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ABSTRACT OF THE DISSERTATION

Controlling Static and Dynamic Multiferroic Effects with Nanoscale Structure

by
Christopher Ty Karaba
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2024

Professor Sarah H. Tolbert, Chair

This thesis explores magnetization dynamics in materials to help design future low-power
electromagnetic devices. In this thesis, we explore materials for multiferroic composites that can
couple electricity and magnetism through voltage, rather than current, allowing for the possibility
of low power control of magnetism. We study both thin film systems and explore the effect of
nanostructure on strain-mediated composites, which utilize a ferroelectric material that exhibits a
strain response to an applied voltage, coupled to a magnetostrictive material, which changes
magnetization in response to the strain produced by the ferroelectric.

In the first part of the thesis, yttrium iron garnet (Y1G) is studied as a model system for low
loss magnetic materials — a necessary requirement for high-frequency multiferroic devices. YIG
is an ideal magnetic material for high-frequency devices, as it exhibits narrow magnetic
resonances, but pure YIG has low magnetostriction. Using sol-gel chemistry, we were able to
survey a range of cerium- and ruthenium-doped YIG compositions, which have both been shown

to increase YIG’s magnetostriction to useful levels in bulk crystals. Homogeneously doped
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materials were synthesized and characterized, but the polycrystalline nature of the films led to
significant magnetic losses at high frequency.

In the second part of the thesis, we explore three-dimensionally coupled porous
multiferroic composites. These composites were synthesized by first using block-copolymer
templating to create a nanoporous magnetostrictive framework. Atomic layer deposition (ALD)
was then used to partially coat the inner surface of the pores with a thin layer of ferroelectric
material, the thickness of which could be varied to change the extent of residual porosity. We
found that composites with larger residual porosities exhibited a larger magnetoelectric coupling,
due to the mechanical flexibility of the pores, which enabled larger strains. We first studied
ferroelectric lead zirconate titanate (PZT) in magnetostrictive cobalt ferrite (CFO), and observed
modest increases in magnetoelectric coupling with increasing porosity. We hypothesized that this
was due to the weaker ferroelectricity observed in extremely thin PZT films. Upon switching the
ferroelectric to bismuth ferrite (BFO), we find that large (<50%) changes in magnetization were

possible in samples with the most residual porosity.
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CHAPTER 1.

Introduction

The control of magnetism is vital in the operation of many electronic devices. As electronic
devices scale down to smaller sizes, this control becomes harder and harder to maintain.
Traditionally, electromagnets are used to control magnetization via electric current inducing a
magnetic field fluctuation. However, electromagnets become difficult to use at smaller scales,
because resistive losses increase drastically as the cross-sectional area of the current carrying wire
decreases. Thus, for nanoscale magnetic devices, a new method of control is needed that does not
rely on current-based electromagnets.

Multiferroic materials look like a potential solution to this problem. Multiferroics are
materials that show multiple types of hysteretic order — most useful in this context are materials
that exhibit both ferromagnetism and ferroelectricity. However, intrinsically multiferroic
materials are rare, and typically do not have particularly large degree of coupling between the
electric and magnetic components. Multiferroic composites offer a way of solving this problem.
By compositing a piezoelectric material with a magnetostrictive material, we can obtain a coupling
between electric fields and magnetic fields not found in pure materials. Multiferroic composites
allow for control of magnetism at the small scale, by coupling magnetization to voltage through
strain. For example, the piezoelectric material can be strained by applying an electric field, the
strain is then transferred to the magnetostrictive component at the composite interface, wherein
the strain then changes the magnetization of the magnetostrictive material. In this thesis, we aim
to analyze the component materials of the composite, as well as the structure of the composite

itself, to enhance magnetoelectric coupling for a variety of small-scale electromagnetic devices.



In the first part of this thesis (Chapter 2), we focus on better understanding magnetostrictive
materials for the magnetic component of these multiferroic composites. In general, for the largest
magnetoelectric coupling, the magnetostrictive component needs to have large magnetostriction —
the magnetization can be easily changed by a relatively small amount of strain. Many of the most
common materials with large magnetostriction are metallic, conductive materials. Conductive
materials can work in some magnetoelectric applications, but present problems at high frequencies.
High-frequency magnetic electromagnetic waves can induce current in conductive materials,
leading to large magnetic losses which severely limit performance. For high-frequency
applications, an insulating, low-loss magnetostrictive material is thus desirable. In this work, we
take one of the lowest magnetic loss materials known, yttrium iron garnet (Y3FesO12, or YIG), and
attempt to increase its magnetostriction to make it a useful magnetic material in these high-
frequency magnetoelectric contexts. We use sol-gel chemistry to synthesize doped YIG thin films
known to have increased magnetostriction. We then characterize the dynamic magnetic behavior
of these thin films to show that some doped YIG materials, especially those doped with ruthenium,
can be synthesized without increasing magnetic losses at high frequencies. However, these losses
are shown to be strongly dependent on crystal nanostructure, with polycrystalline films showing

much larger magnetic losses than expected.

