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Abstract

This thesis aims to develop materials for spintronic memories and demonstrate growth of iron garnet
superlattices with layering at a sub unit cell scale. Iron garnet films are suitable for next generation
spintronic memories because of their low Gilbert damping and their growth with perpendicular magnetic
anisotropy (PMA) which promote fast domain wall dynamics. Additionally, selection of rare earth ion and
substitution of cations in various sublattices of iron garnets enables tuning of their saturation
magnetization, magnetocrystalline anisotropy, Gilbert damping and magnetostriction. Superlattices of

garnets provide an opportunity to explore interfacial phenomena.

We first study spin transport in platinum/scandium-substituted terbium iron garnet heterostructures.
Epitaxial scandium-substituted terbium iron garnet (TbSclIG) thin films were deposited on gadolinium
gallium garnet [GGG, (111) orientation] substrates using pulsed laser deposition (PLD). Sc, a
nonmagnetic cation, occupies up to 40% of the octahedral Fe sites. Anomalous Hall effect-like spin Hall
magnetoresistance measurements were performed to determine the effect of scandium content on spin
mixing conductance of the TbScIG|Pt interface. The spin mixing conductance increased significantly with
an increase in Sc content. We then study bilayer films of bismuth-substituted yttrium iron garnet (BiY1G)/
thulium iron garnet (TmIG) grown on garnet substrates that combine the non-zero interfacial
Dzyaloshinskii—-Moriya interaction (DMI) of TmIG with moderate damping between that of BiYIG and
TmlIG, making them useful for the development of high speed spin orbit torque driven magnetic devices.
Lastly, we describe superlattices made from rare earth (RE = Tm, Tb, Lu) and bismuth iron garnets (IGs)
grown by pulsed laser deposition. Superlattices of TmIG/TbIG show a composition modulation for layers
as thin as 0.45 nm, less than one unit cell, and exhibit perpendicular magnetic anisotropy that is

qualitatively different from the in-plane anisotropy of the solid solution (Tm,Tb)IG. BilG/LulG
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superlattices exhibit magnetic damping characteristic of the end members rather than the solid solution.
Garnet superlattices may provide a playground for exploring interface physics within a vast parameter

space of cation coordination and substitution.
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(TbIG/TmIG)/(111)GGG with total thickness of 44 nm.

FIG. S4. Atomic force microscopy (AFM) images of TmIG/TbIG multilayers deposited on (111) GGG substrates.
AFM scans for (a) 4 layered film with overall thickness of 44 nm and RMS surface roughness of 1.5 nm and (b)
16 layered film with overall thickness of 15 nm and RMS surface roughness of 0.2 nm. (a) and (b) were deposited
at oxygen pressure of 150 mTorr. (c) 10 layered film with overall thickness of 33 nm and RMS surface roughness
of 0.1 nm deposited at oxygen pressure of 50 mTorr. Note the different height scales for the three samples.

FIG. S5. Atom probe tomography. Left: The APT sample prepared by focused ion beam from a multilayered iron
garnet film deposited on a GGG substrate with (111) orientation, which included EulG, TbIG and TmlIG layers
of various thickness. Center: composition map (rare-earth ion is specified by color). Development of roughness
can be observed with increasing film thickness.

FIG. S6. Symmetric HRXRD scans around the substrate (444) peaks. Substrate peaks are indicated by S and film
peaks are indicated by F. All samples were deposited at oxygen pressure of 150 mTorr. (a) GGG|TbIG (44 nm)
(b) GGG|TmIG (44 nm) (c) GGG|Bilayer TbIG/TmIG, thickness 44 nm (d) GGG|4 layered TbIG/TmIG film with
overall thickness 44 nm (¢) GGG|8 layered TbIG/TmIG film with overall thickness 44 nm (f) GGGJ|16 layered
TbIG/TmIG film with overall thickness 44 nm (g) GGG|20 layered TbIG/TmIG film with overall thickness 38
nm (h) GGGJ26 layered TbIG/TmIG film with overall thickness 39 nm (i) GGG|56 layered TbIG/TmIG film with
overall thickness 25 nm (j) GGGJSolid solution TbTmIG film (44 nm) (k) GGG|8 layered TbIG/TmIG film with
overall thickness 22 nm (1) GSGGJ34 layered TbIG/TmIG film with overall thickness 41 nm (m) GGG|BiIG (39
nm) (n) GGG|LulG (35 nm) (0) GGGJ12 layered BilG/LulG film with overall thickness 35 nm (p) GGG]| Solid
solution BiLulG (21 nm).

FIG. S7. Symmetric HRXRD scans around substrate (444) peaks for GGGJ|10 layered TbIG/TmIG film with
thickness 23 nm deposited at oxygen pressure of 150 mTorr, GGGJ|10 layered TbIG/TmIG film with thickness 20
nm deposited at oxygen pressure of 100 mTorr, GGGJ|10 layered TbIG/TmIG film with thickness 33 nm deposited
at oxygen pressure of 50 mTorr and GGG|40 layered TbIG/TmIG film with thickness 20 nm deposited at oxygen
pressure of 50 mTorr.

FIG. S8. Out of plane hysteresis loops of TmIG/TbIG multilayers on (111) GGG. (a) 8 layered film of
(TbIG/TmIG)/(111)GGG with overall thickness 22 nm (b) 4 layered film with overall thickness 44 nm (c) 16
layered film with overall thickness 44 nm.

FIG. S9. Ferromagnetic resonance (FMR) data. (Frequency)2 versus resonance field for (a) BilG (39 nm) (b)
LulG (35 nm) (c) Solid solution BiLulG (21 nm) (d) 12 layered (BilG/LulG)/(111)GGG (35 nm). All these films
were deposited on GGG substrates with (111) orientation. (e) Real part of complex transmission parameter for
the film in (d) at frequency of 14.2 GHz vs. in-plane field.
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Chapter 1: Introduction

1.1 Motivation

1.1.1 Increase in demand for computational power
The demand for computation has been increasing rapidly over the past few years with progress in fields
of communication, internet of things and artificial intelligence technologies along with increase in internet
access [1]. Increase in computational power has contributed significantly to progress in areas of science
and medicine as high throughput models can explore a variety of materials and treatments in much less
time. However, the increased demand for computation has also led to an increase in energy consumption.
Most of the internet traffic passes through some data centers and the energy demand of these data centers
accounted for 2 % of the total energy demand of USA in 2014 and 1 % of the total energy demand globally
in 2019 [1,2]. Additionally, there is energy demand for billions of local devices like personal computers
or workstations. Thus, the increased demand for computational power has contributed to increase in
demand for energy and has a significant carbon footprint associated with it. Most efforts to address this
challenge have focused on making improvements in existing technologies. Improvement in server
efficiency through reduction in standby power consumption and architectural innovations has helped
reduce the power consumption for a task by a factor of 4 since 2010 [3]. This has helped to mitigate the
problem of energy demand associated with increased computing power demand to some extent. However,
the conventional complementary metal oxide semiconductor technologies used for integrated circuits are

closer to the limit than ever before.

1.1.2 New materials and technologies for more energy efficient computing
Development of new materials and technologies is crucial to address the challenge of increase in energy
demand associated with increase in computation. Dynamic random-access memory (DRAM) is used as a
short term storage for central processing units (CPUs) in modern computers. DRAM is used to store data

that is either too large for processor cache or may not be immediately needed. Bits that are used to store
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information in DRAM are composed of a transistor and a capacitor. However, DRAM’s information
storage is volatile as voltage constantly needs to be applied to the capacitor — in absence of voltage, the
signal decays resulting in loss of information. Thus, DRAM is constantly using energy even when it is
just storing information and is not being actively used. Hard disk drive (HDD) on the other hand is used
for long term storage. Tiny magnetic bits made up of grains of a magnetic material are used to store
information in HDD — they can be magnetized in or out of plane and the direction of magnetization can
be used to store information in the form of zeroes and ones. Information storage in HDD is non-volatile
as the direction of magnetization of bits remains unchanged even after the agent that was used to
manipulate them (like write current) has been removed. However, information storage in HDD is much
slower than CPU making it important to use DRAM as intermediate. Magnetic random-access memory
combines best of both these technologies. Bits that are used to store information in MRAM are made up
of 1 transistor + 1 magnetic tunnel junction (MTJ) [4]. Information stored in an MRAM bit is retained

even after the write current is removed making it more energy efficient than DRAM.

MRAM is a part of the large and exciting discipline of spintronics. Spintronics relies on intrinsic spin of
electron. The ability to use and manipulate spin potentially allows conveying twice the amount of
information compared to unpolarized electric current [5]. It also allows higher processing speed and
energy efficiency for working of integrated circuits. Apart from MRAM, work has also been done on spin

based information storage and logic devices [6,7].

1.1.3 Rare earth iron garnets as material for spintronic devices
Most of the work on spintronics has focused on metallic magnets. However, recent developments in the
field have allowed development of spintronics devices based on insulating magnetic oxides [8].
Information can be transmitted through an insulating magnetic oxide by making use of spin waves without

any electronic current flowing through them. This helps to get rid of energy dissipation in form of ohmic
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losses and energy required for cooling. Insulating magnetic oxides also allow fast magnetization dynamics

because of their low Gilbert damping compared to metallic magnets.

Rare earth iron garnets (REIGs) are an important class of insulating magnetic oxides for spintronics
applications. They consist of cations in three different sublattices — dodecahedral sublattice occupied by
rare earth ions and octahedral and tetrahedral sublattices occupied by iron ions. Selection of rare earth ion
on dodecahedral sublattice and nonmagnetic cation substitution on octahedral/tetrahedral sublattices can
tune a variety of properties including saturation magnetization, compensation temperature,
magnetostriction, Gilbert damping and Dzyaloshinskii-Moriya interaction (DMI). Thus, the composition
of REIGs can be optimized to meet the requirements of a specific application. REIGs can be grown in
form of thin films using various types of physical vapor deposition techniques. Metal overlayers can be
deposited on REIG thin films using sputtering to form heterostructures [eg. heavy metal (HM) overlayer
deposition on REIG thin films]. These heterostructures can be patterned to form devices like Hall bars or
domain wall motion based devices. Tunability, stability and compatibility with other materials make

REIGs promising material for spintronics research and applications.

1.2 Organization of Thesis

In this thesis we first study properties of substituted REIG thin films with nonmagnetic cation substitution
on octahedral sublattice. These films showed perpendicular magnetic anisotropy (PMA). Spin transport
properties of substituted REIG|HM interface has been investigated and the role of iron sublattice in
determining spin mixing conductance of REIG|HM interface is studied. We then study bilayer films of
iron garnets that achieve moderate damping and significant DMI along with PMA which make them
promising material for high-speed spin orbit torque driven devices. Lastly, we study superlattices of iron
garnets deposited by pulsed laser deposition and compare their properties with those of end members and
codeposited films. We show evidence for layering at a sub unit cell scale for iron garnets. As iron garnets

allow tuning in properties by choice of rare earth ion and nonmagnetic substitution on
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octahedral/tetrahedral sublattices, iron garnet superlattices with rich parameter space offer opportunity to
explore physics related to interfaces. We finally present a summary of our findings and some directions

for possible future research.

Chapter 2: Background on magnetism, properties of iron garnets, advancements in spintronics and oxide

superlattices.

Chapter 3: Techniques used for deposition of iron garnet thin films and platinum overlayers and techniques

used for structural, magnetic and spintronic characterization of these films.

Chapter 4: Magnetism and spin transport in platinum/scandium substituted terbium iron garnet (TbScIG)
heterostructures has been reported. Iron sublattice has been found to play the dominant role in determining

spin mixing conductance across REIG|HM interface.

Chapter 5: Anisotropy and Gilbert damping of bismuth substituted yttrium iron garnet (BiYIG) epitaxial
thin films has been reported for various garnet substrates. Domain structure of BiYIG films have been
observed under equilibrium conditions and during magnetization reversal. Efficient spin transport across

BiYIG|Pt interface has also been reported.

Chapter 6: Damping and interfacial DMI in thulium iron garnet (TmIG)/ BiYIG bilayers have been
reported. Bilayers deposited on neodymium gallium garnet (NGG) were shown to have PMA, moderate
damping and significant DMI (sufficient to stabilize Neel domain walls). These properties make these

bilayers a promising material for high-speed spin orbit torque driven devices.

Chapter 7: Pulsed laser deposited multilayered epitaxial thin films of iron garnets have been reported.
Properties of multilayers were found to be similar to those of end members and not codeposited films with

same overall composition. Evidence for layering has been shown at a sub unit cell scale for iron garnets.
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Chapter 8: Important results presented in this thesis have been summarized along with some possible

directions for future research.
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Chapter 2: Background

2.1 Magnetism

2.1.1 General
Magnetism has been known for a very long period of time. However, to develop a thorough understanding
of the origin of magnetism one needs to look at quantum mechanics. An accurate understanding of the
origin of magnetism was developed in 20" century by making use of quantum mechanics [9]. Only 4
elements are magnetic at room temperature — iron, cobalt, nickel and gadolinium and ruthenium has been

found to be ferromagnetic at room temperature under some conditions [10].

We begin by looking at magnetic moments in isolated atoms. Lande g-factor is related to the amounts of
spin and orbital angular momentum present in an atom and is given by:

B JG+1D)+SES+1)—-L(L+1)
g=1+ 270+ 1) (2.1)

Here S is the spin angular momentum, L is the orbital angular momentum and J is the total angular
momentum present in an atom [11]. Spin angular momentum only depends on the intrinsic spin of an
electron which can take on values of + 2 and S is the sum of spin angular momentum of all electrons in
an atom. Orbital angular momentum depends on the orbital that an electron occupies. For example, for 3d
orbitals in transition metals there are 5 possible values of orbital angular momentum: -2, -1, 0, 1, 2. For
rare earth elements there are 7 4f orbitals and possible values of orbital angular momentum are -3, -2, -1,
0, 1, 2, 3. L is the sum of orbital angular momentum of all electrons in an atom. Electrons in an atom are
filled according to Pauli’s exclusion principle and Hund’s rule [9].

1. A degenerate set of orbitals are filled such that the total spin is maximized. This causes electrons to occupy
separate orbitals and minimizes Coulombic repulsion between electrons.

2. Orbitals are filled such that the total orbital angular momentum is maximized. This causes electrons to

occupy orbitals which orbit nucleus in the same sense. This also minimizes Coulombic repulsion.
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3. For a set of degenerate orbitals that are less than half-filled J is given by absolute value of difference
between L and S and for more than half-filled J is given by absolute value of sum of L and S.
] =|L =S|, for less than half — filled  (2.2)
J = |L + S|, for more than half — filled  (2.3)
For a set of degenerate orbitals that are exactly half-filled, L = 0 and both the above equations give the
same result. The above equations are valid for isolated atoms but may not be applicable for solids. For
example, for transition metals for which 3d orbitals are being filled, energy for electrons being filled in
3d subshell is close to fermi level. As a result, the orbital angular momentum is quenched because of the
crystal field in the solid. For rare earth elements the 4f electrons are deep inside the atom. Thus, the effect

of crystal field is relatively less important, and the above equations are a good approximation [12].

Slater-Pauling curve shows variation of saturation magnetization of transition metals as their 3d orbital is
getting filled [9]. Rigid band model has been used to give an explanation for the Slater-Pauling curve.
According to the rigid band model there is splitting in the band structure of 3d orbital for minimization of
free energy. This results in one polarization being fuller than the other polarization and a net magnetic
moment. This description may not be an accurate representation of complex band structure of transition

metals but correctly explains the trends observed in Slater-Pauling curve.

We now look at interaction between a pair of spins (eg. spins of a pair of electrons). Heisenberg first
developed the formalism to explain the origin of ferromagnetism which came to be known as the

Heisenberg Hamiltonian equation given by:
A= - Z]ij S; S (2.4)
ij

Here Jjj is the exchange constant between i™ spin S; and j™ spin S; [12,13]. According to Pauli exclusion

principle no two electrons can have the same set of all four quantum numbers. Thus, for the electron wave
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function either the spatial part of wavefunction has to be symmetric and the spin part of wavefunction
antisymmetric or vice versa [14]. Jjj is defined as the difference in energy between wavefunction with
symmetric spatial part of wavefunction and antisymmetric singlet spin state and wavefunction with
antisymmetric spatial part of wavefunction and symmetric triplet spin state. J;j > 0 favors parallel
alignment of spins and J;; <0 favors antiparallel alignment of spins. The type of exchange may differ from
material to material but the simple equation mentioned above can be used to explain the origins of

magnetism.
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FIG. 2.1 Rigid band model for Fe and Co showing density of states as a function of energy for up and
down spins [15].

In rare earth elements, the 4f electrons that are responsible for magnetism are deep in the atom while the
6s and S5p valence shell electrons are conduction electrons. Ruderman—Kittel-Kasuya—Yosida (RKKY)
interactions explain how the 4f electrons polarize the conduction electrons and the sign and magnitude of
polarization oscillates as a function of distance from nucleus of atom [16-18]. RKKY interactions are
relatively weak but the dominant exchange interaction in rare earth elements.

To explain the behavior of magnetic oxides (which are the subject of most of this thesis) we need one

more type of exchange interaction. Superexchange interactions are symmetric exchange interactions
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between transition metal ions mediated by intervening oxygen anions. Consider bonds formed between

3d,z2_,2 orbital of a transition metal and p orbital of oxygen [9]. Due to Pauli’s exclusion principle two

electrons in p orbital of oxygen atom should have opposite spins. Also, due to Hund’s rule which requires
electrons occupying degenerate orbitals on a given transition metal ion to have spin orientation that
maximizes net spin for the ion and due to Pauli’s exclusion principle which requires a pair of electrons
forming bond between oxygen and transition metal to have opposite spins, there is antiferromagnetic
coupling between adjacent transition metal ions as shown in FIG. 2. In a magnetic oxide with many
different bond angles, types of ions and coordination the magnetic structure is determined by Goodenough

— Kanamori rules [19].
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FIG. 2.2 Superexchange interaction between two transition metal ions mediated by an oxygen anion [20].

Having discussed the origin of magnetism, we now should look at different kinds of magnetic materials.
There are three types of materials which have a permanent magnetic state in absence of an applied
magnetic field — ferromagnets, antiferromagnets and ferrimagnets. Ferromagnets are made up of only one
magnetic sublattice with all magnetic moments being parallel to each other. Examples of ferromagnets

include iron, nickel and cobalt at room temperature. Antiferromagnets are materials which have zero or
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very small magnetic moments based on the nature of ordering. In most cases antiferromagnetic materials
are made up of two identical sublattices with their magnetic moments aligned antiparallel to each other.
Very small or zero net magnetic moment of antiferromagnetic materials makes their experimental
characterization difficult. Louis Neel was the person who discovered and explained antiferromagnetism
for the first time [21]. Antiferromagnetic materials are used in hard disk drives (HDDs) where the

exchange bias from these materials is used to keep the direction of magnetization of a magnetic layer fixed
(as long as we do not apply very strong magnetic field, greater than Hexchange bias in opposite direction).

This fixed magnetic layer is then used in the read head in HDD, the technology that is used for data storage
with very high density in computers. There have been some developments to be able to use
antiferromagnetic materials in next generation memory technologies including demonstration of switching
of an antiferromagnetic thin film using electrical current [22]. Antiferromagnetic materials also offer the
advantage of very fast magnetization dynamics, in the THz regime [23]. However, a lot more research is
required to be able to use antiferromagnetic materials for next generation memory technologies.

Ferrimagnetic materials are another important class of magnetic materials. These materials consist of two
or more magnetic sublattices that are coupled to each other antiferromagnetically. However, the different
sublattices do not completely nullify each other and there is a net magnetic moment. Examples of
ferrimagnetic materials include rare earth iron garnets (like thulium iron garnet), magnetite (Fe3O4) and
transition metal — rare earth metal alloys (like Co-Gd alloys) [11,24-26]. To be able to identify the nature
of magnetic ordering in a material (ferromagnetic versus ferrimagnetic) we need to understand its
stoichiometry and positions of atoms of different elements in its unit cell. The magnetic moment of
magnetite could not be explained prior to discovery of ferrimagnetism as it was much lower than expected.
Later it was found that the moments of two Fe** ions nullify each other, and the result is moment of one
Fe?* ion per formula unit. Iron garnets are an important class of ferrimagnetic materials and they are
discussed in greater detail later in this chapter. Ferrimagnetic materials have some advantages over
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ferromagnetic materials. Antiferromagnetic coupling between sublattices in ferrimagnetic materials is
stronger than exchange coupling in ferromagnetic materials leading to faster spin dynamics in
ferrimagnetic materials [27].

We should also mention one more kind of magnetic behavior — paramagnetism. Paramagnetism refers to
development of a weak magnetic polarization in a material parallel to the applied magnetic field and
proportional to the magnitude of this field. This happens only if the material has unpaired electrons. Spins
of these unpaired electrons align themselves parallel to the applied field to reduce the energy of the system.
The explanation for the origin of paramagnetism was modified a bit by quantum mechanics as the energy
levels of electrons are quantized. Paramagnetism is strongly dependent on temperature and becomes weak
at higher temperatures.

Another important property relevant for this thesis is magnetic damping in solids. Damping refers to
dissipation of energy through internal mechanisms of a material that transfers energy to crystal
lattice [11]. This is similar to viscosity or friction like behavior. Damping of a magnetic solid effects its
dynamic behavior like propagation length of spin waves or switching speed. Damping of magnetic
insulators is generally lower than that of metallic magnets as conduction electrons contribute to dissipation
of energy. Garnets, especially yttrium iron garnet (YIG) [28], are materials among those with lowest
known damping. Bismuth substituted yttrium iron garnet (BiYIG) [29] has a damping that is an order of
magnitude higher than that of YIG but much smaller than that of rare earth iron garnets (REIGs) like
thulium iron garnet (TmIG) [30]. In chapter 6 we study damping of BiYIG|TmIG bilayered films. Landau-

Lifshitz-Gilbert (LLG) equation governs the dynamic magnetic behavior of a system:

M i) - (T sy (fixA) @5
ac Y M dt re (25)
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Here M is magnetization vector, His magnetic field vector, a is Gilbert damping, y is a constant, M is
magnitude of magnetization, g is Lande g-factor, e is charge of electron, m is mass of electron and c is

speed of light [11].

2.1.2 Spin-Orbit Coupling

As we have mentioned before, an atom has spin and orbital components of angular momentum. These two
components are coupled to each other due to a phenomenon known as spin-orbit coupling (SOC). SOC
has consequences for several important properties like magnetostriction, Gilbert damping, anisotropy and
fields of magneto-optics and spintronics [9].

Spin-orbit coupling refers to the effect of orbital motion of an electron on its spin orientation. From the
frame of reference of the electron, nucleus is undergoing orbital motion around it and this orbital motion
of positive charge results in a magnetic field that effects the orientation of spin of an electron [9,11]. This
explains the origin of SOC. SOC is proportional to the fourth power of atomic number and is significant

for heavy metals like platinum and tantalum [31].

2.1.3 Magnetostriction
Magnetostriction is defined as the fractional change in length of a material on being magnetized [9,11].
On application of a magnetic field, the spins in a material undergo a change in direction to align with the
field. Due to SOC this also leads to a reorientation of orbitals leading to change in dimension which is
quantified by magnetostriction in terms of strain. For a cubic crystal, magnetostriction can be completely
described by A0 and A111 which are magnetostriction constants along <100> and <111> crystallographic
directions respectively. Magnetostriction constants are small in magnitude, on the order of 107~
Magnetostriction constants decrease monotonically with increase in temperature. Magnetostriction has

important consequences for both bulk solids and thin films. However, for this thesis we will primarily be
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concerned with effects of magnetostriction on thin film samples. Magnetoelastic anisotropy induced in a
material on application of stress is quantified by magnetostriction.

For epitaxial thin films of materials deposited on substrates with (111) or (100) orientation
magnetostriction is specified by the relevant constant. However, for a polycrystalline material with
randomly oriented grains we need to take an average of the two magnetostriction constants. Based on the
assumption of uniform volumetric stress caused by magnetostriction the following equation has been
derived [32]:

2 3
1= 3 A100 + 3 A1 (2.7)

Here A is the magnetostriction of the polycrystalline material. Later, elastic properties of the material were

incorporated to obtain the following result [33,34]:

2 In(c)
A= M+ g_ 3 (/1100 - /1111) (2-8)
Here c is given by:
2 Cyy
c= —— 2.9
€11 — C12 (2:9)

Here cjj’s are the elastic constants of the material. Incorporating the elastic constants changes the final
result by only a few percent for garnets. Although incorporating the elastic constants makes the result

slightly more accurate, knowledge of shape of grains is required to make the result more accurate.

