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ABSTRACT OF THE DISSERTATION

The synthesis and processing of epitaxially strained rare earth iron garnet films

by

Chad Ronald Warren

Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2023

Professor Javier Garay, Chair

The rare earth iron garnets (REIG) are a technologically important class of materials
owing to their ferrimagnetism, low spin damping, large band gaps, high Curie points and
chemical stability. Epitaxial REIG films are also capable of producing perpendicular magnetic
anisotropy (PMA) which results from the interfacial strain due to lattice mismatch between film

and substrate, and causes the easy axis of magnetization to point out-of-plane of the film. This

Xviii



unique set of properties makes REIGs attractive for spintronics device research in addition to
fundamental spin transport studies. One obstacle that researchers face is that high-quality targets
are not commercially available for many REIG compositions. Our work demonstrates a method
of producing dense, fine structured REIG targets via wet chemical synthesis routes and
subsequent consolidation of REIG powders using the current-activated, pressure-assisted
densification technique. So far, PMA has been successfully tuned in REIG films by means of
controlling the substrate material, substrate orientation, film thickness, and to a lesser extent by
chemical substitution. Our method can easily produce chemically substituted REIG targets
because we synthesize our own powders, which we demonstrated by the synthesis of a full
compositional range of Y3(1-x)TmaxFesO12 solid solution powders. The lattice parameter and
magnetic saturation of the Y3@1.x)TmaxFesO12 powders varied with composition, enabling further
control over growth induced PMA. Most REIG films with PMA grown for research are produced
using pulsed laser deposition (PLD), however, our work demonstrates that off-axis RF sputtering
can also produce films with PMA. Sputtering is important for the large-scale manufacture of
these films because it is more widely used in industry and has the added benefit of producing
larger area films than PLD. Specifically, we grew epitaxial europium iron garnet (EulG) films
with robust PMA at a maximum thickness of 102 nm, the thickest EulG films with PMA to date.
Through the use of asymmetric reciprocal space mapping, we additionally showed that the lattice
parameter and elastic properties of EulG films grown by sputtering or PLD can deviate
substantially from the literature values, which is likely explained through a combination of

stoichiometric deviation and atomic point defects.
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CHAPTER1

Magnetic Properties of Rare Earth Iron Garnet Films

1.1. Magnetic Anisotropy

1.1.1. Introduction to Magnetic Anisotropy

In all magnetic materials, both the magnetization direction and the degree of
demagnetization depend on the type and prevalence of magnetic anisotropy. There are several
sources of anisotropy, such as crystalline, shape, stress, induced and exchange.[2] Of these, only
the crystalline anisotropy, or rather, the magnetocrystalline anisotropy, is an intrinsic property of
a material. All other sources of magnetic anisotropy are the result of extrinsic factors. Every
magnetic material will at the very least possess both crystalline and shape anisotropy. Thin films
can also possess stress induced anisotropy that results from interfacial strain caused by a
mismatch of film and substrate lattice parameters. For most rare earth iron garnet films, the
anisotropy can be fully described by the crystalline, shape and stress anisotropy terms.

The crystalline anisotropy is what determines the amount of energy required to cause the
magnetization vector in a single crystal to rotate from the easy axis of magnetization to the hard
one. These directions are intimately related to the structure and composition of a given material
and they tend to lie either along the crystal’s principal axes or the unit cell diagonals. The crystal
anisotropy energy Ec per unit volume for cubic systems can be expressed as a series expansion in
terms of the cosines of the angles a, b, and ¢ made between the magnetization direction with
respect to the principal axes. Let a1, a2, and oz be the cosines of these angles, and then to third
order the expression for the crystalline anisotropy of a cubic system is

EC = KO + K1(0(120(22 + 0(220(32 + 0(320(12) + K2(0(120(220(32) (11)



where Ko, K1, and K> are temperature dependent constants for a given material expressed in
terms of erg/cm? or J/m2.[2] In general, any higher order terms are small enough to be neglected.
Note that the term Ko contains all isotropic energy contributions, whereas Ki and K are the
anisotropy constants. The above expression can also be expressed as a uniaxial anisotropy energy
term Euni. as follows:

Euni. = —K;co0s28 — K,cos*6, (1.2)
where 0 is the angle made between the magnetization and the easy crystallographic direction. For
cubic materials, the crystallographic easy direction lies in the <100> family of directions for K
>0, and in the <111> family of directions for K1 < 0.[39]

One of the most important sources of anisotropy in thin films is due to the long-range
dipolar interaction, most commonly called shape anisotropy.[3] The field lines radiating out from
atomic dipoles near the edges of a material extend beyond the body of the material, effectively
sensing its boundaries. Because dipoles also interact with other nearby dipoles, the combined
effect is that the shape of the material produces an anisotropy term of its own that influences the
easy direction of magnetization. Oftentimes shape anisotropy is described using an anisotropic
field called the demagnetizing field Ha as follows:

Hy = —NM, (1.3)
where M is the magnetization vector and N is the shape-dependent demagnetizing tensor.[3] For
thin films, all tensor elements belonging to N are zero except for the direction normal to the
plane of the film, which is N = 1 in the SI convention or N = 4z in the cgs convention. The total
shape anisotropy energy per unit volume Es of a film is calculated by assuming a uniform
magnetization and then integrating the magnetostatic energy of the demagnetization field over its

entire volume, resulting in the following expression:



Es = 2noMs®cos?6, (1.4)
where Ms is the saturation magnetization of the film and 6 is the angle made between the
magnetization direction and the film normal.[3] This expression is written in the SI convention
but can equivalently be expressed as 2tMg®c0s?0 in the cgs convention, which gives a shape
anisotropy term of Ks = 2nMg?.

In what is essentially the inverse of the magnetostriction effect, the magnetocrystalline
anisotropy of a material changes in response to lattice strain. Stress induced strain can therefore
alter the magnetization direction of a film. Common sources of strain in films include the thermal
strain that results from differences in thermal expansion coefficients between adjacent layers,
strain that emerges as a byproduct of the specific deposition conditions, and strain that is
produced by mismatching lattice parameters of adjacent layers.[3] The most technologically
significant technique for engineering magnetoelastic anisotropy in rare earth iron garnet films is
the careful selection of a substrate with a lattice parameter that optimizes the strain conditions.
The orientation of the substrate also plays a critical role in determining the magnetoelastic
anisotropy since magnetoelastic constants are dependent on the film’s orientation. The
magnetoelastic energy per unit volume E, in an elastically isotropic and uniformly strained
epitaxial film with isotropic magnetostriction is expressed as

E) = -2i0/, COs?8, (1.5)
where A is the magnetostriction constant, 6y IS the in-plane stress, and 6 is the angle created
between the magnetization and the direction of uniform stress.[3] The magnetoelastic anisotropy
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term is therefore given by K. = --Ac/.[9,10] The in-plane stress oy is proportional to the in-plane

strain g through a linear combination of the elastic stiffness constants, of which the exact

relationship depends on the orientation of the film.



1.1.2. Stress Induced Perpendicular Magnetic Anisotropy
To first order, the effective anisotropy Kesr of an epitaxially strained rare earth iron garnet
film is the sum of the crystalline, shape and magnetoelastic terms according to
Kefr = Ks + Ky, + K1. [9,10] (1.6)

The anisotropy field Ha can then be calculated from Kes from the following expression:
H, = 2% [9,10] (1.7)
Mg

When the net anisotropy field Ha is less than 0, the film has perpendicular magnetic anisotropy,
meaning that its magnetization points out of plane. The exact expression for Kes will take on
slightly different forms depending on the growth direction and the crystallographic easy axis.
Note that for all stoichiometric rare earth iron garnets except PrsFesO12, K1 < 0 and the
crystallographic easy axes are the <111> family of directions. The exact solutions of eq. (1.7)
have been worked out for cubic films grown along the (100), (110) and (111) orientations.[4] For
most rare earth iron garnet films, the value of Ky is low and the dominant anisotropy terms come
from its shape and stress. Therefore, perpendicular magnetic anisotropy in these materials is
mostly a competition between the shape and magnetoelastic terms.

It is easier to attain perpendicular magnetic anisotropy in certain rare earth iron garnets
than others. The reason for this is that perpendicular magnetic anisotropy depends on the
crystalline anisotropy, magnetostriction constants and Ms of the material. Each material therefore
requires a different amount of in-plane strain for a given orientation of film. Some materials
require such high strains that it causes nonuniform strain relaxation to take place within short
thicknesses of films, such that the average strain in the film is too low to produce enough

magnetoelastic anisotropy to overcome the shape anisotropy. For this exact reason, producing



perpendicular anisotropy in YIG films is very difficult. A summary of the K1, A, and 4nMs
values for most rare earth iron garnets is provided in Table 1.1.

Table 1.1: Magnetostriction and cubic anisotropy coefficients for various rare earth iron garnets.

Compound K1 (erg/cm?) [5] | Azoo (x10©) [6] | A1z (x10°) [6] | 4mMs (G) [40]
Y3FesO12 -6,000 -1.30 -2.25 1800
LasFesO12 ~-6,000 -- -- --
PrsFesO12 +4,200 -- -- 2065
Nd3zFesO12 -15,000 -- -- 2080
SmaFesO12 -13,000 21.0 -8.45 1680
EusFesO12 -31,000 21.0 1.85 1170
GdsFesO12 -6,000 0 -3.00 57
ThsFes012 -8,200 -3.25 12.0 200
DysFesO12 <-5,000 -12.4 -5.80 380
HosFesO012 <-5,000 -3.90 -3.30 880
ErsFesO12 -6,900 2.05 -4.80 1240
TmsFesO12 -7,000 1.45 -5.10 1400
YhsFes012 -3,400 1.50 -4.45 1560
LusFesO12 -5,200 - -- 1820

1.1.3. Review of Perpendicular Magnetic Anisotropy in Rare Earth Iron Garnets

The rare earth iron garnet (REIG) films were extensively studied for bubble domain
memory applications in the 1970°s owing to their ability to produce perpendicular magnetic
anisotropy (PMA) in response to interfacial strain. The rare earth iron garnets proved more
capable at producing perpendicular anisotropy than most materials because of their wide range of
magnetostriction coefficients [6] and because their strain relaxes over relatively large distances,
typically on the order of 10’s of nanometers. This body of work showed that their perpendicular

magnetic anisotropy could be tuned via controlling the amount of strain in the film. In recent



years, the rare earth iron garnets have received renewed scientific attention from the spintronics
community in part because of their ability to produce perpendicular anisotropy, which is a
requisite for many spintronics devices and low dissipation spin current conduction pathways.[41-
44]

Many different rare earth iron garnets have been able to produce perpendicular magnetic
anisotropy as a result of lattice mismatch strain. Their perpendicular anisotropy has been
successfully tuned via growing films on different single crystal substrates, using different
substrate orientations, varying film thickness, and sometimes through stoichiometric
modification. To date, the rare earth iron garnets that have produced perpendicular magnetic
anisotropy include yttrium iron garnet (Y1G), samarium iron garnet (SmIG), europium iron
garnet (EulG), terbium iron garnet (TblG), dysprosium iron garnet (DyIG), thulium iron garnet
(TmIG), highly substituted manganese:YIG (Mn:YIG), highly substituted bismuth:YI1G
(Bi:Y1G), and highly substituted cerium:Y1G (Ce:YI1G). It is worth mentioning that one
theoretical study also suggests the possibility of PMA in holmium iron garnet (HolG) when
epitaxially grown on (111) oriented gadolinium gallium garnet (GGG), terbium gallium garnet
(TbGG) or yttrium aluminum garnet (YAG) substrates, although this has yet to be
experimentally verified.[9]

A thicker film with robust perpendicular magnetic anisotropy is often more valuable for
spintronics applications than a thinner one owing to its larger magnetic moment which enables
greater interaction with adjacent layers. There is typically a limit to how thick a film can be
grown with stress induced perpendicular magnetic anisotropy. This is because the stress energy
in a film scales with the strained volume, and at a certain strained thickness, it becomes

energetically more favorable to produce dislocations within the material. The lattice size of the



film approaches the unstrained lattice parameter as more dislocations are formed, i.e., the strain
relaxes. While higher average strains lead to larger anisotropy fields, greater strains more easily
cause dislocation formation, and can sometimes lead to nonuniformly relaxing strain. Therefore,
to maximize the thickness of a film with PMA, the film needs enough strain for the
perpendicular anisotropy to overcome the shape anisotropy, but not too high of strain as to cause
it to relax over small distances.

Due to its remarkably low spin damping, Y1G would be the ideal candidate for
spintronics studies, however, until recently, PMA was not possible in YIG due to a combination
of relatively small magnetostriction constants and the fact that interfacial strain relaxes over
shorter distances in Y1G than most other REIG’s. The earliest study to show PMA in YIG was in
a pulsed laser deposition (PLD) grown bilayer structure that involved first depositing a 2.5 nm
buffer layer of samarium gallium garnet (SmGG) on (111) oriented substituted gadolinium
gallium garnet (SGGG) followed by the growth of a YIG layer on top. These bilayer structures
showed clear PMA for thicknesses of YIG up to 20 nm, after which, PMA was lost.[10] Since
then, two more studies have been published showing PMA in YIG, both of which used off-axis
RF sputtering and a variety of substrates. The first of these studies found PMA in YIG grown on
(111) oriented gadolinium yttrium scandium gallium garnet (GYSGG) substrates for thicknesses
up to 15 nm, and also in Y1G grown on (111) oriented gadolinium scandium gallium garnet
(GSGG) for thicknesses up to 10 nm.[11] The last and most recent study to show PMA in YIG
showed PMA in thickness up to 20 nm when grown on either (111) oriented yttrium scandium
gallium garnet (YSGG) or SGGG, up to 40 nm on (111) oriented GYSGG, and up to 10 nm on
(111) oriented GSGG.[12] Despite the recent progress in YIG films, PMA in YIG is not as

robust as in other REIG systems, making it less suitable for certain applications.



Beginning from left to right across the lanthanide series of the periodic table, the next
REIG to exhibit PMA is SmIG. In the one study that could be found showing PMA in SmIG,
PMA was observed for thicknesses up to 30 nm when grown on (100) oriented gadolinium
gallium garnet (GGG) using PLD.[13] Continuing across the lanthanide series, the next REIG to
exhibit PMA is EulG. PMA has been observed in PLD grown EulG on (111) oriented GGG for
thickness up to 56 nm by two separate studies, the more recent of which being for a europium-
rich EulG.[14, 16] Another study shows weak PMA in PLD grown polycrystalline EulG on z-
quartz for thicknesses up to 49 nm, suggesting a way of incorporating EulG films with PMA into
traditional silicon-based electronics.[15] It should be noted that the previously mentioned study
is the only one covered in this section that did not have complete epitaxy in its films. Our own
work produced PMA in off-axis sputtered epitaxial EulG on (100) oriented GGG at a maximum
thickness of 102 nm.[37] This is the thickest EulG film reported with PMA to date.

The next REIG with PMA is TbIG. In two of the previously mentioned studies of EulG
on GGG, PMA was also observed in PLD grown TbIG on (100) oriented GGG for thickness up
to 100 nm, and for terbium-rich ThIG grown on (111) GGG using PLD for thicknesses up to 90
nm.[14,16] An earlier study showed robust PMA in 250 nm thick ThIG grown on (110)
GGG.[38] This is by far the thickest TblG shown with PMA, and remarkably, it exhibits a high
degree of mosaicity just like our 102 nm thick off-axis sputtered EulG films.[37] After TbIG
comes DyIG, which is also the most recently discovered REIG with PMA. In the single study
showing PMA in DyIG, PMA was found in PLD grown DyIG films up to 35 nm thick when
grown on either (111) oriented SGGG or (111) oriented GSGG.[25] That same study also
showed robust PMA in DyIG films deposited on silicon for thicknesses up to 39 nm, making

DyIG the simplest known REIG to incorporate into traditional electronics. The last of the un-



doped REIG’s to exhibit PMA is TmIG. The earliest known study to show PMA in REIG’s was
also performed on TmIG. That study claimed PMA in PLD grown TmIG on (111) oriented GGG
for thicknesses up to 350 nm, thus making TmIG the thicket REIG film with PMA to date. It
should be noted that this study provides no evidence regarding the robustness of PMA in terms
of the hysteretic squareness of the 350 nm film, although they do show reciprocal space maps
confirming highly uniform strain in the film.[18] Other studies have shown PMA in PLD grown
TmIG on (111) oriented SGGG and also on (111) oriented GGG, although these studies were for
films in the 10 nm range.[17,19] An off-axis sputtered TmIG film on (111) oriented GGG
showed PMA for a thickness of 9 nm.[35] More recently, one study even shows PMA in off-axis
RF sputtered TmIG grown on (111) oriented GGG for thicknesses up to 30 nm.[20]

All of the stoichiometrically modified REIG studies showing PMA involved heavily
substituted YIG. There are two primary methods of increasing PMA in YIG via atomic
substitution: (1) increase the magnetoelastic coefficient by substituting Fe** cations with other
magnetic atoms, and (2) adjust the in-plane strain by tuning the lattice parameter via substituting
Y3* cations with different sized atoms. The elastic stiffness coefficients and magnetic saturation
are also subject to changing as a result of modifying the stoichiometry. Both of these terms also
affect the magnitude of the stress-induced PMA, however, their roles were not as well explored.
Mn:YG is the only such material in which PMA was discovered by increasing the
magnetoelastic coefficients. Using combinatorial PLD, they showed clear PMA in films with
thicknesses up to 56 nm on (111) GGG for the composition Y3zMns.xFexO12 where X = 1.12.[21]
In Bi:Y1G, PMA was achieved via substituting Y3* with larger Bi®* cations, thus increasing its
lattice parameter. In the earliest Bi:YIG study, the presence of PMA was shown in PLD grown

Bi:YIG on (111) oriented YAG, although robust, squared magnetic hysteresis loops were not



observed.[23] The second study showed robust PMA in PLD grown Bi:YIG on (111) oriented

SGGG for thicknesses up to 30 nm for the composition BixY3.xFesO12 where X=1.[22] The final

study to show PMA in REIG’s was in Ce:YIG with the composition Ceo.s9Y 2.86F€4.55012 grown

with PLD on (111) GGG, however, this material isn’t very useful for most spintronics

applications because PMA was only observed at temperatures below -100°C.[24] A summary of

all of the discussed rare earth iron garnet films showing clear room temperature PMA is provided

in Table 1.2.

Table 1.2: A summary of the rare earth iron garnet films found in literature showing clear room

temperature PMA.

Material Substrate Maximum |- Deposition First author Reference
thickness method number

YIG 5;}5£T1)Sggg 20 nm PLD 3. Fu [10]
YIG (111) GYSGG 15 nm RF sputtering G. Li [11]
YIG (111) GSGG 10 nm RF sputtering G. Li [11]
YIG (111) YSGG 20 nm RF sputtering C.Y.Guo [12]
YIG (111) SGGG 20 nm RF sputtering C.Y.Guo [12]
YIG (111) GYSGG 40 nm RF sputtering C.Y.Guo [12]
YIG (111) GSGG 10 nm RF sputtering C.Y.Guo [12]
SmIG (100) GGG 30 nm PLD H. Yamahara [13]
EulG (100) GGG 56 nm PLD V. H. Ortiz [14]
EulG (100) GGG 102 nm RF sputtering | C. R. Warren [37]
Eu-rich EulG (100) GGG 56 nm PLD E. R. Rosenberg [16]
Polchrlyj/;sg\ lline z-quartz 49 nm PLD J. J. Bauer [15]
ThiG (100) GGG 100 nm PLD V. H. Ortiz [14]
ThIG (110) GGG 250 nm PLD N. Kumar [38]
Th-rich TbIG (111) GGG 90 nm PLD E. R. Rosenberg [16]
DyIG (111) SGGG 35 nm PLD J. J. Bauer [25]
DyIG (111) GsGG 35 nm PLD J. J. Bauer [25]
DyIG silicon 39 nm PLD J. J. Bauer [25]
TmIG (111) GGG 350 nm PLD M. Kubota [18]
TmIG (111) SGGG 10 nm PLD C. Tang [17]
TmIG (111) GGG 8 nm PLD C. O. Avci [19]
TmIG (111) GGG 9nm RF sputtering C.N.Wu [35]
™TmIG (111) GGG 30 nm RF sputtered C.N. Wu [20]
Mn:YIG (111) GGG 56 nm PLD C.T.Wang [21]
Bi:YIG (111) SGGG 30 nm PLD L. Souhmah [22]




1.2. Magnetic Damping

1.2.1. Introduction to Magnetic Damping

Magnetic damping, or spin damping, is a form of resistance experienced by unpaired
electrons bound within a ferro- or ferrimagnetic medium. As the orientation of an electron’s spin
orbital momentum changes, it experiences a damping like torque. This torque is analogous to
mechanical damping and involves the transfer of energy from the spin angular momentum to
microscopic thermal motion in the material.[7] The unitless term used to describe this damping
torque is called the Gilbert damping constant a. Gilbert damping is phenomenological in nature,
arising from interactions of an electron’s magnetization field with spin waves, eddy currents,
lattice vibrations and itinerant electrons.[7]

Historically, the Gilbert damping term emerged as a correction to the classical
magnetodynamic equation originally published by Landau and Lifshitz in 1935. The revised
form, called the Landau-Lifshitz-Gilbert (LLG) equation, was derived in 1955 when Gilbert

included the damping like term a. The LLG equation is expressed as follows:

Z—T=y(1+a2)MxH—MiSMxZ—T, (1.8)
where M is the magnetization vector, Ms is the magnetic saturation, vy is the gyromagnetic ratio
and H is the external magnetic field.[7] The damping term combines several different
mechanisms, such as magnon-phonon scattering, magnon-magnon scattering, eddy currents and
interactions with itinerant electrons. While the damping can be numerically determined in
accordance with the LLG equation, it depends as much on the intrinsic material itself as it does
on external factors such as its physical dimensions and proximity to external magnetic fields.

Furthermore, many materials contain defects, grain boundaries and other microstructural

variations which can inherently alter the type and abundance of damping mechanisms. Since
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damping depends on so many physical attributes, it is often simpler and more practical to
indirectly measure a given materials damping using a technique like FMR.

Spin damping determines the rate at which spin angular moments reorient and can reach
equilibrium.[8] Spin waves, or magnons, can travel over longer distances and with lower losses
in materials with low damping. Spintronics devices can therefore benefit from higher efficiency
when using low damping materials. The rare earth iron garnets have damping that is typically 1-2
orders of magnitude lower than most metals. In particular, YIG and LulG exhibit some of the
lowest known spin damping for any material, with o values as low as ~107°. In addition to their
ability to produce perpendicular magnetic anisotropy, low spin damping makes the rare earth

iron garnets a very attractive material for spintronics based research.

1.2.2. Review of Spin Damping in Rare Earth Iron Garnets

Considering that the central focus of this work is on rare earth iron garnets with
perpendicular magnetic anisotropy, this review only includes results from those REIG’s which
have successfully shown PMA. Furthermore, because bulk and single crystal spin damping
values often differ from their thin film counterparts, only thin film studies will be discussed here.
As findings are presented throughout this section, it’s important to keep in mind that many
factors effect spin damping. Defects, impurities, grain boundaries, and rough surfaces and
interfaces all tend to increase spin damping.[28] Additionally, damping is often higher in films
with PMA than those with an in-plane easy axis of magnetization. In general, as a film becomes
thicker and its strain relaxes, its damping approaches the intrinsic single crystal value of the
material, which provides a minimum bound on spin damping. However, PMA also disappears
when the strain sufficiently relaxes, therefore special attention should be given to the lowest

damping films for thicknesses at which PMA is possible.
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As the quintessential low damping material, it’s unsurprising that there are many reports
on damping in YI1G films. Several studies of PLD grown nanometric Y1G on GGG report spin
damping constants in the range of 2-5 x 10.[28-31] The lowest value found was 1.0 x 10 for
30 nm thick Y1G grown on (110) oriented GGG using PLD which the authors attributed to both
thermally annealing the substrates prior to deposition and using a very slow deposition rate of
0.09 nm/min.[27] Sputtered YIG films tend to have slightly larger damping values than those
grown by PLD since PLD offers more control over the deposition and growth.[32,33] However,
the quality of sputtered films is beginning to approach that of their PLD grown counterparts, with
one report showing a Gilbert damping of 6.13 x 10 in a 16 nm thick off-axis sputtered Y1G film
on (111) oriented GGG.[33] The damping of this last film is especially impressive when
considering its small thickness.

Going from left to right across the lanthanide series of the periodic table, the next REIG
to consider is EulG. In the first report of spin damping in EulG films, the authors measured a
Gilbert damping of 2.57 x 102 and 2.42 x 102 in Eu-rich EulG with PMA grown using PLD on
(111) GGG for thicknesses of 26 and 56 nm, respectively.[16] In a later study of EulG grown
using PLD on a variety of (111) oriented substrates showing no PMA, the damping was
insensitive to the varying amounts of in-plane strain and had an average value of 2.17 x 102 for
films with thicknesses near 50 nm.[45] The damping of our own off-axis sputtered EulG films
with PMA grown by off-axis sputtering on (100) GGG were substantially higher with values of
0.27 and 0.24 for 74 nm and 102 nm thick films, respectively. We believe that the damping of
our films is so much higher because they were likely oxygen deficient and contained atomic

point defects.
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Continuing across the lanthanides, the next material is DyIG, for which there is only one
report. In that study, damping in a 116 nm thick DyIG film deposited on (111) oriented GGG
using PLD was measured as 0.23.[34] The next and last of the un-doped REIG’s to consider is
TmIG. In a study of PLD grown 5.6 nm thick TmIG/Pt heterostructures on (100) GGG, the spin
damping was found to be on the order of 10- with no additional information given.[34] In a
separate study on off-axis sputtered TmIG on (111) GGG, a 9 nm thick film had its Gilbert
damping reported as 1.33 x102.[35] Both of these films are very thin yet PMA was seen in
TmIG at a large thickness of 350 nm [18], which suggest that lower damping may be possible in
thicker films.

Moving on to the stoichiometrically modified REIG’s, the next material to consider is
Bi:YIG. In a 30 nm thick PLD grown Bi:YIG on (111) oriented SGGG with the composition
BixY3.xFesO12 where X=1, a spin damping constant of 3.10 x 10 was measured.[22] This places
Bi:YIG on par with the damping of high quality YIG films, and remarkably, this Bi:Y1G sample
had PMA whereas the previously discussed YIG films did not. The next and final material to
discuss is Ce:YIG. For a PLD grown Ce:YIG film on (111) GGG with a thickness of 52 nm and
a composition of CeosY2sFesO12, the Gilbert damping was measured as 6.9 x10, possibly
indicating a higher intrinsic damping than what’s found in pristine YIG.[36] Unfortunately, no
spin relaxation studies reporting Gilbert damping could be found for SmIG, TbIG or Mn:YIG

films. A summary of the damping for all of the films discussed here is provided in Table 1.3.

1.3. Effects of Nonstoichiometry and Defects in Rare Earth Iron Garnet Films
There is a wide range in the reported properties of rare earth iron garnet films. For
example, EulG films produced by different groups have reported 4ntMs values ranging from 879

to 1565 G.[14-16,45,46] In comparison, the literature value for the 4nMs of bulk EulG is 1193
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Table 1.3: A summary of the room temperature spin damping constants reported for various rare earth
iron garnet films. This table only considers compositions for which perpendicular magnetic anisotropy

has been previously observed in.