In the second part of the thesis (Chapters 3 and 4), we focus on the nanostructure of the
magnetoelectric composite materials, and in particular we investigate how this nanostructure
affects the magnetoelectric coupling between materials. Most commonly, magnetoelectric

composites are composed of dense, layered materials, that are able to couple via strain at the



interface between the layers. However, this approach limits the amount of interfacial surface area,
and thus does not generally lead to large strain transfers between materials. Instead, here we
investigate nanostructured composite materials that have a three-dimensional interface and thus
vastly increased interfacial area. In addition, these nanostructured composites contain open
residual porosity, which further enhances the amount of strain the system is capable of. These
composites are synthesized one material at a time — first, a nanoporous magnetostrictive
framework is synthesized via block copolymer templating. Then, atomic layer deposition is used

to coat the inside of the pores of the magnetostrictive framework with a ferroelectric material.

In chapter three, we investigate a composite composed of lead zirconate titanate (PbZrxTi;.-
x03, or PZT) as the ferroelectric material, and cobalt ferrite (CoFe;O4, or CFO) as the
magnetostrictive material. Here, we vary the thickness of the PZT layer to induce different
amounts of residual porosity in the resulting PZT-CFO composite. We utilize high-resolution X-
ray diffraction to show that the amount of residual porosity affects magnetoelectric coupling
greatly, most likely due to the pores having more room to flex. In chapter four, we introduce a
different ferroelectric material into the same nanoporous cobalt ferrite framework used in chapter
three in order to increase magnetoelectric coupling. Bismuth ferrite (BiFeOs, BFO) has the
potential to have a more stable ferroelectric response than PZT at the very small sizes used in these
nanocomposites. ~We find that these BFO-CFO nanocomposites show a remarkable
magnetoelectric coupling of more than a 50% decrease in magnetization upon application of an

electric field.



CHAPTER 2.

Delineating Magnetization Dynamics in Solution-Processed Doped Yttrium Iron

Garnet Thin Films

Chapter 2 describes the synthesis and magnetic loss in doped yttrium iron garnet films

prepared by sol-gel chemistry.

This chapter was reproduced from Patel, S.K.; Karaba, C.T.; Tolbert, S.H. “Delineating

Magnetization Dynamics in Solution-Processed Doped Yttrium Iron Garnet Thin Films” J. Appl.

Phys. 2023, 133, 014102, with the permission of AIP Publishing.

A reprint of the supporting information is given in Appendix A.



Delineating Magnetization Dynamics in Solution-Processed Doped Yttrium Iron Garnet

Thin Films

Shreya K. Patel, C. Ty Karaba, Sarah H. Tolbert

ABSTRACT.

In this work, thin films of ruthenium-doped and cerium-doped yttrium iron garnet were
deposited on silicon using sol-gel chemistry. Doped YIG could be produced in phase pure form up
to a precursor stoichiometry of Y3Ruo.1Fe49012 and Ceo.7Y23FesO12. Both dopants significantly
increase the coercivity and anisotropy field of the materials, either due to domain wall pinning or
increased spin orbit coupling from the dopant. To delineate these two effects, the dynamic
magnetic properties were studied using stripline ferromagnetic resonance (FMR). The FMR
linewidth was separated into intrinsic loss and inhomogeneous line broadening. Inhomogeneous
line broadening was found to dominate the magnetic losses in all the films, likely due to magnon
scattering off grain boundaries, but the Gilbert damping remained fairly low. Comparing the two
dopants, it was found that the Gilbert damping increased more in Ce:YIG films than in the Ru:YIG
films. This finding was corroborated by changes in the anisotropy field of the films, indicating a
larger contribution from spin orbit coupling from cerium than from ruthenium. Surprisingly, while
magnetic loss globally increased with higher substitution, adding a small amount of dopant
actually reduced the inhomogeneous line broadening in both sets of films. This was corroborated
by crystallite size. The damping in Ru:YIG also decreased with a small amount of dopant, which
has been predicted by Kittel for doped garnets. Thus, it follows that there is an ideal doping regime

where sol-gel YIG can be doped at low levels without increasing magnetic loss.



INTRODUCTION.

