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ABSTRACT

STUDIES OF TUNING MAGNETIC PROPERTIES OF FERROMAGNETIC

HETEROSTRUCTURES

The magnetic properties of hybrid systems have increasingly become an area of intense
focus in both fundamental research and technological application due to the inherent flexibility
in material properties by mixing and matching various constituent components. One patrticularly
interesting choicés hybrid heterostructures that consist of ferromagnetic (FM) materials and
materials that undergo phase transitions, coupled via structural, electronic, and/or magnetic
coupling. Two canonical examples of phase transition materials are vanadium dioxilefdO
iron rhodium (FeoRheo, abbreviated FeRh). Both materials undergo structural phase transitions
(SPT). With increasing temperatuké), transitions from a low temperature monoclitochigh
temperature rutile structure at 340 K. The SPT is concurrent with a 4-5 orders of magnitude
metal to insulator transition (MIT) from a low temperature insulating phase to a high temperature
metallic phase. Similarly, FeRh undergoes an isotropic 1% volume expansion at 370 K with
increasing temperature. Coincident with the SPT, FeRh also undergoes a magnetic transition
from a low temperature antiferromagnetic (AF) to a high temperature ferromagnetic (F¥d) pha
which is unusual for magnetic materials. The delicate nature of these transitions makes them
sensitive to parameters such as stoichiometry, growth conditions, and external stimuli, which

allows for high tunability of their respective phase transitions.

In this thesis, we first show in Chapter 3 that the surface morphology and MIT properties

of sputtered/O: thin films can be tuned via deposition conditions such as deposition



temperature and Qlow rate during the sputtering process while maintaining the quality of the
VO3 transition. Films grown at higher temperatui P w t w() and low Q flow rate show sub 2
nm surface roughness. Higher temperatures leda tp P H-lix&\sHirfade morphology along

with a 5 orders of magnitude MIT, comparable to single crystals. Choice of substrate allows
another avenue to strongly tune both the morphology and the MIT characteristics while

maintaining a strong V&xtransition due to lattice mismatch.

In Chapter 4, we turn to a discussionV@>/Ni bilayer structures, where the temperature
induced VQ SPTwill impart a strain across the interface into the FM layer, which will then
influence the magnetic properties via magnetoelastic coupling. Due to an inverse
magnetostrictive effect the coercivity and magnetization oFi¥idayer can be strongly
modified. Tuning the V@SPT via growth conditions or substrate choice then allows for tuning
the coupled magnetic properties of the FM. For sufficiently smooth films, there is a strong
enhancement in the coercivity localized close to their respegBVelc due to phase coexistence
in the SPT material7 KLY FKDSWHU LV ODUJHO\ EDVHG RQ ZRUN SUHYL

enhancement iNOz/Ni ELOD\HUV GXH WR LQWHUIDFLDO VWUHVV’' LQ -R

VO2/FM hybrid films also show a dependence on the growth conditions during the FM
deposition, which is explored in Chapter 5. Films with the FM deposited abovV®thghase
transition critical temperature {lshow a high coercivity below.nd a low coercivity above
Tc, whereas films deposited below §how the opposite behavior. Films deposited belpalJo
show an irreversibility in their magnetic properties the first time they are thermally cycled. A
similar irreversibility is observed in the resistance vs. temperature (R vs. T) properties of bare
VO: films, and cracking as the \b@rosses the SPT is proposed as a common mechanism. The

plausibility of cracking as a mechanism is investigated via computational modeling of the R vs.



T properties in a random resistor network, as well as probed directly via Atomic Force
Microscopy (AFM). The work shown in this chapter has been previously published under the

WLWOH 30DJQHWLVONILEEHOWMUNUF L QQWRXQ QDO RI 3K\VLFV &R

Sputtered FeRh/FM bilayer films show a similar sensitivity as thg RDsystem to the
growth conditions, with the coercivity below unable whether the FM is initially deposited
above or below d Above T, the magnetic FeRh phase adds an additional complication,
dominating the magnetic response via exchange coupling. This effect is explored in FeRh/Ni
bilayer systems in Chapter 6. Polarized neutron reflectometry (PNR) allows for depth dependent
structural and magnetic characterization with nanometer resolution. PNR measurements show
thattheE L O D\ H U Y \behdvidbelOW T IS likely driven by magnetoelastic effects due to
the structural transition of the FeRh, rather than simple magnetic coupling or a pinned interfacial
FM layer. The overall magnetic properties of the bilayers are therefore a product of both
structural and magnetic coupling between the FeRh and the FM Ni layer. The results of this
FKDSWHU KDYH EHHQ SUHY IsRRuxtiral ph&se EransitibKsHdzenDavicé 8hé L Q J

FRHUFLYLW\ RI IHUURPDJQHWLF ILOPV'3LQ $SSOLHG 3K\VLFV .
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Chapter 1. Introduction

1.1 Magnetic heterostructures

The two materials at the focus of this work, vanadium dioxidex]\4@d iron rhodium
(FeRh) have both long attracted attention since their initial discovery due to their unique
properties, as well as the elusiveness of a comprehensive understanding of those properties from
first principles?® Both belong to larger families of functional materials that are interesting from

atheoretical standpoint as well as useful in applications.

VO: is a member of the family of transition metal oxides, which have been the focus of
intense study for decades. This family of compounds, which often have strong electron-electron
correlations, exhibit a wide range of phenomena. The family of manganites exhibit the so-called
colossal magnetoresistance effect, where the magnetoresistance can change by orders of
magnitud€. The cuprates have played a significant role in high temperature supercond8ctivity.
Transition metal oxides can display various forms of ferroic order, such as the traditional
ferromagnetism or antiferromagnetism, but also more exotic types such as ferroelectricity, or
ferroelasticity’ 2! Many of transition metal oxides are multiferroics, in which various degrees of
electronic order are couplé8lOn top of these novel properties, the energetic landscape of these
materials means that they have multiple states which are energetically quite similar, which can
nevertheless lead to large changes in physical properties. They include materials that undergo
structural phase transitions (SP¥here the underlying crystal structure becomes distorted.
These transitions are often accompanied by transitions in other properties such as abrupt changes
in the resistivity via a metal to insulator transition (MIT) that can be several orders of

magnitudet3®® The various forms of ferroic order often undergo a transition as‘#althe
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case olVOy, it exhibits a SPT at 340 K from a low temperature monoclinic crystal structure to a
high temperature rutile crystal structure. Simultaneous Wist&RT is a 5 orders of magnitude

MIT from a low temperature insulating state to a high temperature metallic state.

FeRh belongs to a similarly storied family of compounds in the magnetic intermetallics.
Heusler alloy intermetallics display peculiar magnetic properties despite nonmagnetic constituent
atoms. RT4 rare earth intermetallics can show a giant magnetocaloric &feigCu, type
intermetallics display giant magnetostriction efféétslany of these effects are driven by the
strong coupling between the structural and magnetic properties of the systems. This can also lead
to multiferroic behavior such as imagnetic shape memory alloysincluding magnetostructural
phase transitions (MSPT) where both the structure and magnetic properties change due to the
coupling between magnetic and structural degrees of freedom in the material. FeRh exhibits a
MSPT at 370 K where it undergoes an isotropic 1% expansits @fbic unit cell along with an
unusual concurrent antiferromagnetic (AF) to ferromagnetic (FM) magnetic transition with

increasing temperature.

Both classes of materials are often difficult to synthesize, and their unique properties are
often highly sensitive to various parameters such as growth conditions and stoichiometry. The
strong interest in these materials has thus led to refinement of techniques such as chemical vapor
depositiont® sputtering?® molecular beam epitaxdt,and pulsed laser deposition (PL13).

Chemical methods are also being investigated as a means of cheaply scaling production while

maintaining the high quality required to preserve the physical behavior of these m&terials.

While the exact mechanisms behind many of the previously mentioned material
SURSHUWLHV D unti€dtoud,FmRR Ba® bEWUR @ \integrating them as components into

larger devices and structures. Thin film heterostructures allow for large coupling between

2



multiple electronic properties, yielding a composite whose constituent parts can be mixed and
matched for the desired properties. In addition, the thin film geometry may allow interfacial
effects and symmetry breaking to dominate, which can lead to unique properties. Thus, the
combination of two different materials in a heterostructure allows for a much wider range of
functionality in tuning the magnetic properties of the thin film than can be realized in a single-
phase material. While they often offer new challenges in synthesis, a number of these composite
systems have been realizZé&® These heterostructures can display properties such as
multiferroicity, giant magnetoresistance, exchange bias or electric field control of magnetism

that are not seen in the constituent matefffis.

One way to interact directly with a magnetic film is via the exchange interaction. This
fundamentally quantum mechanical phenomenon is a powerful tool in magnetic heterostructures
that can act as a very large local field. One of the more striking examples is exchange bias in
(AF)/(FM) heterostructureS:*° AFs are relatively insensitive to applied fields, and exchange
between the top layer of the AF and the ferromagnet acts as an internal biasing field, leading to
horizontal shifts in the M vs. H loop of the system. Spin valves have taken this effect one step
furtheU XVLQJ H[FKDQJH WR FUHDWH D pHKaydus®@fitapib\tekd DQG DGG
advantage of the giant magnetoresistance effect. Multilayer structures with many stacks of an
FM and spacer layer can show oscillations in the exchange strength between FM layers by

varying the spacer layer thickness, including antiferromagnetic coupling.

A unique subset of magnetic heterostructures are those mediated via strain. Rather than
utilizing direct electronic interactions, indirect coupling is mediated via strain fields with the
magnetostrictive effect and its inverse in the ferromagnet providing the avenue for this strain to

influence the magnetic properties. Despite the indirect nature and typically small



magnetostrictive coefficients, magnetostrictive coupling can lead to large changes in magnetic
properties in thin film heterostructures. Here we touch on four large areas: strain engineering via
substrate, multiferroic heterostructures, piezoelectric/ferromagnetic heterostructures, and an

SPT/FM heterostructure. For more comprehensive reviews! $&€.

Strain engineering in heterostructures has long shown promise as a way to tune various
electronic properties, potentially over a wide range of parameters. Perhaps the simplest method is
the choice of substrate, which can impart strain via lattice mismatch. Misfit strain has been used
to tune the magnetic anisotropy in various ferromagnetic systéths addition to tuning J;
substrate misfit strain can even stabilize ferroic phases in materials that are not intrinsically

ferroic in bulk?#142

Synthetic multiferroics can display magnetoelectric (ME) coupling orders of magnitude
larger than known single-phase multiferroics. Investigations into this idea began with bulk
composites and laminatés?* Even the first bulk composites displayed ME coupling an order of
magnitude larger than single-phase multiferroics. However, thin films offer advantages over both
of these techniques for maximizing the magnetostrictive effect. Nanostructured films have
relatively large surface area, allowing the interfacial effects to dominate. They also allow for
epitaxial growth, which leads to excellent strain propagation as compared to other methods.
Strain in epitaxial films is both efficiently transferred and very uniform, allowing for better

characterizatio®®

A piezoelectric (PE)/FM heterostructure is a popular choice in designing magnetic
heterostructures, as it allows for finely tuned voltage control of the strain and thus the magnetic
properties, which is desirable from an electronics application standpoint. Control of various

magnetic properties, such as the magnetizdtiétmagnetic anisotrop$’,*” and magnetic
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domain formation have been shown. Piezoelectric strain can also be used to tune magnetic phase
transitions’® even in materials which do not undergo corresponding SPTs. Strain in PE/FM
heterostructures have been shown to be able to influence domain wall foffreatidn

dynamics®>'as well as magnetic vortex statés?

However, a heterostructure between a material that undergoes an SPT with a ferromagnet
offers an attractive avenue for exploration. Here, the SPT takes the place of the piezo effect,
where the intrinsic strain of the SPT can be transmitted at the interface of the heterostructure and
influences the magnetic properties of the ferromagnetic layer via inverse magnetostriction. One
benefit of using an SPT material are the variety of stimuli that can be used to trigger the
transition.SPTs have been induced using applied electromagnetic fit¥dbegat4°6:5
femtosecond laser puls#s>®and strairf®6! This could be desirable for applications such as
Heat Assisted Magnetic Recording (HAMR). The abrupt change in properties localized near T
(or equivalent for alternative stimuli) also make them attractive in switching applications, as well
as for a strongly nonlinear response. SPTs are also able to generate relatively large strains and

are tunable via doping.

The canonical SPT material is the ferroelectric perovskite Ba(BDO), which
undergoes multiple structural phase transitions as a function of temp&f&Ti@.is alsca
suitable substrate for many interesting magnetic systems$k&O3z,*> LaixCaMO3,%?
Fe304,52 Fe8* CoFe04,%° among others). Above 13(@ it has a cubic lattice structure. As the
temperature is decreased, it transitions to a tetragonal structure uftihen to an
orthorhombic structure from (( to -90 (, and finally to a rhombohedral structure. BTO
heterostructures utilizings SPT have been shown to tune magnetizfiéh®*transporf®s’

spin reorientatiofi® magnetic anisotrop§%%° coercivity®® magnetic transition temperati®eand
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colossal magnetoresistarfté® It has even been used to modify th&RI of FeRh films at
F{r (due to interfacial strain caused by the orthorhombic to rhrombohedral SPT of the BTO

substrat&l 71,72

1.2 Metal to insulator and structural phase transitions in vanadium dioxide

The first discovery of a MIT in the vanadium oxides was by Morin in 28E¥er since, this
family of materials has offered a rich system of physics to explore. While the focus of this thesis
is onVO2, many of the others in the family of vanadium oxides show MITs as well. Figure 1
shows resistance vs. (inverse) temperature for varioysco@pounds belonging to the so-
called Magsli family of homologous phases. Inset are the various critical temperatuias T
the MIT, and the magnitude of the resistivity change:a¥®D- is unique in thaits transition
temperature (J is both above and reasonably close to room temperature at ~340 K in hulk VO

It also shows a relatively large change in the resistivity at 5 orders of magnitude at T
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Figure 1. Resistance vs. (inverse) Temperature for various vanadium oxides. (Inset) Summary of
the critical temperature and magnitude of the resistance change in uBit®.ofacross the MIT

of the listed oxides. Figure and table reproduced from Ref.s [73,74], see reference for original
data.

The Magréi phases are characterized by a stoichiometric formplas |, 5 where n is an
integer number from 2 to 9:6V4017 is only metastable, and integers above 9 have not been

seen and are considered unlikElThis corresponds to the series being bracketed.y for



QL ,andVQfor Q P 1R UP BXR O) Oxygen deficient V@films with reported
stoichiometry VQ gz10are generally mixes of various Matjrphases’® °In addition to their

chemical similarity and the presence of MITs, the materials in this series share a number of
related properties. This includes crystal structures that can be formed from blocks of rutile and
corundum structures of \lGand 403 respectivel\’’ Increasing n corresponds to a change in
valency states from 3 to 4, and the formal V 3d charge changes fractionally from 2 to 1. With the
exceptions of V@and VO13 the family also shows an anomaly in magnetic susceptibility across
the MIT with decreasing temperature that resembles a paramagnetic to AF magnetic transition.
Interestingly, in some cases the long-range order does not set in until a lower temperature than
the MIT Te.”® V7O13has no transition as previously mentioned, whereasd®s not showa

magnetic transition unlike the other oxides in the family nor daem to show long-range
ordering even at low temperatures. Instead; é@aramagnetic both above and below the

transition®'®3 although there is a noticeable change of roughly a factor of 8 in the magnetic

susceptibility across the MIT from approximately H * $TPJto H ? $_r\TJ The magnetic

susceptibility only showaslight anisotropy and is relatively insensitive to temperature away

from the MIT, with only slight decreases with increased temperature when abtve T

A similar but less well studied family, the Wadsley ph&8edth formula | 4>zalso
exhibit MIT properties (not shown), wit¥O- as the lower end and an upper bracket 8V
:QL ;. VOqis situated as the bridge in between these two series. Figure 2 shows an abridged
phase diagram for the \i\@amily, with VO, highlighted in red. The figure focuses on the rich
phase space provided by the homologous series due to their interesting properties and
stoichiometry close to V& A more complete phase diagram including lower O concentrations
and higher temperatures of the full V-O system can be found in R&fT[[7& overall narrow
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region in the phase diagram corresponding te ¥@ans that synthesizing pure ¥®
challenging. Small deviations in chemical composition can lead to impurities of phases which

will degrade the quality of the \V\Qransition.
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Figure 2. Phase diagram of vanadium oxides.M@e region is highlighted in red. Graphic from
Ref. [85], originally produced in Ref. [R6

Figure 3 shows many typical transition metal oxides that undergoW07? stands out, as
the next closest candidates are at ~250 K or ~400 K, even outside ttianvy. The
combination of being both above yet close to room temperature is ideal for use in practical

applications, particularly in electronics. Y@as been suggested as a strong candidate for field



effect transistor8’# oscillatorsg® and temperatuf@or chemical*?sensing. A side effect of the
MIT are changes in the optical properties of y®hich would be useful for metamatefiai* or
thermochromi?® applicationsVO-is also relatively stable although over time it will decay into

the more energetically favorable®s over the course of a few months if exposed t8°if.
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Figure 3. MIT critical temperatures for various oxides. Reprinted from Rdf. [85

The MIT is characterized by a 5 orders of magnitude change in the resistivity in high quality
single crystal V@with a thermal hysteresis of 0.5-1%€2 In thin film form, clamping effects

from the substrate tend to reduce the magnitude of the transitions, but 4+ orders of magnitude is
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still achievable with an appropriate choice of substtiEsien poor substrates such as Si or glass
can still show al uorders of magnitude transitidf>1°*A typical example of a resistivity
measurement of a thin film \A3s given in Figure 4. Despite the MIT moniker, the resistivity of
VO is closer to a semiconductor belowahd a poor metal above. While the VQ transition

is often induced thermally, it has been shown that a number of different external stimuli can
induce the transition, including voltage/curréhtemtosecond laser pul$&sand applied

pressuré?102
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Figure 4. R vs. T for a typical 70 nm Y@ m on TiOz substrate. Slightly modified from Ref.
[103].
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The intrinsic critical temperature {Tfor the VQ transition occurs around 340 K. Both the
onset of the transition as well as the width of the hysteresis are sensitive to the quality of the VO
as well as the underlying substratehysteresis width of roughly 5 K is typical in the highest
quality thin films, with the transition shifted to higher (lower) temperatures for increasing
(decreasing) temperatures. This increased hysteresis is considerably larger than the intrinsic
hysteresis seen in single crystals, ascribed to the martensitic nature of the structural transition
that accompanies the MIT. The details of the structural transition will be discussed in the next
paragraph. The thermal hysteresi&/@f. thin films is known to be heavily tied to grain size,
substrate, thickness of the film, deposition conditions, oxygen content, and twin boutfdries.
199 The physical origin of thermal hysteresis in M@in films is still not completely understood
but it is thought that the fact that several atoms must move simultaneously allows for substantial
supercooling (superheating). This supercooling can be suppressed by defects which allows for

easier nucleation of théO phase, and therefore smaller thermal hysteresis.

A comparison of the R vs. T for 7-20 02 films grown by pulsed laser deposition on
assorted orientations of &bz and TiQ substratess given in Figure 5. Note the roughly RO
shift in Tc for the various samples, as well as significantly different hysteresis width. Substrates
allow for a wide range of tuning ot &nd the thermal hysteresis without large degradation of the
transition due to the lattice strain. For example;\8@ (001) TiQ has a T of roughly 300 K,
with a sharp transition due to the excellent epitaxial relatiort$hidditional tunability can be
achieved via doping, where atoms that are larger (smaller) than the V atom systematically cause

a decrease (increase) in W or Cr are particularly populat! W provides the largest decrease
in Tc while maintaining a strong MIT, at gL Rt %,due to both its larger size relative to a

V atom and an extra electré.Cr doping acts to increase ;Tbut can stabilize various alternate
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VO; crystal phase¥: Control of oxygen nonstoichiometry using methods such as ionic liquid

gating*'® or growth conditior can also influencecland thermal hysteresis width.
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Figure 5. R vs. T for 20 nm VQ; films on various orientation of ADs and TiQ substrates.
Reproduced from Ref. [110

Concurrent with the MIT, V@also undergoes a structural phase transition (SPT) from a low
temperature monoclinic (M1) phase, to a high temperature rutile (R) phase. This occurs via a
lattice distortion along the c-axis of the rutile structure with decreasing temperature. The
vanadium atoms dimerize and cant slightly, while the overall length of the c-axis increases by

s”. The a and b axes also change length, leadiaghet volume change of 0.044%'%* The
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M1 phase belongs to the #2space groupt® and the rutile to PAmMnm1*® The two different
crystal structures are shown in Figure 6. The reduction in symmetry leads to a doubling of the

unit cell, as well as the opening of an optical bandgap of ~0.6-0'7"&%.

> Cr

Figure 6. (left) Crystal structure of the low temperature monoclinic phase of(kght) High
temperature rutile phase. Reprinted from Ref. [119].

The exact mechanism behind the M@IT is still under hot debate. A number of models
have been proposed that are able to capture aspects of the MIT with varying success. To date,
however, they all stumble tomprehensively capturing the broad range of features present
across the transition. Historically, the leading candidates in the discussion have been whether it is
aMott-Hubbard phenomenon, Peierls, or spin-Peierls type. Fundamentally, this comes down to
whether electron-electron interactions (Mott-Hubbaff}?! electron-phonon interactions
(Peierls)t?21%spin-phonon interactions (spin-Peielt4}*or some combinatid?® drive the
transition. The seards complicated by the difficulty of modeling strongly correlated electron

V\VWHPYVY DV ZHOO DV WKH ODFN RI D FOHDU HPSLULFDO pVP]I

A crystal field model proposed by Goodenough was able to qualitatively capture changes in

the electronic band structure close to the Fermi energy{8n the rutile structure, the density
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of states at Eis composed of partially filled- orbitals as well as & antibonding orbital,
shown schematically in Figure 7 (right). This leads to the metallie $tathe monoclinic
structure, there is a splitting of thie orbitals due to the V-V dimerization. The pi* shifts to
higher energy due to the canting of the V atoms away froithe T orbital becomes
completely filled, while thet * and N shifts completely abovedand are empty. These shifts

leave the density of states empty atghown schematically in Figure 7 (left). The basic
feasibility of this model was later confirmed by simulatiéfisThis model is an example of the

Peierls view, where the structural changes drive changes in the band structure and thus the MIT.

Figure 7. Schematic view of the band structure of (left)\Mk and (right) (R) VQ. The dashed
line represents the Fermi energy Reprinted from Ref. [139

The Goodenough model received renewed interest and attention after a first principles

molecular dynamics and resulting band structure study by Wentzcovitch et al. seemed to suggest
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W K DW Dtypétiahisitich fWds the dominant driving mechanighThis study reignited the
interest in the Mott-Hubbard or Peierls driving mechanism in thetxéDsition, and debate has

been vigorous ever since.

Despite the success of band theory to capture aspects of thteavi€ltion,it is not clear
whether a single-electron-style model truly captures the physics behind the transition. Electronic
structure calculations, particularly density functional theory using the local density
approximation (LDA) or generalized gradient approximation (GGA) reinforce many of the parts
RI *RRGHQRXJKTV TXDOLW Ds# inddels edhsisteély faiRZdaptuid theW K H
optical band gap that should open up when using reasonable parameters. Experimentally, this
gap has been confirmed to be ~0.6-0.7 eV in size. This failure is typical of LDi& aad
unigue to the V@system. Zylbersztejn and Mott also pointed out that any gap that did open in

this type of model would be quite sm&it.

Another complication to the Peierls viewpoint arises when considering other various phases
of VO, particularly the M2 phase. The M2 phase of2\an insulating monoclinic phase,
which can be stabilized by a small uniaxial stress or doping with very small amountsofer.
There is a continuous transition from the M2 to M1 phases via an intermediate triclinic phase
with decreasing temperature. The low level of doping, strain, or temperature required to stabilize
the phase implies that the M2 phase is likely an intrinsic phase paw®local minimum. In the
M2 phase, instead of all of V-V chains pairing and twisting, they become alternating chains. Half
of the chains will pair but not twist, and the other half will twist but not pair. The unpaired chains

containalocalized conduction d electron due to electron-electron correlations, a hallmark of a
Mott-Hubbard insulator. These chains act as %‘rjpn'ne dimensional Heisenberg chains making

the M2 phase magnetic, in contrast to the paramagnetic M1 pRa¥& he M1 phase can be
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considered as a superposition of both M2 chains in each chain. The fact that the M2 phase is a
Mott-Hubbard insulator therefore seems to strongly suggest that M1 may be &< Wa.
interpretation is further reinforced by the similarity of the band gap and electronic structure of
the M1, M2 and triclinic phases despite the different structidfédany theoretical studies,

including Wentzcovitch et al. never considered this phase explicitly, which raised some
guestions regarding the validity of their model. Theoretical studies now often explicitly consider

the M2 phase as a way to test the robustness of their médels.

Hybrid models which selectively include electronic correlations are overcoming the deficits
in the pure DFT-LDA/DFT-GGA models. Calculations by Eyert are shown in Figt¥e80n
the top left, the band structure of rutile ¥i® shown, mapped to symmetry points shown in
bottom left. The typical LDA manages to capture the essential features of the rutile phase and the
augments required to model the otl€@> phases do not significantly change the result. The top
right figure shows the calculated band structure using the generalized gradient approximation
(GGA), augmented by a Hartree-Fock exchange term. Again, the symmetry points are shown in
the bottom right for the monoclinic structure. The improvement in agreement upon adding
electron correlations is a compelling sign that electron correlations cannot be neglected in order
to properly model the VOMIT, although modified functionals might allow band theory to
capture the essential features. However, while the results regarding the band gap are much
improved, these hybrid models often still struggle to capture both the band gap as well as the
proper magnetic state for monoclid©», often mistakenly predicting an AF regime.

Investigations are still ongoing into models that can capture both fe&tlres.
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Figure 8. (Top left) band structure for rutif®>, using the LDA approximation in DFT. (Top

right) band structure for monoclin\O>, which uses a hybrid GGA functional with corrections

via Hartree-Fock exchange. (Bottom left) Schematic indicating symmetry points in the rutile unit
cell. (Bottom right) Schematic indicating symmetry points in the monoclinic unit cell.
Reproduced from Ref. [135,1B6

The above discussion approaches the MO from a theoretical perspective, but
experimental methods have been used to probe the MIT as well. Experimentally, photoemission
spectroscopy (PES) and in particular angle resolved photoemission spectroscopy (ARPES) is a
way to directly access the band structure of a material. PES techniques are an extremely common
way of characterizing V& and ARPES would seem to be a very powerful tool for clarifying the
debate over the band structure of M@both phases. However, to date, ARPES spectra far VO

are relatively rare which has been attributed to the difficulty in obtaining chemically stable
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cleavage planes in \@&ingle crystals. Progress is being made in using thin films inst&4d,

which are much more robust than their single crystal counterpartsoVDO, (001) have an
epitaxial relationship and can show the required smoothness. A full mappinfjWiase H H Q
completed, but initial results show a rough agreement in overall features with calculations such

as the ones by Eyert in Figure 8.

Another experimental approach is to image the Ya@nsition dynamically, using various
pump-probe techniques. Optical pump-probe as well as optical pump- X-ray probe have been
used to successfully characterize various ultrafast phenomena in solid state /stemy.Q
transition is ultrafast, on sub picosecond timescales to fully completely the trapfsiion.
consequence of the sub-ps time scale is that fully characterizing the transition is difficult, even
with modern ultrafast techniqué®.Cavalleri et al. found transition happens in ~80 fs, with the
MIT being bottlenecked by the SPT despite ultrafast hole injectidfihese time scales for the
SPT for the photo-induced transition must be from coherent phonon reactions, rather than
thermalizatiorr®'#*More recently, a transient phase of Mthase was identified, a metallic
monoclinic (mM) phasé**246 This phase is a transient metallic, yet correlated, monoclinic
phase that was inaccessible before femtosecond scale pump probe experiments. Rather than the
direct M1 to R transition as originally assumed, the transition is a mixture of an initial fast hol
driven Mott-Hubbard transition to the mM state and a slower but still sub-80 femtosecond
structural transition to the R state. Alternative measurements such as ultrafast PES and electron
diffraction studies have also confirmed this mM ph4é&*° Other studies have also seen

structural dynamics even after the transition to the rutile structure, that last on the order of ~100

ps 119,150,151

19



While there is not yet a consensus, the most recent literature seems to point towards both
mechanisms being significant contributét$What is clear is that there is still plenty of further
research needed on both experimental and theoretical fronts to clarify the exact nature af the VO

transition.

1.3 Magnetostructural Phase Transition in FeRh

The initial discovery of intermetallic alloy FeRh and its unusual AF to FM phase
transition was made in 1938 by Faltét>3who showed that bulk FeRh under certain conditions
undergoes a phase transition negr 350 K. Further studies revealed this transition to be a
magnetostructural transition (MSPT), or metamagnetic transitione, Ahd FeRh goes from a

low temperature AF state to a higher temperature FM state with saturation magnetization change
from r $TPJto st r$TPJ( +p 55 500mT).2%* The transition to a FM state with increasing

temperature is unusual, as typically FM order arises with decreasing temperature. Albloge T
magnetic properties behave as a normal FM, with slowly decreasing magnetization as a function

of increasing temperature and a Curie temperature of 670 K where it goes from FM to
paramagnetic (PM) with a magnetlzatlonro%]ln a second order transitio?t An M vs. T

profile across both the MSPT and Curie temperatures is given in Figure 9. Concurrent with the
magnetic phase transition is a SPT, the details of which will be given momentarily along with the

crystallographic details.
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Figure 9. M vs. T of 33 Sgbulk from 77 K to 770 K. Reprinted from Ref. [6], original work
done in Ref. [15p

Below T¢, AF FeRh has the CsCl (B2 ordered) crystal structure, with lattice parameter
f N t{& z %153156The CsCl structure corresponds to two simple cubic structures for each
atomic species being interleaved with each other, resulting in a net BCC type structure. As the
temperature is increased, FeRh undergoes the MSPT, leading to an increase in the lattice
parameter of 0.3% in each directiThe change in lattice parameter, as measured by X-ray
diffraction, is shown in Figure 10 (Bottom). The SPT involves the same expansion along each
lattice vector, leading to an isotropics * volume increase without a change in crystal
symmetry or structur€® The crystal structure for both phases is shown in the top of Figure 10,
with the addition of the magnetic moments in each phase. In the AF phase, the Fe atoms are
arranged in a G-type configuration with a momentlofu & t ehch, and the Rh has no moment
due to cancellation of the exchange fields by the neighboring Fe &tbimshe FM phase, all of
the Fe atoms with momertt & Falign, and the Rh gains an induced momentlod F ¢
due to exchange interactions with the'PelThese values are in rough agreement with first

principle band structure calculatiots.
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Figure 10. (Top left) CsCl crystal structure foy H 5ikelow T, with emphasis on the G-type AF
order in the Fe atoms. (Top Right) CsCl crystal structure=jdd Sa&bove T, with emphasis on

the FM ordering®® (Bottom) Lattice parameter as a function of temperature across the FeRh
transition. Reprinted from Ref. [6], original work done in Ref. [157

FeRh alloys have 5 major stable equilibrium phases depending on the atomic percentages
and temperature. An abbreviated phase diagram as a function of temperature and Fe
concentration (5,, S,, rdr O § O r&@is given in Figure 11. Not shown is an additioral
phase that is BCC and PM as well as.grhase which is a low temperature FM BCC phase.

Each phase is labeled with its magnetic state as well as associated crystal structure. The phase
transition originally identified by Fallot is shown in the diagram a® . phase. Notably, the
transition is localized in a very narrow region to equiatomic FeRh, in the rafige Q $ Owé

for 15,, S, With increasing Fe concentration, Monotonically decreases until eventually it is

completely suppressed.
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Figure 11. Phase diagram for the, Ss,,systemfor O[ O . Reprinted from Ref. [6],
original work done in Ref. [141

The FeRh MSPT is a first order transition with a latent heat O%‘? The large latent

heat is accompanied by a correspondingly large total entropy chiage F—Z'.55 Specific

heat measurements are able to decompose the magnetic, electronic and lattice contributions to

the total entropy change. Cooke et al. obtained valu&gdyw U & p oIS o HFWU RO LF
U&pwhwiLrnG N—-J_,With UGpijoHwLFG N—-J_, U&pwwi Fn G mandﬂmOHFmRQLF

G m respectively for FeRh thin film'$® Not only is the magnetic contribution the largest,

the signs indicate that the magnetic and electronic contributions drive the transition, whereas the
lattice contribution stabilizes the AF phase, in agreement with free energy calcui&tions.