2.1.4 Anisotropy
Anisotropy refers to dependence of properties of a material on direction. Energy of a magnetic system
may depend on the direction of magnetization. This is of great importance for magnetic materials as the
system wants to minimize its energy resulting in certain easy-axis and hard-axis of magnetization. Sources

of anisotropy in a material can be intrinsic like the crystal structure of the material and extrinsic like the
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stress applied to the material. In the following paragraphs we discuss several different sources of
anisotropy — magnetocrystalline anisotropy, magnetoelastic anisotropy and shape anisotropy.
Magnetocrystalline anisotropy arises from interaction between electric field associated with a crystal
lattice and anisotropic (I # 0) orbitals occupied by electrons [9,35]. For a cubic crystal magnetocrystalline
anisotropy is given by the following equation:

Epme = Ko+ Ki(@?a2 + a5a3 + a2a?) + Ky,a?aia + - (2.10)
Here Ki’s are cubic magnetocrystalline anisotropy constants and ai’s are cosines of angles made by
magnetization direction with <100> crystallographic directions. K; and K are sufficient to describe
magnetocrystalline anisotropy of most materials. However, for a polycrystalline material with randomly
oriented grains there is no magnetocrystalline anisotropy.
Magnetoelastic anisotropy refers to anisotropy that arises on application of mechanical stress on a
material. Since the lattice has effect on the anisotropy of a material, distortion of the lattice on application
of stress causes magnetoelastic anisotropy in material. Magnetostriction is the quantity that relates the
applied mechanical stress and the resulting magnetoelastic anisotropy. For a cubic material,
magnetoelastic anisotropy is a function of both directional cosines of stress application direction and

directional cosines of magnetization vector [11]. It is given by the following equation:

_ 2.2 2.2 2.2
Eme,cubic = 5 Aooo (afyi + azy; + azys

— 3 11110 (@1a2¥1Y2 + @2a3Y72Y3 + azaq¥3y1) (2.11)

Here vi’s are directional cosines of stress application directions. Magnetoelastic anisotropy for iron garnet
films deposited with (111) and (100) orientation have been described in greater detail in chapters 4-7.

Shape anisotropy refers to anisotropy in a material due to its three-dimensional shape. Demagnetizing
field in a body with arbitrary shape is lowest along its longest axis [11]. This is because orienting the
demagnetizing field along the longest axis of a body keeps the opposite magnetic poles furthest apart.

Thus, a sphere is the only shape with zero shape anisotropy. Other important shapes to consider for
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demagnetizing factor are ellipse, cylinder and thin films. Shape anisotropy between two different

directions is given by:

1
Esnape = 5 AN M3 (2.12)

Here AN is the difference between demagnetizing factors for two directions and Ms is saturation
magnetization. The sum of demagnetizing factors along three mutually orthogonal directions is 1 [9].
Ny+ N, + N, =1 (2.13)
For a spherical body as the three directions are equivalent to each other Nx = Ny =N, = 1/3. For a thin film
sample, out-of-plane direction can be defined as the z axis. Nx = Ny = 0 for a thin film sample, as the
opposite magnetic poles are practically very far apart for a thin film sample for in-plane demagnetizing
field direction. Thus, N, =1 for a thin film sample.
All the different types of anisotropies discussed so far are not dependent on the kinetics of growth process
of thin films. Magnetocrystalline anisotropy only depends on the crystal structure of the material,
magnetoelastic anisotropy only depends on the nature of stress and magnetostriction of the material and
shape anisotropy only depends on the 3D shape of the body being considered. However, growth induced
anisotropy in thin films depends on the kinetics of the growth process. Growth induced anisotropy for
films deposited by liquid phase epitaxy and pulsed laser deposition has been studied in detail. Growth
induced anisotropy in iron garnet films has been discussed in greater detail in the next section.
It is also possible to calculate uniaxial anisotropy constant for a material. Some crystal systems are
naturally well described by uniaxial anisotropy, like the hexagonal close packed (HCP) crystal system. In
such a crystal generally there is an anisotropy axis and an anisotropy plane, with small anisotropy in the
anisotropy plane. Uniaxial anisotropy constant can also be calculated for magnetic thin films to account
for the net anisotropy. This can be done by combining contributions of magnetocrystalline, shape,
magnetoelastic, growth-induced and any other anisotropy. Calculations of uniaxial anisotropy constant for

magnetic thin films has been discussed in greater detail in the following chapters of this thesis. Uniaxial
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anisotropy constant, K, of a material can be used to calculate its anisotropy field along its hard axis (Hx)
using the following equation:

H, = 2Ky (2.14)
; “—OMS .

Comparison with the experimental value of anisotropy field can help us understand how accurate our
uniaxial anisotropy constant calculation is. On the other hand, if the value of anisotropy field is available

with high reliability it can be used to calculate uniaxial anisotropy constant.

2.2 Garnet structure and magnetic properties

Although the rise in interest in PMA REIG thin films is relatively recent, magnetism in garnets is being
studied since 1950s. Structure, stoichiometry and magnetic properties of iron garnets have been studied
in great detail by Pauthenet, Gilleo, Geller, and Kittel. Garnets have been used for development of

magneto-optical magnetic bubble memories [36].

FIG. 2.3 Garnet unit cell. Purple atoms (largest) are dodecahedrally coordinated, yellow atoms (smallest)
are Fe and occupy sites that are octahedrally or tetrahedrally coordinated, and red atoms are O [37].
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Iron garnets get their name from garnet minerals like Ca3zAl>Si3012 which have the same crystal structure
as iron garnets [38]. For iron garnets we substitute (Al, Si) with Fe. For the work in this thesis, we have
RE (like Tb or Tm), Bi or Y in place of Ca. Additionally, in chapter 4 we describe our work on Sc
substitution for Fe. A unit cell of iron garnet consists of eight formula units and a total of 120 ions and has
a lattice parameter close to 1.2 nm (see FIG. 3). A unit cell of iron garnet consists of cation sites which are
dodecahedrally coordinated by oxygen anions, octahedrally coordinated by oxygen anions and
tetrahedrally coordinated by oxygen anions. For each formula unit, 2 Fe** ions occupy sites which are
octahedrally coordinated and 3 Fe*" ions occupy sites which are tetrahedrally coordinated. In REIGs, YIG
and bismuth substituted YIG (BiYIG), RE**, Y>* and Bi*" ions occupy dodecahedrally coordinated sites.
Iron garnets films deposited for experiments reported in this thesis did not always have exactly the same
stoichiometry as mentioned above.

Iron garnets are ferrimagnetic because of the superexchange interactions [39]. For rare earth iron garnets,
iron ions on octahedral and tetrahedral sublattices are antiferromagnetically coupled to each other. Also,

rare earth ions on dodecahedral sublattice are ferromagnetically coupled to octahedral sublattice.
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FIG. 2.4 Saturation magnetization versus temperature curve for a two sublattice material and for a single
sublattice material [40].



Neel’s molecular field theory is used for analysis of magnetic materials [40,41]. This theory assumes that
cations are sitting in a mean “molecular” field due to ions in their neighborhood. For YIG the equations
based on this theory are [42]:

M=M,— M, (2.15)

1
M, = 75.7Bs (3.359 X 107* x 7) H, (2.16)
2

1
My = 113.55 Bs (3.359 X 107* X 7) H, (217)
2

Hy = Aga Mg — Aqa Mg (2.18)

Hy = —AgaMy + Agq My (2.19)
Here Ajj are the molecular field coefficients, M is the net magnetization, M; is the magnetization of the
sublattice 1 and Bsy is the Brillouin function for a particle with J = 5/2. This produces the curve for
magnetization versus temperature as shown in Fig. 2.4.
In rare earth iron garnets (REIGs) there is an additional magnetic sublattice — dodecahedral sublattice
(denoted by ¢ and occupied by the RE** ions, the largest ions in the system) compared to YIG. Thus, the
thermomagnetic behavior of REIGs is more complicated than YIG. The equation for net magnetization
above needs to be modified for REIGs:

M=|M,+ M, — M,| (2.20)

Also, additional molecular field coefficients corresponding to exchange interactions with dodecahedral
sublattice need to be introduced [40]. Shielding of rare earth 4f electrons causes RE-RE exchange
interactions to be weaker than Fe-Fe and RE-Fe exchange interactions [43]. Moreover, there can be rare
earth canting which refers to reduced rare earth magnetization compared to free ion value. Reduction in
orbital angular momentum due to crystal field (small but not negligible for rare earth ions) is the reason

behind rare earth canting [40].
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The presence of RE*" ion in REIGs can also lead to the interesting phenomenon of magnetic compensation
temperature. This is of technological relevance as it can enable ultrasmall and ultrafast spin textures [44]
and efficient spin orbit torque switching [45]. The exact position of magnetic compensation temperature
depends on the distribution of ions in different sublattices and substitution of cations on different
sublattices. Compensation temperatures of rare earth iron garnets with small rare earth deficiency and
nonmagnetic substitution on octahedral sublattice of varying extents have been discussed in chapter 4 of
this thesis. Thermomagnetic behavior of various REIGs have been shown in FIG. 5. The presence of

compensation temperature for terbium iron garnet (TbIG) and gadolinium iron garnet (GdIG) can be seen.

(RE)sFesO;,

4nM (kG)

700

FIG. 2.5 Saturation magnetization versus temperature for various rare earth iron garnets (REIGs).
Presence of compensation temperature can be observed for several REIGs and compensation temperatures
of TbIG and GdIG are close to room temperature [40].

Let us consider growth induced anisotropy in rare earth iron garnet thin films. It consists of three different

sublattices — dodecahedral sublattice (c sites), tetrahedral sublattice (d sites) and octahedral sublattice (a

sites). ¢ sites can be of three different types (non-equivalent to each other) based on the closest d sites — ¢
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sites with d sites on left and right (X), c sites with d sites on back and front (Y) and c sites with d sites
above and below them (Z) [46]. Further, these c sites can be classified based on their closest a sites into
Xi, Yiand Zi wherei=1, 2, 3 or 4 [46]. During the deposition of a rare earth iron garnet film with mixed
rare earth ions on a substrate with (111) orientation [36], incoming rare earth ions would see two classes
of dodecahedral sites with different areas. The larger rare earth ion would have a smaller energy barrier
for incorporation into the dodecahedral site with larger area. This causes preferential occupancy of non-
equivalent dodecahedral sites by rare earth ions of different sizes, breaking symmetry of crystal and giving

rise to a growth-induced anisotropy contribution.

2.2.1 Nonmagnetic substitution in iron garnets

Complexity of garnet crystal structure consisting of various sublattices allows substitution of nonmagnetic
cations on different types of sites. Different ions have preference to occupy specific sublattices based on
their size. In this thesis we only deal with cations which exclusively occupy a particular sublattice. Geller
and his coworkers did a significant amount of work on nonmagnetic cation substitution in YIG in 1960’s.
Table I gives a summary of site preferences of various cations in iron garnet systems. For substitution by
cations which have charge different from +3, it is necessary to compensate for the difference in charge.
This is generally achieved by Ca** substitution on the c sublattice for the cases of Sb>*, Si**, V" and Zr**
substitution [47,48].

Substitution of different cations on various sublattices of iron garnets allow control over magnetic
properties of material. Exclusive substitution of diamagnetic cations in tetrahedral sublattice should reduce
the net magnetic moment and exclusive substitution of diamagnetic cations in octahedral sublattice should
increase the net magnetic moment. However, this holds true only up to a certain level of substitution
beyond which the magnetization begins to decrease. The reason for this is the decrease in the average
antiferromagnetic superexchange interactions experienced by an ion. Magnetometry and neutron

diffraction experiments have shown that substitution on a particular sublattice (octahedral/tetrahedral)
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causes canting of magnetic moments on the opposite sublattice [49,50]. Efforts to model this using

molecular field coefficients have been difficult as the magnetic behavior depends on the choice of the

diamagnetic ion [51-53]. The amount of substitution beyond which intra-sublattice interactions and

canting begin to dominate over inter-sublattice interactions has been found experimentally for several

species. On a per formula unit basis the transition happens at Xocta = 0.7 and Xewra = 1.92 [47].

Table 2.1 — Site preference for several ions which exclusively occupy a particular sublattice

Ion Crystallographic Site Reference
Bi** Dodecahedral [54]
Ca®* Dodecahedral [48]
Hf* Octahedral [55]
In** Octahedral [56]
Sb>* Octahedral [57]
Sc3* Octahedral [48]
Zr* Octahedral [48]
Si** Tetrahedral [48]
V3 Tetrahedral [48]
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FIG. 2.6 Magnetic moment per formula unit (in pug) versus amount of site-specific substitution in YIG.
(a) Plots for Si*" and Ge*" substitution in tetrahedral sites (Ge*" does not exclusively occupy tetrahedral
sites, a fraction of it goes to octahedral sites as well). (b) Plots for Sc** and Zr** substitution in octahedral
sites. Charge compensation for Si*", Ge*" and Zr*" substitution is achieved by substitution of Ca*" ions in
dodecahedral sublattice. Reduction in magnetic moment can be observed beginning from about Xetra =
1.9 and Xocta = 0.7 [47].

2.3 Spintronic phenomena in iron garnets
So far we have discussed structural and magnetic properties of iron garnets. In this section we will discuss
dynamic properties of iron garnets. The motion of a magnetic moment is governed by the Landau-Lifshitz-

Gilbert (LLG) equation. It can be written as [58]:

am 1
E = YL (m) (m X Beff + am X (m X Beff)) (221)

Here yLL is the gyromagnetic ratio (ratio of magnetic moment and angular momentum), o is the Gilbert
damping and is related to energy dissipation in a magnetic material (spin-orbit coupling contributes to this

energy dissipation) and Besr is the effective magnetic field in a material and consists of contributions from
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exchange, anisotropy and applied field. Spintronics enters into the picture when we look at additional
sources of effective magnetic field which may act in a device. One such source that we will consider in

this section is spin-orbit torque (SOT). To understand SOT one needs to understand spin current in a solid.

2.3.1 Drift-Diffusion Model for Spin Current
In addition to charge an electron possesses spin angular momentum. Thus, a moving electron can carry
both charge current and spin current. An understanding of these two types of currents is required to
understand phenomena related to SOT. We will describe the formalism developed by Valet and Fert using
drift-diffusion equations to understand charge current and spin current [59]. Under this formalism charge
current and spin current are coupled to each other and are governed by chemical potentials of both charge

accumulation and spin accumulation. Charge and spin accumulations obey the following equations:

Ms i

- (22

Vus; =
Vi, =0 (2.23)
Here ps; is the i™ component of the spin chemical potential vector and A is the spin diffusion length ./D £

, the characteristic length over which spin accumulation decays to zero in a nonmagnetic metal [60]. D is
the spin diffusion coefficient and 7sris the spin flip scattering time, the time taken by a spin in a spin state

to scatter to another spin state [60]. Charge and spin currents in a material with conductivity ¢ are given
by [61]:

_ o
Je=—"Vue (229

) o
Jsi = % Vg, (2.25)

Charge current and spin current in some materials are coupled to each other by spin-Hall effect [61].
Charge current in a material can originate from a combination of charge accumulation and spin

accumulation (inverse spin-Hall effect (ISHE)) and spin current in a material can originate from a
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combination of spin accumulation and charge accumulation (SHE). This is important to understand one
of the possible origins of SOT [62,63] as well as a measurement technique, spin-Hall
magnetoresistance [61].
In bilayers made up of ferrimagnetic insulators (FMI) and nonmagnetic metals (NM) charge current can
only flow through the nonmagnetic metals, parallel to the interface. However, spin current can flow
through the structure in transverse direction. To understand this spin current flow, one needs to consider
what happens at the interface. For this purpose, we describe below the magnetoelectronic circuit theory.
Magnetoelectronic circuit theory of Brataas can be used to describe spin transfer across an NM|FMI
interface [64]. According to this theory spin current across an FMI|NM interface is made up of two
components as described by the following equation [61]:

ejs MMIFMD @) = —G.m x (Rxps) = G (R xn)  (226)
Here G: and G;j are real and imaginary components of magnetoelectronic circuit theory parameter spin
mixing conductance. In chapter 4 we look at the role of iron sublattice in spin mixing conductance of

REIG|Pt interface.

2.3.2 Spin-Orbit Torque
A transverse spin current in REIG|Pt heterostructure can give rise to effective field (and thus torque) on
the magnetization of magnetic layer. Spin-orbit torque has two components with different symmetries
corresponding to G; and G;j respectively. The two components are given by the following equations:
Tp, €« m X (0 X m) (2.27)
Tp, X 0 Xm (2.28)
Here pL refers to damping-like torque (related to Gr) and trL refers to field-like torque (related to
Gi) [8]. SOT can cause switching of the magnetization of the magnetic layer if its magnitude is large

enough and if an in-plane magnetic field is applied parallel to the current. The in-plane magnetic
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field parallel to current is required to break the symmetry of clockwise versus anticlockwise
rotation of magnetization vector [63]. Based on macrospin assumption, critical current required for

SOT induced magnetization reversal is given by [65]:

2e Mg tg HK’ ff H
Jeritical = 5 —— (Te_ \/_%> (2-29)

Here Ms and tr are saturation magnetization and thickness of ferrimagnetic insulator film (like a
REIG) and Osn is the spin-Hall angle of nonmagnetic metal overlayer (like Pt). Hkefris the anisotropy
field including shape anisotropy and Hx is the applied in-plane field.

SOT has been extensively studied in REIG|Pt heterostructures over the past few years. SOT was
demonstrated to induce coherent auto-oscillations in YIG in 2016 [66]. SOT assisted switching of
Pt|BaFe12019 was also demonstrated in 2016 [67]. In the same year all electrical SOT switching of
Pt|TmIG was demonstrated by our group [8]. There have been improvements in SOT switching
efficiency due to advances in PLD growth [68] and SOT switching has been demonstrated for TmIG
films with thickness up to 15 nm [69]. Efficient SOT-driven domain wall motion has been
demonstrated for Pt|TmIG heterostructure [6,70]. Ultrafast SOT-driven domain wall motion has

been demonstrated in BiYIG with velocity up to 4.3 km/s [71].

2.3.3 Dzyaloshinskii-Moriya interaction (DMI)
Dzyaloshinskii-Moriya interaction (DMI) [72,73] may exist in bulk materials with broken inversion
symmetry or thin films where interfaces break inversion symmetry. Two important ingredients for
DMI are broken inversion symmetry and strong spin-orbit coupling. The Hamiltonian for DMI

interaction is given by:

ij
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Here Dj is the Dzyaloshinskii-Moriya tensor and Si and Sj are adjacent spins. Unlike Heisenberg
exchange interactions which favor collinear ferromagnetic/antiferromagnetic alignment of adjacent
spins, DMI favors directional non-collinear magnetic order of a specific chirality, left-handed or
right-handed based on the sign of Dij. In a material with significant Heisenberg exchange interaction
and DMI, the two compete with each other resulting in formation of chiral domain walls and
skyrmions as shown in FIG. 7.

DMI has been found to exist in non-centrosymmetric bulk materials like MnW [74], MnSi [75] and
FeGe [76] as well as bilayers of ferromagnetic materials and heavy metals like Pt, Ta or W with
strong spin orbit coupling where presence of interface results in broken inversion symmetry
(shown in FIG. 8) . For centrosymmetric bulk materials Djj = 0 and thus there is no DMI. Interfacial
DMI stabilized homochiral Neel domain walls were observed in Pt|Co(Fe)|oxide films by Emori [77]
and Ryu [78] separately. In chapter 6 of this thesis we study interfacial DMI for BiYIG, thulium

substituted BiYIG (TmBiYIG) and BiYIG|TmIG bilayers deposited on various garnet substrates.
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FIG. 2.7 (a) Bloch and (b) Neel skyrmions (c) Left-handed and right-handed Neel domain walls (d)
A pair of right-handed Neel domain walls [79]
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FIG. 2.8 Sketch of (a) bulk DMI in non-centrosymmetric crystal (b) interfacial DMI in
ferromagnet|heavy metal bilayer [80].
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Chapter 3: Experimental methods

This chapter discusses the experimental methods used throughout this thesis. Thin films were deposited
using pulsed laser deposition and platinum overlayers on these thin films were deposited using sputtering
system in Prof. Luqgiao Liu’s laboratory. X-ray reflectivity (XRR) was used for determination of thickness
of films. X-ray diffraction (XRD) was used to characterize structure of these thin films and surface
roughness information was obtained using atomic force microscopy (AFM). Room temperature hysteresis
loops and temperature dependent magnetic properties of these thin films were obtained using vibrating
sample magnetometry (VSM). TEM images for cross-sections of thin films were obtained to get
information about their structural quality and composition profile. The TEM lamella sample was prepared
by VELION FIB-SEM system, with Au" ion beam working at 35 keV, followed by ion polishing by Ar+.
The high-angle annular dark-field (HAADF) and energy dispersive spectroscopy (EDS) images were
acquired on a Themis Z STEM working at 200 keV with chromatic corrector. Hall crosses for spin-Hall
magnetoresistance (SMR) measurements were patterned using photolithography with maskless aligner
(MLA).

Wavelength dispersive spectroscopy (WDS) measurements were performed on garnet films with thickness
greater than 200 nm using a JEOL JXA-8200 electron probe microanalyzer with an accelerating voltage
of 15 kV and a beam current of 10 nA, and the data were reduced with the GMRFILM software package
for thin film analysis which considers the contribution of substrate to WDS spectrum and effect of
substrate/film interface [81]. X-ray photoelectron spectroscopy (XPS) was used to obtain qualitative
information about composition of scandium substituted TbIG (TbScIG) thin films. High-resolution XPS
spectra were taken using a Physical Electronics VersaProbe II for TbScIG films with thickness less than
90 nm. Adventitious carbon on the sample surface was removed by a cleaning procedure using an argon
ion beam before acquiring data. A pass energy of 23.5 eV was used to acquire data. Atom probe

tomography (APT) was used to characterize composition modulation in TbIG-TmIG multilayered thin
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films. Specimen tips for the 3D APT were prepared using an FEI Helios 660 Nanolab Dual-Beam
FIB/SEM. Standard APT sample preparation procedures were followed for the lift out; sharpening of the
tips was performed first with an ion beam accelerating voltage of 30 kV, and then (for final shaping and
cleanup) at 2 kV. APT was performed using a Cameca LEAP 4000X HR instrument in laser pulsing mode,
with the following operating conditions: laser pulse energy of 20 pJ and repetition rate of 100 kHz; base
temperature of 40 K; detection rate of 1%. Reconstruction and analysis of the data was performed using
Cameca IVAS 3.6.14 software. A 1D concentration profile along a cylindrical sub-volume parallel to the
long axis of the specimen tip was extracted; the ion counts were converted into cation ratios. The accurate
oxygen content cannot be determined via APT because oxygen field evaporates as both O+ and O2++,
which have the same mass-to-charge-ratio.
3.1 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a physical vapor deposition technique which allows non-equilibrium
deposition of thin films with complex stoichiometry. It combines characteristics of evaporation and
sputtering and has several advantages over other physical vapor deposition techniques. Demonstration of
deposition of high quality YBa>Cu3O7 thin films by PLD attracted attention for deposition of many oxide
thin films by the same technique [82]. In PLD laser pulses hit the target resulting in formation of plume
with atomic species of target material which get deposited on the substrate. A schematic of the PLD
equipment used in this thesis has been shown in FIG. 1. The key components of this PLD system are
deposition chamber, optics, laser (a Coherent COMPexPro 205 KrF with wavelength 248 nm excimer
laser), mechanical pump, turbomolecular pump, substrate and target. Duration of laser pulses is in ns
range. As most materials are absorptive for this wavelength, energy of the laser pulse gets absorbed by the
target resulting in formation of plume with atomic species of target material. Laser pulses are guided and
focused by optical components made up of high-quality quartz and energy of about 2-3 J/cm? is incident

on target surface. The spot on target where the laser pulse is incident vaporizes on absorbing some energy

43



from laser pulse and the vapor absorbs more energy from laser pulse to form a dense plasma. This plasma
absorbs more energy from laser pulse and expands to form a plume perpendicular to the surface of target,
resulting in deposition of atomic species of target material on substrate which is placed directly above the
target. Base pressure in 10 Torr range results in high purity of deposited thin film. Chamber is either at
vacuum or oxygen atmosphere at room temperature or high temperature. Substrate is continuously rotated
during film deposition to achieve greater uniformity in composition and thickness of film. Target is

continuously rotated and rastered while being ablated by laser to achieve uniform ablation of target.