Deposition

Material Substrate method t (nm) v} First author Reference
YIG (110) GGG PLD 30 1.0 x10* C. Tang [27]
YIG (111) GGG PLD 11 3.2 x10* Y. Sun [28]
YIG (111) GGG PLD 19 2.3 x10* Y. Sun [28]
YIG (100) GGG PLD 79 2.2x10* | M. C. Onbasli [29]
YIG (100) GGG PLD 70 5.0 x10* A. Krysztofik [30]
YIG (111) GGG PLD 20 | 23x10¢ | © ig};”y [31]
YIG (111) GGG | RF sputtering 10 1.0 x10°3 T. Liu [32]
YIG (111) GGG | RF sputtering 14 1.2 x10°3 T. Liu [32]
YIG (111) GGG | RF sputtering | 26 9.9 x10* T. Liu [32]
YIG (111) GGG | RF sputtering 16 6.1 x10* | J. T. Brangham [33]

Eu-rich EulG | (111) GGG PLD 26 2.6 x10? | E. R. Rosenberg [16]
Eu-rich EulG | (111) GGG PLD 56 2.4 x102 | E.R. Rosenberg [16]
EulG (111) GSGG PLD 25 1.6 X107 V. H. Ortiz [45]
EulG (111) GSGG PLD 50 2.5 x107 V. H. Ortiz [45]
EulG (111) NGG PLD 50 2.4 x107 V. H. Ortiz [45]
EulG (111) SGGG PLD 50 2.1 x107 V. H. Ortiz [45]
EulG (111) YSGG PLD 50 2.5 x1072 V. H. Ortiz [45]
EulG (111) GGG PLD 50 2.2 X107 V. H. Ortiz [45]
EulG (111) TGG PLD 50 2.3 x107 V. H. Ortiz [45]
EulG (111) YAG PLD 20 1.9 x107 V. H. Ortiz [45]
EulG (100) GGG | RF sputtering 74 2.7x10* C. R. Warren Tr_ucs:r\]/v%rk
EulG (100) GGG | RF sputtering | 102 | 2.4x10 | C.R.Warren T'_"a‘:"%rk
DyIG (111) GGG PLD 116 2.3 x10 J.J. Bauer [25]
TmIG (100) GGG PLD 5.6 ~10°% A. Quindeau [34]
TmIG (111) GGG | RF sputtering 9 1.3x10? C.N. Wu [35]
Bi:YIG (111) SGGG PLD 30 3.1x10* L. Soumah [22]
Ce:YIG (111) GGG PLD 52 6.9 x10* F. Mohmed [36]

G.[47] This shows that the magnetic saturation of EulG films can vary by as much as 30% from

the bulk value. For strained films, some of this variation can be explained by expansion or

contraction of the unit cell volume. However, deviation from stoichiometry can also result in

changes to the 4nMs. In the 30 nm thick off-axis sputtered EulG films by Guo et al., this was

demonstrated when the measured 4nMs decreased from 1564 G to 904 G as the Eu/Fe cation
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ratio decreased from 0.586 to 0.498.[46] A similar phenomenon was reported in off-axis
sputtered TmIG films by Wu et al.[20,35]

As the cation ratio changes, constitutional defects such as antisite defects or atomic
vacancies are likely to develop. These defects can affect the overall 4nMs in a few distinct ways.
First, the overall unit cell volume is likely to change as a result of nonstoichiometry and defects,
which directly affects the 4ntMs. Second, the presence of antisite defects between the iron and
rare earth ions can dramatically change the 4nMs since the garnet structure has two
nonequivalent magnetic sublattices belonging to Fe and a separate magnetic sublattice belonging
to Eu, and each ion has a different contribution to the overall magnetic moment.[1] Third,
oxygen vacancies can donate electrons to neighboring cations, reducing them from a +3 to a +2
oxidation state.[48,49] Different oxidation states have different effective radii and magnetic
contributions, both of which impact the overall 4nMs. All three of these effects could also
potentially impact the oxygen mediated superexchange, which effects the magnetic ordering and
thus the 47Ms.

In both of the previously mentioned examples of off-axis sputtered EulG and TmlG, the
4nMs, coercivity, lattice parameter and perpendicular field all changed with the rare earth:iron
(RE:Fe) cation ratio.[20,35,46] For each study, only one target was used to fabricate the films
with varying compositions. The compositional changes occurred as a result of the deposition
conditions. Specifically, both cases demonstrated that the RE:Fe ratio increased as the
longitudinal target to substrate distance increased. They argued that the less massive Fe ions are
more easily scattered away from the central sputtering axis than the heavier RE ions. While these

findings create interesting possibilities of tuning the stoichiometry and properties of a rare earth

16



iron garnet film via off-axis sputtering, it also complicates comparing films produced from
different groups and using different methods.

Growing films using PLD likely doesn’t change the cation ratio of the resulting film as
much as off-axis sputtering can, however, that only means that PLD films are likely better at
retaining the cation ratio of the target. If a PLD target is nonstoichiometric to begin with, that
suggests that the resulting films will also be nonstoichiometric. Furthermore, not many types of
rare earth iron garnet targets are commercially available for sputtering or PLD. Consequently,
most researchers fabricate their own rare earth iron garnet targets by a solid-state reaction of rare
earth and iron oxides. The phase compositions of the resulting targets are typically characterized
by XRD analysis. Oftentimes these home-made targets contain secondary phases of the
intermediary perovskite phase and constituent oxides, but the relative amount of each phase is
difficult to determine from XRD alone since many of the peaks overlap with one other. XRD of
powder or bulk specimens is also insensitive to small volume fractions of secondary phases.
Therefore, unless elemental analysis is performed on the target, the exact RE:Fe ratio of a target
is usually unknown.

In addition to the magnetic properties, defects and nonstoichiometry can also affect the
elastic behavior and structure of films. A common approach of determining the strain of rare
earth iron garnet films involves measuring the out-of-plane interplanar d-spacings using 26-6
XRD measurements. The out-of-plane strain is then calculated by assuming that the unstrained
film has the same lattice parameter as the reference value, and the in-plane strain is inferred from
elastic equations by assuming that the elastic stiffness constants of the film match the literature
values.[50] However, there are few reference values available in literature for many of the rare

earth iron garnets, and these assumptions are not always valid. For example, in the PLD grown
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EulG films by Ortiz et al., the in-plane strain calculated from 20-6 XRD measurements and the
elastic stiffness constants from literature was shown to systematically underestimate the true in-
plane strain as determined by asymmetric reciprocal space mapping by ~42%.[45] Unlike 26-6
scans, asymmetric reciprocal space maps directly measure both the in-plane and out-of-plane
interplanar spacings. Despite the large difference in elastic behavior, the theoretical
magnetoelastic response of these films calculated from literature values was only ~11% less than
was measured from FMR analysis.

Since the initial RE:Fe ratio of the target might deviate from a pristine garnet, and the
deposition and growth process might additionally alter the RE:Fe ratio or introduce point defects,
the unstrained lattice parameter of the film material inherently depends on the manner it was
fabricated. The off-axis sputtered EulG and TmIG films demonstrated that the lattice parameter
is in fact dependent on the RE:Fe ratio.[20,35,46] Similarly, our own oxygen deficient off-axis
sputtered EulG films were shown to have an intrinsic lattice parameter that was ~0.5% larger
than the reference value by using asymmetric reciprocal space mapping.[37] One problem that
arises is that it is practically very difficult to determine the intrinsic lattice parameter of a film. A
possible solution is to grow a thick enough film as to be considered a single crystal and then
directly measure its lattice parameter, however, this is both time and resource expensive.
Alternatively, if one knew the intrinsic elastic stiffness constants of the materials in the film, then
one could calculate the unstrained lattice parameter from the in-plane and out-of-plane d-
spacings. The elastic stiffness constants of the deposited film, however, are suspect to the same
sort of scrutiny and doubt as the lattice parameter. In the instance where there is a sample set of
uniformly relaxing films with different average strain values, it should be possible to determine

the elastic behavior of the as-grown films from the slope produced by plotting the out-of-plane
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lattice parameter versus the in-plane lattice parameter. As previously mentioned, asymmetric
reciprocal space maps directly measure both the in-plane and out-of-plane structures. With the
elastic response of the film known, it would then be possible to extrapolate the unstrained lattice
parameter of the films.

For properties like spin damping which are greatly affected by the surface quality,
crystallinity and defect concentration, it isn’t a surprise that the damping can vary amongst
samples made of the same material. However, this makes it more difficult to understand whether
slight differences in damping are caused by deviations in stoichiometry, defects, or something
else. It would seem that the field of epitaxially strained rare earth iron garnets has reached a point
where more widespread structural characterization is needed in order to better correlate magnetic
properties to crystal structure. In recent years, more researchers are using XPS to determine the
atomic composition of their films. This in itself provides much more information about the
material in a film, however, it doesn’t reveal the exact type and prevalence of defects.
Techniques like Mdssbauer spectroscopy would complement XPS data in a way that could help
reveal the types of defects in a material. Lastly, our own work has shown that 26-0
measurements are not sufficient for characterizing the in-plane strain of films, and that reciprocal
space mapping is necessary to accurately measure the strain of epitaxial films. The systematic
analysis of rare earth iron garnet films using these three techniques in addition to the more
typical FMR and AFM could aid in engineering low damping films with PMA and help better
explain why materials like Y1G have such lower damping than magnetically similar materials
such as EulG. A better understanding of the role of defects in rare earth iron garnets could

possibly enable tuning their properties in a similar way to doping of semiconductors.
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CHAPTER 2

Experimental Methods

2.1. Synthesis of Rare Earth Iron Garnet Nanopowders

2.1.1. A Review of Garnet Nanopowder Synthesis Routes

There are several commonly used methods for the synthesis of ceramic nanopowders,
including but not limited to the co-precipitation, sol-gel, spark discharge, spray pyrolysis, solid-
state reaction, reverse micellar, high-energy ball-milling and polymeric precursor processes.[1]
Depending on the composition of the synthesized material, certain methods might provide
advantages in terms of the morphology, particle size dispersion, grain size dispersion, yield or
phase purity of the resulting powder. In the case of synthetic garnets with the characteristic
stoichiometry AsBsO12, where A and B represent different cation species and O is elemental
oxygen, chemical routes such as the sol-gel [2,3,4,10], co-precipitation [11-13] and polymeric
precursor [5,6] methods have been successfully used for the synthesis of high purity garnet
nanopowders covering a wide compositional range. More traditional ceramic processing
techniques such as solid-state reaction and high-energy ball milling have also been successful at
producing sub-micron garnet powders but have proven difficult for attaining phase pure powders

with an average crystallite size below ~100 nm.[4,7,15]

25



1000 °C
* Fe,0, (PDF#00-033-0664)

¢ EuFeO, (PDF#00-074-1475)

Intensity (a.u.)
©0
3
o

20

Fig. 2.1: XRD patternts of EusFesO12 powders synthesized by Opuchovik et al. through a sol-gel route
and then heat treated in air at different temperatures for 10 h.[2] The bottom-most line pattern is a
reference EulG XRD pattern.

A common link between the established garnet nanopowder synthesis techniques
mentioned above is that the final step in which the garnet phase is formed is always a high
temperature heat treatment in air at a temperature between 700-1200°C. One of the main reasons
that such high temperatures are required is that several oxide phases, namely A203, B203, and the
orthoferrite perovskite ABO3, form prior to the garnet phase as the powder precursor undergoes
heat treatment. The appearance of these intermediary phases is well demonstrated in Fig. 2.1 by
the XRD patterns of a sol-gel EusFesO12 precursor that underwent heat treatments at different
temperatures. This phase evolution occurs because the cubic garnet structure is both very large
and complex, with some 8 formula units (160 atoms) per unit cell and lattice parameters in the
range of 11-13 A in length. In contrast, the oxide phases have much simpler symmetries and
shorter-range repetition than the garnet. Since the cations must diffuse over longer distances to

fully form the garnet structure, the aforementioned oxide phases will commonly be the first
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phases to develop from a precursor material with lower levels of long-range order. For a visual
comparison, the structures and lattice parameters of the Y3FesO12 and YFeOs unit cells are
shown in Fig. 2.2 and 2.3, respectively.

Of particular importance out of the different intermediary oxide phases is the ABOs
perovskite phase. For most scientifically or commercially relevant families of garnets, e.g., iron

garnets (AsFesO12), aluminum garnets (AsAlsO12), or gallium garnets (AsGasO12), the perovskite

Y3FesOq,

a=b=c=12376 A
Q=B=Y=90°

Fig. 2.2: a) Ball-and-stick, and b) polyhedron space-filling structural models of the yttrium iron garnet
(Y3FesO12) unit cell created using VESTA.[16]

YFeO,

Fig. 2.3: a) Ball-and-stick, and b) polyhedron space-filling structural models of the yttrium iron
perovskite (YFeOs) unit cell created using VESTA.[16]
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phase is one of the most thermally stable phases within a given A-B-O ternary system. Given
that it’s A:B cation ratio is relatively similar to garnet, the perovskite phase is normally present
as an intermediary phase during the synthesis of garnets. In addition, perovskite is often one of
the last remaining intermediary phases before the garnet is fully formed and it tends to be more
tolerant of defects than garnet. Under certain conditions, it is even possible to form a disordered
perovskite phase with an overall 3 A:5 B cation ratio like that of a garnet.[14] One other thing
worth noting is that because garnets are line compounds, the presence of a secondary oxide phase
in a fully reacted garnet powder is an indication that the overall stoichiometry of the as-
synthesized powder differs from the 3 A:5 B cation ratio of pristine garnet. An example phase

diagram of the Fe2Os — Y203 binary system is shown in Fig. 2.4 for reference.
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Fig. 2.4: A phase diagram of the Fe,Oz — Y03 binary system at atmospheric conditions.[17]
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The high temperatures required during heat treatment also means that the cations will
have increased diffusion rates during this step. This condition favors grain growth, particle
coarsening, and sintering, which collectively act to increase the average crystallite size and
broaden the particle size distribution of the synthesized powder. In order to limit the coarsening
effects and attain nanopowders with a narrow particle size distribution, it is then necessary that
the synthesis process somehow lowers the reaction temperature of the precursor, reduces the
initial particle or agglomerate size of the precursor, reduces the time required at elevated
temperature, limits the total number of cations that can combine into a given crystallite, or
ideally achieves some combination of these things. An optimized heat treatment would therefore
limit the powder’s exposure to high temperatures to just as long as it takes to fully form the
garnet phase.

The sol-gel, co-precipitation and polymeric precursor techniques have each been used to
produce garnet powders with average crystallite sizes as small as ~20 nm [2-6,10-13], whereas
the solid-state reaction and high-energy ball-milling methods struggle to make powders with
average crystallite sizes smaller than ~100 nm [4,7]. The main difference that makes the
chemical methods capable of producing smaller crystallites is that their precursor powders
distribute the cations in an organic matrix. The organic matrix both reduces the number of
cations in near enough proximity of each other to react into a single crystallite and creates more
space between individual crystallites, thus reducing the amount of interparticle diffusion,
coarsening and sintering that takes place during the heat treatment. Though the organic part of
the precursor burns off in an exothermic reaction during the calcining step, it usually occurs at
too low of a temperature and doesn’t produce enough thermal energy to initiate the garnet phase

formation. As such, the burning of the organic matrix doesn’t do much to directly decrease the
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temperature required to fully form garnet, but its impact on the precursor’s atomic structure
during the initial stages of synthesis does ultimately affect the final reaction temperature.

Solid-state reaction, or the ceramic method as it’s more commonly called, is a
challenging method to synthesize garnet nanopowders with. In this method, nanopowders of the
constituent oxides, A20z and B20s, are carefully mixed according to the ratio of 3 A203:5 B20:s.
The goal of mixing is to carefully coat particles of one oxide with the other, such that a coated
particle has the overall 3 A:5 B cation ratio of garnet. Mixing is commonly achieved through
ball-milling, sometimes leading to mechanosynthesis of the perovskite phase in between the two
oxide layers when the milling procedure provides sufficient energy.[15] The mixed oxide
powders then need to be heat treated for the type of cations concentrated near the core of the
particles to diffuse to the surface where the other type is concentrated and vice versa, and to
subsequently crystalize the powder into the garnet phase. The characteristic size of the resulting
powder is therefore dependent on the initial particle size of the milled powder prior to heat
treatment. Larger initial particles will require higher temperatures or hold times since the cations
will need to diffuse over longer distances than for smaller ones, creating conditions that favor
coarsening and sintering. Several issues make it difficult to attain single phase garnet
nanopowders through a solid-state reaction method, including but not limited to the size and
uniformity of the starting oxide powders, agglomeration of the mixed oxides, and interparticle
bonding of the milled powders. The ceramic method does excel, however, as a straight-forward
way of making micron sized garnet powders if the mixed oxides are simply heat-treated for a
long time at high temperatures.

High-energy ball-milling can also be used to break down a coarser garnet powder into a

finer one. There are several limitations to high-energy ball-milling, however, and the high-
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energy ball-milled powder always requires a heat treatment to remove any structural changes or
unwanted phases introduced by the milling process. Due to the amount of energy required to
break apart the garnet powder, the milling process regularly causes mechanosynthesis of the
perovskite phase since it is typically slightly denser and more stable at the higher pressures
experienced during high-energy ball-milling.[7,14,15] The ultimate size of the milled powder is
also limited by the fact that thermal energy produced from collisions during the high-energy ball-
milling can cause smaller particles to bond with other particles. The milling conditions such as
the ratio of media to powder, size and shape of the media, media material, rotational speed and
milling duration can all be optimized to create as small of particles as possible, but after heat
treatment, the garnet powders attained through this method still possess larger features than those
attainable through chemical routes. One other drawback to high-energy ball-milling is that the
milling media and jar are likely to introduce contaminants to the powder.

The sol-gel and polymer precursor routes share a lot of similarities with each other. For
both methods, the first step is to prepare a cation solution by dissolving nitrates in stoichiometric
3 A:5 B ratio in water. After this, the two methods start to differentiate. For the sol-gel method,
citric acid is next added to the nitrate solution before then drying it to form a precursor.
Sometimes for the sol-gel technique, a complexing agent such as ethanediol is also added to the
nitrate solution before the drying step. In a similar fashion to the use of citric acid in the sol-gel
technique, a polymerizing agent such as polyvinyl alcohol is added to the nitrate solution before
then drying it and reacting it at low temperature, typically between 200-300°C, to form the
precursor according to the polymer precursor method. For both routes, the pH might be
maintained at a low value by adding more citric acid or nitric acid, respectively. After their

respective drying steps, the precursors from both routes are subsequently broken down by
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grinding and then calcined in air at high temperature to form the garnet powders. Despite the
many similarities, there are certain benefits provided by choosing one over the other. It is usually
easier to get very small average crystallite sizes using the polymer precursor method when
compared to the sol-gel method, however, the sol-gel method tends to provide a more uniform
morphology and distribution of crystallite sizes. In addition, the polymer precursor method is
very good at forming a completely amorphous powder.[18]

The co-precipitation technique has several substantial differences from both the sol-gel
and polymer precursor routes. There is also far more variation of the chemicals used by different
co-precipitation recipes, with potential benefits or drawbacks to each unique recipe. For the co-
precipitation route, a common first step is to prepare a cation solution by dissolving nitrates or
chlorides in stoichiometric ratio in water. Different complexing agents, such as ammonia, NaOH
or dimethylformamide are next added to the solution. A certain pH is maintained in the solution
for a prolonged period of time in order to form a gelatinous cation containing precipitate. The
precipitate is then separated from the remaining solution and cleaned via centrifugation and
rinsing, and then dried to form a metal-organic precursor. The precursor is then ground and
finally calcined in air at high temperature to form the garnet powders. Extra chemicals and
chemical steps are occasionally required according to specific recipes, but in general, co-
precipitation synthesis follows the steps outlined above.

Each of the successful garnet nanopowder synthesis techniques discussed so far
ultimately depends on the thermal energy provided in a heat treatment as the driving force for the
atomic diffusion of cations. Aside from the diffusivity of the constituent cations, the
characteristic sizes and elemental distribution of the precursor material are other important

factors that determine the exact heat treatment conditions required to fully form garnet. Due to
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the fact that intermediary oxide phases typically form during the synthesis of garnet, methods
that either produce very small particles during the initial stages of the reaction of the precursor,
or in which the precursor consists of very small particles to begin with don’t need as high of
temperatures or hold times to fully form garnet. This is due to the simple reason that cations in
these types of precursors don’t need to diffuse over as long of distances. Methods that produce
an amorphous precursor or in which the precursor is atomically homogeneous also tend not to
require as high of temperatures or hold times for similar reasons. Bearing the above factors in
mind, the resulting morphology and microstructure of a garnet nanopowder is intimately linked
to the initial state of the precursor and the heat treatment it undergoes. To illustrate the extent to
which these factors affect the resulting powder’s microstructure, representative micrographs of
garnet powders as synthesized by the different methods discussed and with average crystallite
sizes close to 100 nm are shown in Fig. 2.5.

The three chemical routes presented, namely the sol-gel, polymer precursor and co-
precipitation methods, are all capable of yielding finely structured precursors with uniform
atomic mixing. Because of this, the chemical routes also produce finer structured garnet
nanopowders than the traditional ceramic processing techniques of high-energy ball-milling and
solid-state reactions. In addition to being inexpensive, the chemical synthesis routes also have
the added benefits of being less time-consuming and introducing far fewer contaminants than
traditional ceramic processing techniques. Of the three chemical routes discussed, both the sol-
gel and polymer precursor methods have fewer steps and simpler procedures than co-
precipitation. For these reasons, we chose to use the sol-gel and polymer precursor methods for
the synthesis of rare earth iron garnet nanopowders. In cases where we wanted very fine garnet

powders, we employed a polymer precursor route, namely the polymeric-steric entrapment
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method. In cases where we sought both a more uniform crystallite size distribution and powder

morphology, we instead used a citrate sol-gel synthesis method.

Fig. 2.5: SEM micrographs of garnet powders synthesized by different routes. a) Sol-gel synthesized
LulG with an average crystallite size of 115 nm[2], b) co-precipitated Y1G with an average crystallite size
of 115 nm[8], ¢) polymeric precursor synthesized Bi:YIG with an approximate average crystallite size of

120 nm[6], d) solid-state reacted YIG with an average crystallite size of 102 nm[4], and €) high-energy
ball-milled Y1G with submicron features[15].
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2.1.2. Polymeric-Steric Entrapment Synthesis of Rare Earth Iron Garnets

The polymeric precursor route used for the synthesis of Y3zFesO12 and YaxTma-x)FesO12
powders is the polymeric-steric entrapment method. This method bears many similarities to the
Pechini or polyol synthesis method, except that it uses simpler long-chain polymers such as
poly(vinyl alcohol) (PVA) or poly(ethylene glycol) to form the ceramic precursor. For our
specific method, we used PVA as our long-chain ceramic precursor carrier.

The first step of our polymeric-steric entrapment method is to prepare three separate
aqueous solutions of yttrium nitrate, iron nitrate and PVA. In the case of Y3u-x)TmaxFesO12
powder synthesis, an additional aqueous solution of thulium nitrate is also prepared. For the
aqueous nitrate solutions, a 1:1 mass ratio of the fully hydrated nitrate crystals to deionized water
is combined, sealed, and then stirred for a minimum of 12 hours with a magnetic stirrer. The
various cation nitrate materials used in these solutions were Y (NO3)3-6H20 (Aldrich, 99.8%),
Tm(NO3)3:5H20 (Aldrich, 99.9%), and Fe(NO3)3-9H20 (Aldrich, 99.95%). A 5 wt% aqueous
solution of PVA is then prepared by combining PVA powder (Aldrich) in deionized water,
sealing the solution, and stirring it for a minimum of 12 hours with a magnetic stirrer until the
PVA is completely dissolved. The PVA used had a molecular weight in the range of 9,000-
10,000 g/mol.

Once the various aqueous solutions are prepared, they can then be combined in the
correct ratios. Given a target mass of garnet powder to synthesize, the nitrate solutions are
carefully weighed and combined in a stoichiometric 3 RE:5 Fe cation ratio, where RE stands for
a rare earth element or yttrium. The mass of PVA solution needed depends on the total charge of
the cations in solution. The desired ratio is such that each negative valence from the -OH" groups

along the PVA molecules is balanced with 4 positively charged valences from the cations.[18]
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For PVA, this means that each vinyl alcohol molecule (CH2CH0) in the long PVA chains
should be balanced with a total charge of +4 from the cations. Based on this ratio, a mass of the 5
wt% PVA solution is weighed and then combined with the solution containing the iron and rare
earth nitrates. The pH of the solution is verified to be <1 to ensure that gelation does not occur in
the subsequent steps. If the pH is too high, some additional nitric acid may be added in order to
lower the pH. The resulting solution is sealed and stirred for a minimum of 12 hours with a
magnetic stirrer.

The cation and PVA containing solution is then unsealed and heated to 80°C while
stirring for a minimum of 12 hours until the majority of the water has evaporated and the
solution is a dark, nearly opaque brown-black color. At this point, the solution is then heated to
approximately 230°C while stirring for about 30 minutes. During this step, even more water and
volatile NOx molecules will evaporate from the solution, and the solution will become
progressively more viscous. As less evaporates from the solution, the solution can then be heated
to approximately 300°C. At around 250°C, decomposition of the PVA molecules occurs due to
dehydration [5] and there is a large outgassing of the remaining NOx in the form of brown
colored fumes. As the decomposition reaction progresses, the solution will become more and
more Viscous.

To attain nanosized powders, it is best to remove the resin from the heat when it is near
the viscosity of honey. At this point, it can be directly placed into a vacuum oven set at a
temperature of 125°C to complete the drying process. Drying in the vacuum oven will have
created and expanded pores in the resin, resulting in a crispy, aerated brown resin. A more
aerated and expanded resin with fine bubble structures throughout it will yield smaller crystallite

sizes in the final powder. The volume expansion that results from vacuum drying can be quite
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dramatic. Due to practical considerations such as the size of the equipment being used, this

means that there may be a tradeoff between the mass of powder that can be synthesized in a

single batch and the crystallite size of the resulting powder. The vacuum drying step plays a

critical role in the characteristic size, particle size distribution and repeatability of the resulting

powder.

Combine
RE(NO;); and H,0

Combine Fe(NO;);
and H,O0

Combine PVAand | <. 10, bours

H,0

Combine solutions
in 3 RE:5 Fe ratio

|

Evaporate excess
H,0 and NO,

|

Polymerize to form
resin

}

Evaporate remaining
H,O and NO,

Y

Grind and calcine to
form powder

]

Stir 12+ hours

Heat to 80°C and stir
12+ hours

Heat to ~300°C while
stirring

Vacuum oven at 125°C
for 24+ hours

Heat in tube furnace
in air

Fig. 2.6: Flow chart of the polymeric-steric entrapment method used in the synthesis of rare earth iron
garnet powders.

