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Abstract 

 

Spintronics is a fast-developing field which makes use of the two spin states of the electron, and 

has the potential for more efficient, robust, and faster microelectronic devices.  Thin films of rare-

earth iron garnets, a class of insulating ferrimagnetic oxides, are particularly well suited to this 

application as the anisotropy, magnetization, magnetostriction, and damping can be easily 

controlled through selection of rare-earth ion and substrate.  Previous work on garnets has focused 

on epitaxial single-crystal films grown on garnet substrates, which are expensive and not of 

commercial importance.  Thus, it is of interest to grow nanometer scale thin films of garnets as 

polycrystalline layers on non-garnet substrates with perpendicular magnetic anisotropy.   

 

In this thesis, the growth of polycrystalline thin films of rare-earth iron garnets with controllable 

anisotropy and spin transport properties comparable to single crystal films is reported.  

Perpendicular magnetic anisotropy, which is essential for efficient manipulation of the 

magnetization through spin-orbit torque injection from an adjacent conductive layer, is achieved 

via control of the magnetoelastic anisotropy from thermal expansion mismatch between the film 

and substrate for europium iron garnet/quartz and dysprosium iron garnet/silicon.  Heterostructures 

with a platinum overlayer allow investigation of the spin Hall magnetoresistance, which indicates 

a high degree of spin transparency at the interface.  Next, a novel heterostructure is developed that 

allows for the growth of ultra-thin (< 10 nm) polycrystalline garnet films through the use of a 

nonmagnetic seed layer and diffusion barrier.  The magnetic proximity effect in heavy metals is 

also investigated across the magnetic compensation temperature of dysprosium iron garnet, 

demonstrating exchange coupling behavior different from that of metallic magnets and validating 

the importance of a sharp, contamination free interface in these materials.   Finally, a molecular 

field coefficients model is modified to account for non-ideal stoichiometry and site occupancy in 

the garnet crystal structure.  The model is used to explain discrepancies between the bulk and thin 

film magnetic compensation temperatures.  The work demonstrated here outlines the potential for 

integration of magnetic insulators into next-generation spintronic devices. 

 

Thesis Supervisor: Caroline A. Ross 

Title: Toyota Professor of Materials Science and Engineering, Associate Department Head  
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determination of the Curie difficult.  

Figure 8.6: Compensation temperature of TbIG films with different amounts of Fe2+/Tb4+ per 

formula unit.  Experimental data (detailed in Table 8.3) is indicated by the open symbols. 

Figure 8.7: Compensation temperature of TbIG as a function of Fe vacancies (x per formula unit) 

and Tb4+ ions (3x per formula unit) for purely octahedral and purely tetrahedral vacancies. 
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Figure 8.8: Plot of compensation temperature vs. RE:Fe ratio for TbIG.  The ratio of 

octahedral:tetrahedral Fe is constant.  For higher RE:Fe, more vacancies are introduced 

onto the Fe sublattices, in the ratio 2:3 (oct:tet).  A fraction of the octahedral vacancies 

are occupied by excess Tb as antisite defects.  The horizontal and vertical dashed lines 

correspond to the experimental TComp and RE:Fe, respectively. 
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1. Introduction 

1.1 Motivation 

1.1.1  Increasing Compute Demand 

Computers and networks underpin nearly every aspect of the global economy and daily life.  From 

daily communications, self-driving cars, the internet of things, and the development of artificial 

intelligence technologies, the demand for increased computational power and bandwidth is 

increasing at a nearly exponential rate, compounded by the expansion of internet access to more 

people than ever before1.  The power of modern computational tools has also advanced the state-

of-the-art in nearly every scientific and medical field, as high-throughput models allow exploration 

of new materials and treatments faster than possible experimentally. 

 

However, all of this computational demand has a hefty cost.  Data centers, through which nearly 

all internet traffic passes, accounted for nearly 2% of the total United States energy demand in 

2014 and nearly 1% globally in 20191,2.  This figure does not account for the energy consumption 

in the billions of local devices such as personal computers and workstations.  Clearly, the continued 

increase in usage leads to a tremendous energy demand and carbon footprint.  To reduce the 

environmental impact of these activities, most of the work has focused on improving the existing 

technology.  Advancements in server efficiency through standby power reduction and architectural 

innovations have reduced the electrical demand for a given task by a factor of 4 since 20103.  This 

has mitigated the increase in demand, but the limits of the conventional complementary metal 

oxide semiconductor (CMOS) technologies, which underpin the vast majority of integrated 

circuits, are closer than ever before.   
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1.1.2  New Materials and Technologies for Greater Energy Efficiency in Computing 

To push the envelope on computational power and efficiency, it is necessary to explore new 

technological paradigms.  Consider one aspect of modern computers: dynamic random-access 

memory (DRAM).  DRAM serves as a sort of short-term memory for central processing units 

(CPUs), providing a rapid access to data that is too big to be stored in the processor cache or data 

that is not immediately needed.  The data is stored in bits on the DRAM that consist of 1 transistor 

and 1 capacitor.  However, capacitors are volatile; a voltage must be constantly applied, or the 

signal decays and the information is lost.  Thus, DRAM is constantly drawing energy, even when 

the data is just being stored.  In contrast, hard disk drives (HDD), which typically serve as long-

term storage, keep information in tiny magnetic bits.  These magnetic bits are small grains of a 

magnetic material, magnetized in or out of the plane, with each direction corresponding to a 0 or 

1.  Magnetic materials are nonvolatile, that is the state is retained when the mechanism used to set 

the state is removed.  However, the speed of HDD technology is orders of magnitude slower than 

the CPU, necessitating the use of high speed intermediate DRAM.   

 

Much effort has been made into the development of magnetic random-access memory (MRAM), 

which attempts to combine the best aspects of these two technologies.  MRAM stores information 

in a 1 transistor – 1 magnetic tunnel junction (MTJ) geometry, analogous to DRAM4.  However, 

the state of the MTJ is retained after it is written and the write current is removed, resulting in 

increased efficiency over conventional DRAM.   

 

MRAM is part of a larger exciting field known as spintronics, which makes use of the two intrinsic 

spin states of the electron.  The ability to use and manipulate the spin of the electron allows 
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potentially twice the information to be conveyed compared to an unpolarized electric current5.  

Spintronics has the capacity to not only increase the processing speed but to also lower the energy 

consumption of integrated circuits.  Beyond MRAM, exciting research is being done on long-term 

data storage and spin-based logic devices6,7.  

1.1.3  Rare-Earth Iron Garnets as a Spintronics Platform 

Most of the research on spintronics has focused on metallic magnets.  However, recent 

advancements in the field have enabled the development of spintronic devices based on insulating 

magnetic oxides with properties that exceed that of metallic magnets8.  Insulating magnets are 

capable of transporting a pure electron spin current, in which spin information propagates as a 

wave through the material, but no electronic motion takes place as the material is not conductive.  

Spin currents are extremely efficient as there is no electrical resistance or Joule heating in the 

magnetic layer (reducing both electrical and cooling demand), and the energy loss is only through 

dissipative magnetic damping mechanisms in the material.  Additionally, magnetic insulators are 

capable of much faster magnetization dynamics than their metallic counterparts, into the terahertz 

regime.   

 

In particular, the rare-earth iron garnets (REIG) are a promising class of materials for highly 

efficient spintronic devices.  The choice of rare-earth ion(s) in the garnet structure allows for 

simple tuning of the saturation magnetization, magnetic damping, magnetic anisotropy, and many 

other properties of the material.  This allows optimization of this class of materials for specific 

applications.  REIG can be grown as thin film materials by a variety of physical vapor deposition 

techniques, and then integrated with metal films to form heterostructures or be patterned into 
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devices.  This unique combination of tunability, stability, and compatibility with other materials 

pushes garnets to the forefront of spintronics research. 

1.2 Organization of Thesis 

In this thesis, we explore the development and integration of polycrystalline rare-earth iron garnet 

films with controllable magnetic anisotropy.  The potential for use as spintronic devices, the 

development of ultra-thin films, and the capacity for integration with existing CMOS technologies 

is explored.  We then explore how the magnetic proximity effect, a problem of fundamental 

physical interest with implications on spin transport, behaves in this system compared to metallic 

systems.   

 

Chapter 2 provides a background on magnetism, the garnet structure and its properties, the 

magnetic proximity effect, and spintronics. 

 

Chapter 3 discusses the experimental growth and characterization methods used in the thesis. 

 

Chapter 4 reports the development of perpendicularly magnetized polycrystalline garnet films on 

non-garnet substrates and the spin transport properties of polycrystalline garnet/Pt 

heterostructures. 

 

Chapter 5 extends the work on perpendicularly magnetized polycrystalline garnet films to silicon 

substrates.  Exceptionally large grain sizes in dysprosium iron garnet and excellent spin transport 

is reported in this material for the first time. 
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Chapter 6 explores the behavior of the magnetic proximity effect in dysprosium iron garnet/heavy 

metal heterostructures above and below the magnetic compensation temperature.  A different 

behavior and mechanism of the magnetic proximity effect compared to metallic systems is 

reported. 

 

Chapter 7 details the growth of ultra-thin polycrystalline garnet films for the first time, necessary 

for efficient current-induced switching, through the use a of a novel heterostructure.   

 

Chapter 8 reviews the molecular field coefficient model of magnetization in the garnet system.  

Extensions to the model incorporating off-stoichiometry, anti-site defects, vacancies, and non-

ideal valence states with comparison to experimental data are discussed.   

 

Chapter 9 summarizes the work reported in the thesis along with a discussion of future directions 

for this research.   
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2. Background 

2.1 Magnetism 

2.1.1  General 

Magnetism is a fundamental physics phenomena that is universally known, but the explanation for 

why it occurs lies in quantum mechanics, with an accurate framework for its existence not 

emerging until the twentieth century9.  Only four elements are magnetic at room temperature, iron, 

cobalt, nickel, and gadolinium, with ruthenium recently demonstrated to be ferromagnetic at room 

temperature under certain conditions10.   

 

The explanation for the existence of ferromagnetism centers around the behavior of a pair of spins, 

such as a pair of electrons which each have a spin of 1/2.  Werner Heisenberg was the first to 

develop the mathematics to explain the existence of ferromagnetism, with the formulation 

becoming known as the Heisenberg Hamiltonian: 

 �̂� =  −∑𝐽𝑖𝑗𝑺𝑖 ∙ 𝑺𝑗

𝑖𝑗

 (2.1) 

Where Jij is the exchange constant between the ith and jth spins in a material, Si and Sj
11,12.  Paul 

Dirac arrived at similar formulation, later the same year13.  The Pauli exclusion principle requires 

that no two electrons may be in the same quantum state, so that either the spin or spatial part of 

the electron wavefunction must be antisymmetric, while the other is symmetric14.  Jij is the 

difference in energy between the electrons having symmetric spatial state/antisymmetric singlet 

spin state (S = -½  + ½ = 0) and the electrons having an antisymmetric spatial state/symmetric 

triplet spin state (S = ½ + ½ = 1).  For J > 0, the triplet state is favored, and for J < 0 the singlet 

state is favored.  The exact type of exchange depends on the materials system, but this simple 

equation can be used to explain the existence of magnetism. 
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There are several main types of exchange that occur in magnetic materials.  First, consider the case 

of the ferromagnetic transition metals: iron, nickel, and cobalt.  The simplest explanation of the 

magnetism in metals is through the rigid band model, which originated as an attempt to explain 

the famed Slater-Pauling curve, which shows the trend in magnetization across the 3d transition 

metals9.  The rigid-band model (see figure 2.1) asserts that there is a splitting in the band structure 

for the 3d orbitals as a means of free energy minimization, resulting in one polarization being fuller 

than the other and resulting in a net magnetic moment.  While this does not accurately reflect the 

complex band structures of materials, it is an adequate explanation for many phenomena. 

Rare-earth elements have a fundamentally different form of exchange coupling, as the electrons 

responsible for the magnetism are buried in the 4f orbitals, well below the 5d16s2 conduction 

electrons in the valence shell.  RKKY coupling (named for Ruderman, Kittel, Kasuya, and Yosida) 

describes how the inner 4f electrons polarize these conduction electrons, and the sign and 

magnitude of this polarization oscillates with distance from the atomic nucleus15–17.  This exchange 

is relatively weak but is the dominant form of exchange coupling in rare-earth metals and dilute 

magnetic semiconductors.   

 

Figure 2.1: Rigid band model for Fe, Ni, and an FeNi alloy.  The splitting of the 3d orbitals are shown.  From ref. 

18. Used with permission. 
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Oxides are the focus of this work, and the explanation of magnetism in magnetic oxides requires 

a third major type of exchange coupling.  Consider the case of MnO, which has the rock-salt type 

structure and is an antiferromagnet12.  Mn has one unpaired electron and oxygen has two, and these 

four electrons must be distributed across three atoms when examining the coupling between two 

Mn atoms (Mn-O-Mn).  This is shown schematically in figure 2.2.  If the Mn atoms are coupled 

ferromagnetically, there is only one possible state (the ground state), and the excited states are 

forbidden by the Pauli exclusion principle.  In contrast, if the Mn atoms are coupled 

antiferromagnetically, then there are two possible excited states, allowing the kinetic energy of the 

electrons to be reduced by delocalizing over the three total states.  For this reason, almost all 

magnetic oxides are antiferromagnetic, with the only ferromagnetic exceptions being CrO2 and 

EuO18.  However, there is another broad class of magnetic materials, ferrimagnets, of which many 

are oxides.  These ferrimagnetic oxides include perovskites, orthoferrites, spinels, and rare-earth 

iron garnets.   

 

Having a background in the origins of magnetism, a discussion of the types of magnetic materials 

is now necessary.  There are three classes of materials that exhibit some degree of permanence in 

their magnetic state in the absence of an external field: ferromagnets, antiferromagnets, and 

ferrimagnets.  The first type is ferromagnets, in which there is only one magnetic sublattice present.  

The most common examples are the transition metals Fe, Ni, and Co.   

 

Antiferromagnets are different in that they do not have a magnetic moment, or a very weak one 

depending on the antiferromagnetic ordering.  In most cases, there are two identical magnetic 

sublattices that are antiferromagnetically coupled, resulting in a cancellation of the net moment.  
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Louis Néel himself, who was the first to discover and explain antiferromagnetism for which he 

won a share of the 1970 Nobel Prize in Physics, remarked that antiferromagnets are “interesting 

but useless”19.  The net zero moment makes these materials difficult to characterize 

experimentally, but antiferromagnets are an irreplaceable component of hard-disk storage.  

Through an effect known as exchange bias, an antiferromagnetic layer can “pin” a ferromagnetic 

layer to always be polarized in a particular direction (except in the presence of very large fields, 

greater than Hexchange bias).  This creates a reference magnetic layer that can then be used in the read 

head of hard disk drives, the highly dense information storage technology underpinning millions 

of computers worldwide.  Progress has been made recently in integrating these materials into next-

generation magnetic storage, including the first switching of an antiferromagnetic thin film via 

electric current20.  There are further advantages these materials possess, such as magnetization 

dynamics in the terahertz regime, but significant work is still necessary to make these materials 

competitive with existing technologies21. 

 

Ferrimagnets are the final class of materials that can exhibit magnetic behavior in the absence of 

an external field.  Ferrimagnetic materials contain two or more non-equivalent magnetic sublattices 

that are antiferromagnetically coupled.  Some of the most common ferrimagnets include rare-earth 

transition metal alloys such as GdCo, and oxides such as magnetite (Fe3O4) and yttrium iron garnet 

(Y3Fe5O12)
18,22–24.  It is usually not possible to determine if a material is ferro- or ferrimagnetic 

from just examining the hysteretic behavior, as they are similar.  It is thus required to know the 

precise stoichiometry and atomic positions of the elements in the unit cell to make educated 

guesses with how the magnetic species couple.  In the case of magnetite, the discovery of 

ferrimagnets answered a long-standing question as to why the magnetic moment was far below the 
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predicted value, as the two Fe3+ atoms cancel out leading to a net moment of one Fe2+ ion.  Garnets 

are another very common ferrimagnet, which will be discussed in the following sections.  Like, 

antiferromagnets, ferrimagnets exhibit some advantages over ferromagnets.  The 

antiferromagnetic coupling is in general stronger (“stiffer”) than the exchange coupling in 

ferromagnets, leading to faster spin dynamics25.   

 

Two other types of magnetism that are important to mention are diamagnetism and paramagnetism.  

Diamagnetism is a phenomenon in which the material becomes oppositely polarized to an applied 

magnetic field.  This is present in all materials and results due to the orbits of the individual 

electrons aligning antiparallel to the applied field to reduce the current associated with the motion 

of the electron18.  Diamagnetism is a very weak effect and is roughly independent of temperature. 

 

Paramagnetism occurs when a material is polarized by a magnetic field, resulting in a small 

magnetic moment in the material that is along the direction of the field and proportional to its 

magnitude.  The simple reason for why this occurs is that if unpaired electrons are present in a 

material, the spins of these electrons align with the field to reduce the total energy of the system.  

The quantum theory of paramagnetism modifies this slightly by recognizing that energy levels are 

quantized.  Paramagnetism is strongly temperature dependent, becoming negligible at very high 

temperatures.   

 

The theory of paramagnetism gives rise naturally to the g factor, which relates the amount of spin 

and orbital angular momentum in a given atom.  The g factor (or Landé equation) is: 

 
𝑔 = 1 + 

𝐽(𝐽 + 1) + 𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)
 (2.2) 
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Where J is the total angular momentum, S is the spin angular momentum, and L is the orbital 

angular momentum18.   

Electrons in an atom have two contributions to magnetism (angular momentum in this context): 

spin and orbital9.  The spin component is intrinsic to the electron and always has a value of ±1/2, 

and the orbital component is dependent on the electronic orbitals of the particular atom.  For the 

3rd period transition metals, there are 5 3d orbitals with angular momentum values of -2, -1, 0, 1, 

Figure 2.2:  Lines I-III show the electronic configurations if the metal ions couple ferromagnetically.  Note that 

lines II and III are forbidden by the Pauli exclusion principle.  Lines IV-VI show the electronic configurations 

possible if the metal ions couple antiferromagnetically.  All configurations are possible leading to delocalization 

and a reduction in the electron’s kinetic energy. 
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and 2.  The 7 4f orbitals in the rare-earths are analogous, with angular momentum values of -3, -2, 

-1, 0, 1, 2, and 3.  S, the spin angular momentum, is the sum of the spin components for each 

electron. L, the orbital angular momentum, is the sum of the orbital components for each electron. 

Electrons are filled into these orbitals according to the Pauli exclusion principle and Hund’s rules, 

summarized here9: 

1. Orbitals are filled to maximize S, as this requires placing electrons in different orbitals, 

minimizing Coulombic repulsion energy. 

2. Orbitals are then filled to maximize L, as this requires electrons to be in orbitals that orbits 

in the same sense around the nucleus, again minimizing Coulombic repulsion.   

3. The total angular momentum, J, is the difference of L and S for energy levels that are less 

than half full, and J is the sum of L and S for energy levels that are more than half full. 

 𝐽 =  |𝐿 − 𝑆|          (𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑙 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 ℎ𝑎𝑙𝑓 𝑓𝑢𝑙𝑙) (2.3) 

 𝐽 =  |𝐿 + 𝑆|          (𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑣𝑒𝑙 𝑚𝑜𝑟𝑒 𝑡ℎ𝑎𝑛 ℎ𝑎𝑙𝑓 𝑓𝑢𝑙𝑙) (2.4) 

Note that the case of the energy level being half full, there is no orbital angular momentum.  These 

rules hold for isolated atoms, but do not necessarily hold for atoms in a solid.  Especially in the 

case of transition metals, the 3d orbitals are close to the Fermi level of the material, and as a result 

the orbital angular momentum is quenched (essentially zero) by the crystal field in solids.  In the 

rare-earth 4f orbitals, the effect of the crystal field is much smaller, and Hund’s rules are usually a 

good approximation12.   

 

The last fundamental topic in classical and quantum magnetism that will be covered here is 

magnetic damping in solids.  Damping is the dissipation of energy through internal mechanisms 

that transfers energy to the crystal lattice, and can be thought as a viscous, friction-like effect18.  

The magnitude of the damping  greatly affects the dynamic behavior of a system, such as the 
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propagation distance of spin waves and the switching speed26,27.  Insulating materials have, in 

general, lower magnetic damping than metallic magnets because the conduction electrons can 

assist in the energy transfer process.  Certain garnets, yttrium iron garnet (YIG) in particular, have 

some of the lowest magnetic damping values of all known materials26.  The dynamic magnetic 

behavior of magnetic systems is governed by the Landau-Lifshitz-Gilbert (LLG) equation: 

 𝑑�⃗⃗� 

𝑑𝑡
= 𝛾(�⃗⃗� × �⃗⃗� ) −

𝛼

𝑀
(�⃗⃗� ×

𝑑�⃗⃗� 

𝑑𝑡
) + 𝛾𝛼2(�⃗⃗� × �⃗⃗� ) (2.5) 

 𝛾 =
𝑔𝑒

2𝑚𝑐
 (2.6) 

Where �⃗⃗�  is the magnetization vector, γ is a constant, g is the g factor, e is the charge of the electron, 

m is the mass of the electron, c is the speed of light, M is the value of the magnetization, and �⃗⃗�  is 

the magnetic field vector18.   

2.1.2  Spin-Orbit Coupling 

As described in the previous section total angular momentum, J, is the combination of spin and 

orbital components, with its value dependent on the electronic configuration of the atom in 

question.  J is used in many calculations because it is a conserved quantity, and thus a well-behaved 

quantum number.  But the reason this is the case is that there is a significant interaction between 

the spin and orbital components; they are coupled together.  This spin-orbit coupling (SOC) is a 

relatively weak effect, but it underpins a huge number of magnetic phenomena, including 

anisotropy, magnetostriction, magnetooptics, magnetoresistance, damping, and is also of critical 

importance in the nascent field of spintronics9.   

 

Spin-orbit coupling is used to describe the interaction between the orbital motion of the electron 

and the electron’s spin orientation.  Considering the surface of the electron as the reference frame, 

the electron observes the nucleus orbiting around it, creating a magnetic field as the result of the 
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positive charge moving in a closed loop.  This magnetic field influences the direction of the 

electrons spin, leading to SOC9,18.  SOC is proportional to the fourth power of the atomic number, 

so it becomes quite significant for heavy metals such as Pt and Ta28. 

2.1.3  Anisotropy 

Anisotropy is  a directional dependence on the properties of a material.  Anisotropy can have many 

sources, both intrinsic such as a crystal structure or SOC, and extrinsic such as applied stress on a 

material.  Magnetic materials all exhibit some degree of anisotropy, which can be classified into 

several major types.   

 

The first of these that will be discussed in magnetocrystalline anisotropy, which couples the 

magnetic moment to the crystal lattice of the material.  A given crystal structure has a certain 

symmetry of electric field associated with it (crystal field).  For asymmetric electronic orbitals 

(L≠0), there is an anisotropic interaction of the orbital with the crystal field, leading to certain 

orientations and certain orbitals to have lower energies9,29.  In the case of a cubic structure, there 

are two principle directions: [100] and [111].  The magnetocrystalline anisotropy of a cubic 

material can be characterized by a series of constants Ki in the following equation: 

 𝐸𝑚𝑐 = 𝐾0 + 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2(𝛼1
2𝛼2

2𝛼3
2) + ⋯ (2.7) 

Where αi are the cosines of the angles that the magnetization vector makes with the three crystal 

axes.  K1 and K2 are known as the first and second order magnetocrystalline anisotropy constants, 

respectively, and are usually sufficient to describe the anisotropy of a material.  In the case of a 

truly random polycrystalline sample, the net magnetocrystalline anisotropy will be zero, as a result 

of the random grain orientations. 
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Magnetoelastic anisotropy relates the mechanical stress in a material to the effect on anisotropy.  

The magnetostriction constants that couple these two quantities are covered in the next section.  It 

is obvious that a distortion of the crystal lattice would have an effect on the anisotropy, as the 

lattice already has a large impact on the anisotropy.  This can be quantized in a relatively simple 

form for an isotropic material: 

 
𝐸𝑚𝑒,𝑖𝑠𝑜 = 

3

2
𝜆𝜎(sin 𝜃)2 (2.8) 

Where λ is the magnetostriction coefficient, σ is the applied stress, and θ is the angle between the 

applied stress and magnetization vector18.  For a cubic material, magnetoelastic anisotropy energy 

is a function of both the crystallographic direction and the direction of the applied stress18: 

 
𝐸𝑚𝑒,𝑐𝑢𝑏𝑖𝑐 =  −

3

2
𝜆100𝜎(𝛼1

2𝛾1
2 + 𝛼2

2𝛾2
2 + 𝛼3

2𝛾3
2)

− 3𝜆111𝜎(𝛼1𝛼2𝛾1𝛾2 + 𝛼2𝛼3𝛾2𝛾3 + 𝛼1𝛼3𝛾1𝛾3) 
(2.9) 

Where γi are the direction cosines of the applied stress.   

 

Shape anisotropy is the effect on the magnetic properties of a sample due to its 3-dimensional 

shape.  Examining the magnetostatic fields within a sample, it is easy to demonstrate that the 

demagnetizing field is lowest along the longest axis of an arbitrary sample shape18.  Orienting the 

demagnetizing field within the sample along the longest axis places the magnetic poles furthest 

apart.  For this reason, the only sample shape with no shape anisotropy is a perfect sphere.  There 

are other limiting cases worth considering, including ellipses (the only other shape for which exact 

solutions to the demagnetizing field exist), cylinders, and thin films.  The general equation for the 

shape anisotropy constant between two directions a sample is: 

 
𝐾𝑠ℎ = 

1

2
Δ𝑁𝑀2 (2.10) 
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Where ∆N is the unitless difference in demagnetizing factors along two different directions in the 

sample and M is the saturation magnetization of the material.  The demagnetizing factors are 

defined to sum to one9: 

 𝑁𝑥 + 𝑁𝑦 + 𝑁𝑧 =  1 (2.11) 

Where Ni are the demagnetizing factors along three orthogonal axes in the sample.  From this 

equation it can be observed that Nd = 1/3 for a sphere.  For thin films with z defined as the out of 

plane direction, Nx = Ny = 0 and Nz = 1.  In the case of thin films where the lateral dimensions are 

much larger than the thickness (l >>> t), there is essentially no demagnetizing field within the 

plane of the film as the magnetic charges are effectively infinitely far apart. 

 

It is also possible to define a uniaxial anisotropy constant for a given sample.  Some crystal 

systems, such as hexagonal close packed, are naturally described well by a uniaxial anisotropy 

constant owing to the much lower symmetry of the hexagonal system, relative to cubic.  In this 

case, there is one anisotropy axis and an anisotropy plane which typically has low anisotropy 

within the plane.  Uniaxial anisotropy is also a useful formalism for describing the net anisotropy 

in magnetic thin films.  Multiple contributions from magnetocrystalline, magnetoelastic, and shape 

can be combined into one constant, Ku.  This is examined in greater detail in the following chapters 

in the case of epitaxial and polycrystalline garnet thin films.  Using the uniaxial anisotropy 

constant, it is then possible to estimate the anisotropy field (Hk) for the sample: 

 
𝐻𝑘 = 

2𝐾𝑢

𝜇0𝑀𝑠
 (2.12) 

Comparison with experimental values of the anisotropy field along the hard axis of the material 

can be useful in determining if the uniaxial anisotropy calculation is accurate.  Alternatively, this 

equation can be used to calculate the uniaxial anisotropy (or a component thereof) if the anisotropy 

field is reliably known. 
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2.1.4 Magnetostriction 

The magnetostriction of a material is the change in dimensions when the material is magnetized, 

expressed as a strain (change in length divided by length)9,18.  The physical origin of 

magnetostriction is due to SOC, as the application of a strain (or the presence of a strain due to 

magnetization) causes a change in the orientation of the electronic orbitals as the spin rotates to 

follow the magnetization of the system.  For a cubic system, the magnetostriction can be fully 

described by two magnetostriction coefficients: λ100 and λ111.  These coefficients are intrinsic 

properties of the magnetic material and are typically small, on the order of 10-5. The magnitude of 

these coefficients is also known to decrease monotonically as a function of temperature. There are 

many practical consequences of magnetostriction in bulk samples, but this discussion will be 

limited to magnetic thin films on substrates.  The anisotropy of a system under mechanical strain 

is quantified by the magnetostriction, in the form of magnetoelastic anisotropy.   

 

For an epitaxial single crystal on a substrate with a (100) or (111) orientation, the magnetostriction 

can be described using the appropriate coefficient.  However, for a random polycrystal it is 

necessary to define an average value.  Akulov first proposed a solution based on the assumption 

that the magnetostrictively induced volumetric stress is uniform throughout the system30: 

 
𝜆 =  

2

5
𝜆100 +

3

5
𝜆111 (2.13) 

Where λ is the polycrystalline average of the magnetostriction. Vladimirsky, expanded on by 

Callen and Goldberg, incorporated the elastic constants31,32: 

 
𝜆 =  𝜆111 + (

2

5
−

ln 𝑐

8
) (𝜆100 − 𝜆111) (2.14) 

where c is: 

 
𝑐 =  

2𝑐44

𝑐11 − 𝑐12
 (2.15) 
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where cij are the elastic constants.  The correction is on the order of a few percent for garnets33.  

Note that while inclusion of the elastic properties of the material provides an improved estimate, 

an exact solution can only be obtained when the shape of the grains is known34. 

2.2  Garnet Structure and Magnetic Properties 

2.2.1  Crystal Structure 

Garnet has been used as a gemstone since the Bronze age.  Naturally occurring garnets are most 

commonly composed of iron, calcium, and aluminum silicates35.  However, the garnet structure is 

able to accommodate a tremendous variety of elements, which allows for applications as diverse 

as abrasives, fast lithium conducting battery solid-state electrolytes, high-level radioactive waste 

sequestration, magnetic storage, and more recently, spintronics35–39. 