Turbomolecular pump
(maximum speed of 1000 Hz)

& mechanical pump Pressure gauge

Optics table & box
(holds lenses & collimators
used to focus laser beam)

Target holder
Holds up to 4 targets

Rotates Excimer Laser

300-500 mJ, 1-20 Hz

MFC 1-2 mJ/em?
(controlled introduction

of O, or N, to control
chamber pressure)

- Substrate heater
Viewing Up to 900°C
window Rotates

Can be moved closer
to/farther from target

FIG. 3.1 Schematic of PLD equipment used for deposition of thin films in this thesis [83].

Some of the advantages of thin film deposition using PLD are:

PLD allows deposition of multilayered films. Rotation of carousel holding the targets allows use of
multiple targets in the same deposition which can be used for deposition of multilayered epitaxial and
polycrystalline films.

PLD allows combinatorial growth. Two targets with different compositions can be used for combinatorial
growth by offsetting the substrates and targets. This allows deposition of thin films with compositions that

vary linearly between two compounds.

44



3. PLD system is modular in nature allowing decoupling of growth chamber from laser. This allows use of
lasers with different powers, wavelengths and pulse widths. This enables PLD growth of different classes
of materials.

One limitation of PLD is due to its forward-directed plume nature which causes nonuniform film thickness
or composition. This problem is usually resolved by rotation of substrate holder and raster scanning of
laser on target surface.

3.2 Fabrication of garnet targets for PLD
Targets of TbIG (TbsFesO12) and TbScIG (TbsSci 5Fes 5012) were prepared by conventional mixed oxide
sintering method. Furnace in Prof. Harry Tuller’s lab was used for this purpose. Targets with right
stoichiometry were prepared by mixing powders of TbsO7, Fe2Os, Sc203 and Tb,Os (purity of all above
99.9%) in correct ratio based on the reaction equations for calcination and sintering. After mixing and
grinding of powders using mortar and pestle, they were ball milled using alumina grinding media and
ethanol for 24 hours. This was followed by calcination at 1400 °C for 12 hours in a tube furnace. Processes
of mixing, grinding and ball milling were repeated after this. This was followed by cold isostatic pressing
to form cylindrical disks of diameter 1 inch using a pressure of 40,000 psi for 2 minutes. Finally these
cylindrical disks were sintered at 1400 °C for 18 hours in a tube furnace.

3.3 X-ray Diffraction (XRD) and X-ray Reflectometry (XRR)

X-rays were used in this thesis for phase identification and determination of lattice mismatch, out-of-plane
lattice parameter and thickness measurement. X-ray techniques used in this paper include high resolution
x-ray diffraction (HRXRD) using 1DXRD (®-26 scan), x-ray reflectometry (XRR) and reciprocal space
mapping (RSM). Bruker D8 Discover diffractometer was used for HRXRD measurements on epitaxial
iron garnet thin films.

®-260 coupled scan collected using x-ray detectors as shown in FIG. 2 can be used for phase identification.

Incident angle o is defined as the angle between x-ray source and sample and diffracted angle 20 is defined
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as the angle between incident beam and detector angle. Coupled scan is a plot of scattered intensity versus
20, but o changes as well (linked to 20).

The same equipment that is optimized for HRXRD measurements can be used for thickness determination
using XRR measurements. XRR measurements involve grazing but varying incident angle and matching
detector angle that collects x-rays scattered from sample surface. A fit to Kiessig fringes in XRR scan is
used for thickness determination. An XRR model is constructed based on electron densities in different
layers using Bruker Leptos software. The parameters that this model fits are thickness of different layers,
their densities and their surface roughness values. Fitting this model to experimental XRR data allows

determination of thickness and surface roughness up to an accuracy of 0.1 nm.

FIG. 3.2 Coupled »-26 configuration for XRD measurements [84].

RSM can be used to determine in-plane lattice parameter, out-of-plane lattice parameter and strain state
of the film. RSM measurement is performed by collecting 20-w scans for several different values of tilt
Aw. Data obtained from a single coupled asymmetric scan is enough to extract in-plane lattice parameter
and out-of-plane lattice parameter of both film and substrate. Reciprocal space units used to present RSM
are proportional to inverse of lattice constants. In chapter 4 of this thesis we present RSM scan for TbScIG
film deposited on GGG substrate and in chapter 5 of this thesis we present RSM scans for BiYIG films

deposited on GSGG substrates.
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3.4 Vibrating Sample Magnetometry (VSM)
VSM is the most common method for measurement of a sample’s magnetization as a function of the
applied magnetic field. A schematic of the VSM used for performing measurements in this thesis has been
shown in FIG. 3. VSM works on the principle of Faraday’s law of electromagnetic induction which states
that electromotive force (emf) generated in a pickup coil is directly proportional to the rate of change of
magnetic flux through the turns of the pickup coil. Sample is attached to a diamagnetic sample holder
made up of Pyrex glass and placed between the pickup coils. The sample holder is vibrated along the z
axis. Oscillation of the magnetic sample along with change in its magnetization with change in the applied
magnetic field causes change in magnetic flux passing through pickup coil which generates voltage which
is then converted to magnetic moment in emu. The magnetization of sample is recorded as the applied
magnetic field changes to give hysteresis loop for the sample. We measure hysteresis loops for both out-
of-plane orientation (perpendicular to film plane) and in-plane orientation (parallel to film plane) for many
different materials throughout this thesis. A Ni standard was used as reference and calibration was
performed before each set of measurements to ensure that the ratio between voltage generated in pickup

coils and magnetic moment is same for all the measurements.

FIG. 3.3 Schematic of VSM setup [84]
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3.5 Ferromagnetic resonance (FMR) characterization

Landau-Lifshitz-Gilbert equations (LLGE) is used to model magnetization dynamics in a material. It tells
us about the time rate of change of normalized magnetization, m = M/Ms:

om

om
E: —|lylm x Hepr+ am X — (3.1)

ot

Here a is Gilbert damping parameter, y is Gyromagnetic ratio and Hefr is the “effective magnetic field”
exerting torque on magnetic moment and causing it to precess around it. The first term on right hand side
of the above equation is the precession term and second term on right hand side is the damping term that
aligns magnetic moment towards Hefr. Damping is a measure of how fast the precession decays and aligns
towards Hesr as shown in FIG. 4.

In chapter 6 of this thesis we report dynamic properties of BiYIG, TmBiYIG and BiYIG|TmIG bilayers
on different substrates. The damping was measured using broadband perpendicular ferromagnetic
resonance (FMR) spectroscopy with a vector network analyzer (VNA) in the frequency range 10-40
GHz [85-87]. The complex transmission parameter S>; was measured at a particular frequency as the
magnetic field was swept [85]. Damping o of the films was obtained by fitting FWHM linewidth AH to

the following equation [85]:

p= 2" A (32
oyl 0 '

AH is obtained by fitting the S21 data to the complex susceptibility. f'is the excitation frequency, AHo is
the inhomogeneous linewidth broadening and v is the gyromagnetic ratio given by (gus)/# where s is the
Bohr magneton, 7 is the reduced Planck’s constant and g is the Lande” g-factor. The resonance field was

fitted to the Kittel equation for perpendicular geometry [85]:

2
Hros = o tmor  (33)
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Here Hies is the resonance field, and Mesr is the effective magnetization. Mefr obtained from the fit was

used to calculate the net anisotropy of these films K, using the following equation:

_ _.UOMsMeff

K, = ; (3.4)

Hzf

Precession

Damping

FIG. 3.4 Magnetization dynamics of a moment [79].

In chapter 7 of this thesis, we present net anisotropy and resonance linewidth at different frequencies for
BilG, LulG, codeposited BiLulG and multilayered BilG-LulG system. A custom assembled broadband
FMR system with a coplanar waveguide was used to perform the measurements. An ac magnetic field was
applied perpendicular to the film while an in-plane dc magnetic field H was swept from 0 Oe to 6000 Oe.
The experiment was repeated for different frequencies of the ac field ranging from 5 GHz to 17 GHz. The
resonance field Hres and linewidth AH were determined for each frequency by fitting the detected voltage

with the derivative of sum of a symmetric and antisymmetric Lorentzian [88]:

d [SAH? + A.(H—- H
P - S( res) (35)
dH | 4(H — Hye5)? + AH?

Here S and A are arbitrary fitting constants. Lande g-factor and Mefr were obtained for all films by fitting

frequency of ac magnetic field f and Hyes to the following equation [89]:
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Hres(Hres + Meff) (3-6)

Net anisotropy of films was calculated from Mg using the equation mentioned on previous page.

3.6 Brillouin light scattering (BLS)

DMI in a material manifests itself as nonreciprocal propagation of spin-waves. This implies that for a
given wavelength, two counter propagating spin-waves do not have the same frequency for a film with in-
plane magnetization and wave-vector perpendicular to magnetization. BLS can be used to measure this
asymmetric dispersion. Laser is incident on sample surface and photons are inelastically scattered by spin
waves. According to momentum conservation, magnons with wavevector k| = 4 n sin(0)/A (here A is
wavelength of incident laser and 0 is angle between incident laser and normal to film surface) that are
propagating towards incoming laser beam are absorbed (anti-Stokes process) and those propagating in the
opposite direction are created (Stokes process) as shown in FIG. 5. Frequency shift in reflected light alters
the dispersion relation. In a symmetric material with no DMI, clockwise spin-waves propagating in +x
direction and counterclockwise spin-waves propagating in -x direction are present in equal amounts.
However, in a material with DMI with in-plane magnetization and spin-waves propagating perpendicular

to magnetization, DMI causes a change in spin-wave frequency according to the following equation [90]:

f=fot Afom (3.7)

Here f; is the spin-wave frequency in absence of DMI and

2y
Afpur = M. Dk (3.8)

N

Here vy is the Gyromagnetic ratio, D is the DMI constant and Ms is the saturation magnetization of the

film [91].
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In chapter 6 of this thesis, we present DMI measurements for BiYIG and BiYIG|TmIG bilayers on various
substrates. The BLS measurements were performed in backscattering geometry using a (3+3) tandem
Fabry-Pérot interferometer [92] and 532 nm continuous-wave laser of 532 nm wavelength. The thermally
generated Damon-Eshbach [93] mode was measured with in-plane applied field of 0.5 T. The wavevector

of the DE mode was then determined by the angle 8 between the film normal and incident laser, given by
k= 4%sinﬁ. Each Stokes and anti-Stokes frequency was obtained from the Voigt fitting of the BLS

spectra. Voigt fit and Lorentzian fits for the experimental data yielded similar values for frequency, but
the Voigt fit resulted in a lower error bar.
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FIG. 3.5 Left panel shows BLS spectra for anti-stokes process and the right panel shows BLS spectra for

stokes process. Spin wave dispersion in presence and absence of DMI are shown by solid and dashed
curves respectively in central panel [90].

3.7 Measurement of spin-Hall magnetoresistance (SMR)
Heavy metals (HMs) such as Pt and Ta exhibit a strong spin-orbit interaction which enables efficient
conversion of charge current to spin current and vice versa [94]. Flow of charge current through the HM
layer produces a spin current perpendicular to the HM layer due to the spin Hall effect (SHE) as shown in
FIG. 6a. Reflection/absorption of this spin current at the ferrimagnetic insulator (FMI)[HM interface
depends on the relative orientation of polarization of the spin current and the magnetization of the FMI

(m). The reflected spin current can produce a charge current by the inverse SHE (ISHE) (as shown in FIG.

51



6b) which modulates the longitudinal resistance of the HM layer. The resultant magnetoresistance for the

FMI|HM bilayer is the SMR [95].

Spin mixing conductance parameterizes the transparency of the FMIHM interface to the flow of spin
current through it [95], and it is crucial for a variety of spintronics phenomenon including spin
pumping [96], SOT [97], and SMR. SMR measurements have been extensively used to obtain spin
mixing conductance of REIG|HM interfaces [98—100]. The additional contribution to longitudinal
resistance due to SMR has the symmetry ARSMR o« mZ, assuming current flow in the HM layer along the
x direction and normal to the film plane along the z direction. There is also a transverse component of
SMR with symmetry RiMR o mymy. In addition to this, the imaginary component of spin mixing

SMR
H

conductance gives rise to an AHE-like SMR contribution (much smaller than Rz""), with symmetry

RﬁHE SMR o m,. Combining the above contributions with the ordinary Hall effect (OHE) of the HM layer,

we can write the transverse Hall resistance Ry as:
Ry = Ri{MRsin?0sin(2¢) + RiESMRcos 0 + RIMEH,  (3.9)

Here, 0 and ¢ are the polar and azimuthal angles of m, respectively, and R9*E is the OHE of the HM layer
due to magnetic field H,. In chapter 4 of this thesis, we present SMR measurements for Pt|TbScIG thin
films and obtain spin mixing conductance as a function of Sc content. In chapter 5 of this thesis, we report
similar measurements for Pt|BiYIG. In chapter 7 of this thesis, SMR measurements are reported on TbIG-

TmlIG multilayered films to obtain their anisotropy field values.
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FIG. 3.6 (a) Spin-Hall effect and (b) inverse span-Hall effect in a nonmagnetic metal. Flow of a charge
current causes generation of a spin current perpendicular to it as shown in (a) and flow of a spin current
causes generation of a charge current perpendicular to it as shown in (b). Polarization of spin current is
perpendicular to both charge current and spin current in both cases [101].
3.7.1 Fabrication of spintronic devices using lithography

Pt overlayer was deposited on thin film of iron garnet. This was followed by fabrication of Hall crosses
using photolithography. Heidelberg DirectWrite-MLA-150-OptAF was used to perform maskless
lithography. MLA is a direct-write laser system which exposes UV sensitive photoresist to 375 nm or 405
nm laser diode. It does not require any mask fabrication. Flow chart for the photolithography process using
MLA is shown in FIG. 7. First AZ3312 photoresist was spin coated on garnet|Pt heterostructure at 4500
rpm. This was followed by prebaking at 102 °C for 1 minute. It was then exposed to 375 nm diode laser
using MLA with dose of 100 mJ/cm?. This was followed by post baking at 112 °C for 1 minute. After this
it was developed in AZ300 for 75 seconds. This was followed by ion milling using Ar plasma which

leaves behind region protected by resist. The resist is then removed by using acetone or N-

Methylpyrrolidone (NMP).
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FIG. 3.7 Photolithography using MLA for fabrication of Hall crosses [79].
3.8 Magneto-optic Kerr effect (MOKE) microscopy

An Olympus microscope equipped with a polarizer and an analyzer was used to carry out the MOKE
microscopy imaging. The original MOKE images were recorded by one AmScope camera, and the final
images were obtained by subtracting the initial image from images obtained at different fields to enhance
the contrast. A small electromagnet was installed under the microscope to apply perpendicular magnetic
field to the films. In chapter 4 of this thesis, we present MOKE images for domain structure of a TbScIG
thin film undergoing magnetization reversal. In chapter 5 of this thesis, we present MOKE images for
domain structure of BiYIG films under equilibrium conditions (with zero net magnetization) and during
magnetization reversal. We also use MOKE microscopy to observe bubble domain structure in a

BiYIG|TmIG bilayer in chapter 6.
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Chapter 4: Magnetism and Spin Transport in Platinum/Scandium-Substituted
Terbium Iron Garnet Heterostructures

This work is adapted from a publication which the author wrote and published in Physical Review

Materials [102]. It is presented mostly in unaltered form.
4.1 Introduction

Ferrimagnetic insulators (FMI) with perpendicular magnetic anisotropy (PMA) have attracted attention
for spintronic applications such as racetrack memories [6] and magnetic random-access memories and
for studies of spin orbit torque (SOT) [8] and chiral magnetic textures [103]. Electrical switching of
magnetization of PMA FMI thin films via the damping-like component of SOT from a Pt overlayer has
been demonstrated [8,67]. FMIs offer a number of advantages over ferromagnets (FMs) for memory
applications including reduced ohmic losses due to elimination of parasitic current shunting, fast
magnetization dynamics due to their low damping, and a more favorable scaling behavior because the
PMA originates from the bulk and not the interface [23,67,104,105]. Transmission of electrical signals
through Pt|FMI|Pt by spin-wave interconversion has been demonstrated [106] and a spin current from an
FMI has been detected by the inverse spin-Hall effect (ISHE) in a Pt overlayer [107]. These developments

indicate efficient transport of spin angular momentum across the FMI|Pt interface.

Yttrium iron garnet (Y3FesO12, YIG) is among the most well studied FMIs [108—110]. It shows ultralow
Gilbert damping and an extremely large magnon propagation length (several tens of mm) making it a
suitable candidate for spin wave logic devices and signal transmitters [106,111]. There have been some
reports of epitaxial [112—114]and polycrystalline YIG [115] thin films grown with PMA at low thickness
by exploiting magnetoelastic anisotropy due to lattice mismatch and thermal mismatch with the substrate
respectively. However, growth of high quality YIG thin films with high out-of-plane remanence remains
a challenge. A variety of other FMI thin films have been grown with PMA including CoFe2O4 on SrTiO3

and MgO substrates [116,117], barium hexaferrite (BaFei2019) on sapphire substrates [67], Bi garnet
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(BisFesO12) on Gd3;GasO12 (GGG) [118], BiYIG on substituted GGG [119] and rare earth iron garnets
(REIG) on GGG or other garnet substrates. PMA may be obtained for appropriate combinations of
magnetostriction and elastic strain, e.g. negative magnetostriction and in-plane tensile strain. Epitaxial
REIG thin films grown with PMA by exploiting the lattice mismatch between the film and the substrate
include DysFesO12 (DyIG) [98], EusFesO12 (EulG) [120], Sms3FesO12 (SmIG) [121], TbsFesO12
(TbIG) [120] and TmsFesO12 (TmIG) [8,100,122]. PMA has also been demonstrated in polycrystalline
DyIG thin films grown on Si [98], EulG thin films grown on quartz (0001) [99] and YIG thin films

grown on amorphous quartz [123] by exploiting thermal mismatch between the film and the substrate.

Integration of REIGheavy metal (HM) heterostructures into spin-based memory and logic devices
requires efficient transport of spin angular momentum through the REIG|HM interface. Spin mixing
conductance is the parameter that characterizes the transparency of an interface to the flow of spin angular
momentum [8,100,120]. A number of studies have been performed to study the parameters that affect the
spin mixing conductance of an interface. In general, a sharp and clean interface with good crystal
perfection has been found to yield a high spin mixing conductance. For YIG|Pt the procedure used to clean
the YIG surface prior to Pt deposition has a significant influence on spin mixing conductance of the
interface [124]. In-situ Pt deposition results in higher spin mixing conductance for the CoFe>O4|Pt
interface [116]. Substantial improvement in the spin mixing conductance of the YIG|Pt interface has been
reported on insertion of a thin NigoFezo layer and was attributed to enhanced magnetic moment density at
the interface [125]. Spin mixing conductance for the CoFe,O4|Pt interface depends on the crystallographic
orientation of CoFe>O4, in contrast to the EulG|Pt interface for which spin mixing conductance was
independent of EulG orientation [116,120]. Introduction of a nano-scale amorphous layer prevents
efficient spin transport through the YIG|Pt interface [126,127] and high temperature annealing caused a
deterioration of the spin mixing conductance of the TmIG|Pt interface [128]. The anomalous Hall effect
(AHE)-like spin-Hall magnetoresistance (SMR) in Co1xTbx and TbIG undergoes a sign change on going
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through the compensation temperature instead of going to zero [120,129]. This suggests that the spin
mixing conductance in these materials scales with one of the magnetic sublattices and not the net
magnetization. In REIGJ|Pt, the spin mixing conductance is similar for Y and various REs, suggesting that
the Fe*" plays the major role [120]. However, there has been no study so far to separate the contributions

of the octahedral and tetrahedral Fe*" ions to the spin mixing conductance of the REIG|Pt interface.

In this paper we report the structural, magnetic and spintronic properties of Sc substituted TbIG (TbScIG)
thin films grown epitaxially on GGG substrates. Sc occupies exclusively octahedral sites in iron
garnets [49,130—132] which are coupled antiparallel to the majority tetrahedral iron sites, and thus this
study enables us to relate the net Fe** moment to the spin mixing conductance of the TbIG|Pt interface.
We grew TbSclG thin films with varying Sc content up to Tb2.sSco.sFes.4012 on (111) GGG substrates by
pulsed laser deposition (PLD). Temperature-dependent vibrating sample magnetometry (VSM)
measurements characterized the effect of Sc content on the magnetization and compensation temperature
of TbScIG thin films, and AHE-like SMR measurements were performed on TbScIG|Pt heterostructures
to determine the effect of Sc content on the spin mixing conductance of the interface. The key result is our
finding of a significant increase in spin mixing conductance of the TbScIG|Pt interface with increasing Sc
content. This is attributed to Sc diluting the octahedral Fe** thereby raising the density of uncompensated

F63+

4.2 Structural and Magnetic Characterization

Targets with compositions of Tb3FesO12 (T1) and TbsScisFessO12 (T2) were prepared by solid state
sintering. Thin film samples with composition S1 were deposited on (111) GGG substrate using only T1,
and a series of TbScIG thin film samples were deposited on (111) GGG substrates by codeposition with
the ratio of number of shots T1:T2 of 5:1 (S2), 2:1 (S3) and 1:1 (S4). Films prepared with higher Sc
content than S4 were paramagnetic at room temperature. All the films were deposited at an oxygen partial

pressure of 150 mTorr and a backside substrate temperature of 900 °C. In this deposition chamber the

57



frontside substrate temperature is approximately 250 °C lower than the backside substrate temperature
according to an independent calibration. Further details of the deposition procedure are mentioned in the

experimental section.

Rare earth iron garnets (REIGs, RE3Fes012) belong to the Ia3d space group [133]. They have lattice
parameters close to 1.2 nm which is similar to the lattice parameter of GGG, enabling epitaxial growth of
REIG thin films on GGG substrates. Fig. 1(a) shows symmetric high resolution x-ray diffraction
(HRXRD) scans around the GGG (444) peak for GGG (111)[TbScIG thin films with varying Sc content.
Well defined Laue fringes in the HRXRD scans indicate high crystalline quality and thickness uniformity.
Table I shows the das4 interplanar spacings calculated using the positions of the film peaks obtained from
the HRXRD scans. The das4 spacing increased progressively from S1 to S4 which is consistent with the
larger ionic radius of Sc** compared to that of Fe**, and with past studies performed on Sc-substituted
bulk YIG and REIGs [130,131]. The spacing between the Laue fringes is inversely related to the epitaxial

film thickness (Table I) [134].