The vacuum dried resin is then broken apart and ground with mortar and pestle to from

the preceramic powder. The powder is then calcined in air to remove the organic material and
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oxidize the powder. A fully amorphous powder results if the heat treatment is done below the
crystallization point. At higher temperatures, the powder will start to crystallize and eventually
form garnet. The calcined powder is then usually reground using a mortar and pestle or ball-
milled to break apart agglomerations and particles that had begun to neck together. The entire

polymeric-steric entrapment process followed here is summarized in a flow-chart in Fig. 2.6.

2.1.3. Citrate Sol-Gel Synthesis of Rare Earth Iron Garnets

A citrate sol-gel method was used in the synthesis of Y-Fe-O and Eu-Fe-O powders ina 3
RE:5 Fe cation ratio characteristic of the rare earth iron garnets. There are significant overlaps
between the citrate sol-gel method employed here, and the polymeric-steric entrapment method
previously described. These differences arise from the use of citric acid as a gelling agent in the
ceramic precursor solution instead of the use of long-chain PVA as a ceramic precursor carrier.

The first step of our citrate sol-gel method is to prepare three separate aqueous solutions
of citric acid, iron nitrate, and yttrium or europium nitrate. For the aqueous yttrium and iron
nitrate solutions, a 1:1 mass ratio of the fully hydrated nitrate crystals to deionized water is
combined, sealed, and then stirred for a minimum of 12 hours with a magnetic stirrer. The nitrate
materials used in these two solutions were Y (NOz3)3-6H20 (Aldrich, 99.8%) and Fe(NO3)3-9H20
(Aldrich, 99.95%). The europium nitrate solution was prepared by first preparing anhydrous
europium nitrate crystals. The europium nitrate crystals were prepared by dissolving Eu203
powder (Alfa Aesar, 99.9%) in 70% nitric acid (Sigma Aldrich), such that there were at least 6
(NOs)” molecules in solution per every Eu®* ion. After the Eu2Os fully dissolved, all water and
excess (NO3) was evaporated from the solution by stirring with a magnetic stirrer and heating
the solution to 125°C, leaving behind solid white crystals of pure Eu(NOs3)s. The aqueous

europium nitrate solution was then made by adding deionized water to the as prepared anhydrous
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europium nitrate crystals, sealing it, and then stirring it for a minimum of 12 hours with a
magnetic stirrer. A ratio of approximately 20 g of deionized water per gram of dissolved Eu203
was used in the europium nitrate solution. The exact amount of water used in the various nitrate
solutions does not drastically affect this synthesis method since the water is evaporated in a later
step. For the citric acid solution, a 1:2 mass ratio of citric acid (Sigma Aldrich, 99.5%) to
deionized water is combined, sealed, and then stirred for a minimum of 12 hours or until the
citric acid is fully dissolved.

Once the various aqueous solutions are prepared, they can then be combined in the
correct ratios. Given a target mass of garnet powder to synthesize, the nitrate solutions are
carefully weighed and combined in a stoichiometric 3 RE:5 Fe cation ratio, where RE stands for
a rare earth element or yttrium. The mass of citric acid solution needed depends on the total
number of cations in solution. The desired ratio is such that each cation in solution is balanced
with three citric acid (HOC(CH2CO2H)2) molecules. Based on this ratio, a mass of citric acid
solution is weighed and then combined with the solution containing the iron and rare earth
nitrates. The resulting solution is sealed and stirred for a minimum of 12 hours with a magnetic
stirrer.

The cation and citric acid containing solution is then unsealed and heated to 80°C while
stirring for a minimum of 12 hours in order to evaporate out the excess water and volatile NOx
compounds and begin forming a metal-organic complex. The end result of this step is the
production of a brown colored cation containing gel, i.e., the namesake citrate sol-gel. This gel is
then directly placed in a vacuum oven at 110°C for a minimum of 36 hours, or until the gel has
fully dried and hardened into a solid, orange colored, cation impregnated ceramic precursor

xerogel. The xerogel is then broken apart and ground with mortar and pestle to form the
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preceramic powder. This powder is then calcined in air at high temperature for 12 hours to
remove the organic material, oxidize it, and ultimately crystallize it into a ceramic. We chose a
12 hour heat treatment for the powders synthesized via this method because it produced desirable
and repeatable results, but this time period can obviously be adjusted for different outcomes. The
calcined powder is then reground using a mortar and pestle or ball-milled to break apart
agglomerations and particles that had begun to neck together. The entire citrate sol-gel process

followed here is summarized in a flow-chart in Fig. 2.7.
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Fig. 2.7: Flow chart of the citrate sol-gel method used in the synthesis of rare earth iron garnet
nanopowders.
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2.2. Current-Activated, Pressure-Assisted Densification (CAPAD) of Bulk Ceramics

2.2.1. Introduction to CAPAD Processing

Current-activated, pressure-assisted densification (CAPAD) is a method of densifying
powders using the simultaneous application of pressure and an electrical current. The high
heating rates used in CAPAD, typical on the order of 100’s of °C/min, make it possible to
consolidate powders to full density much faster and at lower temperatures than traditional
methods such as hot pressing and pressureless sintering.[9] A typical CAPAD experiment only
takes approximately 20 minutes from beginning to end, as compared to the many hours required
by more traditional methods. Moreover, CAPAD processing can produce highly dense,
nanostructured materials that are nearly impossible to make using other methods, as will be
discussed later.

The CAPAD method has gone by several different names, such as spark plasma sintering
(SPS), field-assisted sintering technique (FAST), or pulsed-electric current sintering (PECS).
Each term ultimately describes the same form of processing whereby mechanical loads and high
electrical currents are simultaneously applied to densify powders. However, there is no concrete
evidence of the formation of sparks or plasma during CAPAD processing, and there are likely
other densification mechanisms involved besides just sintering. The term CAPAD more
accurately describes the two key components involved in this process, without omitting any key
densification mechanisms such as particle rearrangement.

Aside from the drastically reduced processing times of CAPAD, the high heating rates
provide other useful benefits by altering the dominant diffusion mechanisms involved in
sintering. Sintering is driven by a reduction in surface energy and involves both particle
coarsening and densification. One of the primary grain coarsening mechanisms, surface

diffusion, is more active at intermediary CAPAD processing temperatures than grain or volume
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diffusion. By quickly heating to the processing temperatures at which grain and volume diffusion
are more active, the material spends less time during which grain coarsening is the dominant
sintering mechanism.[9] This makes it possible to retain nanosized grains and features in bulk

samples processed using CAPAD.

Load

a é
Vacuum chamber
(typically water cooled) -

Top electrode

Spacers

Bottom
electrode

Fig. 2.8: (a) A schematic of the custom built current-activated, pressure-assisted densification (CAPAD)
apparatus, and (b) a photograph of the CAPAD apparatus during a densification experiment.[9]

A typical CAPAD apparatus involves a die and plunger set placed between two
electrodes which simultaneously apply pressure and electrical current. Powder is placed inside
the die and plunger prior to consolidation, which is densified into a bulk sample during an
experiment. The wide range of temperatures, pressures and heating rates experienced during
CAPAD processing places high demand on the die and electrode materials. Microstructured
graphite with a yield strength between 100 — 150 MPa is often the material of choice for both the
die and electrodes since it has high electrical and thermal conductivity, and its yield strength
actually increases at the temperatures experienced during CAPAD processing. Graphite is a

brittle material that reacts with atmospheric oxygen at elevated temperatures, so therefore the die
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and electrodes are housed within a water-cooled vacuum chamber to protect both the die and
user. A schematic of a typical CAPAD apparatus is shown in Fig. 2.8, and a schematic of a

graphite die and plunger set is shown in Fig. 2.9.
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Fig. 2.9: A cross-sectional schematic of a typical graphite die and plunger setup used to densify powders
using CAPAD.[9]

Once the powder filled die is loaded into the CAPAD apparatus and the vacuum
chamber’s atmosphere is evacuated, the CAPAD experiment can begin. First, the mechanical
load is applied at a constant rate until reaching the maximum load. The maximum load is then
held while an electrical current is applied to heat the die and sample at a constant rate. Once the
maximum temperature is reached, the temperature is held for a duration of time during which
most of the densification occurs. At the end of the hold time, the electrical current is decreased or

turned off and the die and sample cool. Once the die and sample have cooled to ~200°C or less,
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the load is then removed at a constant rate. The six main user defined parameters are heating
rate, hold temperature, cooling rate, loading rate, hold pressure, and load removal rate. A
schematic of a typical CAPAD experiment illustrating the main user defined parameters is

shown in Fig. 2.10.
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Fig. 2.10: A graphical overview of a typical CAPAD experiment illustrating the six main user
defined processing parameters: (1) heating rate, (2) hold temperature, (3) cooling rate, (4)
loading rate, (5) hold pressure, and (6) load removal rate.[9]

2.2.2 CAPAD Processing of Rare Earth Iron Garnets

Several different die setups were used to consolidate rare earth iron garnet powders. For
larger samples with a diameter of 0.750 in., a graphite die with an internal diameter of 0.760 in.
was used in conjunction with plungers that had a diameter of 0.750 in. To facilitate sample

extraction and prevent damage to the die and plunger set, the inside of the die and plunger
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surfaces adjacent to the powder were lined with graphite foil with a thickness of 0.005 in. YIG
and EulG samples were processed from ~2.00 — 3.00 g of powder at applied loads of 100 and
105 MPa using the 0.760 in. diameter graphite die. The powder was always prepressed inside the
die at 100 or 105 MPa for 5 minutes prior to the consolidation experiment. Loading rates of 35
MPa/min, heating and cooling rates of 100 - 200°C/min, hold temperatures of 800 — 1100°C and
hold times of 5 minutes were used with the 0.760 in. die. Because the 0.760 in. die used a
relatively large amount of powder, it was primarily used for PLD target fabrication. Most of the
PLD targets were fabricated by other lab members and are not discussed in this dissertation. The
only 0.750 in. diameter sample processed in this manner was an EulG sample fabricated by P.
Sellappan that was used as a PLD target for fabricating the films of Ch. 6.

The majority of the bulk samples presented in Ch. 5 were processed using smaller dies
with an internal diameter of 0.385 in. The smaller die produced samples with a diameter of 0.375
in., and used plungers with a diameter of 0.375 in. The inside surface of the 0.385 in. diameter
die and its plungers’ surfaces were lined with graphite foil in a similar fashion to the larger 0.760
in diameter die. The smaller die had an outer diameter of 0.750 in. and the whole setup was
inserted inside the 0.76 in.” diameter die for processing. The inside of the 0.760 in. diameter die
was lined in graphite foil in order to protect both die setups and facilitate extraction. Two
different 0.385 in. diameter dies were used. One was made of graphite, and one was made of
tungsten carbide cemented with Co. When using the graphite 0.365 in. die, 0.750 in. diameter
steel diffusion plates were inserted between the smaller plungers of the 0.385 in. die setup and
the 0.750 in plungers of the larger outer die. Similarly, cemented tungsten carbide diffusion

plates were used with the cemented tungsten carbide die setup.
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Y1G samples were processed from ~0.30 — 0.35 g of powder at applied loads of 100 MPa
using the 0.385 in. diameter graphite die. The powder was always prepressed inside the die at
100 MPa for 5 minutes prior to the consolidation experiment. Loading rates of 28 MPa/min,
heating and cooling rates of 100 - 200°C/min, hold temperatures of 800 — 1100°C and hold times
of 5 minutes were used with the 0.385 in. graphite die. The primary benefit of the cemented
carbide die is that it could apply much higher processing pressures. Its maximum temperature
was limited to 750°C, however, to prevent the onset of thermal creep deformation. Y1G samples
were processed from ~0.30 — 0.35 g of powder at applied loads of 100 — 500 MPa using the
0.385 in. diameter cemented tungsten carbide die. The powder was always prepressed inside the
die at 100 — 500 MPa for 5 minutes prior to the consolidation experiment. Loading rates of 28
MPa/min, heating and cooling rates of 100 °C/min, hold temperatures of 600 — 700°C and hold

times of 5 minutes were used with the 0.385 in. cemented tungsten carbide die.

2.3. Ferromagnetic Resonance (FMR) Measurement Techniques

2.3.1. Introduction to FMR

Ferromagnetic resonance is a method of measuring magnetic properties of a
ferromagnetic or ferrimagnetic material based on the processional motion of the unpaired
electrons bound within it. It is closely related to the technique of paramagnetic resonance and
bears many similarities to nuclear magnetic resonance as well. In a typical FMR measurement,
the sample is placed within a uniform applied field H. The total magnetic moment of the sample
then aligns along the direction of the effective field experienced by the sample, which depends
on its orientation and magnetic anisotropy. The external H field simultaneously causes Zeeman
splitting of the energy levels between the two spin states of the unpaired electrons according to

AE = gugm;B, (2.1)
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where g is the Landé g-factor, ug is the Bohr mangeton, m; is the component of the total angular
momentum lying in the direction of the applied field, and B is the magnetic flux density, defined
as

B = po(H + M), (2.2)
where po is the permeability of free space and M is the magnetization of the sample.

A second magnetic field is then applied perpendicular to the applied field H. The
perpendicular field usually comes from microwave frequency radiation or an electronic signal.
When the energy of the microwave matches the energy difference caused by the Zeeman
splitting, the microwave is absorbed by an unpaired electron, causing it to align parallel to the
perpendicular field direction. The energy of the resonant frequency fr is related to the Zeeman
splitting caused by the applied (resonant) field H according to

E = hfr, (2.3)
where h is Planck’s constant. The torque experienced from the external field then causes the
electron’s moment to start returning to its original position along a spiral path. As the moment
realigns to the equilibrium position, there is a damping force involving the transfer of energy
from spin angular momentum to microscopic thermal motion in the material.[19]

It is practically more difficult to vary the frequency of the microwaves while keeping the
microwave intensity the same, so in practice the microwave frequency is fixed during an FMR
measurement as the applied field is swept. The microwave absorption is observed as a
Lorentzian peak, which has a certain width that depends on both the magnetic uniformity of the
sample and its intrinsic spin damping. The lower the damping, the faster the moment returns to
its equilibrium position and can reabsorb, which results in a narrower FMR linewidth.

Conversely, wider linewidths result from higher damping in which the moment takes longer to
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return to equilibrium. Wider linewidths also result from more magnetic inhomogeneity within a
sample, which can possibly interfere with measuring the intrinsic properties of the material. For
this reason, FMR samples are typically prepared from spheres and films, for which the shape
anisotropy has a trivial solution.

The motion of the magnetization is described by the Landau-Lifshitz-Gilbert (LLG)

equation according to

M _ 2 _fmMxM
o0 = Y(L+ oM x H— =M x 2, (2.4)

where 7 is the gyromagnetic ratio and a is the Gilbert spin damping constant.[19] The intrinsic
spin damping of a material can be calculated from first principles in accordance with eq. (2.4),
however, this can be difficult for many materials since it combines several different mechanisms,
such as magnon-phonon scattering, magnon-magnon scattering, eddy currents and interactions
with itinerant electrons. Furthermore, many materials contain defects, grain boundaries and other
microstructural variations which might make it behave differently than models. It is often
simpler to indirectly measure a material’s Gilbert damping through a series of FMR
measurements conducted at different frequencies. In samples with high magnetic uniformity, the
linewidth increases linearly with frequency according to
AH = Z“T“fR+AHO, (2.5)

where AH is the FMR linewidth and AHo is the inhomogeneous contribution to broadening.[20]
The damping is then determined from the slope that results from plotting the FMR linewidth as a
function of resonant frequency fr, and the inhomogeneous broadening is determined from the y-
axis intercept.

As briefly mentioned earlier, the effective field experienced by a sample depends on its

magnetic anisotropy, meaning that the resonant condition of a sample also depends on its

48



magnetic anisotropy. The simplest case is for the resonance of a spherically shaped sample, in
which the shape anisotropy is equal in all directions. The resonant condition for a sphere is given
by

fr = LR (2.6)

2m’
where Hr is the resonant field.[21] The above equation is functionally equivalent to the Larmor
condition for resonant absorption. The case of an infinite planar sample, i.e., a film, is more
complicated than for a sphere since its shape anisotropy is directed entirely along the out-of-

plane direction. The resonant condition for a planar sample is given by

fr = LVBH. [22] 2.7)
It is important to note that B and H vary with position and orientation within the sample
depending on its magnetic anisotropy. For samples in which the magnetization lies fully within
the plane of the film, eq. (2.7) reduces to

fr = L /AR o), (2.8)

where Megt is the effective magnetization, given by

AnMett = 4nMs - % [22] (2.9)
For samples in which the magnetization is directed fully out-of-plane of the film, such as for
epitaxially strained films with large perpendicular anisotropy fields, eq. (2.7) reduces to
fr = L(Hg — 4TMeg). [23] (2.10)
In addition to the Gilbert damping and inhomogeneous broadening of a sample, FMR
measurements can be used to determine many other magnetic properties. The magnetocrystalline
anisotropy coefficients can be determined from angle dependent FMR measurements, and the

stress induced anisotropy fields and g-factor can be extracted from frequency dependent FMR

measurements [25,26], to name a few examples. FMR analysis can also precisely determine the
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magnetization direction in films. Because of its wide-ranging versatility, FMR is a popular

characterization method for the study of magnetic materials.

2.3.2. FMR Measurements Using a Microwave Cavity

Cavity type FMR apparatuses irradiate the sample with microwaves, typically within the
frequency range of 1 — 35 GHz. The sample is suspended within a microwave cavity under
vacuum, located between the poles of an electromagnet. The intensity of transmitted microwaves
is measured and recorded, and the absorption of the sample is measured from the change in
transmission. The raw collected signal is Lorentzian in shape, although typically the data is
output as the derivative of the raw absorption curve. From the derivative of the absorption, the
resonant field position can immediately be identified from the horizontal intercept, and the
linewidth can be measured from the difference between the maximum and minimum derivative
values. For well-behaved materials with clear resonances, the data from cavity type FMR’s is
often the simplest to analyze. Cavity type FMR setups do have some limitations, however. The
sample size is limited to what can fit within the microwave cavity, and furthermore, the available
frequencies are limited by the resonant frequencies of the microwave cavity itself. Thus, not all
cavity type FMRs are capable of performing frequency dependent FMR measurements, but they
can usually perform angle dependent FMR measurements. Cavity type FMR’s can also measure
any shaped sample that fits inside of it, and not just flat samples like co-planar waveguide setups

can.

2.3.3. FMR Measurements Using a Co-Planar Waveguide
Co-planar waveguide FMR apparatuses expose the sample to a magnetic field arising
from a high frequency electric signal, typically within the range of 1 — 70 GHz. Samples need to

have a flat surface in order to measure them with co-planar waveguides. As such, this method is
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almost exclusively used for the analysis of films. The flat face of the sample is placed flush with
the surface of the waveguide. Typically, a thin electrically insulating layer such as Kapton tape is
inserted between the waveguide and the face of the sample to prevent any current from entering
the sample. The waveguide and sample setup is then oriented within the poles of an
electromagnet. A high frequency signal is applied across the waveguide as the external field is
swept, and the resulting signal is collected with a vector network analyzer. The FMR absorption
is measured as an attenuation of the transmitted signal. The signal background is carefully
subtracted from the raw data and the resulting absorption signal is fit with the sum of a
Lorentzian and an antilorentzian function representing the real and imaginary components of the
FMR signal, respectively.[24] The resonant field position and linewidth are then extracted from
the fit parameters. While the data analysis is more complicated when using co-planar waveguide
type FMRs, the benefit of these setups is that they can typically perform both angular and
frequency dependent FMR measurements. Waveguides can also be manufactured over a wide

range of dimensions, making it possible to measure different sized films using this technique.

2.4. High-Resolution X-Ray Diffraction of Single-Crystal Films

2.4.1. Introduction to X-Ray Diffraction

X-ray diffraction (XRD) is one of the primary ways of identifying and characterizing the
crystal structure of material. Specifically, XRD is sensitive to the interplanar spacings withing a
crystal. When a crystal is oriented within a focused beam of x-rays such that the diffraction
conditions are met, a portion of the beam is diffracted which can be collected as an intensity
signal. The interplanar spacing that diffracted the light can then be precisely calculated from that
signal. Provided that the material does not fully absorb a given frequency of light, any

wavelength of light can satisfy the diffraction condition. Diffraction is maximized when the

51



wavelength of light is less than or equal to the aperture width. The main reason that x-rays are
used is that their wavelengths are on the same size scale as atoms (i.e., ~10°m = 1 A), thus

giving them a high degree of spatial resolution with respect to interplanar spacings.

Fig. 2.11: A two-dimensional schematic of first-order x-ray diffraction occurring from a crystallographic
plane according to Bragg’s law.[27]

The Xx-ray diffraction condition is known as Bragg’s law, and is expressed as
n\ = 2dsin0, (2.11)
where n is the diffraction order, A is the wavelength of light, d is the interplanar spacing, and 0 is
the angle made between the crystal plane and the diffracted light. A two-dimensional schematic
of first-order x-ray diffraction by a crystalline plane in accordance with Bragg’s law is presented
in Fig. 2.11. Modern cabinet style X-ray diffractometers are geometrically designed around
Bragg’s law. A schematic representation of an x-ray diffractometer equipped with a goniometer

that has five principal axes of rotation is shown in Fig. 2.12. Essentially, the five angles are
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controlled to achieve diffraction from crystallographic planes with different orientations within a
sample. These angles are necessary for performing a variety of structural measurements on single
crystal samples, and they have standard names and definitions that are used to quantify and

compare measurement resu Its.

X-ray Detector
source

Incident e

optics <l Egtciiisving

Fig. 2.12: A three-dimensional schematic of a sample in an x-ray diffractometer equipped with a
goniometer that has five principal axes of rotation, similar to the set-up of a Rigaku SmartLab
diffractometer.[28]

The five axes’ angles are 20 (or 6), ®, @, 20y, and x. The 20 angle is simply two times the
diffraction angle 0, which was previously defined as the angle made between the crystal plane
and diffracted beam. Standardized XRD measurements use the angle 26 because earlier detectors
were designed using 26 as the detector angle. o is the angle made between the incident beam and
the focal plane of the XRD detector. Note that the focal plane is independent of the sample and is
defined by the common plane that results from an incident beam that is diffracted and then
received by the detector. The focal plane will contain a component of both the incident and
diffracted beams, and then a second shared plane will contain an orthogonal component of both

the incident and diffracted beams. ¢ is the azimuthal rotation angle of the sample around a
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vertical axis that pierces the center of the focal plane. 20y is analogous to the 20 angle, but with a
key difference. Specifically, 20y is used to measure interplanar spacings that are aligned in-plane
of a sample. 20y is then defined as the angle made between an in-plane oriented crystallographic
plane and the diffracted light. The 20y angle is most useful for in-plane measurements of flat
samples, i.e., films and substrates. Finally, the y angle is analogous to the ¢ angle except that it
rotates around a horizontal central axis that pierces the center of the focal plane. Unlike o,
however, the y angle is usually manipulated by rotating the optics of the detector with respect to
the sample.

For powder or bulk polycrystalline samples with randomly oriented grains, some of these
angles are redundant and don’t provide any extra information. Single crystals, films, and textured
samples, however, have higher degrees of symmetry that require more control over the XRD
optics. Aside from the five goniometer angles just discussed, there are also physical detector
parameters that can be independently adjusted. Examples of these parameters include sample
stage tilt angles Rx and Ry, and sample stage height Z. Rx, Ry and Z-position are specifically
used to better align the sample, and to compensate for differences in sample height and substrate
miscut angles.

As previously mentioned, x-rays are chosen for crystal diffraction because their
wavelengths are on the same size scale as atoms. Characteristic x-rays can be emitted from a
variety of source materials, such as Mo, Cu, Co, Fe or Cr, each with a unique emission spectrum
of their own. The most commonly used x-ray source for inorganic materials characterization is
elemental copper. A graphical representation of the x-ray emission intensity as a function of
wavelength is shown in Fig. 2.13 for a typical Cu target. The high intensity and nearly

monochromatic Cu Koy radiation is the specific emission used in XRD experiments. As Fig. 2.13
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shows, however, there are other high intensity wavelengths near the Kay peak emitted from the
Kp and Kay absorption edges. Oftentimes in powder diffractometry, most of the lower
wavelength emissions are absorbed by inserting a Ni-filter in the path of the beam. This method
of monochromating produces diffraction patterns with split peaks resulting from the slight
difference in wavelength from the Koz and Kaz emissions. For high resolution XRD
measurements more typically used on epitaxial films, the beam is narrowly monochromated
around the Kas wavelength. One method of achieving better levels of monochromation is to use
pairs of highly polished single crystal (220)-oriented Ge mirrors. While using mirror-based
monochromators results in higher precision XRD measurements than Ni-filters, their use also

results in a dramatic reduction of signal intensity.
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Fig. 2.13: A graphical representation of the typical x-ray emission emitted by a Cu target plotted as a
function of wavelength. Axes are not drawn to scale.
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For an ideal crystal, the diffraction peak intensity curves possess a Lorentzian shape with
respect to 6 and the analysis of interplanar spacings according to Bragg’s law is straightforward.

However, real physical materials always contain some level of disorder from things like grain
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boundaries, free surfaces, strain, point defects, or dislocations. XRD is sensitive to all forms of
structural disorder that lead to changes in the distributions of interplanar spacings. The statistical
nature of XRD makes it a versatile method of materials analysis beyond just phase identification.
For example, the size of nanopowders can be correlated with XRD peak FWHM measurements
[30], the level of residual stress in milled powders can be analyzed and compared with XRD
FWHM’s [31], the texturing of metal alloys can be quantified with relative changes in XRD peak
intensities [32], and strain relaxation can be precisely measured in epitaxially strained films and
correlated to a gradient in density of dislocations by using techniques like reciprocal space
mapping.[33] The breadth of XRD analysis is so vast that comprehensive books exist for many

of the specific applications just mentioned.

2.4.2. 20-0 Measurements

20-0 scans are a specific form of 20-w scan in which the incident angle ® is made
identical to the diffracted beam angle 6 through careful alignment of the sample. Once the
sample is aligned, the measurement is performed by sweeping the incident and receiving optics
up and around the sample at the same angular rate while measuring the intensity of collected x-
rays. The experimental setup for this form of measurement is geometrically analogous to the
representation of diffraction according to Bragg’s law in Fig. 2.11, and it specifically measures
interplanar d-spacings that are directed out-of-plane of the focal plane of the detector. For
powders, the alignment process is a straightforward manner of preparing a flat sample and
placing its top surface flush with the focal plane of the detector. The sample alignment is more
involved for an epitaxial single crystal film. In the case of the film, the upper crystallographic
planes near the surface of the film and parallel to the interface with the substrate must be aligned

to the focal plane of the detector. Since the film is often much smaller by volume than the

56



substrate and it may contain a broad range of interplanar d-spacings, it is practically easier to
achieve good alignment by aligning to the substrate itself.

To align to the single crystal substrate parallel with the focal plane of the XRD, you first
need to determine the 260 position given by its out-of-plane oriented interplanar d-spacing which
is closest to the d-spacing you wish to measure in the film. With the incident and receiving optics
in the zero positions, first sweep the sample stage height Z-position to identify and set the Z-
position for the top surface of the sample. Then set the receiving angle to the given 20 position of
the substrate, and the incident angle to the corresponding @ = 6 position. Proceed to align the
sample by performing sweeps across the sample stage tilt angles Rx and Ry, adjusting their
values to the maximum peak value after each sweep. The purpose of optimizing the Rx and Ry
angles is to compensate for any miscut angle present on the substrate itself. Iterate through this
process of optimizing the Z-position, Rx and Ry until the signal from the substrate is maximized
and highly symmetric in shape. If it isn’t very symmetric, then the actual 26 value of the
substrate is likely slightly different than the reference value, and you may need to sweep and
optimize the 20 value in addition to the stage alignment values.

