown at 2 Hz. (a) Typical 

cross-sectional STEM HAADF image of the LSFO:Fe exhibiting Fe nanostructures within the 

oxide matrix. (b) Fe and (c) La atomic scale EDS elemental maps confirming metal within the 

oxide matrix. 

 

STEM coupled with EDS mapping was applied to further verify the phase separation and 

composition of the LSFO:Fe thin film. The STEM image of the film deposited at 2 Hz in the high 

angle annular dark-field (HAADF) mode (Fig. 2) displays uniformly distribution of Fe pillars with 

clear phase separation from the surrounding matrix. The average pillar diameter is 15 nm. The 

EDS mapping of La and Fe confirms a clear separation and the presence of Fe nanostructures 

within the matrix. Cross-sectional and plan-view TEM images of the 2 Hz sample were taken to 

further characterize the nanostructure as shown in Fig. 3. The plan-view image in Fig. 3(a) shows 
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the uniform distribution of the Fe nanostructure in the matrix with a diameter of ∼15 nm. The 

cross-sectional image in Fig. 3(b) shows that Fe nanostructures grow in a pillar fashion throughout 

the film thickness. 

 

 

Figure 4.3 Typical (a) plan-view and (b) cross-sectional TEM image of the metal-ceramic thin 

film grown at 2 Hz. These images clearly show the uniform distribution of the Fe nanostructures 

within the oxide matrix. 

 

To further investigate the relationship between the nanostructure of the metal-oxide thin 

films and the deposition energy, both cross-sectional and plan-view TEM images were obtained 

for samples deposited under different deposition energies, as shown in Fig. 4. Figures 4(a)–4(c) 

show the cross-sectional TEM images of the composite thin films deposited under 300 mJ, 400 

mJ, and 450 mJ, respectively. The LSFO matrix displays brighter contrast, while Fe shows darker 

contrast. For the 300 mJ sample, the film exhibits multiphase growth consisting of polycrystalline, 

column structures with a diameter of ∼80 nm and smaller Fe nanoparticles with a diameter of 

around 25 nm. Within the 400 mJ sample, Fe predominantly grows in two modes: the ordered 

epitaxial column growth and the less-ordered particle growth. The diameter of the columns is 

∼15 nm, and the diameter of the particles is ∼80 nm. The 450 mJ sample shows substantial Fe 

growth with the diameter in the order of 100 nm. Additionally, these particles do not go through 

the film thickness. 
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Figure 4.4 (a-c) Cross-sectional and (d-f) plan-view TEM images of Fe nanostructures within 

ceramic matrix grown at 5 Hz and different energies of 300 mJ, 400 mJ, and 450 mJ, 

respectively. (g-i) Diameter distribution of the Fe nanostructures within the oxide matrix. 

 

Figures 4(d)–4(i) show the plan-view TEM images of the films and the corresponding 

histogram plot of the Fe nanoparticle diameter distribution. It is obvious that the lateral diameter 

and morphology of the Fe nanoparticles vary with laser energy. In the case of the 300 mJ sample, 

the Fe particles have an ellipsoid shape with the lateral dimension of around 100 nm. For the 

400 mJ sample, the Fe phase shows two distinct growth morphologies. A majority of Fe particles 

have the hexagonal, more ordered Fe (110) growth with a diameter of around 15 nm as shown in 

the 2 Hz run, and the others are the less ordered agglomerations with over 100 nm in diameter. For 

the 450 mJ sample, most of the Fe particles grow as large agglomerations with random orientation. 
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Such a difference in the nanostructure can be correlated with the laser energy variation and 

the resultant different growth kinetics. For the samples deposited under lower laser energy, the 

adatoms have less kinetic energy to grow in an epitaxial manner and thus result in large, 

polycrystalline Fe particles. For the 400 mJ sample, the higher kinetic energy allows high 

diffusivity of adatoms and thus results in the ordered epitaxial growth of the Fe nanoparticles. With 

the highest laser deposition energy, the adatoms have much excess kinetic energy, which promotes 

diffusion and results in large Fe particles. 

 

Figure 4.5 Room-temperature (a) In-plane and (b) out-of-plane magnetic hysteresis loops of the 

metal-ceramic thin films deposited at different energies. (c) Plot of magnetizations along both in-

plane and out-of-plane and deposition energies showing the relationship between the magnetic 

anisotropy and deposition energy. 
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4.5. Fe:LSFO Ferromagnetic Characterization 

To explore the structure and property correlation, the magnetizations of the films were 

measured along both the in-plane (M//) and out-of-plane (M⊥) directions with the magnetic field 

parallel and perpendicular to the film, respectively. The room-temperature out-of-plane and in-

plane magnetic hysteresis loops are shown in Figs. 5(a) and 5(b), respectively. The saturation 

magnetic moment (MS) along both the in-plane and out-of-plane directions decreases with 

increasing deposition energy, i.e., the highest out-of-plane magnetic response (251 emu/cm3) for 

the 300 mJ sample and the lowest value (3 emu/cm3) for the 450 mJ sample. This trend may be 

attributed to the difference in both the nanostructure and growth crystallinity of the Fe 

nanostructures embedded within the ceramic matrix. The LSFO:Fe film in this study has highly 

anisotropic magnetic properties due to the vertical Fe nanostructures that vary with the deposition 

energy. The magnetic anisotropy follows the trend as the MS values with the highest energy (450 

mJ) having the lowest ratio of 1.0 and the lowest energy (300 mJ) having the largest ratio of around 

3.8. For the 300 mJ sample, the average diameter of the Fe nanostructures (∼80 nm) is significantly 

larger than the 400 mJ sample (∼15 nm). The larger Fe nanoparticles result in a higher density of 

Fe within the film, explaining the difference in magnetic properties. For the 450 mJ sample, the 

diameter of the Fe nanoparticles is slightly larger than the 300 mJ sample, but the magnetization 

of the sample is significantly lower. The adatoms of the 450 mJ sample have sufficient kinetic 

energy for diffusion, thus resulting in the larger diameters of the Fe nanoparticles with more 

isotropic shape and similar magnetization values for both in-plane and out-of-plane directions. 

However, the excess kinetic energy results in epitaxial quality reduction, which also accounts for 

the dramatic decrease in magnetic properties. In the case of the 450 mJ, multiple grains have been 

observed within the Fe nanostructures. Granular structures have been previously shown to 

influence magnetic properties[167,168] compared to single crystalline samples. 

By adjusting the laser energy, one can adjust the morphology of the nanostructure, the 

nanoinclusion density, and thus, the magnetic properties. The 400 mJ sample shows semi-regular 

distribution of uniform, ordered pillars with anisotropic magnetic properties. The 300 mJ sample 

shows less ordered nanostructures but higher MS. This self-assembled metal-oxide nanocomposite 

has potential applications in spintronic devices, especially within tunnel junctions as a 

ferromagnetic contact. Future work is needed to better tune the nanocomposite morphology to 
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combine the superior magnetic properties of the 300 mJ samples and the ordered nanostructure 

growth of the 400 mJ sample. 

4.6. Conclusion  

In summary, we have investigated the effects of laser deposition energy on the nanostructure 

and magnetic properties of the LSFO:Fe (oxide: metal) nanocomposite films using the target 

composition of (LSFO)0.94:(Fe2O3)0.06. The laser energy significantly influences both the dopant 

morphology and the magnetic properties of the metal-oxide nanocomposite thin films. Lower laser 

energy leads to the samples with higher magnetic moments and vice versa. This confirms the 

tunability of the metallic nanostructure in the oxide matrix and the subsequent physical properties. 

This work demonstrates the feasibility of growing Fe nanoparticles in VAN form as anisotropic 

magnetic materials and the ability to tune the physical properties for future magnetic data storage 

devices and non-volatile memory devices. 
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5. TUNING MAGNETIC ANISOTROPY IN CO-BZO VERTICAL 

ALIGNED NANOCOMPOSITES FOR MEMORY DEVICE 

INTEGRATION17 

5.1 Summary 

Ferromagnetic nanostructures with strong anisotropic properties are highly desired for their 

potential integration in spintronic devices. Several anisotropic candidates, such as CoFeB and Fe-

Pt, have been previously proposed, but many of them have limitations such as patterning issues or 

thickness restrictions. In this work, Co-BaZrO3 (Co-BZO) vertically aligned nanocomposite (VAN) 

films with tunable magnetic anisotropy and coercive field strength, have been demonstrated to 

address this need. Such tunable magnetic properties are achieved through tuning the thickness of 

the Co-BZO VAN structures and the aspect ratio of the Co nanostructures, which can be easily 

integrated into spintronic devices. As a demonstration, we have integrated the Co-BZO VAN 

nanostructure into tunnel junction devices and demonstrated resistive switching alluding to Co-

BZO’s immense potential for future spintronic devices. 

5.2 Introduction 

Spintronics[151] cover a wide range of devices that operate via electron spins, such as 

neuromorphic memory[169], MRAMs[69,156,170], Spin Torque Transfer (STT) devices[69,160], 

etc. In spintronics, ferromagnetic materials are of great interest due to them being a primary in 

spintronic devices. Taking a typical group of spintronic devices as an example, magnetic tunnel 

junctions have received great interest due to their potentials for high performance memories and 

various other applications[6,171–173]. Magnetic tunnel junctions typically consist of 

ferromagnetic films that play pivotal roles in the resistive switching[67]. To create higher resistive 

switching ratios and more responsive magnetic tunnel junctions, extensive work has been done on 

tuning and fabricating ferromagnetic material. To this end, two approaches to improve the tunnel 

junction performances for low energy and high frequency applications are by adjusting the 

coercive field of the ferromagnetic material[174–178] and to integrate anisotropic ferromagnetic 

 
17 This chapter is reprinted with permission from B. Zhang, J. Huang, J. Jian, B. X. Rutherford, L. Li, S. Misra, 

X. Sun and H. Wang, Nanoscale Adv., 2019, 1, 4450–4458. - Published by The Royal Society of Chemistry. 



 

 

65 

films[179]. For the second approach, various ferromagnetic materials, such as SmCo5[180], 

CoFeB[181–183], Fe-Pt[184], and Pd/Co layered structures[185] have been explored by using 

strain[186,187] and patterning[188] to achieve their anisotropic magnetic properties. For example, 

CoFeB and Fe-Pt[181–184] have shown anisotropic physical properties with certain thicknesses, 

while others[180,185] require numerous layers or patterning to achieve anisotropic magnetization. 