Reciprocal space mapping (RSM) for the (642) reflection was performed on an S4 film with thickness of
94 nm as shown in Fig. 1(b). The film peak is vertically aligned with the substrate peak indicating that the

film is fully strained in-plane to match the substrate lattice parameter, given by dg%o = dZGEGOG = q;l=

0.4375 nm. This gives the cubic lattice parameter of GGG, aggg = 2V2 dggg = 1.2376 nm which agrees
very well with its literature value [100]. Rosenberg et al. performed similar RSM measurements on
GGG(111)|TbIG and found the films to be lattice matched to the substrate up to thickness of 90 nm [120].
Since the films used here for magnetometry and spintronics characterization have thickness lower than 90

nm we assume that they are lattice matched to the substrate over the entire range of composition (S1 to

S4).
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Atomic force microscopy (AFM) was performed on film S2 to characterize surface topography (Fig. 1(c)).
The RMS surface roughness was less than 0.3 nm. We tried to observe the domain structure of an ac
demagnetized film S2 using magnetic force microscopy (MFM). However, the low coercivity and low
magnetization of S2 at room temperature yielded little magnetic contrast. In-situ observations were made
on magnetization switching in S2 using a magneto-optical Kerr effect (MOKE) microscope. Fig. 1(d)

shows domain wall motion and expansion of reversed domains during magnetization switching in S2.
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FIG. 4.1 (a) High-resolution XRD scans of GGG|TbScIG thin films with varying Sc content (vertically
offset for clarity with film and substrate peaks labeled F and S respectively) (b) High-resolution XRD
reciprocal space map of GGG|Tb2sScosFes.4012 film with thickness 94 nm (c¢) Topographic image from
an AFM scan on 67 nm thick Tb2 §Sco3Fes9012 film (S2). The RMS surface roughness is less than 0.3 nm
(d) MOKE images showing domain wall motion during magnetization switching in S2 (e), (f) XAS and
XMCD intensity signals for Fe L edge and Tb M edge for S2. Arrows in lower panel show magnetization

directions at respective energy peaks pointing up (down) for positive (negative) XMCD signal.
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X-ray absorption spectra (XAS) were measured on S2 at room temperature and the resulting magnetic
circular dichroism (XMCD) revealed the magnetization of the different sublattices (Fig. 1(e) and
1(f)) [135]. XAS for the two helicities of X-rays were obtained by normalizing the respective total
fluorescence yields (TFY) by the intensities of the incident X-rays for the Fe L-edge, Tb M-edge and O
K-edge. The XMCD signal was obtained as the difference between XAS intensities for two helicities.
Clearly the XAS signal for the Fe L-edge and Tb M-edge is dichroic at room temperature. The alternating
positive and negative peaks in the Fe L3 edge of XMCD correspond to contributions of octahedral Fe**
and tetrahedral Fe*" respectively, indicating antiferromagnetic alignment of the octahedral (a) sublattice
and tetrahedral (d) sublattices as is typical in iron garnets [100]. Further, the Tb M-edge of XMCD
indicates antiferromagnetic alignment of the dodecahedral (c) sublattice and d sublattice as

expected [100]. The presence of a shoulder peak close to the d site peak in the Fe L3 edge of XMCD

indicates the presence of Fe** similar to observations of Vasili et al. for Ce-YIG [136].

To facilitate accurate determination of composition for our samples, TbIG and TbScIG films with much
higher thickness (>200 nm) but the same ratio of shots from the two targets (T1:T2) were analysed by
wavelength dispersive spectroscopy (WDS). The raw intensity ratio data was processed using the
GMRFILM program [81] yielding compositions of TbzgFes2012 (S1), Tb2sScosFeso012 (S2),
Tb2oScosFess012 (S3) and TbasScosFes4O12 (S4). X-ray photoelectron spectroscopy (XPS)
measurements were performed on thinner S1, S2, S3 and S4 films (< 90 nm thickness) to obtain qualitative
information about their compositions. High-resolution XPS spectra of the Tb 4d, Sc 2p and Fe 2p peaks
shown in Fig. 4.2 indicate that the Sc peaks become progressively more prominent while Fe peaks become
weaker as we move from S1 to S4, which agrees with the WDS results. All the films were Tb-deficient
(Tb:(Fe+Sc) = 0.54-0.57), in contrast to previous studies on TbIG and EulG films which were rare earth
rich [120]. The difference is attributed to changes in the laser optics and fluence compared to the earlier
work.
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FIG. 4.2 Tb 4d, Sc 2p and Fe 2p XPS spectra of representative TbScIG thin films with varying Sc content.
Oxidation states of Tb are marked in Tb 4d spectra.

Despite the Tb deficiency in our films, XRD did not indicate the presence of any non-garnet phase. XPS
scans for Tb 4d indicate the presence of Tb*' (a more stable 4f” ion compared to Tb**, 4f*) in addition to
Tb*", similar to observations of Fakhrul et al. for TbIG [137]. Charge neutrality is maintained by the
presence of Fe*" and likely cation vacancies, discussed below. XPS was unable to resolve oxidation states

of Fe.

The magnetic anisotropy of the films includes several contributions of different origin — shape anisotropy,
magnetocrystalline anisotropy, magnetoelastic anisotropy and growth-induced anisotropy. The anisotropy
constant K 1s defined as the difference between magnetic energy for magnetization oriented in-plane and

out-of-plane. For epitaxial films lattice-matched to the GGG (111) substrate, Ky is given by [98]:

—K 9
Ku:EIP_EOOle_Zl_%MSZ+ZC44-/1111 (g—ﬁ)‘F Ks  (41)

A positive (negative) Ky corresponds to an out-of-plane (in-plane) easy axis. The first term on the right
side of equation (1) represents the magnetocrystalline anisotropy. K; is the first order cubic
magnetocrystalline anisotropy constant and has small negative values for REIGs thus favoring
PMA [138]. However, its contribution is small compared to other terms and will be neglected here. The

second term represents the shape anisotropy and favors in-plane magnetization. The third term represents
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the magnetoelastic anisotropy Kme and is proportional to both magnetostriction A111 and shear strain which
is half the difference between n/2 and the corner angle of the rhombohedrally distorted unit cell B. c44 is
the shear modulus of the film and lies between 74 and 90 GPa for REIGs [138]. For films with positive
(negative) A111 and compressive (tensile) strain magnetoelastic anisotropy favors PMA. K represents a
uniaxial growth-induced anisotropy, as has been reported in Fe-deficient YIG [139,140] or in garnets with
mixed dodecahedral cations such as (Tm,Y)3FesO12 [141]. K originates from preferential occupancy of
cations or vacancies in nonequivalent sites. Both magnetoelastic and growth-induced anisotropies are

uniaxial and may be combined into a uniaxial term Kme + Kg.

Symmetric HRXRD scans (Fig. 1(a)) show that all the films grow with in-plane compressive strain due to
lattice mismatch with GGG. The bulk magnetostriction value Ai1; of TbIG is 12 x 10 [138] favoring
PMA for epitaxial films with sufficiently large in-plane compressive strain. The out-of-plane VSM
hysteresis loops in Fig. 3 indeed show PMA and high remanence at room temperature with the exception
of S1, which has a sheared loop without a clear saturation. This is a result of a near room temperature
compensation temperature [120], to be discussed below. The out-of-plane hysteresis loops for S1 at
temperatures away from the compensation temperature (< -40 °C and > 50 °C) indicate PMA. The S4 films
retain PMA up to a thickness of 94 nm. None of the films (S1-S4) showed a clear in-plane saturation for
magnetic field up to 120 kA/m, and the large non-linear signal from the paramagnetic GGG substrate
prevented determination of the anisotropy fields of these films. The value 120 kA/m was taken as a lower

bound for the anisotropy field Hxk.

Room temperature saturation magnetization (M;) obtained from out-of-plane hysteresis loops are
displayed in Table I, and increase with increasing Sc content. The magnetic moment of REIGs above the
compensation temperature is given by the magnetic moment of the tetrahedral sublattice minus the sum
of the magnetic moments of octahedral and dodecahedral sublattices [131]. Sc** has a larger ionic radius

than Fe*" and is known to occupy exclusively the octahedral sites thus weakening the octahedral sublattice
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moment [49,130—132]. Sc substitution lowers the compensation temperature and Curie temperature, as
reported for Sc-substituted GAIG and (Gd,Y)IG [131], and raises the room temperature magnetization as

the compensation temperature decreases below room temperature.
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FIG. 4.3 Room temperature out-of-plane VSM hysteresis loops of representative GGG|TbScIG thin films

with varying Sc content.

We can use lower bounds for the anisotropy fields of films along with strain calculated from HRXRD
scans to obtain lower bounds for magnetostriction values A111 using equation (1). Due to lattice mismatch
with the substrate, the unit cell of the film is distorted from cubic to rhombohedral. We have used a
rhombohedral to hexagonal transformation to simplify the calculation of strain [142]. The transformation

from rhombohedral (hkl) to hexagonal (HKL) miller indices is given by:
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H=h—k, K=k—1, L=h+k+l 42

The in-plane lattice parameter ay and the lattice parameter ¢ of the hexagonal unit cell are given by:

ay = /12dfﬁ, c=12dy4 (4.3)

Here d,,3 is the (112) interplanar spacing of the rhombohedrally distorted unit cell of the film which is
assumed to be equal to the (112) interplanar spacing of the GGG substrate and daa4 is the (444) interplanar
spacing of the film extracted from HRXRD scans (Fig. 1(a)). Finally the lattice parameter ar and corner

angle B of rhombohedrally distorted unit cell are given by:

1 in(fy= —3%
aR=§/3a,2_,+c2 sin (5 ZJ@ (4.4)

Calculated B values for all the films (S1-S4) are displayed in Table I. Bulk TbIG has a K; value close to -
820 J/m> [138]. Thus, the contribution of magnetocrystalline anisotropy in equation (1) is much smaller
than other terms and can be ignored for our calculations. Inserting the shear modulus for TbIG [138] and
B, M; and the lower bounds for overall anisotropy K, in equation (1) we have obtained lower bounds for
the magnetostriction Ai11 displayed in Table I, on the basis of K = 0. A nonzero Kg, favoring PMA, would
have the result of reducing the lower bound of A111 even further. The lower bound values are well below

the bulk magnetostriction [120].

The volume of the rhombohedral unit cell Vr is calculated as [142]:

Ve = a3 /1 —3cos?f +2cos3f (4.5

Calculated values of Vr displayed in Table I are close to the literature value of the unit cell volume for
bulk TbIG [120]. The unit cell volume in our films increases with increasing Sc content which is

consistent with the larger ionic radius of Sc** compared to Fe** [130].
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4.3 Spintronic Properties

We performed electrical measurements on Hall crosses patterned from Pt/TbScIG/GGG to determine the
effect of Sc content on the spin mixing conductance of the TbSclIG|Pt interface and investigate the role of
the iron sublattice in interfacial spin mixing of REIG/HM interfaces. Heavy metals such as Pt and Ta
exhibit a strong spin-orbit interaction which enables efficient conversion of charge current to spin current
and vice versa [94]. Flow of charge current through the HM layer produces a spin current perpendicular
to the HM layer due to the spin-Hall effect (SHE). Reflection/absorption of this spin current at the FMI|HM
interface depends on the relative orientation of polarization of the spin current and the magnetization of
the FMI (m). The reflected spin current can produce a charge current by the inverse spin-Hall effect (ISHE)
which modulates the longitudinal resistance of the HM layer. The resultant magnetoresistance for the

FMI|HM bilayer is the spin-Hall magnetoresistance (SMR) [95].

Spin mixing conductance parameterizes the transparency of the FMI|HM interface to the flow of spin
current through it [95], and it is crucial for a variety of spintronics phenomenon including spin
pumping [96], spin-orbit torque (SOT) [97] and SMR. SMR measurements have been extensively used
to obtain spin mixing conductance of REIGHM interfaces [98—100]. The additional contribution to

longitudinal resistance due to SMR has the symmetry ARSMR oc m}, assuming current flow in the HM

layer along the x direction and normal to the film plane along the z direction. There is also a transverse

SMR
Ry

component of SMR with symmetry o« m,m,,. In addition to this the imaginary component of spin

mixing conductance gives rise to an anomalous Hall effect (AHE)-like SMR contribution (much smaller
AHE,SMR

than R;MR) with symmetry R}, « m,. Combining the above contributions with the ordinary Hall

effect (OHE) of the HM layer we can write the transverse Hall resistance Ry as:

Ry = RiMRsin?0 sin(2¢) + R;""*MRcos 6 + RGMEH, (4.6
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Here 0 and ¢ are the polar and azimuthal angles of m respectively and RJ"E is the ordinary Hall effect of

the HM layer due to magnetic field H..

TbScIG films (S1, S3 and S4) with thickness 60 nm were coated with 4 nm thick Pt overlayers by
sputtering. The TbScIG|Pt heterostructures were patterned into Hall cross devices (optical micrograph is
shown in Fig. 4(c)) by photolithography followed by ion milling. A standard lock-in technique was used
to obtain AHE-like SMR hysteresis loops. These loops are shown in Fig. 4(a) and 4(b) after subtraction

of sample dependent offsets and a linear contribution from OHE of Pt. The coercivities obtained from
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FIG. 4.4 (a) and (b) AHE-like SMR hysteresis loops for TbScIG(60 nm)|Pt(4 nm) heterostructures. (c)
Optical micrograph of a representative Hall cross used for measurement. (d) Lower bound of imaginary

component of spin mixing conductance versus number of Sc** ions per formula unit.
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these loops are shown in Table II. Differences in coercivities obtained from AHE-like SMR hysteresis
loops and VSM hysteresis loops may be attributed to geometrical effects associated with patterning and
differences in the thickness of the films [8,120]. The AHE-like SMR hysteresis loop for S1 is sheared
similar to its room temperature VSM hysteresis loop, which is attributed to the near-room temperature
compensation temperature (discussed later). AHE-like SMR hysteresis loops for S3 and S4 show 100%
remanence and sharp switching. We were not able to saturate the films in-plane up to a magnetic field of

600 kA/m.
The model of Chen et al. [95] for spin mixing conductance gives the following relations:

d
2 Ap¢Gy tanh?2-=N

SMR 2
pxy _ 951.1 )'Pt ZAPt (4 7)
Pt Pt an :
Pxx an  ofl+2 AptGreoths o
d
AHE,SMR 2 42 oPt G; tanh?=N
xy _ 265y Apt T 2Ap¢ (4.8)
Pt - d .
Pxx dn (oPt+2 lptGrcothﬁ)z
t

Here Osy is the spin-Hall angle of Pt, Ap; is the spin diffusion length of Pt, dn is the thickness of the Pt

overlayer, pZt is the resistivity of Pt obtained from longitudinal resistance measurement on the Hall bar

AHE,SMR
xy

SMR

device, pyy  and p are Hall resistivities corresponding to SMR and AHE-like SMR respectively

and G; and G; are real and imaginary components of spin mixing conductance respectively. Without being

able to saturate the films in-plane we could not determine p,fi,"R and G.. However, dropping G: in the

AHE,SMR

denominator in equation (8) and inserting py.,,

amplitudes from Fig. 4(a) and 4(b), dv =4 nm, Osy =

0.08 and Ap; = 1.4 nm [100] we have obtained lower bounds of G;j shown in Fig. 4(d) and Table II.

The lower bound of Gi obtained for the S1(TbIG)|Pt interface is of the same order of magnitude as those
obtained for REIG|Pt interfaces in past studies [120]. However, nonmagnetic Sc** substitution on
octahedral sites is accompanied by a significant enhancement in the lower bound of Gj as shown in Fig

4(d), and the lower bound of G; obtained for S4|Pt is higher than those reported for TmIG|Pt, EulG|Pt and
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TbIG|Pt in past studies [100,120]. The net magnetic moment of the iron sublattice in iron garnets is given
by the difference between the magnetic moment of the tetrahedral and octahedral sublattices [131], and
therefore increases with Sc>* substitution on octahedral sites. These observations indicate a correlation
between the spin mixing conductance of substituted REIG|Pt interfaces and the magnetic moment of the

iron sublattice.

4.4 Temperature-Dependent Magnetization of TbScIG Films

Temperature dependent VSM measurements on all films (S1-S4) show the effect of Sc content on the
Curie temperature (Tcure) and compensation temperature (Tcomp) (Fig. 5). Tcure, Tcomp and room
temperature Ms and coercivity for all films are displayed in Table II. Tcuie decreases with increasing Sc
content which is attributed to a decrease in the number of Fe**(a)-O*-Fe*"(d) antiferromagnetic exchange
interactions per formula unit due to Sc substitution on the octahedral (a) sites. Tcomp decreases with
increasing Sc content, a result of the lower moment of the octahedral and dodecahedral sublattices relative
to the magnetic moment of the tetrahedral sublattice. These observations are consistent with past studies
on nonmagnetic substitution in bulk YIG and REIGs [130,131]. The room temperature coercivity
decreases with increasing Sc content (see Table II). The film with the lowest Sc content (S1: TbIG) is
close to its Tcomp at room temperature and has a high coercivity while the film with the highest Sc content
(S4) is furthest away from Tcomp at room temperature and has lowest coercivity, consistent with the results

of Rosenberg et al. for the temperature-dependent coercivity of TbIG [120].
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FIG. 4.5 Magnetic moment versus temperature for GGG|TbScIG thin films with varying Sc content. A

typical error bar is attached.

A model based on the molecular field coefficient theory of Dionne [53,143] and others was developed to
compare with the experimental data. This model accounts for nonmagnetic substitution on the iron
sublattices by reduction of the values of molecular field coefficient according to empirically determined
relationships. The oft-stoichiometry (Tb:(Fe+Sc) < 0.6) is incorporated into the model by assuming that
the excess Fe’" occupies the dodecahedral sublattice, and couples ferromagnetically to the dodecahedral
rare-earth 1ons. It is assumed that the molecular field coefficients do not change in the composition range
studied here and we neglect the presence of cation vacancies. Fig. 6(a) shows magnetization versus
temperature plots produced by the model for the compositions determined by WDS. There is a clear
decrease in compensation temperature with increasing Sc content as shown in Table II, corresponding

qualitatively to the experimental values.
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FIG. 4.6 (a) Magnetic moment per formula unit versus temperature for TbSclG obtained from molecular
field coefficient (MFC) model (b) Compensation temperature versus number of Fe**and Tb*" ions per

formula unit in MFC model.

The Curie temperature was estimated as the temperature at which magnetization becomes lower than a
value of 0.1 pup per formula unit (displayed in Table II). The magnetization approaches zero asymptotically
in the model, in contrast to experimental observations, but the threshold selected gives a reasonable value
of the Curie temperature when the model is applied to YIG. Both model and experiment show a fall in

Tcurie With increasing Sc, with the model values higher than the experiment.

The model was modified to account for the presence of Tb* by assuming that there are equal amounts of
Fe?* and Tb*" to ensure charge balance, and that the Fe?" preferentially occupies the dodecahedral sites
due to its larger ionic radius. The results are shown in Fig. 6(b). This indicates that including equal amounts
of Fe?" and Tb*" lowers the calculated Tcomp, Which is already lower than the experimental value for S1,
suggesting a more complex defect distribution than that encompassed by the model. The small Fe** peak
in XMCD (Fig. le) and the large Tb*" peak (Fig. 2a) suggest that the amount of Fe*" does not balance the
Tb*" and therefore additional defects are required to balance the charge. Fe vacancies, which could be
present on either octahedral or tetrahedral sites, or Tb vacancies on the dodecahedral sites may be present,

although first principles calculations in YIG indicate that cation vacancies have higher formation energies
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than antisite defects [144]. The non-ideality of the site occupancy accounts for the higher than bulk

compensation temperature of the S1 composition, and will be described in detail elsewhere [37].

Table 4.1: Results of structural and magnetic characterization of representative GGG|TbScIG thin films.

Calc. = calculated, Lit. = literature, NA = not available.

dyy Thickness Hxk Ms (kA/m) 2 (10 6) Am (10 6) Vge"(nm“) V¢¢|1(nlﬂ3)

Material B (deg.) (nm) (nm) (kA/m) (£7) (Calc.) (Lit.) (Calc.) (Lit.)
Tb, sFes,0,; 89.42 0.1814 63 =120 37 >1.8 12 1.926 1.92
Tb, 3Scy3Fey 9055 89.23 0.1823 67 =120 93 23 NA 1.935 NA
Th>9ScysFes 6015 89.24 0.1822 73 =120 54 >2.3 NA 1.934 NA

Table 4.2: Comparison of magnetic and spintronic properties of TbScIG thin films. Exp. = experimental,

Calc. = calculated, NA = not available.

300 K Mg 300 KMs  Toomp (K) Tewie (K) Coercivity Coercivity Lower bound
(£7) (kA/m) (kA/m) (£10) Teomp (K) (£10) Teuie (K)  (kA/m) (£1) (kA/m) of G;

Material (Exp.) (Calc.) (Exp.) (Calc.) (Exp.) (Calc.)  (from VSM) (from SMR) (102 Q' m™)
Tb, gFes >0 37 30.7 263 236 503 537 35 259 +4 2.4
Th, gScp:Fes 6012 53 51.0 193 206 423 497 9 NA NA
Thb,9ScysFes 601 54 58.7 173 195 403 460 8 3.0+£02 6.2
Tb, sScosFes 401 59 73.7 <173 171 333 435 4 2.1+02 9.6

4.5 Conclusion

The effect of Sc substitution on the magnetic properties of TbIG films is investigated, in particular the
effect on the spin mixing conductance of the Pt|garnet interface. The films have (111) orientations with
high epitaxial quality and perpendicular magnetic anisotropy, originating from magnetoelastic anisotropy
with possible growth-induced contribution. Up to 40% of the octahedral Fe is replaced by Sc. There is a
Tb deficiency with Tb:(Fe+Sc) = 0.54-0.57. Tb is present as both Tb*" and Tb**, and there is some Fe?"

present.

Sc substitutes onto the octahedral Fe sites, raising the net magnetic moment of the (octahedral +

tetrahedral) sublattices and lowering the compensation temperature. The dilution of octahedral Fe also
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lowers the number of antiferromagnetic Fe*"-O*-Fe** interactions per formula unit and reduces the Curie
temperature. These results agree qualitatively with the temperature dependence of magnetic moment

obtained from molecular field coefficient modelling of TbScIG with varying Sc content.

The most significant finding is the substantial increase (by a factor of ~4) of the imaginary part of the spin
mixing conductance on increasing the Sc content. The increase in G is correlated to the increase in the
net Fe magnetization, suggesting that the spin transport across the interface and the consequent SMR is
strongly dependent on the Fe sublattice magnetization. This is consistent with prior results showing that
SMR changes sign at the compensation temperature instead of going to zero. This result provides a path

to enhance spin mixing conductance and SMR through stoichiometry control of garnets.

4.6 Methods

Thin Film Deposition and Characterization. Pulsed laser deposition (PLD) was used for deposition of thin
films on (111) gadolinium gallium garnet (GGQG) substrates. Mixed oxide sintering of Tb203 and Fe;O3
powders was used to prepare TbsFesO12 target. Similarly, mixed oxide sintering of Tb4O7, Fe2O3 and Sc203
powders was used to prepare a Tb3ScisFessO12 target. Conditions during the deposition were a laser
fluence of 2.0 J/cm?, backside substrate temperature of 900 °C, laser repetition rate of 10 Hz and oxygen
partial pressure of 150 mTorr. After the deposition films were cooled down to room temperature at a rate
of 20 °C/min in oxygen partial pressure of 150 mTorr. High resolution x-ray diffraction (HRXRD)
measurements were performed using a Bruker D8 Discover HRXRD. AFM model Cypher S was used to
obtain topographical images of film surface. An Olympus microscope equipped with a polarizer and an
analyzer was used to carry out the MOKE microscopy imaging. The original MOKE images were recorded
by one AmScope camera and the final images are obtained by subtracting the initial image from images
obtained at different fields to enhance the contrast. A small electromagnet was installed under the
microscope to apply perpendicular magnetic field to the films. Element-specific magnetic structure of

TbScIG film was investigated using XMCD at Argonne National Laboratory, USA. XAS data was
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collected for Tb M and Fe L absorption edges using TFY measurements. Magnetic measurements were

performed using an ADE 1660 VSM.

Compositional Characterization. High-resolution XPS spectra was taken using a Physical Electronics
VersaProbe II for films with thickness less than 90 nm used for magnetometry. Adventitious carbon on the
sample surface was removed by a cleaning procedure using an argon ion beam prior to acquiring data. A
pass energy of 23.5 eV was used to acquire data. WDS measurements were performed on garnet films
with thickness greater than 200 nm using a JEOL JXA-8200 electron probe microanalyzer with an
accelerating voltage of 15 kV and a beam current of 10 nA and the data was reduced with the GMRFILM

software package for thin film analysis.

Hall Cross Fabrication and Spintronic Measurements. Hall crosses of dimensions 200 pm x 20 pm were
fabricated by photolithography. Negative images were created on garnet films with sputtered platinum
overlayers and ion milling was used to form mesa structures. Residual photoresist was removed by
dissolution in acetone. Spintronic measurements were performed on Hall crosses using a home-made four-
point probe.

Contributors to this paper:

MOKE measurements were performed by Yabin Fan. XPS measurements were performed by Libby Shaw.
SMR measurements were performed by Pengxiang Zhang. Molecular field coefficient modeling was
performed by Jackson Bauer.
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Chapter 5: Substrate-Dependent Anisotropy and Damping in Epitaxial Bismuth
Yttrium Iron Garnet Thin Films

This work is adapted from a publication to which the author contributed multiple sections and published

in Advanced Materials Interfaces [29]. It is presented mostly in unaltered form.