 

The rare-earth iron garnets (REIG) were first synthesized and characterized in the mid-twentieth 

century by Pauthenet and others23,24.  The general formula is R3Fe5O12, where R is a rare-earth ion 

or yttrium.  The unit cell consists of 8 formula units resulting in a large lattice parameter, and is in 

the Ia3d space group40.  The prototypical REIG, yttrium iron garnet (YIG), has a lattice parameter 

of 1.2376 nm, and the lattice parameter for the REIG decreases with increasing atomic number 

due to the lanthanide contraction41.  As there are 160 atoms in the unit cell, it is difficult to study 

the system from first principles, but some limited density functional theory studies have been 

done42.  Cations occupy three distinct crystallographic sites, listed in order of increasing size and 

oxygen coordination number: tetrahedral (3 Fe3+ per formula unit), octahedral (2 Fe3+ per formula 

unit), and dodecahedral (3 R3+ per formula unit)23.  A diagram of the unit cell and crystallographic 

sites is shown in figure 2.3. 
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2.2.2  Magnetic Properties 

The REIG structure has three distinct magnetic sublattices, corresponding to the three 

crystallographic sites.  Garnets are ferrimagnets, with the magnetism in the system being mediated 

via superexchange through the oxygen anions.  The tetrahedral sites are antiparallel to the 

octahedral and dodecahedral sites, so the net magnetization can be described as: 

 𝑀𝑛𝑒𝑡 = 𝑀𝑑𝑜𝑑𝑒𝑐𝑎ℎ𝑒𝑑𝑟𝑎𝑙 + 𝑀𝑜𝑐𝑡𝑎ℎ𝑒𝑑𝑟𝑎𝑙 − 𝑀𝑡𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑎𝑙 (2.16) 

Where Mi is the magnetization on that sublattice.  There are antiferromagnetic superexchange 

interactions between all three sublattices, but the Feoct – Fetet and Rdodec – Fetet interactions are 

significantly stronger than the competing interactions, leading to the moments of the dodecahedral 

and octahedral sublattices being ferromagnetically coupled/parallel43.  The implications of this are 

that there is a net contribution of one Fe3+ ion that is antiparallel to the moment on the rare-earth 

dodecahedral site. 

 

The rare-earth ion has the largest impact on the static and dynamic magnetic properties of the 

system.  As the number of 4f electrons varies across the lanthanide series, there is a significant 

Figure 2.3: Unit cell of the rare-earth iron garnet structure (left) and the three crystallographic sites (right) in the 

crystal structure: tetrahedral, octahedral, and dodecahedral.  From ref. 42. Used with permission. 
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variation in the magnetic moment.  In the garnets, the 3+ oxidation state is the ideal stoichiometric 

case, but off-valence states are known to exist, such as Ce4+, Eu2+, and Tb4+ 44–46.  This in turn leads 

to the presence of off-valence iron due to the requirement of charge neutrality.  However, this has 

proven difficult to quantify with easily accessible laboratory techniques such as x-ray 

photoelectron spectroscopy (XPS) or wavelength dispersive spectroscopy (WDS), necessitating 

the use of more exotic techniques and subsequent modeling of the spectra, such as x-ray absorption 

spectroscopy (XAS) or x-ray magnetic circular dichroism (XMCD), which are only available at 

large synchrotron facilities47. 

 

The moments of the rare-earth ions have a much stronger temperature dependence than that of iron 

owing to the much larger values of the total angular momentum, J.  As a result, the moments of 

the rare-earths become significantly smaller than iron at room temperature.  For the heavier rare-

earth ions, where the spin and orbital angular momentum add as the 4f shell is more than half full 

(Gd, Tb, Dy, Ho, and Er), these materials exhibit a magnetic compensation temperature (TComp), 

where the net moment of the material becomes zero(see figure 2.4)48.  Tm, Yb, and Lu do not 

exhibit a TComp, as the moment of these ions is relatively small.  There has been several reports of 

TmIG thin films exhibiting a TComp, but these values vary in the range 2-80 K depending on the 

growth method and research group49,50. The REIG with rare-earth ions lighter than Gd do not 

exhibit a magnetic compensation temperature, as the total angular momentum for these ions is 

smaller, due to the 4f shell being less than half full and the resulting opposite signs of the spin and 

orbital angular momentum components51. Above TComp, the moment increases until some 

temperature, before approaching zero as the Curie temperature is approached.  The moments of 
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the rare-earth ions decrease much more quickly as a function of temperature as a result of the size 

of their moments, described by the Brillouin function18: 
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Where M is the magnetization at temperature T, M0 is the zero-temperature magnetization, J is the 

total angular momentum, g is the g factor, μB is the Bohr magneton, H is the applied magnetic field 

or molecular field, and kB is the Boltzmann constant. 

 

At the magnetic compensation temperature, the material is effectively an antiferromagnet, as the 

moment is very nearly zero and the coercivity diverges.  The garnets, and other ferrimagnets, also 

exhibit an angular momentum compensation temperature (TAng), where the net angular momentum 

of the system goes to zero.  As opposed to the magnetic compensation temperature, which can be 

measured easily with magnetometry, it is difficult to measure TAng because it does not readily 

correspond to observable properties.  TAng is not the same as TComp because the g factors and 

gyromagnetic ratios of the sublattices differ.  For the transition metals including Fe, the orbital 

angular momentum is quenched by the molecular field, so the value of gFe ≈ 2.  The rare-earth 

elements do not have the orbital component quenched, so gRE ≠ 2 (except for Gd3+)  TAng occurs 

when52,53: 

 𝐴 =  𝐴𝐹𝑒 + 𝐴𝑅𝐸 = 
𝑀𝐹𝑒

𝑔𝐹𝑒
+

𝑀𝑅𝐸

𝑔𝑅𝐸
 (2.18) 

Where Ai is the (net) angular momentum for that species, Mi is the (net) magnetic moment.  The 

g factors (or gyromagnetic ratios) and precise magnetization values are difficult to determine and 

must be done across the temperature range to determine TAng in this manner.  However, an estimate 

can be made if the sublattice magnetizations are calculated via model.  Using a molecular field 

coefficients model (see chapter 8), the individual sublattice magnetizations were calculated, and 
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using the free-ion g factors of the rare-earths and iron several estimated angular momentum 

compensation temperature values are shown in Table 2.1.  Recently however, it has been predicted 

that the maximum domain wall velocities occur at TAng, and this has become an experimentally 

feasible way to determine or estimate this temperature52–54.  TAng has not been well studied in 

REIGs, with Randoshkin performing some experiments on complex compositions intended for 

bubble domain devices55,56.  This work will focus on the magnetic compensation temperature. 

 

Table 4.1: Table of magnetic compensation temperatures and estimated angular momentum compensation 

temperatures calculated via a molecular field coefficients model and free ion g factors48.  The free ion g factor is a 

decent approximation for Tm and the other ions (free ion g = 7/6, experimental g = 1.15)47.  

Rare-earth iron garnet 
Magnetic Compensation 

Temperature (K) 

Estimated Angular Momentum 

Compensation Temperature (K) 

GdIG 288 300 

TbIG 246 350 

DyIG 223 355 

TmIG --- 75 

Figure 2.4: Magnetic moment vs. temperature for the REIG that exhibit a compensation temperature (Gd, Tb, Dy, 

Ho, and Er).  From ref. 48. Used with permission. 
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2.3  Magnetic Proximity Effect 

As discussed previously, only a small number of elements order ferromagnetically.  For metals, 

another way to understand this to consider the energy that would be saved by having an unequal 

proportion of spin up and spin down electrons.  There are two components to the possible energy 

savings: the number of electrons (or states) involved, and the energy saved from ordering 

ferromagnetically (the exchange integral).  This is quantified in the Stoner criterion57: 

 𝑈𝑔(𝐸𝐹) > 1 (2.19) 

Where U is the exchange integral, and g(EF) is the density of states at the Fermi level.  Thus, 

ferromagnetism occurs when there is a large energy savings and a large density of states at the 

Fermi level, which can be understood as there being many electrons that would change their 

polarization to save energy.  Plotting the density of states and exchange integral as a function of 

atomic number (figure 2.5), the traditional ferromagnetic elements are immediately apparent57,58.   

In figure 2.5c, there are several elements that are close to the Stoner criterion (the dashed line), but 

not quite at the threshold.  These elements, and others not pictured in this plot, are close enough to 

being ferromagnetic that a moment can be induced in the material when placed next to a 

ferromagnetic material.  This is known as the magnetic proximity effect (MPE), first demonstrated 

in Pd59.  The MPE has since been observed in metals including Pt, Ta, W, Ir, topological insulators 

such as Bi2Se3, and graphene60–63.   

 

Although the MPE was first reported in 1969 by Hauser, there was already mounting evidence that 

some additional exchange coupling was present in magnetic/non-magnetic/magnetic thin film 

structures.  Dreyfus et al. first reported the theory that an RKKY-type interaction, which is 

mediated by conduction electrons, was able to couple magnetic layers through an intermediate 
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nonmagnetic thin film64.  This was confirmed experimentally in NiFe-M-Co films, where M was 

Au, Ag, Cr, or Pd, where an additional indirect exchange coupling is necessary to explain the 

results involving Pd65.  In 1985 White and Friedman presented a more complete theory on the 

MPE, which again attributed the MPE in Pd to RKKY interactions through conduction electrons 

interacting at the interface with the magnetic layer66. 

For structures involving magnetic metals, the RKKY interaction serves as a reasonable explanation 

for the occurrence of the MPE.  However, the MPE has also been well documented in 

heterostructures with magnetic insulators, including spinels and garnets67–70.  An unanswered 

Figure 2.5: Plot of (a) exchange integral in eV, (b) density of states at the Fermi level, and (c) the product of the 

exchange integral and the density of states at the Fermi level as a function of atomic number.  Ferromagnetism 

occurs when the Stoner criterion is satisfied (dashed line in (c)).  Note that some elements are very close to this 

criterion.  From refs. 58-59.  Used with permission. 
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question is what mechanism leads to the occurrence of the MPE when there are no conduction 

electrons to induce an RKKY type interaction.  To elucidate the source of the induced moment in 

heterostructures with an insulator, several groups have conducted density functional theory (DFT) 

simulations of these materials.  For the case of platinum, the simulations indicate that orbital 

hybridization and changes to the band structure of the 5d orbitals in the heavy metal with the 3d 

orbitals in the magnetic cation (typically Fe) induces the moment in the 5d orbitals70,71.  

Calculations indicate similar modification of the band structure in graphene and topological 

insulators by the presence of the magnetic cation69,72. 

 

While DFT simulations provide some understanding of the strength of the MPE and when it is 

likely to occur, an understanding of the phenomenon is still lacking.  An indirect way to investigate 

the mechanism is by studying the proximity effect in materials that have a compensation 

temperature.  Systems that exhibit a magnetic compensation temperature typically have a rare-

earth populated sublattice that dominates the net moment at low temperatures and a transition 

metal sublattice that is dominant at higher temperatures.  Several studies on rare-earth-transition 

metal alloys and the REIG have indicated that the transition metals dominate the magnetotransport 

of the system, as the electrons in the 3d orbitals responsible for the magnetism is close to the Fermi 

level, whereas the 4f orbitals in the rare-earths are buried far below the Fermi level45,73,74.  Thus, 

the conduction electrons in metallic magnets are likely the source of the MPE through the RKKY 

interaction, and the MPE tracks the magnetization of the transition metal and changes sign at the 

magnetic compensation temperature75.  Insulating magnets require a different solution, which has 

not previously been studied in depth.  This is examined in further detail in chapter 6 of this thesis. 
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The magnetic proximity effect can have relatively large strengths (~0.3 μB/Pt atom), but this is 

confined to the first 1-2 nm of the induced material adjacent to the magnetic layer, decaying 

exponentially70,76–78.  As the magnitude is relatively small and the amount of material is miniscule, 

it is almost impossible to detect with bulk magnetometry.  For this reason, x-ray magnetic circular 

dichroism (XMCD) has commonly been used as a technique to study the MPE, as the elemental 

specificity allows detection of small magnetic moments in very thin layers76,79,80.  Polarized 

neutron reflectometry (PNR) has also been demonstrated as an effective way to study the MPE, by 

fitting a model to the experimental reflectivity curves it is possible to study proximity induced 

magnetism, including the depth of penetration into proximitized layers49,81,82.  It is also possible to 

examine the contribution of the MPE to spin transport in magnetic/non-magnetic heavy metal film 

heterostructures.  A heavy metal film can generate an anomalous Hall effect-like signal through 

the spin Hall effect, while a proximitized magnetic layer can generate an additional anomalous 

Hall effect-like signal, which either adds to or competes with the signal from the spin Hall effect.  

However, there is some controversy over whether the magnetotransport signals attributed to the 

MPE are due to proximity or due to other spurious effects such as spin reorientation temperatures, 

inhomogeneity, other interfacial phenomena (such as the Rashba effect, the Dzyaloshinskii-

Moriya interaction, or a two-dimensional electron gas) or other temperature-dependent phenomena 

within the heavy metal layer49,67,83–85.  In this work, study of the magnetic proximity effect was 

conducted with PNR and XMCD to provide elemental and layer resolved specificity. 

2.4    Spintronics 

2.4.1 Motivation 

The incredible technological development of the last half century has been predicated on the ability 

to squeeze ever greater performance out of integrated circuits.  For much of this time period, this 
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was embodied in the economic and technological prediction that came to be known as Moore’s 

law, predicting a doubling of transistor density every two years86.  While the end of Moore’s law 

has long been predicted, the state-of-the-art transistor nodes are now on the length scale of a few 

nanometers, at which point the quantum mechanical behavior of electrons introduces technical 

challenges that may be impossible to overcome.   

To continue to reap the incredible economic benefits and technological advances of the rapid 

scaling in microelectronics, it has become imperative to explore alternative technologies that can 

provide greater performance.  One of the most promising areas is spintronics, in which the spin of 

the electron (which can be referred to as “up” or “down”) is manipulated5,87,88.  Since the 1960’s 

it has been known that the behavior of electrons in conductive magnetic materials is different 

depending on the spin state of the electron89,90.  The electrons can be treated in a two current 

conduction model, where the majority spin electrons have a much higher conductivity as there are 

many states for the electrons to non-spin-flip scatter into and comparatively few for the minority 

spin electrons, as a result of the spin-split 3d bands91.  This property of magnetic metals became 

technologically relevant with the discovery of giant magnetoresistance in Fe/Cr/Fe multilayers in 

1988, a discovery which would go on to win the Nobel prize in Physics less than twenty years 

later92.  This was the first major application of spintronics, where the different spins of the electron 

were relevant to the operation of an electronic device.  Magnetoresistive read heads are the critical 

part of the read head in all modern hard disk drives, which makes up the majority of all data 

storage.  

 

Magnetic materials are an ideal choice for both short and long term memory, as the hysteretic state 

is nonvolatile, not requiring energy input to maintain the state93,94.  Magnetic storage media is 
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already commonplace in long term storage, and the next frontier is short term memory, or random-

access memory (RAM).  Conventional DRAM (dynamic RAM) consists of a one transistor, one 

capacitor structure that requires constant energy input to maintain this state95,96.  However, 

magnetic RAM (MRAM) is a very promising alternative.  MRAM uses a series of magnetic tunnel 

junctions (MTJs) to replace the capacitors in conventional DRAM93,97,98.  MTJs are composed of 

a layer of very thin oxide between two magnetic metal layers.  MTJs based on CoFeB and MgO 

with perpendicular magnetic anisotropy have shown tunnel magnetoresistance values as high as 

600%, allowing for robust sensing of the magnetic state99,100.  It is desirable to have magnetic 

memory based on PMA materials as this allows for greater packing density and the use of higher 

anisotropy materials which results in better data retention rates97. 

 

There are also opportunities beyond memory for magnetic materials to improve the performance 

of integrated circuits.  Novel designs such as spin based transistors and domain wall logic devices 

have been realized at small scales, with the capability to perform logic operations in the same 

manner as conventional complementary metal oxide semiconductor (CMOS) devices7,101,102.  For 

a variety of reasons that will be discussed in more detail later, these spin based devices also have 

the potential to be drastically more energy efficient, far below the thermal limit of conventional 

devices103.  Many of these devices are compatible with CMOS back-end-of-line processes, 

facilitating rapid integration with existing technology104,105. 

 

There is currently a large interest in developing the next generation of spintronic materials, and 

the emerging physics behind the manipulation of these materials.  Antiferromagnetic materials are 

very interesting as they offer the potential of dynamics in the terahertz regime, compared to 
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gigahertz for ferromagnets21,106.  While these ultrafast dynamics are promising to push 

performance in next-generation devices, antiferromagnets are more complex to work with, as there 

is no stray magnetic field or state to detect or manipulate.  Nonetheless, antiferromagnetic materials 

have been switched with electrical methods, and it is possible to detect different antiferromagnetic 

domains and orientations with specialized device geometries and electrical measurements20,107–109.  

A compromise between the difficult of working with antiferromagnetic materials and the fast 

dynamics afforded by the strong exchange coupling is ferrimagnetic materials.  The strong 

exchange coupling between the antiparallel sublattices provides similarly rapid dynamics, but the 

chemically and magnetically different sublattices allow for easy sensing of the state of the material 

via optical or electrical methods, which are often sensitive to only one sublattice and not the total 

moment25,54,110.   

 

Combined with the push for improved materials, novel physics on the horizon promise extremely 

efficient switching through the use of topological insulating materials and spin-orbit torques 

(discussed more in a following section).  Topological insulators are insulating in the bulk phase, 

but have topologically protected conducting surface states that are spin momentum locked, 

allowing transfer of pure spin angular momentum into an adjacent magnetic layer111–114.   

2.4.2 Spin Transfer Torque 

The reliable and efficient manipulation of magnetic materials is crucial for the development of 

magnetic memory and logic.  The first response to this issue involved used magnetic fields to alter 

the state of a device.  However, this method has issues of a large stray field that can affect adjacent 

bits unintentionally, and the power consumption does not scale to lower values in the way that 

device sizes do.  The alternative is through the use of electric fields and electric current, which 
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offers the additional benefits of scaling well with device sizes and the decades of research and 

integration into small electronic devices.   

 

The question becomes how to manipulate a magnetic material with electric current.  In a metallic 

ferromagnet, the spin-split bands result in an unequal population of spin up and spin down 

electrons.  This net spin-polarization can be quantified as12: 

 𝑃 =  |
𝑛↑ − 𝑛↓

𝑛↑ + 𝑛↓
| (2.20) 

Where 𝑛↑ is the number of spin up electrons and 𝑛↓ is the number of spin down electrons.  For the 

transition metals, the value of the polarization ranges from 0.11-0.4412.  These values of 

polarization are enough to exert effects on magnetic layers, but it can be improved through 

materials selection.  Certain oxides, such as CrO2 and Fe3O4 and Heusler alloys can have P = 1, 

which are known as half-metallic magnets5,12,115.  This very high polarization and long spin 

diffusion lengths make these materials very promising for applications in next generation MRAM 

devices. 

 

With the discovery of giant magnetoresistance in Fe/Cr/Fe superlattices, it is well understood why 

the resistance varies depending on the relative alignment of the magnetic layers.  This structure is 

known as a spin valve, which is functionally the same as an MTJ.  The low resistance state occurs 

when the two magnetic layers are parallel, and the high resistance state is when the layers are 

antiparallel.  What is needed is how to manipulate the direction of one of these magnetic layers to 

change the resistance of the bit.  By passing a spin polarized current, usually generated by a 

magnetic layer such as Fe, through a magnetic layer, a torque is exerted on this layer if the 

polarization of the current is opposite to the polarization of the magnetic layer.  This effect was 
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first discovered and characterized by John Slonczewski in 1989 and has since become known as 

spin-transfer torque (STT)116.   

 

The mechanism behind STT is quite simple.  Flowing a spin-polarized current through a magnetic 

metal results in a transfer of angular momentum between the polarized electrons and the magnetic 

moment of the conductive metal, leading to a rotation of the magnetic moment117.  This can be 

described through a modification to the Landua Lifshitz Gilbert equation, derived through the 

conservation of the angular momentum118,119: 
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Where Jm is the magnetization current (spin current x γ, the gyromagnetic ratio).   

 

Spin-transfer torque has been used to implement a huge variety of magnetic devices, including 

MRAM, which is now available in commercial modules with capacities up to a gigabit.  However, 

there are limitations.  The first is that as the mechanism is based on conduction electrons affecting 

the moment of a magnet as the current flows through it, the mechanism is limited to conductive 

magnets.  Additionally, the efficiency is relatively low.  The amount of torque exerted is directly 

related to the number of spin polarized electrons that reach the magnetic layer to be switched.  As 

spin polarization is relatively low for the transition metal ferromagnets this increases the current 

density needed to reach the threshold switching current.  Also, to achieve higher MRAM densities 

for higher capacity storage, the bit size must be decreased.  Doing this requires a commensurate 

rise in the magnetic anisotropy according to97: 

 
∆ =  

𝐸𝑏

𝑘𝐵𝑇
=  

𝜇0𝐻𝐾𝑀𝑆𝑉

2𝑘𝐵𝑇
 (2.22) 
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Where ∆ is the thermal stability parameter, Eb is the energy barrier to magnetization reversal, and 

V is the volume of the magnetic bit.  ∆ is typically on the order of 60 for a retention rate of 10 

years.  This higher anisotropy requires yet higher currents to switch the state of the bit, drawing 

more energy and leading to greater resistive Joule heating, which is associated with failures in the 

MgO tunnel barrier, reducing endurance of the memory120,121.  To bring spintronics to parity with 

conventional microelectronics, a more efficient switching mechanism and a broader variety of 

materials must be developed. 

2.4.3 Spin Hall Effect 

The Hall effect, named after Edwin Hall who discovered it in 1879, is the development of an 

electric field across a conductive material in a magnetic field, with the electric field perpendicular 

to both the current direction and the applied magnetic field122.  The Hall effect (or ordinary Hall 

effect, OHE) occurs in any conductive material, and is a useful method for characterizing the 

electrical transport properties of semiconductors and metals123.  In materials with high spin-orbit 

coupling (SOC), such as heavy metals (including Pt, Ta, W) and topological insulators (TI, 

including Bi2Te3), a similar effect has been shown to occur, even in the absence of an external 

magnetic field.  First predicted in 1971, this spin Hall effect (SHE) is the production of a pure spin 

current that is transverse to an electric current flowing through the material124,125.  In essence, spin 

up electrons and spin down electrons accumulate on opposite sides of a conduction channel, which 

can then be measured as a voltage or imaged with the Kerr effect or similar microcopy technique 

(see figure 2.6)126,127.   

 

The efficiency of the SHE is characterized with the spin Hall angle (SHA), which is the 

dimensionless ratio of the generated spin current density and the applied charge current density128: 
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Θ𝑠ℎ  =  

𝐽𝑠
𝐽𝑐

 (2.23) 

Where θsh is the SHA, Js is the spin current density, and Jc is the charge current density.  Note that 

the SHA is negative for some materials, indicating an opposite spin polarization to other materials.  

The first materials in which the SHE was observed were semiconductors, including GaAs and 

ZnTe, which produced very small spin accumulation129,130.  The SHA depends strongly on the 

SOC in the material, which scales approximately with Z4 131.  The first material with a 

demonstrated significant SHA was platinum with a value of θsh ≈ 0.10, which indicates that the 

charge current is interconverted to a pure spin current with an efficiency of roughly 10%132.  The 

5d heavy metals have proven to be excellent spin Hall materials, with Ta and β-phase W 

demonstrating SHA values on the order of -0.07 and -0.33, respectively128,133.  Gold is the 

exception to this rule and the lighter transition metals such as Cu exemplify this Z4 scaling well, 

with SHA several orders of magnitude lower than that of the 5d metals131.   

 

There has also been reports of ferromagnetic materials having SHA close to 1, but this leads to 

very small spin diffusion lengths which prevent significant spin accumulation134.  Topological 

insulators such as Bi1-xSbx and Sb2Te3 offer the promise of high conductivity and very large SHA 

values, even in excess of 50 due to spin momentum locking in the topological surface states135,136. 

However, these exotic materials contain toxic elements and require exotic growth methods such 

as molecular beam epitaxy, so further material optimization is needed before these materials could 

realistically be integrated with existing CMOS processes.  

 

The spin Hall effect is the conversion of a charge current to a pure spin current, but the inverse 

process, the inverse SHE (ISHE) is also of technical interest.  The ISHE describes the conversion 
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of a pure spin current to a charge current, which can be measured experimentally as a voltage in 

the transverse direction.  The ISHE was observed well before the SHE in 1984, as the experiment 

is somewhat simpler in that it is only necessary to measure a transverse voltage137.  The ISHE has 

been known to be significant in systems involving nonmagnetic heavy metals since 2001, where 

it was found that the ferromagnetic resonance linewidths in metal trilayers increased significantly 

if the nonmagnetic metal had large spin orbit coupling138–140.  This increase is due to spin pumping 

from the heavy metal into the magnetic layer via the ISHE.  Similar to the SHE, a weak ISHE has 

been observed in light ferromagnetic transition metals and other more exotic materials141.   

 

The most exciting aspect of spin Hall effects are the ability to produce a pure spin current, without 

any accompanying electronic motion.  This spin current can be pictured as a magnon, the collective 

Figure 2.6:  Magneto-optical Kerr effect images of the (A) spin density and (B) reflectivity in an unstrained GaAs 

sample measured at 30 K. The lines indicate the accumulation of spin on opposite sides of the sample, transverse 

to the charge current.  From ref. 126.  Used with permission. 
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rotation of atomic spins as a continuous wave while the electrons and atoms are stationary (see 

figure 2.7)39.  Without the requirement of electronic flow to transmit a spin current, this opens the 

tantalizing possibility of using insulating magnetic materials to transmit and receive signals.  This 

was first demonstrated by Kajiwara et al. in 2011 in a Pt/YIG structure where an electrical signal 

in Pt was converted to a pure spin current via the SHE, transmitted into the YIG layer and carried 

over a distance of ~mm, and interconverted back to an electrical signal by the ISHE in another Pt 

electrode39.   

This breakthrough has had a tremendous impact on the scope of magnetic materials that can be 

integrated into spintronic devices.  Without the prerequisite of electrical conductivity, it became 

possible to integrate magnetite, spinels, garnets, and many other oxides and insulating magnetic 

materials into novel structures, where the SHE/ISHE in (typically) heavy metals is used to interface 

with electrical signals.  Another important consequence is that this opens the possibility of ultra-

low dissipation spintronic devices.  No electronic motion occurs to create resistive heating and 

Figure 2.7:  Illustration of a spin wave propagating in a magnetic material.  The pure spin current Js propagates 

through collective motion of the stationary magnetic moments in the material.  From ref. 39.  Used with 

permission. 



50 

 

ohmic losses with a pure spin current, so the only losses are due to magnetic damping, which is 

comparatively very efficient103. 

2.4.4 Spin-Orbit Torque 

Having now realized an effective way to produce a pure spin current in materials with high spin-

orbit coupling, the question becomes if this spin current can be put to use.  In 2008 Ando et al. 

demonstrated that an in-plane current conducted through Ni81Fe19/Pt heterostructures modulates 

the ferromagnetic resonance behavior of the heterostrutures142.  The spin Hall effect was correctly 

identified as the source of the torque in this system, but the torque was weak enough to only alter 

the resonance that was driven externally during the measurement.  Liu et al. later demonstrated 

that in similar heterostructures that sufficient current densities were capable of generating 

precession via spin injection from the spin Hall effect alone; inducing effects similar to FMR 

without external intervention143.  The next major development was the discovery that when a large 

enough current density is applied along with an external in-plane field, the magnetization can be 

reversed completely via torque generated from the SHE in adjacent heavy metal layer133,144. 

 

The origin for this torque, known as spin-orbit torque (SOT), is rooted in the transfer of angular 

momentum from the crystal lattice to the spin structure in a material, mediated by materials with 

large spin-orbit coupling145,146.  Spin-orbit torques act in a fundamentally different manner from 

spin-transfer torques as the physical origins are distinct.  As discussed previously, STT are 

generated by passing a current through a spin polarizer (usually another magnetic material), and 

the resulting net spin density does work on a magnetic layer it is conducted through in most 

commonly a perpendicular current path geometry.  SOTs are generated via in-plane current in a 

heterostructure of a material with high spin-orbit coupling and a magnetic material, through which 
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a pure spin current is injected into the magnetic layer.  The symmetry of these torques is also 

different, with the SOT being described via145,147: 

 𝑑�⃗⃗� 

𝑑𝑡
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 �⃗�  =  𝜏𝐹𝐿�⃗⃗�  × 𝜎 + 𝜏𝐷𝐿�⃗⃗�  × (�⃗⃗�  × 𝜎 ) (2.25) 

Where �⃗⃗� =  �⃗⃗� /𝑀𝑠 is the magnetization unit vector, �⃗�  is the torque applied to the system 

(formally, a torque that does not originate from an energy density),  𝜎  is the injected spin 

polarization from the SHE, τFL is the magnitude of the field-like torque, and τDL is the magnitude 

of the damping-like torque.  The field-like and damping-like (or Slonczewski) torques are so 

named for their similarities to the effect of an external magnetic field and magnetic damping, 

respectively, on the dynamics of the system (figure 2.8).  Note this discussion and equations are 

derived for perpendicularly magnetized materials.   