Overall the techniques and modifications to tune the perpendicular anisotropy materials have 

shown success, but they require either stringent deposition conditions or post-processing 

techniques. 

Vertically aligned nanocomposites (VAN) are self-assembled nanocomposite thin films 

with nanopillars (phase 1) embedded in a matrix (phase 2) allowing for tunable anisotropic 

physical properties without extensive processing and patterning requirements and thickness 

constraints[135,189], which allows the single-step growth of a wide range of 2-phase materials. In 

addition, VAN are of particular interest due to their versatile material combinations toward 

enhanced or new physical properties. For example, oxide-oxide VAN systems are widely reported 

to achieve highly desirable physical properties such as low field magnetoresistance[129,130], 

exchange bias[127,164,190], and multiferroic properties[134]. Their unique physical properties of 

VAN, especially their tunable magnetic anisotropy, are of particular importance to magnetic tunnel 

junctions. Very recently, the development of metal-oxide based VAN systems[123,137,138,191] 

extend the ferromagnetic material candidates in the VAN designs from oxides to metals allowing 

for stronger ferromagnetic properties. Despite the challenges in the co-growth of metal-oxide due 

to the largely different growth conditions and possible oxidation of the metal, several metal-oxide 

VAN structures have been successfully achieved by pulsed laser deposition (PLD) with careful 

growth condition control. Such examples are Ni-CeO2[137], Ni-Ba0.8Zr0.2Y3[138], Co-

BaZrO3[123], Fe-La0.5Sr0.5FeO3[191], Au-BaTiO3[139], Au-TiO2[140]. All of the films are metal 

nanopillars in oxide matrix and show very strong anisotropic physical properties with tunable 

coercive fields, ideal for integration into spintronic devices.  

In this work, Co-BZO VAN thin films with well controlled nanopillar shape anisotropy 

(i.e., the aspect ratios of the Co nanopillars) has been demonstrated with the goal to achieve tunable 

magnetic anisotropy and tunable coercive field strength of the magnetic nanostructures. Previous 

work has shown tuning the physical properties via altering the deposition frequency[123], while 

this work demonstrates tunable physical properties, e.g., magnetic anisotropy, via tuning the 
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aspect-ratio of the Co nanopillars. This study also allows the investigation of the growth 

mechanism of metal-oxide VAN. Such tunability was achieved by controlling the film thickness 

from 4 nm to 35 nm, as shown in Figure 1, with the thinnest being smaller than the diameter of the 

Co nanopillars and the thickest being significantly larger than the pillar diameter. Ferromagnetic 

properties in both in-plane and out-of-plane were subsequently measured and compared with the 

shape anisotropy in the Co-nanopillars. Finally, different from previous work, the Co-BZO thin 

films in this work were grown significantly under 100 nm, for the purpose of Co-BZO VAN 

integration in a spintronic device. The device demonstrates resistive switching properties under 

applied magnetic field that highlights the potential of the Co-BZO VAN towards integrated tunnel 

junction devices. 
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5.3 Experimental 

 

The Co-BZO (Co-BaZrO3) target was prepared following the standard solid-state target processing 

steps. Initially, a BaZrO3 target was prepared via conventional powder pressing and sintering 

methods using BaCO3 and ZrO2 powders. Next, the BaZrO3 target was crushed and further grinded 

into powder, and then combined with Co powders following a molar ratio of BZO:Co 60:40 and 

sintered at 1100 oC, with inflowing Ar/H2. The Co-BZO nanocomposite thin films were grown on 

SrTiO3 (STO) (001) via a pulsed laser deposition (PLD) system (KrF laser, 248 nm) with varying 

thicknesses of 4 nm, 20 nm, and 35 nm. The depositions were performed at a frequency of 5 Hz 

Figure 5.1 Schematic showing the different thicknesses investigated to determine how thickness 

and, in extension, aspect ratio between the thickness of the film and diameter of the Co pillars 

affect the physical properties. 
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under high vacuum conditions (<1 x 10-6 Torr) at 750 oC with a target-to-substrate distance of 5 

cm. 

The crystal structure and nanostructure of the films were studied by X-ray diffraction (XRD) 

(Panalytical X’Pert X-ray diffractometer) and transmission electron microscopy (TEM), scanning 

transmission electron microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDX) (FEI 

Talos-200X). The magnetization properties of all the samples were measured both in-plane and 

perpendicular to the thin film surface in a Magnetic Property Measuring System (MPMS, Quantum 

Design). The electrical properties of the multilayer structure were measured using Au contacts 

deposited via PLD on the film using a Physical Property Measuring System (PPMS, Quantum 

Design). 
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5.4 Co-BZO Nanostructure Characterization 

Microstructure characterization by XRD was first conducted to analyze the growth orientation and 

growth morphology of the Co-BZO nanocomposite thin films with different thicknesses (4 nm, 20 

nm and 35 nm). θ-2θ XRD scans are shown in Figure 2 for all Co-BZO films. BZO (00l) peaks 

can be identified in the 20 nm and 35 nm films, but not in the 4 nm sample. The lack of BZO (00l) 

peaks in the 4 nm sample is possibly due to the ultrathin film and small amount of BZO within in 

the film. The BZO (002) is located at around 42.81o with a corresponding d-spacing of 2.11 Å. All 

the Co peaks overlap well with the Face Centered Cubic Co PDF card (PDF #15-0806) with the 

Co (111) peak (reference 2θ = 44.216, d = 2.0467 Å) in all samples, Co (200) peak (reference 2θ 

= 51.522, d = 1.7723 Å) in the 20 nm sample, and a Co (110) peak (reference 2θ = 37.927, d = 

1.2532 Å) in the 35 nm sample. The Co (111) peak is located at 43.96o with a corresponding d 

spacing of 2.06 Å for the 4 nm film only, indicating a tensile out-of-plane strain (0.68%) for Co 

 
 Figure 5.2 Typical θ-2θ XRD scan of the different films deposited at different thicknesses with 

corresponding schematic to illustrate the aspect ratio. 
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due to the larger d-spacing of BZO (2.11 Å). For the 35 nm sample, the BZO (002) peak intensity 

is the sharpest, indicating better crystallinity of the BZO within the 35 nm sample, and the Co (110) 

peak has the highest intensity indicating a preferred Co growth direction of Co (110) as the film 

thickness increases. 

To further verify the composition and investigate the epitaxial quality of the Co-BZO 

samples, TEM study was conducted for all the samples with varying thickness. In Figure 3a-c, low 

magnification cross-sectional TEM images of the 4 nm, 20 nm, and 35 nm samples are shown. 

The 4 nm sample presents island growth with the islands being Co and with BZO as the matrix, 

which is consistent with the XRD data and the EDX data shown in Figure 7a.  As the film continues 

 
 

Figure 5.3 Nanostructure study of the Co-BZO samples grown at different thicknesses. a-c. TEM 

images of the 4 nm, 20 nm, and 35 nm thick samples verifying the thicknesses. d-f) STEM 

images of the 4 nm, 20 nm, and 35 nm thick samples. g) Selected area electron diffraction 

(SAED) pattern of the 35 nm thick sample with a h) selected plan view area sample for the 35 nm 

thick sample. EDS images were taken with a i) Co spectrum map and an j) element map. 

 



 

 

71 

to grow, as seen in the 20 nm film, the film exhibits Co nanopillars with the top portion protruding 

through the surface of the film.  In contrast, the 35 nm film exhibits a more uniform growth 

throughout the thickness of the film with more ordered Co regions within the Co-BZO 

nanocomposite. The structural tuning from Co island to Co nanorods to uniform nanopillar growth 

arise from the overall interactions between the metal and the oxide adatoms on the substrate. 

Initially, the Co adatoms nucleate as islands, as seen in the 4 nm sample, due to that the Co and 

BZO adatoms tend to coalesce due to their different surface energies (2.595–3.19 J m−2, 1.185 J 

m−2, and 1.26 J m−2 for Co, BZO, and STO, respectively)[192–195] with Co having a higher 

surface energy when compared to STO. As the growth continues, since the BZO has lower surface 

energy than STO, the BZO grows layer-by-layer growth. Thus, as the Co island continues to grow, 

the BZO layer growth continues and form a 2-phase nanocomposite film between the two, as seen 

within the 20 nm sample. As the film continues to grow thicker, the BZO layer becomes more 

prominent and forms a smooth 2-phase nanocomposite with Co nanopillars well embedded in the 

oxide matrix, as seen in the 35 nm sample. Figure 3d-f are the corresponding STEM images of the 

films obtained in high angle annular dark field (HAADF) mode to further highlight the Co 

nanostructures within the BZO film. To further verify the growth quality, a typical diffraction 

pattern of the Co-BZO thin film, shown in Figure 3g, was taken that further shows that cubic BZO 

grew epitaxially on the STO substrate. To acquire a rough distribution of the Co pillars, a plan 

view of the 35 nm sample was taken and shown in Figure 3h. The plan-view image shows a regular 

distribution of Co pillars within the BZO matrix with the pillars having an average diameter of 8 

nm. Verifying the phase separation of the Co and BZO, an EDX image of the 35 nm sample was 

shown in Figure 3i, j to show that Co nanopillars are well separated from the BZO matrix. Overall, 

the thickness variation results in the structure anisotropy as proposed in the Co-BZO system, with 

the thinnest having just Co islands with small BZO layers and the thickest, the 35 nm sample, 

having a film with more uniform thickness with regular Co pillars. 
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  Figure 5.4 Magnetic study of the different films at a, b) low temperatures with in-plane and 

out-of-plane applied fields, and at c, d) room temperatures with in-plane and out-of-plane 

applied fields. Further plotting was done on the different coercive fields and magnetic 

saturations done for e) in-plane and f) out-of-plane applied magnetic fields at low and room 

temperatures. 
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5.5 Magnetic Anisotropy of the Different Thicknesses 