Yttrium iron garnet (YIG) is a widely used ferrimagnetic material. Since its discovery, it
has become extremely popular in spintronic devices, such as in filters'? and antenna devices®>,
due to its ultralow damping and magnetic softness.®’ YIG has also been integrated in many

telecommunication devices, such as isolators®'° and phase shifters !!"1?

, since it has the unique
combination of low optical loss (little absorption in the visible and IR) and a high Faraday effect.

It has been shown that YIG can be doped with many different transition metal and rare
earth metals, which can dramatically change its magnetic properties, such as magnetostriction and
Faraday effect.!*! In spintronic devices, it is desirable to have materials that exhibit high
magnetostriction and low magnetic damping. While YIG exhibits extremely low damping, it has
not been considered for such spintronic applications because it has little magnetostriction. Doping
YIG with heavier elements, however, has been shown to increase its magnetostriction, and so
doped YIG has the potential to enable new spintronic devices.!®!”-?* In addition, doped YIG,
particularly with bismuth and cerium, has become extremely popular in telecommunication
devices, since doping can increase the Faraday effect of the material, increasing its magneto optical
figure of merit (the Faraday effect of the material divided by its optical loss).'*!821"23 An increased
magneto optical figure of merit allows for the miniaturization of telecommunication devices. Thus,
studies of doped YIG systems are crucial to enable future devices.

While these results are promising, it has also been shown that doping YIG can increase its
magnetic loss, which is detrimental to spintronic and telecommunication applications
respectively.!®** Thus, device optimization relies on the ability to study and understand the
magnetic loss over a wide range of doping parameters, including dopant ion, where the dopant

substitutes, and dopant concentration. Magnetic losses can be characterized by looking at the



linewidth of ferromagnetic resonance (FMR). For device design, it is particularly helpful to
investigate the FMR linewidth across a range of frequencies. This can be accomplished using
stripline FMR, which allows the FMR linewidth to be studied over a broad range of
frequencies.?>*?

In this work, we study the effect of doping on FMR at different sites in its crystal structure.
The structure of YIG is well known.?’2° Within the cubic crystal structure of YIG, there are three
sublattice sites — dodecahedral (“c” sites), octahedral (“a” sites), and tetrahedral (“d” sites).
Yttrium preferentially occupies the dodecahedral site. The five Fe*" ions in a given formula unit
of YIG are then split between two other antiferromagnetically coupled sites — two Fe** ions sit on
octahedral a sites and the remaining three sit at tetrahedral d sites. As aresult, YIG is a ferrimagnet
with a net magnetization of one Fe*" ion (5 pug) per formula unit. In addition to the
antiferromagnetic coupling between the octahedral and tetrahedral sites, there is a weaker magnetic
coupling between the dodecahedral moment (if present) and the octahedral sites, such that the
tetrahedral moments couple antiferromagnetically to both the dodecahedral and tetrahedral
moments.

In this work, we first investigate doping a heavier transition metal in the octahedral and
tetrahedral iron sites of the YIG crystal structure. We chose ruthenium for this, as it has been
shown to substitute at both the Fe** @ and d sites in bulk crystals.!®** Additionally, while it has
been shown that the FMR linewidth of ruthenium-doped YIG (Ru:YIG) does increase with doping,
it remains at relatively low levels compared to other magnetic materials in the bulk single crystal

form.>® However, Ru:YIG has not been investigated in the thin-film form, which is far more

practical for device integration.



In addition to studying the effects of doping a transition metal at the octahedral site, we
also chose to study the effects of doping at the dodecahedral site to investigate the impact its
coupling can have on the total magnetic properties of the doped film. We chose cerium-doped YIG
(Ce:YIG), for this purpose. Ce:YIG is a well-known material for its large magneto-optical figure
of merit and increased magnetostriction.!”!33! The choice of Ru:YIG and Ce:YIG help us isolate
different effects on the magnetic properties. Ru®" has the same number of valence electrons as
Fe*" (both &°) but greater spin-orbit coupling, while Ce** has one valence electron in its 4f orbital,
in contrast to Y>*, which has a full 4p orbital. This extra electron in Ce**, as compared to Y>", has
been shown to have interesting effects on the magnetic properties of YIG, such as changes in
saturation magnetization, but its effect on magnetic loss across a range of dopant stoichiometries
are not well understood.!8-2%23-32.33