 

For spin-orbit torques to switch the magnetization of a material, an in-plane magnetic field or some 

other mechanism of symmetry breaking is necessary.  The reason for this is rooted in the structure 

of the domain walls present in the magnetic film.  In ultra-thin magnetic films, Néel domain walls 

(where the magnetization vector rotates perpendicular to the plane of the domain wall) are typically 

preferred9.  Homochiral Néel domain walls are commonly stabilized via a significant 

Dzyaloshinskii-Moriya interaction (DMI), which results in a signal domain wall chirality in the 

system.  However, the result of this is that SOTs are not able to switch the magnetization via 

domain expansion as all domain walls are shifted in a given direction by the applied torque (see 

figure 2.9).  To prevent this an in-plane field with strength greater than the DMI effective field 

(HDMI) is applied to break the symmetry of the domain walls148.  This field then allows 

magnetization reversal to occur via expansion of the preferred domain orientation and contraction 

of the other domains in a perpendicular magnetized film.   
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The requirement of an external in-plane field is somewhat of an obstacle to integration with future 

devices, but there is much active research to overcome this requirement.  Several studies have 

shown that there are multiple ways of breaking the in-plane symmetry through designed structural 

asymmetry, microstructural variations, and interaction between STT and SOT in more complex 

devices149–152.  SOT also separates the read and write paths for memory.  Large writing currents 

are often necessary to reverse the state of high anisotropy magnetic materials in MRAM, but these 

high write currents have also been associated with low endurance in the tunnel barrier of MTJs.  

Separating the read and write paths removes this obstacle (the write path is in-plane, not requiring 

a tunnel current to be used), at the expense of now requiring a three terminal device as opposed to 

a two terminal one4.  This will decrease the density of these materials, but even so there may still 

be application for these materials in processor caches and lower density random access memory145. 

Figure 2.8: Geometry and symmetry of the field-like (FL) and damping-like (DL) spin-orbit torques acting on the 

magnetization vector (m) in a system.  (a) Generation of SOT via the inverse spin galvanic effect. (b) Generation 

of SOT via the spin Hall effect.  Note the result is independent of the mechanism.  From ref. 145.  Used with 

permission. 
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Spin-orbit torque has several benefits over spin-transfer torque.  As the mechanism of STT is 

dependent on conducting electrons through the magnetic material that is to be switched, the most 

work that each electron to do is transfer one unit of angular momentum, before the electron is then 

conducted out of the magnetic layer.  SOT on the other hand uses a current in-plane geometry, 

where the charge current is conducted parallel to the magnetic layer.  This geometry allows 

electrons to be repeatedly collide and scatter with atoms in the magnetic layer at the interface, 

transferring multiple units of angular momentum per electron145.  The in-plane area is typically 

several orders of magnitude larger than the cross-sectional area, leading to much larger switching 

efficiencies relative to STT through the different generation mechanism of the torque and 

geometry153.  For this reason, SOT is also more efficient at switching larger sample areas.  Finally, 

STT switching is stochastic in nature, requiring thermal fluctuations to overcome the energy 

barrier.  SOT on the other hand is fully deterministic, not relying on thermal effects and thus 

allowing for faster operation and a lower error rate154,155. 

Figure 2.9:  (a) Current-induced domain wall motion in a perpendicularly magnetized heterostructure driven via 

spin-orbit torque.  Heff
z is the SOT effective field acting on the chiral Néel domain wall and vDW is the domain 

wall direction.  (b) Current-induced domain wall motion and domain expansion in the presence of an in-plane 

field Hx, which realigns the moments in the domain walls by overcoming the DMI effective field.  From ref. 

148.  Used with permission. 
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2.4.5 Garnet Spintronics 

The preceding sections have culminated in the following point: it is technologically possible and 

desirable to create spintronic materials and devices using insulating magnetic materials, in 

particular the magnetic garnets.  The primary obstacle to engineering devices with insulating 

magnets was the inability to manipulate them outside of an external field.  The discovery that the 

spin Hall and inverse spin Hall effects could be used to transmit electrical signals through yttrium 

iron garnet and the subsequent development of spin-orbit torques to switch materials through a 

charge current in an adjacent layer brought these materials to the forefront of spintronics 

research39,144.   

The next step was to examine the effects of heavy metal generated SOT on an insulating system.  

Li et al. demonstrated current-assisted switching in the high anisotropy Pt/BaFe12O19 system, 

where the coercivity of the film could be altered via an injected spin current from the Pt layer156.  

Complete switching was not achieved due to the very high coercivity and anisotropy of the barium 

hexaferrite layer, but the coercivity could be modulated to higher or lower values depending on 

the current polarity, clearly exhibiting the effect of SOT in the magnetic layer.  Current-induced 

switching was achieved shortly after in a Pt/Tm3Fe5O12 (TmIG) bilayer structure by Avci et al8.  

The perpendicular anisotropy and low coercivity of the TmIG layer allowed for reversible SOT 

switching with current densities as low 5 x 1010 A m-2, dependent on the strength of the in-plane 

symmetry breaking magnetic field (see figure 2.10).  These results convincingly demonstrated that 

magnetic insulators are viable options for next-generation spintronic devices, opening a new 

materials landscape.   
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Rare-earth iron garnets offer many benefits as spintronic devices, which will be discussed in detail 

here.  The first is due to its insulating properties.  Yttrium iron garnet (YIG) is a good insulator, 

with an electronic band gap of ~2 eV, larger than that of silicon’s 1.1 eV indirect band gap, and 

the rest of the rare-earth iron garnets are likely similar157.  Thus, in a bilayer with a heavy metal, 

virtually no electronic current passes through the garnet layer.  This results in a higher current 

density in the heavy metal compared to a bilayer with a magnetic metal for the same applied current 

as the conductive cross section is smaller, resulting in higher efficiency.  Additionally, there is no 

resistive Joule heating in the magnetic layer, which can cause endurance problems in devices and 

lead to loss of the magnetic state4.   

 

The anisotropy of REIG are also easily controlled.  For epitaxial, single crystal films, careful 

selection of rare-earth ion and substrate allows growth of films with robust perpendicular magnetic 

anisotropy (PMA), which is desirable for use with highly efficient spin-orbit torques and increased 

packing density in magnetic storage media4,45,158,159.  The magnetoelastic anisotropy, determined 

by the magnetostriction of the rare-earth ion, dominates the total anisotropy of garnet thin films, 

which allows for tuning of the material system to match the specific application.  Outside of single 

Figure 2.10: (a) Current-induced switching of an insulating magnetic layer in a Pt/TmIG heterostructure under a 

500 Oe in-plane field.  (b) Switching phase diagram of the Pt/TmIG system, indicating that larger in-plane fields 

decrease the critical switching current.  From ref. 8.  Used with permission. 



56 

 

crystal films, garnets have been extensively studied as polycrystalline materials, where the 

anisotropy of the material is typically in-plane160,161.  However, in the following chapter the growth 

of characterization of polycrystalline garnets with PMA will be discussed in detail.   

 

Garnets are ferrimagnets, comprising three antiferromagnetically coupled sublattices (two in the 

case of YIG).  The superexchange interactions between the sublattices are significantly stronger 

than the interactions within the sublattices, so the dynamics of the system are more similar to that 

of antiferromagnets than ferromagnets162.  The reason for this is rooted in the different reversal 

mechanism of antiferromagnets and ferromagnets.  Ferromagnets reverse via a collective motion 

of atomic moments (in some cases), where the energy barrier that must be overcome is the 

anisotropy in the material.  On the other hand, antiferromagnets reverse via canting of the 

individual sublattices, and the energy barrier is the exchange energy between the sublattices163.  

As the exchange energy is several orders of magnitude higher than the anisotropy energy, the result 

is that the dynamics of antiferromagnets are several orders of magnitude faster than that of 

ferromagnets, in some cases being in the terahertz regime21,164.   

 

However, these ultrafast antiferromagnet-like dynamics do not occur throughout the temperature 

range of the system.  As discussed in section 2.2.2, ferrimagnetic materials such as the garnets can 

have both a magnetic and angular momentum compensation temperature.  Antiferromagnetic 

materials possess identical opposing sublattices, so there is no net angular momentum, which 

contributes to these ultrafast dynamics165.  For ferrimagnets, the dynamics are generally faster than 

that of ferromagnets, but the maximum speeds are achieved at the angular momentum 

compensation point (temperature for a specific composition, or a given composition at a specified 
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temperature), as predicted through phenomenological domain wall models and domain wall 

velocity measurements25,53,54. 

 

Although the angular momentum compensation point has not been well characterized in garnets, 

dynamics considerably faster than that of ferromagnets persist even away from this special 

condition.  Much work has been done on domain wall velocity measurements in Pt/REIG garnet 

devices, from which useful information such as the DMI energy can be extracted.  In rare-earth 

transition metal alloys such as CoTb, the maximum achievable domain wall velocity is typically 

on the order of 50 m/s, limited by the large magnetic damping of these materials (primarily due to 

the rare-earth species)54.  However, the large ecosystem of garnet materials allows for selection of 

a material that is able to circumvent these restrictions.  In particular, a material that has both PMA 

and ultralow magnetic damping, which was recently achieved with Bi-substituted YIG on a 

substituted GGG substrate that provided sufficient tensile strain to induce PMA, even with the low 

magnetostriction of the Bi-YIG system159.  The domain wall velocity in Pt/Bi-YIG systems was 

recently measured in excess of 4000 m/s, more than two orders of magnitude faster than 

ferrimagnetic metals, and demonstrated to have reached the relativistic speed limit imposed by the 

magnon group velocity in the system166,167. 

 

In summary, rare-earth iron garnets constitute an exciting system for the development of the next 

generation of spintronic devices.  The robust oxide structure is simple to grow via a variety of 

methods and exhibits long term stability under ambient atmospheric conditions and a large 

temperature range, providing an additional benefit relative to metals that commonly must be 

protected from oxidation and other forms of degradation.  The rich chemistry of the garnet system 
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can be easily tuned to the specific application, through substitution of one or more sublattices with 

any rare-earth ion or a large variety of nonmagnetic species, and the magnetic anisotropy is 

predictably modulated through the selection of substrate, for both epitaxial and polycrystalline 

films.  Rare-earth iron garnets provide an enticing opportunity to study both the development of 

the next generation of information storage materials and a variety of emergent physical phenomena 

exploring new frontiers in physics and materials science. 
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3.  Methods 

3.1 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a versatile and powerful technique for depositing nanometer-scale 

thin films168.  The PLD process works by using an ultrafast laser pulse (~20 ns) to  ablate a plume 

of material from a stoichiometric bulk target of the desired material.  PLD offers the benefits of 

high growth rates, precise transfer of complex stoichiometries, high pressure deposition, and 

deposition of very low defect films169.  Epitaxial single crystal films that do not require an ex situ 

anneal step can be grown via PLD.  Polycrystalline films can also be grown; however, many 

materials (including the garnets) are amorphous as grown and require an ex situ anneal to 

crystallize. Very rapid heating of the target material results in congruent melting and subsequent 

ablation of a plume that deposits on a substrate a few centimeters above the target170.  PLD is 

primarily used for deposition of insulating materials such as oxides and nitrides.  As such, laser 

energies must be greater than the bandgap to ensure absorption.  Excimer lasers are well-suited to 

this application as they are capable of ultrafast pulses, can output high energies, and have 

wavelengths in the appropriate range.  A Kr-F excimer laser was used in this work, with a 

wavelength of 248 nm, corresponding to 5.0 eV.  A diagram of one of the PLD systems used in 

this work is shown in figure 3.1.  Note that this system has an integrated DC magnetron sputtering 

gun for deposition of metal films in situ. 

 

The most important parameters in the PLD process are the laser fluence, temperature, and oxygen 

pressure during deposition.  The laser fluence (pulse energy/area of focused laser spot) is the most 

important variable in growing films of the desired material.  In our PLD systems, garnets grow at 

an optimal fluence of 2.0 J/cm2 45.  The pulse energy of the laser varies from 300-400 mJ between 
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the different chambers, as the optics differ.  Fluence is controlled by varying the laser energy and 

by moving the focusing lens to alter the spot size and shape on the surface of the target.  Substrate 

temperature is the next crucial parameter.  Considering single crystal films, a high substrate 

temperature ensures that the incident ions have sufficient thermal energy to diffuse on the surface 

before settling into a lattice site.  In the case of polycrystalline films, this should be less of a 

concern, as polycrystalline garnet films are amorphous as grown.  When garnets are deposited on 

a non-garnet substrate such as Si at room temperature, the films do not crystallize under normal 

annealing conditions.  This implies there is an added layer of complexity in the form of  “pre-

crystallization” or nucleation sites that only form at elevated substrate temperatures during growth. 

Stadler et al. demonstrated that a novel two-step annealing process can improve crystallinity of 

garnet films deposited via sputtering, but the crystallization kinetics of polycrystalline films grown 

by PLD deserves further study161.   

Oxygen pressure during deposition is the last primary variable for depositing garnet films.  In this 

work, a pressure of 150 mTorr O2 was used for almost all samples. Deposition at very low oxygen 

Figure 3.1: Diagram of one of the pulsed laser deposition chambers used in this work. 
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pressures (less than 10 mTorr) leads to oxygen deficient films, poor crystallinity as evidenced by 

x-ray diffraction, and lower saturation magnetization.  Oxygen pressure during deposition also has 

a relatively weak impact on the final film composition in the pressure range 10-50 mTorr, but this 

effect has proven difficult to quantify owing the complexity in precisely measuring the 

composition of thin films.  As garnet films are usually grown under oxygen to prevent oxygen 

deficiency and improve crystallinity, the base pressure of the system is relatively high (on the order 

of 10-6 Torr) and this has a relatively small impact on film quality. 

 

The targets used in this work were produced by a conventional solid oxide sintering process160.  

The binary oxides (R2O3 and Fe2O3) were weighed in the correct amounts for a stoichiometric 

R3Fe5O12 target.  The powders were thin ball milled in methanol for 24 hours, then dried on a hot 

plate.  The powder was then pressed into a cylinder of approximately 30 mm diameter and 5 mm 

in height.  The green body was then calcined at 1150 °C for 5 hours and sintered at 1400 °C for 10 

hours.  After cooling, the target was examined via x-ray diffraction to determine the phases present.  

After the first sintering, the targets had a small amount of orthoferrite (RFeO3) present.  The green 

body was then crushed into powder, ball-milled, pressed, calcined, and sintered again, after which 

the targets were pure phase garnet.  The target surfaces were then polished with decreasing grit 

sizes of grinding paper until a very smooth surface was attained. 

 

By using multiple targets, it is possible to create complex heterostructures of different films, or to 

create intermediate compositions of the two or more targets.  This allows for a massive amount of 

flexibility when engineering the properties of garnet films, as it is then possible to produce 

compositions with significantly improved properties relative to films containing a single rare-earth 
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species.  These codepositions and heterostructures will be discussed in further detail later in this 

work. 

 

Although PLD is useful for complex stoichiometries and rapid prototyping, it has several 

limitations that should be discussed.  The first is that the plume is highly inhomogeneous, 

necessitating small substrate sizes (1-2 cm) to prevent large variations in film composition and 

thickness across the surface.  The homogeneity can be improved by rastering the substrate 

assembly, but this introduces considerable complexity.  Another downside of the PLD system is 

that the throughput is relatively low.  The chambers used here are not load-locked, as it is necessary 

to clean the laser window with a diamond polishing paste after each deposition.  This prevents 

buildup of the deposited material on the inside of the window, which leads to laser burns on the 

window and significant heating which can eventually cause failure.  For these reasons, sputtering 

is often a preferred deposition technique in industry, as the process is more amenable to large areas 

and high throughputs.  However, PLD has greater flexibility in materials discovery and 

development. 

3.2  Sputtering 

Sputtering is one of the most common thin-film deposition techniques as it can used to deposit a 

huge variety of thin film materials with precise control over thickness and composition171.  The 

physical process occurs by accelerating a plasma of inert ions, most typically Ar+, onto the surface 

of the material to be deposited (the target or source), and material from the source is then 

“sputtered” from the surface, travels through the vacuum and deposits on the substrates.   The 

plasma is ”sparked” by a sufficiently large bias applied across the target to the other electrode.  For 

DC (direct current) sputtering, the target is negatively biased (cathode) to attract the positively 
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charged Ar+ ions.  The substrate is occasionally positive biased (anode), but it is also common for 

the chamber to serve as the anode.  The impinging Ar+ ions arrive at a range of angles, resulting 

in a range of angles of sputtered ions.  Sputtering typical occurs at Ar pressures of a few mTorr, 

which is at a pressure above the ballistic transport regime, leading to multiple collisions before 

arriving at the substrate surface.  The result of these collisions is that step coverage conformality 

is better than electron beam evaporation, but still not as good as techniques such as chemical vapor 

deposition and atomic layer deposition96.  To increase sputtering yield and focus the plasma, strong 

permanent magnets (magnetrons) can be installed in the sputtering gun behind the target material.  

The magnetic fields focus the plasma onto the target in a more uniform manner, resulting in higher 

deposition rates and, importantly, the ability to sputter magnetic thin films172. 

 

Thickness of sputtered films is simply controlled by turning the bias on or off, extinguishing the 

plasma, or through the use of a shutter to physically block atoms from reaching the substrate.  It is 

also easy to control the composition of sputtered films.  Considering the case of depositing two 

metals, such as Gd and Co, the relative amount of the two materials in the film can be controlled 

by adjusting the power applied to each gun and calibrated before the codeposition.  Note this 

requires two sputtering sources and two power supplies.  It is also possible to deposit oxide 

materials without significant oxygen deficiency through reactive sputtering.  The most common 

method of doing this involves having relatively small partial pressure of oxygen (~mTorr) in the 

chamber during deposition alongside the Ar+ plasma.   

 

It is relatively simple to sputter conductive materials, as electrons are conducted through the 

material to replenish electrons that are sputtered from the surface of the material.  However, for 
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insulating materials, the insulating nature quickly leads to the extinguishing of the Ar+ plasma.  To 

compensate for this, radio frequency (RF) sputtering was developed that uses a RF frequency bias 

to allow deposition of these materials, by alternatively negatively biasing the target to allow 

sputtering by the plasma, and positively biasing the target to attract electrons to the surface and 

prevent charge build up.  This is considerably more complicated than DC sputtering, as it requires 

matching of the frequency and power through additional equipment and will not be discussed here. 

 

The grain structure in sputtered films depends on several factors, including the growth rate and 

melting temperature of the deposited material.  High growth rates tend to lead to small grain size 

as material is arriving at the substrate surface faster than the atoms can be incorporated into the 

existing grains.  The relative melting temperature and substrate temperature during deposition also 

dictates the grain structure of the film.  For low ratios of the deposition temperature to the melting 

temperature (Tdep/TM < 0.2), columnar grain growth occurs173,174.  There is initially nucleation of 

a large number of grains, but there insufficient thermal energy for grain growth to occur, leading 

to a columnar structure, with the longest side of the grains being perpendicular to the film surface.  

This is a particular problem for Pt films, as Pt has a melting temperature of over 1900 K.  For 

higher values of Tdep/TM, equiaxed grain growth occurs, where the out of plane dimension is 

approximately the same as the in plane dimension of the grains173,174.   

3.3   Rapid Thermal Annealing 

Rapid thermal anneal (RTA) is the process of quickly heating a sample to a setpoint temperature, 

holding for some length of time, then rapidly cooling.  Annealing was used in this work for two 

primary reasons: to crystallize amorphous as grown films and to induce thermal mismatch strain 

between the film and substrate.  Figure 3.2 shows the x-ray diffraction of a europium iron garnet 
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thin film before and after annealing.  During the annealing process oxygen was flowed through the 

system to ensure there was not loss of oxygen at elevated temperatures, or to assist with reaching 

full oxygen stoichiometry.  The substrate holder and tube furnace are made of low thermal 

expansion silica glasses.  The samples were placed on a silicon susceptor, which improved thermal 

transfer for transparent substrates and films, and allowed for improved system cleanliness by 

frequent replacement of the susceptor as no other system components contacted the samples.  In 

practice, very rapid heating rates above 50 °C/s can be obtained.  Cooling rates are considerably 

slower and vary throughout the temperature range from tens of degrees per second at high 

temperatures to one degree or less per second as room temperature is approached. 

3.4   X-ray Diffraction and X-ray Reflectivity 

X-rays were first discovered by Wilhelm Conrad Röntgen in the late 19th century, and less than 

two decades later X-ray diffraction (XRD) had become an indispensable tool for materials 

analysis175,176.  Bragg’s law, so named for father and son William Henry and Lawrence Bragg, 

enabled characterization of crystal structures and resulted in a Nobel prize for the pair176.  X-rays 

are an electromagnetic wave, and these waves can interfere with themselves under certain 

conditions when diffracting off a structure.  Bragg’s law describes the angle at which the 

Figure 3.2: X-ray diffraction of an as grown and annealed 21.2 nm EuIG film on (0001) quartz.  The as grown 

film shows no garnet peaks and the annealed film is pure phase garnet.  Vertically offset for clarity. 
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constructive interference is largest by relating the angle of diffraction and a characteristic length 

of the crystal structure being examined: 

 2𝑑 sin(𝜃) = 𝑛𝜆 (3.1) 

Where d is the interplanar spacing of the crystal structure, θ is the angle of incidence, n is an 

integer, and λ is the wavelength of the x-rays.  Copper is the most commonly used x-ray source in 

diffractometers, with the Kα radiation wavelength of 1.5406 Å.  This value is convenient for most 

crystal structures, which commonly have lattice parameters in the sub-nanometer range41,177.  

Group theory and symmetry arguments describe which reflections are allowed based on the atomic 

positions within the lattice.   

 

High resolution x-ray diffraction (HRXRD) makes use of very precise motor positioning and high-

precision multi-bounce monochromators to allow angular resolution as low as 0.001°.  HRXRD is 

Figure 3.3: High resolution x-ray diffraction plot of a 48.5 nm DyIG film on a GGG substrate. 
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done in a symmetric geometry, where the detector and x-ray source are both at an angle of θ to the 

sample.  A full discussion of x-ray diffractometers can be found elsewhere175,178.  This is useful 

for characterizing single crystals and epitaxial thin films on substrates.  An example HRXRD plot 

is shown in figure 3.3 for a dysprosium iron garnet (DyIG) film on a gadolinium gallium garnet 

substrate (GGG).  The lattice parameter of DyIG is less than GGG, so the film is under in-plane 

compressive strain, resulting in an out-of-plane expansion of the lattice parameter (d).  This 

increase in d results in a decrease in the diffraction angle, θ.  The substrate and film are (111) 

oriented, and the plot depicts the (444) reflection.  The sharp, narrow peak is from the substrate, 

and the larger broad peak is from the film.  The smaller Laue fringes surrounding the film peak 

are indicative of high film quality, and consistent film thickness.  These fringes can be fit to 

determine the film thickness.   

 

This thesis primarily reports films grown in the (111) orientation, corresponding to the magnetic 

easy axis of REIG.  The garnet structure is cubic, but epitaxial thin films grown on (111) substrates 

experience a rhombohedral distortion as the in-plane lattice parameter is compressed or extended 

to match that of the substrate, in the case of fully strained films45.  The body diagonal of the 

rhombohedral unit cell perpendicular to the film is readily determined by finding the peak position 

of the film.  However, it is also of interest to calculate the corner angle of the rhombohedral unit 

cell, which is accomplished by a transformation from rhombohedral (hkl) to hexagonal (HKL) 

Miller indices, as described by Cullity and Rosenberg45,178: 

 (
ℎ
𝑘
𝑙
) = (

1 −1 0
0 1 −1
1 1 1

)(
𝐻
𝐾
𝐿
) (3.2) 

The in-plane lattice parameter along the (11 2 ) direction is given by: 
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 𝑑112 = √
𝑎2

ℎ2 + 𝑘2 + 𝑙2
 (3.3) 

Where a is the lattice parameter of GGG, 1.2376 nm.  This is converted to the in-plane lattice 

parameter of the hexagonal unit cell178: 

 𝑎𝐻 = √12𝑑112
2  (3.4) 

The corner angle of the rhombohedral unit cell can then be calculated as: 

 
sin (

𝛼

2
) =

3

2√3 + (
𝑐
𝑎𝐻

)
2
 

(3.5) 

Where α is the corner angle of the rhombohedral unit cell, and c is body diagonal of the 

rhombohedral unit cell perpendicular to the film surface.  The corner angle can then be used to 

determine the epitaxial mismatch strain in the (111) oriented film. 

 

HRXRD diffractometers can also be used to measure x-ray reflectivity (XRR).  XRR is used 

primarily in this work to fit a model of the thin film or heterostructure to and determine 

thickness(es).  XRR is collected at much shallower angles than XRD, between the angle of total 

internal reflection and the angle at which the background level of the detector is reached.  The 

critical angle, measured from normal incidence, is the angle above which the wave is completed 

reflected back into the denser medium179: 

 sin(𝜃𝑐) =
𝑛𝑓𝑖𝑙𝑚

𝑛𝑎𝑖𝑟
 (3.6) 

Where nair is the refractive index of air, nfilm is the refractive index of the film, and θc is the critical 

angle.  For denser films, the critical angle is a larger value.  An example XRR plot is shown in 

figure 3.4, for Pt films on Si of different thickness.  The fringe spacing is inversely proportional to 

the film thickness.  In the plot, the critical angle is different for each film due to a difference in 

density (and thus refractive index) between the films.   
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The conventional geometry of XRD is useful for bulk samples, powders, and epitaxial thin films.  

However, for polycrystalline thin films, this results in overwhelming contributions from the 

substrate and sample holder.  To better collect XRD of random, thin film polycrystalline samples, 

these measurements are conducted in grazing incidence geometry (GIXRD), where the x-ray 

source is held at a constant angle of 1-2° above the film surface.  The detector moves around the 

sample as in conventional XRD.  In most cases, this technique can eliminate peaks from the 

substrate and sample holder, leading to easier phase identification.  

3.5 Atomic Force Microscopy and Magnetic Force Microscopy 

Scanning probe microscopy (SPM) is a broad class of experimental techniques that are very useful 

for investigating surface properties of materials.  SPM was first demonstrated in 1981 by Binnig 

et al., for which their later work on the scanning tunneling microscope would win the Noble Prize 

in Physics in 1986180–182.  Atomic force microscopy (AFM) is a subset of this field in which a small 

cantilever is used to scan the topography of a sample183.  A very fine tip is mounted on the end of 

the cantilever which vibrates at a known frequency according to its physical characteristics.  The 

Figure 3.4: Example x-ray reflectivity plot of Pt/Si films, deposited by DC magnetron sputtering under different 

conditions.  Vertically offset for clarity. 
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cantilever is scanned over the surface of the sample (the sample is typically scanned while the 

cantilever is stationary).  A laser is reflected off of the cantilever and small changes in its position 

are detected by a four-quadrant photodetector.  From the deflection signal, it is then possible to 

map out the topography of the film surface183.  This method is very sensitive, and can readily 

measure surface roughness that is as low as hundreds of picometer root-mean-square 

roughness182,183.  Scan size is typically on the order of microns, which is useful for observing grain 

boundaries and grain size in thin film materials.   

 

A related technique is magnetic force microscopy (MFM).  By coating the tip of the cantilever in 

a magnetic material (typically Co), the  cantilever then interacts with the stray field at the surface 

of the magnetic sample182.  The probe is then able to detect the magnetic domain patterns in the 

material, with lateral resolution on the order of microns or less.  It is also possible to implement a 

small electromagnet into the MFM to study the domain patterns after field sweeps or demagnetized 

samples.  A practical consideration is that the amplitude of deflection force detected by the 

cantilever is directly related to the stray field and thus the saturation magnetization of the sample.  

Thus, low magnetization materials, such as dysprosium iron garnet, can be difficult to image via 

MFM and are better suited to magneto-optical Kerr effect microscopy. 

3.6 Vibrating Sample Magnetometry 

The vibrating sample magnetometer (VSM) is an indispensable tool in characterizing magnetic 

materials.  The operating principle is based on Faraday’s law, that a change in the magnetic flux 

(ΦB) through an electric coil induces an electromotive force (Ԑ) that can then be amplified with a 

sense circuit18,184: 
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ℇ =  −𝑁

𝑑Φ𝐵

𝑑𝑡
 (3.7) 

where N is the number of turns in a coil of wire.  A common configuration for these sensing coils, 

known as pickup coils, is two placed on each pole piece in an electromagnet. The sample is 

mounted on a nonmagnetic sample holder in the air gap between the pole pieces (see figure 3.5).  

The sample holder is attached to a loudspeaker cone or similar vibrating mechanism, with vibration 

frequencies of typically 60 Hz and amplitude of a few millimeters.  The pickup coils are wired to 

a lock-in amplifier, which is tuned to the vibration frequency of the VSM, allowing other 

mechanical or systemic vibrations to be filtered out.  The electromagnets used are not usually 

superconducting, and the resulting maximum field is around one Tesla, although stronger magnetic 

fields can be generated by adjusting the air gap or pole pieces.  

 

The very high sensitivity of the pickup coils allows precise measurements of the saturation 

magnetization of most all materials, even in minute quantities.  It is possible to measure samples 

as large as tens of mg of a bulk oxide piece to samples as small as sub 5nm films.  The practical 

limits on the operation are due to noise during the measurement.  The sample holders are made of 

quartz or Pyrex glass, both of which are weakly diamagnetic.  Samples were mounted with double 

sided tape.  A temperature controller is commonly integrated into the VSM, which takes the form 

of a cylinder surrounding the sample holder during operation.  Nitrogen or compressed air is 

flowed through the cylinder, which is heated with resistive elements for above room temperature 

measurements or cooled with liquid nitrogen for below room temperature measurements.  Practical 

temperature limits are 170 – 500 K. 
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Silicon and GGG substrates, used extensively throughout this work, are weakly diamagnetic and 

strongly paramagnetic, respectively.  The Gd3+ ion has a 4f7ground state, leading to a very strong 

paramagnetic background due to the 7 unpaired electrons.  Additionally, this background becomes 

nonlinear at fields above a few thousand Oersted, which makes it difficult to determine which 

saturation has been attained, particularly for the hard axis.  For Si, it is generally easier to remove 

the substrate contribution, but for thin film or weakly magnetic materials, the vastly larger 

substrate volume (0.5 mm vs < 50 nm thickness) can overwhelm the magnetic signal.  The general 

procedure for analyzing raw VSM data is as follows: remove linear background, height correction 

to center loop on horizontal axis, and dividing the signal by the volume of magnetic material to 

obtain the volumetric magnetization in emu/cm3 or kA/m.  The VSM used in this work was a 

Digital Measurements Systems Vibrating Sample Magnetometer Model 1660.   