To investigate how the shape anisotropy affects the magnetic properties of the Co 

nanostructures in Co-BZO, the magnetic responses of all the samples were measured by VSM in 

MPMS. Initially, the M-H response was measured at 10K and 300 K for both the in-plane and out-

of-plane directions, as shown in Figure 4a, c and Figure 4b, d respectively. It is important to note 

that the units on the y axis is emu/cm3 and the volume used is the entire film as opposed to the 

volume of only the Co regions. Thus, the actual magnetization values of the Co regions could be 

much higher than the ones plotted. The overall shape and saturation values of the magnetization 

data agrees well with previous work of Co-BZO grown on STO35. In the in-plane direction (i.e., 

parallel to the film surface), it shows a saturation magnetization of 83, 230, 456 emu/cm3 at 10 K 

and 126, 260, 500 emu/cm3 at 300 K for the 4 nm, the 20 nm, and the 35 nm films, respectively. 

Additionally, comparing to the in-plane properties, the out-of-plane direction (i.e., perpendicular 

to the surface) shows much stronger magnetic properties, with saturation magnetization of 146, 

271, and 511 emu/cm3 at 10 K and 123, 319, 563 emu/cm3 at 300 K for the 4 nm, the 20 nm, and 

the 35 nm films, respectively, showing comparable saturation values from low to room temperature. 

The very similar MS values are possibly attributed to the weak temperature dependence of MS in 

Co from 10 K to 300 K and the strong strain coupling along the vertical oxide-metal interfaces in 

the samples. Furthermore, in the out-of-plane direction, an obvious increase in coercivity occurs 

with increasing thicknesses at 10 K with values of 250 Oe, 1175 Oe, and 1612 Oe for the 4 nm, 

the 20 nm, and the 35 nm sample respectively, and at 300 K with values of 100 Oe, 500 Oe, and 

1235 Oe for the 4 nm, the 20 nm, and the 35 nm sample respectively.  

As the thickness of the Co-BZO layer increases, the ferromagnetic properties of the 

samples also vary. In the case of coercive field and saturation magnetization, they increase with 

increasing thickness. For coercive field specifically, the trend is due to the change in grain size, 

and domain size. Specifically, if each Co nanostructure is a single magnetic domain when the film 

reaches magnetic saturation, larger Co nanopillars or nanoparticles will require larger magnetic 

fields to saturate. As the Co pillars grow in height, the domain sizes increase. This subsequent 

increase in domain size causes the applied magnetic field required to align the magnetization to 

increase. In addition, as the temperature increases from low temperature to room temperature, the 

coercive field decreases dramatically, especially for the thinner samples which is typical for 

ferromagnetic materials. 



 

 

74 

  

  Figure 5.5 Nanostructure study of the device with an a) schematic of the device and its 

corresponding b) TEM image and c) STEM images.  In addition, the d) HAADF was taken with 

the e-g) corresponding elemental mappings done. 
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Figure 5.6 Magnetoelectrical properties of the device with a a) M vs R with varying applied fields 

with its corresponding b) MR ratios. c) A schematic of how the spins align within the 

ferromagnetic layers as magnetic fields increase. 
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5.6 Co-BZO Multilayer Magnetoresistance Change 

The Co-BZO nanocomposite film was further integrated into a device for resistive 

switching and magnetoresistance effects. A Co-BZO sample with the thickness of around 20 nm 

was selected because of the combination of its soft magnetic properties and its magnetic anisotropy. 

Figure 5a shows the proposed device structure and TEM, STEM, and EDX of the tunnel junction 

was shown to verify the growth quality. The 2 nm BZO layer serves as an insulating layer between 

the two ferromagnetic layers of Co-BZO and La0.7Sr0.3MnO3 (LSMO).  BZO was selected owing 

to its lattice matching of the oxide matrix of Co-BZO. The Co-BZO layer shows similar 

nanostructure as seen when grown directly on STO.  LSMO was selected as the bottom electrode 

layer due to both its semi-metal conducting behaviour, allowing for a bottom electrode, and its 

room temperature ferromagnetic behaviour. This configuration allows for the ferromagnetic 

coupling between the top Co-BZO layer and the lower LSMO, semi-metal layer. Thus, allowing 

for electrical tunnelling across the interface to be controlled by an applied magnetic field. Since 

BZO is an effective insulator, temperature will also play a crucial role in the electron transport 

properties of the multilayer stack. As seen in Figure 6a, the device shows resistance switching with 

an applied magnetic field that is perpendicular to the film. The resistance was measured from 

taking R-T measurements from both the top electrode on the Co-BZO and bottom electrode on the 

LSMO film. The magnetoresistance (MR%) was calculated using Equation (11)[196]. The MR 

shows correlation between the magnetic field and the resistance with a peak of 10, 25, 47, and 70% 

under a 1 T, 2 T, 4T, and 9 T, respectively, at a temperature of 200 K. 

 

𝑀𝑅 =
𝑅𝑎𝑝−𝑅𝑝

𝑅𝑎𝑝
× 100%                               Equation (11) 

 

As the magnetic field increases, the MR value increases due to the interaction seen in 

Figure 6c, where at zero applied field, the magnetic orders for both the top Co-BZO and the bottom 

LSMO layer are not aligned. Increasing the magnetic field to 1 T results in the Co-BZO reaching 

magnetic saturation and the LSMO to not be strongly aligned in the out-of-plane direction resulting 

in higher resistances than at zero applied field as seen in Figure 6a, b. As the applied magnetic 

field continues to increase, the magnetic domains become more ordered resulting in the 

ferromagnetic layers to be aligned in the same direction. The increase in ordering allows for 

electrons to pass through the barrier more readily, which decreases the resistance and causes a 
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change in magnetoresistance. This is seen by the subsequent increases in the MR% as the magnetic 

field increases from 1 to 9 T in Figure 6b. The direct correlation between MR and applied magnetic 

field whereas the field increases the MR increases demonstrates a successful ferromagnetic device 

that allows for the tuning of resistance via magnetic field. Thus, the growth of Co-BZO VAN on 

top of a ferromagnetic semi-metal and insulator resulted in a MR change with changing magnetic 

field. This shows successful integration into a spintronic device and allows potentials for metal-

oxide VAN for device applications and, especially as the tunability of the Co-BZO is further 

investigated, allowing for eventual integration into tunnel junction devices. 

5.7 Conclusion 

In summary, a strong anisotropic ferromagnetic material, Co-BZO nanocomposite thin films, 

have been demonstrated with tunable coercive field, and the thin films have been integrated into a 

spintronic device. Their strong magnetic anisotropy and coercive field tuning properties address 

the need for low energy, high density, and energetically stable devices. The successful integration 

of such Co-BZO nanostructure in a device structure opens new avenues for metal-oxide VANs 

and their future integration into devices towards low power tunnel junction devices and many other 

spintronic devices.   
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6. TUNABLE, ROOM TEMPERATURE MULTIFERROIC FE-BATIO3 

VERTICALLY ALIGNED NANOCOMPOSITE WITH 

PERPENDICULAR MAGNETIC ANISOTROPY18 

6.1  Summary 

Room-temperature ferromagnetic materials with perpendicular magnetic anisotropy are 

widely sought after for spintronics, magnetic data storage devices, and stochastic computing. To 

address this need, a new Fe-BaTiO3 vertically aligned nanocomposite (VAN) has been 

fabricated—combining both the strong room-temperature ferromagnetic properties of Fe 

nanopillars and the strong room-temperature ferroelectric properties of the BaTiO3 matrix. 

Furthermore, the Fe-BaTiO3 VAN allows for highly anisotropic magnetic properties with tunable 

magnetization and coercivity. In addition, to demonstrate the multiferroic properties of the Fe-

BaTiO3 system, the new metal-oxide hybrid material system has been incorporated in a multilayer 

stack. This new multiferroic VAN system possesses great potential in magnetic anisotropy and 

property tuning and demonstrates a new material family of oxide-metal hybrid systems for room-

temperature multiferroic material designs.  

6.2  Introduction 

Ferromagnetic thin films are well studied materials with a wide-range of applications in 

electronic devices[179], especially in spintronic devices[151]. One such spintronic device, the 

magnetic tunnel junction, uses magnetically susceptible materials to alter electron currents to enact 

a resistance change[150]. For these applications, Fe, a strong ferromagnetic metal, has been well 

studied and integrated into a variety of spintronic devices and applications, most notably in tunnel 

junctions[62,166,197]. Traditionally, tunnel junctions have a preferred in-plane (IP) direction, but 

perpendicular anisotropy is highly desired for vertical tunnel junction development owing to these 

tunnel junctions having higher frequency, higher density, and lower power requirements. For these 

vertical tunnel junctions, work is needed to develop magnetic materials that exhibit a perpendicular 

anisotropy[6,176]. In addition, the magnetic material must present a perpendicular anisotropy with 

 
18This chapter is reprinted with permission from “Tunable, Room Temperature Multiferroic Fe-BaTiO3 Vertically 

Aligned Nanocomposite with Perpendicular Magnetic Anisotropy” by B. Zhang, et al., Mat. Today Nano., 2020, 

100083. © 2020, Elsevier 
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a small enough feature size allowing for integration into current integrated circuits. A promising 

platform that addresses both needs of creating small feature sizes and a strong perpendicular 

magnetic direction is vertically aligned nanocomposites (VANs)[137]. 