After the epitaxial film is aligned, the 26-6 scan can be collected. 26-0 scans of single
crystalline films are collected in much the same way as they are for powder samples. The largest
difference is that all possible planes can be measured in a powder sample with randomly oriented
crystallites, whereas only those crystallographic planes parallel to the alignment plane can
possibly be measured in a single crystal. Therefore, it is usually only necessary to measure
relatively narrow 20 ranges around the possible peaks. It is generally a good idea to measure
across both the film and substrate peaks, and to measure each of the peaks that are present given

the type of sample and its orientation.

57



2.4.3. Rocking Curve Measurements

Rocking curve measurements are performed by aligning the diffraction angle 26 of the
receiving optics to the location of a diffraction peak, and then measuring the intensity of
collected x-rays by sweeping the incident angle ® while keeping the 26 angle fixed. While this
measurement provides information about the out of-plane d-spacings in a film, it is
fundamentally different information than a 20-6 scan. Furthermore, rocking curves aren’t
typically performed on powder or bulk polycrystalline specimens like 26-6 scans because they
wouldn’t provide much useful information about their structures.

Rocking curves are a method of measuring the distribution of tilt angles, i.e., mosaic tilt,
within highly oriented samples such as epitaxial films. The crystallographic d-spacings that are
aligned out-of-plane with respect to the focal plane of the diffractometer coincide with the peak
center of a rocking curve at ® = 0. Any intensity of diffracted x-rays measured at positions other
than ® = 0 result from crystallographic d-spacings that have an additional tilt angle. Wider
rocking curve peaks indicate a higher degree of mosaicity. The primary figure of merit for a
rocking curve is the FWHM of the peak, which is used as a convenient way to quantify the
degree of mosaic tilt within a material.

To collect a rocking curve of an epitaxial film’s peak, the sample must first be aligned in
the same way as done for a 20-0 measurement in the previous section. Then a 20-0 scan is
collected across the given film peak from which its 20 peak position is determined. The
diffraction angle 20 of the receiving optics is aligned to the film’s peak position, and then the
rocking curve is collected by measuring the intensity of collected x-rays while keeping the 20

angle fixed on the film’s peak center and sweeping the incident optics angle o across the peak
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position. Typically, the o range of a rocking curve is small and a scan range from 6 — 0.4° to 6 +

0.4° is large enough to fully capture it.

2.4.4. Reciprocal Space Mapping

Reciprocal space mapping is a technique that is exclusively used to study the structure of
epitaxial films. There are two types of reciprocal space maps, symmetric and asymmetric, and
their interpretations and uses are both complimentary and distinct to each other. Both types of
measurements are two-dimensional space maps about a given crystallographic peak, both are
collected by iteratively performing several coupled 20-m scans at different @ offsets, and both are
plotted and analyzed in reciprocal Q-space according to the same transformation matrix. The
differences result from the fact that symmetric reciprocal space maps are collected about
diffraction peaks arising from planes with the same orientation as the substrate, i.e., diffraction
peaks that can be measured with a standard 20-6 measurement, whereas asymmetric reciprocal
space maps are collected about peaks arising from planes with a different orientation than the
substrate and cannot be measured with a standard 260-0 measurement.

The processes of collecting symmetric and asymmetric reciprocal space maps are mostly
similar, except that asymmetric scans require extra alignment steps. For both techniques, the first
step is to align the substrate of the sample parallel to the XRD focal plane according to the
method described in the 20-0 measurement section. At this point, the symmetric scan is ready to
be collected, however, the asymmetric scan needs subsequent alignment to the offset peak
position before it can be collected. To align to the asymmetric peak position, the diffraction
angle 20 is set to the position corresponding to the d-spacing of the asymmetric peak, and the
incident angle o is set to a position that is offset by an angle t as determined by the angle

between the symmetric and asymmetric planes, i.e. ® = 0 + 1. Depending on the crystallographic
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system, the equation for determining 7 is different. For a cubic system, the relationship for 1 is
given by

hihy+kikp+1;1,

COST = (2.12)

\/hlz+k12+112\/h22+k22+122’
where (h1kil1) and (h2 k2 12) are given by the Miller indices of the symmetric and asymmetric
places, respectively. It is important to note that the possible asymmetric planes are limited by the
physical constraints of the XRD system being used, and to those mutual planes shared between
the film and substrate that are both detectable to XRD, i.e., that aren’t hidden planes. With 20
and o set to the asymmetric position, perform a full sweep of the sample rotation angle ¢ and set
¢ to the highest intensity peak. Depending on the n-fold rotational symmetry of the asymmetric
plane in question, there should be a total of n peaks with respect to ¢. Iteratively sweep the
sample stage tilt angles Rx and Ry, and rotational angle ¢ one at a time, setting their position to
the highest intensity position after each sweep. Once the peaks become symmetric and stop
changing intensity, the sample is fully aligned. If the peaks aren’t very symmetric, then the actual
lattice parameter of the substrate is likely different than the reference value, and the 20 and ®
angles will need to be iteratively swept and optimized in addition to Rx, Ry, and ¢.

Once the sample is aligned to the symmetric or asymmetric peak, the reciprocal space
map is collected by taking a series of coupled 20-w scans that each cover the same 26 range but
have a different o offset value o . A coupled 20-w scan is performed by sweeping the incident
and receiving optics up and around the sample at the same angular rate much like a 20-0 scan,
the only difference is that the incident angle ® need not equal 0, and has a value given by ® =0 +
o . The offset values used should be evenly spaced, such that uniformly spaced points are
collected within the entire two-dimensional space produced from the range of 20 values and o

values. The specific ranges of 20 and o are determined by the positions of the substrate and film
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peaks and should be made large enough to capture the entire peaks. Equivalently, the reciprocal
space map can be collected as a series of rocking curve measurements at evenly spaced 20 steps
over the desired range. The resulting data is then mapped to reciprocal Q-space using the
following relationships:

Qx = 3(cos(20-w)—cosw); (2.13)

Qz = ;(sin(26-w)+sinw), (2.14)
where A is the wavelength of x-rays.[29] Alternatively, Qx and Qz can be expressed in reciprocal
lattice units by multiplying the expressions in (3.13) and (3.14) by the bulk lattice parameter of
the film material. A two-dimensional representation of the accessible peak positions for an
epitaxial (0001)-oriented hexagonal film in reciprocal space is shown in Fig. 2.14. Examples of
the two-dimensional scan regions are highlighted in red and blue for symmetric and asymmetric
reciprocal space maps, respectively.

To create the reciprocal space maps, the Q-mapped intensity data is then plotted in log
scale as a function of Qx on the x-axis and Qz on the y-axis. In both the symmetric and
asymmetric reciprocal space maps, Qz is interpreted in a similar way. Qz is a projection of the
out-of-plane component of the interplanar spacing along the out-of-plane direction of the sample.
However, Qx has a somewhat different interpretation depending on whether it’s from a
symmetric or asymmetric measurement. In both cases, Qx is a projection of the in-plane
component of the interplanar spacing onto the symmetric plane, i.e., the plane that is oriented
with the substrate. For an asymmetric scan, the projection corresponds to an individual direction
and interplanar spacing within the symmetric plane. However, for a symmetric scan, there is not
a corresponding interplanar spacing within the symmetric plane. Instead, the Qx component of a

symmetric peak is related to the degree of tilt in the growth direction of the film with respect to
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Fig. 2.14: A cross section through reciprocal space for an epitaxial (0001)-oriented hexagonal film. The
diffractometer is aligned to the symmetric 26-0 position of the (0004) peak, as evidenced by the position
of the scattering vector S and the edge of the Ewald sphere. The bottom plane of atoms represents the
plane of atoms in regular space. The space bound between the greyed-out regions and the outer semicircle
represents the reciprocal space mapping accessible peaks. The blue region is an example of the two-
dimensional space measured by a symmetric scan about the (0006) peak position, and the red region is an
example of the two-dimensional space measured by an asymmetric scan about the (1015) peak
position.[29]

the substrate. In this way, Qx of a symmetric scan can be interpreted in a similar manner as ®
from a rocking curve. Deviation from Qx = 0 in a symmetric scan indicates variation in the
mosaic tilt angle of the film. Unlike a rocking curve, however, a symmetric reciprocal space map
measurement contains tilt information for a wide range of d-spacings within the film.

Symmetric reciprocal space maps are useful for understanding how the mosaic tilt angle
changes with out-of-plane d-spacing. Given enough information about the strain relaxation in a

film, the tilt angle and out-of-plane d-spacings can then be correlated to a depth from the film’s

surface. Asymmetric reciprocal space maps directly measure both the in-plane and out-of-plane
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lattice parameters of the film and are useful for understanding the strain and relaxation behavior
in a film. When combined, symmetric and asymmetric reciprocal space maps provide large
quantities of information about the structure of a film. The major drawback to reciprocal space
maps is that they are time intensive to collect and analyze, but due to their two-dimensional
nature, they contain much more information than standard 26-6 and rocking curve measurements
provide. While the Qz of symmetric scans and both the Qx and Qz of asymmetric scans
correspond to individual interplanar spacings in reciprocal space, determining the exact planes
can be tricky and depends on the exact crystallographic plane that was aligned to. It is often more
straightforward and less error prone to determine the strain from a film’s Q-position in relation to
the theoretical Q-position calculated for the identical plane in an unstrained material with a
known lattice parameter, i.e., the reference material. From these strain values, the physical length

of a film’s in-plane and out-of-plane d-spacings or lattice parameters can easily be determined.
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CHAPTER 3

CAPAD Processing of Bulk YIG Ceramics

3.1. Background and Motivation

The growing body of research of epitaxial rare earth iron garnet films requires high
quality PLD and sputtering targets in addition to a variety of single crystal garnet substrates.
Many types of rare earth iron garnets are simply not available in target form, forcing those
wanting to create and study films to fabricate ceramic targets of their own from commercially
available powders. While individually made targets can be used to produce highly crystalline
epitaxial films, the microstructure of a target impacts both the quality of the resulting films and
the degree of control over the deposition process. Anecdotally, thin film researchers claim that
targets with higher relative densities and smaller grain sizes produce higher quality films. Many
commercial companies specializing in equipment related to thin film deposition and fabricating
targets make the same claims on their websites. However, there aren’t many systematic studies
proving these claims in the available scientific literature. One study by Reza at al. shows that
using a sputtering target with smaller grain sizes produces films with larger grain sizes.[14]
These results suggest that using targets with small grain sizes should enhance the ability to grow
epitaxial films.

Yttrium iron garnet (YIG) is the quintessential low spin-damping material. The crystal
and magnetic structure of YIG is analogous to the rare earth iron garnets, and yttrium itself is
chemically very similar to the rare earth elements. There is also a vast amount of scientific
literature on the properties of YIG in both bulk and thin film form, making YIG the ideal
candidate for demonstrating a new method of fabricating a dense, finely structured rare earth iron

garnet target. While there exists a large amount of scientific literature on the synthesis of
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nanograined YIG powder, there are few studies published on the fabrication of bulk nanograined
YIG. Many of the difficulties faced when synthesizing nanograined YIG powder previously
discussed in the methods section not only carry over to the fabrication of bulk nanograined Y1G
ceramics but are exacerbated by the high temperatures and hold times need to create them. This
type of processing invariably leads to a high degree of grain growth, making it difficult to retain
nano-sized features in bulk form.

To date, one of the most successful attempts at producing a bulk nanograined Y1G
resulted from reactive spark plasma sintering (SPS) of an amorphous precursor synthesized via a
polymeric precursor method at a processing temperature of 750°C.[2] The best sample that came
out of this study was phase pure garnet according to XRD, had a relative density of ~94%, an
average grain size of ~100 nm, and a Ms value of 26.6 emu/g, which is only about 5% lower than
what’s typically reported for bulk Y1G. These samples were very close to realizing a fully dense,
single phase, bulk nanograined YIG, but as the SEM image in Fig. 3.1 shows, this method also
resulted in some trapped porosity located within the interiors of grains. Unfortunately, the
magnetic properties of these samples were not thoroughly characterized beyond VSM and
Mdossbauer, and as of early 2019, there are no other published reports on the fabrication of bulk
nanograined YIG of similar or better quality.

Aside from the potential applications as a PLD or sputtering target, a dense, bulk
nanograined YIG would be scientifically interesting in itself. This is especially true since it has
proven so difficult to produce, and as such, there are very few reports containing property
measurements for such a material. Of particular interest are the effects of small grain size on
both the spin dynamics and spin transport in YIG. Perhaps magnon confinement, analogous to

phonon confinement, could be observed at or near room temperature where the magnon thermal
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Fig. 3.1: A representative SEM micrograph of a fractured surface of the bulk nanograined YIG produced
via reactive SPS at 750°C by Gaudisson et al.[2]

mean free path is on the order of tens of nanometers.[1] Similarly, the thermal transport of
magnons can be further investigated when phonon confinement plays a role at reducing the
thermal conductivity due to phonons. Other phenomena involving standing spin waves within
nano-sized grains might also emerge in samples with narrow grain size dispersions. While the
technological importance of such studies is not yet known, the results would be worthy of

investigation.

3.2. Synthesis and Consolidation of YIG Powders at 100 MPa
The objective of this study is to fabricate a dense, single phase and finely structured
polycystalline YIG via CAPAD of powders synthesized via the polymeric steric entrapment

method. YIG powders were first synthesized according to the polymeric-steric entrapment
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method as described in the powder synthesis portion of the methods section. The resulting metal-
organic preceramic powder underwent simultaneous thermogravimetric and differential scanning
calorimetry (TGA/DSC) in air using a TA Instruments SDT-600, which is shown in Fig. 3.2. The
TGA-DSC analysis revealed several low temperature exothermic reactions centered at
approximately 280°C, 330°C and 380°C as evidenced by upwards pointing peaks in the red
colored heat flow curve. In the black colored curve that pertains to the percentage of the initial
weight of the measured sample, the largest weight loss occurs in the region from approximately
230-390°C where the sample decreases from ~91% of its initial mass to ~57%. These results
indicate that the majority of the organic material burns off before 400°C. After 500°C, the mass
remains nearly constant, only dropping from ~56% of its weight at 500°C to ~54% at ~770°C
where another exothermic reaction is observed in the heat flow curve. From this point on, the
mass remains at a constant value up through the maximum measurement temperature of 1100°C,
indicating that all organic material has been fully removed.

The sharpest peak in the heat flow curve is centered at 763.5°C, which was later
confirmed by XRD to be the crystallization point of this powder. A calcining temperature sweep
was then performed on the preceramic powder to evaluate the phase evolution of the powder and
determine the proper calcining conditions. A small amount of precursor was first calcined in an
alumina boat in a tube furnace in air at 1300°C for 12 h, which is both a higher temperature and
longer hold time than is necessary to fully react the powder. This step was taken to verify that
stoichiometry of the precursor was in the correct 3 Y:5 Fe ratio since YIG is a line compound
and secondary phases would appear alongside the garnet if the powder was stoichiometrically
off. A certain degree of interdiffusion took place between the powder in direct contact with the

alumina boat as evidenced by a red discoloration of the boat, however, according to XRD and
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Fig. 3.2: Simultaneous TGA-DSC analysis of the metal-organic YIG precursor powder synthesized
according to the polymeric-steric entrapment method. The black curve pertains to the percentage of the
initial weight of the sample, whereas the red curve pertains to the net heat flow in and out of the sample.

VSM analysis, this did not significantly affect the structure or magnetic properties of the
calcined powder. After repeated usage of the boat to calcine YIG powders, the color of the
interior of the boat remained constant and the interdiffusion of aluminum and iron was assumed
to have slowed and to not significantly impact the quality of the calcined powders. After
verifying that the fully reacted precursor only forms garnet, small portions of precursor were
then calcined in the same alumina boat in a tube furnace in air from 700°C to 1200°C in 100°C
increments for 30 minutes each, using a heating rate of 10°C/min.

The structural compositions of the powders calcined at different conditions were

evaluated with XRD analysis using a PANalytical Empyrean Series 2 diffractometer. The results
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of the powder XRD measurements are shown in Fig. 3.3. Powder calcined below the
crystallization temperature of 763.5°C resulted in amorphous powder, as clearly shown by the
near total lack of crystalline peaks in the XRD pattern collected for the powder heat treated at
700°C. As expected, the powders calcined above the crystallization temperature were fully
crystalline and exhibited diffraction peaks consistent with the Y-Fe-O ternary system. The
diffraction pattern of all powders calcined below 1200°C contained peaks consistent with the
garnet phase in addition to relatively small peaks consistent with the perovskite phase, YIP,
indicating that these powders are composites comprised primarily of YIG with a lesser amount of

YIP.
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Fig. 3.3: XRD measurements of YIG powders synthesized via the steric-entrapment method and calcined
in air at various conditions. Published XRD patterns for the garnet phase (ICSD coll. code 33931) and
perovskite phase (ICSD coll. code 258501) are shown at the bottom of the graph for reference.
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Since the XRD of the fully reacted powder proves that the overall cation ratio is nearly
identical to 3 Y:5 Fe, the presence of YIP indicates that there should also be some iron oxide
present, likely in the form of a-Fe;Os. For every three formula units of YFeOs (YIP) there
should be one formula unit of Fe2Os in order to maintain the correct overall stoichiometry. Since
YFeOs and Fe>O3 have similar volumes per formula unit, this means that diffraction peaks from
Fe>O3 should be observed at approximately one third the overall intensity of the YIP peaks,
however, clear Fe;O3 peaks are not observed for two reasons. The first reason is that the overall
volume of any Fe>Os phases and thus their diffraction intensities would be very small in these
powders since the overall volume of the YIP phase was shown to be small according to XRD.
The second reason is that the primary diffraction peak position of Fe;O3 (26 = 33.180°) overlaps
very closely with that of YIP’s (20 = 33.171°), and similarly, the secondary diffraction peak
position of Fe>O3 (20 = 35.641°) overlaps closely with that of YIG’s (26 = 35.510°). As a result,
it is difficult to detect any Fe>Os present in the as-synthesized powders from XRD alone.

According to the XRD results of Fig. 3.3, the powder calcined at 800°C contains the
largest fraction of the intermediary YIP phase by volume. As the calcining temperature
increases, the peaks associated with the perovskite phase decrease in area, indicating that relative
amount of YIP phase decreases with calcining temperature. The primary YIP peak is still barely
visible in the 1100°C treated powder, but it is no longer detectable with XRD in the 1200°C or
1300°C powder, meaning that the garnet phase was fully formed by calcining at 1200°C or
higher. The diffraction peaks also become narrower as the calcining temperature increases. This
observation is to be expected because higher calcining temperatures produce larger grain sizes

and higher levels of crystallinity, both of which result in narrower diffraction peaks.
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Fig. 3.4: XRD measurements of bulk YIG samples consolidated using CAPAD at an applied pressure of
100 MPa from powders synthesized via the polymeric-steric entrapment technique. The XRD pattern of
the as-synthesized powder prior to densification is also presented for comparison. Published XRD
patterns for the garnet phase (ICSD coll. code 33931) and perovskite phase (ICSD coll. code 258501) are
shown at the bottom of the graph for reference.

Y1G powder calcined at 900°C for 30 minutes was chosen to be consolidated into bulk
form in a 3/8 in. graphite die using CAPAD processing according to the method described in the
current-activated, pressure-assisted densification portion of the methods section. This powder
was chosen as a trade-off between phase purity and small grain size, since according to XRD it is
nearly single phase garnet, and its grains didn’t grow as large as for the powder calcined at
higher temperatures. All samples were processed with a hold time of 5 minutes at the target

densification temperature, with heating and cooling rates of 200°C/min, and a uniaxially applied
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pressure of 100 MPa. Prior to consolidation, the powder was pre-pressed at 100 MPa for 10
minutes. Processing temperatures of 900°C and 1000°C were each used because 900°C was the
lowest temperature at which high density Y1G was consolidated in prior CAPAD studies.

XRD measurements of the bulk samples and the powder used in their consolidation are
presented in Fig. 3.4. The XRD results show that the sample consolidated at 900°C has partially
converted into the perovskite phase, and that the sample consolidated at 1000°C is mostly
perovskite phase, with smaller amounts of Y1G and iron oxide phases present. Prior to
deposition, the powder was a bright green color consistent with pure YIG, however, both of the
consolidated samples are black in appearance. Several pieces of evidence indicate that both the
change in physical appearance and the conversion to the perovskite phase are related to oxygen
vacancies. The environment created during CAPAD processing is highly reducing and has been
documented to reduce Fe®* ions in ferrites to Fe** via oxygen vacancy formation.[3-5] In other
internal studies, black colored bulk YIG samples containing the unwanted Y IP phase were
restored to green and converted back to YIG by high temperature heat treatments in air. XRD of
the sample before and after annealing is presented in Fig. 3.23. The densities of the samples were
measured using the hydrostatic weighing technique. Both of the consolidated samples had
relative densities in the range of 90-96%, although a precise value is difficult to determine due to
the mixed phase composition of the samples. An SEM micrograph of a fractured surface of the
sample consolidated at 900°C is shown in Fig. 3.5. The micrograph shows several grains with
sizes in the range of 300-400 nm, and several regions of trapped porosity within the grains.

The magnetic hysteresis loops of the two samples in addition to the initial powder were
measured using a Lakeshore 7400 Series VSM. The hysteresis data is normalized by mass and

presented in Fig. 3.6. All samples had small coercivity values increasing from 9.9 Oe in the
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Fig. 3.5: An SEM micrograph taken of a fractured surface of a bulk sample consolidated using CAPAD
from powder synthesized via the polymeric steric entrapment technique. The initial powder was heat
treated at 900°C for 30 min in air, and sample was processed at 900°C with CAPAD with a hold time of 5
minutes and applied pressure of 100 MPa.

powder to 51.6 Oe in the bulk sample processed at 1000°C. Aside from this, the magnetic
behavior of the samples varied continually with increasing perovskite content. The hysteresis of
the as-synthesized powder matches that of other pure Y1G powders, and has an Ms value of 26.5
emu/g and classic soft magnet shape. The bulk sample that was consolidated at 900°C has a
slightly lower Ms value of 23.5 emu/g and still has a soft magnet shape, but it also possesses an
unsaturated slope at applied fields greater than 2000 Oe. The sample consolidated at 1000°C has
the lowest Ms value of 17.2 emu/g and has a decidedly less square shaped hysteresis than the
other two samples, with an even steeper unsaturated slope than the 900°C sample. The change in

hysteretic behavior is well explained by the different compositions. The perovskite crystal is a
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canted antiferromagnet with weak magnetic behavior that requires very high field to saturate.[6]
Samples with more perovskite phase therefore have a lower Ms and a larger unsaturated slope to
their hysteresis curves. A summary of the magnetic and physical properties of the samples is

provided in Table 3.1.
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Fig. 3.6: Magnetic hysteresis measurements of two bulk YIG samples consolidated using CAPAD at an
applied pressure of 100 MPa from powders synthesized via the polymeric-steric entrapment technique, in
addition to the as-synthesized powder prior to densification.

This study revealed two key issues with producing a dense, single phase and finely
structured polycystalline Y1G via CAPAD of powders synthesized via the polymeric steric
entrapment method. Both of these issues revolve around the formation of the unwanted YIP

phase. The first problem is that the synthesis method requires high calcining temperatures in
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excess of 1100°C in order to fully convert the intermediary oxide phases into garnet, resulting in
substantial grain growth in the attained powder. The other major issue is that the reduction of
YIG during CAPAD processing converts YIG into an oxygen deficient perovskite phase. High
temperature annealing of a CAPAD processed sample in air can reoxygenate it and convert it
back into the desired YIG phase, however, this results in additional grain growth of the bulk
sample as well. Adjusting the CAPAD processing conditions to densify at a lower temperature
would both mitigate the reduction of YIG during processing and lessen the grain growth of the
resulting samples. Similarly, adjusting powder processing conditions to produce a finer-

structured YIG powder would also result in smaller grain sizes in CAPAD processed samples.

3.3. Consolidation of Commercial YIG Powders at 100 — 500 MPa

The purpose of this study is to determine whether the application of higher pressures can
reduce the densification temperature of YIG during CAPAD processing. In many ceramics, the
use of higher pressures during CAPAD processing has been demonstrated to lower the
temperature required to attain highly dense bulk nanometric ceramics.[7,8] For the case of
CAPAD processing of YIG, a lower consolidation temperature would reduce the rate of grain
growth during processing and also help mitigate the reduction of YIG that occurs at higher
processing temperatures. The grain size of the initial powder does not play as significant of a role
at affecting the densification temperature for monodispersed ceramic powders with comparable
morphologies, meaning that our in-house synthesized powder should densify at comparable
temperatures to most commercial Y1G powders. Therefore, we chose to use commercially
available Alfa Aesar (99.9% REO) YIG powder for this study.

Before consolidation, the powder was low-energy ball milled for 10 h using 7.5 mm YSZ

cylinders in a mass ratio of 1 powder: 10 media. Ultra-high purity water was used as a milling
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Fig. 3.7: A representative SEM micrograph of the ball milled, sieved and 450°C annealed Alfa Aesar
YIG powder prior to CAPAD consolidation.

medium in a mass ratio of 2 powder: 1 H>O. The milled powder was then centrifuged, dried at
125°C, and then sieved with no. 100 mesh (150 um). The sieved powder was then briefly
annealed at 450°C in air for just 1 minute. A representative SEM micrograph of the as milled,
sieved and annealed Y1G powder is shown in Fig. 3.7. The average grain size of this powder was
found to be 2.96 + 1.74 um through manually measuring SEM micrographs using ImageJ
software. The YIG powder was then consolidated in a 3/8 in. cemented tungsten carbide die
setup using CAPAD processing according to the method described in the current-activated,
pressure-assisted densification portion of the methods section. Nine separate Y1G samples were

fabricated at processing temperatures of 600°C, 650°C or 700°C with applied pressures of 100
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MPa, 300 MPa or 500 MPa, hold times of 5 minutes, and heating and cooling rates of
100°C/min. Prior to densification, the powder was pre-pressed at the respective processing

pressure for each sample for a duration of 10 minutes.
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Fig. 3.8: XRD measurements of bulk YIG samples consolidated using CAPAD at an applied pressure of
500 MPa from ball milled, sieved and annealed Alfa Aesar powder. The XRD pattern of the as-processed
powder prior to densification is also presented for comparison. Published XRD patterns for the garnet
phase (ICSD coll. code 33931) and perovskite phase (ICSD coll. code 258501) are shown at the bottom of
the graph for reference.