While YIG films are often deposited by high energy methods such as sputtering, PLD, or
LPE, here, we synthesize films using sol-gel chemistry, since it is much more scalable and easier
to use to study a wide range of dopants. In sol-gel chemistry, metal salts are dissolved in solution
to for a ‘sol’, and then undergo condensation reactions to form metal-oxygen bonds, resulting in a
metal oxide polymer known as a ‘gel’. This technique is inexpensive, easily scalable, and allows
for exploration of a wide range of dopant stoichiometries by simply changing precursor
stoichiometry. There have been many successful studies that use both wet chemical synthesis and
solid state chemistry to make YIG powders and nanoparticles.>***’ Some of these investigations
even study magnetic loss using FMR.*!**> While the work on nanoparticles of YIG is interesting,
thin films are more easily integrated into devices. It has been shown that thin films of YIG can be
easily deposited on a range of substrates, including silicon, quartz, glass, and lattice matched

substrates (for example, gadolinium gallium garnet, or GGG) using sol-gel methods.** ¥ Some



studies have also investigated the dynamic magnetic properties of YIG films using ferromagnetic
resonance and electron spin resonance.*** There has also been previously published work on
doping sol-gel YIG films, with elements such as erbium, bismuth, and cerium,!#1620-31:33,35.50.51
While each of these works characterized the static magnetic properties in depth, many magnetic

properties, including high-frequency magnetic behavior, have not been previously investigated.

Furthermore, sol-gel derived ruthenium-doped films have not been previously studied.

MATERIALS AND METHODS.

Y(NO3)s3 - 6H20, (99.9%, ACROS Organics), Fe(NO3)3- 9H20 (99+%, ACROS Organics),
RuCls - xH20, (35%-40% Ru, ACROS Organics), Ce(NO3)3- 6H20 (99.5%, Alfa Aesar), and
ethanolamine (98+%, Alfa Aesar) were used for the synthesis with no further purification.

For undoped sol-gel YIG, a modified procedure from the literature was used.** A 3:5 mole
ratio of Y(NO3); - 6H>O to Fe(NO3)s - 9H>O was used. In a typical synthesis, Fe(NO3)3- 9H,O
(1.01 g) and Y(NO3)3 - 6H20, (0.58 g) were dissolved in 1.5 mL of methoxyethanol with 40 uL of
ethanolamine. The solution was allowed to magnetically stir for several hours, or overnight. For
doped YIG, the dopant stoichiometry was varied. For Ru:YIG, the dopant ratio ranged from 0.025-
0.1:1 mol (5 — 21 mg of RuCls - xH>0) of Ru:Fe, and for Ce:YIG the dopant mole ratio of Ce:Y
ranged from 0.2-0.8:1 mol [43.4-174 mg of Ce(NO3)3- 6H20].

Solutions were filtered with a PTFE syringe filter (Cole-Parmer, 0.2 um) before spin
coating onto 2 x 2 cm? (100) Si substrates. Silicon substrates were washed with ethanol and plasma
etched before deposition. Films were spincoated at 3000 rpm for 30 seconds. Immediately after
spincoating, films were calcined on a 400 °C hot plate in air for about a minute, then immediately

cooled down to room temperature. Though not discussed in this work, this method was also able

9



to be used for other substrates like platinized silicon, (Pt (100 nm) -Ti (5 nm) - SiO> (thermally
oxidized, thickness about 1 um) -Si (100)), thermally oxidized SiO» (thickness about 1 um) on
Si(100)), and GGG, with the exception of not plasma etching the GGG before deposition. Rapid
thermal annealing (RTA) (MPTC RTP 600xp Rapid Thermal Annealer) was used to crystallize
the films under oxygen at 900 °C with a 30 second ramp and a 5 minute hold.

For stripline FMR measurements, it was found that the signal-to-noise ratio was poor for
films deposited in the way described above. Therefore, thicker, multilayered films (approximately
200 nm) were made specifically for the stripline FMR measurements. This was done by spin
coating the sol on silicon, calcining on a 400 °C hot plate, then repeating this process two more
times for three total layers. The film was then crystallized by the same RTA process with the RTP
as described above. Characterization of these thicker films can be found in the supporting
information (figure S1 in the supplementary material).

X-ray diffraction patterns were collected either through grazing incidence wide angle X-
ray scattering experiments (GIWAXS) with a 2D detector at an X-ray wavelength of A =0.98 A
(thinner films) or using conventional 8 — 8 powder diffraction performed on a PANalytical X’Pert
Pro diffractometer at Cu Ko (A =1.54 A) radiation (thick films). The 2D diffraction patterns were
reduced to 1D patterns using the WAXtools macro>? in the Nika 2D package®® for IgorPro 6.37
(WaveMetrics, Lake Oswego, OR, USA). Diffraction patterns were compared to JCPDS reference
cards #00-043-0507 (for YIG) and #00-001-0800 (for ceria) using X’Pert Highscore Plus 2.0.1.
Static magnetic properties were measured at room temperature using a Quantum Design MPMS3
superconducting quantum interference device (SQulD) magnetometer.