VANs enable the single-step growth of two different materials that are self-assembled into 

two-phase vertical structures, including pillar-in-matrix and nanocheckerboard 

structures[123,133,134,189,198]. The VAN structures present two main advantages compared 

with the traditional, single-phase films. First, the unique, vertical pillar structure creates highly 

anisotropic physical properties while accommodating significant amounts of vertical interfacial 

strain between the two phases. This interaction creates a large degree of property tunability[198–

201]. Second, because VANs typically consist of two different phases, the structure introduces the 

possibility of combining two materials with highly desirable properties into a hybrid material. To 

this end, it has been shown that it is possible to combine ferroelectric oxides and ferromagnetic 

oxides to form multiferroic films[134,190,199,202]. Although VANs consisting of two oxide 

phases with desired properties have been widely demonstrated, metals have been long sought after 

for their strong, room-temperature, ferromagnetic properties, which are typically much stronger 

than their oxide counterparts. Thus, by replacing one of the oxide phases with metals, such VAN 

films could present strong anisotropic, metallic, physical properties under room-temperature 

conditions[138,202–205]. 

Metal oxide–based VANs are uniquely equipped for multiferroic material designs owing to 

their ability to combine both oxide and metal phases and their respective properties. Various metal-

oxide VAN systems, including Ni-CeO2[137], Ni-Ba0.8Zr0.2Y3[138], Co-BaZrO3[123], Fe-La0.5-

Sr0.5FeO3[191], Au-BaTiO3[139], and Au-TiO2[140], have previously demonstrated that the 

integration of metals with oxides that have relevant room-temperature properties is possible. These 

metal-oxide VANs integrate either the strong plasmonic or the ferromagnetic properties of the 

metal phase with the oxide phase to create a highly anisotropic material system. 

To achieve excellent epitaxial quality of the two phases, a new epitaxial paradigm for the 

two-phase nanocomposite system was used[135] for this work, i.e., the two phases shall present 

opposite strain states when compared with the substrate lattice. For this work, BaTiO3 (BTO) was 

selected as the matrix, and Fe was selected as a magnetic secondary phase, as shown in Fig. 1a. 

With BTO being one of the most well-studied ferroelectric oxide[206–208], it has recently 



 

 

80 

attracted interest owing to its non-linear optical properties [209–212], and its potential applications 

in different optical devices[213,214], especially wave guides[215,216].  

Despite the previous work on Fe-BTO nanocomposite systems, wherein the geometries have 

been focused on bilayer, multilayer films with Fe on BTO or vice versa[217–220], or on 

embedding Fe nanoparticles within a BTO matrix[221], this work proposes integrating Fe as 

nanopillars into a BTO matrix. This proposed structure will allow for unprecedented strong 

anisotropic, ferromagnetic and ferroelectric properties, coming from Fe and BTO, respectively. In 

addition, this unique structure will incorporate large vertical interface strain that will enhance 

coupling between the Fe and BTO phases. For the Fe-BTO nanocomposite system, a large range 

of tunability will also be achieved, such as going from a soft ferromagnet to a hard ferromagnet, 

by simply controlling the Fe pillar length (i.e., film thickness), pillar density, and pillar 

morphology. Such tunable nanoscale ferromagnetic systems could find a wide range of 

applications in spintronic devices and neuromorphic computing[222], and are a promising 

candidate for the on-going search for soft magnetics for stochastic computing schemes[223,224]. 

6.3  Methods and experimental 

The Fe-BTO target preparation was made by mixing Fe and BTO powders in a 1:1 M ratio. 

The mixture was pressed and sintered with inflowing Ar/H2 into a conventional pellet target. The 

films were grown on single-crystalline SrTiO3 (STO) (001) substrates via the pulsed laser 

deposition system (KrF excimer laser) (LambdaPhysik, λ = 248 nm). Multiple deposition 

frequencies of 2 Hz, 5 Hz, and 10 Hz were used to tune the nanostructure. 

The nanostructure of the films was investigated using X-ray diffraction (XRD) (Panalytical 

X’Pert X-ray diffractometer). The different films were imaged by transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM), and energy 

dispersive X-ray spectroscopy (EDS) elemental mapping was performed by using a FEI Titan G2 

80-200 STEM with a Cs probe corrector and ChemiSTEM technology (X-FEG and SuperX EDS), 

and additional TEM, STEM, and EDS images of the different frequencies were taken (FEI Talos-

200X). 

The magnetic properties of the nanocomposite thin films were analyzed both parallel (IP) 

and perpendicular (out-of-plane [OP]) to the film surface in the vibrating sample mode in a 

Magnetic Property Measurement System (MPMS 3, Quantum Design). The piezoelectric 
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properties were measured by Bruker atomic force microscopy. Magnetoelectrical (ME) coupling 

was measured using a magnetoelectric bundle (Radiant Technologies, Inc.). 

Dielectric permittivity was calculated using a spectroscopic ellipsometer (JA Woollam RC2), 

with an anisotropic model to fit the ellipsometer parameters ψ and Δ. The IP permittivity was 

modeled using two Lorentz oscillators, whereas OP permittivity was modeled using a Drude-

Lorentz model to enforce Kramers-Kronig consistency. 

6.4  Results and discussion 

 

Figure 6.1 a) Schematic demonstrating the proposed growth of Fe pillars within a BTO matrix. 

b) Schematic showing the different lattice parameters of BTO and Fe on STO. c) Typical θ-2θ 

XRD scan of the different films deposited at different frequencies. d) The different lattice 

parameters for BTO and Fe grown at different frequencies. 
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θ–2θ XRD scanning was first performed on the Fe-BTO VAN thin films grown under 

different laser frequencies (2 Hz, 5 Hz, and 10 Hz) to investigate the material composition and the 

phase distribution. From the XRD data, BTO (001) and STO (001) peaks can readily be identified 

from Fig. 1c in all samples indicating (00l) BTO texturing on the (00l) STO substrate. In addition, 

for all samples, the Fe (110) peaks exist at a 2θ value of 45.3° corresponding to a d-spacing of 2.00 

Å, indicating a compressive strain of 1.3% compared with reported bulk Fe d-spacing (PDF card# 

06-0696) of 2.0268 Å. Meanwhile, the BTO (200) peaks shifts from 44.45° to 44.3° to 44.25° for 

the 2, 5, and 10 Hz samples, respectively, corresponding to a tensile strain of 2.3%, 2.7%, and 2.8% 

when compared with the measured BTO (200) peak located at 45.55° in pure BTO/STO samples, 

with the lattice parameter as seen in Fig. 1b. This highly strained state is created via the two 

different materials within the metallic VAN forming distinct areas and hints at a strong interface 

strain between Fe and BTO, with the strong BTO tensile strain compensating for the large Fe 

compressive strain. In addition, as the laser frequency varies, the BTO peak position shifts, 

indicating a morphology change, with the lowest frequency having the least tensile strain and the 

highest frequency with the highest tensile strain.  
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Figure 6.2 Schematic demonstrating the  Fe-BTO film grown on STO.  b-d) Plan view STEM 

images of Fe-BTO grown at 10 Hz. EDX mapping of the  plan view images of Fe-BTO with e) 

O, f) Fe, and g) Ba mapping shown. h) GPA analysis of  a single pillar to illustrate the strain 

distribution. i) and j) The STEM and Fe EDX mapping respectively of a cross-sectional view. 

  



 

 

84 

To verify whether the frequencies affected the nanostructure, TEM, STEM, and EDS 

analyses were conducted. The expected morphology of the Fe-BTO nanocomposite is illustrated 

in Fig. 2a, wherein uniformly distributed Fe nanopillars grow within a BTO matrix. The plan-view 

STEM images in Fig. 2b–d demonstrate the excellent epitaxial growth of the film, with the average 

pillar diameter of around 5 nm. The pillars show an overall shape of a rectangle, with sides being 

in the {110} plane family and with faceted edges being the (111) planes. Fig. 2e–g presents the 

chemical composition of the nanocomposite with Fe pillars in the BTO matrix. The rectangular 

shape with facets can be explained by the strain mapping results using geometrical phase analysis 

(GPA) in Fig. 2h. The GPA analysis of the individual pillar shows an alternating pattern of strain 

states between tensile (yellow) and compressive (blue) strain. This alternating strain states serve 

to minimize the total strain energy of the Fe region with alternating strain states. On a closer look, 

it reveals that the smaller facets have a singular strain state, with the larger one having a 

combination, resulting in the faceted rectangular shape. 

The cross-sectional images in Fig. 2i of the Fe-BTO film demonstrate the high uniformity 

and high density of the Fe pillars within the BTO matrix, and on further investigation, they 

demonstrate highly oriented growth, with the pillars growing in a vertical fashion throughout the 

film thickness. To demonstrate phase separation, EDS mappings in Fig. 2j again confirm the pillars 

throughout the film thickness were indeed pure Fe, not iron oxide. This is significant owing to the 

high susceptibility that different metals—especially ferromagnetic ones such as Fe, Ni, and Co—

are likely to oxidize. For Fe, the oxidation process is highly detrimental to physical properties, e.g., 

resulting in smaller coercive fields, magnetic saturation, and a critical temperature significantly 

lower than room temperature. In addition, from the plan-view images, it is possible to ascertain 

the high density of Fe regions that exist with the Fe-BTO film and the uniformity of the distribution 

throughout the film. This regular distribution is highly sought after for future device applications, 

allowing for easier fabrication of device arrays. The Fe nanopillars are nearly equally spaced 

resembling an Fe nanoarray, which could be patterned as arrays of spintronic devices.  
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Figure 6.3 Schematic demonstrating the how the pillar diameters vary with different frequencies. 

b, c, f, g, j, and k) Plan view TEM images demonstrating the pillar variation. d, h, and l) 

Histogram plots illustrating the nanopillar diameter distribution for the samples deposited under 

different laser frequencies. 
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To further investigate the underlying growth mechanisms of the Fe-BTO hybrid film, 

different laser frequencies of 2 Hz, 5 Hz, and 10 Hz were used to grow the Fe-BTO films. In the 

TEM plan-view images in Fig. 3b–k, it is noted that as frequency increases, Fe dimension changed 

from isotropic morphology to elongated rectangles and then again to squares. While there is a 

typical Gaussian distribution for the 5-Hz and the 10-Hz samples, the 2-Hz sample does not present 

such distribution. Instead, it shows a bimodal distribution of nanopillar diameters, i.e., the mixture 

of large-and small-diameter nanopillars. Such non-uniform nanopillar diameters might be 

attributed to the non-optimum growth and incomplete nucleation owing to the insufficient flux of 

Fe adatoms under 2 Hz. This leads to the formation of small nuclei of Fe nanopillars in Fig. 3b–d. 