Concurrent with the MSPT is a resistivity decreaséNaf r ~ from the AF to FM staté®
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Akin to VO, the exact mechanism and details behind the FeRh transition is something
which is under hot debate. Several theoretical models have been proposed. One of the original
proposed modelZ DV .LWWHO fV H[ERIhEd tHe exghakrige i b Riqetion of the
lattice parameter in such a way as to switch signs at some distance. However, this model does
not agree with experimental measurements of the entropy and elastic cofit&ht&in
addition, it does not account for the role of the Rh atom which goes from 0 moment to
developing some nonzero moment aboyeAhother proposed model argues for a pseudogap
opening at the Fermi level in the AF state due to Slater splitting of the d“Hawitraviolet PES
experiments did not obserwguch change in electronic structure in 10 monolayer FeRh single
crystalst®® whereas X-ray PES with a penetration depth of 20 unit cells did register a clear
difference that matched with DFT calculatidf$!’°More recent proposals usually focus on the
Rh atom having a strong role in determining the overall magnetic state of the ${/<Bama.
model by Gruner et al. has AF Fe-Fe interactions competing with FM Fe-Rh interactions to
produce a transition driven by thermal instability of the competingd and 1  } Rh states’?

Work by Mryasov and then later refined by Barker and Chantrell takes a similar approach, but
the change in Rh magnetic state is driven by interactions with the exchange fields of the Fe
moments rather than thermal instabilittés!’“The Rh moment is not modeled directly, but
instead is taken into account by mediating a higher order non-Heisenberg effective exchange
term to the Fe-Fe Hamiltonian, which is able to reproduce a phase transition via competition

between the Heisenberg and non-Heisenberg terms.

Ultrafast spectroscopy experiments have helped elucidate some of the details of the
dynamics of the FeRh transition. An experimental study utilizing the magneto-optical Kerr effect

(MOKE) in a pump-probe set up showed that the magnetic transition occurslenra”
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timescale’® The phonon driven lattice expansion begins &\ largely complete aN s’ e,

and stabizesat N w r’ «5%17° An additional MOKE study was able to clarify that the latter 2
timescales correspond to two different regimes by comparing to simulations solving Landau-
Lifshitz-Gilbert equations’® The initial S Borresponds to nucleation of various local FM
domains in an AF matrix, as magnetic moments adfigElement sensitive XMCD shows that

the ratio of Rh and Fe site magnetizations stays constant as they grow proportiéhefely.

While there is a net average moment in the film, the Zeem@hl & J\ LVQITW VWURQJ HQRX
uniformly align all of the domains, and therefore they are not aligned with each/ther.
complementary MOKE and XRD study showed that these magnetic domains randomly align
along 4 different directions, as expected for the cubic symmetry of the crystal, with a preference
along the direction that coincides with the applied magnetic ¥iéld. addition, the XRD results
directly confirmed the timescale of the structural domains to be the same as the local magnetic
domainst’”®8The longer S Wimescale corresponds to sedocal magnetic domains

eventually aligning with each other to form a single domain state due to exchange forces and
domain wall motion when these domains come into contact with each other. Ultimately the
dynamic behavior is the combination of local moment behavior, nonlocal domain growth and
later alignment, with a precession caused by variable demagnetization fields during the
transition. Further studies using a variety of ultrafast techniques found strong agreement with this
nucleation model but disagree on the timescales involved. Some report the previously mentioned
sub-ps dynamic®:1">while others report a process on a 30%sr even hundreds of ps
scalelt’"179:180T g date it is not yet cleavhat the cause is for these discrepancies, and there is a
heated debate on how to interpret these conflicting reports. Several potential confounding factors

have been proposed, including varying beam size, fluence, transient optical artifacts in MOKE,
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varying heat sinks, and sample thickn€€&8! In particular, these measurements are all bulk
measurements, so a varying beam size or sample microstructure may determine whether the
signal is averaged over a few domains or m&h¥his might make the signal more sensitive to

the domain nucleation or alignment process rather than the initial local FM generation.

More recently the magnetic transition evolution was mapped out spatially using XMCD,
albeit with only a 50 ps time resolutié®.Preliminary results agree with the bulk averaged time
scales for nucleation, as well aspects of the lateral magnetic nucleation spread being tied to the
speed of sound of the material and therefore structural aspect of the trarffidiHowever the
poor temporal resolution and lack of structural sensitivity limit the information that can be
extracted from these measurements. Improvements in these areas should allow for a better
observation and understanding of the nucleation dynamics of the FeRh magnetostructural

transition on ultrafast timescales.

,Q WKH PLG fV /RPPHO VKRZHG WKDW )H5K®¥FRXOG EH
The material is extremely sensitive to growth conditions, but high quality FeRh on epitaxial
substrates are able to almost entirely maintain the magnetic and structural properties of the
MSPT. An example of an M vs. T curve for 110 nm FeRh on MgO substrate is given in Figure

12 (top left). Below T= 370 K, the FeRh is in the AF state. Typically, there is a small but
measurable remanent FM moment on the ordelwfrf, which is attributed to an interface

stabilized FM staté®328% The shift in T from 350 K to 370 K is attributed to the in-plane
compression (out-of-plane expansion) due to the epitaxial mismatch of 0.27% between MgO and
FeRh. Substrate clamping effects also lead the transition to act more anisotropic, with the in-

plane lattice expansion smaller as compared to out of plane. Abotre FeRh maintains an
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0 vphwy Tt’ in good agreement with bulk values. Top right shows the same M vs. T in the

heating branch for various applied magnetic field strengths. The applied field acts to stabilize the
FM phase and therefore reducawithout otherwise distorting the M vs. T profile. A similar

effect is seen in the cooling branch. The bottom left panel shows another M vs. T profile, this
time with an AbO3 substrate. Here, the substrate provides a tensile in-plane stress, which shifts
Tc to lower than 350 K. The bottom right panel shows a typical hysteresis loop for the MgO
sample during the transition. The distinctive wing shape of the loops corresponds to the applied
field shifting Tc enough to transition portions of the film back to the high temperature FM phase.

Accordingly, a smaller field is required at 380 K to do so than 360 K.
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Figure 12. (Top left) M vs. T for a 110 nmig = Sg hin film on MgO (001) substrate. (Top

right) M vs. T of 13- Sgs0n MgO for various applied magnetic fields. (Bottom left) M vs. T
fora 110 nm 15— Sg4hin film on AlOs (001) substrate. (Bottom right) Sample hysteresis loop
forthe I3- Sqson MgO substrate. Reproduced from Ref. [186

FeRh thin films show an interesting behavior for out of plane measurements, as shown in
Figure 13 (left). In the in-plane configuration, the demagnetization field of an FM grain with
strengthv N \yacts to stabilize its neighbors. In the out-of-plane configuration, the
demagnetization field acts to destabilize neighboring grains, as shown in Figure 13 (Right). The
first order nature of the nucleation thus leads to a pronounced asymmetry in the M vs. T profile.
A mean field correction term removes most of this asymmetry, with slight deviations where the

mean field approximation is poor. This corresponds to temperatures of roughly 320 K in the
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cooling branch and 330 K in the heating branch, respectively. At these temperatures, the sample

contains significant portions of both AF and FM phase, inhomogenously

Figure 13. (Left) M vs. T for a 110 nmig - S, hin film on Al,O3 (001) substrate for both in
plane and out of plane configurations. (Right) Schematic showing effect of demagnetization field
by a FM grain. Reproduced from Ref. [186] and Ref. [187] respectively.

Due to the coupling between the lattice and magnetic states, MSPT can be triggered via a
number different stimuli beyond temperature, including an applied magnetié>flgtdrostatic
pressure?’188strain/118and photoexcitatio, T. has also proven to be highly tunable via Fe to
Rh ratio!®¥4°1 doping by other metafs;1881°2growth conditiong?%1931%4and choice of
substrate in thin film$2:1%°|n the case of an applied magnetic field, the critical temperature

decreases by 8-9 K per Tesla and remains linear in the measured regiod, @ t@°>8For
an applied pressure the change is again linear, with a re%@dm ?Jor pressures up to 2.5

GPa, with the sign depending on whether tensile or compressive pressure is'&plied.
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FeRh has been proposed as a candidate material for a variety of applications. A rather
large entropy changeV IRXQG ZKHQ WKH PDWHU LaBOlekds B\ gighY LWV 06
magnetocaloric effect, with a temperature changd. s té{ in adiabatic conditions under a
2T field 1% This is competitive even with the best magnetocaloric materials for magnetic
refrigeration applications. Indeed, it is the largest magnetocaloric effect known to date. The
irreversible nature of the transition due to the large hysteresis and accompanying hysteretic
losses has been a hurdle for adoption in devic€é1*8More recently, it has been suggested that
FePt/FeRh bilayers, where the FeRh can act as an exchange spring, may be useful for thermally
assisted magnetic recording applicatibiisviemristor designs that take advantage of the
anomalous magnetoresistance effect of AF FeRh have also been prdpased-eRh has
relatively low intrinsic damping with a Gilbert damping constant r&r s ymaking it a
potentially interesting material in spintronf® However, a large hurdle to more widespread

study and adoption into technology is the prohibitive cost and scarcity of Rh.

1.4 First Order Phase Transitions and Phase Coexistence

The phase transition of \W@s fundamentally a first order transition, using the Ehrenfest
classification. It exhibits a latent heat of ~1020 cal/mol, and a corresponding entropy change of 3
cal/mols 832020ne important consequence is that both the monoclinic and rutile phases can
then coexist at some specific temperature due to inhomogeneities in the sample. High quality
single crystals switch abruptly, with a near discontinuous change in resistivity. But thin films
will have inhomogeneities due to grain structure, slight variations in grain stoichiometry, point

defects, etc. This leads to a slight smearing out of the transition over a range of temperatures as
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in Figure 4. The transition is still quite sharp but smoothed out in comparison to singleRrystal

vs. T measurements.

Qazilbash et al. showed this phase coexistence meX@erimentally, shown here in Figure
1429 The top of Figure 14 shows nanoscale x-ray diffraction images of a 1.2 micron by 1.7
micron region, where the detector was sensitive to the slight change in the Bragg peak from
29.58° for the monoclinic (200) to 29.92 which correspond to the (101) rutile plane. By
following this peak shift, they were sensitive to the structural phase transition with 15 nm
resolution. The bottom of Figure 14 shows scattering scanning near field infrared microscopy
(sSNIM) images. The sSNIM technique is sensitive to the dielectric function of a material, and
thus sensitive to the different optical constants of the two pR¥déedas a similar resolution of
~15nm. Both techniques show the same overall story as the temperature is varied. At low
temperature (roughly 330 K in the figures), the sample is in the monoclinic insulating phase. As
the temperature increases, portions of the sample transition and there is nucleation of regions of
metallic rutile phase. Additional increases of the temperature transition larger portions of the
VDPSOH XQWLO LWYV IXO0\ LQ WKH PHWD O Qlerroridtkat¥'d. OH S KD\

coexistence of both phases of ¥@ear T.

In addition, Qazilbash et al. show that the MIT and SPT may be decoupled in a very narrow
region near J, adding further complication to understanding the#@nsition. Comparing the
two measurements in Figure 14 shows a difference in how the phases spread through the
transition. More surprising still, the nano-XRD imaging shows regions that nonmonotonically
transition. That is, some regions which transition to the rutile phase transition back to the
monoclinic phase, despite the elevated temperature. These regions only become rutile once the

temperature is further increased. Their experimental setup has temperature stability of 0.05 K,
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and the authors argue this is not due to thermal instability. The sSSNIM images show that metallic
regions do not display this nonmonotonic behavior. Once a region becomes metallic at a given
temperature, it stays metallic. The authors give further support by noting the resistivity, which
should be sensitive to regional conductivity differences in their sample, is monotonic as well, in
agreement with the sSNIM results. Further discussion of this behavior is beyond the scope of this
thesis but is worth mentioning as it further complicates the discussion in the previous section of
whether the V@transition is Mott-Hubbard or Peierls type. Howeitenay be consistent with
stabilized transient metallic monoclinimi/) phase near?° While it is not a direct analog, a
decoupling between the MIT and SPT of the relatg@s\8ystem, indica&sit may be possible in

other correlated systems such as;\¥
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Figure 14. (Top) Nanoscale XRD aWO: film, utilizing the shift from the 29.58 ° monoclinic

to 29.92 ° rutile Bragg peak across ¥@2 SPT. The detector was set to 29.58 ° and therefore
higher intensity (blue) indicates monoclinic phase. Low intensity (red) indicates rutile phase.
Green indicates coexistence of both phases within the beam footprint. (Bottom) Nanoscale
sSNIM using the third harmonic infrared scattering amplitude, which is sensitive to changes in
the optical constants during the MIT. Low amplitude corresponding to the monoclinic
(insulating) phase is shown in blue, and high amplitude corresponding to the rutile (metallic)
phase is shown in white. Both images use the same sol-gdilMOReproduced from Ref.

[203].
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Following similar arguments as above, FeRh thin films will also show phase coexistence.
The technology to image magnetic domains was developed earlier than the methods needed to
probeVO: , and the FeRh magnetic phase coexistence was first shown using magnetic force
microscopy?°’2%8More recently, techniques such as X-ray Magnetic Circular Dichroism
(XMCD) and X-ray photoemission electron microscopy (XPEEM) offer unprecedented spatial
mapping of magnetic materials, down to nanometer scales. XMCD techniques take advantage of
the fact that X-ray absorption depends on the helicity of the incoming radiation, in direct analogy
to the well-known magneto-optical Faraday and Kerr effects. XMCD and XPEEM signals are
sensitive to the portion of the magnetization along the direction parallel to the beam. The
nucleation of the magnetic transition in FeRh has been mapped out in detail using these
techniqueg®®#1 Keavney et al. were able to combine XMCD/XPEEM measurements along
with nanoscale XRD measurements to map both the structural and magnetic parts of the FeRh
transition in the same sample. The top of Figure 15 shows results of the XPEEM measurement.
Blue and red colors correspond to FM phase that is either parallel or anti-parallel to the incident
beam, respectively. The AF phase, with no net moment, shows as a neutral white. At low
temperature, the white AF phase is dominant, with some remanent FM phase even below Tc
likely due to stabilization by the interface. As the temperature increases, the FM phase begins to
nucleate into domains. The bottom of Figure 15 shows complementary nanoscale XRD
measurements, done by tracking the roughdyushift in the (002) Bragg peak due to the lattice
expansion across Tc. The AF phase is shown in blue, and the FM phase in red. It shows a similar
picture to the XPEEM experiment. Below Tc, the film is primarily in the AF phase, with its

smaller lattice constant. As the temperature is increased, portions of the film begin to nucleate by
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transitioning to the FM phase and its larger lattice constant. Both measurements show structural
and magnetic phase coexistence very near Tc. Keavney et al. report that the structural transition
seems to be consistent between thermal cycles, whereas the magnetic transition is less so. They
interpret this to be due to the fact that the structural transition is driven due to local defects in the
film, but these defects, while they may pin the initial FM formation, do not effective pin the
magnetic structure after percolation is achieved. In addition, they were also able to perform
XMCD simultaneously with the nanoscale XRD and show a strong match between the two (not
shown, see Ref. [212]). They did not see depth dependence in the XMCD, which they interpret
as a sign of the nucleation dynamics occurring in plane, and not strongly influenced by the

interfaces.
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Figure 15. (Top) XPEEM image of 20 nm FeRh (001) on MgO (001) substrate, with resolution
of 100 nm x 100 nm. No applied magnetic field. The image size isc...""ee S v ec. . "‘oo
(Bottom) Nanoscale XRD, with 30nm x 30nm resolution of a 20nm (001) FeRh film on MgO
(001) substrate. Blue (red) indicates the belawabove-T) phase. No applied magnetic field.

The image size iz ¢<..." '+ § veaRegrbduced from Ref. [2]12
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The nature of phase coexistence in first order phase transition materials also has implications
for changes in various properties across the transition, such as the resistivity. This is issue is
particularly acute for the MIT properties in Y@anodevices. As portions of tR©: film
transition to the metallic state, this leads to avalanches in the resistivity, in a process similar to
Barkhausen noise in FM$3?'4In order to resolve these jumps, sufficient resolution of the
measurement is required. In the case of resistivity, which is a bulk measurement, this implies
devices on roughly similar length scateghe metallic and insulating phase domains. This
would correspond to the microscale or nanoscale, so that an individual switchingheafient
sampe has a large impact on the device resistivity. While larger devices will show the same
behavior, the switching of an individual grain will have a negligible impact on the resistance of
the sample and will be smeared out, potentially below the instrumental error. This avalanche type
behavior has been seen for M@evices with lateral dimensions 1 micron x 6 microns, shown in
Figure 16(left). Eight consecutive R vs. Ts are shown. The overall process is inherently
stochastic, due the fluctuations in the order parameter close to a first order phase transition.
However, the process can be somewhat deterministic, with local defects that can cause a lower
Tc in the nearby material. These defects then act as nucleation sites. In naturally highly textured
films, the process can even be effectively determini§tim theVO; films, it was found that 1-3
jumps account for roughly 50% of the resistance change, and the size of these largest jumps
scales linearly with inverse device length. The jumps exhibit a power law relationship between
the likelihood of occurring and the jump sizeQd films also show avalanche behavior across
their MIT, but with different characteristics, hinting that the driving mechanisms between the

W ZR P D W H Unhdy Bevfhdanienally differeft®
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Avalanches have also been observed in the magnetoresistance of FeRh films patterned into
mesoscale stripes, shown in Figure 16(right). Interestingly, the behavior is asymmetric as it was
in the XPEEM and magnetization results, due to the differences in the interactions of AF and FM
grainsi®®2121The stripe patterning serves to enhaneedtiference due to the fact that FM
correlations are robust and long range, whereas AF interactions are much shorter range and
sensitive to defect$’ The cooling branch is characterized by supercooling due to stabilization
by the FM interactions. In the heating branch, there are many small avalanche events, indicating
a lack of superheating due to the sensitivity of the AF interactions as well as the ability of

stabilized FM grains at the interface to act as nucleation sites.

Figure 16. (Left) R vs. T measurement of a 90 nm thick #@ on r-cut sapphire, emphasizing

the avalanche behavior during the MIT. The film was 1 micron long and 6 microns wide. Inset a
shows the physical device geometry used, while inset b shows the full R vs. T profile. Reprinted
from Ref. [21§. (Right) R vs. T measurement of 50nm thick FeRh on MgO substrate, with 0.22
micron width and 2.6 micron length. There is an applied field of 1 T in plane. Reproduced from
Ref. [187.

1.5 Magnetostriction and inverse magnetostriction
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The normal magnetostriction effect occurs when a material that is exposed to a magnetic
field changes size. The original discovery of this effect w&@&H EDFN LQ GXULQJ -F
work on iron rods. He was able to show that the length of the rods changed under the application
of a magnetic field that magnetized the rods lengthwise. In general, longitudinal magnetostriction

is characterized by the equation

a LA'
where | is the magnetostriction coefficient, is the change in the length of the material along

the direction of the applied field, and L is the original length of the material in a demagnetized

state also along the direction of the applied fidld? rindicates an increase in length of the

sample, and O a contraction. In addition to the longitudinal magnetostrictive effect, the

volume is approximately preserved, such that there will be a corresponding decrease in length in

the perpendicular directions. It is worth stressing that in this section, care should be taken when
referring to agemagnetizefstate. In general, this traditionally refers to any magnetic
FRQILIXUDWLRQ ZKHUH WKH QHW PDJQHWL]D WdfdRs3o bne ,Q Wk
in which each potential domain orientation is present in equal volume. Not using this so called

ideal demagnetized state can lead to significant deviations in measured magnetostrictive

guantities.

For transition metal based ferromagnets (Ni, Co, F&on the order o6 r’° F sr?"

and can be either positive or negative. For Ni, typical valudscd V"L F ®° , V:L

? 2

F ®°,and L F ®° ZKHUH WKH VXEVFULSWV UHIHU WR WKH
crystal axes, andsfor polycrystalline Ni. The superscript s stands for saturation magnetization
values, and the i indicates the measurement was done from the ideal demagnetized state as
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discussed earlier. For this work, we take the polycrystalline value. Ni has one of the largest
values of magnetostriction for a simple ferromagnet. Rare earth metals with strong spin orbit
coupling can have large magnetostrictive constants but are expensive and difficult to obtain at

sufficient purity. Giant magnetostrictive compounds such as Terfendl { ?[) HaN a;

and Galfenol { H,;*Q & N &;can have magnetostrictive constants that are 10s to 100s of

times larger than Ni but are difficult to synthesize.

Fundamentally, magnetostriction is a direct consequence of spin-orbit coupling. This
coupling leads to domain wall motion and particularly domain rotation, rather than changes in
the spin moments directly. This spin-orbit coupling also means that along with the
magnetostrictive effect, it can also mediate the inverse effect, inverse magnetostrictive effect.
The inverse magnetostrictive effect is when an applied stress causes a change in the
magnetization of a material. This effect also has several other consequences. For example, the
magnetization vs. applied field (M vs. H) curve of a polycrystalline Ni film is shown in Figure
17. The applied stress influences the magnetization at some fixed field, in the case of Ni an
increase (decrease) in magnetization for compressive (tensile) stress. But also note that it

influences the overall shape of the M vs. H curve changes as a function of the applied field.
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Figure 17. Effect of tensile (+) and compressive (-) stress of the magnetization vs. applied field
of a polycrystalline Ni film. Reproduced from Ref. [220], originally unpublished work by D. K.
Bagchi.

In addition to the previous effects, there will be an effective induced stress anisotropy.
For small deformations, the magnetoelastic energy in general can be expanded in powers of the
deformation??!#23

gt T gnBmen E & t
ghij
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where piare the coupling coefficients, js the strain tensor, andjare the direction cosines

of 0&relative to the crystal axes. Keeping the lowest order tern@aril noting that the cubic

symmetry of the crystal will greatly simplify this expression

u
Lot R bisPRQE LQE $@

FUdJds55 P5s=s@@E 5= @@E 5=0@@; u

where Pis the magnitude of the applied elastic stresare the direction cosines for the stress

Relative to the crystal axes. For a polycrystalline film, it is often reasonable to approximate the
magnetostriction as isotropic, i.&544L Iss5L Il In 14 gl€Nnotes the saturation

magnetostriction from an ideal demagnetized state. Eq. 3 simplifies dramatically, into the form
u 6. .
lgdh F—t I P.. ®Eyq¢; Y

where E; ¢is the angle between the magnetization and the applied stress. Utilizing the identity

... %¢E E « % E L sard dropping the constant term, we can rewrite Eq. 4 as

u 6.. )
_ngL _t I P ’.%g;, w

Next, we would like to find an expression for the effective field H due to some applied
strain applied perpendicularly to the magnetization. This effective field will move the

magnetization some anglg& The full expression for the energy E is given by

u
L E- | P 6 = o ¢ , X
455 B¢ we<sEL

where the first term includes any terms without angle dependence, including the

magnetocrystalline anisotropy for a polycrystalline sample. The second term is the
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magnetoelastic energy from Equation (4), and the final term is the Zeeman enerdy, wits
the angle between the magnetization and applied magnetic field. In the case where the stress is
parallel (this approach applies as well for a perpendicular stress with minor changes) to the

magnetic field, we carake By L B L Eand minimizing the energy with respect tgields

.'.
Tl Ul PeB . GEF Y .. B L y

Eliminating ard utilizing O L 04 V L Qbrings us to this form for the magnetization M

w0
L4WL4W 7

t oo udf

In the case wher® N 0 ¢ we can solve for the effective stress anisotropy field, relabejeds

¢|—U(!|‘JjD {

J4W

The total effective field .4gan be written as

u
cdc!— _nnE ¢ L _nnG J (HD Sr
4 W

where the sign of the stress anisotropy field will depend on whether the stress is compressive or
tensile. With this expression in hand, we can now estimate the effective field due to an applied

stress.

A number of models are able to successfully capture the effects of ferromagnetic
hysteresig€?4#2’ A mesoscopic mean field model originated by Jiles and Atherthon has proven to
reproduce hysteresis curves in good agreement with experiment&datm this model,

hysteresis arises when domain wall motion is inhibited by pinning sites such as lattice defects.
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By statistically averaging over the entire sample, the model maintains a certain simplicity while
still fundamentally connecting to the underlying physical nature of the problem. The main insight
of this idea of pinning is that the ferromagnetic response can be broken up into two parts, a
reversible and irreversible one. The reversible part captures the effects of domain wall bending,
which requires no loss of energy. The irreversible part represents the effect of pinning defects,
which will hinder domain wall motion and consume energy. For brevity, in the following we
highlight only resultant equations relevant to modeling. For a detailed derivation, see Refs.

[228,229.

An idealized version of the magnetic response can be well represented by the so-called
anhysteretic curve. This curve represents the global minimum energy response, where the
domain walls are able to freely move without pinning to a true equilibrium. From this idealized
response, in the Jiles-Atherton theory the full magnetization is constructed as reversible and
irreversible deviations from the anhysteretic. The anhysteretids well represented by a
modified Langevin function

.

cdd

L wa—8L W-I——§f—dﬁF Ss

f

where 4ig an effective field with form .44 ,,E = . The second term is analogous to a

Weiss molecular field term, where the parameteharacterizes the strength of coupling

between magnetic domains. For Ni, N rarrv¥%dis a parameter which characterizes the
shape of the anhysteretic curve. The theory was later extended by Jiles to include
magnetomechanical effects, including an effective stress anisotropy term very similar to the one
given aboe 2! The model has since been further, with large contributions by Sablik, and is now

able to capture features such as the Villari ef&&’ The full model is now referred to as the
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Jiles-Atherton-Sablik (J-A-S) model and has been widely adopted for modeling magnetic
responses to stress. Here, we restrict ourselves to the effective field description given by Jiles,
which largely captures the major features we are interested in. The full effective ﬁ@@ithen

udd

Ji w

dad nnE= G st

An important property of the anhysteretic is that it is identical for some applied field H
and stres Pto the effective field Ed and no applied stre$' From the anhysteretic, the full
magnetization M can be constructed from the reversiblg:§ and irreversible ( 49,

components. M can be written simply as

L pctE gpp su

with  ,cand ¢,given as
pctl 1 F gpp sV
ap - _IF.ATT_gcpp SwW

where c is a constant given experimentally by the ratio of the initia} L Ed 4-0, and M=0)

susceptibilities of M and . k is a parameter which characterizes the pinning, being

proportional to the number of pinning sites and the average pinning erfergyE ’s)r%f Pr

andL F sfor%f O rand ensures the pinning always opposes changes in magnetization. Taking

the differential forms with respect to , jof Eqn. 14 and Eqgn. 15 and plugging them back into

Eqn. 13 yields, with some algebraic rearrangement
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Conveniently, the first term corresponds to changes in M due to irreversible changes, and
the second to reversible ones. The entire equation can be numerically integrated, or each
computed separately and added together. Further, it shows that irreversible changes are
proportional to the distances from the anhysteretic and vanishés if _|. This is called the
30DZ R D SIsi&JdbBEelyiKonnected to how the anhysteretic curve can be obtained
experimentally. In experiment, the anhysteretic can be obtained by applying a decaying AC

oscillation on top of the DC applied field, allowing domain walls to move past pinning sites.

A similar differential equation can be obtained for the change of magnetization as applied

stress, and is given?a$

T S ] S
C F gppETIS Sy

where L : L%LV D SDUDPHWHU LQYROYLQJ <RXQWHich PRGXOXV (I

characterizes the relationship between the derivative Qfyith respect to elastic energy and
1 F gpp

The above differential equations can be readily numerically integrated to find how the
magnetization evolves under applied field or strain, including hysteresis loops. The model has
shown strong agreement with experiment for materials such as steel. For materials like Ni, used
here, the inability to capture domain rotation among other difficulties means the model is more
qualitative 23 Therefore, for the work presented in this dissertation it will largely be sufficient to
consider the anhysteretic curve, from which we will be able to extract useful information such as
approximate values of the strain applied to magnetic thin films.
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Chapter 2. Thin film deposition and characterization

2.1 Introduction

Due to their unique properties, the synthesis of high qué@tyand FeRh thin films has
been an area of intense research. High quality fif@s have been successfully grown via
chemical vapor depositicii? sol-gell°! sputtering?*° pulsed laser depositidft, ion beam
depositior’*? e-beam evaporatict? and molecular beam epitaxy (MBEY.Sputtering is the
dominant technique in growing FeRh filff& although MBE® electron beam meltiféf and
electron gun codepositiéft has been used as well. While there are many techniques to grow thin
films, sputtering enjoys several advantages. It is a relatively simple growth technique while also
being easily scalable for industrial use. Despite that simplicity, it can be used to grow extremely
high-quality films with good uniformity. Deposition rates can be tuned to grow films from a few
nanometers to microns in thickness. The process is also highly tunable, allowing for a wide range
of conditions for many different target materials to achieve the desired film properties. For these
reasons, we chose sputtering as our growth technique for both thdi\a@d FeRh/Ni
heterostructures. While there are many reasons to find sputtering an attractive method for film
growth, it also comes with downsides. For example, a target material made up of different atoms
such as an alloy or oxide can lead to preferential sputtering of certain atoms rather than
maintaining a stoichiometric balance, due to the fact that sputtering rates are specific to the
atomic mass. This might requiagoresputter procedure to allow the sputtered flux to reach a
stoichiometric steady state ao-sputtering from separate target materials. Sputtering also lacks
some control compared to a technique such as MBE, where the terminating composition can

easily be tailored at an atomic level.
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Both VO, and FeRh phase transitions are highly sensitive to the quality of th& @Im.
ensure the high quality of our films and therefore strong transitidnVfV LPSRUWDQW WR F
them via several techniques. The main method for characterization fé®thfdms is
resistance vs. temperature (Rvs. RI WKH ILOP 7KH 0,701V H{(WUHPH VHQVLW
conditions means that even slight changes can lead to varying R vs. T profiles. Growth
conditions can affect not only the absolute magnitude of the transition, but also characteristics
such as the sharpness and thermal hysteresis width. Care was taken to maintain a 4 orders of
magnitude resistive transition. In addition to the R vs. T, the crystalline quality measured from
X-ray diffraction (XRD) experiments help to confirm the high quality of the Yilihs. X-ray
reflectivity (XRR) was used to determine the thickness of the films. Atomic Force Microscopy
(AFM) allows us to characterize the surface roughness directly, which plays an important role at
the VO/Ni interface. Once the quality of the Y@ confirmed, we are interested in looking at
the magnetic properties of tMO2/Ni heterostructures. A vibrating sample magnetometer

(VSM) was utilized for these measurements.

Like VOg, the FeRh MSPT is highly sensitive to growth conditions, and it is important to
verify the quality of the films. The main method tostbvas measuring magnetization vs.
temperature (M vs. T) using either a VSM or a superconducting quantum interference device
(SQUID) magnetometer. Again, the sharpness of the transition as well as the magnitude of the
transition is a strong indicator of film quality. The magnetic properties of the FeRh/Ni
heterostructures were similarly measured in a VSM or SQUID magnetometer. In order to further
study the FeRh/Ni heterostructures, both XRR and polarized neutron reflectivity (PNR) were
used. These techniques provide a wealth of information about the exact chemical composition

and interfaces between the two materials. PNR also provides information on the magnetic
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composition, with depth dependence. Details for these techniques is provided in the rest of this

chapter, with procedures provided in the appendices.

2.2 Sputtering

Traditional diode sputtering works by utilizing a target material inside a chamber with a
gas. Typically, an inert noble gas such as Ar is used as the sputtering gas. A voltage is applied,
utilizing the target itself as a negatively biased cathode, and the gun walls as the anode. Stray
electrons subjected to this voltage difference will be accelerated and collide with the Ar gas
atoms. If the electrons have enough energy, they will knock off an electron from the Ar atom,
ionizing it. These ionized atoms form a weak plasma, which keealsharacteristic glow during
the process. The negatively charged electrons are pushed away from the negative cathode target,
whereas the positively charged Ar atoms will collide with the target. This collision will knock off
atoms of the target material, and it is these pieces that ultimately get deposited as the thin film
onto the substrate. It will also knock free more stray electrons, creating a feedback loop to
sustain the plasma. This simple picture of sputtering leaves out many details, but nevertheless

captures the essential parts of the process.