5.1 Introduction

Iron garnets are ferrimagnetic insulators with composition A3FesO12, where the dodecahedral A-sites are
occupied by a rare earth (RE), Y, Bi, and so on. Films of many iron garnets such as Tm3FesOi> can be
grown with PMA as a result of magnetoelastic anisotropy [70,100,145], which is useful in a range of
spintronic device applications [146]. Iron garnets also exhibit fast magnetization dynamics due to their
low Gilbert damping (a). Yttrium iron garnet (YIG) has the lowest damping among known magnetic
materials [28,147], and all the RE iron garnets (REIGs) exhibit larger values [99,148]. For bulk YIG,
values of a as low as 107> have been reported, whereas for thin films of YIG, & = 6 x 107° in the best
case [108] and commonly a = (1-2) x 10~*, as summarized in ref. [149]. The ferromagnetic resonance
(FMR) full width at half maximum linewidth (FWHM) of YIG films is uoAHo = (0.4-0.6) mT [149]. A
combination of PMA and low a is advantageous, but it is challenging to grow YIG thin films with PMA.
PMA YIG films have been obtained by the use of buffer layers of Sm3GasOi2 [112] or by growth on
gadolintum scandium gallium garnet substrates (Gds;Sc2GazOi12) to increase magnetoelastic
anisotropy [150]. The latter experiment yielded o = (4-11) x 10™* and FWHM uoAHy = (1 to 4) mT

measured in an out-of-plane field.

Bismuth-substituted yttrium iron garnet (BiYIG, BicY3-.FesO12) combines PMA and a moderately low
damping, intermediate between that of YIG and REIGs. Soumah et al. [119] reported Bi1Y21G with PMA
grown on substituted gadolinium gallium garnet (SGGG, Gd2.6Cao.sGas.1Mgo25Z10.65012) with damping
of a =3 x 10* and FWHM uoAHo = 0.40 mT measured at an =~ 27° angle from the in-plane direction at

frequencies up to 20 GHz. The linewidth was over two orders of magnitude higher for an in-plane
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measurement. Lin et al. reported PMA Bi;Y2IG grown on SGGG with o = 7.03 x 10~* [151] and peak-to-

peak linewidth of 2 mT (i.e., FWHM = 3 mT) measured out-of-plane in the frequency range of 6—13 GHz.

In this work, we report the structure, magnetic properties, and FMR characterization of BiYIG films that
are grown epitaxially on a range of (111)-oriented garnet substrates with varying lattice parameters. In
FMR, a limited frequency range for damping measurements can lead to nonlinearities in linewidth as
reported in both metallic systems [85] and YIG [152] owing to a slow-relaxing impurity mechanism and
low-field losses. We therefore carry out FMR measurements at frequencies up to 40 GHz, obtaining
damping as low as 1.3 x 10~* and inhomogeneous broadening FWHM linewidth of 2-5 mT for an out-of-
plane field. The domain structure and reversal characteristics of the films are investigated by MOKE
imaging. Finally, a lower bound for the spin-mixing conductance is reported for BiYIG/Pt bilayers, which

is comparable with previous reports of spin-mixing conductance in PMA REIG/Pt bilayers.

5.2 Results and Discussion

5.2.1 Structure and Magnetic Anisotropy
BiYIG films ranging from 20—70 nm in thickness were grown by pulsed laser deposition (PLD) on (111)-
oriented substituted gadolintum gallium garnets of composition Y3Sc2GazOs (YSGG), SGGG,
Gd3Sc2Gaz012 (GSGG), Gdo.s3Y237S5c2GazO12 (GYSGG), and neodymium gallium garnet (Nd3GasO12,
NGQG). The bulk lattice parameters of YSGG, SGGG, NGG, GYSGG, and GSGG were 1.2426, 1.2480,
1.2505, 1.2507, and 1.2554 nm, respectively, all larger than that of Gd3;GasO12 (GGG) of 1.2375 nm.
BiYIG films grown on these substrates therefore exhibit a range of epitaxial strains and magnetoelastic
anisotropy. The target used for the thin film growth had a composition of BipsY22FesO12. An analysis of
the growth conditions that gave high quality epitaxial BiYIG film is given in our previous
work [71,153,154], and optimized conditions used in the present work can be found in the Experimental
Section. Bi has a larger ionic radius than Y and it causes an expansion of 0.0083 nm per Bi atom substituted

in the formula unit [155].
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Figure 5.1a shows high resolution X-ray diffraction (HRXRD) 20 — o data for BiYIG films grown on
GSGG, NGG, GYSGG, SGGQG, and YSGG. The well-defined Laue fringes indicate the high crystalline
quality and uniformity of the BiYIG films. Both the unstrained and strained unit cell of BiYIG are shown
in Figure 1b,c, where the three different lattice sites for the cations with respect to O* are indicated.
Reciprocal-space mapping (RSM) for the (642) reflection shows that all the BiYIG films up to 70 nm
thick on GSGG, NGG, and SGGG were lattice matched to the substrate. RSM for 28.3 and 70 nm thick
BiYIG films on GSGG is shown in Figure 1d,e. We conclude that the films are under in-plane tensile
strain, and the unit cell of the BiYIG is distorted from cubic to rhombohedral (Figure 1¢). A rhombohedral-
to-hexagonal transformation was used to simplify the calculation of the strain tensor as detailed in our

previous work [102]. The in-plane lattice parameter an and the c-axis lattice parameter ¢ of the hexagonal
unit cell are given by ay = ’12 d?,5 and ¢ = 12das. Here, dy47 is the (112) plane spacing of the BiYIG

cubic unit cell which is assumed to match the substrate (112) plane spacing and dass is the spacing of the

(444) planes. The corner angle B of the strained unit cell as shown in Figure 1c is given by sin (g) =

3

C 2.
2 [3+(2)
ay
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FIG 5.1 a) HRXRD ®»—20 scans around the BiYIG (444) and GSGG, NGG, GYSGG, SGGG, and YSGG
(444) peaks. b) Cubic unit cell of BiYIG showing octahedrally, tetrahedrally, and dodecahedrally-
coordinated cation sites. The cation sites are surrounded by O~ (indicated by black spheres) at the vertices

of the polyhedra. ¢) Schematic of a strained BiYIG cubic unit cell on GSGG with the corner angle 3
marked. d,e) HRXRD reciprocal-space map of 28 nm BiYIG/GSGG (d) and 70 nm BiYIG/GSGG (e). f)
AFM scan on 7 nm thick BiYIG film on GSGG.

Atomic force microscopy (AFM) shows that the BiYIG films have a root mean square (RMS) surface
roughness of less than 0.2 nm (Figure 1f). High-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) images of 7 nm thick BiYIG grown on GSGG were
described in our prior publication [156] and indicate epitaxial growth without visible dislocations or other

interfacial defects.

The magnetic hysteresis loops of the films were characterized by vibrating sample magnetometry (VSM).

Measurements with field applied in-plane (IP) and out-of-plane (OP) are shown in Figure 2 a—f. The films
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grown on GSGG and NGG demonstrate PMA with square OP hysteresis loops whereas films grown on
SGGG have an IP easy axis. BiYIG films grown on NGG, YSGG, and GYSGG show OP coercivity of =
1.6 kA m ! and films on GSGG have higher coercivity of 8.0 kA m™'. The saturation magnetization of
BiYIG was (135 + 10) kA m™! for thicknesses of 20—70 nm on all the substrates. The large paramagnetic
background signal of the GSGG, NGG, and SGGG substrates prevented background subtraction for the
hard axis loops of most of the BiYIG films, and net anisotropy was measured using FMR as described

below.

The total magnetic anisotropy of the films includes contributions from magnetocrystalline, shape,
magnetoelastic, and growth-induced anisotropy. The total uniaxial anisotropy K, of the films was given
by the difference between the magnetic energy E when the magnetization was oriented IP versus OP:

Ky, = Eip — Eoop = Kpe + Ksp + Kipe + Kg

9 T
:_—_M§+ZC44/1111 (E—ﬁ)"‘ K, (5.1

Here, K¢ is the magnetocrystalline, Kqn the shape, Kme the magnetoelastic, and K, the growth-induced
anisotropy. K is the first order cubic magnetocrystalline anisotropy constant, Msis the saturation
magnetization, 4111 1s the magnetostriction coefficient, cs4 is the shear modulus, and £ is the corner angle
of the rhombohedrally-distorted unit cell. A positive Ky corresponds to an out-of-plane easy axis. K for

BiYIG is negative which favors PMA for (111) films, but this contribution is small (= =650 ] m™> [54]);

and thus, the magnetocrystalline anisotropy will be neglected. The shape anisotropy (— % M?2) favors in-

plane magnetization.

Kme 1s proportional to both Aj11 and the shear strain (g — [). The magnitude of Ai1; is linearly dependent

on the Bi content according to [54] M (Bi-Y3 —-IG) = — 2.73 x 10°(1 + 0.23z). The higher
magnetostriction of BiYIG compared to YIG is attributed to an increase in the spin-orbit coupling due to

mixing between the 6p Bi*" orbitals and the 3d and 2p orbitals from Fe**and O*". [54] The A1 for BiYIG
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is negative; and therefore, favors an easy axis along the compressively strained OP direction, promoting
PMA in BiYIG films grown on larger lattice parameter substrates. Thus, magnetoelastic anisotropy

contributes to PMA in BiYIG films grown on substrates with larger lattice parameter than that of the film.
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FIG 5.2: Hysteresis loops with field applied a) out-of-plane (OP) and b) in-plane (IP) for 25 nm BiYIG
on SGGG, NGG, and GSGG. ¢) IP and OP loops for 70 nm BiYIG on GSGG. d) OP loops for 38 and 28
nm BiYIG on GSGG. e,f) IP and OP loops for 22 nm BiYIG on YSGG and GYSGG.
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Like Soumah et al. [119], we find that magnetoelastic anisotropy alone is insufficient to account for the
PMA in our BiYIG films, as shown in Table 1. We observe an increase in B with increasing substrate
lattice parameter, as expected. However, the net anisotropy does not increase monotonically with the
strain. In fact, the magnetoelastic contribution is a relatively small part of the total anisotropy, leading to
the conclusion that the growth-induced anisotropy is dominant. Partially substituted garnet films like
BiYIG exhibit K, due to the non-random distribution of Bi*" and Y** in nonequivalent dodecahedral sites,
driven by the ionic size difference. Growth-induced anisotropy has been analyzed in mixed rare earth and
other mixed composition garnets grown by liquid phase epitaxy (LPE) [46,157-160], and more recently,
in PLD-grown (Tm,Y)IG [141]. It leads to a uniaxial magnetic anisotropy term in (111)-oriented (and
(001)-oriented) films. The magnitude and the sign of K, depend on the ions present and their atomic
fraction, and for Bi*' substitution in YIG, K, favors PMA [161]. In LPE-grown Bi-containing
(Y,Lu)3FesO12, the addition of Bi can increase K by an order of magnitude [162]. We calculate K¢ from
the total anisotropy Ku after subtracting the shape and magnetoelastic contributions. BiYIG on GSGG and
NGG have very large growth-induced anisotropies while films on SGGG, GYSGG, and YSGG have lower
growth-induced anisotropy and an in-plane easy axis as shown in Figure 2. K, calculated for the PLD-
grown BiYIG in Table 1 varies with substrate and film thickness, and in many samples, it exceeds that of

LPE-grown garnets [157-160,163] and PLD-grown (Tm,Y)IG [141].

5.2.2 Domain Imaging
Magneto-optical Kerr effect (MOKE) microscopy was carried out on PMA BiYIG films with thicknesses
25, 28, and 33 nm grown on GSGG substrates, and 25 and 27 nm grown on NGG substrates. All the films
were a.c. demagnetized using an electromagnet with an alternating OP magnetic field with an initial value
of uoH =500 mT and a reduction ratio of 0.95 between each step. MOKE images for the resulting domain
structures for these films are shown in Figure 3. After demagnetization, the net magnetization is close to

zero and up and down domains occupy roughly equal areas. The average domain size was calculated using
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images taken from multiple locations on each film and is displayed in Table 1. The large standard
deviations in the domain sizes are indicative of heterogeneities in the domain structures in different regions

of the samples.

MOKE images for a.c. demagnetized films with thickness 25 nm grown on GSGG and 25 and 27 nm
grown on NGG show a labyrinthine domain structure, Figure 3a,d,e. In comparison, 28 and 33 nm BiYIG
films on GSGG show triangular domains indicating preferential formation of domain walls along certain
crystallographic directions. (Figure 3b, c). The two films in our study that exhibited triangular domains
also have higher lattice distortion B and higher K. as well as higher K, compared to similar thickness
films with stripe domains. This suggests that the domain shape correlates with strain state and anisotropy
and has a different origin from the triangular domain structures reported in thin metal films [164,165].
There have been multiple reports of threading and misfit dislocation defects in micron-thickness BiYIG
films due to lattice and thermal mismatch [166—169]. We speculate that localized strain relaxation
accompanied by the formation of dislocations leads to crystallographically-preferred orientations for
domain walls due to favorable interaction with their strain fields which can potentially result in anisotropy
in the domain wall energy. The critical lattice mismatch causing the onset of triangular defects has been
reported to be 4.1 pm (at growth temperatures) in REIGs and lower in Bi-substituted garnets [166]. At

room temperature, our BiYIG/GSGG has a lattice misfit of 10.4 pm which is well above this threshold.
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( a) 25 am BiVIG/Gs66 | (D) 28 nm BIYIG/GSGG?/| (C)33 nm BiVIG/GSGG

(d) 27 nmBivie/nGe

FIG 5.3: MOKE images showing equilibrium domain structure after a.c. demagnetization of a) 25 nm
BiYIG/GSGG, b) 28 nm BiYIG/GSGG, c) 33 nm BiYIG/GSGG, d) 27 nm BiYIG/NGG, and €) 25 nm
BiYIG/NGG.

MOKE microscopy was used to study magnetization reversal for 28 and 70 nm thick BiYIG/GSGG and
25 nm BiYIG/NGG, Figure 4. MOKE images were collected while applying an OP magnetic field of —60
mT, followed by an OP field sweep from 0 mT to a positive value to magnetize the film in the positive
direction. The image collected at —60 mT was subtracted from all the subsequent images to remove the

non-magnetic contrast.

Magnetization reversal for 70 nm BiYIG/GSGG and 25 nm BiYIG/NGG shown in Figure 4 a,b proceeds
by formation of labyrinthine stripe domains. A similar stripe domain structure has been reported for
TmlIG [170] and (Tm,Y)IG [141]. Magnetization reversal was almost complete at +15 mT for the 70 nm
thick BiYIG/GSGG substrate and at +4 mT for the 25 nm thick BiYIG/NGG. However, magnetization

reversal for the 28 nm thick BiYIG/GSGG proceeded by formation of triangular domains such as those
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observed in its a.c.-demagnetized state, along with stripe domains within the triangular regions as shown
in Figure 4c. After applying —60 mT, the field was swept from 0 mT to +100 mT with 0.5 mT steps. The
film did not reach positive saturation even at +100 mT. This agrees with the hysteresis loop of this film
shown in Figure 2d, where the film is not saturated even at 200 mT. A supplementary video showing the

images in 0.5 mT field increments from 0 to 100 mT has been included as Supporting Information.

5.2.3 Ferromagnetic Resonance Characterization
To extract the damping of the BiYIG thin films, their dynamic magnetic properties were studied with
broadband perpendicular FMR spectroscopy based on the vector network analyzer (VNA) technique in
the 1040 GHz range [85-87,171]. The complex transmission parameter S>; was measured at a fixed
frequency while the external perpendicular magnetic field was swept [85], as shown in Figure 5a,b. The
resonance field for the films was fitted to the Kittel equation for perpendicular geometry to extract the
effective magnetization Mesr and the Landé g-factor [172], as shown in Figure 5c for one film as an

example. Here:

2nf
Hpes = ——+ Mg (5.2)

R

where H:es is the resonance field, fis the excitation frequency, and vy is the gyromagnetic ratio (gus)/h,
where usg is the Bohr magneton and 7 is the reduced Planck constant. The anisotropy of the film excluding

the shape anisotropy, K = Ku — Kq, is extracted from Mefrusing the equation [20,30]:

2K
UOMS
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The damping a and the inhomogeneous broadening FWHM linewidth AHo were extracted by fitting the

linewidth to the following expression, Figure 5d—f:
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FIG 5.4: MOKE images showing domain structure during reversal of a) 70 nm BiYIG/GSGG, b) 25 nm
BiYIG/NGG, and c) 28 nm BiYIG/GSGG. The films were saturated at +60 mT for (a) and —60 mT for
(b,c). The red scale bar represents 100 pm.

dnaf

+ AH
1y | o 0

(5.4)

where 4H is the experimentally observed linewidth determined from fitting the Sz data with the complex
susceptibility. 25nm BiYIG/SGGG vyieldeda= 1.3 x 10*and podHo= 2.7 mT. For 70 nm
BiYIG/GSGG, a =5.6 x 10*and podHo =5 mT, and for 23 nm BiYIG/NGG, a was higherat 2.1 x 1073,
with poAHo = 3.7 mT. No systematic change was observed with varying thickness or substrate, but the
higher damping of BiYIG/NGG may correlate with the comparatively poorer crystalline quality of the as-
supplied NGG substrates that led to growth of BiYIG with lower intensity Laue fringes. Our results

confirm that low damping and moderately low linewidth of a few mT are achievable for BiY1G measured
in the OP direction up to 40 GHz.
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FIG 5.5: Representative FMR spectra taken at 10 GHz showing a) the imaginary and b) the real part of

S21 for a 70 nm BiYIG/GSGG. c¢) Representative fit of the resonant field, Hres, versus frequency for 70
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nm BiYIG/GSGG. FMR linewidth as a function of frequency for d) 70 nm BiYIG/GSGG, e€) 25 nm
BiYIG/SGGG, and f) 23 nm BiYIG/NGG.
5.2.4 Spin Mixing Conductance of BiYIG/Pt Interface

To characterize the efficiency of spin transport through the Pt/BiYIG interface, we measure the spin-
mixing conductance of a bilayer of 4 nm Pt/4.3 nm BiYIG. A charge current in the Pt yields a spin current
perpendicular to the film due to the spin Hall effect (SHE). The spin current is partially reflected at the
garnet/heavy metal (HM) interface based on the relative orientation of the polarization of the spin current
(0) and the magnetization of the garnet (m). The real component of spin-mixing conductance G:'! is
associated with a damping-like torque which is proportional to m x (¢ x m), and the imaginary component
of spin-mixing conductance Gi'tis associated with a field-like torque which is proportional
to o x m [8,97]. The reflected spin current produces a charge current in the HM layer due to the inverse
spin Hall effect; and thus, modulates the resistance of the HM layer leading to a spin Hall
magnetoresistance (SMR). Longitudinal and transverse components of SMR are given by the following

equations [94,102]:
R = Ry + ARSMRsin?0 sin?¢ (5.5)
Ry = R{MRsin?0 sin(2¢) + RAESMR cos 6 + RGP H, (5.6)

Here Ry is the m-independent longitudinal resistance of the HM layer and ARS™R is its modulation due to
SMR. RyMR and RgHE’SMR are the transverse components of SMR and anomalous Hall effect (AHE)-like
SMR, respectively. R9E is the contribution from the ordinary Hall effect (OHE) of the HM, H, is the out-
of-plane magnetic field, and € and ¢ are the polar and azimuthal angles of m [100]. The Pt (4 nm)/BiYIG
(4.3 nm)/NGG heterostructure was patterned into Hall cross devices and a probe station was used to
perform transverse SMR measurements with an out-of-plane magnetic field. The Hall resistance for an

OP field sweep from —15 to +15 mT is shown in Figure 6a after subtraction of a sample-dependent offset
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and linear OHE signal. The loop shows 100% remanence which agrees with the PMA observed from the

VSM measurements. Sharp switching can be observed with a coercivity of (3 = 0.5) mT. We obtained

values of Ry;"®*MR = —0.86 mQ and R"E = ~10.7 mQ T"', which gives pyy ~"F = —3.44 x 1074 nQ

cmand p2y/f =—4.28 x 107 pQ cm T~'. The maximum magnitude of magnetic field available in the probe

station was 100 mT which was not sufficient to saturate the film IP, precluding in-plane SMR

measurements.
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FIG 5.6. a) Anomalous Hall effect (AHE)-like spin Hall magnetoresistance (SMR) hysteresis loops for
NGG(111)BiYIG(4.3 nm)/Pt(4 nm) heterostructure. b) Optical micrograph of Hall cross used for

measurement.

The model of Chen et al. for spin mixing conductance yields [95]:

d
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where p3;'® and p,‘?;l ESMR are Hall resistivities due to SMR and AHE-like SMR, respectively; pPt = 47.1

pQ cm is the resistivity (and o¢ is the conductivity) of Pt which we measure from the Hall bar, Osp is the

spin-Hall angle of Pt, Ap; is the spin diffusion length in Pt, dn is the thickness of the Pt layer = 4 nm,
and G and Gi are the real and imaginary components of spin-mixing conductance. Without being able to
achieve IP saturation for the film, we cannot obtain pz;'®; and hence Gr. However, AnG: is generally much
lower than ¢ft [98,120]. Thus, if we drop G; in the denominator of the second equation, we can obtain a
lower bound for Gi. This value is 3.1 x 10" Q' m2 for Osu = 0.08 [173], Aet= 1.4 nm [95] or 6.1 X
101 Q' m2 for Osu = 0.387 [173], and Ap = 4.2 nm [174]. Gi is comparable to previous results reported

for several REIG/Pt interfaces, [120] suggesting that the spin transport across the interface is dominated

by the Fe sublattices.

Table 5.1: Magnetic properties of BiYIG films on garnet substrates

Film thickness (nm) Substrate PMA B (") K, Ky (K m’g) Kep (KJ m'a) Kine (kJ m'g] Kep + Kie (kJ m’g] Kg (kJ m'a) Domain shape Domain size (um)

22 YSGG No 90 =10.7 -10.7 0 -10.7 10.7 - -
25 SGGG No 90.1 11.1 -13.2 1.7 -11.5 9.4 - -
25 NGG Yes 90.2 29.1 -13.1 2.2 -10.9 26.9 Stripe 309
27 NGG Yes 90.3 25.5 -11.1 3 -8.1 22,5 Stripe 268
22 GYSGG No 90.3 =0.8 -9.8 3 -6.8 6.8 - -
25 GSGG Yes 90.6 30.2 -9.8 5.8 -4.0 24.4 Stripe 32+8
28 GSGG Yes 90.7 49.2 -13.1 7.1 -6.0 42.1 Triangular 67 +22
32.9 GSGG Yes 90.7 44.8 -13.2 7.1 -6.1 37.7 Triangular 84 +35
70 GSGG Yes 90.6 17.9 -12.2 5.8 -6.5 12,1 Stripe -

5.3 Conclusion

Epitaxial BiYIG films with thicknesses ranging from 20 to 70 nm were grown by pulsed laser deposition
from a target with composition BiogY2.2FesO12 onto several (111)-oriented single crystal garnet substrates
with different lattice parameters. The films were coherently strained to the substrates and increasing the
lattice parameter of the substrates promoted perpendicular magnetic anisotropy. Magnetoelastic
anisotropy was insufficient to explain the net anisotropy, implying the presence of growth-induced
anisotropy of 7-42 kJ m~3, generally higher for more highly strained films. Most of the films exhibited

stripe domains, but the films with highest anisotropy showed triangular domain patterns. We found a lower
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bound for the spin mixing conductance which was similar to that of other iron garnets, a damping of 1.3
x 10*to 2.1 x1073, and an inhomogeneous broadening of poHo = 2.7-5 mT for out-of-plane
measurements up to 40 GHz. The low damping, tunable anisotropy, and high magnetooptical contrast

were advantageous for a range of magnetooptical and spintronic applications and phenomena.