The 5-Hz sample has unique rectangular shaped nanopillars with preferred orientation along the 

IP direction of BTO [010]. The preferred orientation suggests that there is an underlying factor 

during the growth and nucleation of the Fe adatoms within the Fe-BTO film. One possible 

explanation may be the interaction between the lattice strain and the adatom diffusion process. 

When frequency decreases, the adatom diffusion time increases, and the adatoms have sufficient 

time to diffuse in both the (110) directions, producing an elongated, faceted, rectangular, IP 

morphology in the 2-Hz sample. For the 5-Hz sample, the diffusion time is in the range allowing 

the perfect alignment along a preferred crystallographic plane of [020]. This alignment mainly 

arises from interactions between the surface energies of the Fe, BTO, and STO substrate and the 

growth kinetics, which mainly include the incoming flux of adatoms and the nucleation and 

diffusion of the adatoms. More specifically, diffusion of the adatoms and the perfect 

nucleation/growth of the adatoms have been achieved under the 5-Hz growth condition. The strain 

compensation model suggests that Fe (a = 0.287 nm) and BTO (a = 0.483 nm) present opposite 

strain states compared with the STO substrate (a = 0.394 nm). Such IP strain compensation leads 

to the highly ordered, uniform distribution of Fe nanopillars within the BTO matrix. Such a strain 

compensation model can be best demonstrated in perfect epitaxial growth of 2-phase VAN systems. 

Thus, highly ordered and aligned Fe nanopillar distribution has been achieved in the 5-Hz sample. 

However, the 2-Hz sample clearly shows both very small nanopillars and regular-sized nanopillars 

(a bimodel distribution), which suggest that there might be insufficient Fe adatoms under the 2-Hz 

condition and thus leads to various nanopillar diameters. Although 10 Hz leads to high growth rate, 

it could cause deterioration of epitaxial quality and pillar distribution. 
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Figure 6.4 a,b) Hysteresis loops of the Fe-BTO films grown at different frequencies with c and d) 

graphs magnifying the magnetic moments around the coercivities.  e) Graph depicting the 

relationship between the coercivities for both in-plane and out-of-plane with deposition 

frequency. f) Different dielectric constants of the different frequencies as modeled using data 

form ellipsometer.  
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To investigate how Fe nanostructures with the BTO matrix affect the magnetic and optical 

properties, magnetization measurements and ellipsometry measurements were conducted, and the 

data are summarized in Fig. 4. The room-temperature ferromagnetic properties for both the OP 

and the IP were measured and plotted in Fig. 4a and b, respectively. The data show an obvious 

anisotropy with the OP saturation magnetization of 110 emu/cm3 and the IP saturation of 70–80 

emu/cm3. In the OP direction, a clear coercive field difference is seen, with the 2-Hz sample having 

the highest coercive field and the 10-Hz sample having the lowest coercive field value. In addition, 

the IP direction shows a similar trend as that of the OP results, and the overall coercive field results 

are plotted in Fig. 4e. Fe-BTO not only has strong tunable ferromagnetic properties but also 

possesses highly anisotropic dielectric properties owing to its inherent column shape of 

nanostructures causing a similar column shape of BTO. From the real part of dielectric permittivity, 

shown in Fig. 4f, it shows that the IP dielectric permittivity value is significantly higher (between 

1.5- and 2-fold) than that of the OP direction. In addition,the growth frequency and the dielectric 

constants haveseem to be correlated in that as the frequency decreases, the dielectric constant also 

decreases. These trends can be explained from morphology tuning. As frequency decreases, 

adatom diffusion increases and the dimension of the Fe nanopillars increases. If each Fe region is 

taken as a single magnetic domain, as length increases, the required energy to saturate and bias the 

magnetic moment of the Fe region increases with size. In addition, it has been previously reported 

that the superparamagnetic limit of Fe nanoparticles is around 10 nm[225]. Although the Fe pillars 

have a diameter of less than 10 nm, they may still be ferromagnetic owing to their pillar-type 

morphology. As the diameter increases above the limit, coercivity of Fe increases, which affects 

the IP and OP coercivity. The 2-Hz Fe-BTO sample has a larger coercive field owing to the 

existence of several larger lateral Fe domains that may be affecting the magnetization of 

neighboring pillars. As in the case of the saturation magnetic values, since the concentration of the 

Fe remains constant at 1:1 for the Fe to BTO ratio and all the different frequencies were grown 

with comparable film thicknesses, similar amounts of Fe will be found within all the films, 

resulting in similar saturation magnetic values In a similar manner the diameter affects the 

magnetic behavior, the optical property is also affected. As the pillars elongate in diameter, there 

will be more metallic characteristics leading to a lower overall dielectric constant of the system in 

both the IP and OP directions. The anisotropy can be explained from the fact that the metals are in 

pillar fashion; the Fe-BTO system will behave more metallic in the OP direction, resulting in a 
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lower permittivity than that of the IP direction. Overall, the fact that varying deposition frequency 

was able to tune both the optical and ferromagnetic behaviors further highlights the potential of 

the unique Fe-BTO VAN systems for future optical and magnetic device applications. 

 

 

Figure 6.5 a) Schematic of the multi-layer used to isolate the Fe regions within the film from the 

bottom conductor. b) TEM and c) STEM images of the multi-layer. d) and e) EDX mapping of 

the multi-layer with the f) ferromagnetic and g) ferroelectric properties.   
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To demonstrate the potential multifunctionality of the Fe-BTO film, a multilayer stack was 

grown, with BTO encapsulating the Fe-BTO film to electrically isolate the Fe regions from the 

conductive bottom La0.7Sr0.3MnO3 (LSMO) layer, as shown in Fig. 5. It is clear that the BTO 

region isolated the Fe portions from the semimetal LSMO, facilitating the polarization of the BTO 

regions in the Fe-BTO nanocomposite. This configuration allows for room-temperature 

ferroelectric and ferromagnetic properties to occur within the device. As shown in Fig. 5, it is 

possible to see the different ferromagnetic and ferroelectric properties to confirm that the 

multilayer device has both properties. The ferromagnetic properties also show anisotropy with the 

coercive field, differing from the OP and IP directions. Compared with the single-layer Fe/BTO 

films, wherein Fe and BTO are grown in layers on top of one another, the properties show OP 

anisotropy, as seen in the ferromagnetic and optical data, demonstrating anisotropic ferromagnetic 

and ferroelectric properties. This multistack configuration allows for two main applications 

compared with the single-layer film: isolating the metallic regions for individual biasing of 

different metal pillars, creating local electrical polarization and switching, and room-temperature 

magnetic switching throughout the film. In addition, the weak ferromagnetic properties and weak 

ferroelectricity will affect each other, causing highly anisotropic, room-temperature coupling of 

both electrical and magnetic properties. To further investigate the coupling, a ME coupling 

measurement was performed, with the results plotted in Fig. 6. In the plot, a black line shows the 

linear fitting analysis, with the slope indicating a ME charge coefficient, α, of around 1.02 × 10−4 

μC/(cm2 Oe). Because the ferroelectric properties and polarization mainly come from BTO, a 

previously reported, room-temperature relative permittivity of BTO was used[226]. The calculated 

ME voltage coefficient is 2.30 V/(cm Oe). Owing to magnetization limitations, the slope does not 

change in the measured range. This coupling creates new avenues for potential applications in 

spintronics and the stochastic computing scheme. 
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Figure 6.6 Room temperature polarization vs applied magnetic field with the black line 

representing the linear fit for the data. 

6.5  Conclusions 

This study demonstrates the growth of Fe nanopillar arrays within a BTO matrix with room-

temperature multiferroic properties. By tuning the growth parameters, it is possible to modify the 

nanostructure, and effectively tune the strain and the magnetic properties. This study found that 

lower deposition frequencies result in Fe pillars with larger diameters, both lower vertical strain 

coupling and higher magnetic coercive fields; whereas for higher frequencies, it leads to smaller 

pillar diameters, higher vertical strain coupling, and lower coercive fields. Furthermore, to 

demonstrate the potential of room-temperature multiferroic nanocomposites, a multilayer stack 

with an encapsulated Fe-BTO layer was shown to demonstrate the potential by electrically 

isolating the Fe regions from one another, aiding the polarization of the ferroelectric BTO regions. 

This Fe-BTO VAN film presents a platform for highly anisotropic, room-temperature multiferroic 

properties, with a wide range of tunability for various electrical, magnetic, and optical devices. 
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7. AU ENCAPSULATED FE NANORODS WITH TUNABLE MAGNETIC 

OPTIC PROPERTIES 

7.1  Summary 

Materials with magneto-optic coupling properties are highly coveted for their potential 

applications ranging from spintronics and optical switches to sensors. In this work, a new, three-

phase Au-Fe-La0.5Sr0.5FeO3 (LSFO) hybrid material in a vertically aligned nanocomposite (VAN) 

form has been demonstrated. The three-phase hybrid material combines the strong ferromagnetic 

properties of Fe and the strong plasmonic properties of Au and dielectric nature of LSFO matrix. 