While this diode type sputtering is very effective at growing thin films, there are several
improvements that can be made to increase the quality of films. Oness H® OOHG SPDJQHWU
sputtering, where magnets are placed near the target material. An example of magnetron
sputtering is shown schematically in Figure 18. These magnets are shaped so that their magnetic
fields confine the stray electrons close to the target. This produces two large advantages. Firstly,

it reduces the ability of the stray electrons to collide with the substrate. These electron collisions
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are sufficiently energetic to cause structural damage and heating of the substrate. Secondly, by
confining the electrons, the magnetron configuration dramatically increases the chances of

collisions between electrons and Ar atoms by orders of magnitude. This greatly increases the
deposition rate, while also allowing to maintain the plasma at lower pressures. Typieally, th

magnets are arranged with one magnetic pole in the center of the target, and a ring of magnets
DURXQG WKH HGJHV 7KHVH PDJQHWYV FDQ HLWKHU EH RI URX
FRQILIXUDWLRQ RU uXQEDODQFHGT skEdndgebDthah @d cevitéid RXWH U
This uXQEDOD Q F H G TallBWs@or Isdrnxeliiegvdf Ragnetic flux to not be contained to the

target, and some secondary electrons can travel towards the substrate. This greatly increases the

ion bombardment rate onto the substrate, which in some cases can improve film quality. The
DOWHUQDWLYH pXQEDODQFLQJY E\ PDNLQJ WKH FHQWHU PDJ(
due to the low deposition rate. One trade off with the magnetron configuration is that sputtering
magnetic materials often requires adjusting the magnet configuration. Strongly magnetic

materials such as Fe are difficult to sputter. The interaction of the magnetic field of the

magnetron and the target tends to lead to shunting and a focusing of the magnetic flux lines.
5DWKHU WKDQ D VPRRWKO\ GLVWULEXWHG pUDFHWUDFN SDW

in a narrow ring region, and can cut through the target, wasting most of the sputter material.
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Figure 18. Schematic drawing of magnetron sputtering, with a vanadium (V) target. In our
system, the target is@winches thick and inches wide in diameter.

Another adjustment that can be made is using a radio frequency (RF) applied voltage,
rather than direct current (DC). DC sputtering has the disadvantage of requiring current flow to
apply the voltage, which means that it is only suitable for metals. Applying an RF voltage allows
for the use of insulating targets, particularly oxides and ceramics. This opens up argerch la
range of target materials than traditional DC sputtering. However, this flexibility comes with
tradeoffs. RF sputtering typically has roughly half the rate of deposition of a comparable DC
configuration. In addition, the entire electronic circuit that handles the voltage needs to be
specially designed in order handle the RF signal. This requires special shielding of components

from each other, as well as tuning capacitors to prevent damaging the power source. Our
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sputtering system utilizes an automallic adjusting load and tuning set of capacitors iniaff
configuration. The load (shunt) capacitor, consisting\driable capacitor in series with several
fixed capacitors, acts to drive the impedance of the plasmart8 The tuning capacitor consists

of a fixed impedance inductor in series with a variable vacuum capacitor to nullify the reactance.
The matching network is equipped with input sensors to detect the magnitude and phase of the
incoming RF signal from the plasma, which then is transformed into a DC steering signal to
control servo motors that adjust the variable capacitors. This acts to hold the plasma at

resistance and O reactance, and thus O reflectedrpowe

The last potential modification to the standard sputtering process that we utilize is
reactive sputtering. Reactive sputtering works by introducing a reactive gas to the chamber
during the sputtering process, typically oxygen. As the sputtered material is traveling towards the
substrate, it collides and reacts with the reactive agent, forming some compound. By controlling
the ratio of reactive gas to sputtering gas, one can tune the resulting product composition with
very high accuracy. Reactive sputtering allows for a wider range of sputtering products, even if a
target of the desired compound cannot be easily made. In a similar vein to reactive sputtering,
another means of control is cosputtering, where multiple targets of potentially different materials

are sputtered at the same time, only reacting together in transit and the substrate surface.

In this work, we utilize reactive RF magnetron sputtering for the M@s. In our
experiments, we utilize a pure metallic V target, and rely on reactiga®to form VQ. This
allows for the precise tuning of the oxygen stoichiometry in the fil@s. This is particularly
important for VQ in order to avoid the Magh and Wadsley phases. As was discussed in some
detail in Section 1.2 and shown in the oxygen concentration phase diagram of Figure 2, there are

a number of vanadium oxides which are stoichiometrically very close t0l¥&¥ing only a tiny
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window to obtain pure V&without contaminants. While the target is metallic and could
potentially be used in DC mode, the RF ensures a stable sputter if the surface becomes slightly
oxidized by the reactive {Qas or the target becom@isoned] Poisoning of the sputtering

target refers to the gettering of the reactive gas by the target material, either by chemical
reaction, adsorption, or ion implantation. Poisoning changes the voltage and deposition rate of
the target as well as the partial pressure of the reactive gas, sometimes drastically. It can also
lead to hysteresis in deposition characteristics when parameters such as reactive gas patrtial
pressure are varied, since there is a competition between the gettering and the sputtering
processes. Atwo-stepSUHV S XW W H UL Q Jf d&poRifroH ¥av h8lptb Reducé/tRe 1 L O
chance of target poisoning and improve reproducibility between depositions. First, a sputter is
performed without the reactive gas introduced to the chamber. This has the direct benefit of
cleaning the surface of the target of any remanent oxide but can also improve the initial
sputtering rate since oxides often have lower sputtering rates than their metallic counterparts.
This improved initial sputtering rate can help avoid a feedback loop where the gettering rate is
greater than the sputtering rate. Howeve#Z iR Qofewient target poisoning if the gettering rate is
still greater than the sputtering rate in steady-state equilibrium. A second presputter is then
performed with the reactive gas environment to allow the process to come to a steady-state
equilibrium, and then the film deposition is performed. By contrast, the Ni and FeRh films are
done using DC magnetron sputtering since they are metallic targets in a pure Ar environment.
Details of the sputtering procedure are given in the next seantibAppendix B (Sputtering

Deposition Procedure).

Our system is a commercial Orion system by AJA international which contains 4

sputtering guns with 2 inches diameter, located at the bottom of an ultra-high vacuum chamber
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arranged in a confocal geometry. The confocal geometry along with a gimble system for each
gun allows for flexibility in the incident angle of the sputtered material. For example, off-axis
sputtering can improve film quality at the cost of deposition rate. The guns are equipped with
pneumatic shutters that allow stabilization of the sputtering plasma without contaminating the
substrate surface. At the top and center of the chamber is a rotating substrate holder with an
adjustable height along the z axis. The substrate holder consists of a 3 inches Inconel plate
rotated at 40 rotations/min to improve uniformity. Heating is provided by 2 lamps located behind
a quartz plate, and the temperatures reported here are those recorded by a thermocouple located
next to the 2 lamp The total pressure is maintained by a gate valve in front of the pumping
system which automatically adjusts to maintain the setpoint pressure. The partial pressure of
each sputtering gas is maintained by 2 separate mass flow controllers, one for Ar and ene for O

gas.

2.3 Deposition Procedure

In this section, we describe the actual conditions used to deposit the films. The step by
step deposition procedure is provided in Appendix B (Sputtering Deposition Procedure). There
are two types of films to consider. The first &®>/Ni heterostructures grown on &k and
TiO substrates. The second are FeRh/Ni films grown on MgO (001) substrates. All substrates
used in this work were purchased from MTI Corporation. We will begin by describing the

VO/Ni films, and then the FeRh/Ni films.

All VO films fabricated in this thesis were grown via reactive RF magnetron sputtering.

The Ni layers in th& O2/Ni hybrid films were grown via DC magnetron sputtering with the gun
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LQ uXQE DO D QaadhGMheFeRN@ hadxetic core is removed but the magnetic ring is
untouched. Prior to use, the:8s and TiQ substrates were stored in air. Both types of substrate

are stable in air, and there is no risk of degradation. To prepare them for deposition, all substrates
were cleaned to reduce contamination of the surface. First, they were ultrasonicated in an acetone
bath for approximately 15 minutes, which is particularly effective at removing oils and organics

on the surface. However, acetone is known to leave residue, so the first 15 minute sonication is
followed by 15 minutes of sonication in methanol. The substrate is then blow dried\gés N

and immediately mounted onto the substrate holder and the substrate holder is loaded into a
Load-Lock chamber to begin pumping down. It was found that 2 holder fingers on opposite
corners of a substrate helped improve the reproducibility by enhancing the thermal contact with
the Inconel plate. The Load-Lock reachidss & w sif‘ Torr before the substrate is transferred

to the main chamber for deposition. The films were grown in a high vacuum chamber, with a

base pressure of approximately Hs r’ Torr. The target used in the Y@eposition was a

pure (99.95%) V target with dimensions 2 inches diameter and 0.25 inches thickness purchased
from Kurt J. Lesker company. The Ni target was a pure (99.995%) Ni target 2 inches diameter

and 0.25 inches in thickness, also from Kurt J. Lesker.

For the FeRh films, MgO (001) substrates were stored in a vacuum desiccator as it is
known to react to air. Prior to deposition, the substrates were cleaned by ultrasonication in 10
minutes of acetone, 10 minutes of methanol, and 10 minutes of isopropanol. Substrates were then
dried with N> gas and then mounted onto the substrate holder and loaded into the Load-Lock.

The FeRh target is a pure (50/50 ratio) FeRh target with 99.9% purity from ACI Alloys Inc. The
FeRh is also operated in a DC magnetron sputtering gun in the unbalanced magnetic

configuration.
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For the VQ depositions, the Ar gas flow was fixed at 31 standard cubic centimeters per
minute (sccm) while the Tlow was varied to alter the ratio between the two gasses. The flow
of both gasses was maintained by two mass flow controllers accurate to 0.05 sccm. The pressure
during deposition was maintained at 4 mTorr automatically by a gate valve in front of the turbo
pump inlet. The substrate temperature was another parameter used to tune the properties of the
VO: films. The gun tilt was ses ya yfrdm the horizontal which corresponds to direct line of
sight sputtering to the substrate for our confocal sputtering geometry. The sample height was to
35 mm from the top of the chamber. The gun was operated at 200 W RF by setting the power as
the set point variable. The thicknesses of the films are nominally fixed to 100 nm, calibrated
using XRR. As the V target erodes through use, this leads to a variation in deposition time.
Typically, roughly 30 minutes for a fresh target, whereas a well-used target would require closer

to 45 minutes.

The Ni conditions are simpler. The Ar gas flow was fixed at 31 sccm, with a pressure of 4
mTorr. The deposition temperature was either room temperatutex(() or trr (. The gun
tilt and sample height were maintainedsaya yfrdm the horizontal and 35 mm respectively.
The gun was operated at 50 W DC by setting the power. The thickness is fixed at either 10 nm or

15 nm, calibrated in-situ via a quartz crystal thickness monitor.

Lastly are the FeRh conditions. The Ar gas flow was fixed at 31 sccm, and 4 mTorr pressure.
The gun tilt and sample height were fixedsaya yfrdm the horizontal and 35 mm respectively.
The substrate temperature as well as the annealing temperature and annealing time were varied to

optimize the quality of the films. The gun was operated at 20 W DC by setting the desired power.

For both the V@Qand FeRh, the Ni was not able to be performed in situ. In the c&&a pf

despite the UHV there were concerns of chemical hysteresis due to the fact that the oxide and

56



metal sputtering both occur in the same chamber. This hysteresis was undesirable if we wished to
deposit Ni onto twd/O2 samples at different temperatures. A Ni deposition prioMOa

deposition will act to leach Grom the environment during the vanadium oxide sputter as the Ni

in the chamber oxidizes. An.@eficient atmosphere will lead to an @eficiency in the

vanadium oxide film which may alter the material properties, particularly in the c&&of

which is sensitive to ©stoichiometry. This is often avoided by utilizing separate chambers and
transferring the sample between the two chambers when the option is available. As a
compromise, when making a heterostructure, one sample was made, and then cut in half, with
one half to be deposited in the RT configuration, and the other in the HT configuration. Thus,
ensuring that the samples were directly comparable. Due g WOUHODWLYH VWDELOLW\
was not expected to cause much change at the interface as long as the Ni depositions happened
soon after the V@was introduced to atmospheric conditions. In the case of FeRh which

metallic, chemical hysteresis is was not a concern. However, samples showed a coasiderabl
variation in T, despite having strong transitions. FeRh samples were characterized prior to Ni
deposition in order to findcland ensure that HT samples were made when the sample was fully
transitioned. This likely leads to a thin oxide layer at the interface of the FeRh. This variation

was later found to be correlated with the sample plate, which was used in both oxide and metal
depositions. The elevated temperature annealing process lead to significant outgassing and

flaking of the holder, which was significant enough to affect the quality of the films.

2.4 Resistance vs. Temperature
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R vs. T measurements were made by mounting asé®ple without Ni onto the top of a
sample holder via copper tape, next to a temperature sensor. TheisamatinumRTD style
detector with class A toleranc&(réw-* G naw(), bolted to the sample holder in a brass
sheath. A 1 cm by 1 cm heater was clamped to the bottom of the sample holder. The size of the
heater is larger than the sample being measured, helping to minimize any lateral thermal
gradients. The substrates themselves also have relatively large thermal conductivities. 2 leads are
then soldered directly onto the sample using indium solder. The entire apparatus is isolated
inside an unsealed box to reduce thermal noise. The leads were then attached to a Keithley 6221
model current source and model 2182A nanovoltmeter, in a 2-probe set up. While 4 point probes
can eliminate the effects of contact resistance, 2 point measurements are simpler and do not

affect the MIT scaling®>®° Even in the metallic state, the resistance of the ig@elatively
high. The resistance is measured by applyirggral current to the sample and usibgL 2o

calculate the resistance.r J is sufficiently small that Joule heating effects are negligible.

The temperature is controlled by a Lakeshore model 335 temperature controller utilizing
a PID feedback loop, with the PID values determined empirically. The measurements were made
in air using a rate of 1 K/min for both heating and cooling, sufficiently slow to ensure no
spurious results. There is no active cooling element, which sets an upper limit to how quickly the
samplecancool. KLV LVQ W D V LidQHeldhéderQxate, pdvtidulakiyHndaror the
VO2. 1 K/min thus strikes a nice balance between proper characterization of the films while still

being time efficient. The temperature controller and Keithley systems are all controlled by an
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integrated custom LabVIEW program which records the temperature while sweeping the

temperature at some fixed current.

2.5 X-ray Diffraction

Ever since the pioneering work of W. H. Bragg and W. L. Bragg following Von Laue et
al.,, it has been known that X-rays can be used to obtain a characteristic diffraction pattern unique
to the atomic order of a crystalline sample. X-rays, which are low enough energy to be
nondestructive while simultaneously being of the order of atomic spacings, are perfect for the

probing of crystalline solids.

The phenomena of high intensity peaks appearing for a specific incident X-ray beam was
explained by W. L. Bragg by considering a crystal as being formed of planes of atoms, with a
spacing d between the planes. Shown schematically in Figure 19, an X-ray is incident at some
angle Eonto 2 planes in a simple crystal. The constructive interference between an X-ray beam
specularly reflected by a specific plane @sdeighbors would occur when the path length
difference due to the extra distance traveled is an integer multiple of the incident wavelength.

This leads to the Bragg equation

GvLQQ a

where d is the separation between 2 crystallographic pldieshe angle of incidence, n is any
positive integer corresponding to the order of diffraction, aiscthe wavelength of the incident
light. By considering each possible plane formed by the crystalline structure, one can identify at

what angles intensity peaks should appear.
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Figure 19. Schematic drawing showing Bragg diffraction between two planes of a lattice.

An equivalent method was given by von Laue by considering atoms placed at the sites of

a Bravais lattice. The von Laue construction begins by considering the path difference of an
incident X-ray onto two scatterers separated by displacement véetsiin Figure 20. These

atoms can reradiate in all directioh®wever sharp peaks will only be observed when rays

constructively interfere.
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Figure 20. Two scattering elements, labeled to illustrate the path difference for an incident wave
scattered off the two.

Incident on the scatterers is an X-ray propagating along tieection. The path

displacement required for constructive interference is given by
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WKHUH ZHYTYH L'gswheRa@e¥EdibGior some specularly scattered wasehe angle

between and & °‘the angle between fiand &Or alternatively
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Extending this condition for an entire Bravais lattice whose atoms are separated from each other

by lattice vectordYields

& @MF &o L SRYL EP &
For each lattice vectodand integer m. Due to the nature of the Bravais lattice, this condition

states that for some change in wave vector, constructive interference occurs when that change in

wave vectory&is a vector&of the reciprocal lattice, or

WL K&F& o L EF& L & a

While the Bragg and van Laue conditions are useful for determining where the peaks in
WKH GLIITUDFWLRQ SDWWHUQ VKRXOG DSSHDU WKH\ GRQYW J
intensity. However, this information can be found from electromagnetic scattering

considerations.

XRD takes advantage of classical elastic Thompson scattering, where the electrons of the
sample oscillate as tiny nearly free dipoles under the field of the incoming x-rays, at frequencies

characteristic to the radiation. The free electron approximation is appropriate since the natural

frequency of bound electrons is on the ordeXgfN 1 where Yis the characteristic electron

velocity and the dimension of the atom. This is much less than the frequency of the incident X-

ray 246 More detailed derivations will of course provide valuable corrections. But the classical
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description is sufficient for typical XRD crystallography where we are only concerned with
identifying the phase and quality of the grown samples. In addition, we suppress the phase shift
relative to the incoming beam as well as the time dependence in the following section as they

GRQIW F mRéawhdfulg.X W H

For a plane wave with amplitudﬁigi? ¢ @ the scattered wave amplitude at some point

&s given by

W "
& & LQ-E—&VL@%KARL&@ a
With being the classical electron radius, giveny. CA—HPF. @té&is the angle between

the electric field vector&and BIThe above expression is general for a free charged object of size
much smaller than the incident wave front acting as a scatterer, but the inverse mass dependence

ensures that we need only consider the electrons and not the nuclei.

To obtain the measured intensity of an actual crystal, several other factors need to be
considered. The most obvious is that we need to sum over all the atoms in the crystal lattice that

will contribute to the signal. This involves summing Eqg. 2.6 for each scatterer, with the
replacement offt0 BF & qo. If we set some reference atom to be pdfatve can define the
position of each other atom in relation to it using a lattice ve#gr, which can be defined

using the crystal coordinate unit vectog®r alternatively defined using the hkl Miller indices
and the fractional coordinates of the jth atdioo L $f& E %, & E *7.& L Si&E -y E

Zg&his amounts to relating the phase difference due to all the scatterers back to the atom at

The scattered wave amplitude then becomes
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In the Fraunhofer regime we can approxim&%€ &oq N Sin theTs&term as well as

inthe « <o @ eAterm. Ss on the order of our measurement distar#%e N ° P, whereas
& qq is on the order of the interatomic spacing, & ( &qq +The BF & oo in the
summed exponents must be maintained siideg, is on the order of the wavelength of the
incoming radiation. The simplified scattered field is now

& & L@?J&VL@gtégA i +?09@. aq
+

Ny

We can now construct the intensity & L & @&dNe can further simplify the suni o

exponentials by utilizing the definition of a geometric series
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The product term, or interference function, contains the essence of the Bragg and von Laue

conditions. The large value df fV FD XV HV W K HidyQdealzZeRtQ valuBs tHad

satisfy the conditions, and essentially zero elsewhere.

There are a number of other factors that should be considered that will influence the overall

intensity:
1. A polarization factor P, which accounts for the polarization of the incoming beam.

63



2. A structure factor S, which accounts for the shape of the crystal lattice.

3. A multiplicity factor M, to account for the fact that multiple Bragg planes can contribute
at a specified Bragg angle.

4. A texture factor T, which accounts for any preferred orientation in the sample.

5. A geometric factor G, which accounts for certain geometric considerations.

6. An absorption factor A, to account for any loss inside the material.

7. A temperature factor, which accounts for the reduction in signal due to thermal motion.

We first address the polarization fact¢kcan be decomposed into two componefs,
polarization, which is confined to the scattering plane, apdlarization normal to the plane.
The sine of the angle between t@@omponent and&an be expressed &R V ;, and the sine
of the angle between thecomponent andds always 1. If the polarization of the source is

random as in X-ray generators, the wave will be composed equalgrad 1polarizations on

SIS . . . .
average. Thus, usin@ L & L —and ,wrpcE ;1 the total intensity 1 will be modified by

the average of the square of P

« EFRYV ;
3$L— a

We now need to account for the structure of the unit cell itself in a crystal lattice. The

structure factor S is an integration of the charge density in the unit cell, and can be written

R R
L # o0& Po%tg L 1399 L~ 48 gfv>iw>ixo 3
slgr acjj h@s h@s

The left most expression for S gives the general integration of the charge density,
accounting for phase differences due to different particles. The middle expression is equivalent,

but explicitly decompaasthe integration into a sum over the contributions due to the individual
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atoms in the crystal. The teriigis a so-called atomic form factor to account for the charge
distribution around thgh atom, the details of which will be given momentarily. The rightmost
term simplifies further, expressing S in terms of the hkl Miller indices and fractional coordinates
given earlier. S is in general a complex quantity but appears in the intenﬁi(%gi 6,a

real quantity.

A typical form for the atomic form factord¥

ko L Fx 1-&H e 4
HDWRP

This is simply the Fourier transform of the electronic charge distribution, normalized
such that if &L , this reduces to

ko L 1Y,

The multiplicity factor M allows for the fact that multiple different Bragg planes can
cause reflections for the same Bragg angle. For example, in an fcc single crystal structure, the
:8s 5 :s%s; 5% would normally give distinct peaks. However, in a polycrystalline sample
with random orientation, these peaks would be smeared out into a ring. This ring corresponds to
a cone with the tip originating at the sample and an openingHtfat intersects a sphere with
the sample at the center of the sphere. A short table of multiplicity factors for cubic, monoclinic
and tetragonal crystals is listed below. The format is (Miller indices): # multiplicity factor. A
term such as hhl stands for planes such as (112) or (211), which are equivefgtindicated
for planes which can have the same Bragg spacing but differing structure factors depending on

the crystal, meaning the indicated number should be divided by 2.
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Table 1. Multiplicity factors for the cubic, monoclinic, and tetragonal crystal symmetries.
Cubic (hk):48* | (hhl):24 | (OkD):24* | (Okk):12 | (hhh)Y8 | (00I):6 -

Monoclinic | (hkl):4 (hQI1):2 (Ok0):2 - - - -
Tetragonal | (hkl):16* | (hhl):8 (OkI):8 (hk0):8* | (hh0):4 | (OkO)4 | (00I):2

The texture factor T accounts for any preferential orientation of the Bragg planes. For
randomly oriented grains as in powder, it simply reduces to T=1. However, it is typical in most
thin films to have some preferential orientation. In genevdnow the texture factor, one must
know the statistical distribution of orientations in the sample. A more detailed analysis is given

in Ref. [248.

Next, an absorption factor handles the attenuation of the signal due to absorption as the
X-ray travels through the material. An X-ray with initial intensjtyhat travels a distance 2L
will become attenuated by a factor Bf /, where is an empirically determined attenuation

coefficient, and 2L the total path length traveled. The absorption fagtothen given by

Ipp

$L + H 'G/ a

]
VLEQ
surface of the film, andp p [L Where t is the thickness of the film. Upon integration 2.15
simplifies to

In the geometry,/ L where z is the depth of the filmj.L corresponds to the

L —Fs Fau":G B&
tJ
It is worth emphasizing that A therefore has an explidépendence. and \&re often of

roughly similar order to each other, so the exponential should not be neglected.

The geometrical factor G arises from certain trigonometric considerations during the
measurement. As mentioned in the discussion of the multiplicity factor, for a given Bragg plane,

the intensity will be smeared out in a circle, given by the intersection of a cone and sphere. The
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circumference of this ring will vary depending on the angle of measuremaht.&3;. To
correct for this, we need to normalize by a factoggfa_. By a similar argument, the scattering
vectorsQ will themselves also lie on a cone. The density of these Q vectors will scale

proportionally asV L@F A LF R V. Therefore, the overall geometric factor G is given by

FRV
VLQ;  VLQ

The last factor is temperature, which will affect the intensity due to thermal noise. This
thermal noise will have the effect of causing the atomic ions to oscillate around their equilibrium
positions. This oscillation can be taken into account by modifying the atomic form factor with a

temperature dependent Debye-Waller factor

2< - $%qgl:7; 22U §% LRl

" A A . p .
harfcphk nf > I s tdz

gﬁrepresents the mean quadratic displacement from the equilibrium po&ffdhat atom and

Iys the atomic form factor defined previously. The fact@X0s often abbreviated as B in the

literature ([DFW DQDO\WLF GHWHUPLQDWLRQV RI % DUH GLIILFXO
database for an empirically determined value 2 B H Q L W&pVTheHnRIK efftéct of this

Debye-Waller factor is to lower the intensity of Bragg peaks, particularly at high angles. In

addition, it also leads to an increase in the diffuse background scattering. We can finally give an

expression for the final measured intensity

i VLQﬂ5ﬁ§G
k& L, 3% 07— K 4

+& g | RS
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The equipment setup for XRD is relatively simple, consisting of an X-ray source, a
sample holder, and a detector. The measurements presented here were taken using a Bruker D-8
Series-I diffractometer in th& t Econfiguration. X-rays are typically produced using a cathode
ray tube, where a filament is heated to produce electrons which are then accelerated by an
applied voltage and collide with the source material. These collisions excite inner shell electrons
which produce X-rays of a well-known characteristic wavelength and random polarization. A Cu
source emits 3 characteristic wavelengths of radiation, the. and. . Inthe case of a Cu
source,thee. FDQ EH JUHDWO\ DWWHQXDWHG ZLWK D 1L ILOWHU
lines. However, the two are close enough in wavelength that the distortion off a monochromatic
beam is small, and their intensities are 2:1. After production, the x-rays are collimated and sent
towards the sample using a Gébel mirror with a divergence&ioff The signal is then collected

in a Nal detector.

In the E t Econfiguration, the source and detector are rotated in sync at a fixed radius to
maintain theE t Egeometry. In our system, the measuring circle is set to 0.8 m. Equivalently,
one can instead rotate the sample rather than the source to maintain the proper geometry.
Practically speaking, this is often easier to do, and it is the case for the Bruker Discover system,
which has a fixed source. The system is also equipped with a full Eulerian cradle which allows
for complete freedom in sample adjustment and orientation. The cradle is capable of step sizes as
small as & fin the angular directions, andd P Pin Cartesian adjustments, for both sample
and detector arm. Figure 21 contain several views of the geometry of our system. Panels a) and
b) depict schematic views of the t Escan. c¢) shows the actual system, in the geometry used in
the scan. d) shows a schematic with a coordinate system in the sample reference frame that will

be referred to during the sample alignment.
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Figure 21. a) Schematic view offa t Escan, in a top down view. b) Schematic view dt & E
scan, with emphasis on the momentum vecd®rs) An example of a Bruker D8 series XRD
systen?*% d) schematic view, with coordinate system used in the procedure.

The procedure for a typical XRD scan is given in Appendix C.

2.6 X-ray Reflectivity

X-ray Reflectivity (XRR) is another technique that can be used to characterize a wide
range of thin film properties. XRR can provide valuable information about chemical
composition, surface and interface roughness, and most commonly, film thickness. Rather than
comparing to a known database, many of these parameters can be obtained via fits to the data.
There are a number of different software packages for this fitting, including €S&Ntofit, 25!

or Refl1D?%? XRR operates in the same geometry asBEneEXRD method, but at very low
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angles of incidence. A defining difference between the two techniques is that XRR relies on the

reflective properties of the film, rather than diffraction.

A typical example of an XRR measurement is given in Figure 22. The main figure gives
the reflected intensity measured as a functiom BfA log scale is used on the y-axis to
accommodate the fact that the intensity varies over many orders of magnitude for a fixed
intensity of incident radiation. The inset shows the same figure but emphasizes the radion of
from O to 1.5 degrees. As is clear from the inset, there are in general 3 regions with drastically
behavior. In region |, we see an increase in the intensityeascreases. This is due to the finite

size of the sample. The lateral footprint F of a rectangular incident beam with gjhL

K
VLQ;

. For a typical beam width of 0.1 mm ané& L r & tthis leads to a footprint of nearly 3

cm. In region Il, we see a plateau in the intensity. The exact slope of this plateau is related to the
ratio—/ , Where/and are the real and imaginary parts of the dielectric susceptibility. For X-rays,

it is typical to represent the index of refraction of a materiaQas F / F L. Both /and are

small for X-rays, and the index of refraction is a small deviation from uhigytypically N
F 7 ,and is roughly a factor of 10 smaller. These values fand / can be calculated

by considering the electron densities at the surface of a material as damped harmonic oscillators.

Region Il ends at ; where is the critical angle. Due to the fact that the index of refraction is

less than one, materials experience total internal reflection up to some critical angle, analogous to

the phenomenon seen in opti&sQ H O O { the enalllagple approximation and taking N
yields N % /. Finally, Region Il shows sharp decreases in the intensity, along with the

trademark Kiessig fringes. For an ideal smooth surface, the intensity in this region sgaldas as
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%A, which leads to the sharp decrease in intensity known as Fresnel decay or Porod slope

as the angle increases.
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Figure 22. Typical XRR measurement on an FeRh thin film on MgO (001) substrate. (Inset) A
narrower region of the same scan, to emphasis 3 regions of interest.

Kiessig interpreted these fringes in Region Ill as interference maxima due to a path
difference between portions of the beam reflected at the surface of the thin film, and reflection at

the interface between film and substrate. The situation is shown schematically in Figure 23.
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Figure 23. Schematic drawing for the path difference leading to Kiessig fringes in a thin film due
to interference.

The phase difference due to this path difference is
L. erE Fe*F enl WVLR

Where , ,is the phase difference along the path from point x to point y, t is the thickness

of the film, and ,ig the angle of refraction inside the film. A maximum is seen wién

P—Q NP , or an integer multiple of the wavelength. This is condition is identical to the Bragg

condition constructed earlier, but for a thin film rather than atomic planes. This formulation is
particularly useful for determining film thickness accurately. The x-ray wavelength is known to
very high precision in addition to the fact that the thickness t in the above formula is uncoupled

to the absorption coefficient as in most optical measurements. These facts, along with the fact
that n is close to unity, allows for the estimation of t with reasonable precision. However,
experimental limitations heavily limit practical measurable thicknesses of a single layer to

around 100 nm fo&k X radiation. The smaller spacing of the fringes at larger thicknesses will

be limited by the resolution of spacing of the instrument. One can move to higher order

fringes to compensate but then beam divergence, source intensity, and surface roughness among

other factors will degrade the signal until the fringes are lost beneath the noise floor. This
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approximate 100nm restrictiagmore than sufficient for the film thicknesses considered in this
work. Estimations of thicker films can also be made by measuring a test sample under normal
deposition conditions but only ~50 nm thickness. Sputtering rates are fairly consistent from
sample to sample, so the thickness of full samples can easily be extrapolated from the test sample

measurement.

Up to now, all of the analysis of XRR results has assumed perfectly smooth interfaces. In
general, one can adequately take roughness into account using the Distorted Wave Born
Approximation?>32°4This gives a good approximation of the roughness for a wide rarige of
planeFRUUHODWLRQ OHQJWKY LQ WKH URXJKQHVMetwd SUDFWLF
limiting cases where the correlation length is much smaller or much larger than the x-ray
extinction length ofN s < ...."The theory greatly simplifies to a simple factor, and we can

decompose the intensity | into a specular component and a diffuse component. In the case of
large correlation lengths, one obtains a Debye-Waller like tdrirt* where 1lis the RMS (root-

i §me[e\
TG[on and Q the wave vector transfdrL

mean-square) roughness definedlas

FL2 n the opposite limit and assuming a Gaussian roughness distribution, a Nevot-Croce

(NC) factor can be usetf M M whereN,L 8N F #: F Q is the z component of the

wave vector in layer j andythe incident wave vector. These terms multiply the specular
component of the intensity. In both cases, the main result is a large reduction in intensity, and
each limit will give different results near. The roughness should also be much less than the

layer thickness.
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The physical XRR measurements taken use the same system and procedure as in XRD,
with some minor differencePDLQO\ GXH WR ;559V VHQVLWLYLW\ WR DOLJ

See Appendix C (XRD/XRR Procedure) for the detailed procedure.

Notably, one needs to be rather careful about adjusting parameters such as the slit size
through the scan, particularly when comparing to simulated data. However, the detailed XRR
results presented later were done on a Rigaku SmartLab system that did not require the same
adjustments. This procedure was mainly used to obtain thicknesses of the films. The manual
adjustments of slit size, Soller slits, copper foil, and knife edge will change the overall intensity
and scanning region from scan to scan and in general would need to be accounted for in any
detailed modeling. However, they do not have a major effect on the spacing of the Kiessig

fringes from which the film thickness can be obtained.

For detailed chemical analysis, the XRR data was fit using the Refl1d software, details of
which will be given in the Polarized Neutron Reflectometry secfidfihe procedure to fit
multilayer films is analogous between the two methods, with the Helmholtz equation taking the

role of the Schrodinger equation.

2.7 Magnetometry

Perhaps the most essential measurement pieces of equipment are those used to measure
the magnetic properties of the samples. Here, we use two magnetometry techniques to measure
the magnetic properties of the films. The first is a Vibrating Sample Magnetometer (VSM), and
the other is a superconducting quantum interference device (SQUID) magnetometer. For this

work, the choice of magnetometer is mostly one of convenience, as the magnetic signal is robust.
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The main consideration is that hysteresis loops are slow to perform in the SQUID and wasteful

of helium, and so the VSM is always used for M vs. H measurements.