Dynamic magnetic properties were measured using a stripline ferromagnetic resonance
(FMR) set up as described elsewhere.?>>* Briefly, a short-circuited stripline is connected to a

10



vector network analyzer (VNA). The sample is directly placed under the stripline as the VNA is
used to tune frequency and a conventional electromagnet is used to tune the magnetic field applied
parallel to the sample. The reflection coefficient (S11) was measured as a function of both the
biasing magnetic field and the frequency. As mentioned above, thicker films were needed to obtain
reasonable absorption in the stripline measurement. While not discussed in this work, the authors
have also used electron spin resonance (ESR) with an X-band cavity to study dynamic magnetic
properties. While ESR is tuned to a cavity resonance and thus cannot provide data across a range
of frequencies as the stripline set up used in this work, the cavity in ESR would allow for the

detection of small absorbances in thinner films.

RESULTS AND DISCUSSION.

Grazing-incidence wide angle X-ray scattering (GIWAXS) was used to ensure the desired
crystal structure of YIG was formed using the sol-gel method for both Ru:YIG and Ce:YIG [Fig.
1(a)]. Across the range of dopant stoichiometries investigated, Ru: YIG maintained the YIG crystal
structure up to a dopant concentration of Y3Ruo.1Fes 9012 (figure 1(a)). For Ce:YIG, the doped
films were able to maintain their crystal structure with similar phase purity until a precursor
stoichiometry of Ceo.75Y2.25FesO12 [Fig. 1(b)]. Further cerium substitution resulted in the formation

of ceria (Ce0Oy).
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While it could not be seen at the
resolution of the GIWAXS, the thin films in
this study are likely under slight tensile stress
due to the annealing process. Silicon has a
much lower thermal expansion coefficient
than YIG, and so will contract less than the
YIG layer upon cooling the after RTA
treatment. Since the YIG layer is clamped in
the in-plane direction, the films are thus
expected to show in-plane tensile stresses.

The static magnetic properties of the
doped YIG films were investigated using
superconducting  quantum interference
device (SQuID) magnetometry (Fig. 2). The
saturation magnetization of all the sol-gel
films studied in this work are relatively close
to the literature values for those of YIG.!¢

1830 However, the saturation magnetization

of the cerium doped films was found to be
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Figure 2-1. GIWAXS patterns of (a) the most
doped Ru: YIG film investigated in this work
(Y3Ruo.1Fes9012) and (b) Ce:YIG films across a
range of dopant stoichiometries, where ‘x’
stoichiometric addition of

represents  the

precursor.

slightly higher, between 140 and 150 emu/cc. As mentioned previously, the Ce*" cation has one
valence electron in its 4f orbital compared to Y**, which has a full 4p orbital. This extra electron

at the ¢ site couples to YIG’s ferrimagnetic sublattices, increasing its overall saturation
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magnetization. This increase in saturation magnetization is documented in the literature, and has
been observed experimentally in Ce:YIG films deposited by PLD as well.!$2%%

Here, we paid special attention to the coercivity, which can be indicative of general
anisotropy trends [Figs. 3(a) and 3(b)]. The coercivity of the undoped films was found to be
between 20-30 Oe, which is in good agreement with literature values for sol-gel YIG films.?>337
While the coercivities in this work were found to be consistent with other sol-gel films, it is
important to distinguish that the coercivities of single-crystal films are often reported to be
significantly lower, around 1-5 Oe.®*> As will be discussed in detail below, the spin coating
deposition process results in more defects (such as grain boundaries and pores) than many high-
energy methods of YIG fabrication, including LPE, PLD, and sputtering. Grain boundaries, cracks,
and pores can cause domain wall pinning, increasing the overall coercivity of the film.

Additionally, as mentioned previously, the sol-gel films described in this work have residual
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Figure 2-2. MH loops for Ru:YIG (a) and for Ce:YIG (b). In all plots, ‘x’ represents
stoichiometric concentration of dopant in the chemical formula of YIG, so for Ru:YIG, x =

Y3RuxFesxO12 and for Ce: YIG, x = CexY3xFesOqa.
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tensile stresses from the difference in thermal expansion between YIG and silicon during the
annealing process. These stresses add to the films’ overall magnetoelastic anisotropy, which
contributes to the overall coercivity of the undoped films. Though the coercivities of sol-gel films
are a bit higher than epitaxial films, the films are still very magnetically soft.