Figure 3.5:  Schematic of a vibrating sample magnetometer.  From ref. 18.  Used with permission. 
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3.7 Spin Hall Magnetoresistance 

The spin Hall magnetoresistance (SMR) that occurs in magnetic insulator/nonmagnetic metal 

bilayers is an insulating analog of the anisotropic magnetoresistance that occurs in magnetic 

metals185.  This phenomenon occurs in materials that are excellent insulators, as the direction of 

the magnetization in the magnetic layer affects the resistance of the nonmagnetic metal.  There are 

two origins of the SMR: the transmission of a spin current across the interface between the 

materials and the magnetic proximity effect in the nonmagnetic layer186,187.  These two 

mechanisms have different temperature dependencies (the proximity effect is typically only 

significant well below room temperature) and have been observed across a wide variety of systems.  

Experimentally, these measurements are done on Hall crosses patterned by optical lithography (see 

figure 3.6).  It is necessary to use a lock-in amplifier to mitigate noise and detect the Hall voltage, 

which is typically on the order of μV.  Current is injected along one axis of the Hall cross, and a 

magnetic field is swept in a hysteresis loop while the voltage is measured in the transverse 

direction.  The symmetry of the measured signal varies according to50: 

 𝑅𝐻 = 𝑅𝑆𝑀𝑅 sin(𝜃)2 sin(2𝜑) + 𝑅𝐴𝐻𝐸 cos(𝜃) + 𝑅𝑂𝐻𝐸𝐻𝑍 (3.8) 

Where RH is the Hall resistance, RSMR is the amplitude of the hard axis hysteresis loop, θ is the 

polar angle of the magnetization, φ is the azimuthal angle of the magnetization, RAHE is the 

amplitude of the easy axis hysteresis loop, ROHE is the resistivity due to the ordinary Hall effect in 

the nonmagnetic layer, and HZ is the magnetic field along the z axis (see figure 3.7). 

 

From equation (3.8), it can be seen that the maximum in-plane SMR amplitude occurs at an angle 

of φ = 45°.  In addition to a field sweep of the data at a constant angle, it is also common to do 

angle dependent measurements (see figure 3.8).  SMR measurements are another reliable method 
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of determining the coercivity and anisotropy fields of samples, which is useful when VSM is 

difficult due to low sample moment or a large substrate contribution.   

 

Figure 3.6: Patterned Hall crosses in a Pt/TmIG/GGG heterostructure.  The main channel of the Hall cross has 

dimensions of 200 μm x 20 μm. 

Figure 3.7: Diagram of the coordinate system in spin Hall magnetoresistance measurements.  From ref. 50.  Used 

with permission. 
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3.8 Polarized Neutron Reflectometry 

With the continued improvement of vacuum-based deposition techniques and the constant 

development of computer technology, there was a large interest in magnetic thin films and 

multilayers in the 1980’s.  This culminated in the discovery of giant magnetoresistance in 1988 in 

Fe/Cr superlattices, research that would go on to win Albert Fert and Peter Grünberg the Nobel 

Prize in Physics in 2007, less than twenty years after the discovery92.  The large interest in precisely 

measuring the coupling of magnetic layers in complex heterostructures coincided nicely with the 

first reports of polarized neutron reflectometry (PNR) in 1986 by Majkrzak and others188,189.  PNR 

utilizes the magnetic moment of the neutron, which interacts with the magnetic moment in a 

magnetic material.  In a specular reflectivity geometry, PNR is able to non-destructively probe the 

Figure 3.8:  Spin Hall magnetoresistance (SMR) measured on a Pt/TmIG/GGG Hall cross.  (a) Out of plane AHE-

like SMR hysteresis loop. (b) In-plane SMR hysteresis loop at different in-plane angles. (c) Angular variation of 

the in-plane SMR measured at saturation.  
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sample as a function of depth for layers on the order of 0 – 100 nm in thickness190.  This allows 

study of complex thin film structures, like those found in magnetic storage media, magnetoresistive 

read heads, next-generation spintronic devices, and the magnetic proximity effect in materials that 

are close to the Stoner criterion.   

 

As in x-ray reflectivity, PNR is able to accurately measure layer thicknesses, interface widths, and 

to determine the densities of the layers, from which conclusions about the composition of each 

layer can be determined.  However, as the neutron has a magnetic moment, it is also responsive to 

the magnetic moment present in each layer, and the magnetic roughness in the system191.  This 

allows determination of the magnetic roughness present in the system, in addition to more fine-

grained modeling of the system by incorporating magnetic dead layers and proximity effects.  As 

the measurements are done in specular reflection, PNR is sensitive to the in-plane component of 

the magnetization only, requiring that films have in-plane anisotropy or have sufficiently low 

anisotropy fields that an in-plane field can saturate the sample.   

There are four neutron cross sections that can be collected during a PNR measurement: non-spin-

flip (R++ and R--) and spin-flip (R-+ and R+-).  Non-spin-flip scattering is due to the projection of 

the magnetization component in the plane of the film onto the polarization axis of the neutrons, 

and spin-flip scattering is due to magnetization components that are perpendicular to the 

polarization axis, such as those due to spin spirals or other exotic phenomena192.  As the spin-flip 

cross sections do not detect the bulk of the magnetization in the material they tend to be weaker 

and will not be discussed further in this work.   
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Reflectivity data is collected similar to x-ray reflectivity as a function of the symmetric angle θ.  

Neutron instruments often use different wavelengths, so to allow comparison between instruments 

and wavelengths we define the wavelength-independent parameter QZ: 

 
𝑄𝑍 = 

4𝜋

𝜆
sin(𝜃) (3.9) 

Where λ is the neutron wavelength.  Collected reflectivity is plotted as a function of QZ, out to the 

background level (see figure 3.9).  The period of the fringes is inversely proportional to the 

thickness of the layers. 

The splitting of the two reflectivity curves is due to the magnetic moment in the sample, and larger 

magnetic moments lead to larger splitting.  Figure 3.10 shows the spin asymmetry, the normalized 

difference of the reflectivity data, which is a useful method of highlighting the magnetism in the 

sample: 

Figure 3.9: Normalized reflectivity data for a Pt(9 nm)/DyIG(54 nm)/GGG heterostructure collected at 10 K.  An 

ab initio footprint correction has been done to correct for the GGG paramagnetism.  The large error bars at high 

QZ are due to reaching background level. 
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𝑆𝐴 =  

𝑅++ − 𝑅−−

𝑅++ + 𝑅−−
 (3.10) 

Neutron absorption is strongly dependent on the elements present.  Gadolinium and Scandium are 

two of the most neutron absorptive elements, which can introduce experimental artifacts during 

data collection.  The strongly paramagnetic gadolinium garnet substrates used throughout this 

work also introduce non-linearities in the data.  To account for this, an ab initio footprint correction 

is done on the pre-critical edge data.  This method uses a theoretical sample model to remove the 

artifacts due to the GGG substrate, improving the quality of the fits obtained193,194.   

 

Once the PNR data has been collected, it is reduced (background subtraction, footprint correction, 

and normalization) and a model is generated to fit the data to.  Data reduction is done via Reductus 

Figure 3.10: Spin asymmetry data for a Pt(9 nm)/DyIG(54 nm)/GGG heterostructure collected at 10 K.  The 

nonzero SA is due to the sample magnetization. 
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and fitting is completed with Refl1d (implemented in Python using the Bumps fitting 

program)195,196.  Using knowledge of the sample obtained from other characterization (XRR, TEM, 

VSM, etc.), a model that contains the materials present, layer thicknesses, interface widths, 

magnetic moments, and magnetic dead layers is postulated.  The growth method of the sample will 

have a large impact on the interfacial roughness; films grown layer-by-layer by molecular beam 

epitaxy will have very sharp interfaces, whereas in high-temperature grown PLD films, there is 

some interdiffusion present with the substrate that must be accounted for197,198.  Garnets films on 

garnet substrates can easily interdiffuse at high temperatures, and this must be accounted for with 

an intermediate composition region between the substrate and film198,199.    

 

As the neutron beam is on the order of several cm across, the entire lateral area of the sample is 

scanned at once.  Depending on the method of sample mounting (an inset sample holder vs. silver 

paste for example) a bare spot on the sample must be accounted for in the modeling as well194.   

 

The fitted reflectometry data is used to produce a scattering length density (SLD) profile, which is 

a cross-section of the sample through the thickness of the film.  The real part of the SLD, rho, 

corresponds to the density of the sample, from which the composition of the layer can be inferred.  

The imaginary part of the SLD, irho, depends on the neutron absorption of the material, and is 

strongly element-dependent (in this study, Gd is the only element with non-negligible neutron 

absorption).  Magnetism is captured in rhoM, which can show both parallel and antiparallel 

coupling in different layers, in addition to proximity effects in other layers49,200.   The magnetic 

angle is relevant for spin-flip scattering only.  An example Pt(10 nm)/DyIG(25 nm)/GGG (100) 

film is shown in figure 3.11, which required a complex model to fit194.  The model used consists 
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of two layers to account for the Pt and two layers to account for the interdiffused region between 

the GGG substrate and DyIG film.   The added complexity of these extra layers greatly increases 

the time required for the model to run and begins to stray into the realm of overfitting the data.  

For the data shown here, a different sample was used after many degenerate solutions to the model 

were obtained. 

For temperature dependent PNR studies, it is common practice to fit the temperature-independent 

components of the model (layer thicknesses, interface widths) simultaneously, while allowing the 

temperature-dependent components of the model (typically the magnetization) to vary independent 

of each other.  At low temperatures, it proved necessary to introduce an “ice” layer to account for 

gases that had adsorbed on the surface during data collection. 

 

Neutrons are produced via a nuclear reactor or spallation neutron source201.  All PNR experiments 

done here were conducted at the National Institute of Standards and Technology (NIST) Center 

for Neutron Research (NCNR), on the Polarized Beam Reflectometer (PBR) instrument.   

Figure 3.11: Scattering length density profile of a Pt/DyIG/GGG film, fit to a model with a structure of 

Pt2/Pt/DyIG/GIG1/GIG/GGG. 
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3.9 X-ray Magnetic Circular Dichroism 

The relationship between magnetism and light has long been known, which were fully integrated 

through James Clerk Maxwell’s seminal work that related the electric and magnetic parts of 

electromagnetic wave radiation202.  The interaction of light with magnetic materials occurs through 

the rotation of the plane of polarization of the light, which was discovered in transmission by 

Michael Faraday in 1846 and in reflection John Kerr in 1877203,204.  These two magnetoptical 

effects, the Faraday and Kerr effects, are used in modern characterization of magnetic materials, 

through Faraday rotation and magneto-optic Kerr effect (MOKE) microscopes.  Faraday and 

MOKE instruments typically use light in the visible spectrum, which is able to probe the total 

magnetization of many materials205. 

 

For complex magnetic alloys and ferrimagnets, it is often difficult to determine the magnetic 

structure through magnetometry and symmetry arguments alone.  However, each element has a 

distinct electronic structure that can be probed via high energy x-rays.  X-ray absorption 

spectroscopy (XAS) is useful for probing the electronic states of solid materials, as the x-ray 

absorption of elements occurs at very specific and distinct wavelengths, according to the allowed 

electronic transitions for core electrons to excited valence states206,207.  These wavelengths are 

tabulated for most elements at the different absorption edges, which probe different core electrons.  

The shape of the absorption spectra can also be interpreted or fit to a theoretical model to determine 

the coordination, valence state, and site occupancy of a specific element in a crystal structure207.   

To study the magnetism of materials via these core level electrons, it is necessary to use polarized 

light.  Circularly polarized light can be described as the sum of two plane-polarized waves that are 

out of phase by π/2, one quarter of a wavelength.  Left circularly polarized and right circularly 
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polarized waves interact in different waves with electrons that contribute to a net magnetic moment 

in a material, as there are different absorption probabilities208.  The sum of the two polarizations 

produces the XAS for the material, but the difference of the two polarizations produces an effect 

called x-ray magnetic circular dichroism (XMCD).  XMCD can then be used to qualitatively draw 

conclusions about the magnetic ordering in a material, and can also be used to quantitatively 

determine the strength of the spin and orbital magnetic moments in the material208.   

 

XMCD was first predicted in 1985 and experimentally observed in 1986, so it is a relatively new 

technique209,210.  These first studies were followed by many others that quickly verified the 

theoretically determined XMCD sum rules.  These sum rules relate the integrated peak areas across 

two closely related absorption edges to determine the spin and orbital components of the 

magnetization of that element in the material211.  For transition metals, the L2,3 absorption edges, 

corresponding to the transition of 2p core electrons to 3d valence states are most commonly 

studied.  The sum rules for transition metal L2,3 edges are211: 

 
〈𝐿𝑧〉 =  −

4𝑞

3𝑟
𝑛ℎ (3.11) 

 
2〈𝑆𝑧〉 =  −

6𝑝 − 4𝑞

𝑟
𝑛ℎ − 7〈𝑇𝑧〉 (3.12) 

Where 〈𝐿𝑧〉 is the orbital magnetic moment in μB/atom, 2〈𝑆𝑧〉is the spin magnetic moment in 

μB/atom, q is the integrated L2,3 XMCD, r is the integrated L2,3 XAS , p is the integrated L3 XMCD, 

nh is the number of 3d holes (a material and element specific parameter), 〈𝑇𝑧〉 is the expectation 

value of the magnetic dipole operator.  The total magnetic moment of the ion is the sum of 〈𝐿𝑧〉 
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and 2〈𝑆𝑧〉.  See figure 3.12 for a diagram of Fe L2,3 XAS and XMCD with labels indicating the 

values of p, q, and r. 

For transition metals, the value of Tz is usually negligible under the assumption that the 3d orbitals 

are cubically symmetric.  For Fe in REIG, nh ≈ 4.7.  As mentioned in previous sections, the orbital 

moment for transition metals in solids is usually quenched by the crystal field, and this has been 

observed experimentally via XMCD in the garnets44.  The obtained values from the sum rules also 

need to be corrected for the percent polarization of the beam, the sample angle during 

measurement, and a factor of 1/0.69 must be applied to account for errors in the sum rule for 3d5 

ions212,213. 

Figure 3.12: XAS and XMCD at the L2,3 edges for Fe.  The points where p, q, and r were determined are shown.  

From ref. 211.  Used with permission. 
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For rare-earth elements, the 3d core electron to 4f valence state transition is probed at the M4,5 

edges.  The sum rules at the M4,5 edges are44,47: 

 
〈𝐿𝑧〉 =  

2𝑞

𝑟
𝑛ℎ (3.13) 

 
𝑆𝑒𝑓𝑓 = 

5𝑝 − 3𝑞

𝑟
𝑛ℎ (3.14) 

Where q is the integrated M4,5 XMCD, r is the integrated M4,5 XAS, p is the integrated M5 XMCD,  

nh is the number of holes in the 4f shell (dependent on the rare-earth present), and Seff is the 

effective spin moment.  For the rare-earth ions the 〈𝑇𝑧〉 is non-negligible, as the 4f orbitals are 

highly localized and not spherically symmetric44.  To account for this an effective Seff is defined47: 

 𝑆𝑒𝑓𝑓 = 2〈𝑆𝑧〉 + 6〈𝑇𝑧〉  (3.15) 

Assuming that the ratio of 〈𝑆𝑧〉/〈𝑇𝑧〉 is constant, values of 〈𝑆𝑧〉 and 〈𝑇𝑧〉 calculated numerically 

from multiplet theory for free atoms can be used to determine 2〈𝑆𝑧〉 to complete the sum 

rules47,214,215: 

 
2〈𝑆𝑧〉 =

2𝑆𝑒𝑓𝑓

2 +
〈𝑇𝑧

𝑓𝑟𝑒𝑒〉

〈𝑆𝑧
𝑓𝑟𝑒𝑒〉

  
(3.16) 

XAS and XMCD data requires some pre-processing before sum rules can be accurately applied.  

This typically consists of a subtraction of a linear background and vertical offset.  The next step is 

to remove the white line steps at the absorption edges from the data.  There are many possible 

ways to do this, with three common methods being to remove a step at each absorption peak with 

a Voigt, Gaussian cumulative distribution function, or inverse tangent profile.  The step at the 

lower energy absorption edge (i.e. L3 in transition metal L2,3 XAS) is usually twice the height of 
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the higher energy absorption edge211.  The data is then integrated to find p, q, and r.  A flat spot in 

the integrated profile is selected to avoid any errors from a non-zero background slope. 

 

The sign of the XMCD signal can be used to determine the coupling of the different magnetic 

elements present in a sample.  Considering the garnet structure,  the net Fe is antiparallel to the 

rare-earth moment.  The sign of the XMCD signal can be correlated to whether the element is 

aligned parallel or antiparallel to the applied magnetic field, and thus the rest of the sample75.  For 

example, a positive Dy M4 peak indicates that it is parallel to the magnetic field, and a negative Fe 

L2 indicates that the net Fe is antiparallel to the magnetic field (see figure 3.13).  This condition 

occurs below the compensation temperature of DyIG, and the signs of the two signals are reversed 

above the compensation temperature194. 

XAS and XMCD data is typically collected in total electron yield (TEY) and/or total fluorescence 

yield (TFY).  TEY measures the electric current produced by a sample when the incident x-rays 

excite electrons to the valence states at the resonant frequency.  TEY is most sensitive to the top 

few nanometers of the sample surface and may lead to anomalous results due to surface termination 

Figure 3.13: XAS and XMCD spectra of a Pt(9 nm)/DyIG(54 nm)/GGG film with a compensation temperature of 

220 K.  (a) Fe L2,3 XAS at 160 K. (b) Fe L2,3 XMCD at 160 K. (c) Fe L2,3 XAS at 300 K. (d) Fe L2,3 XMCD at 300 

K. (e) Dy M4,5 XAS at 160 K. (f) Dy M4,5 XMCD at 160 K. (g) Dy M4,5 XAS at 300 K. (h) Dy M4,5 XMCD at 300 

K. 
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differences or a composition gradient in a film.  Additionally, TEY can be difficult in insulating 

materials such as garnets, as they are not electrically conductive.  Mounting the sample with a 

small amount of silver paste on one corner or a very thin layer of a metal deposited on the surface 

can alleviate this problem.  TFY measures the number of photons released when an electron excited 

into the valence state relaxes down into a core orbital.  TFY is thus sensitive to a much larger 

thickness of the sample than TFY, as a photon can easily escape from deeper within a sample than 

an electron, which is prone to recombination with a core hole.  However, TFY is significantly 

weaker than TEY and may require much longer counting times to achieve the same signal-to-noise 

ratio. 

 

XMCD thus gives the ability to have element and site-resolved magnetic moments in many 

samples.  The very high sensitivity of XMCD makes it useful for studying magnetism in weakly 

magnetic systems, and magnetic proximity effects in heavy metals and topological 

insulators79,81,216.  The cost of this very high specificity is that it is only available at large 

synchrotron facilities, such as the Advanced Photon Source (APS) at Argonne National Lab, where 

all of the XMCD in this work was collected.     
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4. Polycrystalline Europium Iron Garnet with Perpendicular 

Magnetic Anisotropy 

4.1 Motivation 

Research on rare-earth iron garnets for spintronics has previously focused on the use of epitaxial 

thin films grown on garnet substrates39,217,218.  Single crystal REIG grown by PLD exhibit exquisite 

structural perfection, low surface roughness, and bulk-like saturation magnetization50,158.   The 

correct selection of rare-earth ion (and associated magnetostriction coefficient) and strain state 

(compressive or tensile) can lead to perpendicular magnetic anisotropy (PMA) in thin film garnets. 

As the magnetocrystalline anisotropy and shape anisotropy (∝ Ms
2) are low for the garnets, the 

magnetoelastic contribution dominates.  Relatively low amounts of compressive (tensile) strain 

and a positive (negative) magnetostriction coefficient is sufficient to generate PMA in epitaxial 

garnet films158,219.  As discussed in previous sections, it is desirable to have thin films with PMA 

as opposed to in-plane magnetic anisotropy (IMA) as this allows study of novel spin textures such 

as skyrmions and manipulation of the magnetization with the damping-like spin-orbit torque 

(SOT)8,220.   

 

However, there are limitations to epitaxial garnet films.  The primary obstacle is that they require 

the use of expensive garnet substrates, of which there are limited commercial options.  In addition 

to the cost and limited selection, these garnet substrates are not easily compatible with existing 

CMOS (complementary metal oxide semiconductor) processing in modern chip foundries, 

requiring slow etching by acid221.  One promising alternative is through the use of 2-dimensional 

layer transfer processes, facilitated by graphene.  Work by Kim et al. has shown that it is possible 

to grow a large variety of materials, including REIG, on a monolayer or bilayer of graphene that 
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has been deposited on a different substrate, such as GGG222.  In a remote epitaxy process (see 

figure 4.1), the REIG grows as a single crystal on top of the graphene layer(s), as the graphene 

layer is thin enough to not obstruct the electric polarization of the atoms in the underlying 

substrate223.  This allows the growth of thin films, that can then be exfoliated through a mechanical 

stressor.  The exfoliated films can then be placed on another substrate and fabricated into 

devices224.  This also offers a potential for expensive substrates to be reused many times by simply 

replacing the graphene layer and depositing another film. 

 

Although technologies such as 2-dimensional layer transfer are promising, they suffer from a high 

degree of complexity and resulting low yields.  A better alternative would be to grow REIG on 

non-garnet substrates that are of interest to industry, in particular silicon.  However, this would 

preclude growing epitaxial, single crystal REIG films as there is no epitaxial relationship.  The 

Figure 4.1:  Schematic of a remote epitaxy and 2-dimensional layer transfer process. (a) Deposition of graphene 

on a SiC substrate. (b) Growth of an epitaxial GaN film on the graphene layer. (c) Deposition a Ni mechanical 

stressor layer. (d) Removal of the GaN film via adhesive tape. (e) Transfer of the tape/Ni/GaN stack to the desired 

substrate.  (f) Removal of the Ni and tape, completing the transfer process.  From ref. 222.  Used with permission. 
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goal is then to determine if it is possible to grow REIG thin films with comparable properties on 

non-garnet substrates.   

 

Epitaxial single crystal REIG films on garnet substrates are characterized as grown, without the 

need for any further annealing or post processing.  In the PLD chambers used in this work, the 

substrate temperature during growth is 650 °C, which is sufficient for crystallization to occur and 

the resulting observed high quality of films.  However from previous work it is known that 

polycrystalline garnet films on non-garnet substrates require an ex situ anneal at a temperature 

higher than the deposition temperature to induce crystallization, typically in the range of 750-900 

°C 160,225.  As an aside, this crystallization process is actually quite complex.  One could assert that 

it is not necessary for high deposition temperatures for polycrystalline films as they would be 

annealed ex situ at a higher temperature anyways.  However, this is not the case.  Our group has 

repeatedly found that films grown at room temperature do not crystallize well (if at all) when 

annealed following the sample procedure.  This indicates that there is some sort of complex “pre-

crystallization” process that occurs during growth.  Stadler et al. have explored novel two-step 

annealing procedures to improve crystallinity of room-temperature sputtered films with some 

success, but more work is needed161.  A TEM study of films grown at different temperatures before 

and after annealing would be enlightening. 

 

However, this high temperature annealing serves as a solution to our problem: how do we generate 

PMA in films without an epitaxial relationship with the substrate?  The hypothesis is that this could 

still be done via magnetoelastic anisotropy, but the source of strain would be thermal expansion 
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mismatch with the substrate.  The requirement of a high temperature anneal creates a large ∆T 

which can result in considerable strains for a relatively small thermal expansion mismatch.   

 

The next step is to select a garnet that will be appropriate for this situation.  As the polycrystalline 

films are random and the source of the anisotropy is magnetoelastic, it is necessary for both 

magnetostriction coefficients to be of the same sign.  This ensures that for any grain orientation, 

the response to the same applied stress will be the same, although the magnitude of the response 

may vary.  The magnetostriction coefficients of several REIG are shown in Table 4.1.  Europium 

iron garnet (EuIG) was selected for this project as it had been recently shown that both (111) and 

(100) orientations of single crystal EuIG grown under compressive strain on GGG substrates 

exhibit PMA, and both of EuIG’s magnetostriction coefficients are positive45,226–228. 

 

Table 4.1: Table of magnetostriction coefficients for selected rare-earth iron garnets228. 

Rare-earth element λ100 (10-6) λ111 (10-6) 

Y -1.4 -2.4 

Sm 21 -8.5 

Eu 21 1.8 

Gd 0 -3.1 

Tb -3.3 12 

Dy -12.5 -5.9 

Ho -3.4 -4.0 

Er 2.0 -4.9 

Tm 1.4 -5.2 

Yb 1.4 -4.5 
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4.2  Growth and Structural Characterization 

As EuIG has both magnetostriction coefficients greater than zero, the film must be placed in 

compressive strain to produce the correct effect on the anisotropy.  EuIG has a relatively high 

thermal expansion coefficient of 10.4 x 10-6 K-1, which when combined with the need for 

temperature stability to at least 900 °C, severely limits the options of substrates with higher thermal 

expansion229.  The best option was determined to be the (0001) cut of quartz (Z-quartz), which has 

a thermal expansion coefficient (TCE) of 13.71 x 10-6 K-1 230.  Several other oxide substrates and 

silicon were selected to study the film growth and properties as a function of TCE.  Table  4.2 

shows the thermal expansion coefficients and other parameters of the films.  

 

The films were deposited by PLD under the same conditions in which single-crystal films have 

been grown in our group8,45,50.  The films were then rapid thermal annealed at 860 °C for 5 minutes 

in an oxygen environment.  This procedure is similar to what others who have grown 

polycrystalline garnets have described231,232.  For the substrates studied (fused SiO2, Si, (1120) 

quartz (X-quartz), yttria-stabilized zirconia (YSZ), and Z-quartz), the films crystallize readily for 

thicknesses in the range of 40 nm, which is a typical thickness.  A 40 nm EuIG has sufficient 

moment to allow easy characterization of the magnetic properties while still having a relatively 

low deposition time.  No preferred crystallographic texture was observed in these films, and a plot 

of the GIXD for these films is shown in figure 4.2 along with the reference intensities.  It was not 

possible to measure the shift in peak position across the different substrates as the peaks are too 

broad.  Residual stress measurements on high-angle reflection were also unable to determine 

reliably the stress in the films, due to the weak signal and lateral heterogeneity of the films due to 

the PLD process.  Average grain size was determined to be approximately 50 nm. 
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It is well known in the garnet literature that it is not possible to grow polycrystalline garnet films 

on non-garnet substrates with garnet thicknesses of less than approximately 20 nm205,225,233,234.  

The exact cause for this is unknown but is suspected to be related to the large size and complexity 

of the unit cell, leading to slow crystallization dynamics in ultra-thin films.  In contrast, it is 

possible with PLD to grow epitaxial garnet films of nearly any thickness, down to as thin as 1-2 

nm and as thick as 1 μm47,235.  The XRD (post-annealing) of a typical polycrystalline film of 14 

nm in thickness is shown in figure 4.3, where no major garnet peaks can be clearly observed.   

The next obstacle regarding EuIG is the appearance of secondary phases at thickness above 60 nm.  

The garnet system has a complex stoichiometry and crystal structure, and there are many other 

Figure 4.2: Grazing incidence XRD of EuIG films grown on different substrates.  The reference intensities are 

shown at the bottom of the plot.  All major garnet peaks are present in the expected ratios.  No secondary phases 

are present.  Vertically offset for clarity. 
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binary and ternary oxides that can form with the elements in this system.  Although other garnets 

have been grown across a wide range of thicknesses (including YIG and DyIG), EuIG was limited 

to the range of 20-60 nm in thickness33,193,235.  At higher thicknesses, the garnet peaks began to 

disappear, and a number of anomalous peaks appeared at relatively low angles (see figure 4.4).  

These are believed to be primarily due to the orthoferrite (EuFeO3), although binary oxides of iron 

and europium are also possible.  There was negligible magnetic moment for these samples as well.   

Surface roughness was measured by atomic force microscopy (AFM) and was found to be less 

than 1 nm for all of the films measured.  There was no indication that film roughness was related 

to the substrate, and no significant relationship between film thickness and roughness.  This sub-

nanometer roughness is in comparable to epitaxial single crystal films45,50. 

4.3 Magnetism and Uniaxial Anisotropy 

Substrates with different thermal expansion coefficients, both greater than and less than of EuIG 

were used to grow films.  After analyzing the XRD and determining that garnet was the only phase 

present, the magnetic hysteresis loops were measured via VSM.  In figure 4.5, there is an observed 

large effect on the anisotropy of the films with the change in substrate.  Figure 4.5 a-b, with Z-

quartz as the substrate, are the only films to exhibit a higher out of plane (OP) remanence, 

Figure 4.3: XRD of a 13.7 nm EuIG/ZQ film showing no garnet peaks due to the low thickness.  The large peak 

is due to the substrate and other minor peaks may be due to secondary phases. 

SiO2  
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indicating an out of plane easy axis and PMA.  Although there is a significant IP remanence, the 

OP direction is clearly preferred when in a compressive strain state.  The other substrates, which 

place the film in either a tensile strain state or have very little strain have higher in-plane (IP) 

remanence.  This is attributed to the magnetoelastic anisotropy.  The uniaxial anisotropy for this 

system can be described with33: 

 
𝐾𝑢  =  −

3

2
𝜆𝜎 −

𝜇0

2
𝑀𝑠

2 (4.1) 

Where λ is the average magnetostriction (see section 2.1.4) and σ is the uniaxial stress in the film.  

The in plane uniaxial stress is the product of the thermal expansion coefficient mismatch (∆α = 

αsubstrate – αfilm) and the temperature differential from the RTA temperature to room temperature, 

where all measurements were conducted.  The effective anisotropy field can be calculated from 

the uniaxial anisotropy according to equation (2.11).   