The VSM used in this work was a commercial Quantum Design VSM, a module of the

physical properties measurement system (PPMS). A schematic of the system is shown in Figure

24, for reference.

drive coll

linear drive motor

l 10-micron
F optical encoder

detection coilset
and thermometer

Figure 24. Schematic of VSM option in a Quantum Design PPMS. (Courtesy: Quantum Design)
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In VSM magnetometry, the magnetic moment of the sample can be measured by
vibrating the sample between pickup coils. This moving magnet will cause a change of flux in
WKH FRLOV DQG WKXV DfQrdsihusyidaDsigpaU DGD\YV /DZ

9LQGXFIHGFT?_L FITT(gJ;(ELX- ece X+ tdr

As is usual, is the magnetic flux&the frequency of oscillation, and A is the amplitude
of oscillation. The DC magnetic moment of the sample is given by m, and C is a coupling
constant to account for the measurement geometry. In this system, a linear motor is isolated from
the rest of the system by a spring suspension system with a resonant frequency of 5 Hz. The
position of the motor is monitored using an optical linear encoder. This motor magnetically locks
to a carbon fiber sample rod via magnets that attach to the top of the rod. The sample rod is
sinusoidally oscillated at 40 Hz with an amplitude ohi@ via a drive coil. The sample rod runs
through a sample tube which provides a low friction guide, reducing measurement noise by
reducing transmission of vibrations to the coil set. The sample itself is attached to a quartz
sample mount via Dow Corning high vacuum grease which is stable to ~400 K. Initial sample
positioning is accurate t& r &4 , and the quartz mount is then screwed into the sample rod.
Carbon fiber is chosen for the rod due to its low rate of thermal expansion. However, the VSM
chamber itself is stainless steel, and the sample is re-centered at each temperature to minimize

the effects of thermal expansion.

For detection, the VSM utilizes a first order gradiometer, consisting of two coils. The
sample is then vibrated along the central axes of these coils in order to generate a sinusoidal
signal. The coils are spaced 7.1 mm from the bottom of one coil to the top of the other, and each
coil is 1.7 mm thick with inner radius 3.865 mm and outer radius 6.85 mm. The voltage signal

from the coils is then run through a pre-amp. The VSM utilizes the position of the linear motor
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asa lock-in signal accurate to 0.1 microns and compares both the in-phase portion as well as a 90
degree out of phase portion of the voltage to this lock-in value. At a 40 Hz oscillation, 40

measurements are taken and averaged per 1 s data point.

In cases where a temperature above 400 K is required, the VSM is equipped with an oven
option that can run as hot as 1100 K. Only minor modifications are required, namely the sample
rod, sample mount, and sample rod guide are replaced with high-T components, and the VSM is
run under high vacuum. The sample mount is made up of yttria stabilized zirconia, a ceramic
with low thermal conduction, ensuring low heat transfer to the linear motor portion of the system
and maintain it below 315 K. Heating is achieved via a platinum resistor heating element with a
dielectric upper coating that is patterned onto the sample mount. Embedded into the ceramic is a
type S Pt/ —; 5 =S, s thermocouple which measures the temperature right near the sample,
corrected by a thermistor at the top of the rod to account for heating of the cold junction. It is
electrically connected to the sample rod, which connects to a custom cap on the top of the linear
motor. The temperature is controlled via a PID feedback system. In order to accommodate the
increased temperature, the Dow Corning grease is replaced by a water-soluble alumina cement
from Zircar to attach the sample to the sample mount. Both sample and sample mount are

wrapped in a piece of low emissivity Cu foil to improve temperature homogeneity.

There are two main types of measurements done in the VSM, and their procedures are
provided in Appendix D (VSM Magnetometry Procedure). The first type is magnetization vs.
temperature, or M vs. T. For M vs. T measurements, the magnetization is recorded as the
temperature is swept through some range, with a fixed field applied. The second type are
magnetization vs. applied field, or M vs. H. At various temperatures above, during and below T

of the SPT material, a hysteresis loop is taken.
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The SQUID system is conceptually rather similar to the VSM, but with some key
differences. The system used in this work is a Quantum Design MPMS-XL model SQUID
magnetometer. To detect a magnetic signal® ar@er balanced gradiometer set up is used, with
2 sets of coils arranged with their axes aligned. The total separation of the coils is 3 cm from top
to bottom. This set up is specifically chosen to be insensitive to the field applied by the
superconducting magnet with an accuracy of 0.1%. The coils pick up a voltage utilizing
Faradafv ODzZz MXVW DV LQ WKH 960 FDVH E\ PRYLQJ WKH VDPS
however, the oscillations are much slower. Signals from the pickup coils are then run through
superconducting RF interference isolation transformer, which has a rolloff frequency of -3 dB at
20 kHz. This transformer prevents erroneous flux jumps during the measurement, even in noisy
RF environments. It also allows tuning of the input inductance of the SQUID. The transformer is
also attached to a heater which drives it normal during magnetic field changes during the magnet
initiation and the start of sample measurements. This voltage then drives a current through an
input coil (inductor), which is ultimately what generates the flux measured by induced voltage
response in the SQUID. The SQUID is coupled to another input coil which acts to flux lock the
SQUID by applying an equal and opposite flux to the external sighial voltage profile is then

fit and compared to calibration samples to determine the magnetic moment of the sample.

In order to heat or cool the sample, helium gas is allowed to flow into the chamber.
Heating the chamber can be done by flowing preheated helium gas directly into the chamber, as
well as a chamber heater wrapped around the sample chamber. The temperature control is run by
a PID system, with temperature measurements provided by 2 thermometers. The main sensor is

positioned at the null point of the pickup coils, and a secondary sensor is placed at the bottom of
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the sample chamber. At room temperature or higher, the main control is provided by the primary

thermometer, which has an accuracy of 0.01%.

Samples are mounted in commercial plastic drinking straws, which have negligible
magnetic moments compared to strong ferromagnetic signals. Several smaller sections of straw
are used to wedge the sample inside the straw in the middle of a full straw length. The straw
should be sufficiently long that edge effects do not affect the signal, and the sample secure such
that it cannot move around in the straw during use. The straw is then attached to the sample rod

via Kapton tape.

Magnetic fields are applied by a superconducting magnet, which is always operated in no
overshoot mode unless demagnetizing the pickup coils. Wait times of several minutes before
measurement as well the buittcompensation in the MPMS pickup coils minimize any
relaxation drift due to field creep in the coils. Control of the magnet is on the order of 0.1-1
gauss, measured via the current flowing through the magnet rather than the magnetic field itself.
The helium level in the system is often limited to less than 50% which soft limits the magnet to a
maximum applied field of 1 T during operation. The magnet also has a full reset option that
sequentially allows portions of the magnet to go normal but uses too much helium to be used in
the standard procedure. The procedure for a M vs. T measurement in the SQUID is given in

Appendix E (SQUID Magnetometry Procedure).

2.8 Atomic Force Microscopy

Ever since its invention in 1986 by combining Scanning Tunneling Microscopy

techniques with a profilometer tip, Atomic Force Microscopy (AFM) has been a powerful tool to
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investigate the surface topography of matefzt$>® The strength of the technique liestis

flexibility combined with the incredible resolution it provides. Indeed, the original design was
motivated by the inability of STM to measure insulating materials. Various forms of AFM have
been used to probe metallic surfaces of films, insulators, nanopatrticles, biologic samples
including in liquid, and more. The first AFM had resolutions of 0.3 nm laterally, and vertical
resolution less than 1 angstrom. Top of the line AFM systems today boast a resolution on the
order of 20 pm-5nm in the lateral direction, and 30 pm in the z direction under ideal conditions.
The original AFM utilized what would today be called contact mode, but quickly spawned
several variations, including tapping mode (where the tip oscillates near the surface), magnetic
force microscopy utilizing a magnetic tip to scan magnetic materials, lateral force microscopy,
and a zoo of other techniques. Here, we focus on tapping mode AFM on a Bruker di Innova
system with the large area scanner option. The main advantage of tapping mode over contact
mode is the reduced wear and tear of tip and sample by reducing any lateral shearing forces
during measurement. The cantilever is oscillated such that it touches the surface only at the

bottom of the oscillations.

The setup required for AFM is relatively simple and is shown schematically Figure 25.
The main probe in the AFM technique is a small cantilever, with a micromachined tip on one end
of it. The cantilever is mechanically vibrated by a piezoelectric element so that it oscillates near
the resonant frequency of the tip. The piezo is driven by a drive voltage. In order to measure the
z height of the end of the cantilever, a diode shines a laser beam at the back of the cantilever. The
reflection of this beam is picked up by a position sensitive photo detector. In the Innova system,
this isa4-segment array of detectors. As the cantilever oscillates this produces an AC voltage

which is then rectified, then low pass filtered, converting it to an RMS DC voltage. This DC
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voltage is a direct measurement of how close the tip is to the surface, since the electrostatic
interaction and thus deflection between tip and sample will vary as a function of distance. This
measured DC voltage is compared to a setpoint voltage by a differential amplifier, and an error
signal is generated, which is multiplied by a gain multiplier to improve responsiveness to the
error signal. The motion of the cantilever is controlled by a piezo controller under the sample,
which moves the sample in such a way as to maintain that set point RMS voltage, very similar to
contact mode. This motion is controlled by a PID feedback loop, whose values were determined

empirically.

Figure 25. Schematic drawing of tapping mode AFM.

The tips used in this work are Bruker model RTESPA-300 tips. These are silicon tips with an
aluminum reflective coating on the back to enhance the reflected laser signal. Bruker cites these
tips as having a cantilever widthr G t < «<... "ihewidth, andsswGsr ««<... " ‘indength
with a resonant frequency afrr Gsrr « odhetipradiusissr G te e, with angles of
between 15 and 25 degrees upwards. The tip shape was not externally verified via SEM or
similar techniques, and no corrections for the finite tip radius were done in the images. The

actual procedure for measurements is provided in Appendix F (AFM Procedure).
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Oncethe image is taken, a .flt file is generated with the X, y, z data. This can then be loaded
into software such as WSx¥ or Gwyddion?°® Images presented in this work were analyzed in
WSxM. The images presented are mostly unaltered. The only corrections that are performed is a
parabola flattening along the row direction, which levels the image. This eliminates the piezo
nonlinear bowing, as well as any tilt from the sample not being perfectly horizontal. Then an

equalize function is applied, which sets limiting cut-off values for z-height extrema.

2.9 Polarized Neutron Reflectometry

Polarized Neutron Reflectometry (PNR) is a relatively new technique but has quickly
proven to be an extremely powerful one. Most techniques to probe magnetic materialsanvolve
fundamental tradeoff between bulk averaged sensitivity as in magnetometry, or surface
sensitivity due to the strong interactions with the materials as in magnetic force microscopy or
XPEEM. PNR is one of the rare techniques that allows depth dependent probing of a thin film

with atomic resolution, while still being able to probe the entire thickness of the film.

Conceptually, PNR is very similar to the XRR techniques of the previous sections.

Physically, our electromagnetic wave is replaced by a neutron represented by a plane wave with

de Broglie wavelengtH , incident wave vectoN L—iEand energy( Lé—':. m is the mass of

the neutron, and 30 D Q F N T V IFRigiglgy thiQddld be generalized into a localized wave
packet via superposition of plane waves with varying wave vectors. However, it is fortunately
the case that the plane wave description is sufficiently accurate for our needs, and the following
will take advantage of the plane wave formulatifgisplicity and clarity. In addition, the PNR

results to be presented in future chapters rely solely on the specular (coherent) reflection, which
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is due solely to elastic collisions. This specular data is sufficient to fully characterize the
magnetic properties through the depth of the film. Off-specular reflection, while iffearao

wealth of other extra informatio, VQ W WHFHVVDU

The scalar wavefunction can be written, for a plane wave, as
k&g LHF® a

with wave vector& L N & EN% BY'&nd position vecto& L [ & E\'& H'&Asis

typical, the modulus squared of the wavefunction, L "V

gives the probability of finding
the neutron at some location in space, with a momersuin P Y L L & NThe neutron

wavefunction obey$ FK U R G L Q J H Unith theé EIXsDdZanRiti@n reducing it to the time-

independent version

FS .
H—PI E9: &l & L( & a

where m is the neutron mass W K H Q HtxtaVan& @y fiavid : & the interaction potential. V

consists of two main components, the interactions with nuclei via the strong interaction, and

magnetic interactions between the séimeutron and both nuclear and electronic magnetic

moments in the samplé-. L:—[ E:—\ E:—] in Cartesian coordinates. The first term on the

left-handVLGH /+6 FRUUHVSRQGV WKH SDUWLFOHYV NLQHWLF HC

energy of the neutron. In vacuum where there is no interaction potential, (2.20) immediately

reduces and the initial enerdy is given solely by the kinetic energy ésL - P Y Lé—";I :
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To simplify the problem without compromising the results, we will assume that the
nuclear spins are completely disordered, M HUHIRUH GRQfW FR @fdlicnE XWH WR
Even for relatively large applied magnetic fields, nuclear polarization is typically less than
19%2%° In addition, we will make the same assumption as in the X-ray scattering case that the
atomic form factor, i.e. the spatial distribution of electrons around atoms, can be neglected.
Lastly, for the materials considered in this work, neutron absorption is negligible and can be

neglected.

First, we deal with the scattering caused by the nuclear interaction. The nuclei are
sufficiently localized relative to the neutron wavelength that they can be represented by a Fermi
pseudo-potential in the impulse approximation. A convenient choice for a single atom, applying

a Born approximation, is

E3
9,:& LE— I

P & a

where b is a scattering length, ahd& a Dirac delta function. This impulse approximation is
much easier to work with, while maintaining the appropriate scattering cross g&ttion.

Formally, b is usually given as
ELE E-F,@ a

where the first term on the right-hand side (RHS) is the coherent scattering length due to the
strong interaction. The latter term is the magnetic interaction with the nucleus, which as stated
earlier, can be neglected in the specular response when the nuclear spins are sufficiently

disordered.
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The mean potential V, or potential energy, can be given by integr@iioger the

volume of the scattering material

9, Lot 9,:8G& L—1E L= A
- Rk P P 2

where ! is now a scattering length density (SLD) for the material. For a material made of

m different constituent atomg,is immediately generalizable as

P
I L 1,8 a
L@
This new formulation allows us to recast the Schrodinger equation in a simpler fashion as
a 3-D wave equation

c I[ENF &d :& L a

In addition, this now allows us to write down the energy inside the medium as

(L SN E GEé.I .
— E—! a
P P
From conservation of energgyuseful relationship between the wavevectsrs
NL NF E! a
In direct analogy to optics, we can define a refractive in@d{x—,L\' or
E'!
N; L* F— a
Q N

The Schrodinger equation becomes more compact, as
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c TENg &L a

We are now ready to begin solving for the reflection. Consider a perfectly smooth, flat
and homogenous slab with some thickness L, and infinite length in the lateral directions. Further,
we will assume that variations in the scattering length density (SLD) are only a function of z.

This scenario is sketched out in Figure 26.

I [1 [11

p=20 p(z) =p p=0

Figure 26. Schematic for a single slab with constant nonzero SLD and surrounded by vacuum.

No variation of the SLD in the x and y directions implies that there can be no gradient in
the potential, and therefore the momentum and wave vector in the x and y directions are

constant. An appropriate choice of wave function is of the form
1 & L HN M og]; 4
The Schrodinger equation then simplifies into the 1-D form
Ya
H— ENg F &1 %]; L a
e

86



It is instructive to consider the special case whe}t inside the slab is constant, which

permits a simple solutiofs]; L HN. A more general approach will be discussed momentarily.

The total wave function in region | can be written as the sum of the incident wave, and a

reflected wave with amplitude r
%] L HYEUWY a
With the sign convention indicating the direction of travel. Similarly, for Il we can write
%:]; L FHY EGHN a
Where c and d are as yet undetermined amplitudes. And lastly, for Ill,
% :]; L WM a

Where again t is an undetermined amplitude. We now need to pick appropriate boundary
conditions. We require that the wave function @sdirst derivative are continuous in order to
satisfy conservation of the probability density current (i.e., number of neutrons) and conservation
of momentum, respectively. These two equations at each interface will establish 4 equations to

fully determine the 4 complex amplitude coefficients,d, and tas

EULFEG a
N )
I—p: FU LFFG a
N,
FHY EGHY L W} a
N
FHVFGﬂNIJWmWM )
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A bit of algebra allows us to eliminate any explicit dependence on ¢ and d. Isolating the t
dependent terms on the LHS, and r on the RHS, yields, in matrix form
F
FRN/; —VL®/; EU EU

W N/
Q@ it LN N, Oy FuPL 7L FuP
FNVL/; FRN/; '

The matrix in the above equation is the well-known transfer matrix, T, and contains all
the material parameters of the slab. These equations can be solved for t and r simultaneously, and
the intensity of the reflection that is experimentally accessible, R, is givénlby U L Yu
The above treatment was only given for a single slab, in the specific case where the SLD was
constant along the slab. However, the extension to an SLD with variations along z can be done
by dividing any SLD profile up into infinitesimal bins with length andsdving each slab
successively by induction. Experimental setups impose a natural limit to minimum bin size due
to the maximum depth resolution. This depth resolution is directly tied to the range of Q

measured, since the maximum Q is givendyy, [L /—jedue to the Fourier nature between space

and momentur?®! The transfer matrix T for n bins can be generalized as

7L WL 79l 877 a

® zZ20

The resulting product is also § matrix. Notably, the individual transfer matricé&g

should be applied in the order that the neutron travels through the slab.

We now have a method that can be used to calculate r, and therefore R. However, in
practice, we wish to do the inverse problem where, given some measurement of R, one
constructs a model of their SLD profile and attempts to match the data via nonlinear least squares
fits. Even with a good fit, however, there is no guarantee to uniqueness of the solution. Luckily
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in many cases, including ours, a reasonable amount of detail of the films is previously known via
the deposition process and XRR analysis, which can compensate for the lost phase information.
These constraints are often enough to obtain reasonable fits where useful information can be
extracted. More recent research is ongoing into finding ways to find the phase data lost in the
measurement, such as via the use of fronting and backing #fdbes for this experiment we
stuck with previously known data to constrain the fits. More details into the fitting procedure will
be given imatthe end of the section, as well as in Chapter 6.

The above provides a dynamical solution to the main nonmagnetic interactions between
the neutron and the sample. The neutron is a-gpanticle, with spin & L G. This spin will
be quantized along the direction of the local magnetic field and can be represented by the

appropriate Pauli spin matrices &s L F RWe can incorporate this description of spin into

the neutron wave function by adopting the spinor notation, and the wave function can be written

as
&L & @A & E& @A ,: & a

& and &, are complex probability amplitudes, normalized suchtBat E &, L
& and &, representthe probability of finding the neutron in a shm” or spin down”

State.

The magnetic interaction is a dipolar one, between the neutron and unpaired electrons of

the material. This leads to a Zeeman energy¥&rm

9:&ppy L RO a
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Where ALV WKH QHXWURQYV P DhtgigthgiclspinRRyBl&t @dvheBtdXnd W R
AL FJQ QE& where JQ L Fa isthe gyroscopic ratio,Q L —';‘zs the nuclear magneton,
and Bis a Pauli spin operator represented by the three Pauli spin matf&és.
Fa H ° —7 in magnitude.&s the total magnetic induction given by both the applied

field as well as that generated by unpaired electrons acting as tiny current loops and can be

written as&L 8E  (0&The field due to the electroisgiven by*’
& 2
K &L — H—F—G F—I&'— a

Where is the vacuum permeability& is the electron magnetic moment with
magnitude & L R , ,» Where g is the Lande g-factor angjthe Bohr magneton. For
electrons,JL . &LV WKH HO H F WhkRIGt feVmYnHI@ Bxple¥¥ibn on the RHS is the
HOHFWURQTYV VS L &fididR at\helseEcsnt teRnQluet&the/dtbital contribution.
Experimentally, PNR is sensitive to the overall field, with no way to isolate or resolve each

component. We next need to integr&eé& p p for the slab, as we did f® : & ;. In general, this

is trickier than in the case of the Dirac delta function. Fortunately, the electromagnetic

interaction is a weak, long range, force, and is thus amenable to a Born approxifiation.

Writing & & in its Fourier representation and integrating over the slab of length L with constant

atomic density! yields4’

E 3 Ut
90:&L—P¥'H!I&®&;|>:/;F D ? a

Where represents the Heaviside step function. This expression shows that we will only

be sensitive to thim-plane magnetization. In addition, the expression is localized completely

90



inside the slab, which makes it possible to solve each bin separately in our multislab model as we
did earlier. The above expression only conside¥@o8, rather thand & If we define an
effective field 8% ;& L & & E  0&: & we can recast the expression fiy : & and interpret

it in terms of a SLD as

Q:

ES
p

9 :&L F,®%;&L L

From here on out, for conciseness, we will drop the subscrig&qn&, but unless
otherwise specific, any mention of a magnetic induc@&; should be understood as referring

to &4 5&

The 1-D wave equation from the previous results now becomes a pair of coupled

eqguations of the form

S Ya . . N
H—Pqu».],F(W/g.],EgGO/gL 4
S Ya . . N
H—Pquoo],F(“)/g],Eggo/gL a

The subscripts of V denote the orientation of the spin, suchBh&atorresponds to a
VSLQ WKDW LV LQFLGHQW LQ WKH 3XS” GLUHFWLRQ XQGHUJR

orientation. Or in the more compact matrix notation

Hé—Pﬁ,E 9>>:]; 96:];

h F @A L 4
v} %Q:]; 955:]; ’ @9
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Where ,is the identity operator. The net potential opereﬁblt @1 E @0 Is composed

of both the nuclear and magnetic components. We solve@lf@arlier, and it in matrix notation

it is given as
. E 3
1 .
gjl L ) , a
Whereas@o can be written as (writing¥n terms of the Pauli matrices)
. X % %FELW ES  log 'og F Léa
L FOBBFH, ? | L— | &
0 BELw % P T ELS.  Flo,
And thus Yis
) ESs !1E!03 !OQF Léa ES!,, !G "
YL P|1 E Ll L E ||_—P d!Q !??h a

We can immediately write down the free space solution for the incident beam as

&
.1 [\] > ..
il L H I&?p a

Returning to Eqgn. 2.48 and Eqn. 2.49, it is useful to recast them in uncoupled form by

isolating an expression fd¥g and substituting it in the lower equation (and vice vers@49r at

the expense of obtaining twd 4rder differential equations. The uncoupled forms are given as

Ya Ya .
H— ED— EB%:]; L a
4 4

With
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4
DL — F &'__F! oM

4
ELF=GF4 @&, ,Fl,0 B Gkl F lslg0

[
‘GO
An appropriate ansatz for this situation is givendsy; L H]which yields a

characteristic equation of the form

F EDFEEL

The roots to this characteristic equation are

. 4 . 4
FL @ElEE1SF— BRL F B1EE1SF—

. 4 . 4
F L ElEF1SF— &L F ELEE1S F—

Solutions to the wave equation are then

%:5;L 1 s gL 1 o
N N

Substituting these forms for the wave functions back into (2.46,2.47) allows us to

determine in terms of the jas

6
nE— FVNQ.F @

hl f i nL Ium

6
.ﬁ.E—V FVNO,F ©;
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The ncan be found in terms of known quantitiefg &% ;é—;ﬁ’: ;) by applying the

boundary conditions at z=0.

W:r; L 5E 6E 7E 8 a

Va WV N
1/4029r; L 5..5E 6"6E 7..7E 8::8 a
Wor; LssE g6E 7 7E g3 a

Ya W - . - - )
i L 55 sE 66 6E 77 7E g3 8 a

We can solve the above linear equations fgin terms of W & ..4and denote those

coefficients =, a,,>8,@,8uch that

A . W W | )
hL sW:r; E gNWir; E h@;der'E p@oer tAy
The wave functions can then be construesd
8 8 VoW 8 VoW 8
1 L d - L 4 . 1 N 4- . . N ~
W:oeL W:ir;i= #*E Wr;l> #*E 1/4(Jér,l @ F*E 1/40{._:‘r,l D v t&z
h@s h@5 h@s h@5
In full matrix form,
W e W:r;
Coy:];F Co%: ;F )
~ ? .. L >7?\ 7 .. a
Fv\g:oelz Fv\g:r;lz
gV o8 gV

Where T is again the (now 3 Wtransfer matrix, given below:
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i —6 F— —6 F=65H
: & FIl1 & & F& F6 F6 F6 F6R|
[ I I Ki
S11& Fllg & Fl& II6F FII6F —6 F-6g 4
1 NI
i 16F FIGF 6F F6F & Fl& & F&
ITT6F FIIT6F I6F FIG6F I1& FIlI& & FI1&O

In the above, " &"represent hyperbolic trigonometric functio®¥'L F R Vi ; and
6“L V L Qi ; respectively. Where L is the size of the bin slice used. We can immediately make

the generalization for N slices as before. Our incident, reflected, and transmitted wavefunctions

4] 4] 4] 4]
can be written a@/%é:]; L ,GF'F, %yl L léﬁl-—’ %l L W ando/’g;a:]; L LA’GFIF

4) 4)
%l L—="8H, 96 1 L ="WH . Our final matrix equation is then
% g (yga E% g
c B o BBy g
) Y =L 4 FL4 & i
— N L7e—% E— % & a
F & E 24 2 &k
L4 L4 _ FL4
E % E_%aE_O/?,&j

This equation is easily solvable by a computer program, and can simulate arbitrary SLD
profiles for multilayer structures, with a few caveats. The first is that this solution was presented
assuming vacuum in the fronting and backing layers. While no magnetic fronting or backing was
used in this experiment, it is often necessary to introduce an artificial bin to ensud that
particularly the component perpendicular to the sample, is continuous. In addition, the above
derivation assumes that the quantization axis for the neutron is along the z direction. It is often
the case that the local magnetic field may be in a different direction. This is can be accounted for

by applying a similarity transformation via a rotation oper&tbr.
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The above formalism is implemented into the Refl1D software pacR&aghis software
suite offers a number of fitting algorithms, in particular the DiffeRential Evolution Adaptive
Metropolis (DREAM) algorithm and the Nelder-Mead (NM) metR&tF®*The details of how
individual samples were co-refined will be given in a following chapter. Given some reasonable
initial parameters, we first apply the DREAM algorithm, which is an extension of Markov Chain
Monte Carlo Methods (MCMC), which are well knobhRUNKRUVHY +RZHYHU ZKLOH
are a powerful technique, they are quite sensitiyoposal distributions used to generate trial
moves and can converge quite slovllp.improve convergence, a variety of methods that adapt
the proposal distribution have been developed but have various pitfalls. A recent improvement
was made by adding the Differential Evolution component, in which multiple Markov Chains are
run in parallel, and jumps are computed from randomly chosen members of the population. The
DREAM algorithm builds on this further by including randomized subspace sampling in
candidate point generation and trimming outlier chains. Remarkably, it is able to preserve
detailed balance and ergodicity. In this work, about 1000 steps were used, depending on the
parameter space. The DREAM algorithm thus provides a robust way to quickly sample a
potentially large parameter space, which can then be further refined by the NM method. The NM
method is a simplex method, which begins with a simplex of N+1 vertices and nondegenerate
volume for an N dimensional function space. Steps are made by reflecting away from the largest
point in the simplex while maintaining a fixed volume but with the option to take larger steps in
certain directions when possible. Once the simplex is located inside a valley minimum, it will
contract until it reaches some termination criteria. The NM method thus provides a relatively
computationally cheap way to find a minimum of a multidimensional function without requiring

the calculation of derivatives. However, it is also known to converge poorly and become stuck in
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local minima for some problems. Avoiding false minima is a particularly important concern due
to the degeneracy of PNR modeling. Combining the two fitting techniques thus provides a robust
way to find a local minimum, particularly when combined with a reasonable starting guess.

Ideally this will be a global minimum, although it is not guaranteed.

In the previous derivation, it was assumed that the interfaces between each layer were
sharp, causing a step function behavior. Refl1D allows interfaces to be blended using an error

function profile, made up of individual slabs. Roughness of the interface is calculated vathin th

>

NC limit. It is worth noting that the condition for optical smoothnd3s), =57 is much less

strict as compared to X-rays, even with a comparable wavelength. In the NC formalism, the
index of refraction is scaled @ M M as defined in the XRR section. Roughness of an

interface is propagated through the layer as in Ref][265

Before the data was fitted, several corrections to the raw data were made using the
reductus software packad®.First, background scans were subtracted from the data. Then
corrections were made to account for the polarization efficiency of the source. The footprint of

the beam was also accounted for.

The physical PNR measurements were taken at JIST& HQWHU IRU 1HXWURQ 5F

(NCNR) at the Polarized Beam Reflectometer (PBR) instrument, which has been characterized

elsewher&®’ Thermal neutrons were monochromated/ti w %and polarized. For direct
comparison, it was attempted to mimic the procedure outlined for VSM as closely as possible.

The procedure (not including alignment and background scanning) used was

1) First, the sample was heated abovet@ 450 K with zero field applied.
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2) Then alarge field ¢ L & 7 the maximum for the system) was applied in-plane to
saturate the sample. This is lower than the VSM field, but considering the magnetic
profile of the FeRNh, it likely is more than sufficient.

3) The field is reducedto 0.1 T,

4) PNR measurements were taken for a select temperature, in our case 430 K

5) The temperature is reduced to the next select temperature and measured. This process
was done for 390 K, 375 K, and 340 K, corresponding to different parts of the FeRh

phase transition.

2Q0\ WKIE 3D G-ERENDY UHIOHFWLYLW)\ LQWMérgngeaW LHYV ZHU

Q values collected wasa F a ¢’ . spanning a ° range in the magnitude of the
intensity, normalized to the incident beam. In addition to the above, additional PNR
measurements were made to measure magnetic switching at various applied fields. The
procedure is the same as the above up to step 4. The magnetic field was then cycled to

F & 7 and backuptoa 7 before a measurement was taken.
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Chapter 3. Conditioning

3.1 Motivation

In order to prepare ofO>/Ni bilayers, the first requirement is to grow high quality
VO:.. In this chapter, we present the results of a study to tune the MIT, morphology and structural
quality of VO films. The goals in this work were two-fold: first was the need to grow high
quality VO, evidenced by 4 orders of magnitude MIT. The sensitivity of ¥@nsition to
deposition conditions means that optimized>\¢@wth is a challenge, even without other
constraints on e.g. the morphology. However, in order to eventually combinmté®ybrid
structures, control of the interface is also a crucial parameter. Interfacial roughness is often a key
parameter for proper coupling in multilayer magnetic systems dominated by interfacial
interactions. Therefore, in addition to maintaining a high quality W&hsition, the secondary
goal was to reduce the surface roughness of thefdf@ventual deposition of Ni onto the YO

itself.

r-cut (1-102) Al.Os substrates are an ideal choice for extensively tuning the quality of
VO, growth. While the epitaxial match is not quite as good as c-cut (@003 or TiOy, it is
still possible to grow high quality Vand the r-cut is relatively low cost. The first section of
this chapter focuses on tuning the quality of2\d@ r-cut AbOs via deposition temperature and
Oz flowrate. V@V VHQVLWLYLW\ WR WKHVH FRQGLWLRQV DOORZ W
knobs in controlling both théO> MIT while simultaneously tuning the surface morphology.
The second section focuses specifically on higher temperatuney(¥®{) depositions, which
show a unique morphology. In the final section, we show that substrate choice can also heavily

influence VQ morphology and MIT characteristics, offering another tuning knob to achieve
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desired properties in VOVarious cuts of AOs (a-cut, m-cut, c-cut) as well as Ti@101)

substrates are investigated.

The VO films were deposited via magnetron sputtering following the process described
in Chapter 2. R vs. T measurements are used to characterize the electrical properties pf the VO
as a function of temperature. In particular, R vs. T measurements give information about the size
of the MIT, the T of the film, the width of the thermal hysteresis, and the overall shape of the
hysteresis as a function of temperature. The roughness and film morphology are probed directly

via AFM. XRD is used to probe the crystalline quality and preferred orientation of the films.

3.2 Tuning of VO films via temperature and oxygen concentration

The sensitivity of the vanadium oxides to growth temperature amth¥onment has
been known ever since the original discovery and synthesis by Morin. The wide family of
vanadium oxides in such similar stoichiometries mean that these parameters are of even more
importance than in most typical thin film growths. They also therefore act as both constraints and
tuning knobs, as high quality \6@vith the required MIT/SPT properties will only be obtainable
in a very narrow region of temperatures andl@w rates. It is therefore common practtoe
individually vary temperatuf&£” or O, flow rate?’°27 while keeping the other parameters
fixed. This has the advantage of isolating the effect of one growth parameter, while still allowing
a wide range of control in achieving high quaW.. A much smaller number of studies have
varied both T and £°8°283 The references given above are restricted to studies that utilized
magnetron sputtering and no post deposition treatment (such as by arffealinigh has

become an extremely popular method for obtaining high guatythin films) in order to be
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directly comparable. They thus serve as notable highlights rather than a comprehensive list of
deposition conditions in the literature. We refer the reader to Ref.s [284,285] for deeper literature

reviews, including alternative deposition methods.