5.4 Experimental Section

BiYIG films ranging from 20 to 70 nm in thickness were grown by pulsed laser deposition (PLD) on (111)
oriented substituted gadolinium gallium garnets YSGG, SGGG, NGG, GYSGG, and GSGG. The target
used for the thin film growth had a composition of Bio.gY22FesO12. The chamber was pumped to 5 x
1076 Torr base pressure prior to introducing oxygen and depositing the films. The laser repetition rate was
10 Hz, the laser fluence was =~ 2 J cm2, and the target-substrate distance was 6 cm. The substrate
temperature was 560 °C and the Oz pressure was 20 Pa (150 mTorr). After growth, the samples were
cooled down under 230 Torr of O.. Pt was grown in a magnetron sputtering system at room temperature,
with an Ar pressure of 0.26 Pa (2 mTorr). HRXRD measurements were performed using a Bruker D8
Discover HRXRD. For broadband perpendicular FMR spectroscopy based on the vector network analyzer
technique, the samples were placed face-down on a 50 Q coplanar waveguide. A static out-of-plane
magnetic field up to 2.2 T was swept to saturate the film in the out-of-plane direction. A variable
microwave field was applied in-plane while the microwave transmission at frequencies from 10-40 GHz
was measured. Certain commercial instruments were identified to specify the experimental study
adequately. This does not imply endorsement by NIST or that the instruments were the best available for

the purpose.

Contributors:
Deposition of films, VSM, XRD, MOKE measurements, analysis and manuscript preparation were

performed jointly by Takian Fakhrul and author of this thesis. FMR measurements were performed by
Hans Nembach, Justin Shaw and Grant Riley.
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Chapter 6: Damping and interfacial Dzyaloshinskii—-Moriya interaction in thulium
iron garnet/bismuth-substituted yttrium iron garnet bilayers

This work is adapted from a publication which the author wrote and published in ACS Applied Materials
& Interfaces [175]. It is presented mostly in unaltered form.

6.1 Introduction
Magnetically ordered oxide materials such as spinels, ferrites [176,177] and rare earth iron garnets
(REIGs) [102,178,179] have been studied intensely for spintronic and photonic devices. In REIGs, the
choice of rare earth (or other) ion allows tuning of a variety of properties including saturation
magnetization, = compensation  temperature, [180,181]  magnetocrystalline  anisotropy, [182]
magnetostriction [183] and Gilbert damping. [28,120] Magnetoelastic anisotropy can be introduced via
lattice mismatch strain in epitaxial films or thermal mismatch strain for films grown on silicon or other
non-garnet substrates, [98,99] and growth induced anisotropy can be present in REIGs with mixed RE

ions. [141,184]

Thin films of a number of REIGs have been grown with perpendicular magnetic anisotropy
(PMA), [8,121,185] which is advantageous for the study of spin orbit torque (SOT) and other magnetic
phenomena. REIGs are good insulators, enabling lower ohmic losses than metallic ferromagnets as they
avoid parasitic current shunting from a metal overlayer. [67] PMA in epitaxial REIGs can be present even
for thick films, as it originates from bulk anisotropy terms unlike the interfacial anisotropy dominating
metallic ferromagnet films. [67,141] Thulium iron garnet (TmsFesO12 (TmIG))/heavy metal (HM) stacks
grown epitaxially on gallium garnet substrates are the most extensively studied PMA REIG films in terms
of their spintronic properties. [30,68,100,103,148] TmIGJ|Pt heterostructures exhibit considerable spin
transparency at the interface, comparable to that of the Co|Pt interface, [8,186] and current induced
switching of TmIG has been demonstrated using the damping-like SOT from a Pt

overlayer. [68,70,156,187]
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The Dzyaloshinskii—Moriya interaction (DMI) plays an important role in the stabilization and current
driven manipulation of chiral magnetic textures including Néel domain walls and skyrmions, which have
been proposed to represent bits in data storage devices. [72,73] Key ingredients to obtain interfacial DMI
are a broken inversion symmetry at the interface [70] and spin-orbit coupling. [74] While the HM
overlayer contributes some spin-orbit coupling, [188] it appears that the RE*" ions provide a critical
contribution to DMI, [156] evident from the observation of DMI-stabilized skyrmions in TmIG grown on
Gd3GasO12 (GGG) in the absence of any HM overlayer [103] and the absence of DMI in bismuth
substituted yttrium iron garnet (BiYIG) (an iron garnet which does not have strong spin-orbit coupling
due to the absence of RE*" ions) with a HM overlayer. [156] The DMI in TmIG|Pt heterostructures
stabilizes chiral Néel domain walls which can be translated by SOT produced by a charge current in the
Pt overlayer without application of any in-plane field. [156] The strength of DMI for TmIG films varies
with the substrate composition and has a non-monotonic dependence on lattice mismatch strain, reaching

0.029 mJ m 2. [188,189]

Gilbert damping governs the magnetization dynamics, including the critical current required for
magnetization reversal in spin-transfer-torque devices [146,190] and the domain wall velocity for
racetrack memory devices. [191] Yttrium iron garnet (Y3FesO12, YIG) has the lowest known Gilbert
damping, as low as 10 in bulk. [28,147,149] However, growth of high quality YIG films with PMA has
been challenging, despite several demonstrations of epitaxial [112—114] and polycrystalline [115] PMA
YIG films. Instead, epitaxial bismuth substituted yttrium iron garnet (BiYIG) can be grown with PMA on
garnet substrates with higher lattice parameter than GGG by exploiting a combination of magnetoelastic
and growth-induced anisotropies. [29,119] The Gilbert damping of BiYIG films is 1.3 x 10*to0 5.6 x 107
4, an order of magnitude higher than that of YIG but much lower than that of REIGs with strong spin-orbit
coupling. [28,98,119,120,141] For example the damping of TmIG films is around 0.02.[30,148,192]
While the low damping of BiYIG films enables fast domain wall dynamics, BiYIG films exhibit no DMI
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and SOT-driven domain wall motion can be achieved only in the presence of an in-plane magnetic

field. [71,156]

Garnet thin films with DMI, low damping, and PMA would combine the advantages of fast dynamics and
field-free SOT switching and bring substantial benefits to spintronic device development. In this article
we introduce a bilayer BiYIG|TmIG which exhibits both DMI and moderate damping. Velez et al.
described an exchange-coupled YIG|TmIG|Pt heterostructure, [193] demonstrating DMI-stabilized
skyrmions, but the PMA was present only in the TmIG layer and the damping was not reported. There
have also been various studies on multilayers of iron garnets for photonic and magneto-optic
applications, [194,195] but DMI and damping are not reported. Here we report the growth, and the
structural, magnetic and spintronic properties of BiYIG|TmIG heterostructures deposited on substituted
gadolinium gallium garnet (GSGG) and neodymium gallium garnet (NGG) substrates. The films have
PMA, and bubble domains in BiYIG|TmIG|GSGG were formed by applying simultaneous in-plane field
and out-of-plane fields. The key result of this work is showing that BiYIG|TmIG|NGG exhibits both a

substantial DMI and damping an order of magnitude lower than that of TmIG.

6.2 Structural and Magnetic Characterization

The BiosY2.2FesO12 target was prepared by solid state sintering, and the TmlIG target was purchased from
Furuuchi Chemical Corporation. Thin films of BiYIG, codeposited films of (Tm,Bi,Y)3;FesOi2
(BiYTmIG) and bilayered films of TmIG|BiYIG were deposited on GSGG (Gd3Sc2GazO12, lattice
parameter a = 1.2554 nm) and NGG (Nd3GasO12, a = 1.2505 nm) substrates with (111) orientation using
pulsed laser deposition (PLD) with a 248 nm wavelength laser. The BiYTmIG films were codeposited by
alternately ablating the targets using 25 laser shots on the BiYIG target and 2 or 5 laser shots on the TmIG
target. Based on the calibration of the growth rates from BiYIG and TmIG targets the two codeposited
BiYTmIG films have nominal compositions of Tmo.15Bio75Y2.1FesO12 and Tmo3Bio7Y2FesO12

respectively. The bilayered films consisted of a TmIG layer in contact with the substrate and an overlaid
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BiYIG layer. Several studies show DMI originating from the TmlIGlsubstrate interface, [188,189] thus
stacks of BiYIG|TmIG|substrate were examined instead of TmIG|Bi1Y1G|substrate. The optimized growth

conditions for epitaxial high quality BiYIG films are described in our previous work. [196] The growth

conditions used in the present work can be found in the Methods section.
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FIG 6.1 (a-c): High-resolution x-ray diffraction (HRXRD) scans of BiYIG, BiYTmIG and BiYIG|TmIG
thin films deposited on GSGG and NGG substrates. (d-f): x-ray reflectivity (XRR) scans of BiYIG,
BiYTmIG and BiYIG|TmIG thin films deposited on GSGG substrate. A BiYIG:TmIG shot ratio of 25:5
was used for making the 2.5 nm thick BiYTmIG film and 25:2 was used for the 6.7 nm and 8.4 nm thick

BiYTmIG films. Inset of (f) shows topographic image from an atomic force microscopy (AFM) scan on
BiYIG (3.5 nm)/TmIG (3.1 nm)/GSGG film.
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REIGs, YIG and BiYIG belong to the cubic Ia3d space group [133] with a lattice parameter of about 1.2
nm, well matched to that of gallium garnets. Fig. 1 shows symmetric high-resolution x-ray diffraction
(HRXRD) scans around the (444) substrate peak for BiYIG, codeposited BiYTmIG and bilayered
TmIG|BiYIG films. All the films grow with an in-plane tensile strain due to lattice mismatch with the
substrates. Due to the few-nm film thickness the intensity of the film peaks and Laue fringes is low, and
the film peaks are very broad and overlap the substrate peaks. However, thicker epitaxial iron garnet films
grown under similar conditions exhibit well defined film peaks and Laue fringes indicating high
crystalline quality and thickness uniformity in epitaxial REIG films. [29,102,141] High-resolution x-ray
reflectivity (HRXRR) measurements were performed to determine the film thickness as shown in Fig. 1.
Fits to the Kiessig fringes in HRXRR scans for BiYIG and BiYTmIG films deposited on a GSGG substrate
indicate uniform thicknesses of 5.5 nm and 8.4 nm respectively. The observation of two distinct
periodicities in the HRXRR scan for the bilayered film validates that the BiYIG layer and TmIG layer are
not intermixed. Fits to the Kiessig fringes for the bilayered film indicate that the thicknesses of the BiYIG
layer and TmIG layer are 4 nm and 3.5 nm respectively. Prior work has shown, based on reciprocal space
map (RSM) measurements performed on BiYIG, [29] TmIG [100] and terbium iron garnet (TbIG) [120]
epitaxial films deposited on garnet substrates, that such garnet films are fully strained in-plane to match
the substrate lattice parameter for thickness of 70 nm, 20 nm and 90 nm respectively. Since all the BiYIG
films, bilayered films and codeposited films used in this study have thickness lower than 21 nm, we expect
that they are all coherently lattice-matched to the substrate. Atomic force microscopy (AFM)
measurements were performed on a BiYIG (3.5 nm)/TmIG (3.1 nm)/GSGG film and its rms surface

roughness was 0.2 nm as shown in the inset of Fig. 1 (f).
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FIG 6.2 Room-temperature out-of-plane vibrating sample magnetometry hysteresis loops of (a) BiYIG (4
nm)| TmIG (3.5 nm) and (b) BiYTmIG (6.7 nm) thin films deposited on GSGG and NGG substrates. A
BiYIG:TmlIG shot ratio of 25:2 was used for BiYTmIG films.

The uniaxial magnetic anisotropy Ky is defined as the magnetic energy difference between orienting the
magnetization direction in-plane (Eip) vs. out-of-plane (Eoop). Positive (negative) Ky implies an out-of-
plane (in-plane) easy axis. For an epitaxial iron garnet film lattice-matched to a garnet substrate with (111)

orientation, Ky is given by: [98]

Ki o 9 T
= _E_ 71‘/152 + ZC44 M1t (E - ﬁ) + K¢ (6.1)

Here K is the first order cubic magnetocrystalline anisotropy constant, which is negative favoring PMA
but is negligible compared to the other terms. [138] The second term is shape anisotropy with M; the
saturation magnetization, which favors an in-plane magnetization direction. The third term is the
magnetoelastic anisotropy which is proportional to magnetostriction Ai11 and shear strain (7/2 — ), with 3

the corner angle of the rhombohedrally distorted unit cell. ca4 is the shear modulus of the film and its value
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lies between 74 GPa and 90 GPa for REIGs. [138] K¢, the fourth term, represents a uniaxial growth-
induced anisotropy which originates from preferential occupancy of cations or vacancies in non-

equivalent sites. [139—141,184] Surface and interface anisotropies [197] may also contribute to K.

All the films in this study exhibited PMA. Vibrating sample magnetometry (VSM) hysteresis loops for
representative bilayered films and codeposited films deposited on GSGG and NGG substrates are shown
in Fig. 2. The measurement with out-of-plane field shows square hysteresis loops and a low coercivity of
less than 400 A/m. The large paramagnetic nonlinear signal of the GSGG and NGG substrates prevented
background subtraction for the in-plane hysteresis loops of the films. The saturation magnetization of
these films is between 80 - 105 kA/m at room temperature, comparable to TmIG (90-120 kA/m) [100,170]
and BiYIG films (125-145 kA/m). [29] Both BiYIG [54] and TmIG [100] have negative Ai11 and an in-
plane tensile strain, so that the magnetoelastic anisotropy favors PMA. Additionally, the growth-induced
anisotropy due to preferential occupancy of cations in non-equivalent dodecahedral sites favors PMA in

BiYIG, [29,119] and likely also contributes to the anisotropy of the BiYTmIG codeposited film.
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6.3 Measurements of Damping
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FIG 6.3 (a) A representative FMR spectrum taken at 16.5 GHz showing the real part of S»; for BiYIG
(15.5 nm)/TmIG (5.6 nm)/NGG. Fits of linewidth, AH, as a function of frequency for (b) BiYIG (70
nm)/GSGG, (c) BiYIG (15.5 nm)/TmIG (5.6 nm)/NGG (d) BiYIG (18 nm)/TmIG (2 nm)/GSGG (e)
BiYIG (18 nm)/TmIG (2 nm)/NGG (f) BiYTmIG (8.4 nm)/NGG with BiYIG:TmIG shot ratio of 25:2.

The damping was measured using broadband perpendicular ferromagnetic resonance (FMR) spectroscopy

with a vector network analyzer (VNA) in the frequency range 10-40 GHz. [85-87,171] The complex

transmission parameter S»; was measured at a particular frequency as the magnetic field was swept. [85]

Damping o of the films was obtained by fitting FWHM linewidth AH to the following equation:

AH =
Ly | Ko

drtaf

+ AH,

(6.2)
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AH is obtained by fitting the S»1 data to the complex susceptibility as shown in Fig. 3 (a). fis the excitation
frequency, AHop is the inhomogeneous linewidth broadening and y is the gyromagnetic ratio given by

(guB)/h where pp is the Bohr magneton, 7 is the reduced Planck’s constant and g is the Lande” g-factor.

The linear fits obtained from AH(f) and the corresponding damping values for various bilayer and
codeposited films are shown in Fig. 3. The data for a 70 nm thick BiYIG film deposited on a GSGG
substrate from our previous work has been included for comparison. [29] Damping and AHy values for
bilayered and codeposited films from this study are displayed in Table I. The data obtained from the
codeposited film shows a less clear linear fit than that of the other films, but we nevertheless include its
damping value in Table I. The damping of the bilayer films is between 5.2 x 107 and 7.6 x 107 with
UoAHo of 4 - 9 mT. While these damping values are one order of magnitude higher than that of
BiYIG, [29,119] they are still an order of magnitude lower than what has been reported for
TmlG. [30,148,192] AHp values for TmIG/BiYIG bilayer films are also intermediate between those of
BiYIG and TmIG. The codeposited BiYTmIG film, which contains a low fraction of Tm (with nominal
composition of Tmo.15Bi0.75Y2.1Fes012) has damping between that of the bilayers and that of BiYIG, but

its uoAHo is higher.

The resonance field was fitted to the Kittel equation for perpendicular geometry: [85]

2T
2t
lv1 to

res —

Meff (63)

Here Hies is the resonance field, and Mesr is the effective magnetization. Mefr obtained from the fit was

used to calculate the net anisotropy of these films Ky using the following equation:

_.uOMsMeff

K= ———+ (6.4)
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Calculated K, values for various films are displayed in Table I. All the films have positive Ky values
indicating PMA in these films. This is consistent with the high remanence out-of-plane VSM hysteresis

loops displayed in Fig. 2.

6.4 Measurements of DMI
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FIG 6.4 BLS frequency change Af versus wavenumber k for (a) BiYIG (4.3 nm)/GSGG (b) BiYIG (4.3
nm)/NGG, Pt (1 nm)/ BiYIG (4.3 nm)/NGG, Pt (2 nm)/ BiYIG (4.3 nm)/NGG (c) BiYIG (4 nm)/TmIG
(3.3 nm)/GSGG (d) BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG, Pt (I nm)/BiYIG (4.4 nm)/TmIG (1.9
nm)/NGG, Pt (2 nm)/BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG.
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Brillouin Light Scattering (BLS) measurements [90-92] were performed at room temperature in the
Damon-Eshbach geometry [93,198] with an in-plane field of 5 kOe perpendicular to the spin wave
propagation direction. For the DE mode, DMI provokes non-reciprocity in the counter-propagating DE

mode frequencies, with frequencies given by: [91]

yDk
M,

fDE(ik) =fot fomr=foz (6.5)

where fj is the DE mode frequency in the absence of DMI, k is the wavevector of the spin wave and D is
the strength of the DMI. Then the frequency difference between Stokes and anti-Stokes peaks, Af =

f (k) — f(—k) is measured as a function of wavevector, k. The D values for various films from this study

were obtained by least-square fitting to Af = % , and are displayed in Table 1.

Figure 6.4a,b indicates a lack of peak splitting and hence negligible DMI in BiYIG(4.3 nm)|GSGG and in
BiYIG(4.3 nm)NGG without a Pt overlayer and with a Pt overlayer of thickness 1 nm and 2 nm (their D
values along with error bars displayed in Table I include the possibility that DMI is zero). These
observations are consistent with prior results for BiYIG. [156] The paramagnetic substrates GSGG and
NGG contain rare earths Gd** (4f7, L = 0) and Nd*" (4f%, L = 6) respectively, but neither BiYIG sample
yields DMI. The importance of orbital angular momentum for obtaining DMI in REIG films has been
noted, [156] but here the Gd*>* has no orbital moment and the Nd** in the NGG substrate may be ineffective

in promoting DMI due to the paramagnetic host.

The BiYIG|TmIG|GSGG bilayer film has no DMI, Fig. 4 (c), but BiYIG(4.4 nm)TmIG(1.9 nm)|NGG
without a Pt overlayer and with Pt of thickness 1 nm and 2 nm do exhibit DMI, Fig. 4 (d), of D =0.0145
+ 0.0011 mJ/m?. The critical D for stabilization of Néel domain walls is given by (2t./n(2)/m*)uoM2 =

0.010 + 0.003 mJ/m?, where t is the thickness of the magnetic layer and M is its saturation
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magnetization. [70] For BiYIG|TmIG|NGG this indicates that DMI is sufficient to stabilize Néel domain

walls.

Considering the inverse dependence of interfacial DMI on thickness, the measured DMI is comparable to
that of TbIG|Pt deposited on GGG and TmIGJ|Pt deposited on Gd3;GasO12 (GGG), NGG, and SGGG
(composition Gdz.6CagsGas.1Mgo25Z10.65012) [70,93,186,187] but an order of magnitude lower than that

of metallic ferrimagnetic [44] and metallic ferromagnetic thin films. [199,200]

Introducing 1.9 nm TmIG at the interface results in a DMI of BiYIG|TmIG bilayers consistent with that
of single layers of TmIG based on domain wall depinning measurements, where 6.6 nm TmIG|NGG had
D = 0.007 £ 0.0015 mJ m™ but TmIG|GSGG had D = 0.0015 + 0.002 mJ m™. [189] Xu et al. also
demonstrated a dependence of DMI strength on substrate composition in TmIG|Pt heterostructures. [188]

The codeposited BiYTmIG films did not show a measurable DMI, likely due to their low Tm content.
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FIG 6.5 Domain structure of Pt(4 nm) /BiYIG(4 nm)/TmIG(3.5 nm)/GSGG for various values of in-plane

field and out-of-plane field for a 100 um x 100 pm area observed using MOKE microscope.

The domain structure of bilayer films was examined using MOKE. An in-plane field was able to generate
bubble domains at room temperature in Pt(4 nm)BiYIG(4 nm)|TmIG(3.5 nm)|GSGG. Combinations of
in-plane and out-of-plane fields were able to tune the bubble domain size over a wide range as shown in
Figure 6.5. The domains changed their sizes within small IP and OP field ranges indicating high domain
wall mobility. Due to the low DMI for this sample, these bubble domains are unlikely to be DMI stabilized

skyrmions. We were unable to observe bubble domains in bilayered films deposited on NGG.
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Table 6.1: Gilbert damping and D values for various films

Stack Ku Gilbert Inhomogeneous D (mJ
(kJ/m?) Damping Linewidth m?)
Broadening
woAHo (mT)
BiYIG (70 nm)/GSGG 8.8 + 5.6+0.7 5+£0.1 n/a
0.7 x 10
BiYIG (4.3 n/a n/a n/a 0.001 £
nm)/GSGG 0.002
BiYIG(4.3 nm)/NGG n/a n/a n/a 0.003 +
0.002
Pt(1 nm)/BiYIG(4.3 n/a n/a n/a 0.003 +
nm)/NGG 0.018
Pt(2 nm)/BiYIG(4.3 n/a n/a n/a 0.001 +
nm)/NGG 0.001
BiYTmIG (8.4 8.6 2.25+0.2 17+0.5 n/a
nm)/NGG 1.2 x 1073
(BiYIG:TmlIG shot
ratio of 25:2)
BiYIG (15.5 11.6 + 7.6+0.27 92+0.5 n/a
nm)/TmlG (5.6 1.6 x 1073
nm)/NGG
BiYIG (18 nm)/TmIG 8.4+ 52+0.32 6.6£0.5 n/a
(2 nm)/GSGG 1.1 x 107
BiYIG (18 nm)/TmIG 57+ 6.7+0.21 3.7£04 n/a
(2 nm)/NGG 0.8 x 107
BiYIG (4 nm)/TmIG n/a n/a n/a 0.001 +
(3.3 nm)/GSGG 0.003
BiYIG (4.4 nm)/TmIG 4.6 + n/a n/a 0.014 +
(1.9 nm)/NGG 0.6 0.002
Pt(1 nm)/BiYIG (4.4 n/a n/a n/a 0.011 £
nm)/TmlIG (1.9 0.003
nm)/NGG
Pt(2 nm)/BiYIG (4.4 n/a n/a n/a 0.011 £
nm)/TmlIG (1.9 0.001
nm)/NGG

6.5 Conclusions
The Gilbert damping and DMI strength of epitaxial BiYIG, codeposited BiYTmIG and bilayered
BiYIG|TmIG films deposited on (111) GSGG and NGG substrates were investigated with the aim of
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identifying a path to develop films with low damping, high DMI and PMA. The films exhibit PMA with
high remanence, attributed to magnetoelastic and growth-induced anisotropy, and show bubble domains

with field-tunable size.

BiYIG|TmIG bilayers have a damping value 10x higher than that of BiYIG but 10x lower than that of
single layer TmIG. Additionally, their inhomogeneous linewidth broadening was lower than that reported
for TmIG. BiYIG|TmIGINGG has D = 0.0145 + 0.0011 mJ/m?, but BiYIG|TmIG|GSGG had no DMI.
This indicates a dependence of DMI strength on substrate composition, as seen for single layer TmIG
films where TmIG|NGG had higher DMI than TmIG|GSGG. [189] BiYIG|GSGG and BiYIG|NGG films
had no DMI, consistent with other measurements. BiYIG|TmIG|NGG therefore provides a compromise,
exhibiting PMA, DMI and a damping that is an order of magnitude lower than that of TmIG. This work
suggests that bilayers or multilayers of garnets provide opportunities to engineer combinations of magnetic

properties that are not available from single layer garnet films.

6.6 Methods

Target fabrication, thin film deposition and characterization: Precursor powders with the stoichiometric
element ratios of the final target composition (Bio.sY22FesO12) were mixed and ball milled with yttrium
stabilized zirconia grinding media for 24 hours in ethanol. The mixture was then dried and calcinated in a
tube furnace in air to form the desired phase. Then the calcinated powders were uniaxial and cold isostatic
pressed at 40,000 psi for 2 min into a 1.1" diameter pellet. Finally, the pellet was transferred to a tube
furnace and sintered to form the BiYIG target.