 

Figure 4.4: XRD of a 66.8 nm EuIG/ZQ film showing no garnet peaks due to the high thickness.  Peaks present 

are due to the EuFeO3 orthoferrite and binary Eu2O3 and Fe2O3 oxides. 
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To compare the predicted uniaxial anisotropy from equation 4.1 and the experimental data, the 

uniaxial anisotropy was estimated from the hysteresis loops via the anhysteretic loop method18,33.  

Figure 4.5: VSM hysteresis loops (out of plane, OP, and in plane IP) of EuIG films on different substrates. (a) 25 

nm EuIG on Z-quartz. (b) 49 nm EuIG on Z-quartz. (c) 49 nm EuIG on X-quartz. (d) 49 nm EuIG on fused SiO2. 

(e) 49 nm EuIG on YSZ. (f) 51 nm EuIG on Si.  From ref. 33.  Used with permission. 
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The uniaxial anisotropy of the films can be estimated from hysteresis loops that have been 

generated by averaging the magnetization values at the same field on both passes of the loop in 

the first quadrant.  The integral area between the anhysteretic IP and OP loops is the experimental 

uniaxial anisotropy.  This is shown schematically in figure 4.6.  The experimental and theoretical 

values of the uniaxial anisotropy are shown in Table 4.2.  There is a decent agreement between the 

values, but importantly the trend is consistent with the trend in thermal expansion mismatch.   

Magnetic force microscopy (MFM) was collected on an AC demagnetized 49 nm EuIG/Z-quartz 

sample.  The demagnetization cycle began at 10 kOe, with alternating field directions decreasing 

by 10% each step until < 1 Oe was reached.  The contrast is low as the saturation magnetization is 

low for the garnets, but it is possible to see regions of light and dark contrast, corresponding to up 

and down domains (see figure 4.7).   

Figure 4.6: The first quadrant of VSM IP (cyan) and OP (red) hysteresis loops  and anhysteretic IP (navy) and OP 

(burgundy) loops of a EuIG/Si film.  The uniaxial anisotropy is the area between the navy and burgundy curves. 
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Table 4.2: Table of linear thermal expansion coefficients, thermal mismatch stain, calculated anisotropy, and 

anisotropy determined from anhysteretic hysteresis loops of EuIG films on different substrates. 

Material 
α 

(10-6 K-1) 

Calculated 

thermal 

mismatch strain 

Calculated 

Kme 

(103 J m-3) 

Calculated 

Ku 

(103 J m-3) 

Measured 

Ku 

(103 J m-3) 

TCE ref. 

EuIG 10.4 --- --- --- --- 229 

Fused 

SiO2 
0.52 -0.00828 -30.9 -37.0 -5.00 236 

Si 2.6 -0.00654 -24.4 -30.5 -6.80 237 

X-quartz 7.48 -0.00245 -9.15 -15.2 -2.30 230 

YSZ 10.3 -8.38 x 10-5 -0.313 -0.635 -0.694 238 

Z-quartz 13.71 0.00277 1.04 0.433 1.08 230 

 

4.4  Spin Transport in Pt/EuIG Heterostructures 

To assess the feasibility of polycrystalline REIG for spintronics, 4 nm of Pt was deposited on a 49 

nm EuIG/Z-quartz film, which was then patterned into Hall crosses using a top-down optical 

lithography and ion milling45.  The dimensions of the Hall cross were 620 μm x 50 μm.  The 

0.8 

0.8 

Hz 

2 µm 

Figure 4.7: Magnetic force microscopy image of a 49 nm EuIG/Z-quartz film after AC demagnetization.  Regions 

of light and dark contrast correspond to up and down magnetized domains.  The white spots and horizontal lines 

are due to surface particles and an experimental artifact, respectively.   
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anomalous Hall-effect like spin Hall magnetoresistance measurements were measured with a 

standard technique with a lock-in amplifier to detect the small signals, which were on the order of 

μV8.  A linear background has been subtracted from the data and a vertical height correction was 

also performed.  The OP and IP hysteresis loops are shown in figure 4.8.  The OP loop tracks the 

net magnetization vector, so the voltage polarity reverses at the coercivity of the patterned film.  

The amplitude of the AHE in the OP loop is nearly identical to values reported in single crystal 

EuIG by Rosenberg et al., and is also very similar to values reported in other garnets (TbIG, TmIG, 

and YIG)8,45,50.  It was not possible to saturate the IP loop under the experimental apparatus’s 

maximum applied field of 10 kOe, which is significantly higher than the anisotropy field of ~ 5 

kOe of the unpatterned film.  The reason for this is speculated to be a change in the strain state of 

the EuIG film and domain wall pinning due to the patterning.   

 

To evaluate the quality of the interface between the EuIG and Pt, the spin mixing conductance can 

be calculated from the amplitude of the IP and OP SMR hysteresis loops239,240.  The spin mixing 

conductance (G↑↓ = Gr + iGi) quantifies the transparency of the interface between a magnetic 

material (metal or oxide) and a non-magnetic metal with high spin-orbit coupling241.  The two 

components of G↑↓ can be calculated for a heavy metal/magnetic insulator239: 

 
Δ𝜌1

𝜌
 =  𝜃𝑠ℎ

2
𝜆

𝑑𝑛
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𝑑𝑛

2𝜆
)
2

𝜎 + 2𝜆𝐺𝑟 coth (
𝑑𝑛

2𝜆
)
2 (4.2) 
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Where ∆ρ1 is the amplitude of the hard axis SMR resistivity, ∆ρ2 is the amplitude of the easy axis 

SMR resistivity, ρ is the resistivity of the non-magnetic material, θsh is the spin Hall angle (θsh ≈ 

0.08 in Pt), λ is the spin diffusion length (λ ≈ 1.4 nm in Pt), dn is the non-magnetic metal thickness, 

and σ = ρ-1 is the conductivity of the non-magnetic metal layer143,239.  The spin mixing conductance 

has units of  Ω-1m-2. These equations can be rearranged into a more convenient format to solve for 

the unknown quantities Gr and Gi: 

 

𝐺𝑟 = 

Δ𝜌1

𝜌
𝑑𝑛
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2 𝜎
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𝑑𝑛

2𝜆
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  (4.4) 

 

𝐺𝑖  ≈  
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The values of ∆ρ1 and ∆ρ2 can be determined from the hysteresis loops and the thickness of the 

nonmagnetic metal by considering Ohm’s law for the transverse resistivity and making the 

appropriate substitutions for the voltage to electric field and current to current density242: 

 
𝑅𝐻  =  

𝑉𝐻

𝐼
=  

𝐸𝐻 ∗ 𝑤

𝑗 ∗ 𝑑𝑛 ∗ 𝑤
=  

𝜌𝐻

𝑑𝑛
  (4.6) 

 𝜌𝐻  =  𝑅𝐻 ∗ 𝑑𝑛  (4.7) 

Where RH is the measured Hall resistance, VH is the transverse Hall voltage across the Hall bar, I 

is the current, EH is the electric field due to the Hall voltage, w is the width of the Hall bar, j is the 

current density, dn is the thickness of the nonmagnetic metal, and ρH is the Hall Resistivity.   
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As it was not possible to saturate the IP SMR hysteresis loop, it is not possible to calculate the spin 

mixing conductance.  However, if we assume that λGr << σ, we can calculate a lower bound for 

the imaginary part of the spin-mixing conductance8,45,50: 

 
𝐺𝑖  ≈  

Δ𝜌2

𝜌

𝑑𝑛

2𝜆2𝜃𝑠ℎ
2

𝜎2

𝜎 tanh (
𝑑𝑛

2𝜆
)
2 

(4.8) 

Using this equation, we are able to calculate that the imaginary part of the spin-mixing conductance 

of the Pt/EuIG/Z-quartz interface to be 5.1 x 1012 Ω-1m-2, which is close to other values reported 

from our group on single crystal REIG/Pt heterostructures45.  This indicates that spintronics based 

on polycrystalline REIG are a feasible alternative to single crystal films. 

 

  

Figure 4.8:  Anomalous Hall effect-like spin Hall magnetoresistance hysteresis loop (black) measured using an 

out-of-plane magnetic field and spin Hall magnetoresistance hysteresis loop measured with an in-plane magnetic 

field.  The Hall cross was patterned from a Pt(4 nm)/EuIG(49 nm)/Z-quartz film.  From ref. 33.  Used with 

permission. 
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5. Polycrystalline Dysprosium Iron Garnet with Perpendicular 

Magnetic Anisotropy on Silicon 

5.1 Single Crystal Dysprosium Iron Garnet 

Building on the conclusions from the previous section, the next goal was to integrate PMA garnet 

films directly on Si substrates.  However, the magnetostriction coefficients of EuIG are of the 

opposite sign to produce an OP easy axis when under in-plane tension after a high temperature 

anneal on a low thermal expansion Si substrate.  For this reason, this next section focuses on 

dysprosium iron garnet (DyIG).  DyIG, YIG and holmium iron garnet (HoIG) all have negative 

values for both of the magnetostriction coefficients, but DyIG was selected because YIG does not 

have PMA on Si because of its comparatively high shape anisotropy due to a larger magnetization 

and weak magnetostriction coefficients, and HoIG has smaller magnetostriction coefficients than 

DyIG228.  It is desirable to have higher magnetostriction and thus higher anisotropy, as it is possible 

to decrease these values via codeposition or alloying with other garnets, such as YIG, if needed 

for the application.  There were no previous studies on DyIG epitaxial thin films, so the first section 

will focus on the characterization of a selection of single crystal films. 

 

A bulk DyIG target was synthesized by ball milling, cold pressing, calcining, and sintering the 

binary oxide powders in the appropriate stoichiometry160.  X-ray diffraction was done after the 

first sintering step, which showed a minority DyFeO3 orthoferrite phase.  The green body was then 

ground into powder and all steps repeated, after which the XRD showed pure phase garnet.   

 

The lattice parameter of bulk DyIG is 1.2405 nm, which informs the choice of single crystal garnet 

substrates selected41.  There are a number of commercially available garnet substrates with 
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different compositions and lattice parameters, including Gd3Ga5O12 (GGG, 1.2376 nm), 

G2.6Ca0.4Ga4.1Mg0.25Zr0.65O12 (SGGG, 1.2480 nm), and Gd3Sc2Ga3O12 (GSGG, 1.2554 nm).  The 

uniaxial anisotropy of DyIG films can be described using the equation derived by Quindeau et 

al.50: 

 
𝐾𝑢,𝑠𝑐 = −

𝐾1

12
+

9

4
𝜆111𝑐44 (

𝜋
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− 𝛽) +

𝜇0

2
𝑀𝑠

2 (5.1) 

Where K1 is the first order magnetocrystalline anisotropy (< - 500 J m-3), λ111 is the 

magnetostriction coefficient along (111), c44 is the shear modulus (76.4 GPa for YIG), β is the 

corner angle of the rhombohedrally distorted unit cell, and Ms is the saturation magnetization243,244.  

From this equation, it can be observed that the negative magnetostriction coefficient and a tensile 

strain state should result in PMA.  Table 5.1 lists the lattice parameters, corner angles, calculated 

anisotropy, and other parameters for single crystal films on different substrates.   

Table 5.1: Table of lattice parameter, lattice mismatch, unit cell volume, rhombohedral corner angle (β), and 

calculated anisotropy field for 40 nm nominal thickness DyIG films on different substrates. 

Substrate 

Lattice 

parameter 

(nm) 

Lattice 

mismatch 

Unit cell volume 

(nm3) 
β ( ° ) 

Calculated μ0HK 

(mT) 

DyIG 

(bulk) 
1.2405 --- 1.9089 --- --- 

GGG 1.2376 0.23 % 1.9164 89.7 190 (IP) 

SGGG 1.2480 -0.60 % 1.8966 90.4 80 (OP) 

GSGG 1.2554 -1.19 % 1.8856 90.8 240 (OP) 

 

Figure 5.1 shows HRXRD scans for nominally 40 nm thick DyIG/GGG, DyIG/SGGG, and 

DyIG/GSGG films.  As expected from the lattice parameters, the film on GGG is in compressive 

strain while the other two are in tensile strain.  The lattice parameters were extracted from the peak 

positions according to Bragg’s law and the corner angle of the unit cell was calculated according 
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to the method from section 3.4.  Lattice parameters increase monotonically with increasing in-

plane tensile stress, while the unit cell volume decreases monotonically for the epitaxial thin films.   

The epitaxial DyIG films were then measured on the VSM (see figure 5.2).  As predicted, the film 

on GGG has in-plane (IP) anisotropy and the films on SGGG and GSGG have out-of-plane 

anisotropy (OP, PMA).  All three films have very low coercivities, less than 10 mT, similar to 

EuIG but significantly lower than terbium iron garnet (TbIG) single crystal films45,226.  However, 

it was not possible to saturate these films in the VSM along the hard axis direction in a maximum 

field of 1 T.  This contrasts sharply with the predicted anisotropy fields on the order of 100 mT 

from equation (5.1).  As it is unlikely that the value of the shear modulus differs significantly from 

the YIG value used here, the magnetostriction coefficients in the thin films are likely different 

from the bulk values.  Non-bulk values of the magnetostriction coefficients in thin films have been 

observed in other rare earth iron garnet systems45,245.  The observed differences in saturation 

Figure 5.1: High resolution x-ray diffraction of nominal 40 nm DyIG films on different substrates.  The sharp 

peaks are from the substrates and the largest round peaks are film peaks.  Vertically offset for clarity. 
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magnetization are attributed to noise in the measurement, and slightly varying conditions between 

depositions in the PLD chamber. 

Ferromagnetic resonance is a common method to measure the Gilbert damping and anisotropy of 

materials.  There were no previous reports of damping in DyIG films, so a measurement was 

attempted on a 116 nm DyIG/GGG sample.  A thick, single crystal sample with IP anisotropy was 

selected to minimize the damping, which increases due to confinement in thin films, scattering 

from grain boundaries, and different magnon modes in PMA films159,246.  Magnetic materials 

commonly have resonance in the microwave region and placing a sample in contact with a coplanar 

wave guide in an electromagnet allows measurement of the absorbed power during a frequency 

sweep at constant field or, more commonly, a field sweep at constant frequency.  The absorbed 

power is ideally the derivative of a Lorentzian function, but is commonly composed of both 

Figure 5.2: VSM hysteresis loops along the easy axis for DyIG films grown on different substrates.  Films grown 

on GGG have IP anisotropy, and films on SGGG or GSGG have OP anisotropy. 
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symmetric and antisymmetric components45,247.  For this experiment, only a symmetric Lorentzian 

was used in fitting: 

 
𝑃 =  

−2𝑎(𝐻 − 𝐻𝑟𝑒𝑠)

((𝐻 − 𝐻𝑟𝑒𝑠)2 + Δ𝐻2)2
 (5.2) 

Where P is the absorbed power, a is the amplitude (a fitting parameter), H is the applied magnetic 

field, Hres is the resonant magnetic field at a given frequency, and ∆H is the FMR linewidth.  For 

this sample, only five frequencies were collected in the range 3-5 GHz (see figure 5.3) as the 

electromagnet could not apply enough field to shift the resonant peak to higher fields.  The data 

was fit to the symmetric Lorentzian derivative in equation (5.2), and the resonant fields and 

linewidths were determined.  The resonant field is then plotted versus the applied frequency and 

the value of the gyromagnetic ratio is extracted from the slope according to26: 

 𝜔 =  2𝜋|𝛾|(𝐻𝑟𝑒𝑠 − 4𝜋𝑀𝑠) (5.3) 

Where ω/2π is the frequency and γ is the gyromagnetic ratio.  The FMR linewidth is then plotted 

as function of the applied frequency, and a linear fit is obtained according to26: 

 
Δ𝐻 =  

2𝛼

√3|𝛾|

𝜔

2𝜋
+ Δ𝐻0 (5.4) 

Where α is the Gilbert damping, and ∆H0 is the inhomogeneous line broadening.  A value of 0.23 

is obtained for the DyIG/GGG film, which is quite large compared to the values for YIG (~10-5) 

and permalloy (~0.005)26,193,248.  This is not surprising, as the stronger spin orbit coupling of rare-

earth ions is known to increase the Gilbert damping.  Damping has been reported for other rare-

earths including lutetium iron garnet (~10-4), thulium iron garnet (10-3 - 10-2) , and EuIG (10-

3)45,50,249,250.  In previous work by Rosenberg et al., it was not possible for them to measure the 

damping of TbIG as it was too large45.  Work by Vella-Coleiro et al. on domain wall motion in 

bulk samples showed that the domain wall mobility and damping for DyIG were roughly one order 
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of magnitude larger than EuIG, and TbIG was roughly two orders of magnitude larger than EuIG, 

providing some context for these very large damping values251.   

Polarized neutron reflectometry (PNR) was collected on a 116 nm DyIG/GGG sample at room 

temperature to investigate the depth dependence of the magnetization.  Previous PNR studies on 

garnets have established the need for an interfacial gadolinium iron garnet (GIG layer) in the region 

between the film and substrate199,252.  The scattering length density (SLD) profile can be seen in 

figure 5.4, which shows a composition gradient at the interface with the substrate, as expected, in 

the nuclear, imaginary, and magnetic SLD.  As the gadolinium iron garnet substrate has the same 

crystal structure, very similar lattice parameters, and similar ionic radii to the DyIG film, the Gd3+ 

easily exchanges for the Dy3+ and the Ga3+ for the Fe3+.  The extent of the interdiffusion is over a 

5-10 nm region and depends greatly on the growth conditions.  In these PLD grown films, the 

Figure 5.3:  Ferromagnetic resonance of a 116 nm DyIG/GGG film collected from 3-5 GHz.  A damping value of 

α = 0.23 ± 0.02 was extracted. 
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substrates are at an elevated temperature (650 °C) for an extended period of time (dependent on 

the deposition time) leading to interdiffusion.  The magnetization obtained from PNR is very close 

to the value obtained from VSM.  The fitting indicated the presence of a small magnetic dead layer 

at the top and bottom surface of the film, of approximately 1.6 nm in thickness each.  This is also 

consistent with known magnetic dead layers in TmIG and other garnet films47.  The PNR was 

collected under an in plane 700 mT field to saturate the film and retain the neutron polarization. 

The fitted reflectometry curves and spin asymmetry are shown in figure 5.5.  There is excellent 

agreement throughout the QZ range between the model and experimental data.  The close 

agreement in the spin asymmetry also demonstrates that the model accurately captures the 

magnetic behavior of the film.  

5.2  Polycrystalline Dysprosium Iron Garnet 

Polycrystalline rare-earth iron garnet films with perpendicular magnetic anisotropy (PMA) require 

a source of strain to induce enough magnetoelastic anisotropy to overcome the shape anisotropy 

of the film.  This has been demonstrated in EuIG/Z-quartz (see chapter 4) and also in Dy3-xBixFe5-

yGayO12/glass and Dy3-xCexFe5-yAlyO12/Si through a thermal expansion mismatch with the 

substrate33,253,254.  The substituted DyIG films were engineered with Bi or Ce substitution to give 

Figure 5.4:  Scattering length density profile of a 116 nm DyIG/GGG film.  There is an interdiffused region at the 

substrate interface and small magnetic dead layers at the top and bottom surfaces of the film.   
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larger magnetooptical effects and with Ga or Al to reduce the shape anisotropy of the films.  There 

has also been a report of a mixed anisotropy in gadolinium iron garnet films on Si, which is occurs 

due to the very low room temperature magnetization as the compensation temperature is nearly 

300 K255.  However, the inclusion of substitutions into the structure increases the complexity of 

processing and reduces the control of the stoichiometry, owing to the volatility of Bi and Ga, and 

the tendency to form secondary phases without the use of a seed layer233,254.  Thus, it is desirable 

to have a PMA polycrystalline garnet film on Si without the need for substituted ions.  Integration 

onto Si substrates also opens up the exciting possibility of future integration with complementary 

metal oxide semiconductor processing (CMOS) which underpins nearly all modern computers. 

PNR was collected on a 40 nm DyIG/Si film to study the depth dependence of the magnetization 

of a polycrystalline garnet film.  The reflectometry was collected under an in-plane field of 700 

mT, which was sufficient to saturate the film in-plane.  In figure 5.6, some intermixing at the 

substrate interface can be observed.  PNR provides a lateral average of the film, so it is difficult to 

Figure 5.5: (a) Experimental reflectometry data and fitted model for a 116 nm DyIG/GGG film. (b) Spin 

asymmetry calculated from reflectometry data and model.  
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say whether this is entirely due to interdiffusion of Dy, Fe, and/or O ions into the Si substrate 

(which seems unlikely owing to the very low solubility of Fe in Si), or due to local and long-range 

surface roughness across the sample surface.  This reasoning can be extended to the magnetic SLD, 

which shows a tail region into the Si substrate, which is likely the result of the PNR averaging the 

roughness over the surface of the sample.  Despite this, the film shows a relatively constant density 

profile through the thickness of the film, similar to the single crystal case.  The magnetic SLD 

matches the value obtained from magnetometry.  The reflectometry curves and spin asymmetry in 

figure 5.7 again shows excellent agreement between the model and experimental data, reflected in 

the very low value of the χ2 = 1.55 fitting parameter.  

Further structural characterization was done on the DyIG/Si films via XRD and atomic force 

microscopy (AFM).  Figure 5.8 shows the XRD of two different thicknesses of DyIG/Si, with all 

major garnet peaks present.  Note that for the 39 nm film the peak intensities are quite large, far 

larger than the thinner film.  This is usually indicative of large grains sizes, as they diffract more 

strongly with less scattering.  To investigate film roughness, AFM was done on several different 

films.  Surprisingly, for films that are greater than ~40 nm in thickness and annealed at 

Figure 5.6:  Scattering length density profile of a polycrystalline 40 nm DyIG/Si film.  The tail of the nuclear and 

magnetic SLD into the Si substrate is likely due to short and long range interfacial roughness, and not intermixing 

with the Si substrate.   
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temperatures 850 °C or higher, huge grain sizes were observed, or the order of 10 μm across in a 

38 nm film (see figure 5.9)193.  The grain boundaries are straight with an average of 6 sides per 

grain, as expected from a site saturated nucleation and growth model of grain growth174.  The 

grains also show a radiating pattern out from the center of the grains.  This is believed to be due to 

a growth-induced surface instability caused by the very rapid growth.  It is also possible that these 

are very low angle grain boundaries. 

To study this further, films that were annealed at different temperatures in the range 750-950 °C 

and with different thicknesses were also characterized with AFM.  It was found that there was a 

very weak dependence on grain size of the films above temperatures of 850 °C and thicknesses of 

40 nm.  Below these values, grain size decreased precipitously, to values on the order of 100 nm, 

similar to what was seen in EuIG/Z-quartz films33.  Even with the visible grain boundaries and 

topographical features, the RMS roughness of the films is less than 1 nm.   

 

Figure 5.7:  Experimental reflectometry data and fitted model of a 40 nm DyIG/Si film normalized by the 

reflectivity of the substrate.  The bottom panel shows the spin asymmetry of the film. 
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Figure 5.9: AFM image of a 38 nm DyIG/Si film annealed at 950 °C.  Grain sizes on the order of 10 μm are 

visible, with some grain boundaries indicated by dashed lines. Each grain shows a nucleation site from which 

shallow, radiating topographical features emanate. 

Figure 5.8: Grazing incidence x-ray diffraction of DyIG/Si films.  No secondary phases are present.  Vertically 

offset for clarity. 
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To learn more about the grains in these films, they were then characterized with scanning 

transmission electron microscopy (STEM) and high-resolution transmission electron microscopy 

(HRTEM).  Figure 5.10b shows an annular dark field-STEM (ADF-STEM) image of a 22 nm 

DyIG film grown on a 200 nm Si3N4 membrane.  The grain boundaries and radiating grain pattern 

emanating from the center of the grains is easily seen, confirming the results obtained from AFM.  

The image in figure 5.10c shows a triple point between three grains and lattice fringes in two of 

Figure 5.10: (a) AFM scan of a 38 nm DyIG/Si sample annealed at 950 °C with a radiating groove pattern 

emanating from the center of the grains.  (b) ADF-STEM image of a 22 nm DyIG sample grown on a 200 nm 

Si3N4 membrane showing similar topographical features to the AFM scan.  (c) ADF-STEM image near a triple 

point of a DyIG/Si3N4 film showing lattice fringes in two of the grains.  (d) HR-TEM image of a DyIG film 

obtained in cross-section showing the fringes corresponding to the films lattice spacing.  The inset shows the FFT 

of the image.  No large defects are present.  From ref. 193.  Used with permission. 
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the grains.  These fringes do not cross the grain boundary as they are for different crystallographic 

directions, and the groove patterns do not interfere with the fringes, indicating that they are either 

surface features or extremely low angle grain boundaries within the grains due to the very rapid 

growth during the anneal.  Figure 5.10d shows a HRTEM image of a DyIG film capture in cross-

section, with fringes corresponding to the lattice spacing in the material.  No line or other major 

defects are visible.  The inset in the figure is the fast Fourier transform (FFT) of the image.    

 

To assess the feasibility of DyIG/Si films as a platform for spintronics, the magnetic behavior of 

the films was measured via VSM.  For all films grown on Si, with thicknesses ranging from 22 – 

116 nm, robust PMA was demonstrated, with coercivities ranging from a few hundred Oe to nearly 

5 kOe (see figure 5.11).  The films have saturation magnetization close to the bulk value of 31 emu 

cm-3 256.  In figure 5.11 for DyIG films roughly 39 nm thick, the coercivity and anisotropy field of 

the films increases with increasing annealing temperature, which corresponds to greater thermal 

mismatch strain in the film.  This can be quantified in the total uniaxial anisotropy: 

 
𝐾𝑢,𝑝𝑐 = −

3

2
𝜆

𝐸

1 − 𝜈
Δ𝛼𝑇Δ𝑇 −

𝜇0

2
𝑀𝑠

2 (5.5) 

Where λ is the polycrystalline average of the magnetostriction coefficients, E is Young’s modulus, 

ν is Poisson’s ratio, ∆αT is the difference in thermal expansion coefficients between the film and 

substrate, ∆T is the temperature differential from the annealing temperature to room temperature, 

μ0 is the permittivity of free space, and Ms is the saturation magnetization.  The thermal expansion 

coefficient of Si is well tabulated, and was integrated over the temperature range of interest to 

produce an average value177.  The thermal expansion of YIG was used in lieu of DyIG, as this 

value was not available.  The thermal expansion of YIG varies insignificantly in the range of 296-

1399 K257.  The Young’s modulus of YIG was also substituted for DyIG258.  Equation (5.5) predicts 
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anisotropy fields of 5.3 kOe, 9.6 kOe, and 10.1 kOe for the films annealed at 750, 850, and 900 

°C, respectively.  These values qualitatively agree with experiment.  The strain in the 

polycrystalline films is expected to be higher than that of single crystal films, and the presence of 

grain boundaries act as domain wall pinning sites, explaining the higher coercivity relative to the 

single crystal films, which are remarkably soft, similar to YIG and softer than EuIG, TbIG, and 

TmIG45,50,193,259.   

As the DyIG/Si films demonstrate robust PMA across a variety of sample thicknesses and 

processing conditions, the potential for integration into heterostructures and spintronic devices was 

then evaluated.  A 4 nm layer of Pt was deposited via DC magnetron sputtering on a 22 nm DyIG/Si 

film and Hall crosses were patterned using optical lithography and ion milling.  Spin Hall 

magnetoresistance and anomalous Hall effect resistance was measured on 620 μm by 50 μm Hall 

Figure 5.11: VSM hysteresis loops of DyIG/Si samples of different annealing temperatures and thickness.  All 

samples demonstrate PMA and have low in-plane remanence.  Anisotropy field and coercivity increase with 

increasing annealing temperature.  From ref. 193.  Used with permission. 
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crosses.  A vertical offset and a linear background due to the ordinary Hall effect of Pt were 

removed from the data (figure 5.12).  The out of plane AHE-like SMR loop shows sharp switching 

at 2.5 kOe, which is higher than that of the unpatterned film.  Additionally, the in plane SMR loop 

is not saturated even at 10 kOe, the limit of the electromagnet, much higher than the 5 kOe 

anisotropy field of the unpatterned film.  These changes in anisotropy are attributed due to 

alterations in the strain state due to patterning of the film, and geometrical effects (the shape 

anisotropy) of the Hall crosses which could have a pronounced effect due to the large aspect ratio 

relative to the unpatterned (square) film.  A macrospin model (proportional to sin2) was fit to the 

in plane data to estimate the anisotropy field of 12 kOe and an IP SMR amplitude of 42.4 x 10-4 

μΩ cm8.  The amplitude of the out of plane loop is 11.0 x 10-4 μΩ cm, which is nearly identical to 

other garnet/Pt heterostructures measured (EuIG, TbIG, TmIG, and YIG)45,50.  Following the 

method outlined by Rosenberg et al. to estimate a lower bound for the imaginary part of the spin 

mixing conductance, a value of Gi = 1.05 x 1013 Ω-1 m-2 is obtained, which is again similar to other 

single crystal and polycrystalline garnet/Pt heterostructures. 

 

Figure 5.12: (a) Out of plane AHE-like SMR hysteresis loop on a Pt(4 nm)/DyIG(22 nm)/Si heterostructure 

patterned into Hall crosses.  (b) In plane SMR loop on the same device.  The dashed line indicates a fit to a 

macrospin model to estimate the anisotropy field and amplitude of the hysteresis loop.  From ref. 193.  Used with 

permission. 
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5.3   Magnetic Compensation Temperature 

Studies on bulk DyIG have previously demonstrated a compensation temperature of 220 K23,48.  