The structural compositions of the bulk samples and the as-processed Alfa Aesar powder
were evaluated with XRD analysis using a PANalytical Empyrean Series 2 diffractometer. The

results of the powder XRD measurements for the samples processed at 500 MPa are shown in

Fig. 3.8. The composition of the sample processed at 600°C and 500 MPa did not change from

(]
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the initial powder, which according to XRD is mostly YIG phase with a barely detectable
amount of the impurity YIP phase. As the processing temperature of the 500 MPa samples
increased, so did the relative amount of YIP phase detected with XRD. The XRD plot reveals
one more interesting thing about these samples. Typically for stable materials, as the CAPAD
processing temperature of a sample increases the average grain size also increases, and as a
result, XRD peaks will tend to narrow. However, these samples exhibit the opposite trend, where
the XRD peaks grew broader as the processing temperature increased. This phenomenon is likely
caused by phase decomposition of the garnet phase during higher temperature CAPAD

processing. A photograph of the three samples processed at 500 MPa is shown in Fig. 3.9. The

600°C 650°C 700°C

Fig. 3.9: A photograph of the three bulk Y1G samples consolidated at an applied pressure of 500 MPa
from ball milled, sieved and annealed Alfa Aesar powder at processing temperatures of 600°C, 650°C and
700°C, respectively.

600°C sample is the same bright green color as the initial powder, but the other samples became
darker as the processing temperature increased. In contrast to the 600°C sample, the 700°C one is
nearly black in appearance. Since these samples retain a mostly garnet phase, this likely means

that the darkening is a result of oxygen deficiency caused by the reducing environment of

CAPAD at higher temperatures.
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Fig. 3.10: A plot of the measured densities versus processing temperature of the bulk YIG samples
consolidated with CAPAD processing from ball milled, sieved and annealed Alfa Aesar powder. The
densities of the YIG and YIP phases are plotted as straight lines for reference. The 600°C processed
samples attained at pressures of 100 MPa and 300 MPa did not have the handling strength to be
measured.

The densities of all CAPAD processed samples were measured using the hydrostatic
weighing technique, except for the two that were processed at 600°C for 100 MPa and 300 MPa.
The densities of the two samples just mentioned couldn‘t be properly measured because they did
not densify at those conditions, and as a result they lacked the necessary handling strength. A
plot of the density of the samples versus processing temperature is shown in Fig. 3.10. In

general, the samples show positive trends between density and processing temperature, and

between density and processing pressure, however, the sample processed at 700°C and 100 MPa
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is somewhat of an outlier, with a density ~3.5% less than the one processed at 650°C and 100
MPa. It’s unclear why this sample doesn’t follow the same density trends as the other samples,
but it may simply be the case that this sample wasn’t prepared as well as the other samples in this
study.

The phase compositions of the samples were quantified via the XRD peak area integral
ratios between the primary YIP peaks (20 = 33.171°) and primary YIG peaks (20 = 32.327°),
such that an integral value of 0 represents a fully garnet material according to XRD. For samples
containing more perovskite phase, the peaks were deconvoluted and fit with Lorentzians in order
to accurately determine the peak areas. For most samples, however, the peaks were sufficiently
separated to simply subtract the measurement background and then integrate them. The YIP/YIG
integral ratios of all samples in addition to the Alfa Aesar powder are plotted versus processing
temperature in Fig. 3.11. This plot reveals several key trends about the phases of these samples.
First, it shows that all samples processed at 600°C possess the exact same composition as the
starting powder, but all samples processed at higher temperatures contain a higher fraction of
YIP phase. The plot also reveals positive trends between the relative amount of YIP phase and
the processing temperature, and between the relative amount of YIP phase and the processing
pressure. It is also interesting to notice that the separation distance between the integral ratios at
a fixed temperature increases with the processing temperature, indicating that the decomposition
of the garnet phase during CAPAD increases with both the processing temperature and pressure.

This study successfully demonstrated the application of higher pressures to lower the
densification temperature of YIG powders using CAPAD. From XRD analysis and density
measurements, it was determined that CAPAD processing of YIG at 650°C and 500 MPa for a

hold time of five minutes and using a heating rate of 100°C/minute can yield bulk samples in
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Fig. 3.11: A plot of the XRD peak area integral ratios between the primary YIP and YIG peaks versus
processing temperature of the bulk Y1G samples consolidated with CAPAD processing from ball milled,
sieved and annealed Alfa Aesar powder. The integral ratio of the Alfa Aesar YIG powder is plotted as a

straight line for reference.

excess of 95% relative density, while simultaneously not significantly increasing the amount of
YIP phase in the resulting sample. This processing temperature is much lower than the 900°C
needed to consolidate YIG powders at 100 MPa, and should be beneficial at reducing grain
growth during processing. In a somewhat surprising result, XRD analysis of these bulk samples
revealed that in addition to higher processing temperatures, higher processing pressures also lead

to a higher rate of YIP phase formation during CAPAD processing.
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3.4. Synthesis and Consolidation of YIG Powders at 500 MPa

As an extension of the previous two studies on CAPAD processing of YIG, namely the
consolidation of YIG powder synthesized via the polymeric-steric entrapment route at 100 MPa
and the consolidation of commercial YIG powder at 100-500 MPa, the purpose of this study is to
fabricate a dense, single phase and finely structured polycystalline YIG using 500 MPa CAPAD
processing of powder synthesized via the polymeric-steric entrapment route. While the latter
study determined a lower temperature CAPAD processing condition at 500 MPa that can
produce bulk samples in excess of 95% relative density while not significantly increasing the
amount of YIP phase, the commercial powder used to make the bulk samples for that study
contained a small amount of the impurity YIP phase and had a relatively large average grain size
0f 2.96 pm. The former study showed, however, that we can synthesize phase pure garnet
powder with much finer features than the commercially available powder using the polymeric-
steric entrapment method. Therefore, we chose to use our in-house synthesized powder as the
starting material from which to fabricate dense, single-phase, finely structured bulk YIG.

In previous attempts to synthesize phase pure Y1G powders using the polymeric-steric
entrapment technique, a small portion of the intermediary YIP phase persisted in the heat-treated
powders until high calcining temperatures were used. The XRD plot of the synthesized powders
calcined at different conditions in Fig. 3.3 shows that a calcining temperature of 1300°C was
required in order for no YIP phase to be detected by XRD. Even after calcining at 1200°C, the
primary YIP peak is still barely visible to XRD. This means that the powder must be heat treated
at high temperatures in order to remove any intermediary phases and form phase-pure powder,
which has the unintended consequence of coarsening the powder and growing its grains. To

mitigate this effect, we decided to further refine the as-synthesized powder through water
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quenching and subsequent ball-milling. The purpose of the water-quenching is two-fold. First,
the quenching will rapidly lower the temperature of the powder, thus decreasing the amount of
time it spends at elevated temperatures at which grain growth occurs more rapidly. The second
reason is that stresses resulting from the rapid thermal contraction experienced by the powder as

it is submerged in water should enhance its ability to break down using ball-milling.
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Fig. 3.12: XRD measurements of Y1G powder synthesized via the polymeric-steric entrapment technique
and given different heat treatments with a calcining temperature of 1200°C. Published XRD patterns for
the garnet phase (ICSD coll. code 33931) and perovskite phase (ICSD coll. code 258501) are shown at
the bottom of the graph for reference.

Powders calcined at temperatures ranging from 800-1300°C underwent water quenching
and XRD analysis. The structural compositions of the powders heat treated at different

conditions were evaluated with XRD analysis using a PANalytical Empyrean Series 2



diffractometer. It was experimentally determined from the XRD results that powder that had
been heated to 1200°C and then immediately poured into room temperature water yielded nearly
phase pure powder. An XRD plot containing powders with three different heat treatments at a
calcining temperature of 1200°C is shown in Fig. 3.12. The three XRD patterns presented are
nearly identical, and the primary YIP peak at 20 = 33.171° remained very small and did not
noticeably change in intensity for any of the three powders. The XRD pattern from the powder
that had no hold time and was water quenched has noticeably wider diffraction peaks than the
other two powder samples. The wider peaks are an indication of lower crystallinity, which is
likely due to smaller grain sizes or residual stresses resulting from the quenching process. SEM
micrographs of the YIG powder that was heat treated to 1200°C and immediately water
quenched are shown in Fig. 3.13. The micrographs show sintered, polycrystalline ceramics with

open porosity and a uniform grain size distribution with an average size of approximately 600

nm.

Fig. 3.13: SEM micrographs of the YIG powder synthesized via the polymeric-‘sféf-'ié ent:ra:prﬁent route
that was heat treated to 1200°C in air for no hold time and immediately water quenched.
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Fig. 3.14: XRD measurements of the Y1G powder synthesized via the polymeric-steric entrapment route
that was heat treated to 1200°C in air for no hold time, water quenched and then planetary ball-milled for
different lengths of time. Published XRD patterns for the garnet phase (ICSD coll. code 33931) and
perovskite phase (ICSD coll. code 258501) are shown at the bottom of the graph for reference.

The water quenched YIG powder was then refined with planetary ball-milling. It was
milled in stainless steel jars using spherical 5 mm SizN4 media with a mass ratio of 20 media: 1
powder, and ultra-high purity water as a medium with a mass ratio of 2 H.O: 1 powder. The
powder was milled at 200 rpm for 12 hours, with small powder samples for XRD analysis being
collected every 3 hours. XRD patterns of the planetary ball-milled YIG powders are shown in
Fig. 3.14. The intensities and positions of the XRD peaks remain consistent across the samples
with different milling times, although the peaks become broader as the milling time was

increased. As previously mentioned, wider peaks are an indication of lower crystallinity, which
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can be a consequence of smaller grain sizes or residual stresses resulting from the milling
process. Fortunately, the milling process did not cause the formation of more perovskite phase,
as has been reported in the case of higher energy ball-milling of YIG powders.[9-11] SEM
micrographs of the water quenched YIG powders after ball-milling are shown in Fig. 3.15. It can
be seen from these images that the ball-milling process did indeed separate the grains from each

other and refine the grain size of the powder.

Fig. 3.15: SEM micrographs of the YIG powder synthesized via the polymeric-steric entrapment route
that was heat treated to 1200°C in air, immediately water quenched and then planetary ball-milled for a) 3
hours, b) 6 hours, ¢) 9 hours and d) 12 hours.

After 12 hours of ball-milling, the powder was centrifuged and dried at 125°C. The as-
processed powder was then consolidated in a 3/8 in. cemented tungsten carbide die setup using
CAPAD processing according to the method described in the current-activated, pressure-assisted
densification portion of the methods section. It was processed at 650°C and 500 MPa for a hold

time of five minutes and using a heating rate of 100°C/minute. Prior to consolidation, the powder
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was pre-pressed at 500 MPa for a duration of 10 minutes. XRD measurements of the bulk sample
in comparison to the Y1G powder at various stages in its processing are plotted in Fig. 3.16. The
XRD pattern of the bulk sample contains only peaks attributable to garnet, and interestingly, the
XRD peaks are broader for the bulk sample than for the 12 hour planetary ball-milled powder it
was fabricated from. Although XRD of the bulk sample shows no detectable perovskite phase,
the bulk sample that was CAPAD processed from commercial YIG powder at the exact same
conditions did show decomposition into the YIP phase accompanied with the broadening of the

diffraction peaks. For these reasons, it seems likely that the peak broadening observed in this
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Fig. 3.16: XRD measurements of the 500 MPa CAPAD processed bulk sample produced from water
guenched and 12 hour ball-milled YIG powder synthesized via the polymeric-steric entrapment route and
the initial powder before and after ball-milling. Published XRD patterns for the garnet phase (ICSD coll.

code 33931) and perovskite phase (ICSD coll. code 258501) are shown at the bottom of the graph for

reference.
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sample is also due to a small amount of phase decomposition that occurred during processing,
even though there is not enough YIP phase in this sample to be detectable with XRD.

The density of the bulk sample was measured to be 4.76 g/cm? using the hydrostatic
weighing technique, which gives a relative density of 92%. An SEM micrograph of a fractured
surface from this sample is shown in Fig. 3.17. This image shows many nanosized features, but
the grains in this sample are not monodispersed. The structure of the sample can be described as
larger grains on the order of a few hundred nanometers embedded in a matrix of sub-100 nm
grains. The volumetric portions of the two different sized groups of grains appear to be roughly

comparable. The magnetic hysteresis of this sample and the initial powder were both measured

Fig. 3.17: An SEM micrograph of a fractured surface of the bulk YIG sample consolidated with CAPAD
at 650°C and 500 MPa from the water quenched and ball-milled powders synthesized via the polymeric-
steric entrapment route.
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using a Lakeshore 7400 Series VSM. The VSM data was mass normalized and plotted in Fig.
3.18. The magnetic behavior of the bulk sample is nearly identical to the initial powder, but the
bulk sample has a slightly lower Ms and a slightly higher coercivity. A summary of the magnetic
and physical properties of the samples is provided in Table 3.1.

In this study we were able to successfully fabricate a bulk, single phase Y1G ceramic with
a fine microstructure and high density by refining YIG powder synthesized via the polymeric-
steric entrapment route using a combination of water quenching and planetary ball-milling and
subsequently subjecting it to CAPAD processing at 500 MPa. The composition of the resulting

sample was confirmed to be single phase garnet by using XRD, and its magnetic properties were

Initial powder: 1200°C/Quenched/PBM 12 h
Bulk sample: 650°C/5 min/500 MPa
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Fig. 3.18: Magnetic hysteresis measurements of the water quenched and ball-milled YIG powder
synthesized via the polymeric-steric entrapment route and the bulk sample fabricated from this powder
using CAPAD processing at 650°C and 500 MPa.
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confirmed to be very similar to other YIG materials by using VSM. The structure of the sample
was evaluated with SEM analysis of a fractured surface and the average grain size of the
resulting sample is below 100 nm, but this value does not fully approximate its microstructure.
The sample’s grains are not monodispersed and it has several grains with sizes of approximately
300-400 nm which don’t appear to have been fully broken down by the planetary ball-milling. It
is possible that a longer milling time could better refine the initial powder, thus enhancing its

densifiability and yielding bulk samples with a more homogeneous microstructure.

3.5. Reactive Consolidation of Bulk YIG from an Amorphous Precursor

The goal of this study is to fabricate a bulk, nanostructured YIG ceramic through the
reactive consolidation of an amorphous precursor using CAPAD processing. Reactive processing
has already been demonstrated as an effective way to reduce the densification temperature
needed for the CAPAD processing of dense garnets when compared to the consolidation of pre-
reacted powders.[2,12] Because of the enhanced atomic rearrangement that happens during a
chemical reaction in addition to the particle rearrangement that occurs during CAPAD
processing, reactive processing can lead to samples with relative densities over 98%, and
because of the lower temperatures involved with this technique, smaller average grain sizes are
also possible. The powder we chose to use as the starting material for the reactive consolidation
of YIG is a fully amorphous YIG precursor synthesized via the polymeric-steric entrapment
route.

To attain a fully amorphous powder, the as-synthesized metal-organic preceramic powder
was calcined at 600°C in air for 30 minutes. It was known from the XRD patterns of powders
attained from previous calcining experiments that a calcining temperature of 700°C or lower

would yield amorphous powder, as clearly evident in Fig. 3.3. It was additionally known from
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the TGA-DSC measurements performed on the metal-organic precursor that the majority of all
organic material burns off by the time the powder reaches 550°C, as shown in Fig. 3.2. An SEM
micrograph of the powder calcined at 600°C is shown in Fig. 3.19. The image shows irregular

submicron powder with nanometric features and no clear grains, which is consistent with an

amorphous material.
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Fig. 3.19: An SEM micrograph of the amorphous YIG precursor synthesized via the polymeric-steric
entrapment route and calcined in air at 600°C for 30 minutes.

The calcined amorphous powder was then refined using planetary ball-milling to break
down any larger particles or agglomerates and enhance its densifiability. It was milled in
stainless steel jars using spherical 5 mm SizN4 media with a mass ratio of 20 media: 1 powder,
and ultra-high purity water as a medium with a mass ratio of 2 H2O: 1 powder. The amorphous

powder was milled at 200 rpm for 6 hours, and then centrifuged and dried at 125°C. Similar
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milling parameters were previously used to refine fully garnet powder, and in that instance, the
milling process was shown through XRD analysis to not introduce any unwanted phases.
Therefore, we assumed that these parameters would be low enough energy to not fully crystallize
the powder.

The as-processed powder was then consolidated in a 3/8 in. cemented tungsten carbide
die setup using CAPAD processing according to the method described in the current-activated,
pressure-assisted densification portion of the methods section. Three samples were fabricated at

100 MPa, 300 MPa, and 500 MPa, respectively. They were each processed at 700°C for a hold

Bulk sample: 700°C/5 min/500 MPa

Bulk sample: 700°C/5 min/300 MPa

Bulk sample: 700°C/5 min/100 MPa
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Fig. 3.20: XRD measurements of the CAPAD processed bulk samples fabricated from ball-milled
amorphous YI1G precursor synthesized via the polymeric-steric entrapment route. Published XRD patterns
for the garnet phase (ICSD coll. code 33931) and perovskite phase (ICSD coll. code 258501) are shown at

the bottom of the graph for reference.
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time of five minutes and using a heating rate of 100°C/minute. Prior to consolidation, the powder
was pre-pressed at 500 MPa for a duration of 10 minutes. The structural compositions of the bulk
samples were evaluated with XRD analysis using a PANalytical Empyrean Series 2
diffractometer. XRD patterns of the three samples are shown in Fig. 3.20. The plot shows that
the sample processed at 100 MPa is mostly garnet phase, but as the processing pressure
increased, more YIP phase resulted. The sample processed at 500 MPa is mostly perovskite
phase, with very little YIG phase detectable to XRD, seeming to indicate that the YIP phase is
preferred at higher pressure processing conditions over YIG. Smaller peaks not attributed to
these two phases are visible in the diffraction patterns of these samples, but they aren’t well
associated with specific phases from the Y-Fe-O ternary system.

Due to both the small size of these samples (~0.3 g) and the limited sensitivity of the
CAPAD apparatus, it is difficult to locate the exact point at which the powder crystallized.
However, by removing the compliance of the entire CAPAD apparatus itself from the vertical
extension length of a sample as it was being processed, any changes to a sample’s thickness as it
was being processed could be determined. By taking the derivative of this value, a change in
densification rate could then be found in the densification curves of all three samples at ~610°C.
There was also a sharp spike in outgassing detected by the system’s vacuum sensor at ~630°C.
Both pieces of information seem to indicate that the powder began crystallizing at ~610°C. Due
to both noise and experimental error, it is difficult to say with certainty whether the processing
pressure had any influence on the crystallization temperature.

The densities of the samples were measured using the hydrostatic weighing technique.
Since the samples all have a mixed phase composition, it is difficult to ascertain their exact level

of porosity, however, the two samples processed at 300 MPa and 500 MPa appear to have a
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Fig. 3.21: SEM micrographs taken of a fractured surface of the bulk Y1G sample that was reactively
consolidated using CAPAD processing at 100 MPa from an amorphous powder synthesized via the
polymeric-steric entrapment route.

relative density of at least 90%, and the sample processed at 100 MPa could be better
approximated to ~77%. An SEM micrograph of a fractured surface of the sample processed at
100 MPa is shown in Fig. 3.21. The image shows a slightly porous microstructure with sub-100
nm grains. The average grain size of this sample was found to be 62.3 = 13.9 nm through
manually measuring SEM micrographs using ImageJ software. The magnetic hysteresis loops of
the three samples were measured using a Lakeshore 7400 Series VSM. The VSM data was mass
normalized and plotted in Fig. 3.22. The sample produced at 100 MPa has a similar shaped
hysteresis to YIG, albeit with a slightly larger coercivity and an Ms of 22.1 emu/g, which is
about 20% lower than what is typically measured for Y1G. The sample processed at 300 MPa has
an even higher coercivity and lower Ms value, and the hysteresis is wasp-waisted, indicating that
it has two distinct magnetic phases. The 500 MPa processed sample, however, has very weak
magnetism, with an Ms of just 1.80 emu/g. A summary of the magnetic and physical properties

of the samples is provided in Table 3.1.
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Fig. 3.22: Magnetic hysteresis measurements of the bulk samples that were reactively consolidated using
CAPAD processing at 700°C and different applied pressures from an amorphous YIG precursor
synthesized via the polymeric-steric entrapment route.

We successfully fabricated a nanostructured YIG ceramic through the reactive
consolidation of an amorphous precursor using CAPAD processing for this study. The best
sample produced using this method was consolidated at 700°C with an applied pressure of 100
MPa and had an average grain size of 62 nm and a relative density of ~77%. XRD
characterization of this sample showed that in addition to the garnet phase, it also contains the
impurity perovskite phase. VSM characterization revealed that because of its secondary phase,
its Ms was 20% lower than for other YIG ceramics. The samples processed at 700°C with

applied pressures of 300 MPa and 500 MPa had a significantly higher phase fraction of YIP that
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also increased with pressure, suggesting that the YIP phase is preferred at higher pressure

processing conditions over YIG.

Table 3.1: A summary of the magnetic and physical properties of the various powder and bulk YIG

specimens investigated for the study on the CAPAD processing of YIG.

Section Sample Phase (erlr\l/luslg) (erlr\:ljlg) ((l_)lg) p (g/cmd) As\;/zee. (gr:’r?‘l)n
3.2 S;aor(t)'fg/gg"r‘w’f:ﬁ“ VS| 265 | o072 | 99 - -
32 | oo | U2 | 235 | 146 | 220 (fgg;) , | ~300-400
32| Joo0ecsmmaoompa | via | 172 | 075 | 516 (9(?—%%) -
3.3 Alfa Aesar Powder \\((II?, 27.4 1.40 18.0 -- 23;3‘(1)01
3.4 120(8)2?:r/t83eﬂ2\rl1ve%e/gsl\/| YIG | 276 | 352 | 391 - -
34 | ogopime | vie | 273 | 003 | 634 (3'2702) <~100
35 7OO°CB:75IkmS§1T1FE)I8:MPa \Qlf, 22.1 159 | 27.3 (f;gf/o ) | 6232139
35 | socismmAoompa | via | 166 | 59 |1159 (905-%975%) -
35 | sopcismnsoompa | vig | 180 | 083 | 800 (905-'39%%) ~

3.6. Conclusions

While CAPAD has proven effective at producing other types of nanoceramics, it proves

to be a challenging method of fabricating a highly dense, nanostructured Y1G. Most attempts we

made to produce a bulk YIG using CAPAD processing resulted in a composite of YIG and YIP.

All of the gathered evidence seems to indicate that the transformation from YIG into YIP is

closely related to the reducing environment of CAPAD processing. It is an unsurprising result

that the YIG phase is unstable in this type of environment. It is well documented that ferrites are

reduced by CAPAD processing through the formation of oxygen vacancies [3-5], and YIG is a

ferrite.
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This work shows that longer hold times and higher processing temperatures during the
CAPAD processing of YIG results in more conversion into the perovskite phase, as evidenced by
XRD measurements and the visual color appearance of the sample. A CAPAD processed sample
with a high phase fraction of YIP can be fully converted back to garnet with a high temperature
heat treatment in air and its color will become green again, as the XRD results in Fig. 3.23 show.
The difficulty arises from the fact that the high temperature heat treatment coarsens the grains of

the sample, such that they cannot remain nanosized.
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Fig. 3.23: XRD measurements of a bulk sample as it emerged from CAPAD processing in a 3/4 in.
graphite die (magenta) and after it was heat treated in air at high temperature (green) in comparison to the
initial powder the sample was consolidated from (blue). Data was provided by P. Sellappan. Published
XRD patterns for the garnet phase (ICSD coll. code 33931) and perovskite phase (ICSD coll. code
258501) are shown at the bottom of the graph for reference.
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Another finding from our work is that when Y1G decomposed into YIP during CAPAD
processing, no additional phases could be found with XRD analysis. This is an unexpected result
because YIG (Y3zFesO12) and YIP (YFeOg) are both line compounds and have dissimilar cation
ratios, meaning that there should also be additional iron oxide phases present in order to maintain
the same overall stoichiometry of YIG. It is possible that the phase decomposition YIG
experiences during CAPAD processing converts it into an oxygen deficient, disordered
perovskite. Previous reports of high pressure experiments on YIG have shown that it’s possible
to convert stoichiometric YIG into a disordered perovskite phase with the formula
(Yo.7sFeo.25)FeOs with the application of enough heat and pressure.[13]

Despite not being able to produce a highly dense, pristine, single-phase garnet
nanoceramic for spin transport measurements, our work yielded many other interesting results.
As far as I’'m aware, we are the first to consolidate YIG ceramics using high pressure CAPAD
processing conditions of up to 500 MPa. The use of high pressures allowed us to consolidate
micron sized commercial Y1G powder at lower temperatures, with much less phase
decomposition than is possible when using more typical pressures of 100 MPa or less. Using
those same high pressure processing parameters, we were then able to fabricate a nanofeatured
single-phase bulk Y1G with a relative density of 92% from in-house synthesized powders. This
sample is unique in the fact that it was the first CAPAD processed YIG sample to be
consolidated at 650°C and without any decomposition into the perovskite phase as detectable by
XRD. This sample also has high enough density and small enough features to be used as a high-
quality PLD or sputtering target.

We then applied the use of high pressure to reactively consolidate Y1G ceramics from an

in-house synthesized amorphous precursor using CAPAD. In this instance, however, the use of
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high pressures was detrimental to the formation of the garnet phase in the resulting ceramic.
More perovskite phase formed from the amorphous precursor as the processing pressure
increased. A similar finding was already seen in the YIG ceramics we consolidated at high
pressure from micron sized commercial Y1G powders, but to a much lesser extent. This suggests
that the YIP phase is more favorable than YIG at high pressure CAPAD processing conditions.

Using the more traditional 100 MPa processing pressure, we were then able to reactively
consolidate a nanostructured YIG ceramic with an average grain size of 62 nm and a relative
density of ~77%. To date, this sample has the smallest reported grain size for a bulk Y1G
ceramic. While the density of this sample is ultimately not very high, it is likely dense enough to
produce high-quality films when used as a target. Another remarkable feature of this sample is its
highly uniform nanoporous structure. Overall, the use of high pressures during the CAPAD
processing of YIG is a unique contribution of this work. The high processing pressures proved
beneficial at mitigating the phase decomposition of fully reacted garnet powders, but then led to
more Y IP formation when reactively consolidating amorphous precursor powders.
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CHAPTER 4

Structural and Magnetic Properties of Ysu-x) TmsxFesO12 Solid Solution Powders

4.1. Background and Motivation

The rare earth iron garnets have garnered a lot of scientific interest over the last ten years
due to the growing body of research in the field of spintronics. Yttrium iron garnet (Y1G), as the
quintessential low damping synthetic garnet, has been the primary focus of fundamental
magnonic research due to its wide availability and unusually low spin damping. Other rare earth
iron garnets also exhibit low levels of damping, but never quite as low as is possible for YIG or
the similarly behaved lutetium iron garnet (LulG). In general, less is known about the spin-
damping of the other rare earth iron garnets than for YIG. This is largely due to YIG’s
commercial successes, and the fact that commercial PLD and sputtering targets are not widely
available for most other types of rare earth iron garnets. One often must fabricate a target from
raw materials if they want to create and study new types of garnet films.