As discussed in Section 2.4, we utilize a heating and cooling rate of 1 K/min in the R vs.
T measurements. This is sufficiently slow to ensure no spurious results due to e.g. thermal lag.
There is no active cooling element, which sets an upper limit to how quickly the sample can
FRRO 7KLV LVQTW D VLIJQLILFDQW EDUUtditdeVRUFigUERA7FKRVHQ
shows typical R vs. T profiles for various heating and cooling rates on the same sample. While
there are slightchanrdV LQ WKH ZLGWK RI WKH K\ VWHUHVLY WKH\fUH
1 K/min. Notably, there seems to be a bigger effect in the heating curve, as opposed to the
cooling. For rates larger than 1 K/min, the widening of the hysteresis begins to become notable.
1 K/min thus strikes a nice balance between proper characterization of the films while still being
time efficient and avoiding any stochastic switchiffgAnother sign that there are no spurious
results are the close match intfat will be seen in th€#O2/Ni heterostructures later, which are

done in low vacuum.

101



106 i —— heating 1 K/min 105 _ —— heating 1 K/min
—— cooling 1 K/min —— cooling 1 K/min
heating .5 K/mlin heating 2 K/min
105 | cooli_ng 5 K/mm_ 105 ] cooling 2 K/min
— — heating .25 K/min — — heating 3 K/min
.. —— cooling .25 K/min .. —— cooling 3 K/min
~ . —— heating .1 K/min ~ . —— heating 4 K/min
8 10" 4 —— cooling .1 K min 8 10 4 —— cooling 4 K/min
c c —— heating 5 K/min
_g . S —— cooling 5 K/min
i [%2] 3
‘B 10 B 10
O] Q
@ . nd
10°+ 107+
101 T T T T T T ]_0:l T T T T T T
300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370
Temperature (K) Temperature (K)

— heating 1 K/min s —— heating 1 K/min
cooling 1 K/min 10 —— cooling 1 K/min
heating .5 K/min heating .5 K/min
cooling .5 K/min cooling .5 K/min

— — heating .25 K/min — — heating .25 K/min
.- 4 —— cooling .25 K/min .. —— cooling .25 K/min
~ 10 A —— heating .1 K/min ~ 10% —— heating .1 K/min
8 —— cooling .1 K min 8 —— cooling .1 K min
C c
s o]
X7} @
7} 0 .,
[} O 107
x nd
10°4
T T T 102 \ T T T T
330 331 332 335 336 337 338 339 340 341 342
Temperature (K) Temperature (K)

Figure 27. (Top Left) RvsT using various heating rates less than 1 K/min. (Top Right) RvsT
using various heating rates greater than 1 K/min. (Bottom Left) Enhanced view of RvsT using
various cooling rates less than 1 K/min, cooling branch. (Bottom Right) Enhanced view of RvsT
using various heating rates less than 1 K/min, heating branch.

The sensitivity of the VOMIT to temperature and Qlow rate can be seen in Figure 28
and Figure 29, which show \s@ilms for various temperatures and flow rates respectively.
Figure 28shows several 100 nm VA &amples grown on r-cut ADs substrates, for a range of
deposition temperatures. Many of the trends seen in the\lDare broadly representative over
various choices of deposition temperature. Most obviously, there is aetaation in the

resistance of the semiconducting state with lower deposition temperature, when T isdaflow T
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the VO transition. The reduction of resistance in the semiconducting state also corresponds to a
reduction in the amplitude of the VMIT, leading to a smaller overall transition. Abovei™

the metallic state, a similar trend is seen forthew( and w y w sample, but not the y w(

sample. A decrease in resistance with lower deposition temperatures is also common for the
metallic state, but at low enough temperatures the pattern is no longer monotonic. The increase
(decrease) of resistance with varying conditions is not necessarily directly proportional between
the semiconducting and metallic states, and so does not necessarily cancel out when comparing
the overall effect on the MIT amplitude. We emphasize that the y-axis is on a logweleis
nonlinear. Along with the change in amplitude of the MIT, we can see a rather large change in
the characteristics of the thermal hysteresis between films. Higher temperatures show a much
sharper MIT, which is linked to the variation of localfTV ind@idual grains. A sharp MIT
corresponds to most grains having very similamihich causes most of the grains transition at

the same temperature. A broadened MIT such as iw the/( sample is indicative of a larger
variation in local grain J, where some grains will transition at higher temperatures, and some at
lower temperatures relative to the averageFor the higher deposition temperatures, the thermal
hysteresis is generally relatively symmetric. For thew( sample, there is some minor

asymmetry in the cooling loop as compared to the heating loop.
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Figure 28. R vs. T for 100 nm \4@n r-cut AbOs substrate with varying deposition temperature
but fixed Q flow rate at 2.75 sccm. The absolute sputter pressure was fixed at 4 mTorr, the Ar
flow rate to 31 sccm, and the gun poweP00 WRF.

We now turn our attention to Figure 29 which shows variatiorpifics rate during
deposition at a fixedv t w( deposition temperature. With a fixed 31 sccm of Ar gas, these flow
rates correspond to a variation from 7.92%-8.4% partial pressuregafsSOEven for such minor
changes, we see drastic changes in the R@s. T characteristics. Some samples display a
divergence or irreversibility in the resistivity at room temperature, particularly noticeable in the
sample with 2.83 sccmOThe potential origins of this irreversibility will be the focusaof
future chapter. Somewhat intuitively, in both the semiconducting and metallic states a higher
oxygen concentration leads to a higher resistance in the film. As mentioned previously, these do
not necessarily leave the overall amplitude of the MIT unchanged. A sample may therefore have
a larger MIT with a higher resistance in the metallic state, due to the overall increase in
resistance of the semiconducting state. This is particularly clear in the sample with 2.83.sccm O

While it starts with a higher resistance than the previous two samples, alits/ee$istance
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only dropsto wrrr 3leading to an MIT of only 2-2.5 orders of magnitude. Similar

reductions in the MIT amplitude are seen if the temperature ooentration is varied too low

or too high. This is indicative of contamination from various other vanadium oxides. These other
oxides may not have the same resistivity/@ and ZR Q W VX KW Knklse factors

will reduce the measured magnitude of the MIT of a noryindD- film contaminated with

other vanadium oxide¥ LQFH LWV D EXON DOwétdllRheHhyStefdliy EdpdiareH Q W
generally largely symmetric as before, but the exact shape varies with differeanditions.

The average dvaries nonmonotonically within a small window close to 335 K. Samples with

higher Q content show sharper transitions, indicating more uniformity between grains.
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Figure 29. R vs. T for 100 nm \s@n r-cut AbOs substrate with varying £flow rate but fixed

temperature atv t w(. The absolute sputter pressure was fixed at 4 mTorr, the Ar flow rate to 31
sccm, and the gun power to 200 W RF.

In addition to changes in the R vs. T properties of the films, altering the deposition

temperature or ©content influences the morphology. The AFM images corresponding B the
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vs. T profiles shown in the previous two figures are shown in Figure 30 and Figure 31. Figure 30
corresponds to the \\Gamples depositeat various temperaturesyy W, w tw(, and vy w(
respectively). The AFM image for each sample is shown on the left, and a line profile
corresponding to the green line in the AFM image is displayed to the rightwh& sample

shows the largest surface roughness, with an RMS roughness of 17.6 nm, and an average
subtracted height of 55.4 nm. The average height refers to the height relative to the lowest value
measured by the AFM scan, not relative to the substrate, since AFM is a surface technique. A
perfectly flat 200 nm thick film would have an average subtracted height of 0, not 100 nm. The
larger clusters are roughly 0.25 microns long in Ehe C , Eirection of the image, and roughly
0.6-0.8 microns in th€e s C , Hirection. The clusters are then divided up into smaller tightly
packed columns. The grains are rather columnar in form and display some clear faceting,
although they protrude at an angle. Some grains display something like a triangle-like symmetry.
In addition, some areas show deep gaps in the film.Whev( sample shows a relatively similar
structure, although the grains are less oriented along a global pair of axes, indicating less long-
range ordering. The grain clusters are elongated, around 1.6 microns and 0.25 microns laterally.
The sample still shows deep holes film in places. The depth of thesesatiésast 40-50 nm,
although exact depth determination may be limited by tip geometry. The average roughness is
lower than the higher temperature sample, with an RMS roughness of 13.6 nm, and an average
height of 37.4 nm. Ther y w( sample improves this smoothness even further, with an RMS
roughness of 10.9 nm and average height of 27.8 nm. In this sample, the deep holes are greatly
reduced as compared to the previous two, with near universal coverage across the film. One of

the characteristic length scales for the grains is maintained at 0.25 microns.
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For completeness, we also report the skew and kurtosis in the height distributions of the
images. The skew represents some asymmetry in the distribution, with a negative skew
representing a shoulder to the right, and positive skew a shoulder to the left. Roughly speaking,
NXUWRVLYV FRUUHVSRQGV WR W KTFhausscdrol eb@@icanovsTwihithit KH G L
definition in general, but our samples are close enough to a Gaussian distribution and sufficiently
sampled that this definition is sufficient. For comparison, a Gaussian distribution corresponds to
a kurtosis of 3. Thevy W, wtw(, and vy w( have skews of 0.15, 0.32 and 0.13 and kurtosis
of 3.43, 2.98 and 2.5 respectively. There is no clear trend in the skew values between samples,
although it is clear all of them have a slight heavier weighting on the left shoulder in the height
distribution. The kurtosis values are all relatively close to a Gaussian value of 3 but show a clear
trend of decreasing kurtosis with lower deposition temperature. The decreasing kurtosis,
indicating a flatter distribution, agrees well with the broader R vs. T results which would
correspond to more variation between grain properties. A sharply peaked distribution such as a
delta function would correspond to all grains being identical and a step-like MIT. There is a clear
limitation in using a parameter such as the kurtosis sampled from AFM as it only gives
information in the z direction and not in the lateral statistics. Nevertheless, there tends to be a
clear correlation between the kurtosis in filfnsight distributions and their MIT properties,

particularly for directly comparable samples where one parameter is varied.
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Figure 30. (Left) AFM images for 100 nm ¥©On r-cut AbO3 substrate with varying deposition
temperature but fixed Olow rate at 2.75 sccm. (Right) Line profiles displayed to the right are
cuts along the green line in the AFM images. Samples correspond to those shown in Figure 28.
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Figure 31 shows the AFM results for varying flow rates, rather than varying
temperatures. The temperature was fixetvdtw(. The middle sample, fow t w( and 2.75
sccm Q is the same control sample as shown in the temperature variation which allows for easy
direct comparison. The 2.83 sccm sample shows clear texturing, although of a more cubic (rutile)
symmetry rather than the more columnar growth of the previous runs. The rows of grains also
show some amount of ordering. The roughness is lower than all the samples at 2.75 sccm, at only
8.2 nm RMS roughness and average height of 23.36 nm. The 2.67 sccm sample by contrast
shows a very different morphology from the other samples. While still textured, the sample has
lost the high degree of symmetry seen in the previous samples. There is some weak row-like
alignment parallel to th&e s C , Eiction. In addition, the sample surface is wavy, almost
MPHOWHGY LQhb®&HMeds ih@hisidample is drastically lower than all previously

discussed samples, at 2.1 nm RMS roughness, and an average height of only 6 nm.

The variation in surface morphology also impacts the statistical properties of the surface
height. The samples show a varying skew of 0.72, 0.32, and 0.21. Again, we see all positive
skew values. The kurtosis also shows a fairly large difference, from 4.47, to 2.98 and then 2.72
for the 2.83 sccm, 2.75 sccm, and 2.67 sccm samples respectively. Again, we see that a higher
kurtosis is correlated to a sharper transition in the MIT, as expected. However, the fact that the
high kurtosis of the 2.83sccd DP SOH LV Q Y &hotidedlilyHsiravipet Banision shows the

limitations of this simplistic correlation.
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Figure 31. (Left) AFM images for 100 nm ¥©On r-cut AbOs substrate with varying £ilow
rate but fixed temperature at t w(. (Right) Line profiles displayed to the right are cuts along
the green line in the AFM images. Samples correspond to those shown in Figure 29.
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Overall, these results hint at a potential method for tuning the surface morpho@y of
while maintaining a full 4 orders of magnitude transition. If only one parameter is tuned, the MIT
in VOz2 is quickly lost, offering only a very small window to affect the surface morphology.
However, higher deposition temperatures have an analogous effect to higimgrcéntrations
of increasing the overall resistance of the film both above and belaand vice versa.

Therefore, higher deposition temperatures might be able to compensate for ajower O
concentration, or a lower deposition temperature might be compensated by a higher O
concentration. This would allow for maintaining the M@ansition, while potentially influencing

the morphology differently from a high T, lon.Gample compared to a low T, high €ample.

In addition to using the R vs. T as an indirect measure of the quality of thehéO
structural quality can be characterized via XRD. Figure 32 presents XRD measurements for two
films deposited atv y w( and w t w( with the Q flow rate fixed at 2.67 sccm. The single
crystalline r-cut (1-102) ADs substrate is prominently peakedtatév z:Beam contaminant
peaks are marked by a star. A strong peak belonging tasv@pparent at & f This peak
belongs to the (200) monoclinic \{@eak as well as a twinned (-211) peak which causes some
additional broadening to the peak. Along with the strd@g peak, there are traces of other
peaks belonging to other vanadium oxides. While the Mgk is notably larger in the t w(, it
has come at the cost of stronger contamination from other oxide phases. The close stoichiometry
of the various Mag#i and Wadsley phases to Y@ake some amount of contaminant phases
common during V@growth. \b0Os seems likely a potential match, with the (001) peak dt f
and (101) at & fand higher harmonics at & fand & f Therefore, at a fixed oxygen

concentration, the higher temperature sample contains m@xg & the deposition conditions
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move away from the narrow window for pure ¥®eaks labelled with a star correspond to the

substrate.
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Figure 32. XRD of two sputtered \s@nto r-cut AbOs substrate. (Top) V&deposited atwv t w(

and 2.67 sccm £ (Bottom) VQ deposited atw t w( and 2.67 sccm OPeaks labelled with a
star correspond to the substrate.
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In the previous section, increasing the temperature while simultaneously lowering the O
has led to smoother films, although the smoothest films tend to be slightly more metallic than
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desired. An obvious extension is to continue to increase the temperature to compensate for this
lower resistance. Another set of samples was made during a different batch, which we label
Batch 2. Between batches, it is often necessary to open the sputtering chamber for maintenance,
such as cleaning the sputtering gun or replacing the V target. It was observed that opening the
chamber can lead to a permanent shift in thél@v rate required to obtain a particular desired
morphology. This shift did not seem to have an obvious correlation with any specific
maintenance operation. Even if the chamber was simply opened, resealed, and reconditioned
(including a 30-minute presputter in pure Ar environment), there can be a permanent shift in the
O2 requirement. This shift does not occur with every chamber opening and can happen to either
increase or decrease the requireddlthough decreases from the typical value of ~2.75 sccm
seemed more common. The fact that decreases were more common potentially signifies a leak,
but this shift happens even if the chamber is easily able to recoverthe® Torr base

pressure. The shift is typically on the order of -0.2 to +0.15 sccm. This corresponds to a range of
7.46% to 8.55% @content, from a nominal 8.15%. Fortunately, the sensitivity of the MID

and morphology to ©content allowing for a direct comparison between batches and therefore
allows to tune back to comparable conditions between batches. A comparison of R vs. T and
AFM to Batch 1in the previous section indicates a shift equivalent to requiring a 0.7 secm O

lower flow rate in Batch 2 for the batches to be at comparable conditions.

We can now explore the effects of higher deposition temperatures. Figure 33, Figure 34,
and Figure 35 present the R vs. T and AFM measurements for a set of samples with increasing
temperature, fromw tw( to xy w(. The Q is held fixed at 2.57 sccm for this series. Beginning
with the AFM for the first sample aw t w(, we see the film has a low RMS roughness of 1.38

nm. However, thR vs. T shows that the film is metallic, with a resistance of less tH&n
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There is some sign of the \d@ansition with a resistance change from to at

temperatures 300 K and 365 K respectively, although it is nearly completely suppressed. In
addition, we again see that the high temperature metallic state can be more resistive compared to
the other films even if the low temperature state is also metallic. Last, we note that this metallic
behavior is seen at a deposition temperature vfv(, which again shows that the temperature

and Q flow rate are linked. Higher temperatures are required for low#o® rates in order to

see high quality V@

R(:)

300 320 340 360
T (K)
Figure 33. R vs. T for 100 nm \4@n r-cut AbOs substrate, for various temperatures. The O

flow rated was fixed at 2.57 sccm.@\ll samples are from Batch 2. The absolute sputter
pressure was fixed at 4 mTorr, the Ar flow rate to 31 sccm, and the gun power to 200 W RF.

The second film, deposited at y W, shows a very similar morphology with an RMS
roughness of 1.66 nm. However, the R vs. T is drastically improved, with a strong orders of
magnitude MIT. The size of the thermal hysteresis is typical for a sample on r-cut substrate,

although there is a clear asymmetry in the cooling branch due to a lack of supercooling. As
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discussed in Section 1.2, the thermal hysteresinthin films is usually attributed to the

martensitic nature of the transition and the various morphological features of the grains.

Typically, this hysteresis is symmetric in heating and cooling branches, at least in resistivity
measurements. Asymmetry in the thermal hysteresis of resistivity has been observed but is
somewhat more common in features such as the optical properties. We refer the reader to Ref.

[109] and the references therein for a deeper discusgigh.GDWH LWV QRW FOHDU ZK
is most plausible, particularly since the mechanism behirttiP DO K\VWHUHVLYV LVQTW |
understood. However, we can observe that this asymmetry causes the higher temperature portion

of the MIT to show a severe tail-like featurdV WKH FRROLQJ EUDQFK LVQTW SX

temperatures as in previous samples.

Increasing the temperature further, as in the third film deposited at(, shows a
drastic change in the morphology. Previously, we had noted that some films had a slightly
SPHOWHG  FKDUDFW H takeg Wit te the &xtrémaV/uith th&entir©fifin having a
melted look. Large grains with a width of approximately 200 nm have formed, with clearly
defined grain boundaries between the regions. These grain boundaries have a depth of at least
15-20 nm. The texture of the grains themselves are rather smooth in comparison, with very few
features on the grains themselves. Any symmetry in the texturing is weak, although there does
seem to be some preference for grain boundaries roughly alorigy ttfe Mirection of the
image. This film shows a negative skew of -0.37, and a kurtosis of 2.79. The overall roughness
of the film is only 4.99, despite the high amount of texturing provided by the grain boundaries.
Turning to the R vs. T plot, we see a strong 4 orders of magnitude transition, larger than the
previous film. This seems to be common, with films with the melted texture showing larger

transitions than more typical films. The tail-like characteristic has also gotten more extreme, with
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the cooling branch developing a noticeable kink. In addition to the larger MIT amplitudre, the

vs. TSURSHUWLHVY EHWZHHQ pPHOWHGY ILOPV WiHeaY¥orWR EH U}t
identifying when the transition from smooth to melted texture has taken place. The larger than
expected transition amplitude and kink in the cooling branch generally indicated a melted type

film morphology.

The 4" film in the series is somewhat anomalous, with the morphology reverting back to
the smooth morphology, despite an even higher deposition temperatuke if. This is likely
due to minor drift in the conditions of the chamber, even though this sample is part of the same
batch as the prior three samples. In addition to changes in conditions when opening the chamber
as discussed previously, there is a smaller longer-term drift between samples. This hysteresis in
deposition conditions happens despite the precaution of a 15-minute total presputter with each
sample. It also seems to be more prevalent when changing from higher to lower O
concentrations, which then requires an increase in ililoW rate. One possibility is the
interaction of the pure V target witho@ the chamber, as oxidation of the target surface can
influence sputtering rates and oxidation of the final film. The fact that the sample morphology
has changed is evident in the R vs. T characteristics of the sample. While the MIT is as large and
featuring the tail feature as expected, the tail is not quite as severe as in the previous sample or in
the next sample which will also display a meltedure. The melted texture can be recovered by

increasing the temperature, or theflow rate.

In the final film of this batch, the deposition temperature has been increased further, to
x y w(. The AFM imaging shows that the film has recaptured the melted appearance. In
addition, the texturing is further enhanced, with a trough to peak height closer to 30-35 nm. This

also has the effect of increasing the overall RMS roughness, to 9.53 nm. Turning to the R vs. T,
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we see a strong VAMIT. In this film, we see a greater than 4 orders of magnitude change in the

resistance froma 0 at300K to at 365 K- nearly 5 orders of magnitude.
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Figure 34. (Left) AFM for 100 nm V&on r-cut AbOs substrate, for various temperatures.
(Right) Line profiles displayed to the right are cuts along the green line in the AFM images. The
O: flow rated was fixed at 2.57 sccm.@\l samples are from Batch 2.
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Figure 35. (Left) Additional AFM for 100 nm V£{bn r-cut AbOs substrate, for various
temperatures. (Right) Line profiles displayed to the right are cuts along the green line in the
AFM images. The &flow rated was fixed at 2.57 sccm.@\ll samples are from Batch 2.

It is possible to continue increasing the deposition temperature even further. However, for
a deposition temperature gft w (, the Inconel sample plate itself began to experience heavy
flaking, which makes difficult to carefully control the conditions during depositiohV |V QRW FOH
if this is due to different thermal expansion rates between the Inconel plate anlpi3ited
onto the substrate holder, or if the ¥® losing structural integrity at the higher temperatures. At

such higher temperatures or higherflow rates, the V@begins to peel away from the substrate
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and form full micron sized islands with very smooth surfaces and heights around 150 nm. For the
conditions tested, these islands are sufficiently connected to allow the percolation behavior

required for a R vs. heasurement and show a full 5 orders of magnitude MIT.

There have been only a few reported cases in the literature with a larger than 4 orders
MIT in VO2 thin films 9:287.288yhijle they used c-cut or m-cAt 203 substrates (and in the case
of the latter two references, PLD as their deposition method), we note that the conditions are
YHU\ VLPLODU WR WKRVH RI WK Hratlrds and/rdi&ivelll@viZxontent. W K KL J K
Kim et al. in Ref. {89 reproduced the conditions used by R&][using PLD on m-cut, and
their SEMresultssRZ D YHU\ VLPLODU PRUSKROR addioRr, theX fimsPHOWHG
deposited at higher temperatures show a full 5 orders of magnitude MIT, and progress to isolated
nanoislands at the highest temperatures as expected. Unfortunately, Kim et al. only include one
branch of the R vs. T measurement, so direct comparisons of asymmetry in the thermal
hysteresis cannot be made. They do not comment on any such asymmetry in the text. High
temperature P w w r() depositions are often underexplored, as low temperature depositions are
desired for low cost industrial application and avoid many complications such as diffusion or
dewetting?*® However if high temperature depositions yield films with unique properties, they

may need to be reconsidered.

W LV ZRUWK QRWLQJ W K DWD\¢ Kdt ¥ntireyHuDapdcBd. Whilé W X UL Q J
the melting point of phase puvO:; is quite high ats w v w,”"?%?the melting point of ¢ is
drastically lower, closer ty r r ( in bulk equilibrium. This can also be seen on the phase
diagram presented earlier in Figure2L. W KV@KIHQG D OLTXLG SKDVH™ ODEHO LC
aboveyrz (. We are therefore quite close to the melting temperature for these impurity phases,

and it is not uncommon for melting temperatures to be lowered in thin films as compared to bulk
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equilibria. The lower melting temperature can be attributed to phases such agor 7 .
which contain ~%and therefore leads to the drastically lower partial melting tempefaife.
This process occurs as a peritectic decompositiorM@oand a liquid phas®.The reduction of
phase impurities into phase pi®: would also naturally lead to the enhanced MIT seen for
these films. Lastly, this suggests there may be additional optimizations for pha¥©paned a

full 5 orders of magnitude MIT with further tuning of deposition conditions.

3.4 Utilizing alternate substrates to tune the V@transition

In addition to tuning the processing conditions of the ¥ilth deposition, the choice of
substrate is another avenue for tuning the.ViMe epitaxial relationship and preferential
orientations can have a large impact on the morphology, crystalline quality and MIT properties
of a VO film. The R vs. T for two films grown on a-cut (11-2803 substrate are shown in
Figure 36. Nominally, these films were both produced withw( and 2.67 sccm ©The
second film was done during the course of Batch 2, whereas the first was in a batch which had
lower base @ In addition, it is only 50 nm thick. As in the r-cut case, the sensitivity oftdO
the local deposition conditions mmeQV WKDW LW LVQIW VXIILFLHQW WR KDYF
parameters unless samples are compared in the same batch. However, one can directly infer the
local conditions by comparing the results of measurements such as AFM and R vs. T and use
them to orient and relate different batches. From these comparisons, the desired film properties
can be recreated. Shown alongside is an r-cut sample deposited with the same conditions in the
same batch for comparison. Looking to the top film, we see the 4 orders of magnitude change in

the resistance typical of a V@Im, from ra x 3at 300 K to at 360 K. The amplitude of
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the transition is slightly smaller than the r-cut, suggesting that the conditions may need slight
tuning specific to the a-cut substrate, but overall the quality of the transition is quite high.
Looking to the MIT, we see a thermal hysteresis comparable but slightly smaller than that of the
r-cut. The net Jof the film is also close to but slightly below the r-cut value due to the different
substrate lattice strain. In addition, we see a greater spread to the MIT, indicating a larger spread
in local T for the a-cut grains. The transition is largely symmetric, although the lower portion

has slightly more of a tail than the upper portion.

In the bottom film we see that the transition has gotten slightly smaller in amplitude from

a 0 at300Kto at 365 K. This is an indication that the conditions have moved away
from the ideal conditions on a-cut substrate and is likely tied at least in part to the vastly different
morphologies that will be shown in the AFM since the comparable r-cuts in each panel are nearly
identical. In addition to the smaller amplitude, the shape of the thermal hysteresis has changed.
While the thermal hysteresis begins at roughly the same temperature in the heating loop, the
transition is much broader in temperature, indicative of a broader rang§ TRU WKH JUDLQV
This wider transition also pulls the averageofthe film to slightly higher temperatures,

although the thermal hysteresis is similar to the top sample.
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Figure 36. R vs. T for a 100 nm ¥®&@Im on a-cut substrate. Samples on r-cut provided for

comparison. The absolute sputter pressure was fixed at 4 mTorr, the Ar flow rate to 31 sccm, and
the gun power to 200 W RF.

Figure 37 shows the AFM results for two films grown on a-cuDAbubstrate with
strikingly different morphologies. The top film corresponds to the top film shown in Figure 36,
and similarly with the bottom figures. The top film shows a relatively low RMS roughness of 2.8
nm, whereas the bottom is much rougher, at 5.8 nm roughness. In contrast to the r-cut films
shown earlier, both show a positive skew in their height distribution, of -1.70 and -0.20 for the

top and bottom film respectively. The top film has a relatively large kurtosis at 7.65, and the
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bottom film one very close to a Gaussian distribution at 3.06. Both films show a high density of
pinhole defects with a 20 nm depth, although the top film favors less holes with a deeper trough,
whereas the bottom film shows many shallower dips. Outside of these defects, the top film
shows very plateau like behavior, with the plateaus showing a smooth top surface with sub 0.7
nm RMS roughness. The plateaus have a characteristic length scale of around 0.4 microns in the
lateral directions. In the bottom sample, the grains are more strand-like, with a width of around
125 nm and length 200 nm or so. Neither morphology displays any obvious crystalline

symmetries.
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Figure 37. (Left) AFM images for 100 nm ¥©On a-cut AtOs substrates, from different batches.
(Right) Line profiles displayed to the right are cuts along the green line in the AFM images. Both
films were deposited at a nominalt w( and 2.67 sccm ©but the bottom film is at an effective
higher Q content. The top film is 100 nm thick, the bottom 50 nm thick.

In Figure 38 we show the XRD for two samples deposited on a-cut (11-X0) Al

substrate. The top figure, in blue, corresponds te ¥posited atv y w(. The bottom, in red,

corresponds to a deposition temperaturevdfw(. The w t w( film is a part of the same batch as

the w t w( film shown in the top AFM in Figure 37 and the top R vs. T in Figure 36. Both show

the expected peak for the 0.5 mm thick single crystalline substratgéak ‘but there is

different behavior at the V{peaks. The sample depositedvat w( and 2.67 sccm £shows
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poorer crystalline quality, with only a small peak seen & v that can be indexed to the YO

(12-1) or (120) monoclinic planes. By contrast, when the temperature is increasedvoas in

the bottom panel, a clear monoclinic ¥(020)/ (002) peak is seen at{& z *In addition, the

minor peak atv vé& v seen in the previous sample is largely suppressed, indicating that the
(020)/(002) peak is more favorable under these conditions. This is similar to what was seen on r-
cut substrates, with temperatures above roughyyw( being required for the V&Io crystallize

on Al>Os substrates. In contrast to the r-cut, the peak is much more pronounced.
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Figure 38. XRD of two sputtered \d@nto a-cut AdOs substrate. (Top) V&deposited atv y w(
and 2.67 sccm £ (Bottom) VQ deposited atw t w( and 2.67 sccm ©OPeaks labelled with a
star correspond to the substrate.

Another less studied ADs plane is the m-cut, or (1-100) plane. Looking to the Rvs. T
characteristics shown in Figure 39, the m-cut also shows a strong MIT, larger than even the
comparable r-cut sample without any additional tuning. The r-cut sample is slightly below 4
orders of magnitude in the amplitude of the transition, indicating a sligbitiefiziency for
optimal MIT. Overall the two substrates show relatively similar shapes to the thermal hysteresis,

with the average cIpushed to higher temperatures relative to the r-cut and the m-cut thermal
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hysteresis being a bit smaller. There is some asymmetry in the MIT, with a cooling branch
transitioning slightly faster than the heating branch counterpart. As in the a-cut case, we see that
the conditions for a high-quality m-cut sample is close but slightly different from the conditions

one would use for an r-cut substrate.
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Figure 39. R vs. T for a 100 nm ¥®&Im on m-cut substrate. Sample on r-cut provided for
comparison. The absolute sputter pressure was fixed at 4 mTorr, the Ar flow rate to 31 sccm, and
the gun power to 200 W RF.

A typical AFM measurement for 50 n¥O. on an m-cut substrate is shown in Figure 40.
This sample was depositedatt w( and 2.67 sccm £as a part of Batch 2. For these
conditions, m-cut shows rather small, clearly defined grains. The grain size is on the order of 50-
100 nm, with a clear distribution in grain size. The sample is also rather smooth, with an RMS
roughness of 1.99 nm. The height distribution has a slightly positive skew, at 0.14, and a nearly
Gaussian kurtosis of 2.83. The roughness is quite a bit smaller than the corresponding a-cut and

similar to the r-cut samples made in the same batch shown in the bottom of Figure 37 and Figure
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34 respectively. The film also shows good coverage, with few to no pinhole style defects

common on the other substrates.
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Figure 40. (Left) AFM images for 50 nm ¥On m-cut AbOs substrate. (Right) Line prités
displayed to the right are cuts along the green line in the AFM images.

The XRD results for a typical 100 nm YOn m-cut substrate is shown in Figure 41, with
deposition conditionsv t w( and 2.75 sccm ©DAs expected, the substrate peak is seenzitu *
for the m-plane of AlOs. A strong VQ peak is seen at & f which indexes to the monoclinic
(10-2) V& peak. The higher harmonic (20-4) peak is also seen in the shoulder of@he Al

peak,at a f
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Figure 41. XRD of 100 nm sputtered Y@nto m-cut A}Os substrate. Peaks labelled with a star
correspond to the substrate.

The two previous substrates are somewhat unusual choices, but c-cut (G313 Al
very common choice due to the excellent epitaxial relationship between this plane and the VO
crystal structureA R vs. T for a sample grown on c-cut substratevatw( and 2.75 sccm £s
provided in Figure 42 along with a sample on r-cut for comparison. The c-cut shows a strong 4
orders of magnitude MIT, with a sharp transition. TheeTative to the r-cut is shifted upwards,
along with a slightly larger thermal hysteresis. The thermal hysteresis is also nearly perfectly

symmetric, unlike the V&deposited on other substrates shown thus far.
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Figure 42. R vs. T for a 100 nm ¥®&@Im on c-cut substrate. Sample on r-cut provided for
comparison. The absolute sputter pressure was fixed at 4 mTorr, the Ar flow rate to 31 sccm, and
the gun power to 200 W RF.

AFM for a 100 nm V@ film deposited on c-cut AD3 substrate atv t w( and 2.75 sccm

Oz is shown in Figure 43. This sample was grown as a part of Batch 1. The surface morphology

in these samples is not unlike those shown previously for similarly conditioned samples on r-cut
substrate, despite the much-improved epitaxial relationship seen in the XRD pattern. The sample
is rather rough, with an RMS roughness of 11.04 nm, and grains on the order of 100-225 nm in
size. There are some regions with the cylindrical symmetry seen in some of the samples with r-
cut substrates presented earlier. The skew of the height distribution is low but positive, at 0.44.
The kurtosis is nearly Gaussian, at 3.24. While the areal coverage is high, there are some pinhole

defects that can be seen in portions of the film.
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Figure 43. (Left) AFM images for 100 nm ¥©On c-cut AbOs substrates. (Right) Line profiles
displayed to the right are cuts along the green line in the AFM images.