Temperature dependent VSM hysteresis loops were collected on three samples to compare with 

literature values (figure 5.13).  First, a small piece of the DyIG target used to grow films via PLD 

that was synthesized in the stoichiometric ratio of the binary oxide powders was measured.  The 

TComp was found to be the same as previously determined within experimental error.  Next, a 

polycrystalline 60 nm DyIG/Si film was measured, finding nearly the same value of the 

compensation temperature as the bulk piece.  Finally, a 60 nm epitaxial single crystal DyIG/GGG 

film was examined, and surprisingly the compensation temperature was approximately 190 K, 30 

K lower than the bulk sample and polycrystalline film.   

Figure 5.13:  Magnetic moment versus temperature curves for a bulk DyIG sample, DyIG/GGG epitaxial single 

crystal film, and DyIG/Si polycrystalline film.  Dashed lines indicate interpolation from experimental data to 

account for low moment and a divergent coercive field.  Note that the DyIG/GGG sample has a compensation 

temperature 30 K lower than the other samples.  From ref. 193.  Used with permission. 
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Interestingly, the measurement of the moment near compensation is limited by the small moment 

of the samples, not by the coercive field of the material, as is the case with TbIG, which exhibits 

a rapidly diverging coercivity near TComp
45.  All three DyIG samples measured demonstrate small 

coercive fields until very close to the compensation temperature (see figure 5.14). 

This discrepancy is similar to TbIG/GGG reported by Rosenberg et al., also from our group, where 

TbIG films had TComp 80 K higher than bulk45.  The exact reason for this difference is still under 

investigation, but the most likely answer seems to lie in the off stoichiometry of the films.  These 

films are known to be slightly off-stoichiometric and contain some fraction of Tb4+ ions (in 

Rosenberg et al.’s work).  We postulate the excess rare-earth ions are anti-site defects, where they 

occupy the octahedral site in the garnet structure.  The excess rare-earth (iron) have the potential 

to increase (decrease) the compensation temperature owing to the larger (smaller) moment of the 

rare-earth (iron) ion.  Another important consideration is that the temperature dependence and 

canting of the rare-earth ion moments is significant260.  It is possible that the antisite rare-earths 

experience a stronger crystalline field in the octahedral sites, resulting in reduced canting of the 

moments.  This would result in the antisite rare-earth ions having a larger moment than the 

dodecahedral rare-earth ions (per ion), requiring a relatively small amount of off stoichiometry to 

produce a significant change in compensation temperature.  The polycrystalline film does not 

demonstrate this deviation from the literature value of TComp, despite being grown under the same 

Figure 5.14:  VSM hysteresis loops at different temperatures for (a) bulk DyIG, (b) 60 nm DyIG/Si polycrystalline 

film, and (c) 60 nm DyIG/Si epitaxial single crystal film. 
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conditions and at the same time as the single crystal film.  The reason for this is understood to be 

that the high temperature anneal used to induce crystallization in the polycrystalline films allows 

the ions to diffuse to and occupy the ideal site in the lattice, a step that does not occur in the growth 

of single crystal films.  This is explored further in chapter 8 in the discussion of the molecular field 

coefficients model and is still an area of active research.    



119 

 

6. Magnetic Proximity Effect in Magnetic Insulator/Heavy Metal 

Heterostructures across the Compensation Temperature 

6.1  Motivation and Existing Work 

The magnetic proximity effect (MPE) has been observed in nonmagnetic heavy metals (HM), 

graphene, and topological insulators when integrated in heterostructures with magnetic 

materials69,261–263.  While graphene and topological insulators demonstrate more exotic physics 

associated with the presence of an MPE, the MPE in HMs is related to a modification in the spin-

dependent band structure of the material.  In particular, metals such as Pd, W, Ir, and Pt are close 

to the Stoner criterion for the presence of ferromagnetism (see chapter 2 for more details)58.  The 

HMs have had much recent interest because of their large spin Hall angles and applications in spin-

orbit torque generation.  There is current debate over whether the MPE is partially responsible for 

the anomalous Hall effect (AHE) and other spintronic phenomena in bilayers with magnetic 

materials49,67.  A more complete understanding of the proximity effect will be necessary to 

optimize these materials and structures for next-generation spintronic devices.   

 

A large variety of magnetic materials including transition metal ferromagnets, chalcogenides, rare-

earth transition metal alloys, and insulating ferrimagnets have been integrated with HMs to 

examine the MPE70,75,77,264.  Of the heavy metals, Pt has been the most well studied and has also 

resulted in the most consistent data.  Reports on the MPE in Pt have consistently reported that the 

MPE is positive, and any controversy results from the strength of the MPE or whether it is present 

in a particular materials system, such as in Pt/YIG or Pt/CoFe2O4
70,264–266.  In the case of Pd, 

XMCD results have shown that the MPE appears to be positive, but the sign of the AHE is 

negative, which conflicts with both effects being positive in Pt80,267.  W has received the least 
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attention of the three metals, likely related to the difficulty in polarizing the material even at low 

temperatures, but existing results have indicated that the MPE is negative, along with the sign of 

the AHE in heterostructures.   

 

There are several possible reasons for these discrepancies.  The first is that the interface between 

the magnetic layer and the HM, which is strongly dependent on growth and processing, has a very 

large effect on spin transport and the strength of the MPE.  The second is that there is a 

fundamentally different origin of the MPE in structures with metallic and insulating magnets.  This 

has been confirmed by studying similar systems with metallic and insulating magnets, such as 

Pt/Fe vs. Pt/YIG and YBa2Cu3O7/La2/3Ca1/3MnO3 (metallic) vs. YBa2Cu3O7/LaMnO3+δ 

(insulating)261,264,268.  Most of the literature has focused on integration with transition metal 

ferromagnets, which attributes the MPE to an RKKY-like interaction between the d electrons269.  

Predictions on the sign of the MPE based on this mechanism and Hund’s rules assert that the less 

than half-filled shells of W and Ta should lead to a negative MPE and the greater than half-filled 

shells of Pd, Pt, and Ir lead to a positive MPE261,270.  This has proven reliable for metallic structures 

to this point, but insulators pose a more complex problem. 

 

The lack of mobile electrons precludes an RKKY type interaction as being the source of the MPE 

in insulating magnets.  First principles band structure calculations of magnetic insulators integrated 

with Pt and graphene have demonstrated that the presence of a magnetic ion (at the surface only) 

results in a shift in the spin-dependent density of states, resulting in a net moment70,72.  However, 

this does not elucidate the mechanism.  It is proposed that the MPE in heterostructures with 
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insulating magnets is mediated via a superexchange interaction between the proximitized material 

and the magnetic ions closest to the surface.   

 

Ferrimagnets are interesting materials for ultrafast spintronic devices owing to their low moments 

and ultrafast dynamics.  This class of magnetic materials (both metallic and insulating) can also 

have a magnetic compensation temperature (TComp).  The MPE in rare-earth transition metal/Pt 

heterostructures has been studied across TComp, and it was determined that the MPE in Pt is always 

parallel to the transition metal moment75.  The reasoning for this finding is that the rare-earth 4f 

electrons are highly localized relative to the transition metal 3d electrons, which polarize the 5d 

electrons of Pt.   

 

However, the MPE across TComp has not been well studied in magnetic insulators.  Work on the 

MPE with magnetic insulators has to this point involved primarily magnetic materials with a TComp, 

or the MPE was not measured in both temperature ranges.  One study on (Bi0.25Sb0.75)2Te3/TmIG 

found that the MPE did reverse sign between 20 and 90 K, but the film did not demonstrate a 

compensation temperature in this range, implying a difference in the exchange coupling between 

the topological insulator and the rare-earth and iron sublattices of the garnet.   

 

In this study we attempted to answer how the magnetic proximity effect couples to dysprosium 

iron garnet (DyIG) across TComp (220 K)194.  We anticipated that the MPE would couple to the net 

Fe moment and thus change sign across TComp.  DyIG was selected for this study as it has strong 

in-plane anisotropy, making it amenable to polarized neutron reflectometry (PNR) measurements, 

and its ideal location of the compensation temperature, which is low enough to result in measurable 
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values of the MPE yet high enough to easily study the bulk film with magnetometry.  An additional 

component of the experiments was to evaluate the effect of in situ vs. ex situ deposited HM.  The 

cleanliness of the interface has a major effect of the ability to fit the PNR data, and likely has larger 

implications for optimizing spintronic devices based on these materials.   

6.2  Structural Characterization 

DyIG films were grown via pulsed laser deposition at a laser fluence of 2.0 J/cm2, substrate 

temperature of 650 °C, 150 mTorr O2 pressure, base pressure of 5.0 x 10-6 Torr, and a cooling rate 

of 10 °C/minute, as described previously33,45,50,193.  Multiple samples were studied, with the HM 

sputtered under the following conditions: 

- ex situ Pt in a chamber with a base pressure of 2 x 10-8 Torr at 5 mTorr Ar, and 50 W power 

- in situ Pt in the PLD chamber at a base pressure of 1 x 10-6 Torr, 5 mTorr Ar, and 30 W 

power 

- in situ W in the PLD chamber at a base pressure of 1 x 10-6 Torr, 5 mTorr Ar, and 100 W 

power 

The ex situ Pt and the in situ W samples were grown using the standard substrate holder, which 

results in a film area of ~9x9 mm2 on a 10x10 mm2 substrate.  The in situ Pt sample was grown by 

affixing the substrate to a blank via silver paste.  A comparative study of the two mounting methods 

did not result in significant differences in structural quality or magnetic properties (see figure 6.1).  

Silver paste was used to mount the sample for PNR study, as the shadowed area around the edge 

of the sample requires modeling when fitting the reflectometry data, which nearly doubles the total 

parameters and more than doubles the computation time.   
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The structural and magnetic characterization of the in situ Pt(9 nm)/DyIG(54 nm)/GGG sample is 

shown in figure 6.2.  A visible film peak and several Laue fringes indicate high structural quality 

(low intermixing and low surface roughness).  The hysteresis loop indicates bulk magnetization, 

high remanence, and a low coercivity of 0.25 mT.  

To examine the exquisitely important interface between the garnet and heavy metal layers, high-

resolution transmission electron microscopy (HRTEM) was collected.  When the interface of in 

situ deposited Pt is compared with that of ex situ deposited metal (figure 6.3), there is a glaring 

difference.  As has been observed several times in heterostructures grown by this group, ex situ 

deposited metal films have a carbon-like surface contamination between the two layers47.  This 

limits the direct contact between the HM and garnet, which may inhibit any MPE and interfacial 

spin transport.  The Pt layer is fairly rough.  This is suspected to be due to the 45° incident angle 

of the sputtering source in the PLD chamber, which leads to rougher films, the relatively high base 

pressure of the system, and possible delamination during the focused ion beam (FIB) milling 

sample preparation for TEM. Energy dispersive spectroscopy (EDS) measurements were also 

collected on the in situ deposited Pt/DyIG sample (figure 6.4).  The EDS clearly shows a sharp 

Figure 6.1: (a) High resolution x-ray diffraction of DyIG/GGG films grown in two different PLD chambers (PLD-

1 and PLD-3) and mounting methods (substrate holder and silver paste).  (b) VSM hysteresis loops of the samples.  

No significant differences are observed in any structural or magnetic properties. 
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interface on the bottom surface of the Pt and a rough upper surface.  The message is less clear for 

the Fe and Dy scans, but this is due to overlapping peaks in the EDS spectra, which makes 

deconvolution of these elements difficult. 

Figure 6.2: Characterization of in situ grown Pt(9 nm)/DyIG(54 nm)/GGG heterostructure. (a) High resolution x-

ray diffraction of the (444) reflection. (b) In-plane VSM hysteresis loop. 

Figure 6.3: (a) HR-TEM image of the Pt/DyIG interface. (b) ADF-STEM image of the Pt/DyIG interface. Note 

no contamination between Pt/DyIG and the rough upper Pt layer. (c) ADF-STEM image of the DyIG/GGG 

showing a narrow interfacial region. (d) ADF-STEM image of Pt/TmIG/GGG structure with ex situ deposited Pt.  

Note the dark (low atomic number, suspected carbon-based) interfacial contamination layer. 
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6.3  X-ray Magnetic Circular Dichroism 

X-ray magnetic circular dichroism (XMCD) is the most common direct technique for studying 

proximity effects due to its elemental specificity and exquisite sensitivity.  XMCD measurements 

were conducted on the in situ Pt/DyIG/GGG film and a W/DyIG/GGG film.  XMCD and PNR 

complement each other very well, with XMCD offering elemental specificity and PNR allowing 

understanding of the magnetization profile.  Pt and W have been reported to have the opposite sign 

of the MPE in heterostructures with transition metals261.  Only one study has reported W MPE in 

structures with magnetic insulators, demonstrating an antiparallel coupling above the 

compensation temperature in W/TmIG49.  The most commonly measured x-ray absorption (XAS) 

edges for Fe are L2,3, M4,5 for Dy, and L2,3 for Pt and W.  The O K edge can also be measured, but 

O is not magnetic in the garnet system so no XMCD is observed (see figure 6.5).  XMCD was 

collected both below and above the compensation temperature.  Recall that below TComp, the rare-

earth dodecahedral and iron octahedral sublattices dominate the net moment, and above TComp the 

Figure 6.4: ADF-STEM image along with elemental EDX maps of the Pt/DyIG/GGG sample.  Little intermixing 

is present at the Pt and substrate interfaces.   
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tetrahedral iron is the dominant sublattice.  Thus, XMCD collected across this temperature will be 

of opposite sign. 

XMCD measured in a Pt/DyIG/GGG sample at the Fe L2,3 edges demonstrate a clear signal that 

changes sign from 160 to 300 K (figure 6.6).  At the L3 edge, there is one main peak flanked by 

two smaller peaks of opposite sign.  The central peak is due to the tetrahedral Fe and the outer two 

peaks are from the octahedral Fe.  From elemental Fe, we know that a negative L3 edge signal and 

positive L2 edge signal indicate that the material is parallel to the applied field211.  Thus, in figure 

6.6b we can see that at 160 K the tetrahedral Fe is antiparallel to the applied field and the garnet 

moment, and then becomes parallel to both the net moment and field at 300 K, as expected.  A 

similar scenario occurs with the Dy signal, which is more complex than Fe but switches sign when 

moving from low to high temperature.  Note that other reports of Fe L3 edge XMCD demonstrates 

significantly smaller outer octahedral peaks49,263.  This is due to several factors, the primary of 

which is different surface termination and bulk site occupancies due to differing film 

stoichiometries as a result of the growth conditions or post processing.  The second is that the use 

of total electron yield (TEY) vs. total fluorescence yield (TFY), which are more sensitive to the 

surface and bulk of the film, respectively, can result in differently shaped spectra, even for the 

Figure 6.5: (a) XAS and (b) XMCD of a Pt/DyIG/GGG sample collected at the O K edge. 
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same film.  In general, TFY is the preferred technique for garnets as the signal depends on excited 

photons, rather than excited electrons which can result in charge transfer events and have poor 

generation efficiency due to the insulating nature of these materials.   

 

 XMCD was first attempted at the L2 edge of Pt in the in situ grown sample (figure 6.7).  We were 

unable to detect any XMCD due to Ga Kα interference at the L3 edge requiring measurement at 

the weaker L2 edge and the large thickness of Pt in the sample (9 nm).  The MPE is confined to 

the first 1-3 nm near the surface so the rest of the Pt layer contributes to the XAS but not XMCD, 

diluting the magnetic signal.  

 

The W(5 nm)/DyIG(42 nm)/GGG sample was then measured at the W L3 edge as the L3 signal is 

typically stronger than L2.  A small, negative XMCD signal was detected at 20 K, but not at 200 

K or higher temperatures (figure 6.6f).  The sign of the MPE is inferred to be positive if the L3 

edge is negative, based on measurements in transition metal/heavy metal heterostructures77,261. 

Figure 6.6: XAS (a,c) and XMCD (b,d) at 160 and 300 K of a Pt/DyIG/GGG film.  XAS (e) and XMCD (f) of a 

W/DyIG/GGG at 20 K. 
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This indicates that the W MPE is positive, contrasting with measurements in all metallic 

heterostructures and the previous report of MPE in W/TmIG by Shao et al. at the N3 edge of 

W49,270. 

 

6.4  Polarized Neutron Reflectometry 

Polarized neutron reflectometry is an excellent technique for direct measurement of proximity 

effects as it is highly sensitive to even subtle magnetic effects262,271.  PNR is sensitive to the in-

plane component of the magnetization only, requiring that samples have in-plane anisotropy or 

sufficiently low anisotropy fields to rotate the magnetization in-plane.  The cross-sectional density 

and interface structure of the films can be resolved with great precision and fitted to a sample 

model using a curve fitting program such as Refl1D196.  The experimental procedure was to 

measure PNR at 10, 200, 240, and 300 K.  This allows for the study at conditions where the MPE 

is predicted to be the strongest, just above and below compensation temperature, and room 

temperature, where any MPE is expected to be negligible194.  Measurement at room temperature 

Figure 6.7:  XAS and XMCD of an in situ grown Pt/DyIG/GGG sample at the Pt L2 edge at 20, 200, and 240 K. 
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also allows for a simpler fit of the structure of the sample, as the paramagnetic contributions from 

the GGG substrate are lower at high temperatures.   

 

First, PNR was measured on the ex situ deposited Pt(10 nm)/DyIG(25 nm)/GGG film.  The 

scattering length density (SLD) profile is shown in figure 6.8.  The model used in the fitting 

consisted of the following structure: GGG/GIG1/GIG2/DyIG/Pt/Pt2/Ice.  All four temperature 

conditions were fit simultaneously, allowing only the magnetic components of the model to vary 

with temperature.  The GIG layers are due to interdiffusion with the substrate and the ice layer is 

only present at 10 K and is due to adsorbed gases on the sample surface.  It is immediately apparent 

that there is an interfacial layer between the garnet and Pt.  The SLD for Pt is far below the bulk 

value of 6.3 10-6 Å-2.  This indicates that there is some interfacial layer on top of a smooth DyIG 

surface, and the Pt density is below bulk.  Fitting the reflectometry curves resulted in many 

degenerate solutions, of which the most physically realistic is shown.  It was not possible to obtain 

a realistic magnetic SLD for this film, as the interfacial layer, complexity of the model, and extra 

parameters due to the shadow effect near the sample edge proved exceedingly difficult to fit.    

Figure 6.8: SLD profile for ex situ deposited Pt/DyIG/GGG heterostructure.  Note the dip in SLD corresponding 

to interfacial contamination at the DyIG/Pt interface. 
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As it was not possible to obtain a satisfactory magnetic SLD for this sample, the measurements 

were repeated with an in situ grown Pt(9 nm)/DyIG(54 nm)/GGG sample.  The fitted reflectometry 

curves are shown in figure 6.9a, where an excellent agreement is obtained over the QZ range at 

each temperature condition.  The spin asymmetry, SA = (R++ - R--)/(R++ + R--) highlights the 

magnetization in the sample.  The SA is proportional to the magnetic moment and the splitting of 

the two reflectivity curves.  The model also provides good agreement with the experimental data, 

indicating that the model captures the magnetic behavior of the sample in addition to the structural 

information. 

 

The model used for fitting consisted of a minimum number of parameters, with the structure 

GGG/DyIG/Pt/Pt2/Ice resulting in the optimal fit.  The ice layer is only needed at 10 K.  The four 

temperature conditions were again fit simultaneously, keeping the structural components of the 

sample constant.  The one exception is that the Pt and Pt2 interfaces at 10 K were allowed to vary, 

which resulted in a small difference from the higher temperature data sets.  The reason for this 

discrepancy is attributed to adsorption of gases in the rough, columnar, upper Pt2 layer that slightly 

changes the SLD and interface profile.  An ab initio footprint correction was also applied to each 

temperature condition.  The GGG substrate has a strongly non-linear paramagnetic behavior, 

which resulted in experimental artifacts at low QZ, which were removed via the footprint correction 

and resulted in significant improvements in the fitting.   
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The scattering length density profiles obtained from the reflectometry model is shown in figure 

6.10.  In contrast to the ex situ deposited sample, there is no drop in SLD at the Pt/DyIG interface, 

with a smooth transition between the two layers.  The SLD of each is close to bulk for the 

respective materials, indicating that close to bulk density is achieved in each layer.  The rough 

upper Pt2 layer that was observed in TEM is also visible here, indicated by the low SLD.  This 

Figure 6.9: (a) Fitted polarized neutron reflectometry curves and (b) spin asymmetry of in situ grown 

Pt/DyIG/GGG at 10, 200, 240, and 300 K.  Vertically offset for clarity.  Error bars are representative of 1 σ. 
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does not have an impact on the MPE in this film, as magnetic polarization in the HM layer is 

typically confined to the first few nanometers nearest the interface.   

The magnetic SLD of the DyIG layer matches saturation magnetization values measured via 

magnetometry (200, 240, and 300 K) and literature (10 K)48.  There are negligible magnetic dead 

layers at the top and bottom surfaces of the DyIG layer.  Interestingly, there is a positive MPE 

observed at 10 and 300 K, with values of 0.22 ± 0.01 and 0.014 ± 0.005 μB/Pt atom at 10 and 300 

K, respectively.  Note that the values of the 200 and 240 K MPE are too close to the detection limit 

to say whether a positive MPE is in fact present.  Likewise, the value measured at 300 K is near 

the detection limit, but demonstrates reasonable error bars at the 95% confidence level.  The 

Figure 6.10: (a) Real and imaginary parts of the SLD indicating density and neutron absorption, respectively.  

There is a sharp transition with no interfacial contamination and no drop in SLD at the DyIG/Pt interface.  (b) 

Magnetic SLD at each temperature.  The MPE is clearly visible and positive in the Pt layer at 10 and 300 K. 
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magnitude of the MPE at 10 K is comparable to previous measurements on Pt with ferromagnetic 

metals and magnetic insulators.  The higher temperature condition exhibits weak, but definitively 

positive and nonzero MPE (99% confidence interval as determined from fitting).  Also note that 

for 200 and 240 K it is not possible to say whether a positive MPE is present, but the model is not 

consistent with a negative MPE at these (or any) temperature measured.   

 

At 10 K, it appears that nearly all of the Pt layer is magnetized.  It should be emphasized that 

complete polarization is not a physically realistic scenario and is a result of our model being 

insensitive to the penetration depth of the MPE in the Pt layer.  Rather, the model is more sensitive 

to the total magnetic moment in the Pt layer and is unable to capture its distribution using our 

framework.   We expect that the MPE is confined to the first 1-3 nm, as previously demonstrated 

and as inferred from our inability to observe an XMCD signal at the Pt L2 edge. 

 

To explore this further, we examined several alternative PNR models with different constraints.  

First, we consider the scenario where we limit the depth of the MPE to a maximum of 3 nm in the 

Pt layer.  The fitted PNR curves and spin asymmetry are shown in figure 6.11.  The primary 

differences between the fits are observed at 10 K in the high Qz region of the reflectometry and the 

Qz ~ 0.04 region of the spin asymmetry.  In the SA, the model does not capture the amplitude of 

the SA oscillations in this range, indicating that the model is missing some part of the magnetic 

behavior of the sample.  The SLD profiles are displayed in figure 6.12, where the structural 

components are unchanged except for the Pt and Pt2 SLD and interfaces.  The MPE decays to zero 

before the constrained maximum 3 nm depth.   
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Figure 6.11:  PNR model with the depth of the MPE constrained to a maximum of 3 nm.  (a) Fitted PNR curves 

and (b) SA of in situ grown Pt/DyIG/GGG at 10, 200, 240, and 300 K.   

Figure 6.12:  PNR model with the depth of the MPE constrained to a maximum of 3 nm.  (a) Real and imaginary 

parts of the SLD indicating density and neutron absorption, respectively.  (b) Magnetic SLD at each temperature.  
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Next, to improve the quality of the model with a restricted depth of the MPE, the DyIG/GGG 

interface was allowed to vary at 10 K and the depth of the MPE was fixed at 3 nm.  The difference 

in interface roughness at low temperature is an experimental artifact due to misalignment at high 

Qz values and due to warping of the substrate as the system is cooled and does not represent a 

physically distinct interface at this temperature compared to the others.  The fitted reflectometry 

curves and spin asymmetry are shown in figure 6.13.  Similar to the original model shown in figure 

6.9, agreement is excellent throughout the Qz range.  This is reflected in the small difference in χ2 

between the two models (summarized in table 6.1). 

The SLD profile (figure 6.14) for this model exhibits a slightly different DyIG/GGG interface at 

10 K, and 10 K is the only temperature at which the MPE is clearly visible.  Under this model, the 

MPE at 10 K has a strength of 1.08 ± 0.02 μB/Pt atom, larger than values reported for 

ferromagnet/heavy metals bilayers.  This value is unphysically large and reflects that the PNR 

Figure 6.13:  PNR model with the depth of the MPE constrained to exactly 3 nm and the DyIG/GGG interface 

allowed to vary at 10 K.  (a) Fitted PNR curves and (b) SA of in situ grown Pt/DyIG/GGG at 10, 200, 240, and 

300 K. 
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fitting is most sensitive to the total magnetic moment in the Pt layer and not the distribution.  

Indeed, calculating the product of the MPE depth and the magnetization per Pt atom results in a 

very similar value for the first model described and this alternative.  A middle ground between 

these two models is likely the best representation of the actual situation.  The magnetic interfaces 

at both the top and bottom are both significantly steeper than in the other models, which is 

indicative of an improved magnetic fit that is obtained by slight relaxation of the structural 

parameters.   

Importantly, these three models arrive at the same general structural fit.  Also, the MPE is 

consistently positive at 10 and 300 K in all models, and the models are inconsistent with a negative 

proximity effect at any temperature.  This indicates that the assumptions and proposed structure 

are robust in the face of alternative models.   

 

Figure 6.14: PNR model with the depth of the MPE constrained to exactly 3 nm and the DyIG/GGG interface 

allowed to vary at 10 K.  (a) Real and imaginary parts of the SLD indicating density and neutron absorption, 

respectively.  (b) Magnetic SLD at each temperature. 
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A final question that must be addressed is how important is the presence of the proximity effect to 

the fitted model.  To answer this, the magnetic components were removed from the original model 

shown in figure 6.9 and 6.10.  The result is a fairly large increase in χ2 without proximity and a 

decrease in the accuracy of the fit (most visible in the 10 K SA in figure 6.15b).   

The SLD profile (figure 6.16) of the fit without a proximity effect is very similar to the original 

model, again demonstrating that the structural fit is robust to alternative models of the data.  The 

magnetic profiles have a similar interface roughness, and the magnetism penetrating into the Pt is 

only a result of this magnetic roughness.    

  

The magnitude and depth of the MPE in each of the models discussed is displayed in Table 6.1, 

along with the value of χ2 for each fit.  The χ2 values and the fitted PNR curves of the models 

indicate that the first model presented without constraints and the model in which the structure was 

allowed to vary slightly present the best fits of the data.  Across all three models containing a 

Figure 6.15: PNR model without a MPE in the Pt layer.  (a) Fitted PNR curves and (b) SA of in situ grown 

Pt/DyIG/GGG at 10, 200, 240, and 300 K. 
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proximity effect, the MPE is convincingly demonstrated at 10 K and 300 K.  At 200 and 240 K 

however, the values of the MPE are less definitive.  One possible reason for this is that the 

magnetization of the DyIG layer is too low to induce a proximity effect in the Pt at these 

temperatures (saturation magnetization is ~10 emu cm-3 at these temperatures).  In Pt/CoFeTaB/Pt 

heterostructures studied as a function of temperature, it was observed that a threshold 

magnetization in the magnetic layer is necessary to induce a MPE.  It is possible than DyIG is 

below the required threshold at these temperatures, but the MPE is measurable at room temperature 

when the magnetization of DyIG is larger.   

 

 

 

 

Figure 6.16: PNR model without a MPE in the Pt layer.  (a) Real and imaginary parts of the SLD indicating 

density and neutron absorption, respectively.  (b) Magnetic SLD at each temperature. 
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This surprising result differs with our hypothesis that the MPE tracks the net Fe magnetization, 

demonstrating that instead the MPE tracks the net magnetization of the system.  This is in contrast 

to the MPE in rare-earth transition metal/HM heterostructures where the MPE tracks the moment 

of the transition metal sublattice and lends further credence to the assertion of a fundamentally 

different mechanism in magnetic insulators.   

Table 6.1:  Table of χ2 values, MPE strength, and MPE depth for the four models of the in situ Pt/DyIG/GGG film, 

listed in the order presented. 

Description of 

Model 

Temperature 

(K) 
χ2 μB/Pt atom 

MPE depth 

(nm) 

Constrained 

structure 

10 

10.24 

0.22 ± 0.01 9.6 ± 0.2 

200 0.007 ± 0.003 4.4 ± 2.0 

240 0.005 ± 0.004 1.8 ± 2.0 

300 0.014 ± 0.005 2.2 ± 2.0 

MPE constrained 

to maximum of 3 

nm 

10 

13.80 

0.129 ± 0.034 2.8 ± 0.2 

200 0.037 ± 0.037 1.3 ± 1.2 

240 0.008 ± 0.042 1.4 ± 1.4 

300 0.030 ± 0.021 2.0 ± 1.1 

MPE constrained 

to 3nm, structure 

relaxed 

10 

9.71 

1.080 ± 0.024 3.0 

200 0.027 ± 0.007 3.0 

240 0.026 ± 0.008 3.0 

300 0.057 ± 0.009 3.0 

Constrained 

structure, no MPE 
--- 13.30 --- --- 

 

6.5  Spin Hall Magnetoresistance 

The spin Hall magnetoresistance (SMR) and spin mixing conductance, G↑↓, are useful parameters 

for evaluating the spin transport at magnetic insulator/heavy metal interfaces.  The amplitude of 
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the AHE and SMR in perpendicularly magnetized HM/garnet heterostructures are used to calculate 

the G↑↓ using the method of Chen et al239.  To evaluate the effect of in situ Pt deposition vs. 

previously reported values from ex situ deposition, a Pt(3 nm)/TmIG(9 nm)/GGG film was 

patterned into Hall crosses via optical lithography and ion milling.  TmIG was selected because it 

has PMA, and a low enough anisotropy field to measure the in-plane SMR and calculate G↑↓.  A 

W(5 nm)/DyIG(54 nm)/GGG was also patterned to measure the sign of the AHE for comparison 

to Pt.   