More interestingly the immiscible Au and Fe phases form Au-encapsulated Fe nanopillars, 

embedded in the LSFO matrix. Novel properties including anisotropic optical dielectric properties, 

plasmonic properties, magnetic anisotropy, and room temperature magneto-optic Kerr effect 

(MOKE) coupling are demonstrated. The novel immiscible two-metal coupling (i.e., Au and Fe) 

in the complex hybrid opens up exciting new potentials for future three-phase VAN systems with 

more versatile metal selections.  

7.2  Introduction  

Magneto-optic materials can effectively utilize light propagation to tune the magnetic spins 

in materials; the reverse can occur in that an applied magnetic field can affect the propagation of 

light through the materials. These materials have recently attracted attention due to their proposed 

roles in a variety of different applications such as spintronics[12,227,228], waveguides[229,230], 

and optical sensors[231,232]. As the demands for high performance, low energy consumption, and 

compact devices rise, there is a crucial and pressing need to develop novel materials for effective 

magneto-optic coupling. To this end, various magneto-optic coupling materials have been 

fabricated, such as single-phased thin films (e.g., Fe and Ni) [233–235], multilayer films (e.g., 

Fe/Cr/Fe and Au/Co/Au) [236,237], and nanostructured films (e.g., split-ring nanoantennas) 

[167,238]. Among these candidates, nanostructures with magneto-optic coupling have received 

considerable interest due to their unique geometry that are used in applications such as label-free 

detecting in biosensors[110,239] and high-speed applications in communication devices[230,240]. 

These nanostructures typically consist of either one or multiple metals fabricated into different 
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arrays consisting of nanodisks[241–243], nanoparticles[244,245], or nanorods[12,246]. By 

fabricating these metals into different nanostructures, their plasmon response is enhanced and new 

functionality emerges[247]. Typically lithography and multistep growth are used to  fabricate these 

different structural arrays[248–250]. 

Vertically aligned nanocomposites (VAN) present an alternative approach for processing 

complex nanostructures[251]. VANs can be deposited using a single-step, self-assembly process, 

and consist of two different phases arranged into a checkboard pattern or pillar-in-matrix 

form[252,253]. Traditionally, VAN consists of two oxide phases coupled together, with one oxide 

having strong physical properties, and the other oxide having strong vertical strain that couples 

with the primary phase[135,251].  Due to their unique vertical structure, VANs have a couple of 

main advantages compared to conventional oxide thin films, such as highly anisotropic geometry 

and unique physical properties without any patterning or strict growth control[202,203], and 

multifunctionalities, e.g., multiferroism[134,163,254,255]. In addition to the significant amount of 

work in oxide-oxide VANs, a new class of oxide-metal VANs, such as Co-BaZrO3, Au-BaTiO3, 

Ni-BZY, have recently emerged[138,140,143,204,256–260]. Compared to the traditional oxide-

oxide systems, oxide-metal VANs include a dissimilar metallic phase that when combined with 

leads to stronger, anisotropic properties, especially in the cases of ferromagnetic and plasmonic 

properties. Different from the previously reported metal pillars fabricated utilizing other 

techniques[261,262], these metallic pillars are sub-100 nm in diameter and can be processed in a 

single-step growth process that can be integrated in devices for a large range of applications. 

Currently, most of the metallic pillars in VANs are single phase metal with one functionality, e.g., 

plasmonic[144,205,260] or ferromagnetic[123,138,143,263], and very limited demonstration of 

complex metallic nanopillars[258].  

A well coupled magnetic-plasmonic material framework is needed to fabricate stronger 

magneto-optical coupling. In this work, a unique composite metallic nanopillar structure coupling 

a plasmonic metal (e.g., Au) and a ferromagnetic metal (e.g., Fe) is proposed in a La0.5Sr0.5FeO3 

(LSFO) matrix, forming the complex three-phase metal-oxide VAN, i.e., Au-Fe-La0.5Sr0.5FeO3 

(Fe-Au-LSFO), as illustrated in Fig. 1. The reason that Au and Fe are selected as the metallic 

pillars is due to their plasmonic and ferromagnetic properties, respectively, and their immiscible 

nature following the Hume-Rothery rules accordingly[264]. LSFO was chosen as the oxide matrix 

since Fe-LSFO VANs have been successfully grown via decomposition[136] or with additional 
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Fe inclusions[204], effectively producing strong ferromagnetic properties.  Because of the 

immiscible nature of Au and Fe, they will likely form two-phase pillars instead of alloyed pillars. 

By tuning the deposition parameters, such as deposition frequency, the morphology of the 3-phase 

VAN can be effectively tuned. The morphology tuning alters the magnetic, magneto-optical 

coupling and optical anisotropy which is used to evaluate the property coupling and added 

functionalities in using the complex 3-phase VAN designs.  

7.3  Experimental 

 LSFO target was prepared via conventional sintering method with a 1:1 molar ratio of 

lanthanum and strontium into a pellet target. The films were then grown via pulsed laser deposition 

(PLD) system (KrF excimer laser) (Lambad Physik, λ = 248 nm) with a pure Au strip attached to 

the surface of the target, onto a single crystalline SrTiO3 (STO) (001) substrate. Varying deposition 

frequencies of 2 Hz, 5 Hz, and 10 Hz were used to vary the nanostructure of the overall system. 

 The nanostructure of the films was analyzed using various analytical tools. X-ray 

diffraction (XRD), transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM) and energy dispersive x-ray spectra (EDS) elemental mapping were 

performed on all samples (FEI Talos-200X). 

 The magnetic behavior of the three-phase film was measured utilizing a magnetic property 

measuring system (MPMS 3, Quantum Design) for both parallel (in-plane) and perpendicular (out-

of-plane) directions relative to the film surface.   

 The dielectric behavior of all the samples grown at different frequencies were measured by 

using a spectroscopic ellipsometer (JA Woollam RC2) by fitting an anisotropic model using 

general oscillators to fit the ellipsometer parameters ψ and Δ. The in-plane and out-of-plane 

permittivity was modeled using two Lorentz oscillators and a Drude-Lorentz model to enforce the 

Kramers-Kronig consistency, respectively. 
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Figure 7.1a) Schematic demonstrating the growth of the Au-Fe-LSFO system. b) Typical  θ-2θ 

XRD scan of the different films deposited at different frequencies. c) A finer θ-2θ XRD scan of 

the film between the 2θ values of 43 and 50o 
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7.4  Discussion 

The phase composition and orientation of the Au-Fe-LSFO films deposited at different laser 

frequencies (2 Hz, 5 Hz, and 10 Hz) was first analyzed via typical θ - 2θ XRD scans of the films. 

The XRD data in Fig. 1b, shows the expected LSFO (002) peak with Au (111) peaks at a 2θ value 

of 39.11o  and Au (200) and Fe (110) peaks located around at 2θ values of 44.97o, 45.16o, and 

45.54o for the samples deposited at 2, 5, and 10 Hz, respectively. The existence of the Fe peaks 

indicates that the LSFO successfully decomposed through the reaction 2La0.5Sr0.5FeO3 → 

LaSrFeO4 + Fe + O2 as previously reported[136]. Also, the Au peaks indicates that the Au was 

successfully deposited as a separate phase. As the deposition frequency increases from 2 to 5 to 

10 Hz, the compressive strain based on the Fe (110) peak position increases to -0.66%, -1.09%, 

and -1.94%, respectively when compared to the bulk value at 44.673o (PDF # 06-0696).  This strain 

variation can be attributed to the varying nucleation and growth time. As the frequency decreases, 

the Fe and Au atoms have a longer time to diffuse, creating metallic nanostructures with more 

relaxed strain states. Increasing frequencies result in the Fe and Au atoms have less time to diffuse 

creating more strained nanostructures.  
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Figure 7.2a) Schematic demonstrating the  Au-Fe-LSFO film grown on STO.  b-d) Plan view 

EDX mappings of the 5 Hz film with b) Fe and Au, c) Au, and d) Fe mappings shown. e, f) 

HRSTEM image of the 5 Hz Au-Fe-LSFO film with e) being plan view and f) being cross-

sectional. g-i) Plan view EDX mappings of the 5 Hz film with g) Fe and Au, h) Fe, and i) Au 

mappings shown 

 

In addition to the strain state variation, it is also important to verify whether the Au and Fe 

have formed the proposed two phases or an alloyed structure. Usually, Fe and Au are immiscible 

under equilibrium conditions following the Hume-Rothery rules. Since PLD process  introduces 

high kinetic energy and nonequilibrium conditions that may aid the formation of an alloyed 

structures, a careful TEM analysis was performed to reveal the phase distribution of the 3-phase 

VANs. TEM/STEM was instrumental in determining both the morphology of the nanostructure 

and phase separation of Au and Fe via plan-view TEM images of the 5 Hz Au-Fe-LSFO shown in 

Fig. 2b-e. The growth of the two metal phases led to two distinct groups of structures. One type of 

nanostructures has a larger diameter of around 15 nm with a lower density and lighter contrast, 
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while the other type has a smaller diameter of around 7 nm with a higher density and darker 

contrast. Additionally, the larger nanostructures are more faceted with a more polygonal shape, 

while the smaller nanostructures have a smooth, round shape. An EDS mapping was performed to 

specify the composition of the two nanostructures. The EDS reveals that the Au (green) are the 

larger nanostructures while the Fe (red) are the smaller nanostructures. From these images, it is 

possible to see discrete groups of both the Au and Fe, suggesting that the two metallic phases have 

formed as two phases in a unique Au encapsulated Fe structure.  