BiYIG, BiYTmIG and TmIG|BiYIG films were grown by pulsed laser deposition (PLD) on (111) oriented
garnet substrates of composition GdsSc2GazO12 (GSGG) and Nd3GasO12 (NGG). The targets used for
deposition had compositions of BiogY22FesO12 and TmsFesO12. Prior to introducing oxygen and
deposition of films, the chamber was pumped down to 5 x 10 Torr base pressure. A laser repetition rate

of 10 Hz, laser fluence of 2 J/cm? and target-substrate distance of 6 cm were used. For the TmIG|BiYIG
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bilayer growth the O, pressure was 150 mTorr and the substrate temperature was 560° C and 720°C during
the deposition of BiYIG and TmIG layers respectively. For the codeposited BiYTmIG films the O;
pressure was 150 mTorr and the substrate temperature was 560° C. An O pressure of 230 Torr was
maintained in chamber as the samples cooled down after growth.

An ultrahigh vacuum magnetron sputtering system with Ar pressure of 2 mTorr was used for Pt deposition
at room temperature. A Bruker D8 Discover HRXRD was used to perform HRXRD measurements. An
ADE 1660 VSM was used to perform magnetic measurements. A custom-built, wide-field Kerr
microscope with independent out-of-plane and in-plane magnetic field control was used to perform polar
MOKE measurements to observe domains. Kohler illumination was adopted with a x10 objective and a
456.6 nm wavelength LED light source.

Ferromagnetic resonance (FMR): The vector network analyzer (VNA) technique was used to perform
broadband perpendicular FMR spectroscopy. The samples were placed face-down on a 50 Q coplanar
waveguide. The films were saturated in the out-of-plane direction by sweeping an out-of-plane magnetic
field up to poH = 2.2 T. Microwave transmission over a frequency from 10 to 40 GHz was measured with
a variable microwave field applied in-plane.

Brillouin light scattering (BLS): Due to the interfacial nature of DMI and its inverse dependence on film
thickness, films with thickness lower than 10 nm were used for the BLS measurements, whereas thicker
films were used for damping measurements by FMR. The BLS measurements were performed in
backscattering geometry using a (3+3) tandem Fabry-Pérot interferometer and 532 nm continuous-wave
laser of 532 nm wavelength. The thermally generated Damon-Eshbach mode is measured with in-plane

applied field of 0.5 T. The wavevector of the DE mode is then determined by the angle 6 between the film
normal and incident laser, given by k = 4fsme. Each Stokes and anti-Stokes frequency is obtained from

the Voigt fitting of the BLS spectra. Voigt fit and Lorentzian fits for the experimental data yield similar
values for frequency, but the Voigt fit resulted in a lower error bar.
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Chapter 7: Rare earth iron garnet superlattices with sub-unit-cell composition
modulation

7.1 Introduction

Complex oxide heterostructures exhibit fascinating emergent phenomena driven by the broken symmetry,
structural distortions and charge transfer that occur at oxide interfaces. Examples include the 2D electron gases
or magnetic moments that appear at interfaces between otherwise insulating and nonmagnetic perovskites LaAlO3
and SrTiO3z [201], improper ferroelectricity in PbTiO3/SrTiOs; perovskite superlattices [202], anomalous spin-
glass transitions in superlattices of magnetically-frustrated ZnCr,04/ZnFe;O4 spinels [203], and metallicity in
rutile-structured TiO2/IrO; superlattices [204]. Garnets, with formula A3B>C3012, have three different types of
cation sites in the b.c.c. unit cell, enabling an even greater range of compositional variation than in perovskites,
ABO:s. Moreover, iron garnets in particular (A3FesO12) are ferrimagnetic insulators with a high Curie temperature
of 560 K, and their magnetooptical properties, low damping, and high domain wall velocities make them essential
components of a range of microwave, magnetic and photonic devices [205-207]. Other garnets have applications

in lasing materials (e.g. aluminum garnets) and as ionic conductors (Li-stuffed garnets) [208-210].

In rare earth iron garnets (RE3FesO12, REIG) the RE ion has fundamental importance in determining the magnetic
anisotropy, magnetostriction, magnetic moment, compensation temperature, damping, and optical properties of
the garnet [26,40,211]. As a perovskite analogy, in rare earth nickelates (REN10O3), changing the RE leads to a
dramatic change in electronic and magnetic properties [212], and in rare earth orthoferrites (REFeO3), the RE
determines the Néel temperature and spin reorientation of the Fe sublattice and drives improper
ferroelectricity [213-216]. A variety of studies have demonstrated growth of perovskite and spinel
superlattices [203,217-221], including orthoferrite or nickelate superlattices with intriguing properties [222—
224]. Therefore, we might expect RE garnet multilayers to provide a rich opportunity for materials engineering,

where interfacial strain and composition gradients and the loss of inversion symmetry could drive

108



piezomagnetic [225] or flexomagnetic [226,227] effects, growth-induced anisotropy [29,141], Dyaloshinskii-

Moriya interactions or a ferroelectric response [74].

Despite the exceptional properties of garnets and the opportunities inherent in interface engineering, there has
been little study of garnet heterostructures and multilayers. Garnet superlattices of Y3FesO12/BizFesOi2
(YIG/BiIG), YIG/(EuBi)3FesO12, YIG/GdsFesO12, and (Bi,Dy)s(Fe,Ga)sO12/ (Bi,Lu)s(Fe,Al)sO12 with layer
thicknesses of tens to hundreds of nm were synthesized for magneto-optical and optical applications such as Bragg
reflectors [194,195,228,229]. The study of garnet superlattices with nm-scale layer thicknesses is restricted to
Y1G/Gd3Gas0O12 (GGG) with minimum layer thickness of one unit cell (cubic lattice parameter @ = 1.2 nm) [230],
GGG/Gd3Sc2GazO12 (GSGG) with layers of ~2 nm [221] and YIG/GGG/CazSc2SixTiO12 with each layer 3.5 nm

thick [219,231-234]. Structural characterization is limited, and the only magnetic component is YIG.

Here we describe the structure and magnetic properties of coherent superlattices made from terbium iron garnet
(TbIG, TbsFesO12), europium iron garnet (EulG, EusFes012), and thulium iron garnet (TmIG, TmsFesO12) and
from lutetium iron garnet (LulG, LusFesO12) and bismuth iron garnet (BilG). Unlike prior work, all layers are
ferrimagnetic and the composition modulation involves only the dodecahedral sites. Compositionally modulated
layers of 0.45 nm, half the out-of-plane lattice spacing, are confirmed both by elemental analysis of a EulG/TmIG
superlattice and from the magnetic anisotropy of a TbIG/TmlIG superlattice, which differs qualitatively from that
of the solid solution (Tbo.sTmos);FesO12. LulG/BilG superlattices exhibit ferromagnetic resonance linewidths
characteristic of the end-member BilG, and not the solid solution. These findings demonstrate the engineering of
garnet multilayers with layering at a sub-unit cell scale, providing opportunities to explore interfacial phenomena

in iron garnets with tunable magnetic and spintronic properties.
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7.2 Results

The superlattices in this study, summarized in Table 1 (Supplementary Note 1), were deposited by
pulsed laser deposition (PLD) on GGG and GSGG substrates at oxygen pressures of 50-150 mTorr, a
substrate temperature of 650° C and a laser repetition rate of 10 Hz (Methods). Superlattices of total
thickness 15-44 nm consisting of 2-56 individual layers were formed by ablating from targets of the
end-members (TbIG, TmIG, EulG, LulG, BilG) based on the deposition rate established from each
target. In contrast, a substitutional solid solution film, (TbosTmos)3FesO12 (TbTmIG) or
(LuosBios)3FesO12 (LuBilG) was formed when the number of shots per layer is low enough to allow

complete intermixing of the species.

Fig. 1 reveals direct evidence of superlattice formation from transmission electron microscopy (TEM)
high-angle annular dark-field (HAADF) imaging and 3D atom probe tomography (APT). A cross-
section of the 44 nm thick, 16 layered TbIG/TmIG film on (111) GGG and its energy dispersive
spectroscopy (EDS) map (Figs. 1a,b and Supplementary Note 2) reveal a coherent, compositionally-
modulated superlattice with layer thicknesses of 2.8 nm in which the transition between the layers
occurs within an interfacial width below 1 nm. No dislocations are present within the image area and
the film is fully strained to the substrate, consistent with the epitaxial growth of a variety of single-
layer iron garnet films with thicknesses of up to 90 nm on garnet substrates [102,120]. A separate
TbIG/TmIG sample made with various layer thicknesses, analyzed via APT (Fig. 1c, Methods) also
shows interface widths below 1 nm. The RE:Fe cation stoichiometry was close to its bulk value of 3:5
for TbIG and TmIG layers of 4.5 nm and 3.2 nm respectively (Supplementary Note 1). A TmIG/EulG

film on (110) GGG (Fig. 1d.e) imaged along the [111] in-plane zone axis exhibits layers of 0.45 nm

thickness, half the out-of-plane spacing of a/V2.
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FIG. 7.1 Superlattice garnet films. (a) HAADF image for a cross-section of a 16 layered
(TbIG/TmIG)/(111)GGG superlattice with overall thickness of 44 nm along a [110] zone axis. (b)
TEM EDS map for the sample in (a). (c) Projected 2D image for APT data for a
(TbIG/TmIG)/(111)GGG multilayered film with different layer thicknesses of TbIG and TmIG. In the
inset image, each dot represents the position of the ion detected by mass spectrometry. (d,e) Elemental
maps of a superlattice of EulG-TmIG grown on a (110) substrate imaged along the [111] in-plane zone
axis. Fe is shown in green in (d), Eu in magneta and Tm in purple. (f) Crystal structure of REIG along
the [111] zone axis showing the Fe (green) and RE (red) sites, matching the arrangement seen in (d,e).

TEM and APT, as well as atomic force microscopy (Supplementary Notes 2, 3) show that while
multilayers initially grow with a smooth surface (e.g. r.m.s. roughness of 0.2 nm for a 15 nm thick
film, Fig. S4b) roughness develops in multilayers grown at 150 mTorr when the thickness exceeds ~25
nm, Fig. S4a, corresponding to waviness in the compositionally modulated layers. Roughness was
suppressed by growing the films at 50 mTorr (Fig. S4c), suggesting that it is promoted by the lower

mobility conditions present during deposition at high oxygen pressures.
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Considering the in-plane lattice match to the substrate, symmetric high resolution x-ray diffraction
(HRXRD) scans of single-layer films TbIG, TmIG and TbTmIG, Figure 2a, show that the TbIG is
under in-plane compressive strain and the TmIG under tension, whereas the TbTmIG displays little
strain. For a multilayer film consisting of thick layers, e.g. 22 nm, the HRXRD scans (Fig. 2b and
Supplementary Note 4) resemble a superposition of peaks corresponding to the single-layer TbIG and
TmIG films. However, for multilayer films consisting of thinner layers, multiple peaks occur at
positions different from those of the end member peaks, including satellite peaks on either side of the
main peak. XRD modeling of TbIG/TmIG multilayers with a finite number of layers, Fig. 2c, yields a
good agreement with the measured spectra, further supporting the existence of a superlattice.
Multilayer films made at lower oxygen pressure exhibit more prominent fringes indicating reduced

roughness and greater thickness uniformity (Fig. S7).
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FIG. 7.2 X-ray diffraction of garnet films. (a) HRXRD scans of TmIG, TbIG and TbTmIG films
deposited on GGG substrates with (111) orientation (vertically offset for clarity with film and substrate
peaks labeled F and S, respectively). (b) HRXRD scans of bilayered, 4 layered, 8 layered, 16 layered
and 56 layered films of (TbIG/TmIG)/(111)GGG (vertically offset for clarity). (c) Simulation of XRD
scans for bilayered, 4 layered, 8 layered and 16 layered films of (TbIG/TmIG)/(111)GGG with total
thickness of 44 nm.

Hysteresis loops from vibrating sample magnetometry (VSM), Fig. 3 and Supplementary Note 5, show
an out-of-plane easy axis for the TbIG and TmlIG films and the TbIG/TmIG superlattices on (111)
GGG substrates, whereas the solid solution TbTmIG film and superlattices grown on (100)-oriented

GGG and (111)-oriented GSGG have an in-plane easy axis. To analyse these differences we consider
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the net anisotropy, Kefr, defined as the difference in energy between the magnetization being oriented

in-plane vs. out-of-plane. For (111)-oriented iron garnet films [102,120,141]:

-K 9
Kers = 1_21_ %Msz + 3 Caati11 (g— ﬁ’) + K; + K. (7.1)

Here K is the first order cubic magnetocrystalline anisotropy constant, which is small compared to
other terms; M is the saturation magnetization of the film, c44 is the shear modulus of the film, A1111s
the magnetostriction coefficient, § is the corner angle of the rhombohedrally distorted unit cell, Kg is
the uniaxial growth induced anisotropy [140,141,184] originating from the preferential occupancy of
cations or vacancies in nonequivalent sites and K; captures any interfacial contributions to

anisotropy [235,236]. A positive Kefr results in an out-of-plane easy axis, i.e. perpendicular magnetic

anisotropy (PMA).
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FIG. 7.3 (a) VSM hysteresis loops of TmIG, TbIG and TbTmIG films deposited on GGG substrates
with (111) orientation. (b) VSM hysteresis loops of bilayered, 8 layered and 56 layered films
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(TbIG/TmIG)/(111)GGG with overall thickness of 44 nm or 25 nm. (¢c) VSM hysteresis loops of 20
layered (TbIG/TmIG) deposited on GGG substrate with (100) orientation and 34 layered
(TbIG/TmIG) deposited on GSGG substrate with (111) orientation with thicknesses of 24 nm and 41
nm respectively. (d) In-plane SMR loops for 4 layered, 8 layered and 16 layered
(TbIG/TmIG)/(111)GGG with and overall thicknesses of 18 nm, 22 nm and 15 nm respectively
deposited on GGG substrates with (111) orientation.

The PMA of the TmIG film (in-plane tensile strain; Ai;1 = -5.2 x 10%) and the TbIG film (in-plane
compressive strain; Aijp = +12 x 10) originates from their dominant magnetoelastic energy
contributions [138]. In contrast, the TbTmIG solid solution has little strain and an interpolated Ai11 =
+3.4 x 10°°, hence the magnetoelastic energy term is small. The in-plane easy axis indicates that any

perpendicular growth-induced or surface anisotropy is insufficient to overcome the dominant shape

anisotropy of — %MSZ Therefore, the presence of PMA in the multilayer films is an indication that

they are not intermixed, but instead consist of layers that retain the magnetic characteristics of the end-
members. In particular, the PMA of the 56-layer 25 nm thick TbIG/TmIG superlattice, which is
qualitatively different from the in-plane easy axis of the TbTmIG solid solution, indicates that a

composition modulation exists for TbIG/TmlIG layers of 0.45 nm.

Multilayers were also deposited onto other substrates: (111)-oriented GSGG, which has a larger lattice
parameter than GGG, and (001)-oriented GGG. First, considering films on (111) GSGG, based on the
strain state and magnetostriction we expect a TmIG film to have PMA but TbIG and TbTmIG to have
in-plane anisotropy. A TbIG/TmIG superlattice on (111) GSGG showed an in-plane easy axis (Fig.
3c¢), which is consistent with its having a multilayer structure but it is also consistent with intermixing
to form a solid solution TbTmIG (Supplementary Note 7). Next, for a film on a (100) oriented

substrate, analogously to Eq. 1 the anisotropy is given by [120]:
3
Kerf100 = 5/1100((311 — C12)(&27 — Exx) — %Msz +K; + K. (7.2)

Here Ai00 1s the magnetostriction coefficient along <100>, c11 and ci2 are elastic constants of the film

material and &i denotes the i normal strain component. The in-plane easy axis observed for the
114



TbIG/TmIG superlattice on (100) GGG (Fig. 3c) is consistent with behavior expected from a
multilayer, but also with a solid solution (Supplementary Note 8). Therefore, unlike the (111) GGG
substrate, neither (111) GSGG nor (100) GGG substrates enable us to distinguish between a

TbIG/TmIG multilayer and a TbTmIG solid solution based solely on the direction of the easy axis.

We quantify the anisotropy of the TbIG/TmIG/(111)GGG superlattices and TbTmIG/(111)GGG solid
solution using spin-Hall magnetoresistance (SMR) measurements of films with thickness below 22
nm and a root mean square roughness below 0.2 nm. A 4 nm thick Pt layer was sputtered onto the
films and patterned into Hall crosses, and the anisotropy field Hx and net anisotropy Kefr = poMsHk/2
were determined from the SMR (Methods). Fig. 3d shows that Kesr decreased as the layer thickness
decreased, from 13.8 + 1.9 kJ/m? for 4.5 nm layers to 1.9 + 0.3 J/m? for 0.94 nm layers, i.e. the PMA
becomes weaker as the layers become thinner. We attribute this to the increasing volume fraction of
interfaces. The TbTmIG solid solution has an in-plane easy axis with Kegr= -3.8 + 0.3 kJ/m?, dominated
by shape anisotropy of -2.5 kJ/m>. The interfacial regions of the superlattice with their intermediate
composition are similarly expected to contribute an in-plane anisotropy, and a higher density of

interfaces therefore lowers the net PMA of the superlattice (Supplementary Note 9).

We now turn to superlattices of BilG and LulG, comparing single-layer films of BilG (39 nm
thickness), LulG (35 nm thickness) and solid solution LuBilG (21 nm thickness) with a BilG/LulG
multilayer with 3 nm layers (35 nm thickness) on (111) GGG. While BilG is not a stable phase in bulk,
it crystallizes on a garnet substrate as an epitaxial thin film with lattice parameter 1.263 nm [237].
From XRD, Fig. 4a, epitaxial BilG on GGG exhibits an in-plane compressive strain, whereas LulG

on GGG is in tension, and LuBilG is under a smaller compressive strain.

Fig. 4b shows that BilG, LulG, LuBIilG and the BilG/LulG multilayer all have an in-plane easy axis

of magnetization with Ms = 135 £ 15 kA/m, similar to the bulk magnetization of IGs with nonmagnetic
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c-site ions including LulG, YIG and BiYIG [29,138]. The net anisotropy, Lande g-factor and linewidth
were measured by ferromagnetic resonance (FMR) [238-240] at 5 - 17 GHz, Fig. 4c. The net
anisotropy from FMR for all four films (Supplementary Table S2, S3) indicates an in-plane easy axis

in agreement with Fig. 4b, and the g-factor was close to 2 as expected for Fe’" [241].
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FIG. 7.4 (a) HRXRD scans of LulG, BilG, BiLulG and BilG/LulG 12 layered films with thicknesses
of 35 nm, 39 nm, 21 nm and 35 nm respectively deposited on GGG substrates with (111) orientation
(vertically offset for clarity, with film and substrate peaks labeled F and S, respectively). (b) In-plane
VSM hysteresis loops for the the films in (a). (¢) Lande g-factor, FMR linewidth at 8 GHz frequency
of ac magnetic field and net anisotropy of the films in (a).

Subtracting the shape anisotropy, the remaining anisotropy (sum of magnetoelastic,
magnetocrystalline, growth and interfacial contributions) of the films is given in Supplementary Table
S4. This is positive for LulG and BilG (i.e. favoring PMA) and negative for LuBilG and the
BilG/LulG multilayer. For the LulG film, assuming the dominant term is magnetoelastic, we obtain
M =-2.5 x 10° £ 1.5 x 10, which is similar to the value for bulk YIG (-2.7 x 10®). An analogous
calculation for BilG yields a positive A111 which is inconsistent with prior reports [54], suggesting
instead that the PMA in BilG is dominated by another mechanism such as growth-induced ordering of
point defects. The LuBilG and the BilG/LulG multilayer have similar anisotropy values (within the
error bar); in each the magnetoelastic anisotropy is small and the in-plane anisotropy may originate

from growth-induced or interfacial anisotropy.
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Although the anisotropy and magnetization of the LuBilG and the BilG/LulG multilayer are similar,
their FMR linewidths are dramatically different. The BilG film and the multilayer both have much
greater linewidth (48 kA/m and 33 kA/m respectively at 8 GHz) compared to the LulG and BiLulG
(1.7 kA/m and 5.8 kA/m respectively). The high linewidths associated with BilG may be a result of
defects in the metastable compound [242,243]. The high linewidth of the BilG/LulG multilayer is

consistent with the presence of BilG, implying a composition modulation within the film.

7.3 Discussion

We have demonstrated the synthesis of coherent superlattices of a complex oxide, iron garnet.
Remarkably, a composition modulation in the c-site cation can be obtained for layer thicknesses of
0.45 nm, less than half of the lattice parameter. Superlattice formation is revealed directly by
compositional mapping using both electron microscopy and atom probe tomography and by x-ray
diffraction, and is inferred from the magnetic properties of the films. In particular, TbIG/TmIG
superlattices with layers of 0.45 nm and above show perpendicular magnetic anisotropy in common
with the end members TmIG and TblG, dominated by magnetoelastic anisotropy, whereas a solid
solution TbTmIG has an in-plane easy axis as a result of its low strain and low magnetostriction.
Furthermore, LulG/BiIG with 3 nm layer thicknesses has a high FMR linewidth in common with that

of the end member BilG, whereas the solid solution LuBilG has a low linewidth.

Oxide heterostructures exhibit a wealth of useful and fascinating physical and electronic properties
that emerge from gradients and asymmetry in strain, composition and charge transfer at interfaces.
However, work to date has primarily focussed on perovskites. The garnet heterostructures
demonstrated here provide an even greater range of compositional parameters resulting from the three
different cation sites present in the crystal. The ability to modulate the composition on a sub-unit-cell
lengthscale offers unprecedented opportunities for manipulating the electronic and magnetic

properties of an important class of materials and revealing new interfacial phenomena.
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7.4 Methods

Films were grown by pulsed laser deposition on GGG substrates with (111) and (100) orientation and
on GSGG substrates with (111) orientation (MTI, Inc.). Commercially available TbIG (TbsFesO12),
TmIG (TmsFes012), EulG (EusFesO12), BilG (BizFesO12) and LulG (LusFesO12) targets with purity
above 99.9% were used for PLD in a Neocera chamber with a Compex Pro laser of 248 nm
wavelength, fluence of 2.0 J/cm?, repetition rate of 10 Hz and oxygen partial pressure of 150 mTorr.
TbIG, EulG and TmIG were deposited in one chamber on substrates heated to 650 ° C (heater setpoint
temperature of 900 ° C) while a different chamber was used for deposition of BilG and LulG with a
substrate temperature of 550 ° C (heater setpoint of 700 ° C). The deposited films were cooled down
to room temperature at a rate of 20 ° C/min in an oxygen pressure of 150 mTorr. A Bruker D8 Discover
HRXRD was used to perform HRXRD measurements. XRD scans for multilayered films were
simulated using LEPTOS. Each layer was assumed to be perfectly crystalline with the composition of
the end member, and all layers were assumed to be strained in-plane to match the substrate lattice
parameter. Interfaces were assumed to have an abrupt composition change from one end member to
the other without any intermixing between layers. Topographical images of the film surface were
obtained using an AFM model Cypher S. An ADE 1660 VSM was used to perform magnetic

measurements.

The TEM lamella sample was prepared by VELION FIB-SEM system, with Au® ion beam working at
35 keV, followed by ion polishing by Ar*. The HAADF and EDS images were acquired on a Themis
Z STEM working at 200 keV with chromatic corrector. Specimen tips for the 3D APT were prepared
using an FEI Helios 660 Nanolab Dual-Beam FIB/SEM. Standard APT sample preparation procedures
were followed for the lift out; sharpening of the tips was performed first with an ion beam accelerating
voltage of 30 kV, and then (for final shaping and cleanup) at 2 kV. APT was performed using a Cameca
LEAP 4000X HR instrument in laser pulsing mode, with the following operating conditions: laser
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pulse energy of 20 pJ and repetition rate of 100 kHz; base temperature of 40 K; detection rate of 1%.
Reconstruction and analysis of the data was performed using Cameca IVAS 3.6.14 software. A 1D
concentration profile along a cylindrical sub-volume parallel to the long axis of the specimen tip was
extracted; the ion counts were converted into cation ratios. The accurate oxygen content cannot be
determined via APT because oxygen field-evaporates as both O and O, ™", which have the same mass-

to-charge-ratio. The thickness calibration was obtained from HRXRD analysis.