Figure 44 shows a typical XRD pattern for ¥@eposited atv t w( and 2.75 sccm £on
c-cut substrate. The c-cut (0001) peak is displayed prominentgdatt *The monoclinic V@
(020)/(002) peak is seen at{& z,}just like was seen previously in the a-cut samples. The
positioning of the c-cut substrate peak means that thep€@k overlaps with a contaminant
peak of the substrate, unlike in the a-cut case. Nevertheless, we can definitively identify this peak
based on the width of the peak, whose broadening is characteristic cht¥iér than a
contaminant peak. In addition, a direct comparison with a blank c-cut substrate shows the peak is
much stronger in the V£AI,Os film. A minor peak belonging to another oxide is visible at

a fthat can be indexed to the®s (001) orientation, indicating some slight contamination.
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Figure 44. XRD of 100 nm sputtered Yonto c-cut AfOs substrate. Peaks labelled with a star
correspond to the substrate.

The last substrate we considered in this work was T101) (equivalent to (011)), in a
switch away from the various ADs cuts. TiQ is another standard substrate for\De to the
epitaxial relation- the rutile naming is derived from the sJli@neral. Ti and V are also right next
to each other on the periodic table, which means that the crystal structures are nearly an exact

match, with a slight difference in lattice parameters due to the atomic mass.

In Figure 45, a 100 nm Vdilms on TiG (101) substrates shown. Turning our attention
to the bottom film, we see that it has formed plateaus, not unlike those seen in one of the a-cut
samples. Unlike the a-cut sample, there is clear anisotropy and the plateaus have a roughly
tetragonal symmetry which manifests with a stripe-like top down patterrfilirhehows deep
indentations between the plateaus. These trenches have a depth of at least 50 nm and an opening
width of roughly 200 nm. The overall roughness of the film is quite high, at 11.3 nm, however

the plateaus have a much lower roughness on their top face, closer to 3-4 nm. Like the a-cut
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sample, the film shows a large negative skew of -1.04 and a clear tail in the height distribution,
although this should be understood by decomposing the film into two distributions for the

plateaus and valleys separately. The film shows a mild kurtosis of 4.05.
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Figure 45. (Left) AFM images for 100 nm ¥On TiO; (101) substrate. Deposited att w( and
2.67 Q sccm. (Right) Line profiles displayed to the right are cuts along the green line in the
AFM images.

The R vs. T measurement for a typiv@: film on TiO. (101) substrates shown below
in Figure 46 along witlar-cut comparison filmWe see a strong 4 orders of magnitude MIT,
although with a number of notable features. Interestingly, the slope of the resistance in the
semiconducting state is different than that of the r-cut. This contrasts with the previous 3 samples
on various A0z substrates, which showed roughly the same slope as each other. The film
transitions fromits semiconducting state to the metallic state at around 328.7 K, typical for VO
on TiO, (101) substratét® While the transition is rather sharp, roughly comparable to the r-cut
sample, the thermal hysteresis is much thinner at only 2.55 K. Below the transition we see the

typical metallic behavior in V&
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Figure 46. R vs. T for 100 nm \b@n TiCG: (101) substrate depositedatl w( and 2.67 sccm

O2. The absolute sputter pressure was fixed at 4 mTorr, the Ar flow rate to 31 sccm, and the gun
power to 200 W RF.

The XRD pattern for a 100 nm \s@Im on TiO. (101) is shown in Figure 47. As
expected, the Tie(101) peak is apparent atx@& t 1The similarity in crystal structure means
that any VQ peak will be rather close, and indeed there is a pak visible in the right-hand
shouldera & fInthe monoclinic phase, this peak indexes to the (200) or (21-1) twinned
peaks. Across the SPT these orientations will correspond to the rutile (101),intWi@ng the
appropriate unit vector conversion. The fact that the p€ak is visible despite the relatively

low deposition temperature contrasts with theQlsubstrates.
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Figure 47. XRD of 100 nm sputtered Yonto TiQ (101) substrate. Peaks labelled with a star
correspond to the substrate.

3.5 Conclusions

In this chapter, we showed the tunability of the depositioviaf thin films on various
substrates via magnetron sputtering. These films show the 4 orders of magnitude or larger MIT
concomitant with high quality V& Tuning the temperature and oxygen concentration in the
vacuum chamber during the deposition proved to be an effective method for tuning bth the
vs. T properties of the films, but also the surface morphology. Whereas most works individually
tune the temperature or@ow rates, we show that equally strong MIT behavior can be seen at
different deposition equilibria. However, different temperature ando@centration
combinations lead to very different surface morphologies, with highan®lower T showing
more columnar textured growth and high T lowddnditions showing smoother morphology.

O2 concentrations shown to be a key way to control the roughness and morphology.in VO

sputtered films. Increasing the temperature allows to compensate and maintain roughly the same
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stoichiometry, a critical feature in the vanadium oxide system. To fully optimize thetvi®©

also beneficial to iterate between changing the deposition temperature eocentration

rather than to fix one and tune the other as is common in other studies. We were able to achieve a
sub 2 nm RMS roughness while maintaining most of the MO, however films in these

conditions only showed a weak preferential orientation as measured by out of plane XRD. We
also show that drifts in deposition conditions, either between samples or due to opening the
vacuum chamber can be corrected for by studying the surface morphology and R vs. T

characteristics.

Further increases of deposition temperature beyond(5/#ad to a sharp change in
PRUSKRORJ\ ZLWK WKH ILOPV VKRZLQJ D 3 PHOWHG” W\SH WH
nanopatterning leads to nanoislands of. @t leave portions of the substrate exposed. This
type of nanopatterning is common in thin films when it is energetically favorable as a way to
reduce the total surface ener§y2°2 The total surface energy minimum, and therefore growth
mode, is determined by the competition between the film free surface energy, the substrate-film
interface energy, and substrate free surface. Temperature is also a relevant tuning parameter, as
low deposition temperatures can limit or freeze out undesirable kinetics such as deW#&tng.
In addition to the texturing, these films show very asymmetric MIT, with greater than 4 orders of
magnitude MITs. While this nanopatterning and MIT characteristics show promise for future

ZRUN WKH\fUH XQVXLWDEOH IRU WKH FOHDQ LQWHUIDFH UHT

While alternative deposition parameters such as absolute deposition pressure, substrate
biasing, and annealing were explored as potential tuning knobs, they did not show as much
promise as temperature and €@ncentration for obtaining smooth Y@terfacesOn the other

hand, alternative substrates showed much more promise. Various plang®:cdukistrates led
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to improved structural quality as measured by XRD, with strong peaks. They also maintained the
4 orders of magnitude MIT while each showed a different morphology as compared to the r-cut
substrate. Ti@(101) substrates were also explored, and also showed a strong structural quality
while providing a very anisotropic but smooth surface. The different epitaxial lattice strain also

leads to a lower Jof 330 K.

Taken together, control of deposition parameters and choice of substrate allow for very
different types of interfaces in \\@iIIms. These interfacial properties can be used to tune the

magnetic properties &fO2/Ni hybrid bilayers, as we show in the next chapter.
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Chapter 4. Magnetic properties of VO/Ni Bilayers

4.1 Motivation

As was discussed in Chapter 1, magnetic hybrid heterostructures consisting of an SPT
material and a FM are an underexplored but competitive alternative as compared to other more
well studied coupled magnetic heterostructures such as piezoelectric/FM or AF/FM
bilayers?>264’SPT materials such as the vanadium oxides would allow for manipulation of the
magnetic properties of the FM layer in a heterostructure without the need for an external applied
magnetic field. Alternative stimuli such as light, electric field and temperature which can trigger
the SPT can be used instead of applied magnetic fields to modify magnetic properties via
magnetoelastic coupling between the SPT material and the FM layer. These SPT materials also
show sharp switching like behavior, in contrast to the more gradual response of materials such as

piezoelectrics.

VO is a promising choice of SPT material, with itsof ~340 K. In addition to being
close to but above room temperature, thesEasily tunable via deposition conditions, substrate,
or methods such as doping. In previous work, it was shown that the magnetic properties of Ni
deposited on V@and \\03 can be modified by interfacial stress due to the SPTs of these
vanadium oxide$?-2%"Here we further explore theéO2/Ni system, studying the effects of
substrate choice and tuning the Md&position conditions and morphology. Ni is the FM of

choice due tats high magnetostrictive coefficient for an easily grown FM.

The section begins by discussing the sputtering of the metallic Ni layer ontblivi§

following the procedure laid out in Chapter 2. We then reconfirm the crystalline quality of the
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VO: layer via XRD after Ni deposition, as well as checking for any preferential orientation of the
Ni. AFM is used to characterize the Ni surface morphology in the heterostructures, which will
influence the magnetic properties. Magnetometry measurements taken at various temperatures
for representative samples are shown for three substrates: c©@gt BlO2 (101) and r-cut

Al20s. The influence of the substrate on the magnetic properties are discussed. Finally, magnetic

measurements for alternative substrates m-cut and a4 &le presented.

4.2 Characterization and Ni deposition

VO: films were first deposited via magnetron sputtering following the procedure laid out
in Chapter 2, and optimized as described in Chapter 3. Once the desired conditions were reached,
severalW O, samples were fabricated, with the Ni added only after al 8&mples for that batch
were deposited. As mentioned in Chapter 3, the delicate sensitivity afo\ddy contaminant
that could influence the f the chamber should be avoided. Sputtering metallic Ni prior to a
VO2 deposition will act to leach Dleading to a @deficient atmosphere and require
reconditioning of the chamber. Fortunately M® metastable in ambient conditions for periods
of several weeks or longer, even without a capping T his stability allows for a later
deposition, rather than a singl®2/Ni heterostructure per conditioning cycle. In addition,
outside the chamber the Y@Ims are stored in a low-pressure desiccator system to further slow

any degradation.

After the V& samples have been prepared, the Ni can be deposited on top of;the VO
and are capped in-situ with Al capping layers to prevent oxidation of the Ni. The deposition for
sanples with Ni deposited well above Tc wasdoneatd . DQG ZLOO EH ODHEHOHG DV
deposition for samples with Ni deposited below Tc were done at ambient temperature and will be
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samples are done immediately following the RT deposition ATt@apping layer for the HT

samples are done after cooling back to RT, typically approximately 1 hr after the deposition. The
nominal thicknesses were 100 nm/15 nm/5 nm foM@eNi/Al heterostructures. Since the ¥O
deposition is a reactive process, the deposition rate was confirmed on test samples via XRR and
assumed to be constant across depositions per batch. If the chamber is opened, the deposition
rate is remeasured after the conditioning and tuning has taken place. It is important to calibrate
the thickness after tuning since conditions inside the chamber such ascibretéht can

influence the sputter rate. The metallic Ni and Al deposition rates were measured using an in-situ
guartz crystal balance. Prior to the first deposition or measuring the deposition rate, both metallic
targets are presputtered for 30 minutes to eliminate any oxide layer on the surface of the target.
Subsequent sputters are presputtered for 3 minutes immediately prior to deposition, to clean the

surface and allow the plasma conditions to equilibrate.

With the Ni deposited, several HT samples were measured via XRD to confirm the
crystalline quality of the V@) as well as determine any out-of-plane preferential orientation of
the Ni. The results for several choices of substrate are shown in Figure 48. All three show the
same vanadium oxide peaks as pure 8&@nples from Chapter 3. In the top panel, the c-cut
substrate shows a strong (020)/(002) monoclinic W€ak at & f to the left of the c-cut
(0001) AbOz peak at & f However, an additional broad peak has formed @t fwhich
belongs to the Ni (111) plane. In the middle panel in blue I¥@®¥Ni heterostructure grown on
TiO2 (101) substrate. Again, we se®¥@> (200)/(21-1) twinned peak located atd fto the
right of the TiQ (101) peak at & f Unlike the c-cut substrate, there is no clear peak

attributable to Ni, indicating less preferred orientation. In the bottom panel of the figure is the
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sample grown on r-cut (1-102) .03 substrate. As previously, the YOn r-cut shows the same
(200)/(21-1) peak as the Ti@101) at & [ The slight discrepancy between the two can be
attributed to slight differences in alignment of the XRD system as well as the different lattice
strains of the substrates. The unstrained peak is predicted to bé at f As with the TiQ

(101), no Ni peak is evident within the experimelitalts of our detector.

Overall, all 3 samples show strong ¥@eaks in the expected preferred orientation for
their corresponding substrates. The (020)/(002) orientegdovi@-cut substrate seems to
encourage a Ni (111) orientation, whereas ZD0)/(21-1) on r-cut and T&X101) substrates

do not seem to greatly encourage a preferred orientation.
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Figure 48. XRD of 100 nm/15 nWO2/Ni bilayers on: (Top) c-cut ADs substrate, (Middle)

TiO2 (101) substrate, and (Bottom) r-cub®@% substrate. Peaks labelled with a star correspond to
the substrate.
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After confirming the structural quality of the films, the surface morphology needs to be
characterized. AFM for samples on c-cut@d, TiO2 (101) and r-cufl .03 substrates
respectively are shown in Figure 49. It is immediately clear how important the substrate choice
is, with each sample showing very different grain microstructure despite very similar deposition
conditions and similar V@quality. Examples of the underlying ¥@orphology for each
substrate was covered in Chapter 3. Even samples with the same preferred orientation such as the
TiO2 (101) and r-cut AlOs show different Ni morphology. The c-cut sample shows very small
circular grains of 40-60 nm, and a low RMS roughness of 1.22 nm. Thg M) sample goes
to the other extreme, showing very large plateau like grains, separated by large grain boundaries.
These boundaries show that the plateaus are roughly 15 nm tall, the nominal thickness of the Ni
deposition. The overall film roughness is 4.53 nm, with the top of the plateaus showing less than
1 nm roughness. The grains themselves are on the order of hundreds of nm wide, typically 400+
nm wide. Lastly, the r-cut sample grain size is somewhere in between with moderately sized but
visibly inhomogeneous regions of large grains interspersed between smaller grains. The RMS

roughness is quite high, at 13.6 nm.
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Figure 49. AFM for 100 nm/15 nwO2/Ni on (Left) c-cut AbOz substrate, (Middle) Tie(101)
substrate, and (Right) r-cut A); substrate. (Bottom) Line profiles are cuts along the colored
lines in their respective AFM image.

Lastly, we provide R vs. T measurements for typical samples of bare 10@nfiims
on TiO (101), c-cut AOs, and r-cut AlOs substrates. These samples were optimized following
the discussion in Chapter 3, with the conditions optimized for each substrate individually. All 3
show a strong 4 orders of magnitude MIT from roughly 3to less than at 360 K. The
details of the MIT follow the patterns established in the previous chapter for the respective
substrate. The Tig(101) sample shows the lowestal less than 330 K, with a very sharp
transition and low thermal hysteresis of 2.5 K. The r-cu©fbample is in the middle of the
three, with a Tc of roughly 333.4 K, thermal hysteresis of 6 K and a rather wide tail on the upper

portion of the MIT. The c-cuAl 203 substrate has the highestal approximately 338.4 K. It has
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a thermal hysteresis comparable to the rAdpDz at5. . EXW GRHVQYIW GLVSOD\ PXFl

the MIT.

10° E — r-cut
] ——TiO, (101)

5 1 — C-CUL
10" 5
- 10°
N
o ]
10° 3
10° 3

300 320 340 360
Temperature (K)

Figure 50. R vs. T for 100 nm bav®: on TiG, (101), c-cut AlOz, and r-cut AfOs substrates.

Having structurdy characteriedourVO2/Ni bilayers as well as the R vs. T of the

underlying VQ, we are now ready to consider the magnetic properties in the bilayers.

4.3 Magnetic measurements for c-cut, r-cut, and Ti@substrates

In this section we present the magnetic measurements U{H/Ni bilayers taken in the
VSM. RT samples show a different behavior and will be discussed in the next chrapter.
particular, we focus our attention to the substrates characterized in the previous section: c-cut
Al20s, TiO2 (101), and r-cul203. VO3 is paramagnetic and therefore the majority of the

magnetic signal will come from ferromagnetic Ni in any magnetometry measurement, even for
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thicknesses as thin as 10-15 nm. Magnetic hysteresis loops were taken at various temperatures
beginning at 290 K and ending at 370 K, following the procedure given in Chapter 2. One full
measurement consisted of the sample completing two full thegy@éstfof t{r \ uyr \

N N . . This temperature range is sufficient to ensure that theig/flly
transitioned regardless of the substrate, and thus avoid traveling in a minor loop along the
thermal hysteresis of the \dOThe hysteresis loops are measured in-plane with an in-plane

applied field.

Typical examples of the hysteresis loops for heterostructures grown on the three
substrates are presented in Figure 51 for select temperatures. The magnetic data presented is the
raw data, uncorrected for contributions from the sample holder, &Qubstrate. Note that the
selected temperatures are slightly different between substrates. The temperatures shown were
chosen to highlight changes in coercivity, which cluster close to theTy@ssociated with that

substrate.

For each substrate, these loops are from the first heating branch in the thermal cycling. At
300 K the hysteresis loops show a typical M vs. H response for a ferromagnet. As the
temperature is increased, the overall shape of the hysteresis fnamptained. However, there
are slight changes in the saturation magnetization and more noticeably, large changes in the
width, or coercivity, particularly near.Tor VO2. The coercivity is the magnetic field required to
reduce the magnetization to O from saturation. Here, we take the average for both negative and
positive applied fields. This helps to reduce error, particularly from any stray bias fields. For
example, there is often a small field («d, often ~1ImT) due to remanent magnetization in the

pickup coils of the VSM.
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Figure 51. Magnetization vs. applied field (M vs. H) for various temperatures of HT 100 nm/15
nm VO2/Ni bilayers on (Top) c-cut ADz, (Middle) TiO; (101),and (Bottom) r-cut AfOs
substrates. First heating branch of 2 heating/cooling cycles.
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In order to get a better look at the changes in coercivity, we can extract the coercivity
from the hysteresis loops and plot it explicitly as a function of temperature for each thermal
branch. This coercivity vs. temperaturec(¥6. T) behavior for both HVO2/Ni bilayers on all
three substrates are plotted in Figure 52. The saturation magnetization changes will be discussed

in a later section.
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Figure 52. Coercivity extracted from M vs. H loops at various temperatures of HT 100 nm/15 nm
VO2/Ni bilayers on (Top) c-cut ADs, (Middle) TiG; (101), and (Bottom) r-cut ADs substrates.
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Looking first to the azut sample show in the top panel, we see the sample starts with a
relatively large coercivity near RT, 14n6T at 290 K for the first heating loop. As the
temperature is increased up to 330 K, the coercivity slightly decreases as is typical in
ferromagnets. At roughly 330 K to 342 K, we see a sharp decrease in the coercivitynd ab4
347 K. This value is considerably lower than the previous trend as a function of temperature. A
clear comparison can be made by linearly extrapolating the high temperature behavior back to
320 K. This yields an extrapolated coercivity of onlyn8, a 37.5% decrease compared to the
actual 12.8nT measured. As the temperature is increased well past 347 K, the coercivity returns
to its previous trend, although it has been permanently shifted lower. In the first cooling cycle
shown in blue we see essentially the same behavior but with a 4 K thermal hysteresis. This
hysteresis is a signature of the ¥@hase transition and matches the one observed in the R vs. T
of the bare V@ The sharp change in the coercivity at ~330-340 K that occurs can be attributed
to the underlying V@ which will undergo its SPT as the temperature crossdske the
thermal hysteresis, this range agrees with the temperature range ofAMiVi@ theRvs. T
measurements, as shown previously in Figure 50. As theck@@ses from the monoclinic to
rutile structure, it induces a shear strain due to the changes in V atoms along the c-axis. This
shear strain then acts to apply an anisotropic stress MO# i interface, which can influence
the Ni via inverse magnetoelastic coupling. This effect has previously been demonstrated in
VO2/Ni and \,O3/Ni bilayers?®® The coercivity change therefore inherits many of the properties
of the underlying SPT. Not only does it occur atiThas a similar temperature spread to the
complete the transition (as can be seen in e.g. R vs. T measurements), as well as the signature
thermal hysteresis of the MGPT. This coupling to the SPT means that deposition conditions

for the Ni becomes an additional tuning parameter. Recall that for HT samples, we deposit the Ni
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well above the Jof VO,. This will lead to the Ni seeing the rutile Y@uring the initial

deposition, and the Ni is relaxed when the \rOin the rutile state. When cooling through the

transition, the Ni becomes strained when the:180n the monoclinic structure. The HT
GHSRVLWLRQ WKHUHIRUH GHWHUPLQHYVY WKH pKLJK WR ORZY |
T, the Ni is strained, and above the Ni is able to relax. The baseline coercivity in this relaxed

state will also be influenced by film features such as the roughness, defects, etc.

In the middle and bottom panels of Figure 52, the same type of coercivity vs. temperature
profile is plotted for th&/O2/Ni on TiO, (101) and r-cut AlOs substrate. Following the first
heating branch, both samples start with an elevated coercivity that decreases with increasing
temperature. Close to the fbr their respective substrates we again see a sharp drop in the
coercivity, although the r-cut drop is smaller than in the c-cut o {lid1) case. However, in
both of these samples, there is a coercivity enhancement that is strongly localized lrear T
above T, the samples return to the trend of slowly decreasing coercivity with increasing
temperature after being permanently shifted to lower coercivity. The cooling branches show a
similar behavior, but with thermal hysteresis values that match those seen inthe Rvs. T
measurements for bare YOn the respective substrates. We note that future thermal cycles for
all substrates with HVO2/Ni heterostructures show the same features in the coercivity
LQGLFDWLQJ WKDW WKLV SURFHVYVY LV UHSHDWDEOH DQG WKTELC

to the thermal cycling.

The H vs. T profiles for these two samples are the product of two effects. In addition to
the strain anisotropy field mechanism that led to the decrease in coercivity well apbove T

another effect accounts for the localized peak in coercivity close Wd attribute this
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enhanced coercivity to the coexistence of both structural phasesaf W@ vicinity of T, as

detailed in the next section.

4.4 Localized coercivity enhancement due to phase coexistence

The spike in coercivity seen in the previous section can be attributed to the nature of the
SPT of the VQ@that underlies the FM Ni. A first order transition implies a mix of both phases
when the material is very close te. The coexistence of both the monoclinic and rutile phase at
fixed temperatures neat Mas been confirmed directly for polycrystalline thin film Y/@s
shown in Section 1.4. The domain size of theMORQRFOLQLF DQG UXWLOH SKDVH
TV RI QP iDRiguveHLB Qowever, ¥O2/Ni hybrid heterostructure system introduces

DQRWKHU IXQGDPHQWDO OHQJWK &§24&DOH LQ WKH 1LYV PDJQH'

The size of the Ni magnetic domain size will be directly related to the microstructure and
morphology of the Ni film. The AFM shown earlier in Figure 49 of Section 4.2 is a direct probe
of the Ni morphology and can therefore give insight into the typical expected magnetic domain
size. In the c-cut sample, which has small Ni grains, we can expect the Ni magnetic domains to
be of similar size to the grain size. If the ¥@hase domains are roughly the same size of the Ni
grains/domains or larger, then the magnetic behavior is largely governed by grain boundaries and
the phase coexistence does not play a significant role in the magnetic pinning. By contrast, in the
largesnooth TiG (101) plateaus, the Ni magnetic domains will be much larger, and will be able
to see a larger portion of the boundaries between the two underlyingh&Ses. The two VO
phases are under different amounts of strain, which leads to an inhomogeneous boundary

between the two. This laterally inhomogeneous stress profile leads to disorder which will be
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inherited by theNi layer, with phase boundaries acting as magnetic defects or pinning sites for
domain wall motion during magnetic reversal. This disorder will be maximized when the border
region between the two V\phases are maximized, which should occur close to the middle of

the transition and also explains why the phenomena is localized so sharply asolimel fFcut

is somewhere between the two more extreme examples, with medium sized grains. Therefore, it
shows a coercivity spike, but smaller than that of the Ti01). This coercivity enhancement

had previously been seen in®4/Ni bilayers during the %Oz SPT, as well as in N@Sro.sCo0;

on STO substrate, but not in WMi.2% The similar response despite the fundamentally different
driving mechanisms for this phase separation is another sign that this coercivity enhancement is
driven by phase coexistence across the 8BT?%° The localized coercivity spike nea¢ Jeen

only in some samples is therefore driven by a competition between the length scales of the VO

structural phase domains, and the magnetic domains of the overlying Ni layers.

4.5 Magnetic anisotropy

The samples were also checked for any in-plane anisotropy by rotating the samples
plane and remeasuring their magnetic properties. Typical hysteresis loops are shown in Figure 53
for both c-cut (Top) and r-cut (Bottom) &); substrates. The c-cut sample shows an identical
hysteresis loop at various angles, indicating the lack of any strong anisotropy for in-plane
rotations. The r-cut shows only a very minor change in the hysteresis loopvatatation.
These measurements were taken at 300 K, indicating a lack of anisotropy even when the HT
films are in the strained state due to thex\BPT. The VQ SPT is highly anisotropic, so the lack

of anisotropy can be tied to the polycrystallinity of the films.
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Figure 53. M vs. H measurements of HT 100 nm/154@/Ni bilayers on (Top) c-cut ADs3
substrate and (Bottom) r-cut &)k substrate, for various orientations inside the VSM. Taken at

300 K.

By contrast, the Ti®@(101) samples inherit a very strong rutile symmetry anisotropy from
the substrate. This symmetry was evident in the surface morphologies of bothtlay&O
shown in Figure 45 of Chapter 3 as well as the Ni itself in Figure 49. Figure 54 shows M vs. H
loops and their extracted coercivities for a fresho@®1) sample, but with one rotatgd in
the sample holder relative to the other. Both measurements were taken with the same sample and

measured consecutively. The left figure shows the hallmark rectangular shape of a magnetic easy
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axis, whereas the right figure shows a clear hard axis. In the easy axis orientation, the sample is
relatively easy to saturate at less thamf0 but shows a large coercivity, greater thanrRat

all temperatures measured. By contrast, in the hard axis orientation, the hysteresis loops do not
close until nearly 5enT. They also show a much lower coercive field, with a maximum less than

10.5mT.

This anisotropy also has a strong influence on thed T behavior. The measurement
along the easy axis is similar to the measurement shown previously. The coercivity begins
elevated, spikes close to Tc due to phase coexistence, and then decreases sharply across the VO
SPT. In the hard axis measurement, the sample still has a high to low coercivity profile across
the temperature range measured, and the transition width is consistent with the easy axis
measurement as well as the M@ansition width as measured in R vs. T measurements.
However, the localized spike in coercivity close tasTsuppressed. The fact that this is seen in

the same sample rules out different surface morphology as a cause.
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Figure 54. (Top) M vs. H for various temperatures of HT 100 nm/1¥@aiNi bilayers on

TiO2 (101) substrate. (Top Left) Easy axis and (Top Right) Hard axis, rotated 90 degrees relative
to the easy axis. (Bottom) Extracted coercivities corresponding to the above loops.

4.6 Magnetization vs. Temperature

In addition to the various M vs. H measurements shown, measurem&htsscd
function of temperature (M vs. T) were also taken. As mentioned previously, there was a slight
change in saturation magnetization visible in the hysteresis loops shown previously. Figure 55
shows M vs. T curves for (a) c-cut, (b) r-cut, and (c)2I80bstrates under an applied field of 50
mT. Here, all 3 samples show very similar behaviarthe temperature is ramped well below
T, they show a slight decrease in the magnetization as thermal energy reduces the alignment of
the magnetic moments. Neay, We see a sharp increase in magnetization that is maintained even
as the temperature continues to increase abgwsTwith the coercivity changes, this
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magnetization change occurs at a temperature corresponding toahind bare V@for each

substrate. In the cooling branch, we see the opposite behavior, with characteristic thermal
hysteresis. Lastly, we note that the process is repeatable through multiple thermal cycles (data

not shown), as the M vs. H measurements were. Indeed, these measurements were taken after the
M vs. H loops following the procedure laid out in Chapter 2 which means that the samples have

already been thermally cycled prior to these M vs. T measurements.

As with the other changes in the magnetic properties of theséNVi@terostructures,
the changes in magnetization are fundamentally tied to theSPPD via magnetoelastic
coupling. In addition to the stress anisotropy field, there is the inverse magnetostrictive effect
itself. As was discussed in Section 1.%,M under stress will undergo changes in its
magnetization. For Ni, which has a negative magnetostrictive constant, a compressive (tensile)
stress leads to an increase (decrease) in magnetization, for fixed applied magnetic field (See
Figure 17). Since the Ni will be relaxed abowenhen deposited in the HT configuration, this

indicates the Ni undergoing a tensile stress when the temperature is reducedcbelow T
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samples.
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4.7 Estimates of strain

A rough quantitative estimate of the strain being applied to the Ni layer can be made
utilizing Eqn. 12 from Section 1.5 if we assume the stress in the Ni is uniform and that change in

magnetic properties is due to an effective stress anisotropy field

. - u ae
*Sook *%asE W GT;@? VAs

One way to do so is to compare the change in the coercivity above and below.the VO

transition. For the same Ni layer, the effective field should be same at the coercive point.

0 0 .
Cdi([beml‘ co@xel| vat

Conveniently, at the coercive point the term proportional to M drops out, 1é3Vving

043400 kass T L *055400a¢0 vau
with the strain being provided by the YOPT. This yields

u aé
ayl

A%, L * L vav

Previously, in Section 4.3 the coercivity difference for the c-cut sample was estimated to

be 4.8 mT. Taking the effective fieldg to be the difference between measured and extrapolated
coercivities and using the material parameters for Ni,L vy r&s r’ f lqgl 1R9L AUV ®

s 1) yields a stress of 22 MPa required for the coercivity difference at 320 K in the c-cut
sample shown previously. This value is in good agreement with previous work, and is a

reasonable fraction of the directly measured stress of 380 MPa in singfdnv&*®
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A similar estimate of the strain in the Ni layer can be made utilizing the M vs. T data
presented in the previous section and applying the J-A-S model developed in Section 1.5. For the
field applied ( _,,L wre  the sample is well saturated, as can be seen in the hysteresis
loops of Figure 55. It is therefore reasonable to represent the total magnetization M by the

anhysteretic magnetization |, given as

0] 0]
L L Wae4if°'€; L WF...‘—QIA% F—CG VAaw
cdd

with the parameters yand a given from fitting to experimental data. The effective field

required to cause the change in magnetization seen in the M vs. T across B V€an be

found by numericdy integrating the differential form of Eqgn. 4.5. Eitht;e(forﬁ?— can be used,
[\

since as mentioned in Section 1.5, 1k ,APo L : E’da I Indeed, one can switch from

0
one to the other via application of the Chain R%%L %JQ—b—;%‘ In the case where the
[\

magnetization is along the anhysteretic, integration simply returns the closed form solution of
Eqn. 4.2. An intuitive explanation for the equivalence betweepk ,A Paod  : 2da r

can be seen by considering what these two expressions represent on a hysteresis loop. The point
on the M vs. T. at 345 K, just above the M@nsition, would be equivalent &hysteresis loop

at ,nL wre and 345 K. This loop for the c-cut sample, previously shown in Figure 51, is
reproduced in Figure 56. For comparison, we also include the anhysteretic magnetization in red.
As expected, the anhysteretic and experimental magnetizations overlap when the sample is
saturated at roughly 25 mT or larger. Physically, this corresponds to completely reversible

magnetization as the magnetic field is swept, which leads to no history dependence.
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Figure 56. M vs. H for an HT 100 nm/15 nf®2/Ni bilayer on c-cut AOs. The experimental
loop is the same 345 K loop shown in Figure 51, corrected for diamagnetic substrate
contributions, and centered. The anhysteretic was found via fitting to the saturated portion of the

data.lt has parameters L vryiTE, f sztf, and=L rarrv{x{w

On the hysteresis loop, the M vs. T equivalent point is the point labeled byl

rdawe , with an effective field gdcl_ _nnE L Asthe temperature in the sample is
reduced, the VOSPT strain is applied, shifting the effective field by a facte?;%fi. The

change in magnetization was estimated to be 0.768% in the M vs. T, and the shift in effective
field can be found by finding at what point along the upper branch the magnetization is reduced

by this amount. Ultimately, the magnetization drop yields @nL s#@ue or a tensile stress of
65.6 MPa. It is clear from the figure that a tensile stress is needed%e%ﬁ%must be overall
; <O

negative to reduce the magnetization and Ni has a negative magnetostrictive codffigient
Again, the estimated stress is a significant fraction of the $f&X stress and is of a similar order

of magnitude to the previous estimate based on the coercivity changes. However, there is a clear
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disagreement between the two estimates. This is not too surprising, considering the assumptions

that went into the form of stress anisotropy field used. For instance, it is known that there is a

demagnetization field term in polycrystalline films that goes gs. 7—0;F¢—Q, due to the effect of
> PO
stress on grain alignmefi This term acts nearly identically tog, but scales linearly with M.
In addition, the percentage change in magnetization is very small, less than a percent at such high

saturating fields. This makes any estimate rather sensitive to how the raw magnetic data is

normalized.