To better understand the different nanostructures, additional cross sectional TEM images 

were taken of the 5 Hz Au-Fe-LSFO film. From the cross-sectional images in Fig 2f-i, it is possible 

to see two distinct Au-Fe morphologies in the system with the EDX mappings being displayed: 1) 

isotropic, metallic nanoparticles aggregated near the substrate and 2) anisotropic, column growth 

throughout the entirety of the film with selected columns having a slight tilt along the length of 

the column. The isotropic growth is most likely a result of the initial nucleation stages of the growth. 

In the initial stages, the Fe and Au have much higher surface energies than the LSFO, resulting in 

the metallic island growth. As the growth continues past the initial stage, the Fe nucleates along 

with the Au deposition, aggregating together due to their similar surface energy compared to the 

oxide matrix. This causes them to find other metal adatoms, forming a unique Au encapsulated Fe 

nanopillars.  The tilting of the nanopillars could be related to the exposing of the lower surface 

energy of Au(111) planes while maintaining the crystalline orientation of the nanopillars. 
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Figure 7.3a, d, g) Plan-view TEM images of the different frequencies to demonstrate how the Fe 

pillars vary. Cross sectional b, e, h) TEM images and c, f, i) STEM images to better observe how 

the pillar structure vary with frequency.   

 

To investigate further how the Au and the Fe nucleate and to demonstrate the tunability of 

the nanostructures, the deposition frequency was varied from 2, 5, and 10 Hz. TEM analysis was 

performed on the different samples using both the cross-section and plan-view. From the plan-

view images in Fig. 3, it is possible to see a trend in the sizes of the Fe nanostructures. As the 

frequency increases from 2 to 10 Hz, the Fe regions decrease in diameter from 14 nm to 7 nm to 

5.7 nm, while the Au regions have a similar diameter of around 15 nm for the 2 and the 5 Hz 

sample, while in the 10 Hz sample, there are Au regions with a diameter of around 15 nm and other 

regions with a diameter of around 8 nm. The difference in the nucleation of Fe and Au comes from 

the fact that the Au tends to encapsulate some of the Fe pillars with some Fe pillars growing as 

single-phase ones. The single-phase Fe pillars are influenced by frequency which causes the 

narrowing of the diameter. The Au adatoms encapsulate the Fe pillars forming similar 
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nanostructure sizes regardless of frequency to some extent (e.g., 2 and 5 Hz), but for the 10 Hz, 

the diameter reduces. Additionally, there is an obvious shape variation as a function of frequency. 

At the lower frequency (e.g., 2 Hz), the Au regions are more faceted with sharp edges and corners. 

As the frequency increases to 5 Hz, the shape elongates along one direction with the edges reduced, 

but there are still several visible edges in Au. At 10 Hz, the Au regions lose all their edges, forming 

a round shape similar to the Fe nanostructures. This suggests that lower frequency and longer 

diffusion time lead to more faceted Au nanostructures while high frequency leads to round 

nanostructures. 

Cross-sectional TEM images were taken to further reveal the morphology tuning.  At 2 Hz, 

both the Au and the Fe form pillars with a discrete shape and a large size, but with selected pillars 

having either a 30o tilt or a vertical orientation. While for the 5 Hz growth, it is clear that the pillars 

are narrowed and grew in a more ordered and upright fashion. Lastly, for the 10 Hz sample, there 

seems to be two distinct growth morphologies, one being straight nanopillars, and the other being 

elongated nanoparticles (nano-pill-like) within the matrix. Additionally, just as the morphology 

and the diameter of the nanostructures varies with frequency, the density of the metallic 

nanostructures also varies, i.e., the density of the pillars increases as the deposition frequency 

increases.  The specific nanostructure variations seen between the different frequencies are likely 

caused by the nucleation and diffusion process. Au tends to grow around Fe; as the Fe adatoms 

have less time to nucleate due to higher frequencies, the Fe adatoms will create smaller 

nanostructures with the Au nucleating around these Fe structures. Furthermore, the decreased 

nucleation time will cause a portion of the Fe adatoms to not have sufficient time to coalesce with 

the existing Fe nanostructures. The limited time results in separated Fe nanostructure development, 

leading to the formation of the nano-pill-like structures seen in the 10 Hz samples. For the 2 Hz 

and the 5 Hz samples, the decreased frequencies lead to increased nucleation time, resulting in 

larger pillars in the 5 Hz and the largest seen in the 2 Hz sample. Au also facilitated the growth of 

the pillars as evidenced from a comparison between pure Fe-LSFO and Au-Fe-LSFO films grown 

at similar growth conditions, shown in Fig. 8. From Fig. 8, the Fe regions grown in the two-phase 

Fe-LSFO VANs tends to grow in the nano-pill structures, yet in the 3-phase Au-Fe-LSFO VAN, 

nanopillars occur. This can be explained by the Au adatoms growing around the Fe regions. As 

the Au regions enclose the Fe regions, it makes it easier for other Au and Fe adatoms to grow on 

the more energetically favorable metal surfaces, resulting in the pillar growth.
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Figure 7.4a, b) Low and c, d) room temperature hysteresis loops of the Fe-BTO films grown at 

different frequencies with magnified inserts for the room temperature loops. 
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Next, to determine how the ferromagnetic behavior varies with the different nanostructures, 

measurements were taken from the different samples as shown in Fig. 4. At 10 K, the 2 Hz, 5 Hz, 

and 10 Hz have an in-plane saturation of 64 emu/cm3, 80 emu/cm3, and 48 emu/cm3 and out-of-

plane saturation of 72 emu/cm3, 98 emu/cm3, and 57 emu/cm3, respectively, with an in-plane 

coercivity of  180 Oe, 350 Oe, and 270 Oe, and out-of-plane coercivity of 330 Oe, 460 Oe, and 

576 Oe, respectively. At room temperature, the 2 Hz, 5 Hz, and 10 Hz have an in-plane saturation 

of 35 emu/cm3, 65 emu/cm3, and 24 emu/cm3 and out-of-plane saturation of 40 emu/cm3, 80 

emu/cm3, and 28 emu/cm3, respectively, with an in-plane coercivity of 10 Oe, 15 Oe, and 18 Oe, 

and out-of-plane coercivity of 12 Oe, 5 Oe, and 15 Oe, respectively. Interestingly, even though the 

nanostructure of the pillars is highly anisotropic, the magnetic behavior displays a minor difference 

between the out-of-plane and in-plane, with the out-of-plane magnetization having slightly larger 

coercivity and saturation. This disparity arises due to the Fe regions having a more spherical, pill-

like structure with the rest of the pillars consisting of Au metal. Since Au is non-magnetic, the 

magnetization will primary be caused by the Fe nanostructures. Furthermore, the hysteresis loops 

reveal that the 5 Hz sample has both the highest coercivity and the magnetic saturation in the low 

temperature region followed by the 2 Hz and the 10 Hz films. While for the room temperature 

measurements, the 5 Hz sample has the largest saturation, and all the samples have similar 

coercivity values. The reason that the 5 Hz film has the strongest ferromagnetic properties is 

because it has the most upright and uniform pillars. These pillars will require a larger applied 

magnetic field to align all the pillars in the same direction and will create a stronger net magnetic 

field. While for the 2 Hz film, as mentioned before, there is a slanted growth that takes place from 

the Au growths that shorten the Fe regions, causing the magnetic properties to decrease in both the 

out-of-plane and in-plane regions. The 10 Hz film exhibits the smallest ferromagnetic properties 

due to the Fe regions being the smallest and having discrete structures. These smaller regions will 

cause the magnetic direction to be easily turned, causing the 10 Hz film to have the weakest 

ferromagnetic properties. 
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Figure 7.5a, b, c) Dielectric constants of the 2, 5, and 10 Hz sample modeled using data from the 

ellipsometer with the blue highlighting the hyperbolic region. d) Schematic demonstrating the 

polar and longitudinal directions of the MOKE measurements where the yellow is the light and 

the purple is the applied magnetic field direction.  e) The MOKE readings for the polar and 

longitudinal directions for the 5 Hz measurement.  

 

To evaluate the overall optical properties, the reflectivity data and optical transmittance data 

were collected and analyzed. The data in Fig 5a-c shows a clear anisotropy based on the out-of-

plane and in-plane dielectric permittivity with the out-of-plane dielectric permittivity for all the 

samples being negative at certain wavelengths, indicating a hyperbolic response. Interestingly, the 

hyperbolic transition point shifts from slightly below 500 nm at 2 Hz, to 830 nm at 5 Hz, and 1100 



 

 

104 

nm at 10 Hz, with the out-of-plane dielectric permittivity decreasing with the increasing deposition 

frequency. This can be explained by the variation of nanostructures for each film. For the 2 Hz 

sample, the metallic pillars are the most continuous and the largest, and as the frequency increases, 

the continuity and the size of the pillars decreases, causing the trends seen in the out-of-plane 

dielectric permittivity. For the in-plane dielectric constant, the positive values are due to the metal 

regions being embedded within a ceramic matrix, causing a positive permittivity as seen in 

conventional ceramics. Interestingly, in Fig. 8a, in the in-plane 2 Hz sample, it is possible to see a 

plasmonic absorption response around the 610 nm wavelength, where there is a local minimum in 

the transmission curve. Since the 2 Hz has more ordered pillars, Au has grown in a more ordered 

structure, resulting in an enhanced plasmonic response. This indicates that, by tuning the growth 

parameters, it would be possible to strengthen the plasmonic response, the ferromagnetic response, 

and the hyperbolic transition point, which will be useful for various applications and devices.  