 

The electrical measurements on the Pt/TmIG/GGG are summarized in figure 6.17.  The out-of-

plane AHE measurement shows a square loop with robust PMA and a coercivity of ~20 Oe.  The 

amplitude of the OP AHE Hall resistance (HR) is similar to previously reported values on garnets 

grown in this research group8,50.  Interestingly, the maximum of the IP SMR measurements is more 

than double the previously reported values.  This implies that the real part of the spin mixing 

conductance, which is associated with the damping-like spin-orbit torque, is greater in these films.  

The in-plane angular dependence of the SMR measurement also demonstrates the expected sin(2φ) 

behavior.  Calculating the spin mixing conductance yields values of Gr = 4.74 x 1013 Ω-1 m-2 and 

Gi = 1.93 x 1012 Ω-1 m-2.  This is smaller than the values reported by Quindeau et al. and Avci et 

al., but this is likely due to the lower thickness and higher resistivity of the Pt layer8,50.  The quality 

of the Pt is unfortunately limited by the base pressure and geometry of the PLD system, precluding 

a direct comparison of the metallic layers.  However, the impact of having a cleaner interface 

between the heavy metal and garnet layers is clear.  
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The SMR was also measured in a W/DyIG/GGG bilayer to determine the sign of the anomalous 

Hall effect due to conflicting reports in W/TmIG49,272.  We measured a positive AHE along the in-

plane easy axis of the DyIG film (figure 6.18b), matching the sign of Pt/REIG and consistent with 

Bose et al.  The probe station in which this measurement was collected was unable to supply a 

large enough field during a field sweep to fully saturate the W/DyIG sample due to large amounts 

of noise in the measurement.  Future measurements on W films will require a capping layer to 

prevent surface oxidation. 

Figure 6.18: In-plane SMR on in situ grown (a) Pt/TmIG and (b) W/DyIG Hall crosses. 

Figure 6.17:  (a) Out-of-plane anomalous Hall effect and (b) in-plane spin Hall magnetoresistance of an in situ 

grown  Pt/TmIG/GGG Hall cross. 
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The angular dependence of both the Pt/TmIG and W/DyIG samples are plotted in figure 6.14, 

displaying the expected sin(2φ) dependence.  For the W/DyIG sample, a permanent magnet with 

a larger field was used to fully saturate the sample, leading to a higher value of the Hall resistance 

than in figure 6.18.  The Hall resistance is four times larger with W than Pt, consistent with the 

much larger spin Hall angle of β-phase W, ~0.33128,273.  The W films here were determined to be 

pure β-phase by x-ray diffraction.   

 

Using the amplitude of the SMR in both samples and other materials parameters a comparison of 

the spin mixing conductance can be made.  The material parameters obtained from literature and 

devise specific parameters are summarized in table 6.2.  The real part of the spin mixing 

conductance in the W/DyIG sample is roughly three orders of magnitude lower than that of Pt.  

This is almost entirely due to the much larger resistivity of the W layer, which is consistent with 

both β-phase and partial oxidation of the layer.  Like with the Pt sample, improvements in the 

sputtering process could likely improve the value of G↑↓. 

Table 6.2: Table of device specific and materials parameters used to calculate the real part of the spin mixing 

conductance for in situ deposited Pt/TmIG/GGG and W/DyIG/GGG Hall crosses. 

Film 
Heavy metal 

thickness (nm) 

Resistivity 

(μΩ cm) 

Spin diffusion 

length (nm) 

Spin Hall 

angle 

Gr  

(Ω-1 m-2) 

Pt/TmIG 3.6 53.9 1.4 0.08 4.75 x 1013 

W/DyIG 5.2 549.6 3.5 0.33 5.06 x 1010 
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6.6  Discussion of Results and Mechanism 

The interface between heavy metals and magnetic insulators plays a tremendous role in the 

presence and strength of the magnetic proximity effect.  It stands to reason that removing any 

interfacial contamination caused by ex situ processing will improve the interfacial spin 

transparency, which is demonstrated in the greater amplitude of the spin Hall magnetoresistance 

measured in the Pt/TmIG sample.  Additionally, interfacial differences may explain the conflicting 

reports on the MPE in Pt/YIG and Pt/CoFe2O4 systems.  A more direct comparison with a thicker, 

higher quality Pt film to determine what the values of the spin mixing conductance would be of 

use.  Further work on W/REIG films would also be of use, as the much larger spin Hall angle of 

W could lead to improve device performance, despite the higher resistivity of W thin films. 

 

The surprising result that the sign of the MPE is invariant as a function of temperature and the 

heavy metal utilized in magnetic insulators/HM bilayers is strong evidence that a fundamentally 

different mechanism exists for the proximity effect in insulating magnetic systems194.  In the 

Figure 6.19: Angular dependent SMR Pt/TmIG and W/DyIG Hall crosses measured under a constant in-plane 

magnetic field. 
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absence of a definitive mechanism, the literature consensus for the source of the MPE in metallic 

systems is through a RKKY-type interaction between the 3d and 5d electrons of the transition and 

heavy metals.  This explains the observed change in sign of the MPE in rare-earth transition 

metal/HM alloys.  However, the lack of conduction electrons in insulating magnetic oxides 

requires that the exchange coupling occur through a different mechanism, which we attribute to a 

superexchange-type interaction with the cations closest to the interface.  The author proposes that 

the heavy metal interacts with the net of the superexchange interactions at the interface, so that the 

proximitized moment couples to the net moment of the magnetic layer, not the moment of an 

individual sublattice(s).  Also, while W reported negative MPE in heterostructures with metallic 

magnets, we report positive MPE in bilayers with insulating garnets.  These results indicate that 

the superexchange-type interaction with the heavy metal results in only positive MPE.  The author 

recommends further study of the proximity effect in W, which has received little attention due to 

the lower strength relative to Pt.   
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7. Ultra-Thin Polycrystalline Garnet films in DyIG/Pt/GGG/Si 

Heterostructures 

7.1  Requirement of Ultra-Thin Films for Spintronics 

The next generation of spintronic devices will likely focus on the spin-orbit torque effects from in-

plane current injection in a material with a high spin Hall angle.  SOT offers the potential for highly 

efficient switching of any type of magnetic material, insulating and metallic.  However, practical 

considerations limit the materials systems and heterostructures that can be manipulated with this 

type of magnetic torque.  SOT effects decay with the inverse of magnetic layer thickness, requiring 

that magnetic layers with a thickness of less than 10 nm be used274.  For many metallic films and 

single crystal rare-earth iron garnets, this is easily achieved, with garnets with thicknesses as low 

as 2.4 nm reported47.   

 

However, polycrystalline REIG films on non-garnet substrates do not crystallize below a thickness 

of ~20 nm.  The large unit cell of the garnets (~1.2 nm) and kinetic limitations are possible causes 

for the inability to crystallize, even for higher annealing temperatures than are used for thicker 

polycrystalline films.  In previous work on magnetoptical garnet materials substituted with 

optically active Ce and Bi ions, a seed layer has been used to crystalline thin active layers.  Using 

a top-down or bottom-up method, a YIG layer has been used to crystallize BiYIG and CeYIG films 

that are prone to forming more thermodynamically stable secondary phases, owing to the large 

size of the Ce3+ and Bi3+ ions205,225.  This method is effective for this application, but for SOT 

spintronics, it is necessary for the total magnetic layer to be thin, and the YIG seed layer is 

magnetic.  Additionally, YIG is in-plane magnetized when grown as a polycrystalline film owing 

to its large saturation magnetization and weak magnetostriction coefficients.   
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A potential solution is to utilize a nonmagnetic garnet as a seed layer, such as Gd3Ga5O12 (GGG).  

However, crystallization of polycrystalline garnet films on non-garnet substrates requires a high 

temperature annealing step.  This RTA results in significant interdiffusion which severely degrades 

the magnetic properties of the magnetic layer (figure 7.1).    

A potential solution to this interdiffusion problem is through the use of a diffusion barrier.  The 

barrier must be thin enough or have the proper crystal structure to allow templating and 

crystallization of the upper garnet layer, but still thick enough to prevent significant diffusion.  

Aldosary et al. reported inverted single crystal YIG/Pt/GGG (110) structures where the YIG is 

“epitaxially” grown on the Pt layer275.  The GGG substrate was annealed to form terraces on the 

surfaces, and the sputtered Pt preserved these terraces.  The PLD grown YIG then crystallized into 

a single crystal on top of this Pt layer after annealing, with the magnetic, structural, and spin 

transport properties being very similar to conventional Pt/YIG/GGG structures.  Similar results 

were reported recently in (111) oriented films by Geprägs et al276.   

Figure 7.1: OP VSM hysteresis loop of a DyIG(10 nm)/GGG(50 nm)/Si film after RTA at 750 °C for 5 min.  

Interdiffusion reduces the saturation magnetization and eliminates the perpendicular magnetic anisotropy expected 

for DyIG/Si. 
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The second obstacle that needs to be overcome for efficient SOT switching of polycrystalline films 

relates to the very high anisotropy of DyIG/Si, with HC = 5 kOe and HK = 10 kOe193.  DyIG has 

both magnetostriction coefficients negative which, along with YIG and HoIG, is the only garnet 

to meet this requirement for PMA on Si substrates via thermal expansion mismatch.  However, the 

large magnetostriction coefficients result in very high anisotropy, several times larger than that of 

TmIG and YIG in which highly-efficient SOT switching has been reported8,277.  However, it is 

possible to codeposit intermediate compositions of YIG and DyIG (Y-DyIG, YxDy3-xFe5O12) to 

reduce the average magnetostriction coefficients and increase the saturation magnetization, which 

increases the shape anisotropy and decreases the uniaxial anisotropy.  As the garnets have identical 

crystal structures with slightly different lattice parameters, the system easily crystallizes to pure 

phase garnet (figure 7.2).  No peak shift is visible from the grazing incidence XRD due to the 

similarity of the lattice parameters. 

 

Figure 7.2: Grazing incidence XRD of YxDy3-xFe5O12/Si annealed at 750 °C/5 min.  Vertically offset for clarity 
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The hysteresis loops for Y-DyIG are shown in figure 7.3.  The saturation magnetization scales 

very linearly with composition, and a square hysteresis loop with obvious perpendicular 

magnetization is retained until x ~ 1.5.  The end members have properties nearly identical to 

previously reported thin films.   

Modifying the composition through codeposition with YIG is therefore a viable way to obtain low 

anisotropy, perpendicularly magnetized polycrystalline garnet films on Si.  Note that the 

anisotropy varies somewhat with film thickness, so the ideal composition will depend on film 

thickness, annealing conditions, and application.  For certain combinations of rare-earth ions, 

growth induced anisotropy due to preferential ordering of the rare-earths in the non-equivalent 

Figure 7.3: VSM hysteresis loops for YxDy3-xFe5O12/Si annealed at 750 °C/5 min.  Perpendicular magnetization 

is retained until x ~ 1.5. 
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dodecahedral sites can be significant, but this is not expected for this system due to the relatively 

small difference in ionic radii of Dy and Y159,278.  Further complicating the issue is that for 

polycrystalline films, the exact temperature at which the microstructure stops changing during the 

anneal is not known, making quantification of the components of the anisotropy difficult.  A 

thorough study on single crystal Y-DyIG films would be of interest to determine if growth-induced 

anisotropy is present in this system. 

7.2  DyIG/Pt/GGG/Si Heterostructures 

Using the procedure for growing inverted YIG/Pt/GGG heterostructures, we attempted to extend 

this to polycrystalline films.  GGG seed layers on Si substrates have been demonstrated in the 

previous section.  The remaining piece of the puzzle is a suitable diffusion barrier.  Refractory 

heavy metals such as Ta, W, and Pt have commonly been used as diffusion in barriers in 

microelectronics and other applications.  One of our PLD systems (named PLD-3) features an 

integrated sputtering gun that allows deposition of metals in situ.  Pt was selected as the diffusion 

Figure 7.4: X-ray diffraction of a DyIG(10 nm)/Pt(2 nm)/GGG(50 nm)/Si film.  Pt peaks are indicated with the 

black arrows.  All other peaks are garnet reflections.  The red arrows indicate shoulder peaks that may be from 

the thinner DyIG layer. 
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barrier because of its success in previous studies, usefulness as a spin current generator, relatively 

high resistance to oxidation, and single-phase crystal structure.   

 

The deposition procedure was as follows: deposit 50 nm of GGG under standard garnet PLD 

conditions, cool to room temperature to sputter Pt in situ, deposit 10 nm of DyIG under standard 

garnet PLD conditions in situ, and finally anneal ex situ at 750 °C/5 min. in O2 flow.  X-ray 

diffraction of a representative sample is shown in figure 7.4.  Pt peaks are marked, and there are 

no PtO2 peaks present, although oxidation at the garnet interfaces cannot be entirely ruled out.  

There is a weak shoulder on some of the garnet peaks in the range 25-35° that may be due to the 

DyIG layer, but this is difficult to determine due to the similarity of the DyIG and GGG crystal 

structures and lattice parameters.   

 

Next, different heterostructures of DyIG(10 nm), Pt(2 nm), and GGG(50 nm) were deposited on 

Si to determine the effect of different stacks.  Layer thicknesses were kept consistent between 

depositions.  From figure 7.5, it clear that DyIG/Si and DyIG/Pt/Si do not crystallize to form 

garnet.  This is unsurprising, as garnets below ~20 nm do not crystallize on Si, and the face-

centered cubic crystal structure of Pt likely does not provide a templated surface to crystallize the 

garnet.  However, when the GGG layer is inserted, the films crystallize well into pure phase garnet.  

Inclusion of the Pt layer results in no significant modification to the XRD of the garnets, with a 

few Pt peaks visible.  This clearly demonstrates that the GGG seedlayer is necessary for 

crystallization, while the use of the Pt diffusion barrier provides no obvious detriment to the 

structural quality of the films.   
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The magnetic properties of the DyIG/Pt/GGG/Si heterostructure were then measured via VSM 

(figure 7.6).  There is clear perpendicular magnetic anisotropy, with the magnetization slightly 

lower than the bulk value.  There is some error in the layer thicknesses determined by x-ray 

reflectivity due to the complexity of fitting a four layer structure, and this error is propagated into 

calculation of the saturation magnetization, which may explain the depressed value.  The coercivity 

of the film is ~250 Oe, with an in-plane anisotropy field of ~2 kOe.  The anisotropy is much lower 

than previously reported DyIG/Si films, which is likely due to strain relaxation in the GGG and Pt 

layers.  Polycrystalline garnets thinner than 40 nm also typically see a decrease in coercivity and 

anisotropy field, so strain relaxation in the magnetic layer is also a possible cause33,193.  

Figure 7.5:  X-ray diffraction of different heterostructures of DyIG, Pt, and GGG.  The thick GGG layer is 

necessary to crystallize the thin upper DyIG layer.  The Pt layer does not inhibit the crystallization of the garnet.  

Vertically offset for clarity. 
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7.3  Future Directions 

Further work needs to be done on this interesting heterostructure.  The next steps are to deposit 

additional films and optimize the layer thicknesses, deposition temperatures, and annealing 

procedures.  Following this optimization, examination of the film via cross-sectional TEM is 

recommended to determine the extent of any interdiffusion in the structure and whether the Pt 

layer dewetted into islands or is continuous.  Patterning of the films into Hall crosses to measure 

the spin transport measurements for comparison to previous work on polycrystalline garnet films 

and eventual spin-orbit torque switching measurements on these structures will be needed.  If 

efficient SOT switching is possible, this structure could serve as a useful paradigm for growth of 

other materials which are difficult to grow in thin films.  Additionally, this direct integration on Si 

Figure 7.6: VSM hysteresis loop of a DyIG/Pt/GGG/Si heterostructure with perpendicular magnetic anisotropy. 
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offers the potential for eventual integration into existing CMOS processes as part of the next 

generation of spintronic memory technologies.   
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8. Molecular Field Coefficients Model of Rare-Earth Iron Garnet 

Magnetism 

8.1  Molecular Field Coefficient Model 

Molecular field theory was developed in the early twentieth century as a means of explaining 

classical paramagnetism, with Pierre Weiss building on work by Pierre Curie that culminated in 

the Curie-Weiss Law18,279: 

 
𝜒𝑚 = 

𝐶

(𝑇 − 𝜃)
 (8.1) 

Where χm is the magnetic susceptibility, C is a material specific constant (the Curie constant), T is 

the temperature in K, and θ is a critical temperature above which the Curie-Weiss law holds for 

any paramagnetic material.  This critical temperature would later be shown to be the Curie 

temperature.  Weiss explained this behavior by asserting that an intramolecular interaction, which 

he termed the “molecular” field, existed between the moments of the individual atoms and 

resulting in macroscopic paramagnetism.  Weiss would go on to extend this theory to explain 

classical ferromagnetism, that this internal molecular field is strong enough that it can self-

magnetize magnetic materials below the Curie temperature, even in the absence of an external 

field279.  This model was unable to explain why not all pieces of iron are spontaneously magnetic 

(namely, the formation of domains), but was a huge leap in understanding and modeling of 

ferromagnetism. 

 

The explanation and quantitative modeling of antiferromagnetism (and the not yet discovered 

phenomena of ferrimagnetism) was not adequately explained until Louis Néel’s seminal work in 

1932280.  Néel, who was a student of Weiss, applied Weiss’ molecular field theory to explain the 
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susceptibility of antiferromagnets and characterized the temperature at which the 

antiferromagnetic behavior of the material disappears, now called the Néel temperature.  In 1948, 

Néel was the first to postulate that materials could be ferrimagnetic, explaining a longstanding 

question regarding the total magnetism of the first known magnetic material, magnetite (Fe3O4)
281.  

Ferrimagnets have more than one inequivalent magnetic sublattice, with the net moment being the 

difference of the antiferromagnetically coupled sublattices.  Néel would go on to win the 1970 

Nobel Prize in Physics for these discoveries. 

 

Although empirical, molecular field theory has persisted as a reasonably accurate model for 

magnetic susceptibilities of magnetic and antiferromagnetic materials and has also proven quite 

useful as a model of magnetism in ferrimagnets.  The use of a molecular field model to understand 

the behavior of the garnets was first done by Kittel in his explanation of the ferromagnetic 

resonance of REIG, then more concretely developed into a model by determining the molecular 

field coefficients by Anderson282–285.  This was extended by Gerald Dionne beginning in 1970, 

who attempted to explain the behavior of YIG substituted with nonmagnetic ions, then to rare-

earth iron garnets substituted with non-magnetic ions162,260,286.  The model presented in this work 

is primarily based on the latter two of Dionne’s papers, and will be discussed in detail in the 

following paragraphs. 

 

Anderson and Dionne’s molecular field coefficients (henceforth referred to as MFC) model 

considers the pair-wise antiferromagnetic superexchange intra- and inter-sublattice interactions.  It 

is important to note that each sublattice couples antiferromagnetically to all the other sublattices 

and itself.  However, the strengths of these interactions depends greatly on the bond length and 
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angles between the cations, and the interaction between the octahedral and tetrahedral sites is by 

far the strongest, leading to the ferrimagnetic state of YIG287.  Dionne was seeking to explain the 

non-linear behavior of the substitution of non-magnetic Sc3+ onto the octahedral sites of YIG (see 

figure 8.1).  The Néel theory of antiferromagnetism and a statistical model developed by Gilleo 

was unable to sufficiently explain the data288,289.   

Dionne’s model of substituted YIG used three MFCs and is based on the observation by Geller 

that substitution in one sublattice primarily affects the intrasublattice interactions of the other 

sublattice, not the one on which the substitution occurs162,290.  The total magnetism in the system 

is: 

Figure 8.1:  Plot of the magnetic moment of {Y3}[ScxFe2-x](Fe3)O12 and {Y3-xCax}[ZrxFe2-x](Fe3)O12 compared to 

the Néel and Gilleo theories.  From ref. 287.  Used with permission. 
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 𝑀(𝑇) =  𝑀𝑑(𝑇) − 𝑀𝑎(𝑇) (8.2) 

Where: 

 𝑀𝑑(𝑇) = 𝑀𝑑(0)𝐵𝑠𝑑(𝑥𝑑) (8.3) 

 𝑀𝑎(𝑇) = 𝑀𝑎(0)𝐵𝑠𝑎(𝑥𝑎) (8.4) 

Mi(T) is the magnetization the ith sublattice as function of temperature, Mi(0) is the zero-

temperature moment of the ith sublattice, and Bsi(xi) is the Brillouin function for the ith sublattice 

(see section 2.2.2 for more details):   

 𝐵𝑠𝑖 = 
2𝐽𝑖 + 1

2𝐽𝑖
coth (

2𝐽𝑖 + 1

2𝐽𝑖
∗ 𝑥𝑖) − 

1

2𝐽𝑖
coth (

1

2𝐽𝑖
∗ 𝑥𝑖) (8.5) 

Note Ji is the same as Si for Fe3+ due to the quenching of orbital angular momentum.  The MFCs 

are incorporated into the xi terms, which also include the physical constants from the hyperbolic 

cotangent expressions: 

 𝑥𝑑 = 
𝐽𝑑𝑔𝜇𝐵

𝑘𝐵𝑇 ∗ 𝑓
(𝑁𝑑𝑑𝑀𝑑 + 𝑁𝑎𝑑𝑀𝑎) (8.6) 

 𝑥𝑎 = 
𝐽𝑎𝑔𝜇𝐵

𝑘𝐵𝑇 ∗ 𝑓
(𝑁𝑎𝑎𝑀𝑎 + 𝑁𝑎𝑑𝑀𝑑) (8.7) 

Where Nii are the intrasublattice interactions, Nij are the intersublattice interactions, and f is a rare-

earth dependent empirically determined scale factor added during this work to improve agreement 

with experiment and model stability.  Note Nij = Nji due to symmetry.  To account for the 

substitution of nonmagnetic ions onto the a (octahedral) and d (tetrahedral) sites, we define kd = 

y/3 and ka = x/2, where kd and ka are the fraction of nonmagnetic ions on the respective site in 

{Y3}[RxFe2-x](QyFe3-y)O12, where R and Q are ions that exclusively occupy the octahedral 

(such as Sc3+ or Zr4+) and tetrahedral sites (such as Si4+), respectively.  The zero 

temperature moments are modified in an empirically determined fashion: 

 𝑀𝑑(0) = 3𝑔𝐽𝑑𝜇𝐵𝑁(1 − 𝑘𝑑)(1 − 0.1𝑘𝑎) (8.8) 
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 𝑀𝑎(0) = 2𝑔𝐽𝑎𝜇𝐵𝑁(1 − 𝑘𝑎)(1 − 𝑘𝑑
5.4) (8.9) 

Where N is Avogadro’s number, and the integer terms refer to number of ions in that site 

per formula unit.  The MFCs are modified in the following way: 

 𝑁𝑑𝑑 = −30.4(1 − 0.43𝑥)    𝑚𝑜𝑙𝑒/𝑐𝑚3 (8.10) 

 𝑁𝑎𝑎 = −65.0(1 − 0.42𝑦)    𝑚𝑜𝑙𝑒/𝑐𝑚3 (8.11) 

 𝑁𝑎𝑑 = 97.0(1 − 0.125𝑥 − 0.127𝑦)    𝑚𝑜𝑙𝑒/𝑐𝑚3 (8.12) 

The intrasublattice interactions are antiferromagnetic, and the intersublattice a-d 

interactions are also antiferromagnetic, but stronger than the competing interactions, 

leading to net ferrimagnetism.  The rationale for this formalism is that incorporating 

nonmagnetic ions dilutes the average strength of the antiferromagnetic exchange 

interactions, leading to a reduction in the Curie temperature (see next section)287.  This 

model provides very precise results for substituted bulk samples and powders, especially 

in the low substitution regimes where canting is limited.  Higher substitution amounts leads 

to strong non-linearities in the net moment and rapid depression of the TCurie
291.  

 

The extension of this model to allow for magnetic ions on the c site is straightforward.  The 

intrasublattice c-c interactions are negligible, and the intersublattice c-a and c-d 

interactions are rare-earth dependent and determined through fitting of experimental 

data260.  In general, Nac and Ncd are much weaker than those interactions involving only the 

octahedral and/or tetrahedral sublattices, due to much longer bond lengths resulting from 

the larger ionic radii.  Dionne’s 1976 paper allowed for up to three distinct c (dodecahedral) 
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site ions, and this was the model used as the basis for this work.  A subset of the modified 

equations is shown here, for the 1st magnetic c-site ions (x) only: 

 𝑀(𝑇) =  |𝑀𝑑(𝑇) − 𝑀𝑎(𝑇) − 𝑀𝑐𝑥(𝑇) − 𝑀𝑐𝑦(𝑇) − 𝑀𝑐𝑧(𝑇)| (8.13) 

 𝑥𝑑 = 
𝐽𝑑𝑔𝜇𝐵

𝑘𝐵𝑇 ∗ 𝑓
(𝑁𝑑𝑑𝑀𝑑 + 𝑁𝑎𝑑𝑀𝑎 + 𝑁𝑐𝑑𝑥𝑀𝑐𝑥 + 𝑁𝑐𝑑𝑦𝑀𝑐𝑦 + 𝑁𝑐𝑑𝑧𝑀𝑐𝑧) (8.14) 

 𝑥𝑐𝑥 = 
𝐽′𝑐𝑥𝑔𝑐𝑥𝜇𝐵

𝑘𝐵𝑇 ∗ 𝑓
(𝑁𝑐𝑑𝑥𝑀𝑑 + 𝑁𝑎𝑐𝑥𝑀𝑎) (8.15) 

 𝑀𝑐𝑥(0) = 3𝑥𝑔𝑐𝑥𝐽′𝑑𝜇𝐵𝑁(1 − 𝑘𝑐) (8.16) 

The total angular momentum for the rare-earth ions on the c-site is an effective value (J` = 

J x cos(ϕ) ) that is required to replicated the 0 K data exactly, and is probably due to canting 

at low temperature, such as the double umbrella structure observed in terbium iron garnet 

via neutron diffraction260,292,293.  Like the model for YIG, this extended model provides 

very accurate fits to bulk and powder samples in the literature.  Substituting a nonmagnetic 

rare-earth ion into the c-site (such as yttrium, bismuth, or lutetium) is accommodated by 

setting that value of Mci to zero.   At the time this work was conducted, nanometer thin 

films were not experimentally possible.  In extending this work to thin films, the model is 

not modified to account for known phenomena such as the reduction in Curie temperature 

in thin films relative to bulk294,295.   

8.2  Modifications and Extensions to Model 

The goal of extending this model is two-fold: to allow for the possibilities of off-stoichiometry and 

for the presence of non-ideal valence states.  Our group reported significant off-stoichiometry, 

measured via x-ray photo-electron spectroscopy (XPS) (see figure 8.2) and wavelength dispersive 

spectroscopy (WDS) in PLD grown TbIG/GGG and EuIG/GGG films45.  Additionally, some TbIG 

films exhibited a compensation temperature of ~330 K, far from the bulk value of 247 K48.   In 
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this work, we also reported a significant compensation temperature discrepancy in DyIG (20 K 

lower than the 220 K literature and bulk value)193.  XPS reveals that both sets of films have a rare-

earth to iron ratio (RE:Fe) greater than 0.6, indicating that there is excess rare-earth present.  The 

XPS also indicates there is a significant amount of Tb4+ and Eu2+ in the respective garnet films.  It 

is, however, difficult to quantify the relative amount of each valence state.  Determining the 

presence of Fe2+ is not possible via XPS.  This raises multiple possibilities worth exploring (note 

that we are limiting our scope to TbIG as this material has been more thoroughly characterized): 

- Does off-stoichiometry alone explain the discrepancy in compensation temperature? 

- Does the excess rare-earth occupy the octahedral sites, particularly in the case of the Tb4+ 

ion due to its smaller ionic radius? 

- Is, and if so how much, Fe2+ is present in the films? 

- Alternatively, do Fe3+ vacancies balance charge in the films if there is insufficient Fe2+ 

present to account for the excess Tb4+? 

Figure 8.2:  (Tb, Eu) 3d, Fe 2p, and O 1s spectra of TbIG and EuIG thin films on GGG substrates.  In the rare-

earth spectra, valence state peaks are labeled.  From ref. 45.  Used with permission. 
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Determining the answers to these questions has proved extremely difficult experimentally.  

Accurate composition determination of thin films is difficult via XPS due to the variety of 

sensitivity factor databases and the small amount of material present in nanometer scale films.  

WDS has proved more reliable in determining compositions, but this necessitates the use of much 

thicker films (>300 nm), during which the deposition conditions likely are not the same as during 

the deposition of ultra-thin films as a steady state is not reached at the target surface during such 

short deposition times.  X-ray magnetic circular dichroism (XMCD) allows elemental specificity 

and relatively simple determination of the magnetism of the ion.  It is also possible to fit the x-ray 

absorption spectroscopy (XAS) and XMCD data to determine the fraction of Fe2+, and the amount 

of iron on each crystallographic site.  The drawbacks to this method are that this is not possible to 

apply the same procedure for Tb4+ because the lifetime broadening is larger than any peak shift or 

broadening expected to be observed in XAS due to a different valence state in the rare-earth ions.  

The practical issues are that XMCD requires synchrotron radiation, for which beamtime proposals 

are extremely competitive.  Once this data is obtained, it is rather non-trivial to fit the spectra and 

determine the occupancy and valence of the iron sublattices, but it can be completed47,296. 