The result of integrating the differentials (or using the equivalent values from the
hysteresis loop) yields M as a function ofd gr P To translate back to a function of
temperature as in the M vs T, we need a form for the stress as a function of temperature. We
assume that the distribution ogin the VQ grains is a Gaussian distribution. In an effective
media approximation, the strain applied can be found by integratsdiskribution, which will
yield the percentage of grains in either phase. The integral of a Gaussian is the (complementary)
error function, with parameters from fitting to the data. The stress as a function of temperature T

can then be written as

P, Fuuwav

P: ;L—“i’”l...—ﬁp V ax
t t

where P, is the stress applied when the film is fully transitioned to the monoclinic state. A

picture of Egn. (4.3) is shown in the inset of Figure 57. M is now explicitly a function of T, given

by

. 0 u P4 w A F Uﬁ
- . rawg = F—‘!-J4V?/Ti —Q‘—X\
, I ween f r
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The result is shown below in Figure 57. For visual clarity, the theoretical magnetization
obtained was then corrected with the approximately linear slope as a function of temperature, as

our version of the J-A-S model does not explicitly capture the effects of temperature.
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Figure 57. M vs. T for HT 100 nm/15 n®O2/Ni bilayers on c-cut AlOs. The same data as the
heating data shown in Figure 55 is shown in red, ,L r&we . The theoretical fit is shown in
blue.

Taken together, these estimates serve as a reassuring sanity check that the effect is indeed
due to the stress of the YGPT. Estimates on the other substrates will yield similar values, with
variations due to factors such as Ni orientation, interfacial roughness, etc. However, it is worth
stressing that a number of simplifying assumptions were made in these estimates. Theoretically,
the expressions used assumed a uniaxial stress, and that the film was not textured with a
preferred orientation. In addition, there is no guarantee the stress is uniform throughout the Ni

layer. Therefore, even in the best case scenario these values should be considered an equivalent
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uniaxial stress. The order of magnitude reduction from the full SPT stress may also be indicative
of a stress relaxation mechanism at the interface, such as grain boundaries. This would lead to
only a partial transfer of strain across the interface. Lastly, thin film magnetostriction values can

vary greatly from bulk value¥?

4.8 Alternate substrates: m-cut and a-cufAl203 substrates

In addition to the previous 3 substrates that were fully structurally characterized, Ni was
also deposited ontdO2 on both m-cut and a-cut ADz substrates following the same procedure
as previously described. TheieMs. T curves are plotted in Figure 58. Both show responses that
are very similar responses to the c-cut sample. Belpwha@y show elevated coercivities of
around 15-16nT. Across the VO@SPT we see a decrease in the coercivity with thehrpness
of the coercivity change, and thermal hysteresis modified by the choice of substrate. Well above
Te, the coercivity returns tibs previously slow decrease but stays shifted downward. Overall, the
absolute values of the coercivity are very similar between these two samples as well as the c-cut.

As in the previous samples, the process is completely reversible over multiple cycles.
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Figure 58. Coercivity extracted from M vs. H loops at various temperatures of HT 100 nm/15 nm
VO2/Ni bilayers on (Left) m-cut AOz, (Right) a-cut AlO3 substrates.

4.9 Conclusions

In this chapter, we show a method for preparing structurally coMie(Ni
heterostructures on various substrates via magnetron sputtering. A necessary precursor is the
optimization of the VQlayer, which was described in the previous chapter. The structural
guality and surface morphology were confirmed via XRD and AFM respectively. The VO
shows strong crystalline quality while the Ni tends to be polycrystalline for most choices of
substrate. The Ni grains show a wide range of grain size and structure, from small grains on the

order of 50 nm wide to several microns.

Magnetic measurements show that thes\BPT affects the magnetic properties of the Ni
via magnetoelastic coupling mediated at the interface of the two layers. This interfacial strain
leads to several effects. In all samples, there is a sharp decrease in coercivity with increased
temperature due to the strain anisotropy field generated by the SPT strain.f@h#hiE process
as well as the sharpness and resulting thermal hysteresis are dependent on the underlying VO

layer and is therefore tunable via choice of substrate andlgfbsition conditions. In addition,
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samples show an increased magnetization across th&RDdue to an inverse magnetostrictive
effect. Last, some samples show a localized spike in the coercivity very closeftihe

underlying VQ. We attribute this to phase coexistence across the first ordeERFD Domain

wall motion in samples with large Ni magnetic domains (grains) can be pinned by these phase
boundaries which act as magnetic defects. Whereas samples with smaller grains are primarily

influenced by grain boundaries.

In conclusionVVO2/Ni bilayers show an effective means for tuning the coercivity of the
FM layer with alternative stimuli such as temperature. Below gHertheVO, SPT, strain
leads to a 4.8 mT (37.5%) increase in coercivity. In addition, phase coexistenc®@bthe
phases close to. Teads to a sharply localized coercivity enhancement as large as 6.2 mT (73%)
in samples with sufficiently smooth interfaces. The tunability of the underlyingSRJ is
inherited by the coercivity changes, allowing for control in the coercivity vs. temperature profile.
Estimates of the interfacial strain show a reasonable fraction of the SPT strain is transferred, with
room for enhancement with better control over e.g. the interface. All samples in this chapter had
WKHLU 1L OD\HUV G HebuR SUcMtitaGhé I isMépbisited @rffo rutile dad show

reproducible magnetic behavior over multiple thermal cycles.
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Chapter 5. Irreversibility in  VO2/Ni Bilayers

5.1 Motivation

During the work presented in the previous chapter, the Ni was always deposited in the
HT configuration, or above the (GBPT. A twist on this concept is to consider depositing the Ni
below Tc and therefore below the M@GPT. In principle, doing so should reverse the effects of
the VO, SPT. Rather than being relaxed abovadd under compressive strain beloyytiie Ni
will instead be relaxed below &nd under tensile strain above This should reverse the

magnetic effects in théO2/Ni bilayers, compared to the HT samples.

However, it was observed that the magnetic properties in these RT samples also show
some interesting irreversibility after the first thermal cycle that was not observed in HT samples.
This irreversibility can have drastic effects on the magnetic properties of the RT bifayers.
potentially related irreversibility after the first thermal cycle can also be seenin Rvs. T
measurements, with the resistance of the film belpbeing permanently shifted high&ve
propose cracking in the \\@s a potential mechanism that would explain both types of
irreversibility. We first review the literature on cracking in ¥ @hile VO, has long been
known to suffer cracking across the SPT in single crystalline form, there is considerably less data
on cracking on thin film V@ We then compare the experimental R vs. T results to a theoretical
percolation model that includes the effects of cracking. Cracks are known to be highly resistive,
and therefore small amounts of cracks could influence the R vs. T properties Him&To

directly observe whether cracking occurred, the samples were then measured using AFM.
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5.2 Magnetic Irreversibility in VO2/Ni bilayers

In previous chapters it was shown that the;\BPT caused a change in the magnetic
properties of the Ni iWO2/Ni bilayers. In those experiments, Ni was always deposited onto VO
at elevated temperatures which ensured the W&3 in the rutile statep + 7 i deposited on
rutile VO2 should be relaxed when the Y@ in the rutile state and become stressed as the VO
transitions to the monoclinic state. However, if Ni is initially deposited onto monoclinicivVO
will be relaxed when V®is in the monoclinic state and stressed when Wéhsitions to the
rutile state u 5 7 Rather than being under tensile stress as in the HT case, it will be under

compressive stress.

Figure 59 shows hysteresis loops for RD/Ni bilayers at selected temperatures across
the VO transition, for 4 consecutive thermal branches. In the top left, corresponding to the first
heating cycle, we see a typical ferromagnetic response for the Ni layer at all temperatures, with
the hysteresis loops maintaining their overall shapes. As in the HT case, the changes in the Ni
behavior is realized in changes in the saturation magnetization and coercivity of the sample. The
magnetization at 327 K, below the transition, is notably higher than at temperatures gbove T
such as 370 K. Even more evident are the changes in coercivity, where a clear temperature trend
is noticeable. The hysteresis loops for the other 3 thermal cycles show coarsely similar behavior
to the first heating cycle but vary in the finer details. The coercivities are various temperatures
have become much more homogenous relative to the first heating cycle, although they sitill
follow the same trend. The difference in saturation magnetization has also largely disappeared.
Relative to each other, the first cooling, second heating, and second cooling largely agree,
although there are minor adjustments from the first cooling to the second heating cycle. This

DIJUHHPHQW LV FRPPRQ DQG ZHYOO KHUHDIWHU UHIHU WR DC
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HIXWXUH F\FOHVY ZKHQ GLVFXVVLQJ WKHP LQ DJJUHJDWH $V
plot it as a function of temperaturedMs. T), to more clearly observe the changes in/tBgNi
bilayer. The coercivities corresponding to the measurements in Figure 59 are shown in Figure 60,

with a more complete temperature sampling.
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Figure 59. In-plane magnetization vs. applied field for a RT 10¢/@ai15 nm Ni bilayer
grown on r-cut AdlOz. Select temperatures across the first heating cycle are shown.

The first heating measurement is shown in red. At room temperature, the sample exhibits
a very low coercivity, only 2.MT. This coercivity is relatively constant until the temperature
begins to approachcTculminating in a sharp ~340% increase torbat 340 K. This
maximum is sharply peaked, and the coercivity decreases with increasing temperature, although

not as sharply as the initial increase. This decrease in the coercivity is much broaddl, and s
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shows a significant slope even at 365 K, a temperature which is more than enough to fully
transition the underlying V& Once the film is fully transitioned, the coercivity remains at 4.7

mT, elevated relative to where it would be if the 300 K coercivity trend were simply extrapolated
to higher temperatures. As we shift our attention to the first cooling loop shown in blue, we see
an overall much different temperature profile. This contrasts with the results seen in the HT
bilayers, where the heating and cooling loops mirrored each other apart from the thermal
hysteresis. Above the transition, the coercivity maintains an elevated coercivity, but without the
corresponding slope. Instead, we see only a peak very localized:nearch smaller than the

one seen in the heating curve. This peak reaches a maximum value offCa6337 K. As the
temperature is decreased further there is a sharp decrease in the coercivity, although it settles to a
value that is still above the original values seen in the heating loop. The small dip slightly below
Tc is common for samples, although it is often suppressed in the first heating cycle. At 300 K, the
coercivity is nearly double the original RT coercivity, at 4.9 mT. After the first heating and

cooling cycles the magnetic properties seem to largely stabilize, and the second heating and
cooling show relatively similar profiles to the first cooling cycle. Notably, the second heating
shows an enhanced slope in the coercivity with increasing temperature apbowedring the

first heating on a smaller scale. Depending on the sample there can be variation, and the second

F\FOHV FDQ VKRZ VRPH UHVLGXDO PLQRU LUUHYHUVLELOLW\
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Figure 60. Coercivity vs. temperature of a RTXND bilayer on r-cut AlOs extracted from
hysteresis loops taken at various temperatures.

Bilayer VO2/Ni samples grown on other substrates also show magnetic irreversibility.
The coercivities for several substrates other than r-cut are shown in Eigive emphasize
that the range of the y-axis on each panel varies, in order to emphasize the features for each
sample. The base coercivity is largely a function of features such as the film roughness, which
will be heavily influenced by the substrate and deposition conditions used to optimizexthe VO
transition, as we showed in Chapter 3. Changes in the coercivity due to strain applied by the VO
will cause coercivity changes on top of this baseline. However, the absolute scale is maintained

between samples as well as with the r-cut sample shown in Figure 60, in order to allow easy

direct comparison between features.
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Figure 61. Coercivity vs. temperature of a RTXND bilayer on (top left) c-cut ADz3, (top
right) a-cut AbOs, (bottom left) m-cut AdOs, and TiQ (101) taken at various temperatures.

In the top left panel, we see the coercivity for a c-cut sample. In the first heating cycle,
we see an overall pattern reminiscent of the r-cut behavior, where at lower temperatures there is
a low coercivity of 0.33 mT at 300 K, followed by an increase in the coercivity closddo T
VO: on c-cut AbOs. This baseline low temperature coercivity is larger relative to the first
heating coercivity in the r-cut. Compared to the r-cuA| the peak has also been shifted higher
in agreement with the midpoint of the heating curve at 342 K as seen in the R vs. T for c-cut
samples in Figure 42 or Figure 50. Above Tc, we see similar features as in the r-cut sample, with
a peaked response close tpfdllowed by an enhanced slope in the coercivity with increasing

temperature. At 3.1 T, this peak is 163% of the extrapolated coercivity at 342 K. Due to the
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significant slope in the low temperature coercivity, it is a lower coercivity than the 300 K value.
As in the r-cut, the future thermal cycles show behavior different from the first thermal cycling,
indicating some sort of structural change in the bilayer. Beyond this superficial comparison, the
post-first heating cycles in the c-cut sample show a very different behavior to the RT r-cut
sample. Instead, they look more like an HT sample, with temperatures ajgivening a

reduced coercivity and temperatures belqvgffowing coercivities elevated as compared to the
high temperature coercivity as well as the initial coercivities in the first heating cycle. At 300 K,
the new coercivity is roughly 4.14-4.86T, or 126% of the coercivity at 300 K in the first

heating loop and 163% of the coercivity at 360 K in the first heating loop. For the two cooling
loops, the shift largely corresponds to the midpoint of the R vs. T at 336 K. Interestingly, the
heating loop is also shifted, instead of sharing the thermal hysteresis of the first heating. This is
also very similar to the HT samples, which showed relatively minor thermal hysteresis outside of
the phase coexistence coercivity spikes. The size of the change in coercivity for the future cycles
is roughly equivalent in magnitude to what was seen in the first heating cycle. In these future
cycles the spike due to phase coexistence seems to be absent, either suppressed or otherwise
KLGGHQ 7KH VDPSOH DOVR VKRZV VRPH RI WKHctMLWWHU" ™ DC(
sample. For instance, the increase seen at 310 K in both the first and third heating cycles. This
jitter seems to be related to how the sample adjusts as it is thermally cycled, rather than a
mismeasurement in the magnetic measurement itself. These jitters seem to have some sporadic
correlation between cycles, as seen here for the 310 K measurement, but the behavior is
inconsistent. Again, this behavior likely largely depends on the specifics of how the sample

attempts to relieve strain across the \8PT.
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In the top right panel of Figure 61 is the coercivity as a function of temperature for
VO2/Ni grown on a-cut AOs. This sample displays very similar behavior to the r-cut overall,
with a baseline coercivity 6.28T at 310 K. As with the c-cut, the peak is shifted. In this case,
the peak occurs at 350 K, rather than the midpoint of the heating loop which occurs at 339 K.
The peak in the first heating seems to have some minor jaggedness to it, as well. The difference
in the first heating peak and the heating curve midpoint is another sign that this first peak is
related the strain across the transition. If the sample is in some sense less strained as compared to
the previous samples, the sample might survive through more of the SPT before hitting the
threshold strain required for cracking or deformation. A major difference from the r-cut sample
is the behavior in the future cycles. While they maintain the profile of low coercivity below T
and elevated coercivity above, The increase in coercivity is almost completely suppressed, as
compared to the change in the r-cut sample. The low temperature coercivity has also developed a
slight slope, for the future cycles. In the first cooling and second heating cycles, the coercivity at
350 Kisonly xé&a»» , hardly larger than the extrapolated coercivity for either the first heating.
, WV DOVR RQO\ O D U J H 19 "WV #dDn@hebk ite nib ekt SR ©OdpclE H G
coercivity. In the second cooling cycle at 350 K, the coercivity is onlynd.,Ireducing the

difference in coercivity even further.

The bottom left panel of Figure 61 shows the coercivity vs. temperature response for a
sample on m-cut ADs. The first heating cycle shows the now familiar response, with a base
coercivity of 4.65mT at 300K, a coercivity peak of 7.48T at 347 K, and a smaller slope i H
vs. T at higher temperatures. This peak represents a 207% enhancement relative to the expected
coercivity at 347 K. The future cycles show responses similar to the r-cut sample, where they

maintain a low to high Hvs. T profile across the \\GBPT, although reduced as compared to the
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first heating. The high temperature segment still shows a coercivity enhancement of 167% across
the VO SPT. All thermal cycles show the distinctive thermal hysteresis as well, of roughly 3.1-6
. GHSHQGLQJ ZKHUH RQ WKH FXUY Hcut vdifiMe BhomsOndrp Jittdd G + RZH'Y

relative to the r-cut.

In a change from the ADs substrates, the bottom right panel displays thedd T
profile for a sample on Ti§(101) substrate. The first heating shows behavior typical to the other
RT samples, with a low coercivity at low temperatures, a sharp increase peaked clpsadaaT
gradual decline with increasing temperature. At 300 K, the first heating cycle displays a
coercivity of 13.94nT. The increase across the ¥OPT peaks at 17.48T at 340 K, 138% of
the extrapolated coercivity. The future cycles also show the low to kigls.H profile, but with
a reduction in the magnitude of the change. The low temperature coercivity has increased, to
15.3mT at 300K. The high temperature coercivity decreased relative to the first heating cycle, to
15.77mT at 340 K. The sample shows a 5 K thermal hysteresis that seems roughly consistent
between cycles. Overall, the entire profile seems to have some broad curvature relative to the
Al>03 samples, with a distinctive slope even far from the 8OT. This seems likely to be tied

to the VQ morphology and/O2/Ni interface, which was very different from the-@%.

In the discussion of Figure 59, along with the coercivity changes, it was noted that there
were changes in the saturation magnetization of the sample as well. This magnetization change
can also be observed during an M vs. T measurement, as shown in6ZdoraVO2/Ni
bilayer on r-cut AlOs. The applied field was set to +50r0F during the duration of the
measurement. The value of the field is chosen to be large enough to ensure the sample is fully
saturated, but not so large so that any changes (i.e., in anisotropy etc.) would be overwhelmed. In

the first heating loop, there is a decrease in the magnetization with increasing temperature which
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is typical for a ferromagnet. At 335 K the Y@rosses its SPT and we see a sharp decrease in

magnetization, which is the mirror opposite of the result seen in HT samples. This drop from
uza {‘?E to a 'TE across the SPT represents a 2.1% change in magnetization. Previously, the

Ni in the HT samples went from relaxed above@dlcompressed below @ue to the VQSPT

and the reduction in volume and c-axis length. In RT samples, the Ni is relaxed ebaw T
undergoes a tensile stress due to the S8BT, which acts to reduce the magnetization via an
inverse magnetostrictive effect. Above and far frogntiie sample returns to its previous trend

but is permanently shifted lower due to the strain of the SBT. After the first heating cycle,

the sample is cooled through a cooling cycle. AboyehE magnetization agrees well with the

first heating curve until the temperature approachedicontrast to the heating cycle, there is

little to no discernable change in the magnetization as the sample crosses BieTVQinear

fits to the data above and below the transition, far frensfow a 0.1% difference in

extrapolated magnetizations at 335 K. Belawtfie sample maintains the same trend, and is
permanently shifted lower relative to the magnetization prior to thermal cycling. This
measurement corresponds to a piece of the same sample presented in Figure 59 and Figure 60,
cut prior to any measurements. Because of the irreversibility, the normal procedure described in
Chapter 2 means that any M vs. T measured after the hysteresis loops will not show

irreversibility since the sample has already been thermally cycled.

In conclusion, some amount of irreversibility seems to be a feature of the RT deposition,
regardless of substrate. In general, it seems to lead to a reduction in the coercivity change tied to
the VO, SPT, although even post thermal cycling large changes in the coercivity are still
detectable. This irreversibility is also seen in the M vs. T changes associated withpt88V,0

where after one thermal cycle the magnetization no longer shows a noticeable change. The exact
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change in the magnetic response is likely intrinsically linked to the bilayer microstructure, grain
morphology, and stoichiometry. How those features cause the film to respond to the strain of the
VO, SPT would govern their different magnetic response. This would be consistent with the
model of cracking, which allows the films to accommodate the strain of the SPT. This
mechanism would then lead to a reduced response, since the coercivity changes are tied to the
interfacialVO2/Ni strain. As with the R vs. T characteristics and literature results, the c-cut
seems to be in some sense more resilient to theSIRD relative to the Tigand other samples,
showing a smaller coercivity spike and overall less change in magnitude. The peculiar response
of the c-cut sample which seemed to show HT-like characteristics will be revisited in the next
section along with similar flippedd¥s. T profiles on other substrates, which is not specific to

the c-cut substrate.
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Figure 62. M vs. T measurement for a virgin RO2/Ni bilayer on r-cut AlOs.
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5.3 Irreversibility in R vs. T of VO2

An irreversibility that is in many respects similar to that seen in th&#@JINi bilayers
is also seen in the R vs. T profiles of barex\Witins that have not been thermally cycled. Figure
63 shows 2 consecutive R vs. T measurements foMiag@n r-cut AbOgz, following the
procedure laid out in Chapter 2. Prior to this measurement, the samples were vizggin VO
uncycled and fresh from the sputtering chamber. The first heating is presented in red, followed
by the first cooling in blue. The second heating and cooling are shown in orange and green,
respectively. Because there is such a heavy overlap on a logarithmic scale, the curves
corresponding to the first measurement are marked by symbols. Enhanced views are shown in
Figure64 , WYV FOHDU Wng bravich\higd-an averdiMoweHEsMidnce at each
temperature belowcJ compared to the other 3 branches. This difference in resistance can be as
large as 23% at 300 K on r-cut®k. We see a similar spread maintained during the transition
between the®land 3 heating cycles. This change in behavior is a signature that something
occurs after theslheating cycle, but prior to thé'tooling branch. In order to exclude
extraneous sources that could alter the resistivity (e.g., the indium contacts flexing or peeling), a
control sample was measured after being thermally cycled on a hotplate. Samples which have
been thermally cycled prior to the R vs. T measurement do not show this irreversible behavior,

indicating an intrinsic change to the film propestie
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Figure 63. R vs. T measurement for 100 nnp\d0 r-cut AbOs, for 2 consecutive thermal
cycles.
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Figure 64. R vs. T measurement for 100 nmp\é@ r-cut AbOs3, for select temperatures along

the R vs. T curve. Note the different scales on the y-axis between the two plots.

While the majority of samples in this portion of the work was done with &Or-cut

samples, we note that \@n other substrates show this irreversibility as well. Figure 65 shows

the R vs. T profiles for 100 nm thick \é@Ims on various substrates. Clear irreversibility is seen

in resistance of the c-cut, a-cut, and F{001) samples. The magnitude of this change is similar
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in magnitude between the samplessatiu,szi z ,'andtyay . The relatively larger change
in the TiQ as compared to the c-cut agrees with the discussion in the previous section,
suggesting the c-cut is able to stabilize the:V@h relatively less overall cracking as compared
to epitaxial TiQ. The TiQ (001) is harder to distinguish definitively due to its loywWhich
PHDQV WKH WUDQVLWLR@@ K, ¥h® fhwi of BuD s\ up. RIeWe e H &Ven itiis

sample, the slope is suggestive.
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Figure 65. R vs. T measurements for select temperatures for 100 ponDop Left) c-cut
Al203, (Top Right) a-cut AlO3, (Bottom Left) TiQ (101) and (Bottom Right) Tig(001)
substrates showing irreversibility.

It may be possible to suppress this irreversibility. In order to control themd@phology
as was discussed in the previous two chapters, it was found that high temperatures and low O
concentration produced smoother M@orphologies. However, these conditions have a drastic
impact on the reversibility of V&samples, as shown in the top of Figaédor a VO film on r-
cut Al2Os. In addition to broadening the transition, we see very little disagreement between the

15t heating and %L.cooling branches- certainly nowhere near the 20% as seen previously. In
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addition, films made under high@onditions display the opposite effect, showing even larger
irreversibility. Referring back to Figure 29 of Section 3v2,consider the sample made with
2.83 sccm Qflow rate, reproduced for convenience on the bottom of Figure 66. This film only
showed a 3 orders of magnitude MIT as the film was too resistive. However, this filmahows

quite noticeable irreversibility, over 100% at 300 K.

This agrees with the explanation given in the paper by Shibuya et al., which attributed
this reproducibility to oxygen deficiencies. It is also likely in agreement with the work done by
Ko et al..®® Their deposition conditions are very similar to our optimized temperatureand O
IORZ UDWHYV ORUH LPSRUWDQWO\ WKHLU RUGHU RI PDJQLW
films which we discussed previously. It is rather fortuitous that the conditions for reversibility, a
large MIT, and smooth films are all consistent. As the quality and control of the growthpof VO
films improves, there does not seem to be a tradeoff between these 3 quantities which are all of

critical importance to realizing VA n multilayer structures.
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Figure 66. (Top) R vs. easurement for 100 nm \A®n r-cut AbOs, with optimized
conditions for low roughness morphology (corresponding to a high T, jodefbsition
atmosphere). (Bottom) R vs. T measurement for 100 nmon®@-cut AbOs deposited with high
02 flow rate.

5.4 Cracking in VO2

One potential mechanism that would explain both types of irreversibility phenomena
would be cracking in the V&ayer.VO:> has long been known to crack as it crosses the SPT,
dueto self-induced strains. This was noted first in2&hgle crystals as this often led to the

crystals cracking or shattering along the rutile c-&Xi%2% This cracking was so severe that it
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often rendered the macroscopic crystal sample unusable for further measurement after a single or
small number of thermal cyclegO. based ceramics also suffer from cracking due to the strains
induced by the SP¥° An example of a cracked \4Bingle crystal is shown in Figure 67,

reproduced from Ref3{7]. The top right of the figure shows a Y6ingle crystal before the

initial cracking even, just after cracking, and in a future thermal cycle. Top left is the
corresponding I-V curve, showing a drastic change in resistivity due to the cracking. The bottom
panels show the same process for anofti&r sample, with a focus on development of the crack
across several seconds. The cracks are visible even to simple optical examination. For reference,

the sample sizes of these single crystals are approximaselys H réw H rasé
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Figure 67. (Left) I-V curves for single crystal Y©@rystals, which undergo cracking as the2vVO
crosses the SPT. (Right) Optical images of the ®¥€oss the cracking event. Reproduced from
Ref. 7.

One of the original motivations for developing ¥i@ thin film form was to structurally
stabilize it as it crosses the SEF2083%°Thin films can be far more robust to strains than their
bulk counterpart$*® Thin film VO, has been shown to be very robust to repeated thermal
cycling across the SPT, surviving hundreds to thousands of thermal cycles without major

degradatiorf®® Guzman eal. repored VO films which survived more than thermal cycles

over the course of several months, without faifife.
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The overall stability of the macroscopic resistive and optical properties thaatiie
problem of cracking in thin film V@was relatively unexplored until more recently. The first
direct observation of cracking came from Nagashima et al., who were able to obtain images of
microcracks via AFM, reproduced in Figure 8These VQ films were grown by PLD to 10-
30 nm in thickness, grown on Ti@Q001) substrate. Their results indicate a minimum thickness
for cracks to form, related to the energy for cracking as compared to the strain due to the
substrate and SPT. Modeling the SPT as a thermal expansion coefficient, they theoretically
calculate a minimum thickness of 15 nm for Méh TiC, substrate, in good agreement with their
experimental results. The real thermal expansion coefficients betweeanddiQ are similar
enough to be neglected. In Figure 68 (a), is one of their 10 nafiM@®, which displays no
cracks as it is below the 15 nm critical thickness. In panel (b), a clear network of cracks has
formed, following the V@TiO2 symmetry. Panel (c) shows an enhanced view of the same
cracks. Panel (d) shows the scaling of density of cracks as a function of thickness. In these
samples, they find a crack width of 10 nm. For the thickest films considered, they find a density
of cracks 1-2%. Unfortunately, the paper does not comment on the morphology of films with

thickness greater than 30 nm, which is roughly just before double the critical thickness.
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Figure 68. AFM images showing microcracks in (a) 10M@2 on TiO, (001) substrate. (b) and
(c) show 30 nm V@on TiQ; (001) substrate. Reproduced from R&f |

After the pioneering work of the Nagashima paper, a number of other papers have also
reported observation of cracking, either with direct observation or in passing when discussing
other results. A non-comprehensive list of papers with direct observations are listed in Table 2.
Their direct imaging of cracks in \Mave been compiled into Figure 69. It is immediately clear
that these films have much cleaner surface morphologies than those shown in the previous
chapter, showing nearly single crystalline quality. This morphology quality is directly tied to the

film growth conditions. It seems that up to this point, the focus on investigations of cracking in
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VO: thin films is largely confined to ultrathin \\@nade via PLD onto rutile TiOsubstrate.

From Table 2, the closecomparison to our system is Reéfq, which utilizes sputtering of

films in a comparable thickness to ours. Even here however, the film shows excellent quality,
matching the rutile Ti@substrate. The cracks as well tend to follow the rutile symmetry in a

regular pattern.

Table 2. List of publications that directly image cracks in¥Wi{ins. OM = optical microscopy,
and HRTREM = High Resolution Transmission Electron Microscopy, and c-AFM=conducting
AFM. * Ref. [*!§ also includes Sngbuffered TiQ substrates that do not show cracking.

Referencg Growth | VO3 thickness| Substrate Imaging

311 PLD 10-30 nm | TiOz (001) AFM

812 sputtering| 100,250 nm | TiO2 (001) AFM, SEM,
OM

313 sputtering 170 nm 50 nm SiNa4 OM, TEM

314 PLD 10-50 nm TiO2 (001) OM, HRTEM

815 PLD 10-45 nm TiO2 (001) | Kelvin probe
FM

316 PLD 9-80 nm | TiO2 (001) OM

317 MBE 1.4-30 nm | TiO; (001) AFM

318 PLD 300 nm | TiOz (001) * TEM

319 PLD 12-48 nm TiO2 (001) c-AFM
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Figure 69. Compilation of images showing cracking in\@n films. From Ref.s31519. All
utilize TiO. (001) substrate, except therthimage, on 50 nm S\4 membrane.

Several works also mention cracking in passing. Shibuya et al. note that reducing the
oxygen pressure suppresses crack formation, which they attribute to an incorporation of oxygen
vacancies?®* 7KH\ DOVR IRXQG WKDW VDPSOHVY GRSHG E\ : DERYH

behavior. Work by Ko et al. and Jian et al. notice a lack of cracking 1ovi@-cut AbOs,
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which they attribute to the polycrystalline nature of the fith#2:The former work only

mentions this in passing, in the context of the excellent quality retained after multiple thermal
cycles in their films. It is possible that any irreversibility in comparison to the orders of
magnitude change was unnoticed. The latter work performed a much deeper analysis via in-situ
TEM to study the structural properties of their M@ms. They find that while polycrystalline

films have inherently worse MIT characteristics compared to a single crystal, there is a trade off
as the domain boundaries provide a means of accommodating the SPT induced strain. Their
TEM measurements track the strain induced in the film through the phase transition, and they
find that when rutile V@nucleates, the strain propagates to the grain boundaries, where it
accumulates. This leads to grain boundaries having an elevated strain, that accumulates further
with each thermal cycle. They find a noticeable change in film properties, particularly in the first
15 thermal cycles, which they attribute to accumulation of grain boundary strain which
eventually saturates. They find that the flms become more epitaxial with thermal cycling, which
acts to increase the phase transition amplitude. This effect competes with the reduced amplitude
due to defects at the domain boundaries which act to reduce the size of the phase transition. The
result is a thin film which is robust to thermal cycling as compared to single crystals, and a
roughly stable MIT amplitude. The grain boundaries therefore act in an analogous fashion as the
cracks seen in the works shown in Table 2, accommodating the intrinsic stress of the SPT. The
SnQ buffered substrates also lead to a more robust®rhese results suggest cracking in

VO thin films may be controllable or suppressible depending on the details of the film. This
controllability is likely to become increasingly important for applications that seek to harness the

SPT portion of the V@phase transition rather than simply the MIT properties.
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5.5 Numerical Model Rvs. T

In order to gain a better understanding of whether cracking is a plausible mechanism for
the increase in resistance of the M8in films, we performed numerical simulations of the bare
VO; film as a classical 2-D resistor network with random percoldffonhe code for an
implementation in Matlab, originally written in Matlab2016Db, is provided in Appendix A
(Resistor Network Code). Percolation methods have shown to be a useful theoretical method for
describing a wide range of physical phenomena. It has also been successful when applied to the
VO: resistivity, by considering a network of grains which can alternate between the metallic or

insulating stat@!6-323825

In our model, the V@is discretized as a square lattice of size 1000 x 1000. Memory
limitations prevented us from scaling it up further, however this size is more than sufficient to
see macroscopic smoothing of the simulated R vs. T curves that is seen in experimental Rvs. T
data. Even for sizes as small as 100 x 100, the avalanche behavior typical of smaller devices
begins to smooth out. Each site on the lattice represents a single homogenous grain, which will
be entirely in a metallic or insulating state. Each grain is electrically coupled to its nearest
neighbors (NN), but structurally independent (i.e., there is no mechanical coupling due to SPT
strain from neighboring transitioned grains). We also neglect any effects of local Joule heating or
voltage induced transitions. One grain consists of 4 resistors in a cross shape. A grain can be in

one of 3 states: metallic, insulating or broken. Each state has a corresponding resistance. Metallic

7A
resistors have a resistance Y semiconducting resistance is given byf>-F Y D #&lBoken

resistanceof 88§ Y 7KH UHVLVWDQFH YDOXH IRU D EURNHQ JUDLQ ZI

large. The value for , L s#& rxa—éE L .,and5, L & Awere matched to the
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experimental data. When a grain breaks, it is only the solitary grain that changes, rather than e.g.

a line crack as seen in the literature.