To evaluate the magneto-optic coupling of the Au and the Fe nanostructures, MOKE data 

was taken at room temperature for the 5 Hz sample. From the data, it is possible to see how the 

induced magnetic responses varies as the light imposes on the sample in the polar and longitudinal 

directions (Fig 5d). Compared to the data shown in Fig 4, the MOKE data in Fig 5e, shows a large 

degree of anisotropy that exists between the in-plane (longitudinal) and out-of-plane (transverse) 

directions. The fact that the anisotropy in MOKE is much larger than that of the MPMS data 

indicates that the Fe was not the sole contributor to the Kerr rotation. Because of the differences, 

it can conclude that the Au played an additional role in directing the light through the film. As 

opposed to the spherical shape of the Fe regions, the Au encapsulated Fe nanostructures had a 

pillar geometry resulting in the anisotropy seen in the MOKE data. This indicates that the Au in 

conjunction with the Fe played a role in the magneto-optic behavior indicating that magneto-

optical coupling between Au and Fe did occur. This magneto-optical coupling arises from the 

unique Au encapsulated Fe nanostructure in this film. For this result to be achieved, it was crucial 

for minimizing intermixing to avoid detrimental effect on both the optical and magnetic properties. 

To this end, Fe and Au are ideal candidates due to their immiscibility and strong physical properties. 

This immiscibility minimizes the Fe and Au intermixing during the nucleation process and instead 

forms the Au shell around the Fe to achieve the effective magneto-optical coupling. Additionally, 

by adding Au to the existing Fe-LSFO system, the Au encapsulated Fe nanostructures tend to grow 

into pillar form. These pillars result in highly anisotropic optical properties with hyperbolic optical 
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properties and a high degree of magneto-optical coupling. Further studies could consider other 

systems that Au can be added to: Fe-BaTiO3[263], Co-BaZrO3[123], and Ni-BaZr0.8Y0.2O3[138]. 

Additionally, the added metal can be varied to other plasmonic metals such as Ag and Cu. This 

complex three-phase oxide-metal VAN utilizes immiscible metals to create a unique design for 

engineering complex functionalities and coupled functionalities for various optical and electronic 

device applications, especially pertaining to the field of spintronics, where recent work has shown 

the potential of magneto-optic enhancements to spintronic devices[74].  

7.5  Conclusion 

This study demonstrates a successful growth of a complex three-phase nanocomposite Au-

Fe-LSFO thin film and potential in achieving tunable physical properties. This novel three-phase 

nanocomposite material combines the strong ferromagnetic properties of Fe with the strong 

plasmonic response of Au, creating a unique system exhibiting strong magneto-optical properties. 

Additionally, via tuning the deposition frequency, it is possible to tune the nanostructures of the 

film, and subsequently the magnetic and optical properties for use in different applications. This 

study demonstrates a method to include a third phase, another metal, in the oxide-metal VAN 

design to provide additional functionality beyond the conventional two-phase VAN systems offer. 

The approach opens a new and exciting avenue for effective magneto-optical coupling towards 

future optical switches, sensors, and spintronic devices.  
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Figure 7.6 STEM and EDX images of Au-Fe-LSFO samples grown at a) 2 Hz and b) 10 Hz. 

 

 

 

Figure 7.7 STEM images of a) Fe-LSFO and b) Au-Fe-LSFO samples grown at 2 Hz at STO. 
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Figure 7.8 a, b, c) The measured reflectance data of the three different frequencies. d) The 

transmission data for the samples used to fit the model. 
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8. PRESENT AND FUTURE WORK 

In this dissertation, the tuning of metal-oxide based VANs has been demonstrated. These 

VAN shows strong promise for anisotropic applications due to their strong, highly anisotropic, 

room temperature, physical properties. By tuning different growth conditions, such as laser energy, 

frequency, or thickness, the tuning of the coercivity and the anisotropy of the VAN is possible. 

Not only that, preliminary results for integration into a device that demonstrated magnetoresistance 

switching have been shown. 

 First, a technique was demonstrated that was able to tune the Fe nanostructures within Fe-

LSFO film. In this film, by adjusting the laser energy, the nanostructure of the film was able to be 

tuned, and subsequently, their ferromagnetic properties. It was found that the strongest 

ferromagnetic properties existed at a laser energy of around 300 mJ. Second, to demonstrate the 

potential tune the anisotropy of the VAN, Co-BZO films of different thicknesses was grown. From 

the different thicknesses of the Co-BZO films, it was able to demonstrate a tuning of the coercivity 

of in-plane and out-of-plane properties. Additionally, the Co-BZO was integrated into a multilayer 

stack that allowed for a magnetoresistance change. This was a preliminary demonstration of a 

VAN device and opens new avenues for future work.  New work has also been done on designing 

and growing a new system with the 3d transition metal, Fe, with a ferroelectric ceramic, BTO. 

This nanocomposite Fe-BTO metallic VAN has been successfully demonstrated. By changing the 

frequency of the laser, the diameter and structure of the Fe pillars within the Fe-BTO system has 

been tuned, which also tunes the room temperature ferromagnetic properties and dielectric constant 

of the Fe-BTO VAN. Furthermore, demonstrations were performed that showed successful 

coupling between the ferroelectric and ferromagnetic phases at room temperature that further 

highlights the multiferroic applications.  

 Finally, the design and successful growth of two metals within an oxide matrix has been 

demonstrated successfully with Au being introduced into the Fe-LSFO system. Furthermore, it has 

been demonstrated that by tuning the deposition conditions, mainly the deposition frequency, the 

metal nanostructures are able to be altered. This reveals a potential mechanism for tuning the 

physical properties, mainly the plasmonic response of the Au-Fe-LSFO system. Additionally, this 

works shows that the magnetic and plasmonic responses of the Fe and Au, respectively, are 
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coupled and this work may present a future framework for novel growth of three-phased VAN 

films.  

 While different VAN systems have been demonstrated, future work needs to be done on 

both controlling the growth of the VAN system and studying the underlying nucleation 

mechanisms. In order to successfully integrate the VAN into devices, it is essential to be able to 

demonstrate controlled growth and placement of the metal nanostructures. By tuning this bottom-

up approach, it will become feasible to integrate this into current devices and integrated circuits. 

To achieve this goal, better understanding of the nucleation and growth process of the metal-oxide 

VAN must be achieved. By fully understanding the nucleation, it becomes possible to both modify 

the nanostructures and subsequently, tune their properties, and will lead to insights on how to 

control the long-range ordering of the metal-oxide VAN system, leading to the realization of the 

immense potential VAN can have on modern day devices and applications.  
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Research Projects 

Research Assistant, Electrical and Computer Engineering, Purdue University, 2017-Present 

• Grew and characterized two phased metal-oxide nanocomposite films for perpendicular 

magnetic anisotropy applications.  

• Collaborated with researchers from throughout Purdue and the United States to perform 

characterization on a wide range of materials. 

• Worked on optimizing different growth parameters for the different films to tune both the 

nanostructure and physical properties of the film. 

Graduate Research Assistant, Center for Integrated Nanotechnology, Los Alamos National Lab, 

 2019 

• Created and adjusted different deposition recipes for a variety of oxide materials that all 

had interesting ferromagnetic or electrical properties. 

• Performed analysis using a whole host of instruments such as x-ray diffraction and the 

physical property measuring system. 

• Prepared different samples in the cross-sectional and plan view for TEM analysis and 

later performed the imaging using TEM, STEM, and EDX in a Talos.  
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Research Assistant, Electrical and Computer Engineering, Texas A&M University, 2015 

• Worked on a stochastic computing scheme based on random fluctuations of noise that 

helped reduce the computing complexity of the classic problem of drawing numbers from 

a hat. 

• Programmed a simulation to demonstrate the successful parallelization of the algorithm 

using Java. 
 

Conference Presentation 

1. Bruce Zhang, Jijie Huang, Jie Jian, Leigang Li, Shikhar Misra, Xing Sun, and Haiyan Wang 

(2020). Tunable Coercive Field of Co-BZO Vertical Aligned Nanocomposites for Memory 

Devices Integration. Electronic Materials and Application 2020. Orlando, Florida. Oral. 
 

2. Jijie Huang, Han Wang, Hua Wang, Bruce Zhang, Xiaofeng Qian and Haiyan Wang (2018). 

Superconducting Iron Chalcogenide Thin Films Integrated on Flexible Mica Substrates. Applied 

Superconductivity Conference 2018. Seattle, Washington. Poster. 
 

Teaching and Mentoring Experience 

1. Mentored and trained younger Ph.  D students in various characterization techniques and 

helped design their experiments and publish their results. Aided in planning and developing 

projects for undergraduates in a Research Experience for Undergraduates (REU) at Texas A&M 

and directed project for an individual high school student project that utilized magnetic concepts 

for energy applications. 
 

2.  Held additional teaching sessions for over 60 students and developed test and homework 

rubrics in an undergraduate course of ECE 370 (Electronic Properties of Materials) at Texas 

A&M. Helped to develop test and quiz rubrics for the graduate course of ECE 440/640 

(Introduction of Thin Film Science and Technology) at Texas A&M and MSE 640 (Introduction 

of Thin Film Science and Technology) at Purdue University. 
 

Industry Experience 

Device Engineer Intern, Lattice Semiconductors, San Jose, CA, 2014 

• Characterized the current-voltage graphs of the MOSFETs using micro-probing stations. 

• Studied and utilized BSIM to model the behavior of MOSFETs 

• Performed reliability tests on the different transistors. 

• Analyzed and extracted transistor parameters from the current-voltage sweeps. 

• Measured the different characteristics and established a model for transistors using 

HSPICE. 
 

Relevant Skills 

• Proficient in Pulsed Laser Deposition, X-ray diffraction, Transmission Electron Microscopy, 

Sputtering, Scanning Electron Microscopy, and Physical Property Measuring System. 

• Experienced in Java, Python, LT Spice, HSpice, Basic, LabView, Matlab, OriginPro, Microsoft 

Office. 

• Worked with micro-probe stations, parameter analyzing, oscilloscopes, power supplies, wave 

function generators, and DC power supplies 
 

Awards 

• Purdue Graduate Student Government Travel Grant – 2020. 
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