Having confirmed that the undoped films had comparable coercivities to those reported in
literature, the coercivities of the doped films were also investigated through SQuID magnetometry
(Figs. 2 and 3). The coercivity in the Ru:YIG films were found to increase significantly upon
doping, corresponding to a 39% increase [Fig. 3(a)]. Similarly, the coercivity of the Ce:YIG films
increased as a function of dopant concentration but showed only a 33% increase across a much
broader range of doping concentrations [Fig. 3(b)]. Note that there is some variation in the
coercivity of the undoped YIG due to variations in the sol-gel process, and this likely accounts for
slightly higher values obtained for Ce:YIG compared to those of Ru:YIG. There are two potential
causes for the general trend of increasing coercivity as a function of dopant concentration. First,
the substitution of an atomically heavier element (such as ruthenium for iron and cerium for
yttrium) has greater spin-orbit coupling, which adds to the doped film’s total magnetocrystalline
anisotropy. This increase in magnetocrystalline anisotropy should result in increased coercivity in
the doped film compared to the undoped film.>* Second, as mentioned previously, point defects
and magnetic inhomogeneities can contribute to the films’ coercivity due to domain wall pinning.
While the GIWAXS shows that the crystal structure is maintained as being phase pure within the
detection limit, it is possible that a small amount of the dopant can also sit at grain boundaries, and

act as pinning sites.
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In order to delineate whether the coercivity was increasing due to increased magnetic anisotropy
or from defects caused by the introduction of dopants, the anisotropy field of both sets of films
were investigated using the commonly-used approach-to-saturation method [Figs. 3(c) and 3(d)].
36 Globally, for both Ru:YIG and Ce:YIG films, the anisotropy fields followed the same trend seen
in the coercivity, showing an increasing anisotropy field with increasing dopant concentration.
This confirms that the increase in coercivity is most likely a result of increased magnetocrystalline
anisotropy due to spin orbit coupling introduced by the atomically heavier dopant, rather than the
increase in coercivity being caused by domain wall pinning at defects introduced by the dopant.
Interestingly, the anisotropy fields for the Ce:YIG were slightly higher than Ru:YIG (Fig. 3),

which is to be expected since the Ce:YIG films also showed larger values for coercivity.
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of the color bar below each FMR figure) was measured as a function of both the applied frequency

and magnetic field. It is important to note that thicker films were used for this experiment in order

to obtain stronger absorption in the measurement (see experimental for details). Characterization

for the thicker films can be found in the supporting information. Thicker films in this study were

needed to obtain reasonable absorption for stripline FMR measurements, and as seen from the 2D

plots for Ru:YIG (Fig. 4) and Ce:YIG (Fig. 5), the films studied in this way showed strong Sii

absorption, with a liner shift in the resonance frequency as a function of the applied magnetic field,

as expected.
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Figure 2-4. 2D plots of S11 absorption for Ru:YIG
films collected from 500 MHz to 5 GHz and from
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xO12. The color bar shows normalized absorption.
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The width of S;; absorption
correlates with magnetic loss, and thus this
is the key parameter to quantify. We first
looked at the total magnetic loss of
undoped films. The linewidth  was
obtained by plotting Si; absorption as a
function of the applied magnetic field, and
then fitting this peak to find the full width
at half maximum, giving us the linewidth
in units of magnetic field (Oe). The
experimentally obtained linewidth for the
average between two sets of undoped films
at 4 GHz was found to be about 260 Oe.

This is much higher than what has been

observed for epitaxial films of YIG on
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Figure 2-5. 2D plots of Si1 absorption for Ce:YIG
films collected from 100 MHz to 6 GHz and from a

magnetic field of 0 Oe up to 2000 for varying

lattice matched substrate (GGG) made
from LPE or PLD (from 2-10 Oe at the

).61858 In  order to

same frequency
understand the sources of magnetic
losses in the sol-gel films utilized in this
work, we examined the linewidth as a
function of frequency for both Ce:YIG
and Ru:YIG [Figs. 6(a) and 6(b)].
According to Eq. (1), the linewidth can
be separated into a frequency-dependent

component (i.e. Gilbert damping, which

is generally dominated by eddy current

dopant concentrations: (a) undoped YIG, (b) x = | losses in metals) and a frequency
0.2, (¢) x = 0.4 (d) x = 0.6 for CexY3xFesO12. The | independent  inhomogeneous line
color bar shows normalized absorption. broadening, *

AHpwym = AHo + a(4m/V3y)f (1)

Here, AHpyyyy 1s the total FMR linewidth, found by taking the full width half maximum of the

absorption peak, AH, is the inhomogeneous line broadening, « is the Gilbert damping of the

material, y is the gyromagnetic ratio, and f is the resonant frequency. The frequency dependent

losses come from the materials’ intrinsic loss, represented by the materials’ Gilbert damping.