 

These limitations in mind, it was attempted to incorporate off-stoichiometry, non-ideal site 

occupancies, and non-ideal valence states into the model.  This model was translated from the 

original Fortran and implemented in Python, using common libraries and packages.  First the case 

of off-stoichiometry (RE:Fe ≠ 0.6) is considered.  The primary assumptions are: 

- The excess RE (Fe) is incorporated on to the octahedral (dodecahedral) sublattice as an 

antisite defect.  This assumes there are no vacancies in the structure, and is based on the 

relatively similar size of the ionic radii of the heavier rare-earth ions and Fe3+ 
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- The site determines the MFCs acting on the ion that is in that site.  For instance, a Tb3+ ion 

on an octahedral site is affected by the same coefficients as an Fe3+ on the octahedral site.  

No change is assumed in the MFCs. 

This is put into practice by weighting the percentage of the octahedral (dodecahedral) site that is 

occupied by excess Tb (Fe).  The only modifications are to the xa and xci equations and to the 

calculation of the zero temperature moments, which is accomplished in the same manner via 

weighting the amount of each ion.  The other results fall out through the existing mathematical 

framework.   

 

The ability to account for non-ideal site occupancies are already built into the model, for most of 

the possible combinations.  First, this allows the ability to evaluate if site-specific ion substitutions, 

such as Sc3+, occupy the octahedral site exclusively, or if some fraction also occupy the 

dodecahedral and tetrahedral sites.  Sc3+ is known to occupy only the octahedral site in bulk 

materials, but it has not yet been studied in single crystal thin films which are under a significant 

stress due to epitaxial lattice mismatch287.  By keeping the amount of Sc3+ in the film constant, 

different amounts can be distributed to each of the three sublattices (treating it as a non-magnetic 

substitution on each sublattice) and then compared to experimental magnetometry to determine if 

the expected site occupancy accurately describes the data.  The case of non-ideal site occupancy 

of an ideal stoichiometry film is not considered, for the reason that extensive antisite defects are 

believed unlikely to occur, else the garnet phase would likely not crystallize (or show secondary 

phases, which has not been observed) and the magnetometry would be far off of bulk values (which 

has likewise not been observed).  This method requires no additional assumptions.   
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Finally, the ability to introduce non-ideal valence states is incorporated into the model.  Several 

variations are considered, but the common assumptions are as follows: 

- The system is charge neutral.  This is accomplished via compensation through off-valence 

states of both cations (Tb4+ and Fe2+ vs. Tb3+ and Fe3+) or via cation vacancies ( [Tb4+] = 

1/3[Fe3+ vacancies] ). 

- The molecular field coefficients are determined by the site, not the ion or valence state of 

the ion sitting on that particular site.  Thus, the molecular field coefficients are not modified 

outside of the existing structure to account for nonmagnetic substitutions. 

Specific cases regarding site occupancy of off-stoichiometric and off-valence state ions will be 

discussed in the next section.  The assumptions of off-stoichiometry and non-ideal site occupancies 

discussed in the preceding paragraphs are applied here as well.  To account for the different 

magnetization of the non-ideal valence states, the values of the total angular momentum (J) are 

updated accordingly according to Hund’s rules (see Table 8.1). 

Table 8.1: Table of S, L, and J values for possible cations present in the garnet structure.  Note that angular momentum 

is quenched by the crystal field in transition metals, so Fe2+ has no orbital angular momentum. 

Ion S L J 

Fe3+ 5/2 0 5/2 

Fe2+ 2 0 2 

Tb3+ 3 3 6 

Tb4+ 7/2 0 7/2 

 

The value of the total angular momentum has a significant effect on the temperature dependence 

of the magnetization, as described by the Brillouin function (see figure 8.3).  Higher values of J 

lead to a more rapid decay in the magnetization of the ion.  Note that the orbital angular momentum 
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of the transition metal is quenched by the crystal field, but it is not quenched for the rare-earth44.  

The effective value of Tb4+ is calculated using the same canting angle as with Tb3+. 

8.3  Comparison with Substituted and Off-Stoichiometric TbIG 

8.3.1  Varying Rare-Earth to Iron Ratio 

The first attempt is to account for the compensation temperature discrepancy purely through off-

stoichiometry.  A plot of the compensation temperature of TbIG vs the rare-earth to iron ratio 

(RE:Fe) is shown in figure 8.4.  As outlined in the previous section, the excess Fe (Tb) occupies 

the dodecahedral (octahedral) sublattice, with no vacancies in the structure.  The compensation 

temperature varies linearly with RE:Fe, which is expected as the dodecahedral and octahedral 

Figure 8.3: Plot of the normalized saturation magnetization as a function of the reduced temperature (T/TCurie) for 

different values of the total angular momentum, J, according to the Brillouin function.  Higher values of J lead to 

a more rapid decay in the saturation magnetization, until the classic limit (the Langevin function) is reached.  From 

ref. 18.  Used with permission. 
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sublattices couple ferromagnetically. The data is over the maximum range possible with the model, 

before it fails to produce physically realistic results.  The limits over the range are due to its basis 

on fitting experimental data, which experiences similar limitations over the amount of 

nonmagnetic substitutions that can be accommodated162. 

Comparing to experimental data from Rosenberg et al., who reported a RE:Fe ratio of 0.7 in 

TbIG/GGG films with a compensation temperature of 330 K, this model of the off-stoichiometry 

is able to partially describe the elevated compensation temperature, but is unable to fully account 

for the discrepancy45.  Fakhrul et al. also reported non-ideal stoichiometries in TbIG and Bi-

substituted TbIG (BiTbIG)297.  These films were grown in a different PLD chamber under different 

conditions, and exhibited much smaller discrepancies from the bulk TbIG TComp of 247 K.  The 

Figure 8.4: Plot of the compensation temperature of TbIG as a function of the RE:Fe ratio.  The horizontal dashed 

line indicates the bulk value of TComp and the vertical dotted line indicates the ideal RE:Fe ratio of 0.6. 
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results are summarized in Table 8.2.  The BiTbIG has a much larger difference relative to the TbIG 

films, which is possibly related to the large size of the Bi3+ ion. 

Table 8.2: Table of the experimental and predicted TComp for several TbIG and BiTbIG films with different RE:Fe 

ratios. (data from Fakhrul et al.297) 

Film RE:Fe Ratio 
Experimental TComp 

(K) 

Predicted TComp 

 (K) 

TbIG 0.540 245 237 

TbIG 0.570 253 243 

TbIG 0.700 259 266 

BiTbIG 0.673 230 254 

 

In comparing the two sets of TbIG samples, the modifications made to model are capable of 

explaining some discrepancy in the compensation temperature from the bulk value.  The predicted 

TComp is more accurate when the RE:Fe ratio is closer to the bulk value, indicating that more highly 

off-stoichiometric films have additional structural and magnetic irregularities that are not captured 

under this limited set of assumptions.  Additional studies of the effect of off-stoichiometry would 

be of interest, as there have been other observations of non-bulk TComp values, such as in DyIG 

and TmIG49,193. 

8.3.2  Scandium Substituted TbIG and Non-Ideal Site Occupancies 

The substitution of nonmagnetic ions into the rare-earth iron garnet system has been well studied 

in bulk powders and micron thick films used for bubble domain materials38,287,291,298,299.  Several 

ions were identified that occupy exclusively one of the three crystallographic sites in the garnet 

structure, such as Sc3+ and Zr4+ on the octahedral sites and Si4+ on the tetrahedral sites287,291.  For 

these site-specific substitution, the properties such as saturation magnetization and the 

compensation temperature varied in a predictable fashion for low to moderate substitution levels, 

allowing simple tuning of the properties to suit a particular application, commonly in 
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magnetoptics254.  However, the effect of site-specific nonmagnetic ion substitution has not yet been 

studied in nanometer scale thin films, and the effects on spin transport have yet to be investigated.   

 

The anomalous Hall effect-like spin Hall magnetoresistance (AHE) has been measured in a large 

number of garnet/Pt heterostructures, including Y-, Eu-, Tb-, Dy-, and Tm- iron 

garnet45,50,187,193,226.  These measurements have found that the amplitude of the easy axis AHE 

resistivity is approximately the same, regardless of rare-earth ion present.  The exact magnitude of 

the resistance measured is dependent on the shape of the Hall cross used and the interface between 

the garnet and Pt300.  This implies that the AHE and other spin transport properties of the films are 

primarily related to the iron sublattices, not the net moment.  Further evidence that it is not related 

to the net moment is that the AHE does not tend to zero at the magnetic compensation temperature 

as the net moment goes to zero, but does change sign at this temperature, when the iron sublattice 

associated with the net moment switches to the tetrahedral sublattice45,49.  Some studies have 

posited that the reason for this is that the iron 3d orbitals associated with the magnetism in the 

films are close to the Fermi energy, while the rare-earth 4f orbitals are far below the Fermi energy 

and do not participate strongly in magnetotransport measurements74. 

 

To examine this, a target with the composition of Tb3Fe3.5Sc1.5O12 was synthesized from the binary 

oxides powders according to solid-oxide sintering methods160.  This composition was selected as 

it is known to be close to the maximum amount of Sc3+ the garnet system can accommodate without 

the presence of secondary phases40.  This large amount of Sc3+,  which occupies 1.5/2 of the 

octahedral sites, allows deposition of any intermediate composition in Tb3Fe5-xScxO12 for 0 ≤ x ≤ 

1.5 via codeposition with a stoichiometric TbIG target.  A series of single crystal epitaxial thin 
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films were then grown with varying amounts of Sc3+, and the structural, magnetic, and spin 

transport properties of the films were then measured301.  This section will focus on the contribution 

of this author, which is related to the magnetometry modeling.   

 

The experimentally determined stoichiometry (via WDS), room temperature magnetization, 

compensation temperature, and Curie temperature of the films are displayed in table 8.3.  Also 

included in the table are the predicted values of the room temperature magnetization, TComp, and 

TCurie.  Note RE:Fe is the ratio of RE to the total Fe+Sc. 

Table 8.3: Table of the experimental and predicted 300 K magnetization, compensation temperature, and Curie 

temperature for off-stoichiometric, Sc-substituted TbIG films. From ref.301
 

Stoichiometry Sample  
Sc content 

(x/2) 

RE:Fe 

Ratio 

300 K 

Magnetization 

(kA/m) 

TComp 

 (K) 

TCurie 

(K) 

Tb2.79Fe5.21O12 
S1 – experiment 

0 0.536 
37 263 503 

S1 – model 31 236 537 

Tb2.84Fe4.87Sc0.29O12 
S2 – experiment 

0.29 0.550 
53 193 423 

S2 – model 51 206 497 

Tb2.90Fe4.57Sc0.53O12 
S3 – experiment 

0.53 0.569 
54 173 403 

S3 – model 59 195 460 

Tb2.83Fe4.41Sc0.76O12 
S4 – experiment 

0.76 0.547 
59 < 173 333 

S4 – model  74 171 435 

 

The experimental magnetometry of the films scale as expected from the experiments on bulk 

material: 

- Room temperature magnetization increases with Sc3+ content 

- Compensation temperature decreases 

- Curie temperature decreases 
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This is expected as the octahedral sublattice is exclusively substituted with nonmagnetic ions.  

TComp is lowered as the net magnetization of the dodecahedral and octahedral sublattices is reduced.  

The room temperature magnetization increases because the films are above TComp, and the 

magnetization of the non-dominant sublattices is reduced from the bulk value.  Finally, TCurie is 

depressed with Sc3+ substitution as the superexchange interactions are diluted with the presence of 

the nonmagnetic ion, allowing thermal energy to overcome the exchange energy at a lower 

temperature.   

 

The model captures as all of these effects, which is unsurprising because it was empirically derived 

from substituted garnet data.  The agreement with the experimental data is quite good for all but 

S4 for the room temperature magnetization values, which can at least partially be attributed to 

noise in the experimental data from the colossal paramagnetic background of the Gd3Ga5O12 

substrates.  The compensation temperature exhibits slightly larger discrepancies, which may be 

partially attributed to noise, but this is not enough to account for the differences of more than 

roughly 10 degrees in some samples.  The Curie temperature exhibits poor agreement for all but 

S1.  There are a few reasons for this.  The first is that the model was based on bulk data, and not 

nanometer scale thin films.  Curie temperature depression relative to the bulk material has been 

observed in magnetic thin films302.  The other factor is that in experimental magnetization vs. 

temperature curves, the magnetization approaches zero rather sharply, which is commonly 

approximated as ~√𝑇𝐶𝑢𝑟𝑖𝑒 −  𝑇.  However, the model approaches zero asymptotically (see figure 

8.5), resulting in much higher predictions of TCurie.  It is possible to estimate values of the TCurie by 

extrapolating the model data to approximate the sharp decrease in magnetization near the Curie 
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temperature, but these values are still far off of experimental values, indicating that a combination 

of these two factors likely leads to the discrepancy.   

Despite these shortcomings in the model, there are still useful conclusions that can be drawn from 

this data.  Using the existing framework, it is possible to model the substitution of a portion or all 

of the Sc3+ onto the dodecahedral or tetrahedral sublattices, instead of exclusively occupying the 

octahedral sublattice, as expected.  However, when this was studied, the agreement with the 

experimental data became much worse.  This is expected, as the depression in TComp requires the 

reduction in magnetization of the octahedral or dodecahedral sublattice (eliminating the tetrahedral 

sublattice as an option), and the amount of Tb3+ deficiency in the films indicates that only a small 

Figure 8.5:  Plot of the magnetization versus temperature curves predicted via the molecular field coefficients 

model, accounting for non-ideal RE:Fe ratio and Sc3+ substitution (see table 8.3).  Note that the magnetization 

approaches zero asymptotically, making accurate determination of the Curie difficult.  



171 

 

amount of Sc3+ could be accommodated on the dodecahedral sublattice, which, if it occurs at all, 

would have a minimal effect on the magnetic properties under our set of assumptions.  Thus, it is 

possible to concretely say that the Sc3+ occupies exclusively the octahedral site. 

8.3.3  Non-Ideal Valence States  

Garnet films grown by PLD in this group have exhibited non-ideal valence states in both Fe (Fe2+) 

and the rare-earth ions (Tb4+ in particular)296,297,301.  This is a complex problem to approach for 

several reasons.  The first is that accurate determination of the composition is already difficult, 

with the most reliable technique in common use (WDS) requiring very thick films, which are not 

always practical to grow and whose properties differ somewhat from thinner films297.  

Additionally, quantification of the amount of each valence state is yet more complex.  The most 

successful technique has been through the fitting of XAS and XMCD spectra47.  This technique 

requires high quality XMCD spectra, only available from synchrotron facilities, and complex 

fitting methodology beyond the scope of this thesis.  In summary, the off-stoichiometric garnets 

explored in this section are based on qualitative observations from shoulder peaks and features in 

XAS and XPS data, but from this we can draw some conclusions296,301.  

 

First, consider the case of non-ideal valence states in TbScIG.  To ensure charge neutrality, it is 

assumed there is an equal amount of Fe2+ and Tb4+.  The next assumption is that the site distribution 

for the non-ideal valence ions is the same as that of ideal 3+ valence states.  This is justified as 

under the previously defined framework iron (rare-earth) rich garnets have the excess species 

occupy the dodecahedral (octahedral) sites.  As the Fe2+ (Tb4+) ions are larger (smaller) than the 

3+ valence of that species, they are no less likely to occupy the larger (smaller) non-ideal sites in 
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the garnet structure than the 3+ valence.  The model is modified to accommodate this as described 

in the previous section.   

 

Figure 8.6 plots the compensation temperature of the 4 compositions listed in table 8.3.  The trend 

for all compositions is that increasing off-valence ions decrease the compensation temperature.  

This is unsurprising, because the value of the total angular momentum is lower for Fe2+/Tb4+ than 

Fe3+/Tb3+, resulting in a depressed value of the total magnetization of the two sublattices that 

dominate the net moment below the compensation temperature.  However, this does not improve 

the fit to the experimental data, as the experimental data is above (S1), below (S3) or in the range 

of (S2) predicted by the model.  The films are grown under identical conditions where only the 

ratio of laser shots to each target is varied, so if there was a variation in the amount of off-valence 

ions one could expect this to vary monotonically with composition, or potentially be invariant.  

This model indicates that this is however not the case, and that the assumption of equal amounts 

of off-valence ions to provide charge balance does not improve the fit.   

 

The next method to explore non-ideal valence states is to consider the possibility of vacancies in 

the crystal structure.  Based on the work done by Rosenberg et al. in rare-earth rich TbIG, the films 

are known to have an excess of Tb and there is some amount of Tb4+ present in the films45.  

However, it is unclear if there is Fe2+ present in the system as the valence states of Fe cannot be 

resolved via XPS.  It is possible there is only off-valence Tb, as Tb4+ is a stable half-filled 4f7 ion 

while Fe2+ is 3d6 vs. the half-full 3d5 for Fe3+.  Here we consider the situation of iron vacancies in 

the system that charge balance the Tb4+ according to the equation (Kröger-Vink notation): 

 3[ 𝑇𝑏𝑇𝑏
4+ ] = [ 𝑉𝐹𝑒

3− ] (8.17) 
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Where [TbTb
4+] is the concentration of Tb4+ ions and [VFe

3+] is the concentration of Fe vacancies.  

For charge balance there is 1/3 the number of Fe3+ vacancies as there are Tb4+ ions per formula 

unit.  There are three possible situations for Fe vacancies in the garnet structure:  purely octahedral, 

purely tetrahedral, or some distribution between the two sites.  The case of only octahedral and 

only tetrahedral vacancies are considered separately in figure 8.7.   

 

The results of removing Fe through vacancies and charge balancing through Tb4+ is roughly as 

expected.  First, consider octahedral vacancies.  As the magnetization of the low temperature 

dominant sublattices are reduced, the compensation temperature decreases.  The trend is not 

entirely linear, which is attributed to weakening of the intersublattice interactions at a faster rate 

than the dilution factors can account for because the total angular momentum of Tb4+ is lower than 

that of Tb3+.  For the case of purely tetrahedral vacancies, the compensation temperature increases 

for the same reason (reduction of the moment of the high temperature dominant sublattice).  

Interestingly, the change is larger than that of the octahedral vacancies and the curvature of the 

data is more pronounced.  The reason for this is not immediately apparent, but could be due to the 

stronger coupling between the tetrahedral and dodecahedral sublattices260.  For larger values of x 

(x = Fe vacancies and 3x = Tb4+ per formula unit), the compensation temperature is close to that 

reported by Rosenberg et al, but the rare-earth to iron ratio does not match reported XPS 

measurements, indicating that this is not a complete explanation of the difference45. 

8.3.4  Explanation of the Observed Magnetic Compensation Temperature in Rare-Earth Rich 

TbIG Films 

As discussed previously, TbIG films grown by our group reported by Rosenberg et al. have 

demonstrated magnetic compensation temperatures of ~330 K, 80 K higher than bulk45,48.  These 
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films were also highly off-stoichiometric, with a RE:Fe ratio of 0.7, as measured by XPS, and 

contained a significant amount of Tb4+ (see figure 8.2).  To this point, we have attempted to account 

for this difference via off-stoichiometry, non-ideal valence states, and purely octahedral or purely 

tetrahedral vacancies, none of which provide a sufficient explanation for the discrepancy.   

 

To resolve this issue, Rosenberg et al. measured XMCD on the Fe L3 edge which was then fit to 

determine the fraction of Fe3+
oct, Fe3+

tet, and Fe2+
oct 

296.  The results on thin films indicated that 

there was less than 5% Fe2+ present, and the ratio of Feoct:Fetet was very nearly 2:3, the ideal value.  

Repeating the same experiment on a sample of bulk TbIG powder also produced almost the exact 

same ratio.  Rietveld analysis on bulk TbIG XRD also confirmed this ideal 2:3 ratio of octahedral 

to tetrahedral Fe296.   

Figure 8.6: Compensation temperature of TbIG films with different amounts of Fe2+/Tb4+ per formula unit.  

Experimental data (detailed in Table 8.3) is indicated by the open symbols. 
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This information in hand, we can draw some new conclusions.  The first is that as the ratio of 

octahedral to tetrahedral Fe is the same as bulk and is now known, the two sublattices are modified 

in the same manner.  In other words, because the ratio of octahedral to tetrahedral sites is the same 

as bulk then the amount of vacancies and/or antisite Tb defects is fixed between the two sublattices, 

reducing the number of unknowns.  Second, as there is known to be excess Tb in the films (RE:Fe 

= 0.7, bulk is 0.6), the excess Tb must be occupying the octahedral lattice sites, offsetting some of 

the required octahedral Fe vacancies.   

 

Using these results, the molecular field coefficient model can be used to estimate the M vs. T  

behavior under these new restrictions.  Fe can be systematically removed from the octahedral and 

Figure 8.7: Compensation temperature of TbIG as a function of Fe vacancies (x per formula unit) and Tb4+ ions 

(3x per formula unit) for purely octahedral and purely tetrahedral vacancies. 
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tetrahedral sublattices in the ratio of 2:3, respectively.  This is accommodated in the model by 

treating the vacancies as non-magnetic ions, assuming that the molecular field coefficients are 

unchanged.  Next, a portion of the octahedral iron vacancies can be occupied by excess Tb.  By 

varying the fraction of octahedral iron vacancies that are occupied by Tb, the RE:Fe ratio and 

compensation temperature can be modified with an additional parameter to try and match the two 

experimental values.  The results of these assumptions are plotted in figure 8.8.  

 

Figure 8.8: Plot of compensation temperature vs. RE:Fe ratio for TbIG.  The ratio of octahedral:tetrahedral Fe is 

constant.  For higher RE:Fe, more vacancies are introduced onto the Fe sublattices, in the ratio 2:3 (oct:tet).  A 

fraction of the octahedral vacancies are occupied by excess Tb as antisite defects.  The horizontal and vertical 

dashed lines correspond to the experimental TComp and RE:Fe, respectively. 
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Using this model, it is possible to reproduce the experimentally observed composition and 

magnetic compensation temperature within experimental error of the two parameters.  The results 

indicate that nearly all of the octahedral Fe vacancies are replaced by excess Tb ions296.  The most 

interesting aspect is that the ratio of octahedral to tetrahedral Fe remains unchanged, which 

explains the shortcomings of previous attempts to quantify the discrepancy.  Any further 

improvement in the model will require the addition of Tb4+ ions and the determination of their 

distribution across the dodecahedral and octahedral sites.   

 

One additional point that should be made is that the canting of the rare-earth ion moment in the 

dodecahedral sites is significant in the garnets260.  An aspect that is not possible to account for 

using this model is that the canting is different when an antisite rare-earth ion is on an octahedral 

site, where the crystalline electric field is presumably stronger due to the smaller size of the site.  

This would result in a larger moment of the rare-earth ion when located on an octahedral site vs. a 

dodecahedral site, requiring a smaller amount of excess rare-earth to explain a discrepancy in 

compensation temperature.  The canting angles reported by Dionne are determined empirically; a 

first principles density functional theory of the behavior of the rare-earth moments could possibly 

determine how the canting varies with crystallographic site.   

 

In the larger context of the valence states present and the known presence of vacancies, these 

results also support the conclusions made.  Fakhrul et al. recently reported that there is far more 

Tb4+ in TbIG thin films than has been previously described, in some cases more than 50% of the 

total Tb297.  The smaller Tb4+ ion likely occupies a fraction the octahedral vacancies as anti-site 

defects.  As most or all of the octahedral vacancies are occupied by Tb antisite defects, the 
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octahedral sublattice is nearly full.  The vacancies in the system are then primarily confined to the 

tetrahedral sublattice, which intuitively makes sense as the vacancies should prefer to occupy the 

smallest site (or, rather the cations prefer to occupy the larger sites). 

 

Concluding, it is possible to study a wide variety of non-ideal garnets via the modified molecular 

field coefficients model developed here.  Reasonable agreement is achieved for low levels of off-

stoichiometry in TbIG and BiTbIG and substitution of diamagnetic ions in TbScIG.  A 

comprehensive understanding of the effects of off-stoichiometry and non-ideal valence states in 

the garnet system is still lacking.  This is complicated by the difficulty in precisely measuring and 

controlling the stoichiometry of these films, in addition to the expertise and experimental facilities 

needed to collect and fit XMCD spectra, which is the most precise way to obtain site occupancy 

information in these systems.  However, based on the work shown here it is possible to make some 

assertions as to the magnitude of the effects of off-stoichiometry, non-ideal valence states, and 

vacancies in the system.  In reality, a combination of these factors is likely present in all garnet 

films.  Further work is needed in this exciting area.    
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9. Conclusion 

9.1  Summary and Conclusions 

Rare-earth iron garnets have the potential to advance the development of spintronic devices, which 

promise to improve energy efficiency and computational power.  The ability to modulate the 

properties of thin films through the choice of rare-earth ion and substrate make these materials 

very well-suited to the demands of modern devices.   

 

In chapter 4, the first report of perpendicular magnetic anisotropy and spin transport in 

polycrystalline rare-earth iron garnets is presented.  The anisotropy in the system is controlled via 

thermal expansion mismatch with the substrate, and the choice of EuIG which has the same sign 

for both magnetostriction coefficients results in anisotropy that is easily understood through a 

simple uniaxial anisotropy model.  This allows use of non-garnet substrates (provided the correct 

strain state is supplied).  The spin transport measurements report nearly identical results to that of 

single crystal materials, indicating that the presence of grain boundaries and different 

crystallographic orientations do not affect the spintronic properties significantly. 

 

In chapter 5, the work on polycrystalline garnets with PMA is extended to Si substrates using 

DyIG.  DyIG offers numerous benefits over EuIG, in that the anisotropy is higher (due to both the 

higher thermal expansion mismatch and larger magnitude of the magnetostriction coefficients) and 

the presence of a magnetic compensation temperature in DyIG.  A discrepancy from the bulk value 

of the compensation temperature in epitaxial DyIG films is reported.  Very large grain sizes are 

discovered in DyIG/Si films, on the order of 10 μm in diameter in 40 nm thick films.  PNR 

measurements indicate constant density and magnetization profiles through the thickness of 
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polycrystalline and epitaxial films, with small interfacial regions with the substrates and negligible 

magnetic dead layers.  Similar to polycrystalline EuIG, the spin transport properties of 

polycrystalline garnet films are comparable to all other epitaxial garnet films measured.   

 

In chapter 6, the magnetic proximity effect in HM/DyIG heterostructures is examined via PNR 

and XMCD.  It was discovered that the MPE couples to the net magnetic moment of the system, 

in contrast to rare-earth transition metal/Pt bilayers in which the MPE tracks the magnetic moment 

of the transition metal sublattice.  This indicates a fundamentally different mechanism of the MPE 

in heavy metals in contact with magnetic insulators and metallic ferromagnets.  In metallic 

systems, the MPE is likely related to RKKY interactions with the conduction d electrons, whereas 

insulating systems require the interactions to be through a superexchange-type interaction.  

Additionally, the importance of a sharp, contamination free interface in garnet/metal 

heterostructures is examined. 

 

In chapter 7, we  report the first ultrathin polycrystalline garnet films.  Magnetic layers less than 

10 nm thick are necessary for manipulation with highly efficient spin orbit torques.  This is 

achieved on Si substrates via a novel heterostructure that makes use of a paramagnetic GGG 

seedlayer which templates the growth of the upper ferrimagnetic layer DyIG, with a Pt diffusion 

barrier inserted between to prevent interdiffusion and subsequent deterioration of the magnetic 

properties.   

 

In chapter 8,  the molecular field coefficient developed by Dionne and others is expanded to 

include non-idealities observed in our garnet films.  The expanded model can account for off-
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stoichiometry, non-ideal site occupancy, vacancies, and non-ideal valence states.  This is compared 

to experimental data on off-stoichiometric TbIG and Bi-TbIG, Sc-substituted TbIG, and TbIG 

featuring a compensation temperature 80 K higher than the bulk value.  The success of the model 

in explaining these discrepancies indicates that a large variety of previously unknown and 

unexplored non-idealities are existent in the garnet structure.  While the garnet system is very 

robust and easy to grow, this highlights that there may be a large deviation from the structural 

perfection assumed in previous works. 

9.2  Future Work and Outlook 

The next steps for this project are to the refine the growth process for ultrathin polycrystalline 

garnets.  Further optimization of the composition, layer thicknesses, and processing temperatures 

should improve the crystalline quality and magnetic properties.  Then, patterning devices to 

measure the spin Hall magnetoresistance and perform spin-orbit torque switching measurements 

should be conducted to compare switching efficiency with metallic ferromagnets grown directly 

on Si.  The results of this study will provide an indication of the long-term feasibility for these 

materials as candidates for future memory technologies and commercialization.  Further 

exploration of methods to grow ultrathin garnet films on non-garnet substrates, such as strongly 

textured Pt, will also be prudent.   

 

With the increasing computational power at researcher’s disposal, additional first principles 

calculations on the very large unit cell of garnets would be of interest.  In particular, calculation of 

the band structure and density of states for HM/garnet bilayers would be helpful in identifying the 

coupling of the proximity effect to different magnetic species and the strength of this interaction.  

Further studies on the integration of garnets with novel materials such as topological insulators 
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and graphene are also encouraged.  As the garnets provide many benefits over metallic magnets, 

the study of emergent physical phenomena is assisted by the insulating nature, low magnetic 

damping, and dynamic behavior in the vicinity of the magnetic and angular momentum 

compensation temperatures.   

 

The end of Moore’s law and the scaling of modern microelectronics has long been predicted but 

is yet to arrive.  The unrelenting drive towards higher performance, greater efficiency, and smaller 

sizes has resulted in tremendous advances in materials development and processing.  As this 

envelope continues to be pushed, the expansion into different materials ecosystems can only be a 

benefit.  Insulating magnetic materials, rare-earth iron garnets in particular, offer a series of 

benefits that are difficult to achieve in other systems, and further development will improve the 

compatibility with existing technology.  Spintronics are slowly making their way into mainstream 

microelectronics, and the incorporation of new materials as they mature will allow for improved 

efficiency and device performance.  As the world becomes more reliant on digital devices, 

improvements to existing technology, which more now than ever comes from improvements to 

materials, is a requirement for continued progress.   
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