While the Gilbert damping of the best YIG films is typically as low as a 1-3 x10™* [10-
13], robust perpendicular magnetic anisotropy (PMA) has proven difficult to produce in YIG.
This is because YIG’s magnetostriction constants are quite low (A100 = -1.30 X10°; 111 = -2.25
x107 [9]), such that the in-plane strain required to produce PMA in YIG usually creates enough
stress energy in the film to cause nonuniform strain relaxation via dislocation formation. On the
other hand, thulium iron garnet (TmIG) has displayed PMA in epitaxial films of ~10-30 nm
thick[14-18], owing in part to its larger magnetostriction value (A111 = -5.10 x10® [9]). There is
even one report that shows PMA in a 350 nm thick epitaxial TmIG film.[19] The highest quality
TmIG films, however, have 1-2 orders of magnitude worse damping than YI1G.[17,18] It may be

possible that a solid solution of YIG and TmIG would retain the low damping properties of YIG,
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but also inherit the ability to produce films with PMA from TmIG. A similar phenomenon was
observed in a 30 nm thick epitaxial Bi-substituted YIG (Bi1Y2FesO12) film that had a low
damping of 3.1 x10** in addition to robust PMA.[20]

Generating PMA in a material depends on more physical properties than just the
magnetostriction constant. Properties such as the elastic stiffness constants, its first order
magnetic anisotropy constant, and its magnetic saturation all play a role in producing PMA.
Since this method of generating PMA depends on the in-plane strain in the film, the amount of
lattice mismatch between film and substrate is another determining factor. Therefore, the
unstrained lattice parameter size of the film also plays a role in producing PMA. The
magnetostriction constant, elastic stiffness constants, first order magnetic anisotropy constant,
and lattice parameter of a YIG-TmIG solid solution each depend on its composition. Thus, the
composition of a YIG-TmIG solid solution can allow further tuning of PMA beyond what is
possible for a pure YIG or pure TmIG film.

Rare earth iron garnets typically have a high degree of solubility with one another owing
to their non-close-packed structures. One can synthesize rare earth iron garnet solid solutions by
the conventional solid state reaction method whereby oxides of iron and two different rare earth
metals are carefully mixed and reacted at high temperature, but it is difficult to ensure that the
composition of the reacted powder is uniform when using this method. A much simpler method
to ensure compositional uniformity is to synthesize the solid solution using a wet chemical route.
Therefore, we propose to synthesize a full compositional range of Y3-x)TmaxFesO12 solid
solution powders using the previously employed polymeric-steric entrapment route, and to
characterize their magnetic and structural properties using XRD, VSM and FMR analysis

techniques.
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4.2. Sample Preparation

Metal-organic preceramic powders of Y3(-x)TmaxFesO12 solid solutions with
compositions of X =0, 0.25, 0.5, 0.75 and 1 were each synthesized via the polymeric-steric
entrapment route as described in the powder synthesis portion of the methods section. A total
mass of ~3 g of powder was synthesized for each different composition, with half of it calcined
in air in a furnace at 1300°C for 1 h, and the other half at 1300°C for 12 h. These calcining
conditions were chosen because the individual combination of 1300°C for 1 h yielded fully
reacted, phase pure YIG for previously synthesized powders, and then the extra calcining
condition of 1300°C for 12 h was used to produce a coarser powder with larger grain and particle
sizes, such that for each composition there are two chemically identical sets of powder with
different sized features. This resulted in ten distinctive batches of powder encompassing all
combinations of composition and calcining duration with a mass of ~1.5 g each. All ten powders
were then manually ground using an agate mortar and pestle for ~30 minutes each.

XRD, SEM, VSM and FMR samples were then prepared of the as-synthesized powders.
The XRD and SEM samples were both prepared as is typical for powder samples. VSM and
FMR samples required a more specific preparation method. For these samples, the powder was
first well dried at 80°C in air. While the powder was still warm, a small portion of it was
measured and placed in the bottom of an open polycarbonate capsule with an inner diameter of 4
mm. The capsule and powder were then maintained at a constant 60-65°C as n-eicosane (Alfa
Aesar, 99%) crystals were placed in the capsule on top of the powder where they would then
melt. Eicosane was continually added until ~2 mm of liquid eicosane covered the powder. The
capsule and its contents were then allowed to cool to room temperature and the eicosane would

solidify such that the powder was rigidly held in place, and then the capsule was capped. All
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VSM samples were prepared in this method with a mass of powder in the range of 0.012-0.015 g,
and all FMR samples were similarly prepared but with a mass of powder in the range of ~0.001-

0.003 g.

4.3. Results and Discussion
4.3.1. Structure and Morphology of Y3a-x)TmsxFesO12 Powders

The structural compositions of the different powders were evaluated with XRD analysis
using a PANalytical Empyrean Series 2 diffractometer with a Ni filter for monochromatization.
The results of the XRD measurements for the powders calcined at 1300°C for 1 h, and for those
calcined at 1300°C for 12 h are shown in Fig. 4.1 and Fig. 4.2, respectively. Both figures show
sharp, clear diffraction peaks associated with the garnet phase for all compositions of powder. A
very small diffraction peak associated with the primary perovskite peak is barely visible near 26
=33.2°for X =0, 0.25,0.5and 1 in the 1 h heat treated powders, and for X =0, 0.25 and 0.5 in
the 12 h heat treated powders. Since both phases are line compounds and the perovskite phase
has a higher rare earth to iron cation ratio, this is an indication that the powders with these
specific compositions have a slightly higher overall rare earth content than stoichiometric garnet.
The XRD peaks are all narrow, and do not noticeably change in width or relative intensity
between the powders calcined for the different times, indicating that all powders are fully reacted
and highly crystalline. The fact that the XRD patterns for all compositions show a majority
garnet phase and no additional unwanted oxide phases other than the barely detectable amounts
of the perovskite phase means that YIG and TmIG are fully soluble with each other. Changes in
the relative intensities of specific XRD peaks can also be seen as the composition varies from
YIG to TmIG as is normal for different elemental compositions, which corroborates that we

successfully synthesized solid solutions.

108



* = perovskite

Q
—'

Normalized Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65

g

Normalized Intensity (a.u.)

. —— . . .
320 321 322 323 324 325 326 327 328

20 (degrees)
Fig. 4.1: XRD measurements of the Y3u.x)TmsxFesO12 powders synthesized via the polymeric-steric
entrapment method and calcined in air at 1300°C for 1 h. A wide range of 26 is shown in a) and a zoomed
region of the primary peak (420) is plotted in b).
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Fig. 4.2: XRD measurements of the Y3u.x)TmsxFesO12 powders synthesized via the polymeric-steric

entrapment method and calcined in air at 1300°C for 12 h. A wide range of 20 is shown in a) and a
zoomed region of the primary peak (420) is plotted in b).
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Y1G and TmIG have very similar reported lattice parameters of avic = 12.375 A (ICSD
collection code #33931) and armic = 12.324 A[1]. Because of this similarity, it can be difficult to
detect changes in their 20 diffraction peak positions, however, shifts in their positions are easily
seen at higher resolutions. In the XRD plots of the zoomed-in region (Fig. 4.1b and 4.2b) around
the primary garnet peak (420), the peaks of the various compositions of powder clearly shift
towards higher 20 values with increasing Tm content as expected from TmIG’s smaller lattice
size. There is a level of experimental error in these measurements that results from the flatness of
a given powder specimen and its vertical alignment within the diffractometer that may cause a
slight shift in peak position for a given XRD curve, but overall, this trend holds well for these
samples. One other thing worth noting is that a secondary peak of roughly half the intensity of
the primary peak can be seen on the right side of all peaks in the zoomed-in regions. This feature
occurs on all peaks of the measured samples but is only apparent at higher resolutions. It is the
result of Cu-Ko radiation in the incident x-ray beam that is not absorbed by the Ni filter,
whereas the higher intensity peak we used for structural analysis is due to the shorter wavelength
Cu-Kay radiation.

The (420) d-spacings of all samples were calculated from their primary peaks’ 20
positions according to Bragg’s law, expressed as

nA = 2dsinb, 4.2)
where A is the wavelength of the diffracted light and n is the diffraction order. In this instance, an
adjusted wavelength of L = 1.5418 A was used to account for other x-ray emissions near the
wavelength of Cu-Koai. The lattice parameters were then calculated according to the following

relationship for the d-spacing of a cubic system:

a=dnvh? + k2 + 12, (4.2)
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where h, k and | are the Miller indices of a given plane. For each composition, the calculated
lattice parameters for the 1 h and 12 h heat treated samples were then averaged. The theoretical
lattice parameters of the different compositions were calculated as a linear combination of the
two constituent garnets, YIG and TmIG, and their theoretical densities were calculated from unit
cells comprised of the theoretical lattice parameters. A summary of the experimentally
determined lattice parameters, and the theoretically determined lattice parameters and densities
are provided in Table 4.1.

The experimental lattice parameters of the powder samples are plotted versus

composition in comparison to the theoretical lattice parameters in Fig. 4.3. A linear fit of the

12 39 - a =-0.03099X + 12.38271 (R* = 0.95466)
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Fig. 4.3: The average lattice parameters of the Y3u-x)TmsxFesO12 powders synthesized via the polymeric-
steric entrapment route (blue) plotted versus composition in comparison to the theoretical lattice
parameters (red).
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experimental lattice parameters yielded an R? = 0.95466, indicating a highly linear relationship
between lattice size and composition. The linear relationship of the lattice parameter length with
composition is further evidence of the successful formation of solid solutions. The lattice
parameters of the Y3u-x)TmaxFesO12 powders are overall slightly larger than the expected values.
Some of this could simply be caused by systematic error in either the measuring or calculating of
the lattice parameters, but it might also be that the synthesis method used to make these powders
introduced higher levels of thermal oxygen vacancies which resulted in larger than expected
lattice parameters. It’s also important to note that there is little structural data published on
TmIG, so it is within the realm of possibility that the reference lattice parameter value used here
is smaller than it truly is.

SEM micrographs of the 1 h and 12 h heat treated powders are shown in Fig. 4.4 and
Fig. 4.5, respectively. The micrographs show irregularly shaped micrometer sized powders with
comparable morphologies. The grain sizes and particle sizes of the powders were each evaluated
by manually measuring their SEM images using ImagelJ software. A cutoff size of ~0.3 um was
implemented when measuring the images since below this size there were mostly very fine nano-
sized particulates. The powders calcined for 1 h were found to have comparable average grain
sizes of 1.80 = 0.64 um, and comparable particle sizes of 1.85 + 1.40 um. Similarly, the powders
calcined for 12 h were found to have comparable average grain sizes of 2.90 + 0.84 pm, and
comparable particle sizes of 2.96 + 2.50 um. For a given calcining duration, no significant
differences were observed in particle sizes across compositions, however, some differences were
observed with respect to grain size. In both the 1h and 12 h heat treated powders, the pure TmIG
(X' =1) had a slightly higher average grain size than pure Y1G (X = 0) with a difference of ~0.2

um, whereas the average grain sizes of the solid solutions were very comparable to each other.
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Fig. 4.4: Representative SEM micrographs of the Y3u.x)TmaxFesO12 powders synthesized via the
polymeric-steric entrapment route and calcined in air at 1300°C for 1 h. The composition of the powder in
each image is as follows: a) X =0, b) X =0.25,¢) X=0.5,d) X=0.75and e) X = 1.
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Fig. 4.5: Representative SEM Hlicrographs of the 3(1-X)T3xFe5012 powders synthesized via the
polymeric-steric entrapment route and calcined in air at 1300°C for 12 h. The composition of the powder
in each image is as follows: a) X =0, b) X =0.25,¢) X=0.5,d) X=0.75and e) X = 1.
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Table 4.1: A summary of the physical and magnetic properties of the Ys.x)TmasxFesO12 powders
synthesized via the polymeric-steric entrapment route as experimentally and theoretically determined.

X aTheor. aExp. pTheog. 4'TI:MS-Theor. 4nMS-Exp. gTh gE HR-Theor. HR-Exp.
A) A | (g/em) (G) (G) T (Oe) (Oe)
0 |[12.375|12.380| 5.17 1780 1783 2.00 | 2.06 3329 3235
0.25]12.362 | 12.375 | 5.61 1680 1620 1.89 | 1.96 3528 3398
0.5 | 12.350 | 12.360 | 6.05 1580 1643 1.78 | 1.87 3751 3558
0.75112.337 | 12.359 | 6.49 1480 1658 1.66 | 1.79 4004 3719
1 12.324 | 12.341 | 6.94 1380 1500 1.55 | 1.66 4295 4011

4.3.2. Magnetic Behavior of Y3u-x)TmasxFesO12 Powders

The magnetizations of the powder samples were measured using a Lakeshore 7400 Series
VSM. The magnetic hysteresis plots are shown in Fig. 4.6. All samples possess small
coercivities and exhibit the soft magnetic behavior characteristic of ferrimagnetic rare earth iron
garnets. For both the 1 h and 12 h heat treated samples, the pure YIG (X = 0) powder has the
highest saturation magnetization value of ~27.5 emu/g, and then the net magnetization decreases
with increasing thulium content until it reaches its lowest measured value for pure TmIG (X = 1)
which had a saturation magnetization of ~17.2 emu/g. The Ms value we measured for our TmIG
powder 1s ~8% higher than the 15.9 emu/g that was previously reported for bulk TmIG.[2] It’s
unclear why the Ms values of our TmIG samples are higher, but as is the case with structural
information about TmlIG, there aren’t many reports on its magnetic properties in bulk or powder
form either. The M;s of the samples with the compositions X = 0, 0.5 and 1 remain mostly
unchanged when comparing the 1 h to the 12 h heat treated powders, but an interesting
phenomenon occurred in those samples with a composition of X = 0.25 and 0.75. The Ms of the
X =0.25 samples decreased from 23.2 emu/g for the 1 h heat treated powder to 22.7 emu/g for
the 12 h heat treated powder, and the Ms of the X = 0.75 samples increased from 19.7 emu/g for
the 1 h heat treated powder to 21.0 emu/g for the 12 h heat treated powder, such that they are

both closer to the Ms of the X = 0.5 powders of ~21.6 emu/g than their 1 h heat treated
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Fig. 4.6: Magnetic hysteresis measurements of the Ysu-x)TmsxFesO1. powders synthesized via the
polymeric-steric entrapment route and calcined in air at 1300°C for a) 1 h and b) 12 h.
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counterparts. It is unclear why these changes occurred to the powders heat treated for 12 h, but
this difference cannot solely be explained by experimental error.

The mass normalized Ms values of the various samples as determined using VSM
analysis were then converted into the volumetric magnetization 4tMs values using the
theoretical density as a conversion factor. For each composition, the 4nMs values of the 1 h and
12 h heat treated samples were then averaged. The theoretical 4nMs values of the different
compositions were calculated as a linear combination of the two constituent garnets, YIG and
TmIG. A linear approximation makes sense in this case because structurally, the nonmagnetic
Y3* jons are being replaced with magnetic Tm*" ions as the thulium concentration of the solid
solutions increases. Both the experimentally derived and theoretically calculated 4nMs values are
listed in Table 4.1, and they are plotted versus composition in Fig. 4.7. The 4nMs of the Y3(-

x) TmaxFesO12 samples decreases with increasing thulium content in a somewhat nonlinear
fashion. A linear fit of the experimental values yielded an R? = 0.57000. This low R? value is a
result of the fact that the 4nMs values for the X = 0.25 and 0.75 samples don’t coincide well with
a linear trend. As previously noted, the magnetic saturation of our TmIG samples is higher than
was previously reported for TmIG, but this plot also reveals that the solid solutions with
compositions of X = 0.5 and X = 0.75 also have higher magnetic saturations than expected.

Room temperature FMR measurements were performed on the as-prepared samples using
a Bruker EMX cavity based EPR at a fixed frequency of 9.32 GHz. The FMR samples were very
small due to the high sensitivity of the EPR, with masses of only a few micrograms. The
collected FMR spectra were normalized by their maximum intensities due to variation in the
individual sample’s absorption intensities resulting from their different masses, and then plotted

together in Fig. 4.8. The figure shows relatively broad absorption linewidths on the order of
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Fig. 4.7: The average 4ntMs values of the Y3u.x)TmsxFesO12 powders synthesized via the polymeric-steric
entrapment route (blue) plotted versus composition in comparison to the theoretical 4mMs values (red).

~600 Oe for all measured samples, and that the resonant field position increases with thulium
content for both the 1 h and 12 h heat treated powders. The resonant fields of each sample were
determined by taking the integral of the absorption derivative and fitting the resulting absorption
peak with a bigaussian function. The peaks were initially fit with Lorentzian functions as well
since the absorption should theoretically be a Lorentzian, however, the bigaussian function more
reliably fit this specific data set. For each composition, the resonant field was found to be

virtually identical between the 1 h and 12 h heat treated samples.
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Fig. 4.8: FMR measurements taken at a frequency of 9.32 GHz of the Y3q.xyTmsxFesO1. powders
synthesized via the polymeric-steric entrapment route and calcined in air at 1300°C for a) 1 h and b) 12 h.
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In order to calculate the theoretical resonant fields, it was assumed that the powders could
be treated as collections of approximately spherical particles with varying degrees of magnetic
anisotropy. This assumption seems valid since SEM analysis revealed no net aspect ratio in the
particles for any of the as-synthesized powders. The resonant equation of a sphere can be

expressed as

_ YerfHR
fR - T; (4'3)

where fr is the resonant frequency, et IS the effective gyromagnetic ratio, and Hr is the resonant

field.[3] The effective gyromagnetic ratio is defined as

’Yef'f - gef;;uB, (4.4)

where Qe is the effective Landé g-factor, ps is the Bohr magneton, and h is the reduced Planck’s
constant. Combining eg. (4.3) and (4.4) into an expression for the resonant field of a sphere gives
the following relationship:

hfg
Hr=——,
UB8eff

(4.5)
where h is Planck’s constant.

The above expression for the resonant field of a sphere depends on its effective g-factor.
A simple relationship exists over a wide range of temperatures between the gess of a rare earth

iron garnet and its Ms, which can be expressed as follows:

— 8vIGMREIG (4 6)
Myig '

Oeff

where gvic is the g-factor of YIG, Mreic is the magnetic saturation of the given rare earth iron
garnet, and Myc is the magnetic saturation of Y1G.[4] The theoretical g-factors of the different
compositions of Y31-x)TmaxFesO12 were calculated using eq. (4.6) with the previously

determined theoretical 4ntMs values. The theoretical resonant field values were then calculated
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using eg. (4.5) and the theoretical gesf values just determined. Finally, the experimental gess values
of the synthesized powders were calculated using the expression in eq. (4.5) with the previously
measured average resonant field values. All of the theoretically and experimentally determined
g-factors and resonant field values are summarized in Table 4.1.

The experimental and theoretical resonant field values are plotted together versus
composition in Fig. 4.9. A linear fit of the experimental values yielded an R? = 0.99826,
indicating nearly perfect linearity. The high degree of linearity implies that the resonance of the
powder samples closely follows the relationship described in eq. (4.3) for a sphere, suggesting no
net shape anisotropy in the as-synthesize powders. For all compositions, the experimentally
determined resonant field values are ~100-300 Oe lower than the theoretical values. The
magnitude of this difference increases with the thulium content of the composition in a uniform
fashion, i.e., the slope of the theoretically calculated resonant field is higher than the slope
produced by the experimental data. The discrepancy in slopes can be explained quite neatly by
the difference between the reported Ms value of TmIG which was used to calculate the
theoretical gess values, and our measured Ms for TmIG. Using our experimental 4xMs value of
TmIG in eq. (4.6) yields a gefr = 1.69, which is both close to our experimentally found value of
1.66, and the previously reported gess for bulk TmIG of 1.63[5,6]. However, that still leaves a
difference of up to ~100 Oe between the experimental and theoretical resonant field values for
the other compositions, which we believe is evidence of somewhat higher g-factors in our
synthesized powders.

The peak-to-peak linewidths from the FMR measurements are plotted versus composition
in Fig. 4.10 for both the 1 h and 12 h heat treated powders. Looking at the individual data points,

there doesn’t appear to be a strong trend between linewidth and composition, nor does there
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Fig. 4.9: The average resonant field position of the Y3u.x)TmsxFesO1, powders synthesized via the
polymeric-steric entrapment route (blue) plotted versus composition in comparison to the theoretical
resonant field (red).

appear to be a clear difference between the 1 h and 12 h heat treated powders. Perhaps the most

surprising things shown by this plot are that the linewidth of the TmIG (X = 1) samples were

lower than for all other compositions, and the linewidth of the YIG sample (X = 0) heat treated

for 1 h was the largest in this sample set. These results were unexpected when considering the

many physical similarities of these powders, and that pure YIG has a reported linewidth of <0.5

Oe[7,8], and TmIG has a reported linewidth of 135 Oe[6]. This indicates that the pure YIG

powders have the highest level of magnetic inhomogeneity, whereas the TmIG powders have the

least. The exact reasons why the TmIG samples had lower levels magnetic inhomogeneity than
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the other compositions aren’t entirely clear, but it may be related to the fact that the average
grain sizes of the TmIG powders are slightly larger than the others. A linear fit of the averaged
linewidth values yielded a negative slope with an R? = 0.90121, seeming to indicate that there is
a strong linear trend for decreasing linewidth with increasing thulium content. The goodness of
this fit is somewhat questionable, however, because seven out of the ten measured linewidths are
clustered between a relatively small range of 620 to 660 Oe. Considering that pristine Y1G and
TmIG have much narrower linewidths, the as-prepared powder samples all have large

inhomogeneous contributions to their linewidths somewhere in the range of ~430-680 Oe.
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Fig. 4.10: The measured peak-to-peak FMR linewidths of the Y3u-x)TmasxFesO1, powders synthesized via
the polymeric-steric entrapment route plotted against composition. The linear fit to the averaged linewidth
values of each composition of powder in this study is also plotted.
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4.4. Conclusions

Over the course of this study we successfully synthesized a full compositional range of
Y31-x) TmaxFesO12 powders using the polymeric-steric entrapment method. We are also the first
to report on the synthesis of Y3@-x)TmaxFesO12 powders using this method. We selectively
synthesized two different sized groups of powders by calcining them at 1300°C in air for 1 h and
12 h, respectively, and then characterized each powder sample with XRD, SEM, VSM and FMR.
XRD analysis showed that the lattice parameters of the synthesized garnets varied linearly with
composition, and VSM measurements of the powders showed that their Ms decreased
nonlinearly with increasing thulium content. Since PMA in a film depends on both Ms and the
lattice mismatch between film and substrate, this demonstrates the possibility of tuning PMA of
a YIG-TmIG solid solution using composition as a variable.

FMR measurements showed that the resonant field position varied linearly with
composition. This implies that there is no net shape anisotropy in the as-synthesize powders, and
that their effective g-factors also vary linearly with composition. Unsurprisingly, the FMR results
didn’t yield much information about the inherent spin-damping of the Y3-x)TmaxFesO12
powders. The irregular shaped morphology of the powder samples lead to high amounts of
inhomogeneous broadening in the FMR absorptions which completely overshadowed the
intrinsic linewidth of the underlying garnet. Being able to estimate the intrinsic linewidths of the
powder samples using FMR would have greatly accelerated the process of discovering low
damping solid solution compositions. The inhomogeneous broadening in the FMR measurements
likely could have been reduced if the morphology of the powder had been highly spherical, or

completely removed had we fabricated small bulk spheres of the various solid solutions.
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The magnetic and structural property measurements of the pure TmIG samples are also
important contributions from this work. There are very few published reports on the properties of
bulk or powder TmIG, let alone for TmIG synthesized via the polymeric-steric entrapment route.
As of 2023, there isn’t even a crystallographic reference on file in ICSD’s database for TmIG.
Furthermore, one of the only identifiable references for the lattice parameter of TmIG is in a
difficult to find book originally published in 1978.[1] These properties are especially important
to report because both our measured lattice parameter and magnetic saturation are slightly larger
than the previously reported values for TmIG. It may be the case that the synthesis method we
used is partly responsible for these discrepancies, but it could also indicate that the properties of
pristine TmIG are currently not well known.
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CHAPTERS

Structural Analysis of PLD Grown Epitaxial EulG Films with Varying Strain

5.1. Background and Motivation

The perpendicular magnetic anisotropy of epitaxial rare earth iron garnets has been
extensively studied owing to their ability to produce strain induced anisotropy and wide range of
magnetostriction coefficients at room temperature, ranging from -8.5 x 10° to +21x10°.[10] This
property makes it possible to control the magnetic anisotropy through the in-plane strain of a
film. Since strain relaxes over much longer distances in oxides than in metals, thickness can be
used as a means to control the average strain of a rare earth iron garnet. This phenomenon was
previously reported in (100)-oriented europium iron garnet (EulG) films grown on GGG, where
films with thicknesses ranging from 4 to 180 nm had anisotropy fields H2. ranging from +33
KOe in the thinnest film to -5 KOe in the thickest.[12] Other means of controlling the
perpendicular magnetic anisotropy include lattice mismatch with substrates, substrate
orientation, and chemical substitution.

While much of the work on tailoring perpendicular magnetic anisotropy revolves around
the first-order anisotropy field Hz. that depends exclusively on the first-order magnetocrystalline
anisotropy coefficient K1 and varies linearly with in-plane stress, other higher-order anisotropy
terms exist. For example, there is a second-order anisotropy field Ha. that emerges at higher
strains and depends on the second-order magnetocrystalline anisotropy coefficient Ko. While
higher in-plane strains lead to larger anisotropy fields, it generally increases the magnetic
inhomogeneity and spin-damping of the film as well. The potential role of higher order
anisotropy terms on spin-damping is currently not well understood, despite its contribution to the

overall magnetic anisotropy.
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The damping of EulG compared to other rare earth iron garnets is also uniquely
interesting. The lowest damping rare earth iron garnets, yttrium iron garnet (YIG) and lutetium
iron garnet (LulG), have similar intrinsic damping of ~10°.[13] One thing that unites these two
materials is that their magnetic structures are virtually identical. Furthermore, the Y3 and Lu®**
ions in the dodecahedral sites have fully occupied electron orbitals yielding no net contribution
to the magnetic moment. EulG has a very similar magnetic structure, and despite the Eu* having
6 unpaired 4f electrons, they are in a J = 0 state that does not contribute to the net magnetic
moment of the garnet.[1] The damping in bulk EulG is two orders of magnitude higher than
either YIG or LulG at room temperature, yet FMR linewidths as narrow as Y1G or LulG have
been observed in EulG single crystals at temperatures of ~42 K.[14] Therefore, we chose to
fabricate a range of epitaxial EulG films with different amounts of substrate lattice mismatch in
order to study the effects of strain on damping, in addition to possible mechanisms responsible

for its increased room temperature damping.

5.2. Sample Fabrication

An EulG target was prepared by densifying in-house synthesized powders. The EulG
powders were first synthesized according to the polymeric-steric entrapment route as previously
described in the methods section. The as-synthesized powders were then consolidated into bulk
form in a 3/4 in. (19 mm) diameter graphite die using the CAPAD processing procedure detailed
in the methods section at a processing pressure of 105 MPa, a processing temperature of 900°C,
and for a hold time of 5 minutes. Our collaborators then grew (111)-oriented epitaxial EulG
films from the target using pulsed laser deposition (PLD).