Inhomogeneous line broadening, AH,, is the extrinsic line broadening, caused by magnon
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scattering off of defect sites, such as pores, cracks, and impurities.®* %> From Eq. (1), the losses
from inhomogeneous line broadening and the frequency dependent losses can therefore be
separated by plotting the full width half maximum linewidth (AHgy ) and as a function of the
applied frequency, where the slope of the line is proportional to the frequency-dependent losses
and the y-intercept is the inhomogeneous line broadening.

Such linewidth vs. frequency plots for undoped films (black symbols) are shown in Fig.
6(a) (for Ru:YIG) and Fig. 6(b) (for Ce:YIG). Single crystal YIG is known to have very little
intrinsic loss, having one of the lowest Gilbert damping factors known, so it can be expected that
the intrinsic, frequency dependent losses should be quite low?>%. Based on the relatively small
slope (and thus, damping) of frequency-dependent FMR linewidths in the undoped films, we can
conclude that the films studied here indeed have low intrinsic losses. We can calculate the Gilbert
damping (@) by first using the Kittel equation [Eq. (2)] to solve for the gyromagnetic ratio (y) of

the undoped YIG films,

f= (V/ZH)\/Hr(Hr + 4mM;) ()

Where f is again the frequency, H, is the resonant magnetic field, and M; is the saturation
magnetization of the film, obtained from the SQuID data discussed above.®* Once the
gyromagnetic ratio has been determined from the Kittel equation (equation 2), equation (1) can be
used to solve for Gilbert damping. Since experimentally obtained values for resonant magnetic
field were used to calculate the gyromagnetic ratio, the original Kittel equation does not need to
be modified to include frequency shifts due to additional magnetocrystalline anisotropy. Values

for Gilbert damping and inhomogeneous line broadening can all be found in Table I and plots of
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are polycrystalline, and so they contain many grain boundaries. Additionally, as mentioned
previously, the films discussed in this work are expected to have defects such as micropores and
cracks due to the sol-gel deposition process. It should also be noted that the films used for stripline
measurements were multilayered films (see experimental and Fig. S1 in the supplementary
material for more details and characterization), which can contribute to cracks and defects that
broaden the linewidth further. These grain boundaries, micropores, and cracks can be seen in the
cross-sectional SEM image in Fig. S1(c) in the supplementary material, and all should result in
magnon scattering off these sites, damping the magnetic excitation and causing increased
inhomogeneous line broadening,.>*-60:63

Though solution processing was utilized here because it is scalable and allows us to easily

tune the dopant concentration, the high inhomogeneous line broadening seen here is a significant
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disadvantage. This broadening can be reduced with methods that allow for the growth of single
crystal, epitaxial films, such as those formed by sputtering on GGG, PLD, LPE, and polymer
assisted deposition (PAD).5*35® Despite the high inhomogeneous line broadening caused by the
sol-gel process, the Gilbert damping of undoped YIG was found to be quite low (3.0 x 10) and

the films provide an ideal way to examine changes in Gilbert damping as a function of doping

level.
Dopant Inhomogeneous line Gilbert damping («)
broadening (AH,)
Undoped* 262 Oe 3.5 %107
Y3Ruo.025F€4.975012 256 Oe 2.2 %107
Y3Rup.05Fe4.95012 325 Oe 2.4 %107
Y3Ruo.1Fes9012 445 Oe 4.0 x 10
Ceo2Y25FesOn2 164 Oe 3.9 x 107
Ceo4Y26FesO12 321 Oe 43 x 107
Ceo.6Y24FesO12 354 Oe 4.8 x 107
Table 2-1. Values for inhomogeneous line broadening and Gilbert damping for films studied in
this work. (“averaged over data from multiple undoped films).

We now shift to looking at the losses in both sets of doped films. Similar to the undoped
films, the doped films were found to also have relatively high inhomogeneous line broadening, as
can be seen by looking at the y-intercepts of the frequency vs linewidth plots for Ru:YIG [Fig.
6(a)] or Ce:YIG [Fig. 6(b)]; the values are also quantified in Table I. In both sets of doped films,
as dopant concentration increased, the inhomogeneous line broadening generally increased as well.
This is likely because the addition of dopants resulted in an increased number of point defects,
which increased magnon scattering, as discussed earlier. However, since GIWAXS data show no
signs of impurity phases, we expect impurity domains to make up a relatively small contribution