Ferromagnetic resonance (FMR) [238-240] measurements were performed to determine the net
anisotropy of the films using a broadband FMR system with a coplanar waveguide. An r.f. magnetic
field of f=5 GHz to 17 GHz was applied perpendicular to the film while an in-plane dc magnetic field
noH was swept from 0 to 0.6 T. The resonance field Hres and linewidth AH were determined for each
frequency by fitting the detected voltage with the derivative of sum of a symmetric and antisymmetric

Lorentzian [88]:

_d [SAH2+AS(H—HreS)]
T dH ' 4(H—Hyes)%+ AH?

(7.3)

Here S and A are arbitrary fitting constants. The Lande g-factor and M. were obtained for all films

by fitting the frequency of ac magnetic field f and Hies to the following equation [89]:

f= %\/Hres(l_]res + Meff) (7.4)

Spin Hall magnetoresistance was measured by first depositing 4 nm Pt on top of the garnet film using
RF magnetron sputtering with Ar pressure of 2 mTorr. The 22 nm thick films show PMA and similar
hysteresis to that of the thicker multilayered films but have a root mean square roughness below 0.2
nm. The Pt/REIG longitudinal and Hall resistance are measured by wire bonding at the corners of a
continuous square film sample in a Van der Pauw-Hall geometry. The magnetic field was applied by

a solenoid coil magnet and the resistance was measured by standard low frequency lock-in amplifiers.
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An electric current in the Pt layer produces a spin current perpendicular to the film plane by the spin-
Hall effect (SHE) [241] which interacts with the REIG magnetization and modulates the resistivity of

the Pt [94,95]. The transverse Hall resistance is given by:

Ry = RiMRsin?@sin(2®) + RA"FMR cos@ + RIMEH, (7.5)

AHE,SMR
RMR, R}, and

Here, © and @ are the polar and azimuthal angles of the magnetization respectively.
RIHE are manifestations of the SMR, anomalous Hall effect-like SMR and ordinary Hall effect (OHE)
respectively and H; is the applied out-of-plane magnetic field. For films with PMA we apply an in-plane

magnetic field at 45° to the current direction and measure Hx fr, the field required to saturate Ry, using a

standard lock-in technique with Van der Pauw method [244] and fitting the data to a macrospin model.

Contributors:

TEM images were collected by Allison Kaczmarek and Tingyu Su. APT data was collected by Katharina
Lasinger. SMR measurements were performed by Chung-Tao Chou. FMR measurements were performed
by David Bono. Deposition of films at oxygen partial pressure of 100 mTorr and 50 mTorr and their
characterization was performed by Tomas Grossmark.
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Supplementary Information for Chapter 7

Note 1: Data Tables

Table S1: List of samples (all films were deposited at oxygen partial pressure of 150 mTorr unless stated
otherwise)

Sample Layer 1| Layer Laser shots Layer 1 | Layer 2 Film Substrate
2 thickness,|thickness, |thickness,
nm nm nm
Single layers

TmIG - - 18800 - - 44 (111) GGG

TbIG - - 20800 - - 44 (111) GGG
Tbo.sTmo sIG - - (94 +104) x 100 - - 44 (111) GGG
LulG - - 56200 - - 35 (111) GGG

BilG - - 18800 - - 39 (111) GGG
Big.sLugsIG - - (94 + 28) x 180 - - 21 (111) GGG

Superlattices

2 layer TmlG | TbIG | (9400 + 10400) x 1 22 22 44 (111) GGG

4 layer TmIG | TbIG | (4700 + 5200) x 2 11 11 44 (111) GGG

8 layer TmIG | TbIG | (2350 + 2600) x 4 5.5 5.5 44 (111) GGG

16 layer TmlG | TbIG | (1175 +1300) x 8 2.8 2.8 44 (111) GGG

56 layer TmlG | TbIG (191 +211) x 28 0.45 0.45 25 (111) GGG

20 layer TmlG | TbIG (513+567)x 10 1.2 1.2 24 (100) GGG
34 layer TmlIG | TbIG (515+570) x 17 1.2 1.2 41 (111) GSGG

4 layer TmIG | TbIG | (1923 +2127) x2 4.5 4.5 18 (111) GGG

8 layer TmlG | TbIG | (1176 +1301) x 4 2.8 2.8 22 (111) GGG

16 layer TmlIG | TbIG (401 +444) x 8 0.94 0.94 15 (111) GGG

10 layer TmlG | TbIG | (1000 + 1000) x 5 2.3 2.3 23 (111) GGG

10 layer (100 mTorr) | TmIG | TbIG | (1000 + 1000) % 5 2 2 20 (111) GGG
10 layer (50 mTorr) | TmIG | TbIG | (1000 + 1000) x 5 3.3 33 33 (111) GGG
40 layer (50 mTorr) | TmIG | TbIG (250 +250) x 20 0.5 0.5 20 (111) GGG
12 layer LulG | BilG | (4683 +1406) x 6 2.9 2.9 35 (111) GGG

Table S2: Structure and Magnetic properties of samples (all films were deposited at oxygen partial pressure of
150 mTorr unless stated otherwise)

Sample Layer| Film | beta | Substrate | Average |Easy axis Net Linewidt| g-factor
thick-| thick- | angle M;  [coercivity| anisotropy h
ness, | ness, (kA/m) | (kA/m) | (kJm?) | (kA/m)
nm | nm
Single layers
TmIG - 44 190.33°|(111) GGG|103 £10(5.5+0.5 - - -
TbIG - 44 189.79° |(111) GGG| 16 £ 10 - - - -
Tbo.sTmosIG - 44 1 90.0° |[(111) GGG| 58+ 10 | 1+0.5 |-3.8+0.3 - -
LulG - 35 190.34°|(111) GGG[135+15] 101 | -54+3.7 |1.7+0.8]1.99 £ 0.02
BilG - 39 189.26°|(111) GGG|135+ 15| 7+1 |-9.0+15| 49+8 [1.94+0.07
Bio.sLuosIG - 21 89.8° |(111) GGG|135+15] <1 |-15.0£2.2] 58+2 [2.02+0.02
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Superlattices
TmlIG/TbIG bilayer | 22 44 - (1) GGG| 72+10 | 4+0.5 - - -
4 layer 11 44 - J(A11)GGG| 84+10 | 16+1 - - -
8 layer 5.5 44 - |(111)GGG| 6710 | 4+0.5 - - -
16 layer 2.8 44 - |(111) GGG| 63 £10 [13.5 £1 - - -
56 layer 0.4 25 - (111 GGG| 35+10 | 5+£0.5 - - -
20 layer 1.2 24 - |(100) GGG| 85+10 | 1+0.5 - - -
34 layer 1.2 41 - (111) 63+£10| 18+1 - - -
GSGG
4 layer 4.5 18 - |11) GGG - 13.8+1.9 - -
8 layer 2.8 22 - |(111) GGG - 5+0.8 - -
16 layer 0.9 15 - |(111) GGG - - 1.9+0.3 - -
10 layer 2.3 23 - |(111) GGG| 293+ [193+4 - - -
4.2
10 layer (100 mTorr), 2 20 - |(111) GGG| 43.1+ |1.9+04 - - -
1.7
10 layer (50 mTorr) | 3.3 33 - |(111) GGG| 51.5+ [0.3+0.2 - - -
1.1
40 layer (50 mTorr) | 0.5 20 - |(111) GGG| 43.8« |0.7+0.2 - - -
23
LulG/BilG 12 layer| 2.9 35 - |(111) GGG| 135+ 15 -17.84+5.7|32.5+8(1.97 +0.08

The error estimates for saturation magnetization values were obtained from the noise of the VSM hysteresis loops.
Errors for coercivity are based on the field step size used for VSM measurements. For TmIG/TbIG multilayer
films, errors for net anisotropy values are based on errors for saturation magnetization values and errors for
anisotropy field values extracted from fitting the SMR data. For all films of the LulG — BilG system, errors for
net anisotropy values are based on errors for saturation magnetization values and errors for effective

magnetization values extracted from fitting the FMR data. Errors for linewidth values are based on the field step

size used for FMR measurements. Errors for g-factor are extracted from fitting FMR data.

Table S3: Effective magnetic anisotropy, shape anisotropy and Kefr- Kshape for BilG and LulG films.

Film on (111) GGG Kefr (kJ/ m3) Kshape (kJ/ 1’1’13) for Kmagnetoelastic T Kgrowth + Kinterfacial
substrate Ms = 135 kA/m (kJ/m?)

BilG 39 nm -5.5+£3.7 -11.5 6.0+3.7

LulG 35 nm 90+1.5 -11.5 24+ 1.5

BiLulG 21 nm -15.0+2.3 -11.5 -3.5+23

(BiIG/LulG)s 35 nm -18.0+5.7 -11.5 -6.6 5.7
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Errors for net anisotropy values are based on errors for saturation magnetization values and errors for effective

magnetization values extracted from fitting FMR data.

Table S4: Composition measurements by atom probe tomography

Sample | RE:Fe ratio
TbIG 0.33:0.67 (= 0.01)
TmIG 0.38:0.62 (£ 0.01)

The extracted cation fractions for both RE elements and for iron are in good agreement with the expected values,

i.e. 3/8 =0.375 for the RE elements and 5/8 = 0.625 for iron.

Note 2: Microstructure and composition of multilayered films
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FIG. S1. HAADF images for a cross-section of a 16 layered film of (TbIG/TmIG)/(111)GGG with total thickness of
44 nm at different magnifications. In c) the interface is indicated with a white arrow.
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FIG. S2. Transmission electron microscopy (TEM) images and atom probe tomography (APT) images
showing development of roughness in a TbIG/TmIG multilayer grown at 150 mTorr.

(a) HAADF image for a cross-section of a 16 layered film of (TbIG/TmIG)/(111)GGG with total thickness of 44 nm.
(b) Corresponding EDS map. The layers are still present in the upper region of the film, but exhibit waviness
when the thickness exceeds ~25 nm. (c) Projected 2D image for APT data for a (TbIG/TmIG)/(111)GGG with
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different layer thicknesses. Each dot represents the position of an ion detected by mass spectrometry. The
shaded region on the right represents the cylindrical volume of the data used to determine the composition
profiles in the main text, Figure 1(c).

FIG. S3. Composition measurements. HAADF image and EDS maps for a cross-section of a 16 layered film of
(ThIG/TmIG)/(111)GGG with total thickness of 44 nm.

125



pm

pm um

200

100

pm

y

5 s : -200

thick, 50.nTotr -

um

FIG. S4. Atomic force microscopy (AFM) images of TmIG/TbIG multilayers deposited on (111) GGG
substrates. AFM scans for (a) 4 layered film with overall thickness of 44 nm and RMS surface roughness of 1.5
nm and (b) 16 layered film with overall thickness of 15 nm and RMS surface roughness of 0.2 nm. (a) and (b)
were deposited at oxygen pressure of 150 mTorr. (¢) 10 layered film with overall thickness of 33 nm and RMS
surface roughness of 0.1 nm deposited at oxygen pressure of 50 mTorr. Note the different height scales for the
three samples.
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Note 3: Atom probe tomography of a sample with different layer sequences

Tb: Blue

Eu: Pink
Gd: Green

Th:Fe ratio: 0.33:0.67 (£ 0.01)
Tm:Fe ratio: 0.38:0.62 (+ 0.01)

FIG. S5. Atom probe tomography. Left: The APT sample prepared by focussed ion beam from a multilayered
iron garnet film deposited on a GGG substrate with (111) orientation, which included EulG, TbIG and TmIG
layers of various thickness. Center: composition map (rare-earth ion is specified by color). Development of
roughness can be observed with increasing film thickness.
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Note 4: Symmetric HRXRD scans of films
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FIG. S6. Symmetric HRXRD scans around the substrate (444) peaks. Substrate peaks are indicated by S and
film peaks are indicated by F. All samples were deposited at oxygen pressure of 150 mTorr.
(a) GGGI|TbIG (44 nm)
(b) GGG|TmIG (44 nm)
(c) GGG|Bilayer TbIG/TmIG, thickness 44 nm
(d) GGGJ4 layered TbIG/TmIG film with overall thickness 44 nm
(e) GGGJ8 layered TbIG/TmIG film with overall thickness 44 nm
(f) GGGJ16 layered TbIG/TmIG film with overall thickness 44 nm
(g) GGG|20 layered TbIG/TmIG film with overall thickness 38 nm
(h) GGGJ26 layered TbIG/TmIG film with overall thickness 39 nm
(1) GGGJ56 layered TbIG/TmIG film with overall thickness 25 nm
(j) GGGJSolid solution TbTmIG film (44 nm)
(k) GGG|8 layered TbIG/TmIG film with overall thickness 22 nm
(1) GSGGJ34 layered TbIG/TmIG film with overall thickness 41 nm
(m) GGGBIIG (39 nm)
(n) GGGILuIG (35 nm)
(0) GGG12 layered BilG/LulG film with overall thickness 35 nm
(p) GGG Solid solution BiLulG (21 nm).
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FIG. S7. Symmetric HRXRD scans around substrate (444) peaks for GGGJ|10 layered TbIG/TmIG film with
thickness 23 nm deposited at oxygen pressure of 150 mTorr, GGG|10 layered TbIG/TmIG film with thickness 20
nm deposited at oxygen pressure of 100 mTorr, GGG|10 layered TbIG/TmIG film with thickness 33 nm deposited
at oxygen pressure of 50 mTorr and GGGJ40 layered TbIG/TmIG film with thickness 20 nm deposited at oxygen
pressure of 50 mTorr.
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Note 5: Hysteresis loops of TmIG/TbIG multilayers

£ 100/ (THIG/TMIG), (22 nm)/(111)GGG | | (THIG/TmIG), (44 nm)/(111)GGG | |(THIG/TMIG), (44 nm)/(111)GGG
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FIG. S8. Out of plane hysteresis loops of TmIG/TbIG multilayers on (111) GGG.
(a) 8 layered film of (TbIG/TmIG)/(111)GGG with overall thickness 22 nm
(b) 4 layered film with overall thickness 44 nm
(c) 16 layered film with overall thickness 44 nm.

Note 6: Ferromagnetic resonance data for BilG — LulG films
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FIG. S9. Ferromagnetic resonance (FMR) data. (Frequency)’ versus resonance field for (a) BilG (39 nm) (b)
LulG (35 nm) (c) Solid solution BiLulG (21 nm) (d) 12 layered (BilG/LulG)/(111)GGG (35 nm). All these films
were deposited on GGG substrates with (111) orientation. (e) Real part of complex transmission parameter for
the film in (d) at frequency of 14.2 GHz vs. in-plane field.

Note 7: Calculation of net anisotropy for TbIG and TmlIG films on (111) GSGG substrate

For a TbIG film deposited on (111) GSGG substrate, the unit cell of the film undergoes a rhombohedral

distortion. [245,246] Let the corner angle of the rhombohedrally distorted unit cell be  and its lattice parameter

be ar. In-plane lattice matching of the [110] lattice vectors gives us:
(B _
2 ag sin 5)= V2 agsee (S.1)

Here acsag is the lattice parameter of GSGG equal to 1.2554 nm according to the supplier (MTI), consistent with

the HRXRD scan around the substrate (444) peak. The volume Vg of the rhombohedrally distorted unit cell is:

Ve = a3 +/1—3cos?f +2cos3f (S.2)

If we consider a cartesian coordinate system with its x’-y’ plane in the film and its z’-axis perpendicular to the

film, the fractional change in the volume of the film unit cell due to epitaxy is given by:

AV 2 —4v
7 = Exrxs ? (S 3)

Here exx is the strain along the in-plane x’-axis and v = 0.29 is Poisson’s ratio of the material [247], where:

bulk
agsce — Arpic

Cxrxr = a%% (5.4)
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Using the lattice parameter of the substrate mentioned above and a2k = 1.2435 nm [247] we obtain exx' = 9.57

x 1073, Using Poisson’s ratio of v =0.29 we obtain (2 - 4v)/(1-v) = 1.183. Substituting these quantities in equation

(3) gives us AV/V =0.011. Therefore the lattice distortion leads to a change in unit cell volume given by:

aj \J1—3cos?B + 2 cos3p = (a2¥)3 x 1.011 (5.5)

Solving equations (1) and (5) simultaneously we obtain f = 90.67° . Similar to the above procedure and using

abilk. — 12323 nm, [247] we obtain B =91.29° for a TmIG film deposited on a (111) GSGG substrate.

Neglecting the small magnetocrystalline anisotropy contribution and any growth-induced anisotropy, the net

anisotropy for an iron garnet film deposited on a (111) oriented garnet substrate is given by [245]:

—Ho T

9
Kepr = TMSZ + 7 C1a M1 (E—ﬁ) (5.6)

Here M, is the saturation magnetization of the film, css is the shear modulus of the film and A1 is the
magnetostriction constant of the film material. For a TbIG film deposited on a (111) GSGG substrate, we take M;
=16 kA/m [247] (bulk magnetization), c44 = 74 GPa [247] (close to the shear modulus of several iron garnets),
A1 =12 x 10 [247] (bulk value) and B = 90.67° (calculated above). Substituting these values in equation 6
gives K= -23.5 kJ/m® implying an in-plane easy axis. For a TmIG film deposited on (111) GSGG, M, = 111
kA/m [247] (assuming bulk magnetization), c4« = 74 GPa [247] (close to the shear modulus of several iron
garnets), A1 = -5.2 x 10 [247] (bulk value) and B = 91.29° (calculated above). Substituting these values in
equation 6 gives K. = 11.8 kJ/m* implying an out-of-plane easy axis. For a solid solution ‘codeposited’

Tbo.sTmosIG film we assume aé’g‘é’;p to be the mean of the lattice parameters of TbIG and TmIG which gives

a’c’é‘fl’;p = 1.2379 nm, and we assume the magnetostriction to be the mean of that of the end members giving us

/1;({611870 =3.4 x 10, Using eq. 6 we obtain K.y=-12.2 kJ/m>. Thus, a multilayered film will show an in-plane easy

axis if it behaves as an average of the end members, and a solid solution film will also show an in-plane easy axis.

132



Note 8: Calculation of net anisotropy for TbIG and TmIG films on (100) GGG substrate

Let us assume in-plane mutually perpendicular x and y axes and an out-of-plane z axis. Assuming in-plane lattice

matching of a TbIG film with a (100) GGG substrate, axial strain along the x direction ey, is given by:

bulk
_Qgee — Arpic

exx -
bulk
Arpic

(S.7)

Here acge is lattice parameter of GGG equal to 1.2376 nm according to the supplier (MTI), consistent with the
peak position of the substrate (444) peak. ab¥lk = 1.2435 nm [247] is the bulk lattice parameter of TbIG.
Substituting these quantities in equation (7) above gives us ex = -4.745 x 1073, Using a method similar to that of
Note 7, we obtain the fractional change in unit cell volume to be -5.61 x 1073, Thus, we must multiply the original

cell volume by 0.9944 to get the cell volume in the distorted condition:
aq.cc = (aP¥k)3 x0.9944 (5.8)

Here c is the out-of-plane lattice parameter of a distorted film unit cell and acge has been substituted for the in-
plane lattice parameter of the film assuming lattice matching with GGG. Solving equation (8) gives ¢ = 1.2484

nm. The strain along the z direction e is given by:

bulk

o — C— arpic
zz = bulk
Arpic

(S.9)

Using equation (9), e-- = 3.94 x 1073, Similarly using a?%K. = 1.2323 nm and a procedure similar to that above

we obtain ey = 4.3 x 107 and e.. = -3.49 x 107 for a TmIG film deposited on a (100) GGG substrate. The net

anisotropy of an iron garnet film deposited on a (100) garnet substrate, K¢ is given by [246]:

3 Ho
Kepr = 2 A100(€11 — €12) (€22 — €xx) — 7M52 (5.10)

Here 4100 is the magnetostriction constant and c;; and ¢ are elastic constants of the film. Using A;90=-3.3 x 10

% for TbIG [247], Z100 = 1.4 x 107 for TmIG [247], c;; = 2.680 x 10" J/m® and ¢;> = 1.106 x 10" J/m? for both
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TbIG and TmlIG (close to their values for several iron garnets [247]) and the strains for the TbIG film and TmIG
film on (100) GGG substrate calculated above we obtain K.;=-6.9 kl/m? for the TbIG film and K= -10.3 kJ/m?
for the TmIG film, implying in-plane easy axes for both of them. For a multilayer on (100) GGG substrate
behaving as an average of the two end members we expect an in-plane easy axis. For a codeposited TbTmIG film
using lattice parameter and magnetostriction constant A;00 which are the averages of those for TbIG and TmlIG,
we obtain K.y = -2.5 kJ/m?, which also implies an in-plane easy axis. Thus, both a multilayered film and a solid

solution film deposited on (100) GGG substrate are expected to show an in-plane easy axis.
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Chapter 8: Conclusion

In this thesis we present our findings that demonstrate suitability of iron garnets for next generation memory
technologies. We demonstrate tunability of a variety of magnetic and spintronic properties including spin mixing
conductance at an iron garnet|Pt interface, compensation temperature, saturation magnetization, Gilbert damping
and magnetic anisotropy. We begin by growing Sc substituted TbIG (TbScIG) films on (111)GGG substrates by
pulsed laser deposition (PLD). All TbScIG films grow with PMA and their compensation temperature decreased
with increase in Sc content which is consistent with Sc exclusively occupying octahedral sites. A 4-fold increase
in spin mixing conductance of TbScIG|Pt interface was demonstrated with increase of Sc content. We then deposit
Bi substituted YIG (BiYIG) films on various garnet substrates. Anisotropy of BiYIG can be tuned using lattice
misfit strain by choice of garnet substrate. BiYIG films were shown to have damping values which are orders of
magnitude lower than that of rare earth iron garnets. BiYIG films deposited on GSGG show a combination of
PMA and ultralow damping. BiYIG film deposited on GSGG under similar conditions has been shown to enable

ultrafast domain wall motion in a past study.

In addition to tunability of properties of iron garnets we also demonstrate ability to engineer combination of
properties by deposition of garnet bilayers. While BiYIG enables ultrafast domain wall motion due to its low
damping, an in-plane field is required for it due to absence of DMI, an exchange interaction which stabilizes
homochiral Neel domain walls which can be driven using current without application of an in-plane field. TmIG
on the other hand has significant DMI enabling field free current driven domain wall motion. However, domain
wall velocity is lower due to its higher damping. We demonstrated growth of an NGG|TmIGBiYIG
heterostructure which has a damping an order of magnitude lower than TmIG and significant DMI, sufficient to
stabilize homochiral Neel domain walls in the material. A direction for future research can be demonstration of
ultrafast field free domain wall motion in TmIG|BiYIG bilayers. This will pave the way for the development of

faster and more power efficient magnetic memories.
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Lastly, we deposit iron garnet superlattices and demonstrate the ability of PLD to deposit iron garnet superlattices
with sub-unit-cell composition modulation. TbIG/TmIG superlattices were deposited on (111)GGG and layering
was found to persist for individual layers with thickness of 0.45 nm. VSM measurements show that TbIG/TmIG
multilayers deposited on (111)GGG have an out-of-plane easy axis while codeposited TbTmIG deposited on
(111)GGG has an in-plane easy axis. Layering was observed using TEM and atom probe tomography (APT)
images. However, development of waviness was observed for multilayers with thickness more than about 20 nm
for deposition at oxygen partial pressure of 150 mTorr. Deposition at lower oxygen partial pressure (100 mTorr
and 50 mTorr) has been found to result in significantly smoother films indicating multilayers without waviness.
A direction for future research can be investigation of effect of PLD parameters like oxygen partial pressure,
substrate temperature and laser energy on waviness of multilayers. Another direction for future research can be
measurement of DMI in (TmIG|BiYIG|Pt), stacks. DMI in TmIG|BiYIG|Pt stack originates from inversion
symmetry breaking at interface and spin-orbit-coupling from TmIG and to some extent Pt. Thus, there can be

additive contributions to interfacial DMI in a (TmIG|Bi1YIG|Pt), stack.

Finally, we point out a challenge for development of magnetic memory based on iron garnets. Integration of iron
garnets in next generation memory technology will require deposition of iron garnets on silicon. Although there
has been some work on deposition of iron garnets on silicon for spintronic applications, much of the work in
spintronics research and this thesis involves use of expensive garnet substrates like GGG and GSGG. More efforts
are required for deposition and characterization of high quality iron garnet films on Si substrate which is the

commonly used platform for electronic devices.
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