The films were grown on a variety of single crystal garnet substrates with different lattice

parameters asubstrate Such that the lattice mismatch 1, defined as
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ranged from +0.456% to -3.945% when using a lattice parameter of aguic = 12.497A as

n= 3substrate "3EulG
AEuIG

(5.1)

reference. In order of decreasing lattice parameter, the individual substrates that were used are

Gd3Sc2Gaz012 (GSGG), Nd3GasO12 (NGG), Gd2.6CaosGas1Mgo.25Zr0.65012 (GSGG),

Y3Sc2Gaz012 (YSGG), GdzGasO12 (GGG), ThaGasO1 (TGG), and Y3Als012 (YAG). The

substrates were each annealed inside the PLD chamber prior to deposition at 220°C for 5 h with

a base pressure of <10 Torr, and then subsequently heated to a temperature of 600°C for 30

minutes in an atmosphere of 1.5 mTorr oxygen mixed with 12% ozone by weight. The target was

then ablated with a pulsed 248 nm KrF excimer laser with a power of 156 mJ at a 1 Hz repetition

rate while the substrates were maintained at 600°C in the oxygen rich atmosphere.

EulG films with a thickness of 50 nm were grown on each of the different substrates,

except for the film grown on YAG which had a thickness of 20 nm. For thicker films grown on

YAG, the strain is almost completely relaxed to the bulk value due to the large lattice mismatch

n = -3.945%. A thinner sample was therefore grown on YAG in order to preserve more of the

compressive strain in the film. Similarly, a second 25 nm thick film was grown on GSGG which

had the largest lattice mismatch n = +0.456% out of the films grown with tensile strain.

Immediately after deposition, reflection high-energy electron diffraction (RHEED)

measurements were performed, showing no crystalline order in any of the films. The films were

Table 5.1: A summary of various structural and magnetic properties for the epitaxial (111)-oriented EulG
films grown with PLD. Strain values marked with an * were determined from asymmetric reciprocal
space maps.[1]

Substrate | awss (A) | t(nm) | 1 (%) g (%) €1 (%) Ha. (Oe) H.. (Oe) a (x10?) AHo (Oe)
GSGG 12.554 25 0.456 0.456* -0.213 -1543.6 £39.7 | 709.5+27.5 | 1.58 +0.06 10217
GSGG 12.554 50 0.456 0.341 -0.160 | -1394.2+449 | 339.8+6.6 | 246+0.03 | 21.4+13

NGG 12.505 50 0.064 0.119* -0.064 -1224.4 £5.7 183+0.1 | 241+0.01 8.9+0.7
SGGG 12.480 50 -0.136 -0.129 0.060 -909.6 +15.2 1648+14 | 2.13+0.01 5.6+04
YSGG 12.426 50 -0.568 -0.321* 0.123 -709.4 +22.0 377.3+5.1 | 247 +0.03 99+18

GGG 12.383 50 -0.912 -0.400* 0.210 -1015.0+81.3 | 887.2+37.3 | 220+£0.14 | 4122+84

TGG 12.355 50 -1.136 -0.382 0.179 -3934+536 | 245.0+10.0 | 2.29+0.20 | 2534 +11.8

YAG 12.004 20 -3.945 -0.423 0.198 -36.8 £47.1 424.8+209 | 1.86 £0.20 | 217.0+22.6
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then crystallized using rapid thermal annealing (RTA) at 800°C for 200 s under a steady flow of
oxygen. The lattice parameters of the substrates, the resulting lattice mismatch, and the

thicknesses of the various samples are all provided in Table 5.1.

5.3. Results and Discussion

5.3.1. Strain Behavior of Epitaxial EulG

The structures of the films were evaluated by high-resolution x-ray diffraction using a
Rigaku SmartLab diffractometer with Cu Ko radiation and a double bounce Ge-(220) mirror
set-up as a monochromator. 20-0 scans of the (444) peaks were collected for each of the samples
and are plotted together in comparison to the fully relaxed EulG (444) position in Fig. 5.1. The
film peak position is observed at lower 20 positions relative to the relaxed value for films grown
on substrates with a lattice mismatch n < 0, indicating larger out-of-plane d-spacings and
therefore compressive in-plane strain. The films grown on substrates with a lattice mismatch n >
0 show peak positions at higher 20 values than the relaxed position, indicating smaller out-of-
plane d-spacings and therefore tensile in-plane strain. The only exception to this is the XRD
curve collected for the film grown on NGG (n = +0.064%) which shows the film peak to the left
of the relaxed value, seeming to imply that the film is experiencing compressive in-plane strain.
However, in previous 20 measurements using a Ni filter monochromator and then also in follow
up reciprocal space mapping (RSM) measurements, the film was shown to be under tensile in-
plane strain as expected from its slightly larger lattice parameter (ance = 12.505 A vs. aguic =
12.497 A). The fact that the film peak is observed at lower 20 values in this individual
measurement is thought to be due to both experimental misalignment and the very small
difference in d-spacing of the film and substrate (444) planes. The collected 20 scans also

contain Laue oscillations for most of the samples. These oscillations indicate a high degree of
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crystalline order and conformal growth, in addition to smooth interfaces. Notably, fringes are not

visible for samples with the largest lattice mismatch, namely the films grown on GGG, TGG and

YAG, implying that these films have nonuniform strain relaxation. The (444) peaks of these

three samples also appear very close to the bulk value, indicating significantly relaxed strain.
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Fig. 5.1: 20 XRD scans of the (444) peak of the epitaxial EulG films grown by PLD. The dashed line

represents the fully relaxed 20 position of the EulG (444) peak.

The in-plane strain g of epitaxial films is often inferred from the out-of-plane strain €1

since this value is relatively easy to obtain from a standard 20-0 XRD measurement. For an

elastically isotropic (111)-oriented cubic film, the in-plane and out-of-plane strains are related

according to the following equation:

£ _ C11+2C12+4C44
// 2Cq11+4C12—4Cyq

1
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where cjj are the elastic stiffness constants of the given material, and the out-of-plane strain is

defined as
€ = wy (53)

where ao is the relaxed lattice parameter of the bulk material, and a. is the out-of-plane lattice
parameter of the strained film.[2] The out-of-plane lattice parameter a. is readily attainable from
the 260 peak position of the film according to

a; = dpvh? + k2 + 12, (5.4)
where dhk is calculated according to Bragg’s law, expressed as

nA = 2dhkisin®, (5.5)
where A is the wavelength of diffracted x-ray and n is the diffraction order.

This approach assumes that both the lattice parameter and elastic stiffness constants of
the deposited material match the bulk values. However, these properties could differ from the
bulk values given the presence of crystalline point defects or deviation from stoichiometry in the
as-grown films. Since the deposition process itself can potentially introduce these types of
changes, the only way to know the exact lattice parameter of the deposited material is to grow a
sufficiently thick enough film to be considered as bulk. This is often not very practical, so there
exists an inherent level of uncertainty in the intrinsic lattice parameter of all epitaxially strained
films. The in-plane lattice parameter a;, however, can be precisely measured from an asymmetric
reciprocal space map (RSM), thus allowing for a direct measurement of the in-plane strain, and
by extension, the elastic response of the film to strain.

Asymmetric RSMs were collected about the (642) peak position for the 25 nm film
grown on GSGG (n = +0.456%), and for the 50 nm films grown on NGG (n = +0.064%), YSGG

(m=-0.568%) and GGG (n =-0.912%). The RSMs are presented in Fig. 5.2-5.5 in order of
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decreasing 1. The Q-coordinates of both the film and substrate (642) peaks were identified and
are listed in Table 5.2 in comparison to the theoretical coordinates as calculated according to the
following relationships:

Qx = (cos(20-w)—cosw); (5.6)

Qz = ;(sin(26-w)+sinw), (5.7)
where 0 is the angle of the diffracted beam relative to the crystalline plane and o is the angle of
the incident beam relative to the focal plane of the XRD.[3] The experimentally found Q-
coordinates of all substrates are found to be in good agreement with the theoretical positions
calculated using their reference lattice parameters. The Qx positions of the films grown on
GSGG, NGG and YSGG are also found to be nearly identical to the Qx positions of their
respective substrates, which is a clear indication of well conformed films. However, the film that
was grown on GGG which has the largest lattice mismatch out of the samples studied with RSMs
shows an elongated peak region with one peak top centered almost exactly along the vertical Qx
position of the film at (0.22856 A, 0.55025 A1), and a second more diffuse peak top centered at
(0.22724 A, 0.55322 A1) that more generally spreads in the direction of the relaxed EulG (642)
peak position of (0.22633 A, 0.55439 A'). This indicates nonuniform relaxation of strain with
two structurally distinct regions of the film, the first being a highly strained epitaxial region of
the film near the interface with GGG, and the second being a relaxed region closer to the free
surface of the film. The Qz values of all four films closely match the out-of-plane strain
information determined from the 26-0 measurements. One other thing worth noting about the
RSMs collected for the samples grown on NGG and YSGG is that these measurements used a
larger experimental o step value, resulting in a visibly lower resolution than for the other two

mapped samples.
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Fig. 5.2: Asymmetric RSM around the (642) peak of the (111)-oriented 25 nm EulG/GSGG film.
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Fig. 5.3: Asymmetric RSM around the (642) peak of the (111)-oriented 50 nm EulG/NGG film.
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Fig. 5.4: Asymmetric RSM around the (642) peak of the (111)-oriented 50 nm EulG/YSGG film.
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Fig. 5.5: Asymmetric RSM around the (642) peak of the (111)-oriented 50 nm EulG/GGG film.
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The in-plane strain values of the same four films were also calculated from the out-of-
plane 20-6 measurements using eq. (5.2) and the following elastic stiffness values found in
literature: ci1 = 25.10 x 10* dyn/cm?, ¢12 = 10.70 x 10* dyn/cm?, and cas = 7.62 x 10!
dyn/cm?.[4] The in-plane strain predicted by the elastic equations is plotted versus the in-plane
strain directly measured by the asymmetric RSMs in Fig. 5.6. The strain values determined by
the two methods are shown to be directly proportional to each other, although the in-plane strain
predicted by the elastic equation is ~42% lower than the true strain of the film. This indicates
that the elastic stiffness constants of the as-grown EulG are different from the literature values,

which could mean that the films are nonstoichiometric or contain atomic point defects. For the

y = 0.58070*x + 0.00372
0.4+ (R*=0.98221)
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O 0.2+ .- -
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Fig. 5.6: The in-plane strain calculated from elastic equations using the out-of-plane strain determined
from 26-0 measurements plotted versus the in-plane strain directly measured from asymmetric reciprocal
space maps for a subset of (111)-oriented epitaxial EulG films.
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films that weren’t measured with RSM, the in-plane strain was calculated from the out-of-plane
strain using a modified eq. (5.2) that was multiplied by a constant scaling factor as determined
from the slope of the fitted line in Fig. 5.6. The out-of-plane strain as determined by the 26-6
measurements, and the in-plane strain as determined by either RSM or the modified eq. (5.2) are
provided for all films in Table 5.1.

Table 5.2: A summary of the film and substrate (642) peak positions in Q-coordinates for the epitaxial
(111)-oriented EulG samples measured with asymmetric reciprocal space maps.

Substrate Qx (A1) Substrate Qz (A') | EulG Qx | EulG Qz
Theor. Exp. Theor. Exp. (A (A
25 nm on GSGG | 0.22530 0.22538 0.55187 0.55140 0.22530 0.55557
50 nm on NGG 0.22618 0.22656 0.55404 0.55407 0.22606 0.55474
50 nm on YSGG | 0.22762 0.22711 0.55756 0.55575 0.22706 0.55371
50 nm on GGG 0.22841 0.22855 0.55949 0.55950 0.22724 0.55322
Bulk EulG Ref. -- -- -- -- 0.22633 0.55439

Sample

5.3.2. Magnetic and Magnetoelastic Properties of Epitaxial EuUlIG

The magnetic properties of the epitaxial EulG films were extensively studied by our
collaborators who grew them using VSM, frequency dependent FMR, and polar angle dependent
FMR measurement techniques. For all films in this study, the 47Ms was found using VSM to be
nearly 920 G, which is ~23% lower than the literature value of 1193 G.[5] VSM also showed
that the magnetic easy axes lie in-plane for all of the films. Frequency dependent FMR
measurements were then carried out using a co-planar waveguide set-up with the field applied in-
plane. 4ntMesr values were determined from the frequency dependence of Hr by fitting to the
resonant equation as follows:

fr = L AR e, (5.8)

where fr is the resonant frequency, Hr is the resonant field, and vy is the gyromagnetic ratio.[6]

In order to extract the Gilbert damping and inhomogeneous contribution to linewidth for

each of the samples, the FMR linewidths are plotted as a function of frequency and fit with a
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straight line, as shown in Fig. 5.7a. Assuming that the broadening due to two-magnon scattering
is negligible, the Gilbert damping parameter is extracted from the slope of the fit and the
intercept is the inhomogeneous broadening, according to

AH = ZT[TafR+AHO, (5.9)
where a is the gilbert damping and AHo is the inhomogeneous broadening.[7] For the samples
with moderate lattice mismatches, the linewidths follow a very linear trend with frequency and
have low levels of inhomogeneous broadening on the order of ~10 Oe. The samples with larger
lattice mismatches, namely the films grown on GGG (1 =-0.912%), TGG (n =-1.136%) and
YAG (n =-3.945%), have somewhat less linear frequency dependence with respect to linewidth
and much larger inhomogeneous broadening in the range of ~200-400 Oe. The increased amount
of magnetic inhomogeneity in these samples can be explained by their large epitaxial strain
which resulted in nonuniform strain relaxation. The inhomogeneous broadening and Gilbert
damping values are plot versus in-plane strain in Fig. 5.7b. Despite the observed differences in
broadening, the damping is unaffected by magnetic inhomogeneity and has an average value of
2.17 x 1072, The experimental o. and AHp are included in Table 5.1.

In order to evaluate the magnetic anisotropy of the films, angle dependent FMR
measurements were performed across a polar angle range of 0° to 180° in 10° steps using a
microwave cavity type FMR at a fixed frequency of 9.32 GHz. The obtained Hr values were fit
as a function of polar angle by considering the first-order -K1cos?6 and the second-order -
1%K,c0s*0 crystalline anisotropy energy terms.[8] Values for 4nMesr, H21 and Hay, where 4nMeft
=4nMs - Hai, Ho1 = % and Hsy = % were extracted from the fits. It is important to note that
H>1 and Ha. are the first- and second-order anisotropy fields, respectively, and that they favor an

out-of-plane magnetization direction when they are positive and an in-plane magnetization when
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Fig. 5.7: Results of the frequency dependent FMR measurements of the PLD grown EulG plotted as (a)
linewidths as a function of frequency, and (b) inhomogeneous broadening and gilbert damping as a
function of in-plane strain.[1]

they are negative. The 4nMesf values found from the fits agree well with the previously
determined 4nMert Values from the frequency dependent FMR measurements. All extracted Ha.
values were found to be negative, while all Hs. were positive. Hz. and Ha. are plotted as a
function of strain in Fig. 5.8. This figure clearly shows that H2. depends linearly on in-plane
strain, whereas Ha. has a quadratic dependence, as is expected for each term. These results also
show that the second order-anisotropy field is quite significant for in-plane strains with
magnitudes >0.2 - 0.3%. The experimentally determined H>. and Ha1 values are included in
Table 5.1 for all samples.

It was expected from theory that some of the more strained films would have exhibited
signs of perpendicular magnetic anisotropy, however all films in this study have in-plane
magnetic easy axes. The first-order anisotropy field of a strained (111)-oriented film is well

described by the following relationship which depends linearly on stress:
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where K is the first-order cubic anisotropy constant, A111 IS the magnetostriction constant for the
(111) direction and oy is the in-plane stress.[9] For films grown with a (111)-orientation, the in-

plane stress is related to the out-of-plane strain €1 by the elastic stiffness constants according to
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Fig. 5.8: The first-order magnetic anisotropy H., and the second-order magnetic anisotropy H., plotted as
a function of strain for the epitaxial (111)-oriented EulG films grown with PLD.[1]
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Using the elastic stiffness values found in literature (c11 = 25.10 x 10! dyn/cm?, ¢12 = 10.70 X
10! dyn/cm?, and ca4 = 7.62 x 10 dyn/cm?) [4], an unstrained aguc = 12.497 A, and 11 = 1.8 X
10[10], eq. (5.10) and (5.11) dictate that perpendicular magnetic anisotropy is expected to
dominate for out-of-plane strains greater than +0.341%, or for in-plane strains less than -0.419%.
To better understand why the Hz. of the films differed from theory, the experimental Hz.
values were plotted versus the out-of-plane strain €1 and then fit with a linear equation, as shown
in Fig. 5.9. Aside from the two data points for the films grown on GGG and YAG that also have
nonuniform strain relaxation, the fit matches the experimental data reasonably well. The first-
order anisotropy constant was found from the intercept according to eq. (6.10) to be Ky = +57.2 +
1.6 x 10® erg/cm?®, which has a different magnitude and opposite sign as the Ky = -35 x 103
erg/cm? that was previously reported for single crystal EulG.[11] The large difference in Ky
likely indicates that the EulG films deviate from stoichiometry and could contain atomic point
defects. A magnetoelastic term combining the magnetostriction constant with the elastic stiffness
constants was defined as A = (A1110/)/e1. This magnetoelastic term was extracted from the slope
of the fit and has a value of Agxp. = -6.89 + 0.91 x 10* dyne/cm?. The same term was calculated
from literature values as Arit = -6.12 x 10* dyne/cm?, which is ~11% lower in magnitude than
the experimentally derived value. It is worth pointing out that even though the in-plane strain
calculated using elastic equations is ~42% lower than the true strain of these films, their
magnetoelastic response to strain is not nearly as affected. The necessary out-of-plane strain
required for these films to produce perpendicular magnetic anisotropy was then determined from

the fit to be greater than +0.695%, or for in-plane strains less than -1.47%.
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Fig. 5.9: The first order-anisotropy field H», of the epitaxial (111)-oriented EulG films grown with PLD
plotted as a function of out-of-plane strain &, and then fit with a linear function.

5.4. Conclusions
Stress induced magnetic anisotropy was systematically controlled and characterized in

epitaxial (111)-oriented EulG films grown using PLD by depositing them on various garnet
substrates with lattice mismatches ranging from 1 = +0.456% to n = -3.945%. The in-plane and
out-of-plane strain of the films were characterized through a combination of high-resolution x-
ray diffraction 20-6 measurements and asymmetric reciprocal space maps. The elastic equation
relating in-plane strain to out-of-plane strain was shown to systematically underestimate the in-
plane strain by ~42% when compared to the strain directly measured from the reciprocal space

maps. For samples grown with a lattice mismatch of less than ~0.6% in magnitude, the films
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were shown to be well-conformed to the substrate, however, the films grown with larger
magnitudes of lattice mismatch showed evidence of nonuniform strain relaxation.

The first-order magnetic anisotropy H21 and second-order magnetic anisotropy Ha.
values of the films were determined using polar angle dependent FMR. All Hz. values were
found to be negative, preferring an in-plane magnetization direction, whereas all Hs1 values were
found to be positive, preferring an out-of-plane magnetization direction. All of the samples have
magnetic easy axes lying in the plane of the films as well. When plotted against strain, Ho. was
shown to have a linear dependence and Hs1 was shown to have a quadratic dependence, as
expected for each term. For films with small in-plane strains, Ha. is small and the magnetic
anisotropy is well described by Hz1, but for magnitudes of strain of ~0.2 - 0.3% or larger, Ha.
cannot be ignored. The first-order anisotropy constant of the films was determined from the Ho.
data as Ky = +57.2 + 1.6 x 10% erg/cm?, which is quite different from the literature value of Ky = -
35 x 10° erg/cmd.[11] Despite the observed ~42% difference in elastic behavior from theory, the
theoretical magnetoelastic response to in-plane strain is only ~11% lower than the observed
magnetoelastic behavior of the films.

The Gilbert damping and inhomogeneous broadening of the films were also characterized
with frequency dependent FMR measurements. The inhomogeneous contribution to broadening
is only ~10 Oe in the well conformed films grown with smaller lattice mismatches but is as large
as ~425 Oe in the films with larger lattice mismatches. The large inhomogeneous broadening of
the films with higher epitaxial strain is explained by their nonuniform strain relaxation. Despite
the large differences in magnetic inhomogeneity, the damping remains unaffected and has a

nearly constant value of ~2.2 x 107 for all films.
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In addition to the observed differences in elasticity, magnetoelasticity and K1 from the
literature values, the 4nMs of the films is ~920 G, which is ~23% lower than what’s reported for
bulk EulG. The large number of physical differences between these samples and references from
literature implies that the as-grown material is chemically different from pristine EulG.
Stoichiometric differences could manifest as deviation in the chemical ordering of the garnet
structure, constitutional vacancies, or both. To identify exact reasons why the properties are
different would require elemental analysis of both the initial target and as-grown films, and
perhaps supporting evidence from Mdssbauer spectroscopy. Without this information, it is
difficult to determine whether the deposition process changed the stoichiometry of the target
material. Regardless, these results show that the in-plane strain cannot accurately be inferred
from the out-of-plane strain if the deposited material has different elastic stiffness constants than
the reference material. Since one typically cannot know the stiffness constants of an as-grown
epitaxial film a priori, it is therefore prudent to perform asymmetric reciprocal space maps in
order to directly measure the in-plane structure. Combining elemental analysis with reciprocal
space mapping could also provide useful insight into how the elastic behavior of rare earth iron
garnets depends on stoichiometry, thus enhancing the ability to tailor perpendicular magnetic
anisotropy in rare earth iron garnets.
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CHAPTER®G6

Off-axis Sputtered Epitaxial EulG Films with Robust Perpendicular Magnetic Anisotropy

6.1. Background and Motivation

Ferrimagnetic insulators play a significant role in spintronics research as magnon spin
current sources [25-29], static exchange coupling sources [30-33] and low dissipation spin
current media [34,35]. The Gilbert damping in ferrimagnetic insulators such as Y1G or LulG is
two to three orders of magnitude lower than that in metals. The low magnetic damping of
ferrimagnetic insulators makes it possible for spin waves to propagate over long distances in
them. Another important feature that ferromagnetic insulators can have is perpendicular
magnetic anisotropy, which causes the magnetization of a film to be directed out-of-plane. The
perpendicular magnetic anisotropy in a ferrimagnetic layer breaks the time-reversal symmetry in
an adjacent nonmagnetic layer with no applied field and can induce ferromagnetism through
exchange interactions, which is a requisite for the anomalous Hall effect that supports
dissipationless chiral edge channels.[36,37] Perpendicular magnetic anisotropy is therefore
useful for fundamental studies as well as spintronics devices.

Normally, the shape anisotropy of a film causes its magnetization to be directed in-plane.
A successful strategy for overcoming shape anisotropy is to induce perpendicular magnetic
anisotropy by taking advantage of the magnetostriction caused by interfacial strain. The rare
earth iron garnets, which includes both Y1G and LulG, are one class of ferrimagnetic insulators
in which perpendicular magnetic anisotropy can be systematically tuned using interfacial strain.
Some work so far has explored tuning film strain by changing the substrate type, substrate

orientation, and film thickness in the TmIG, TbIG and EulG systems.[2,18,23,38-42] A small
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fraction of studies have also used cation substitution as an effective means of controlling the
strain in Bi:Y1G films.[40,41]

Most of the work on producing perpendicular magnetic anisotropy in rare earth iron
garnet films has been accomplished using pulsed laser deposition (PLD). PLD provides
important benefits for growing epitaxial films, such as a high degree of control over the
deposition rate and producing films with high compositional uniformity. However, one major
drawback of this method limiting its use in industry is its small coverage area. Larger films are
instrumental for translating the films into technologically useful devices and facilitate
characterization.

Magnetron sputtering is a widely available technology for growing thin films that has a
much larger coverage area when compared to PLD, but is a difficult method to use for producing
epitaxy when used in a standard configuration. Using an off-axis configuration reduces the
bombardment rate on the substrate while maintaining a larger coverage area, making it easier to
grow larger area epitaxial films with sputtering.[42] Additionally, using a sputtering target with
smaller grain sizes has been shown to increase the grain size of the resulting films [1], which
should further enhance the ability to grow epitaxial films with sputtering. This effect happens
because it is easier to eject clusters of atoms from along the grain boundaries where there is more
structural disorder than it is from the exposed interior regions of grains. For related reasons, a
compacted nanopowder target might further improve on the quality of the films when compared
to sintered targets since powders have much higher surface areas than their bulk counterparts.

There are practical difficulties associated with using a compacted powder target over a
sintered one, namely that they can break apart and expose the underlying material to plasma

during sputtering, or otherwise contaminate the sputtering gun and vacuum chamber. Such
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difficulties could be worth the extra efforts should compacted sputtering targets facilitate the
growth of large area epitaxial films in a significant way. To demonstrate the feasibility of this
method to produce epitaxial films with strain induced perpendicular magnetic anisotropy, we

decided to grow EulG films from compacted powder targets using off-axis magnetron sputtering.

6.2. Sample Fabrication

A compacted powder sputtering target was fabricated from in-house synthesized Eu-Fe-O
nanopowders. The Eu-Fe-O powders were synthesized with the same 3 Eu:5 Fe cation ratio of
pure garnet according to the citrate sol-gel method as previously described in the methods
section. In order to evaluate the phase purity and morphology of the resulting powders, a small
portion of the metal-organic preceramic powders were calcined for 12 h in air over temperatures
ranging from 800 — 1000°C inside of quartz boats placed in a box furnace. XRD 26-60
measurements were performed on the as-synthesized powders using a Rigaku SmartLab
diffractometer with Cu Ka radiation in conjunction with a Ni filter monochromator. The
collected XRD patterns were normalized and plotted together in Fig. 6.1. The XRD profile of the
powder calcined at 800°C shows diffraction peaks almost entirely consistent with the perovskite
phase EulP, but as the calcining temperatures increased, the relative intensity of peaks associated
with the garnet phase also increased. At a calcining temperature of 950°C or higher, the resulting
powders are single phase garnet according to XRD.

In addition to the correct stoichiometric composition, we also sought uniformly sized
powders with a fine microstructure. Uniformly sized powders are important to target fabrication
because they aid in compacting a uniform and dense green body pellet, meanwhile sputtering
targets with smaller grain sizes have been shown to have higher yields and produce films with

larger grain sizes.[1] Provided that the overall stoichiometry of the powder is correct, its actual
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Fig. 6.1: XRD 26-6 measurements of EulG powders synthesized via the citrate sol-gel route and calcined
at different temperatures in air. Published XRD patterns for the garnet phase (ICSD coll. code 9232) and
perovskite phase (ICSD coll. code 27277) are shown at the bottom of the graph for reference.

phase composition is a less important consideration because the subsequent deposition and
growth conditions favor formation of the garnet phase. With these considerations in mind, the
morphology of the calcined powders was then evaluated using SEM, and the grain sizes were
manually measured using ImageJ software. The powder calcined at 800°C had a fine, granular
morphology with an average grain size of 102.2 + 30.0 nm. Representative SEM micrographs of
the Eu-Fe-O powders calcined at 800°C for 12 h are shown in Fig. 6.2. Based on these results,
the remainder of the metal-organic precursor powder was calcined at 800°C in air for 12 h. The

calcined powder was then manually ground with an agate mortar and pestle for ~30 minutes. A
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target was prepared by compacting ~13 g of the as-synthesized powder into a 2 in. diameter

copper backing plate under an applied load of 50 MPa in a hydraulic uniaxial press.