of total inhomogeneous line broadening. Diffraction peak widths also do not change significantly,
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suggesting that point defects are also not the major cause of magnetic loss. Thus, we expect that
the increasing inhomogeneous line broadening as a function of increasing dopant stoichiometry is
largely a result of the increased magnetic disorder in the sublattice. Since the films studied in this
work are not fully substituted films, the spins are placed in different electronic environments,
creating disorder that can inhomogenously broaden the absorption. This has been shown to
broaden zero field linewidth in other sets of doped YIG films as well."® Surprisingly,
inhomogeneous line broadening (and the total linewidth) was found to decrease upon addition of
only small amounts of dopant [represented by the red data presented in Figs. 6(a) and 6(b)], and
then to increase again with large dopant addition. This phenomenon will be discussed later in the
text.

While inhomogeneous line broadening is the predominant source of losses in both Ru:YIG
and Ce:YIG, the frequency dependent losses (i.e. the Gilbert damping) were also found to increase
as a function of dopant concentration. Gilbert damping values are included in Table I and plotted
as a function of dopant concentration in Fig. 6(c) (Ru:YIG) and Fig. 6(d) (Ce:YIG). This global
increasing trend is to be expected, as Ce** and Ru®" are atomically heavier than Y*" and Fe**
respectively. Heavier ion substitution increases the spin orbit coupling of the overall material,
which adds additional magnetocrystalline anisotropy. This is confirmed by our earlier findings on
the anisotropy field of the doped films. This increase in spin orbit coupling causes fast spin
relaxation, which increases the frequency dependent losses.?* Moreover, in comparing the two sets
of dopants, it was found that the intrinsic losses in Ru:YIG films [Fig. 7(c)] seemed to increase
less with subsequent dopant concentration than in Ce:YIG films (figure 7(d)). This is echoed by
our findings that the anisotropy fields of Ru:YIG [Fig. 3(c)] are smaller than Ce:YIG [Fig. 3(d)].

The smaller increase with Ru-doping can be explained by two things. First, the relative
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concentration of ruthenium in the films studied here is significantly less than the amount of cerium
dopant in the Ce:YIG films. Second, the relative amounts spin-orbit coupling introduced by

ruthenium is expected to be less than cerium, as cerium is much heavier than yttrium, while

ruthenium is only slightly heavier than iron.

Interestingly, while the global trends for magnetic loss are increasing, it was found in both
Ru:YIG and in Ce:YIG that adding in a small amount of dopant (for Ru:YIG, up to
Y3Ruo.0sFes95012 and for Ce:YIG, Ceo2Y28FesO12) actually decreases the total FMR linewidth
[Figs. 4(a) and 5(a)], but with higher dopant concentration [Figs. 4(b)-4(d) and 5(b)-(d)], the
linewidth broadens again. This was surprising, as the magnetic loss was expected to increase
according to Vegard’s law with additional dopant ion concentration. The decrease in
inhomogeneous loss can be explained by using the Scherrer width of the (420) peak from the
diffraction patterns presented in Fig. 1 to calculate a crystalline domain size. As shown in Fig. 7,
in both Ru:YIG and Ce:YIG, adding a small amount of dopant produces an increased domain size,

which is then followed by a decrease in domain size with further doping. The increase likely
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Figure 2-7. Crystallite size calculated from the (420) X-ray diffraction peaks using the
standard physical Scherrer model for a) Ru:YIG and b) Ce:YIG.




results from improved nucleation. Past this initial dopant concentration, however, crystallite size
is found to decrease, likely due to increased lattice distortion with higher heteroatom content. The
increase in crystallite size upon addition of a small amount of dopant in both Ru:YIG and Ce:YIG
is likely the cause of reduced inhomogeneous line broadening due to reduced magnon scattering
off of grain boundaries.®*! This is followed by increased inhomogeneous line broadening as the
grain size decreases at higher dopant concentration again due to magnon scattering off of the now
increased number of grain boundaries.

Interestingly, the Ru:YIG samples also showed a decrease in intrinsic broadening at small
dopant concentrations. It has been proposed by Kittel that if the damping on one sublattice (i.e. the
dopant sublattice) is much larger than on the other, undoped sublattice, that the Landau Lifshitz

model can be manipulated to describe the homogeneous linewidth of doped garnets as being:

AH/H =y, /agMy, (3)

where AH /H is the homogenous linewidth, y, is the gyromagnetic ratio of the undoped magnetic
sublattice, ap is the damping of the dopant sublattice, and M, is the saturation magnetization of
the iron sublattice.°®¢” This means that based on the Kittel model, if magnetic damping at the
dopant site greatly outweighs the damping of the other sublat