<8 J S A 300 nm s 5 o
Fig. 6.2: Representative SEM micrographs of the Eu-Fe-O powders synthesized via the citrate sol-gel
route and calcined at 800°C in air for 12 h.

The compacted powder target and 10 mm x 10 mm GdszGasO12 (GGG) substrates with
(100) orientation were placed in a sputtering chamber with a 45° off-axis geometry, where the
center of the target face was 5 cm from the substrate rotation axis and 5 cm below the substrate
surface. A schematic representation of the sputtering configuration is shown in Fig. 6.3. The
substrates were annealed at 220°C for 5 h with a base pressure of <10 Torr before deposition.
After this annealing process, the substrate temperatures were then raised and maintained at
600°C. Films were deposited at a pressure of 5 mTorr in an atmosphere of 95% Argon and 5%
Oxygen by weight with a sputtering power of 100 W and an attained sputtering rate of 1.84
nm/min. Using this process, we deposited 6 films with thicknesses varying from 6 — 102 nm
using this process. A representative photograph of three of the films is shown in Fig. 6.4. The
dimensions of all films in this study are ~8 mm x 8 mm. The film does not cover the whole
surface of the 10 mm x 10 mm substrate due to the clamping method involved in securing the

substrates during deposition, however, we believe that our deposition method can produce larger
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area films with modification to the set-up. The off-axis sputtering technique employed in this
study for the growth of epitaxial films appears to have an advantage in terms of coverage area

when compared to the more conventional pulsed laser deposition (PLD) technique.

RF sputtering gun
(Cathode -)

Fig. 6.3: A schematic representation of the off-axis sputtering configuration used to fabricate the epitaxial
(100)-oriented EulG/GGG films.

Fig. 6.4: A representative photograph of the epitaxial off-axis sputtered (100)-EulG/GGG films with
thicknesses of 29, 51 and 74 nm.
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6.3. Results and Discussion

6.3.1. Structural Characterization of Off-axis Sputtered EulG

The thicknesses of the as-prepared EulG films were measured using a Bruker Dektak XT
stylus profilometer. They were all found to be within ~2 nm of the intended thickness, indicating
that the deposition rate remained nearly constant during the sputtering of all samples. The
thicknesses determined through profilometry range from 6 to 102 nm and are listed in Table 6.1.
The structures of the as-prepared films were then investigated using high resolution x-ray
diffraction. 20-0 measurements were collected about the (400) and (800) peak positions for each
sample using a Rigaku SmartLab diffractometer with Cu Ko radiation that was monochromated
with a double bounce Ge-(220) mirror set-up on the incident beam.

The 20-0 scans collected around the (800) peak are plotted together in Fig. 6.5a. Clear
periodic Laue fringes are visible on either side of the (800) peaks of the films with thicknesses of
51 nm or less and are just barely visible on the 74 nm thick film. The presence of such fringes
indicates smooth, flat interfacial and free-surface boundaries. The 20-0 measurements also show
that the (800) peak positions associated with the out-of-plane interplanar spacing dsoo are nearly
constant across all films, suggesting successful heteroepitaxy up to 102 nm in thickness. In all
samples, the film peaks are observed at lower 20 values than that of an unstrained EulG which
indicates larger out-of-plane dgsoo interplanar spacings and therefore compressive interfacial
strain. This is consistent with the difference in lattice parameters between EulG (aguic = 12.497
A) and GGG (aces = 12.376 A). The out-of-plane dsoo values were calculated for each of the
samples from their 20 positions according to Bragg’s law, expressed as

nA = 2dnkisinG, (6.1)
where X is the wavelength of diffracted light. The experimentally derived 26s00 and dsoo values

are listed for each of the samples in Table 6.1.
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Since the strategy for producing perpendicular magnetic anisotropy relies on interfacial
strain, it is particularly important to quantify the strain of these films. Because the materials
comprising the films and substrates are single crystals with a cubic crystal structure, and we
assume that the EulG of our films is elastically isotropic, the in-plane strain can be considered as
a single biaxial strain . For films grown with a (100)-orientation, the out-of-plane strain €. is

related to g/ through the elastic stiffness coefficients cij by

2C12

€ =—- s S//, (62)
__aj—ap

gL =" ,and (6.3)
_ qy~a

8// = TO, (64)

where a. is the out-of-plane lattice parameter of the strained film, a,, is the in-plane lattice
parameter of the strained film and ao is the unstrained lattice parameter of the film material.[4]
The out-of-plane lattice parameter is easily obtained from 26-6 measurements according to
a, = dpvh? + k2 +12. (6.5)

In epitaxially strained films, there are two thickness regimes describing typical strain
relaxation behavior. For films below a certain critical thickness tc, the film has a single
pseudomorphic structure and its in-plane strain is given by the lattice mismatch between the film
material and substrate. Once the film is thicker than tc, dislocation formation occurs in order to
minimize the total stress energy of the film and both the in-plane and out-of-plane interplanar
spacings approach the unstrained value as the film thickness increases, i.e. strain relaxation.[3]

However, this relaxation behavior is not observed in these films. This phenomenon is best
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Fig. 6.5: XRD structural characterization of the off-axis sputtered epitaxial (100)- EulG/GGG films. a)
20-0 measurements around the (800) peak position of EulG films with varying thicknesses, and b)
interplanar spacing of the (800) peaks dsoo plotted as a function of thickness in comparison to PLD films
frown by Ortiz et al.[2]
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illustrated in Fig. 6.5b where the (800) interplanar spacings dsoo are plotted versus film thickness
for both the sputtered films from this study and the PLD grown films reported by Ortiz et al.[2]
The error bars on the dsoo values of the sputtered films represent the full width of the film peak at
95% of its maximum intensity. The dashed horizontal lines represent the reference (800)
interplanar spacings of unstrained EulG, GGG, and an ideally strained EulG that does not relax
as calculated according to eg. (6.2) and (6.3) by setting the in-plane strain equal to the lattice
misfit strain and using elastic stiffness constants found in literature of c1; = 25.10 x 10
dyne/cm? and ¢12 = 10.70 x 10! dyne/cm?.[5] The ideally strained interplanar spacing value also
provides a useful approximation for the maximum out-of-plane dsoo expected for an epitaxially
strained (100)-oriented EulG film grown on GGG.

Fig. 6.5b shows that the out-of-plane interplanar spacings of the PLD grown films [2] are
thickness dependent and relax towards the bulk value whereas the off-axis sputtered films of the
present study stay at a nearly constant value up to a thickness of 102 nm, which was the thickest
film studied. The measured dsoo values of the off-axis-sputtered films also have an average value
of 1.588 A which is much larger than the value calculated for an ideally strained EulG of 1.575
A. Since we were able to determine with XRD measurements that the GGG substrates have a
lattice parameter of 12.378 A which closely matches the manufacturer provided value of 12.376
A, the larger than expected out-of-plane interplanar spacings of these samples likely indicates
that either their intrinsic (unstrained) lattice parameters, elastic stiffness coefficients, or both, are
different from the values reported in literature for EulG. This could be an indication that the
films contain atomic point defects, or that the stoichiometry of the films has been altered by the

off-axis sputtering technique.
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To better understand the structure of the films, reciprocal space maps were taken of the
102 nm thick sample about the symmetric (800) and asymmetric (842) peak positions, as shown
in Fig. 6.6a and 6.6b, respectively. The symmetric reciprocal space map of the film in Fig. 6.6a
exhibited a single peak near the higher intensity (800) peak of GGG. The observed peak position
of the film at Qz =0.62944 A matches closely with the 0.62937 A calculated from the peak
position in the 20-0 measurements. There is a spread in the film along the surface normal
direction towards larger Qz, suggesting that the strain gradient is not entirely symmetric in the
out-of-plane direction and relaxes toward the small intrinsic interplanar spacing of EulG.
However, the bulk of the peak is centered on the fully strained position. There is also a
significant triangle-shaped mosaic region surrounding the film peak which results from the
horizontal spread of the film in the Qx direction being asymmetric along the surface normal,
where any deviations from the central Qx value are interpreted as mosaicity and variation in the
growth direction.

Unlike 26-0 and symmetric reciprocal space map measurements, asymmetric reciprocal
space maps contain information on the in-plane lattice component and therefore provide a direct
measurement of the in-plane strain. Fig. 6.6b shows an asymmetric reciprocal space map of the
(842) peak. The peak maxima of the film and substrate share a common Qx value, confirming
that the film and substrate share a common in-plane lattice parameter. The film is well strained
with respect to the substrate and maintains strong coherency, indicating successful heteroepitaxy
at a thickness of 102 nm. The film peak also shows a small degree of relaxation towards the
unstrained lattice position of EulG. This is consistent with the data obtained from the 26-6 and
symmetric reciprocal space map measurements because the maximum of the film peak has not

shifted towards the unstrained position.
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Fig. 6.6: Reciprocal space maps of the 102 nm off-axis sputtered EulG film grown on (100)-oriented
GGG about the a) symmetric (800) and b) asymmetric (842) peak positions.
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The XRD results of Fig. 6.5 and 6.6 collectively show low levels of strain relaxation and
that the in-plane lattice parameters of the films match the substrate. This indicates that the strain
in the films is approximately ideal and that the films possess a nearly uniform structure with an
in-plane strain equal to the lattice mismatch strain. In the asymmetric reciprocal space map of
Fig. 6.6b, the film peak relaxes in a direction that points to a slightly lower Qx and Qz position
than what is predicted for the reference lattice parameter of aguic = 12.497 A. This implies that
the unstrained lattice parameter ag is in fact larger than the reference value. Seeing as the
difference in lattice parameter could result from point defects or deviation from stoichiometry, it
might also be the case that the elastic stiffness coefficients differ from the reported values. The
elastic (6.2), (6.3) and (6.4) can be combined into a single equation with two unknown values,
namely the unstrained lattice parameter of the film ao, and a single combined constant containing
the elastic stiffness constants. Knowing one of these values would allow us to determine the
other from the available XRD data, however, there isn’t a straightforward way to measure either
of these values from the films. It would also be practically very difficult to grow a sufficiently
thick enough film to obtain ag from. In the following analysis, we assumed that the stiffness
constants of the films are similar to the literature values because we have no clear evidence to
suggest otherwise, yet we have evidence that the intrinsic lattice parameter of the films are larger
than reference.

By combining eg. (6.2), (6.3) and (6.4) and rearranging for ao, we obtain the following

expression for determining the intrinsic lattice parameter of the film:

C113J_‘|‘2C123//

(6.6)

a =
0 C11+2Cq2

Using an average a1 determined from the 20-0 peak positions of the films, an in-plane strain a; =

accc according to the asymmetric reciprocal space map results, and the elastic stiffness constants
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from literature (c11 = 25.10 x 10 dyne/cm? and c12 = 10.70 x 10! dyne/cm?)[5] yields an
intrinsic lattice parameter ap = 12.555 A. This value is 0.5% larger than the reference value for
EulG. The slight relaxation observed in Fig. 6.6b also appears directed more closely toward the
relaxed reciprocal lattice position calculated for a lattice parameter of 12.555 A (0.35620 A,
0.63720 A™Y) than it does for the position calculated for a lattice parameter of 12.497 A (0.35786
A, 0.64015 A1), which suggests that the elastic stiffness constants of the sputtered films are
close to the reference values. The strains calculated using the reference lattice parameter of
12.497 A are g = -0.95% and . = 1.67%. However, using the calculated lattice parameter of
12.555 A yields more accurate strain values of &/ = -1.33% and &1 = 1.20%.

We believe that the differences between the lattice parameters of the films grown here
and that of reference values can be explained by small differences in stoichiometry. Our
fabrication process might cause a change in the cation ratio of Eu and Fe compared to the
starting material, and it could also lead to oxygen deficiency. A recent work on the off-axis
sputtering of EulG on GGG by Guo et al. [6] demonstrates an approximately linear increase in
out-of-plane lattice parameter with increasing Eu/Fe ratio. Specifically, the Eu/Fe ratio increased
as the longitudinal target to substrate distance increased. It was reasoned that lighter Fe ions are
more easily scattered away from the central sputtering axis than the heavier Eu ions. A similar
relationship between the cation ratios and longitudinal substrate distance was also shown in off-
axis sputtered TmlIG films, which also reported an increasing lattice parameter with Tm
concentration.[7] The lattice parameter measured in the present work, however, is larger than
that reported by Guo et al [6], which we believe is because our films are also oxygen deficient as

will be discussed next.
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Oxygen deficient ferrites have been shown to have up to a 3.6% larger lattice parameter
than their stoichiometric counterparts.[8-10] It was argued that oxygen vacancies donate
electrons to the empty 3d orbitals of nearby Fe®*, reducing them to Fe?*.[8,11] Because Fe?* has
a larger ionic radius than Fe®', the lattice parameter of rare earth iron garnets is directly related to
the level of oxygen vacancies.[8,12] It is likely that some oxygen may have come out of the
lattice during film growth due to the sputtering conditions. Specifically, the deposition occurred
in a low-pressure environment with a much lower partial pressure of oxygen than the ambient
atmosphere. Furthermore, the substrate was heated to a temperature of 600°C during the
deposition process, which likely increased the rate of oxygen vacancy formation in the films. It is
important to mention that unlike the EulG films by Guo et al [6] or Ortiz et al [2], the films of
this study were never annealed post deposition.

As previously discussed, the 20-8 data of Fig. 6.5 show that the strain in the films does
not substantially relax with thickness. Typically, as an epitaxial film grows thicker, a depth
dependent strain profile develops that correlates with a gradient of misfit dislocations.[13]
Because the strain energy in a film is proportional to its strained volume, these misfit
dislocations develop as a mechanism to reduce the total strain energy of a film as it becomes
thicker. In the asymmetric reciprocal space map of Fig. 6.6b we observed that most of the 102
nm thick film remains in a fully strained state, and in the symmetric reciprocal space map of Fig.
6.6a we saw that most of the film shares the same out-of-plane (800) d-spacing. The dramatically
lower strain relaxation compared to PLD grown films might be explained by a different strain
relaxation method that is less thickness dependent than strain accommodated by the typical

gradient in density of dislocations.
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Fig. 6.7: A comparison of XRD rocking curve FWHM measurements of various epitaxial rare earth iron

garnet films. Open symbols represent films with in-plane magnetic easy axes [14,15], whereas the closed

symbols represent films with out-of-plane magnetic easy axes [6,7,16,17]. The inset is the rocking curve
of the (800) peak of the 102 nm EulG/GGG-(100) film from the present study.

The triangular shaped spread near the film peak in Fig. 6.6a reveals that there is
mosaicity in the structure of the film. Unfortunately, there are few reports of asymmetric
reciprocal space maps of epitaxial rare earth iron garnet films in literature to compare with, let
alone for the (842) peaks of (100)-oriented films. However, there are reports of XRD rocking
curve measurements from which comparisons can be made. In particular, the FWHM value of a
rocking curve is a convenient way to quantify the spread in mosaic tilt angle within an oriented
film. A rocking curve was collected for the (800) peak of the 102 nm thick sample and its

FWHM is plotted in comparison to other epitaxial rare earth iron garnet films from literature in
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Fig. 6.7. The majority of the films from literature have very low FMHM values of less than
~0.03°, yet our 102 nm off-axis sputtered film and a ~250 nm thick PLD grown TbIG film
reported by Kumar et al [17] have FWHM’s of ~0.15° and ~0.2°, respectively. Furthermore, both
our film and the film grown by Kumar et al [17] exhibit stress-induced perpendicular easy axes
of magnetization, indicating that the in-plane strains of these films are significant.

In comparison to the other epitaxial films, Fig. 6.7 clearly shows that our sample has a
larger distribution of mosaic tilt angles. We believe that this mosaicity plays a role in
accommodating the elastic strain energy in our films. It is possible that their larger lattice
parameters also affect the dislocation formation since dislocation formation energy is
proportional to the square of the Burgers vector, and the Burgers vector scales with lattice size.
Thus, the dislocation formation energy of our films is likely higher than a pristine EulG, which is
a contributing factor for making mosaicity the dominant strain accommodation method as
compared to the more usual dislocation formation method. In addition, the point defects related
to non-stoichiometry might also contribute to the high degree of mosaicity.

Table 6.1: Structural and magnetic properties of the epitaxially strained EulG films with perpendicular

magnetic anisotropy grown on (100)-oriented GGG with thicknesses ranging from 6 to 102 nm.
Thickness (nm) | 20s00 (degrees) dsoo (A) 4nMs (G) Hc (G)
6 58.090 1.5867 1339 540
10 58.085 1.5867 1336 641
29 57.992 1.5891 1296 185
51 57.985 1.5892 1084 1124
74 58.021 1.5883 1069 524
102 58.004 1.5889 1047 684

6.3.2. Magnetic Characterization of Off-axis Sputtered EulG
Our method of producing perpendicular magnetic anisotropy was verified using VSM
measurements. All samples had their magnetization curves measured with the field applied both

in-plane and out-of-plane to the film using a Lakeshore 7400 Series VSM. The linear
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paramagnetic background of the substrate was subtracted from the measurement data and then
they were normalized by Ms before being plotted in Fig. 6.8. The VSM analysis of Fig. 6.8
shows that all samples exhibit in-plane paramagnetic-like and square out-of-plane magnetic
hystereses, indicating that the easy axes of magnetization are directed out-of-plane for all
samples. The out-of-plane coercivities of our samples range from 185 Oe in the 29 nm thick film
to 1124 Oe in the 51 nm thick film, with most near ~600 Oe. The 4nMs values of the films
decreased with thickness, and range from 1047 to 1339 G. The measured coercivities and 4TtMs
values are included in Table 6.1.

The measured 4tMs values are close to what has been reported for other EulG films
[2,6,18,19,23], and are comparable to the 1193 G reported for bulk EulG.[20] Specifically, these
4mMs values are somewhat higher than reported by Ortiz et al [2,23], and similar but lower to
Rosenberg et al, Bauer et al and Guo et al [6,18,19]. It is likely that these differences are caused
by slight differences in stoichiometry. For example, in other off-axis sputtered films with
thicknesses of ~30 nm, the 4tMs was shown to decrease from 1565 to 904 G as the Eu/Fe ratio
was decreased from 0.586 to 0.498.[6] It is likely that oxygen vacancies play a role in the slightly
lower 4tMs values as well. The reason for the substantial variation in coercivity is not well
understood, but it may be related to differences in the magnetic asymmetry in the crystal
structure of the films or variation in the domain behavior with thickness. There are also step-like
features in all of the measured hysteresis curves at applied fields of approximately +300 Oe. We
believe that these features are due to the substrate and are not present in the films themselves. A
measurement of a bare GGG substrate revealed similar features, and similar step-like features are
visible in the hysteresis curves of other rare earth iron garnet films grown on GGG

substrates.[2,18]
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Fig. 6.8: In-plane (black) and out-of-plane (red) magnetic hysteresis curves normalized by Ms for the a) 6
nm, b) 10 nm, ¢) 29 nm, d) 51 nm, e) 74 nm and f) 102 nm off-axis sputtered epitaxial EulG films.

Most notably, the thickest sample in this study exhibits robust perpendicular magnetic

anisotropy at a thickness of 102 nm. Earlier work on EulG films have so far only reported PMA
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at a maximum thickness of 56 nm.[2,18] The robust perpendicular magnetic anisotropy observed
at such a large thickness is a direct consequence of the as-synthesized films having less strain
relaxation than is typically expected. While the low levels of strain relaxation in these samples
are remarkable, it is possible that the underlying structural differences resulting in this
phenomenon could lead to increased spin damping.

In order to determine their spin damping, frequency dependent FMR measurements were
carried out on the 74 nm and 102 nm thick samples using a co-planar waveguide set-up with the
field applied out-of-plane and collected with a vector network analyzer. The nonlinear
backgrounds were subtracted from the collected signals and the resulting absorption curves were
then fit with the sum of a Lorentzian, antilorentzian and gaussian function. The purpose of the
gaussian function was to compensate for a smaller secondary resonance that overlapped with the
primary signal, possibly related to the presence of Eu?* or Fe?* ions. The resonant field Hr and
linewidth AHo values were extracted from the Lorentzian portion of the fits and were plotted
versus frequency for both samples in Fig. 6.9.

The resonant field values are highly linear with frequency, matching the relationship for
FMR in films with an out-of-plane magnetization given by

fr = % (Hgr — 4mtMesr), (6.7)
where 7 is the gyromagnetic ratio.[21] Remarkably, the resonant field positions are virtually
identical between the two samples, indicating that both their gyromagnetic ratios and 4nMes

values are nearly identical. The resonant fields were fit with a linear function and the - values

were determined from the slope to be 2.33 + 0.09 x 10 GHz/Oe and 2.19 + 0.08 x 10" GHz/Oe
for the for the 74 nm and 102 nm samples, respectively. This is somewhat larger than the

literature value of 1.95 x 10 GHz/Oe, indicating that the g-factor of the off-axis sputtered
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samples is ~10% larger than the reference value of 1.40.[22,23] The larger gyromagnetic ratio of
our samples is likely caused by deviation from the ideal stoichiometry. The anisotropy fields H.
were extracted from the intercepts according to

4tMefs = 4ntMs — Hu, (6.8)
and had values of 1823 £+ 72 Oe and 1915 + 76 Oe for the 74 nm and 102 nm films, respectively.
The fact that the anisotropy fields are so similar is consistent with the XRD results which showed
very similar strains in these samples.

The Gilbert damping and inhomogeneous contribution to linewidth were found for the

two samples by plotting their linewidths as a function of frequency and fitting them with a
straight line. Assuming that the broadening due to two-magnon scattering is negligible, the
Gilbert damping parameter o is extracted from the slope of the fit and the intercept is the
inhomogeneous broadening, according to

AH = Z“T“fR+AH0.[24] (6.9)
The damping was found to be very similar in both samples, with the 74 nm film having a
damping of 0.269 £ 0.021 and the 102 nm film having a damping of 0.243 £+ 0.020. These values
are an order of magnitude larger than the 0.020 to 0.025 that’s been reported in other epitaxial
EulG films.[18,23] It is likely that point defects related to nonstoichiometry play a role in the
increased damping, especially oxygen vacancies which can change the oxidation state of nearby
Fe and Eu ions, thereby changing their magnetic state.[8,11] In particular, an Eu®* ion occupying
a dodecahedral site normally has a J = 0 ground state that contributes no net magnetic moment,
but if reduced to Eu?* it then has a J = 7/2 ground state which has a significant contribution to the

overall magnetic moment.[23]
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The inhomogeneous broadening of the two samples were also found to be fairly large and
similar to each other, with values of 194.2 + 35.7 Oe and 251.0 + 35.4 Oe in the 74 nm and 102
nm samples, respectively. It is unsurprising that the inhomogeneous broadening was slightly
larger in the 102 nm film since the 20-0 measurements of Fig. 6.5a showed the broadest XRD
peak for this sample, implying there is more variation in d-spacing in the 102 nm film than in
any other sample. This also suggests that the 102 nm film has more dislocations than the 74 nm
film and thus has a higher degree of structural and magnetic inhomogeneity. Together, the 26-0
and reciprocal space mapping results imply that there was little to no non-uniform strain
relaxation in these films, therefore the large amounts of magnetic inhomogeneity are likely
explained by the presence of point defects and significant levels of mosaicity. It is unclear
whether the magnetic inhomogeneity resulting from structural inhomogeneity affected the spin
damping of these films. In highly strained EulG films grown with PLD that had inhomogeneous
broadening as large as 412 Oe, the damping was unaffected by the amount of magnetic

inhomogeneity.[23]

6.4. Conclusions

We demonstrated a novel off-axis sputtering technique for growing epitaxially strained
rare earth iron garnet films from a compacted powder target. Compared to PLD, off-axis
sputtering has clear benefits with regards to growing larger coverage area films, and the wider
industrial support for sputtering at large. Our method stands out compared to other reports of off-
axis sputtering because it resulted in single crystal garnet films with stress-induced perpendicular
magnetic anisotropy that required no post-deposition annealing step. Most notably, the EulG

films produced in this study exhibited robust perpendicular magnetic anisotropy as confirmed by
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VSM analysis at a maximum thickness of 102 nm, the thickest reported EulG film with
perpendicular anisotropy to date.

The structures of the films were analyzed using high-resolution x-ray diffraction 26-6 and
reciprocal space mapping techniques and it was discovered that the lattice mismatch strain from
the (100)-oriented GGG substrates did not relax appreciably with thickness. The films
maintained near complete heteroepitaxy up to a thickness of 102 nm, the thickest film in this
study. From the structural data, it was also discovered that the intrinsic (unstrained) lattice
parameter of the films was ~0.5% larger than the reference value, and that the films had
significant levels of mosaicity. Based on this larger lattice parameter, the in-plane strain of the
films is &/ = -1.33% and the out-of-plane strain is 1 = 1.20%. The larger lattice parameter is
likely explained by point defects related to nonstoichiometry of the films. In particular, oxygen
vacancies likely developed during the growth of the films, and have been previously shown to
increase the lattice parameter of ferrites by up to 3.6%.[8-10] Furthermore, the spatial separation
from target to substrate can significantly alter the cation ratios of off-axis sputtered rare earth
iron garnet films, additionally affecting their lattice parameter.[6,7] The dramatically lower strain
relaxation compared to PLD grown films might be explained by a different strain relaxation
method that is less thickness dependent than the more typical strain accommodation through a
gradient in the density of dislocations. We believe that the mosaicity of our films plays a role in
accommodating the elastic strain energy, and it is possible that point defects related to
nonstoichiometry also contribute to the mosaicity.

The robust perpendicular magnetic anisotropy of these films at such large thicknesses is a
direct consequence of their low levels of strain relaxation. Thicker films with perpendicular

magnetic anisotropy are potentially useful for their larger magnetic interaction with adjacent
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layers, however, the mosaicity and point defects that we believe are responsible for the reduced
strain relaxation of our films likely have negative consequences on their spin damping. Using
frequency dependent FMR analysis, we found that the films had damping of ~0.25, almost
exactly one order of magnitude higher than the damping of PLD grown EulG.[18,23] While
magnetic inhomogeneity due to structural inhomogeneity could potentially affect their spin
damping, the damping of other EulG films was shown to be unrelated to the inhomogeneous
contribution broadening.[23] It is likely that point defects are the primary reason for the
increased damping of these films. More specifically, oxygen vacancies can impact the
magnetization of neighboring Eu and Fe ions and could potentially have a large impact on the
overall damping due to oxygen’s role in mediating superexchange.

This work highlights the fact that the compositions of rare earth iron garnet films, and
therefore their physical properties, can be altered by deposition and growth conditions. The field
of rare earth iron garnet films would benefit from a more systematic approach of quantifying
strain, defects, and how to selectively control them. Techniques such as reciprocal space
mapping and x-ray photoelectron spectroscopy are two such methods that could help explain
differences in elastic and magnetic behavior and pave the way for tailoring properties not yet
seen in stoichiometric bulk rare earth iron garnets. In particular, atomic point defects haven’t
received much attention, yet they could dramatically impact the properties of rare earth iron
garnet films. The off-axis sputtering method employed here resulted in defected films with
unusually low strain relaxation and increased spin damping, yet it also demonstrated one possible

method of controlling the defects in garnet films.
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