In order to assign each grain @ & random value is sampled from a Gaussian
distribution with mean value 330.3 K and a standard deviation of 8 K. The distribution captures
the sensitivity of VQ to minor differences in its local environment, such as variations in oxygen
content or strain due to grain boundaries. Without these variations, the film would act as a single
crystal, with all grains switching simultaneously. The characteristics of the Gaussian was chosen
to match the experimental data. The mean value corresponds to the measameldiie spread
of the Gaussian controls the sharpness of the MIT. At their local transition temperature, 6.25% of
grains are randomly assigned to break instead of becoming metallic. A grain is only allowed to
transition to a broken state from the insulating state in the heating cycle. This physically
corresponds to being allowed to break due to the stress of crossing the transition, but if the grain

survives the transition, it is no longer at risk of breaking.

Schematically, an example of the Yfattice at various temperatures is shown in Figure
70. At each end of the film, the current is applied through metallic electrodes with zero
resistance. The voltage drop across the films is also sampled at the electrode placement. Each
square with cross resistors represents a grain, with the insulating state shown in blue, the metallic
state shown in red, and a broken grain shown in brown. At 300 K, nominally all the grains are in
the insulating state. As the temperature is increased like shown in the top right panel, a portion of
the grains will transition according to their local As the temperature is increased further,
eventually a percolation pathway is formed, as shown in the bottom left panel. This path

corresponds to the rapid drop in resistance across the MIT, as the current is free to divert along
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the low resistance metallic pathway. Along with transitioning to the metallic state some grains

will crack, which should act like an open portion of the circuit.

300 K 337 K

O,

347 K 365 K

Figure 70. Schematic of a resistor network grid representingdiM@ at various temperatures.
Insulating grains are shown in i 5 Y PHWDOOLF LQ UHG 5 Y DQG
(R=10" VY
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To solve for the resistance of the total film, we start by considegjtige total current at

WKH LWK ODWWLFH VLWH JLYHQ E\ D JHQHUDOL]JHG YHUVLRQ

1

oL T 3 9LF 9
M

which says that the total current at the ith site can be found via the sum of incoming and

outgoing currents to all the other lattice sitBsis the voltage at the ith sitd, |s the local
conductance between the ith and jth site, given as the average of the two resistors from each

grain. In aNN model J, . ——— when the ith and jth sites N, and O otherwise since the

5>5m
sites are not connected. Each site on the lattice, including the metallic contacts, obeys this

condition. The sum reduces to

8

gL T J;9LF 9
M

Where j now sums the 4 nearest neighbors of the ith site. The reason for starting with the
generalizecd2 KPV ODZ IRUP LV W iWrit® the éntirs\hetWoRk ad B &§&tém of

eguations in matrix form as

& Y&

where&s al H vector, with the ith element, Similarly, & al H vector, with elements

9, %%san1 H1 conductance tensor (matrix). For our situati&s,known, by invoking
.LUFKKRIITV RKoétnsenktiphvof©Harge) as well as realizing that experimentally, we

apply a fixed current at the electrodegl rfor LP 1and LO1 F 1. This allows for the

current to enter/exit from the edge sites corresponding to the metallic strips, which is N elements
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long on either end of the sample. InsideW@ film itself, there are no sources of current being
injected, so they must sum to zero in equilibriu¥is similarly known a priori, and its elements

are given as

NBeL 1 %ogn
h@:Hay

else
Rl FI b R

In the case where there is only NN couplifis in general a large, sparse matrix.
Despite beingl H1,itwill only have 2: 1 ;nonzero terms from the main diagonal, as well
as the 4 off-diagonal terms corresponding to NN coupling. The gold leads will also have nonzero
terms, but these are only of order 2N for each of the starting and ending strips. A schematic view
of a typical #fmatrix is given in Figure 71. White blocks indicate 0 elements, and blue nonzero,

as defined above. For readability, this is the grid for a relatively small network, 5 grains by 5

grains, or a¥matrix of sizel H1 L H elements.
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Figure 71. (left) A schematic of the resistor network. (right) Schematic view the sparse
conductivity matrix such a network produces.

With &nd %yiven, the problem is reduced to finding tBeat each lattice site, which

. - . . 72
becomes a simple matrix inversion problem for the inversé#$ . In general, a

preconditioned conjugate gradient (PCG) method can be employed iteratively to solve for

9% 322 However, for several reasons, we found direct methods to be preferable. Relative to
direct matrix inversion methods, the PCG method trades slower speed for smaller memory
requirements. It can be shown that the convergence of the PCG method is bounded by the ratio
of the largest and smallest eigenvalues of the matrix, which foith large variations between
elements is quite large. We were unable to find a preconditioning scheme that greatly improved
performance. In addition, the size #fis a restriction for easily taking advantage of a graphical
processing unit (GPU) for highly parallel implementations of PCG methods. Due to the sparse

symmetric nature ofthe extra memory requirements for the solver are comparable to that
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needed to originally constru®Once &LV NQRZQ ZH QHHG VLPSO\IMWR DSSO\
5or L 5 This process can be repeated for each temperature step to find the equivalent

resistance of the film for each temperature. At the start of the simulation, the nonzero elements of

G are allotted to avoid having to resize G in memory.

The results of the simulation are shown in Figure 72, along with a typical R vs. T curve
from a real sample. The simulation results show quite strong agreement with the experimental
data through the entire range of temperatures. For readability, only the first heating and cooling
cycle of the simulation is shown, but future heating and cooling cycles show similar agreement
with the data. Notably, there is some disagreement in the shoulders clqese bwth the
heating and cooling curves. This comes from the implementation of thermal hysteresis, discussed
below. The inset focuses on the low-T region in order to emphasize the agreement between
simulation and experiment. In the simulation, we can see that the initial heating starts off at a
lower resistance relative to future heating and cooling cycles in the semiconductor range. As the
temperature is increased, both simulated and experimental samples go through the MIT and its
associated several orders of magnitude transition. During this heating, the majority of grains that
will break are able to do so, at their designated breaking temperatures. Above around 350 K, the
sample is in the metallic and largely post-cracked state. As the film is cooled, the system then
goes back through the MIT, retaining any cracks that had formed due to the first thermal cycle.
Returning to RT, we see good agreement between the experimental and simulation resistances

for the first cooling cycle.
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Figure 72. Simulated R vs. T for a 1000 x 1000 square lattice. (Bottom) Enhanced view at lower
temperatures.

While the agreement between such a simple toy model and the experimental data is
heartening, it is worth commenting on several details of the model, the consequences of which
may not be apparent in the bulk equivalent resistance. Currently, nothing previously mentioned
would account for the thermal hysteresis. Physically, this is should be expected, Siajf©
crystals show small to vanishing thermal hysteresis of 0.5 K or less. The physical origin of
thermal hysteresis in VQhin films is still not completely understood but is known to be heavily
tied to grain size, substrate, thickness of the film, deposition conditions, oxygen content, and
twin boundaries®% |t has been argued that these properties will influence a supercooling or
superheating phenomenon. To incorporate hysteresis, there are two generally accepted avenues.
The most common is the Preisach mdd&f2®which has shown great success as a general
method for modeling first order phase transitions including the MI@.3?7 In the Preisach
model, the thermal hysteresis is taken as a fitting parameter, where grains bgweea as

c G Ag where theGrefers to the heating and cooling, respectively. The thermal hysteresis is
therefore taken as an inherent property of each grain. A more physically realistic approach is to
directly include inter-grain interactions, such as in Réf] vhere they utilize a mean-field
DSSURDFK $V IDU DV ZHYfUH DZDUH WKHUH LV QR GHYHORSH
grains in VQ. For simplicity, we take the Preisach approach, and the thermal hysterasislis

a . was found by fitting the experimental data. This hysteresis is applied uniformly to all
grains. While not visible in the bulk data, this will alter the fraction necessary to form a
percolation pathway. Rather than filaments forming preferentially, metallic puddles form

randomly.
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We also mention that this 2-D model potentially may not capture the correct
semiconducting to metallic fraction scaling. Sohn et al. were able to directly measure the
semiconducting to insulating fraction in YOn TiQ; films.3'° From their measurements, for
VO thicker than 30nm, a 3-D percolation model better captures the scaling law, whei@as a 2-
model is more appropriate 15nm films. However, they did not consider inter-grain interactions,
which may cause some of the difference they assign to the 2-D and 3-D models. Also, other
measurements such as in R&t][find good agreement with a 2-D model. This difference
effectively gets compensated into the fitting parameters of the model and is impossible to derive

from the bulk equivalent resistance presented, but we mention it for completeness.

5.6 AFM of thermally cycled VO2

While so far cracking seems to be a plausible mechanism for these irreversible features in
our VO, andVO2/Ni films, if cracking is indeed occurring it should be possible to be probed
directly. In an attempt to directly verify whether cracking was occurring in ourff@s, we
turned to atomic force microscopy (ABKb probe the microstructure of the film. The virgin
VO: film is first measured using AFM prior to any thermal cycling to establipffEED FNJUR X Q G |
comparison. The filmsithen thermally cycled on a hotplate in air at 5 K/min up to a maximum
temperature of 400 K. 400 K was chosen in order to ensure that the film was fully transitioned,
and to account for any temperature differential at the surface of the film and the thermocouple
inside the hot plate that records the temperature. Resistivity measurements show that the film
transitions to its fully metallic phase well below the 400 K set point, further confirming that this
temperature is enough to transition the:VThe film is held at 400 K for 10 minutes, and then

returned to room temperature at 5 K/min. All 3 parameters of the thermal cycling process were
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varied to rule out any variation due to dependence on the thermal cycling process, but no major
changes were noted for the range of parameters measured. The ramp rate was varied from 5-10
K/min, the maximum temperature from 370 K-430 K, and the time held at max temperature from
5-10 minutes. After this thermal cycling treatment, the: ¢@mpe is again measured under

AFM, in roughly the same area as before. AFM scans were taken consecutively over several
scanning ranges. The largest scan areas are 5-10 microns. While the system is equipped with a
large area scanner, scans larger than 10 microns sacrifice significant fidelity. Smaller scans from
0.5-2 microns are then taken to improve the fidelity of the images further, which are linked to the

scanning area.

The results of one such set of AFM measurernsesttown in Figure 73 and Figure 74.
The first figure depicts the full range (5 microns) scan for a typicalfill® on r-cut AbOs
substrate both before and after thermal cycling. The measurement prior to thermal cycling is
shown on top, and the measurement after cycling on the bottom. The green lines correspond to
line profiles, shown to the right of the AFM images. Ovals denote features that will be shown in

higher detail in Figure 74.
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Figure 73. AFM images taken for a 100 nm M r-cut AbOz substrate. (Top left) shows a film
prior to thermal cycling. (Top right) The line profile displayed to the right is a cut along the
green line in the AFM image. (Bottom left) depicts the same film after the thermal cycling
treatment. (Bottom right) The line profile displayed to the right is a cut along the green line in
the AFM image.

X[nm]

Immediately it becomes clear that distinguishing any type of cracking is difficult due to

the highly polycrystalline nature of the films. Despite a low RMS roughness for each
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measurement at 1.2 A and 1.3 A respectively, the films show quite a bit of texturing due to the
grains and grain boundaries. The difference in roughness alone is somewhat suggestive, but far
from definitive especially as Vs known to show small changes in microstructure when held
above T, even at relatively low temperatures. While the post-cycle film shows features that
might at first glance look like cracks, comparison to the pre-cycle film shows similar features.
Examples are highlighted under the ovals for each measurement. There are numerous grain
boundaries or other features that could easily be mistaken for cracking. While they may look
superficially similar, clearly a film that has not been thermally cycled will not exhibit cracking
due to thermal cycling. The polycrystalline nature and lattice mismatch withAl-¢D4 also

make it less likely that any cracks will be distinct line cracks along the crystalline axes as in the
literature for epitaxiaO2 on TiGy. Any cracking that would form will likely be influenced by

the contours of the grains.

In order to provide a closer look, the same films are presented again in Figure 74, but
with higher magnification. Again, the pre-cycle film is shown on the top half, with the post-cycle
film shown in the bottom portion of the figure. The left images show two representative portions
of the film at 2x the scale previously. The right images correspond to the ovals shown in Figure
73. The bottom right image shows a striation which might reasonably be interpreted as a crack. It
has a similar width to the cracks measured by Nagashimagsate « .3 However, a very
similar striation is seen in the top left. So, while the bottom may plausibly be caused or
lengthened by the thermal cycling, we cannot definitively distinguish the two features as pre- and
post- cycling. Unlike the literature \@n TiQ,, they are not distinct enough to identify by
inspeFW LR Q alsoHatfeddily distinguished by statistical image analysis in software such as

Gwyddion?°8
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Figure 74. AFM images taken for a 100 nm M r-cut AbOs substrate. (Top left) shows the
same image in the previous figure but enhanced for clarity. (Top right) stmexsample of a
crack-like feature, but in an uncycled film. (Bottom left) depicts the same film after the thermal
cycling treatment, also enhanced. (Bottom right) shows an example of a potential crack. The
ovals correspond to their counter parts in FigiBe
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We are therefore unable to observe cracks irv@u films within instrumental
limitations. One major confounding factor is the highly polycrystalline nature of the films
themselves, which makes it difficult to definitively distinguish features. Abreu et al. similarly
found they could not detect their cracks with AFM, even with 30 nm crack widths and pn TiO
substrate, due to lack of tip sensitivity. Their result in Figure 69 is the SEM result rather than the
AFM they show?!? There is also no guarantee that cracks will propagate to the surface layer,
which would be undetectable in a surface technigque such as AFM but could still influence
structural properties. Other detection methods such as electron microscopy or in-situ AFM across

the VO SPTmay therefore be necessary to confirm cracking in M@®s.

5.7 Conclusions

In this chapter, we explored whether it was possible to reverse:the. H profile in
VO2/Ni bilayers by depositing Ni below:Df the VQ, rather than above it. Samples with the Ni
deposited at RT show a low coercivity due to their unstrained state below tH&PdQand a
higher coercivity after the temperature is increased beyanthis is the opposite of the profile
seen in HT films, which display a high to low coercivity change. Therefore, deposition above or
below phase transitions can act as an additional tuning parameter that has permanent effects on
the overall properties of the bilayer. In previous work on materials with near room temperature
phase transitions, this choice is often neglected since the default deposition temperature tends to

be high and thus above T ensure crystalline quality.

As was the case in the HT films, this effect is visible utilizing several different substrates,
including various cuts of ADz and TiQ (101). The exact details of the HC vs. T profile varies
from substrate to substrate, although they share many common features. However, these RT
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bilayers show a clear irreversibility in the magnetic properties after the first heating across the
VO SPTWKDW ZDVQTW V HHIgs ir€veWilslity is Sedri i@ both the coercivity and
saturation magnetization properties of the films. After multiple thermal cycles, there is still a
reduced coercivity enhancement of around 0.626 mT (17%) at 360 K, as well as localized
enhancement neat @ue to phase coexistence in #@: layer. Changes in the magnetization

across th& O, SPT are no longer observed within instrument resolution after thermal cycling.

A likely culprit seems to be cracking due to the stress of theSRT, something that is
well known due to the destruction of Y@ingle crystals. V@thin films are known to be robust
in most of their properties under repeated thermal cycling, although they have been shown to
suffer some amount of less destructive cracking in order to accommodate zI8PVO
ILWHUDWXUH GDWD RQ WKLV FUDFNLQJ LQ WKLQ ILOPV LV DO
concern for many of VO Vtele3ting properties. We show that a similar irreversibility is seen in
the resistivity of virgin VQ films, which shown an increase in the resistivity in the
semiconducting state below. Theoretical modeling using a percolation model shows that
cracks would show exactly this type of behavior, since they can be expected to act as local open
circuits. Therefore, cracking is a plausible link between both the irreversibility in magnetic
properties iVO2/Ni bilayers and irreversibility in resistivity in pure ¥QChanges such as
strain relaxing to grain boundaries seems less likely to be able to cause both behaviors. This
irreversibility is not seen in HT samples. This is another hint towards cracking being the culprit,
since in the procedure outlined in Chapter 2, samples are cooled belowAIsVprior to
being reheated for Ni deposition. HT samples would therefore already have cracked prior to

deposition, since this reheating is essentially equivalent to a heating thermal cycle.
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We attempted to find direct evidence of this cracking via AFM measurements, but no
obvious cracking was observed. However, it is clear more study into the structural response to
the V& SPT in thin films is needed. In addition to suggestions in the previous section,
reproduction of these results for magnetic structures in alternative forms such as single crystals,
nanobelts, or powders might also offer some insightlygsteliminary results show that it may
be able to reduce or suppress cracking using a pen@ronment, as £deficient VQ seems
more resilient to this irreversibility. More work needs to be done to understand whether this
irreversibility is controllable if applications are going to take advantage of direct coupling to the

VO SPT.

208



Chapter 6. FeRh/Ni Bilayers

6.1 Motivation

While VO provides a rich playground for exploration, both in fundamental physics and
applications, there are many avenues for exploring magnetic heterostructures. In the case of our
VO2/Ni bilayers, the interaction is driven entirely by the SPT of the §iice VQ is
paramagnetic both above and below the transition. A natural extension is to add magnetic
coupling in addition to the strain coupling provided by an SPT, via the use of a FM material. A
number of materials undergo magnetic transitions in addition to their SPT, but a particularly
interesting choice is FeRh. The AF to FM transition can be expected to potentially yield larger
effects than more typical transitions such as AF to PM transitions. In additioapit870 K
makes it viable from an applications standpoint. Indeed, there have already been a number of
studies on FeRh/FM bilayers after the pioneering work by Thiele €f lawever, they
typically focus exclusively on the role of the magnetic coupling, and neglect any impact from the
SPT. In addition, they do not consider any effects of depositing above or below the transition, as
WKH PDJQHWLF WU D QV L dnRp@rrhaviéntiétory [Sfetis\iY ptapelly Retmally

and magnetically cycled.

In this section, we present the results of a study on FeRh/Ni bilayers. The FeRh films
were magnetron sputtered following the procedure outlined in Chapter 2, and the sputtering
conditions were optimized for high quality FeRh films. The main techniques used to characterize
the quality of the FeRh were XRD to ensure high crystalline quality, and magnetometry
measurements that show the magnetic transition is similar to that in bulk FeRh. While the high

sensitivity of the transition to growth conditions is a challenge in growing FeRh, it also allows an
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avenue for monitoring the quality of the films. In addition to the above measurements, AFM

scans show a textured single crystalline morphology, with the texture aligning along the substrate
lattice directions. After sample quality was confirmed, a representative set of samples were

grown, Ni was sputtered onto the samples to create a bilayer system, and measured consecutively
with XRD/XRR, PNR, and then magnetometry. By using the same set of samples for each
measurement, we can more confidently draw conclusions about the link between the structural
characteristics such as the FeRh/Ni interface affect the magnetic properties of the bilayers. The
sensitivity of the FeRh to growth conditions and effects such as the details at the interface

necessitates this extra detail.

6.2 Sample Preparation and Characterization of Bare FeRh films

In order to find the proper conditions for high quality FeRh films, the FeRh samples were
magnetron sputtered from 1y, Sgstarget onto MgO (001) substrates, typically roughly
wee S w wide with a thickness of & P P, In principle, smaller pieces could be used, but it
was found that 2 fingers in opposite corners of the sample greatly improved the homogeneity due
to improved thermal contact. The high temperatures required in the annealing process and the
sensitivity of the transition to the chemical ordering render the samples extremely sensitive to
minor temperature gradients due to slight differences in thermal contact across theAample.
wee § w sample is large enough that portions of the sample affected by shadowing effects
of the finger can be removed, leaving only a uniform film. The sample conditions are the same as
given in Chapter 2, with the deposition temperature and post-deposition annealing temperature
used as tuning parameters. In prior work, it was found that an elevated but relatively low

deposition temperature, followed by a high temperature anneal promotes high crystalline quality

210



and a strong magnetostructural transition. The rate of the FeRh sputter was measured prior to
deposition utilizing both a quartz crystal balance as well as XRR. In the case of the crystal, a
50/50 average between the Fe and Rh parameters were assumed, and deposition rates agreed well

with the XRR results. The Ni and W values were measured using the quartz crystal balance.

Before any magnetic characterization, structural characterization via XRD was used to
confirm the crystalline quality of the FeRh, since FeRh without the CsCI structure will not show
a magnetic transition. A typical XRD pattern for a high quality FeRh film with strong CsClI
chemical ordering is shown in Figure 75. This measurement was taken with the system described
in Chapter 2. The largest intensity peak at fcorresponds to the MgO (002) peak w&hX
radiation, as expected for the 0.5 mm thick single crystal substrate. The MgO (001) peak is
forbidden. The splitting of the peak to the right corresponds t&tke signal. Peaks labeled
with a star belong to the substrate or the powder Al sample backing plate. A strong FeRh (001)
peak is evidentat & f The large intensity despite a thickness of only 50 nm is indicative of
the high crystalline quality of the FeRh in the CsCI crystal structure. The minor peak to the left

of the FeRh (001) is a contaminant beam fr&X radiation.
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Figure 75. XRD of sputtered FeRh onto MgO (001) oriented substrate. Peaks labelled with a star
correspond to the substrate or powder Al backing plate.

After confirming the structural quality of the films, it is still necessary to check the
guality of the magnetic transition, as even films with a high quality XRD can still display poor
transitions. A straightforward measurement of the transition is an M vs. T measurement, where
the sharpness and magnitude of the AF to FM transition are highly sensitive to the FeRh quality.
A high quality FeRh film will show temperature response similar to that shown in Figure 76,
which shows an M vs. T measured in the SQUID system. Looking firstto the 0.1 T

measurement, the magnetic properties shows several hallmarks of a high quality FeRh thin film.
At low temperature, belowcwe see a very low remanent moment, oulyiTE. Averaging the

midpoint of the heating and cooling branches at half the saturation magnetization of the FM
phase, the MSPT shows adf 378.4 K. This particular sample nearly completes the phase

transition at 400 K, the maximum temperature of the SQUID. At 400 K, we see an estimated
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saturation magnetization of ﬁp?in excellent agreement with the best FeRh films and bulk

FeRh in the literature. Also shown in the figure, in black, is the same sample measured at 1 T.
The sample displays identical behavior, except withhifted to lower temperature due to the
applied field which acts to stabilize the FM ph&&élhe data displayed is the raw data

collection, without correction. Therefore the 1 T measurement is shifted lower due to the

diamagnetic signal of the MgO substrate.
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Figure 76. M vs. T for an FeRh film on MgO (001) substrate for 1 T and 0.1 T applied fields.

In order to fully characterize the magnetic properties of the FeRh film, we wish to know
not just the temperature dependent magnetization, but also the magnetic behavior as a function of
applied field. To that aim, we show uncorrected hysteresis loops at various temperatures across
the FeRh transition in Figure 77. In order to highlight the features in the loops, the scale is varied
from panel to panel, as the signal in the AF phase would be essentially flat on the scale of the
FM measurement. For these measurements, the field was applied in-plane. In the top left panel,

at 300 K, the film is nominally fully transitioned to the AF phase, although there is a clear
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remanent FM phase. The coercivity is rather large, approximateély P 7 As the temperater

is increased the magnetization increases as seen in the panel at 365 K. This corresponds to the
onset of the transition, with only a small portion of the film having transitioned to the FM phase.
At 375 K, a significant portion of the film is transitioned, and the sample is in the middle of the
phase transition. The coercivity has widened, and the magnetization is a significant fraction of
the saturation magnetization of the film fully in the FM phase. Above this midpoint in the
transition, the coercivity begins to decrease again and the magnetization is close to the full FM
value, as in the 395 K panel. Measurements during the transition are extremely sensitive to the
local temperature, and a slight temperature drift causes the opening of the hysteresis loops for
measurements too close te The corrections for this behavior will be discussed momentarily.

At 420 K, the film is mostly transitioned to the FM state, and the FeRh shows a fairly typical

hysteresis loop.
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Figure 77. Hysteresis loops for an FeRh film on MgO (001) substrate, at various temperatures.

Figure 78 shows the extracted coercivities as a function of temperature. At low-T, the
remanent FM phase leaves a relatively large coercivity ami¥.The absolute value of this
coercivity is highly variable from sample to sample. The value of the coercivity at low-T in
samples is strongly correlated with the amount of remanent FM moment measured and is

inversely proportional to the magnetization. Therefore, samples with a large remanent FM phase
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at low-T tend to have a relatively lower coercivity and the highest quality samples with low
magnetization have much larger coercivities, ovemd5 The slope of the coercivity as a

function of temperature in these highest quality samples also tends to be much more extreme.
This coercivity behavior is likely tied to the local behavior experienced by remanent FM portions
of the film. In a film with a very low remanent moment, a FM portion of the film is largely
surrounded by AF bulk, which will act to pin the moment. Samples with a large remanent
moment have sufficient neighboring FM phase to act more like a normal FM, but partially

pinned relative to the high-T full FM phase.

With increasing temperature, the coercivity decreases slightly, until the bulk of the FeRh
begins to transition as the temperature approachessThe onset of the AF to FM transition,
the coercivity begins to increase, reaching a sharp peak. It seems likely that the spike in
coercivity near T can be attributed to a phase coexistence effect in the MSPT, as was discussed
in the previous work witliVO2/Ni bilayers. Since phase coexistence is a universal feature of first
order transitions, it is unsurprising to see a similar effect occur here. The fact that it is not in the
true midpoint is likely due to the magnetic interactions of various FeRh domains with each other,
something that was not present in Yf@,. Rather than being a simple function of maximizing
boundaries, an exchange spring effect or local demagnetization fields will influence the
FRHUFLYLW\ DV ZHOO DV VWUDLQ )URP WKLV SHUVSHFWLYH |
significant AF phase present in the FeRhthis sample, the measured coercivity peaks at
around 22nT. Due to the localized sharpness of the peak, even these close points might miss the
HWUXHY SHDN DOWKRXJK LW ZLOO EH FORVH :KLOH WKHUH L
generally sits around 20-2BT in magnitude, with the sharpness of the peak influenced by the

quality of the FeRh. As the temperature is increased further and the FeRh transitions further to
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the FM state, the coercivity drops drastically. It is worth noting that even when the film is
nominally fully transitioned as measured by the saturation magnetization, the coercivity is still
slightly elevated. It is only when the film is far from where the heating and cooling branches
meet in the thermal hysteresis do we see the coercivity itsdole value of 2.2nT. This value

for the FM coercivity is consistent between samples, if the quality of the flms and the roughness

are held roughly constant.
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Figure 78. Coercivity vs. Temperature for an FeRh film on MgO (001) substrate.

We now take a moment to return to the opening of the hysteresis loop seen in the bottom
left panel of Figure 77. This is purely an artifact of the QD VSM system. When setting a set
point, there will be some overshoot of the temperature during the measurement, and the system
will attempt to recover during the measurement. This overshoot is small, only 0.2 K over the
entire measurement, but the FeRh film is sensitive to even this minor fluctuation in the middle of
the transition. This overshoot feature happens regardless of the temperature stabilization
procedure, including waiting manually for a given set of time. The overshoot only happens once
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the measurement itself begins. An example of this overshoot is shown in Figure 79, which shows
both temperature as a function of time, and temperature as a function of field. For readability,
only every 18 data point collected is shown. This measurement was taken during a nominal 380
K hysteresis loop. The overall offset from the nominal 380 Kto a4 . LVQITW FRQFHUQLQ.
the variation across the measurement is. The error bars are generated dynamically by the QD
software, and represents the naive error due to uncertainty in the thermometer etc. In both
graphs, there is a clear overall dip in the temperature that is later recovered, although the ending
temperature is slightly lower than the starting temperature. This is fairly typical, even for
temperatures such as 380 K which require active heating (rather than any passive cooling). In
order to correct for this, hysteresis loops near the FeRh MSPT are run 3 times in succession, and
any future hysteresis loops shown in future sections of this chapter are the 3rd loop. Typically,
the 2nd loop is sufficient to close the hysteresis, blftia 8one out of an abundance of caution.

Outside of the initial opening of the hysteresis loops, all 3 loops identical in their magnetic

properties.
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Figure 79. (Left) Temperature vs. time at a nominal 380 K setpoint. (Right) Temperature vs.
applied magnetic field for the same measurement.
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Having full characterized our bare FeRh films magnetically, we briefly consider the
surface morphology. Presented below in Figd@are two FeRh films, with slightly different
annealing conditions. Both AFM images aréd P scans. The top film was annealed for 2
hoursat <, and the bottom 1 hour at < . Overall, both films are very smooth, despite no
intentional tuning of the surface roughness. The top film shows an RMS roughness of 0.59 nm.
The bottom is clearly rougher even just visually and has a roughness of 0.98 nm. In the top film,
a subtle cubic symmetry is seen in the defects of the film. For the bottom film, there is clear
cubic texturing of the film, following the substrate. Line profiles displayed to the right show that
the absolute height difference in the films is quite small,Q For the top film,and & QP
for the bottom. This texturing is similar to that seen in nanoislands that have been observed in
prior works. However, those studies focus on much thinner films, on the other of 5 nm or less. In
addition, the cubic symmetry in those ultrathin films is reduced considerably, although there is
some. From these AFM studies, we can conclude that the surface roughness in our FeRh films is
quite low, comparable or better than the previous ¥@s. XRR results presented in the next
sections will also show oscillations to very high Q values, confirming this interface smoothness.
In addition, we can conclude that the films are relatively single crystalline, although with
texturing and defects. It is unsurprising, considering the role of the single crystalline cubic MgO
substrate in helping to promote high quality epitaxy. Finally, we note that despite the light
texturing, we do not see large signs of in-plane magnetic anisotropy in the samples, cubic or

otherwise.
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Figure 80. AFM for two FeRh on MgO samples. (Top) Annealed for 2hrat (. (Bottom) for
1h atzwr(. (Right) Line profiles displayed to the right are cuts along the green line in the AFM
images.

This concludes the characterizations of bare FeRh films, which will form the base in the

FeRh/Ni bilayer heterostructures to be discussed in the rest of the chapter.
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6.3 FeRh/Ni Bilayers with Ni deposited above and below:T

In order to study the effects of depositing Ni above and belpiw®d samples were
completely characterized with a variety of techniques. Using the same samples for multiple
measurements allows to minimize any variation between samples, and to directly correlate
various parameters such asbBtween different measurements. Both samples were made
sequentially, with deposition temperature < , followed by a ¢ anneal for hr. The
MgO substrates were F P[ F Pwith minimal finger shadows in order to maximize the area
and thus PNR signal, which is highly reliant on the total flux through the sample. The ramping
during the heating and cooling required for the elevated annealing temperature was analogous to
the procedure described in Chapter 2 for elevated deposition temperatures. Both samples were
removed from the chamber, and sister samples made at the same time were measured to confirm
the quality and the exact range of The samples were then reintroduced to the chamber and
coated in Ni as well as the subsequahtapping layein-situ. The deposition for the sample
with Ni deposited below Tc was done at ambigtwfHP SHUDW XUH DQG ZLOO EH ODEF
throughout this chapter. The deposition for the sample with Ni deposited well above Tc was done
at . DQG ZLOO EH O DHe M@ap@indlayenin e RT sample was done
immediately following the RT deposition. The W capping layer for the HT sample was done
after cooling back to RT, approximately 2 hrs after the deposition. The nominal thicknesses were

70nm/15nm/5nm for the FeRh/Ni/W heterostructure.

The crystalline quality of the RT and HT samples were confirmed via room temperature
XRD, asshown in Figure 81. These measurements were done at NIST on a Rigaku SmartLab

system utilizing a Cu source, which allowed for higher resolution than XRD measurements
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shown previously. Figure 81 shows the XRD pattern for the RT sample, the HT sample, and then
both overlaid for easier comparison by eye. Beginning with the RT sample, there are several
notable peaks. The largest peaks correspond to the MgO (002) and (004) substrate peaks located
at the nominally expected valueséd Aand & frespectively. The next highest intensity peaks
belong to the FeRh (001), (002), and even (003) Bragg peaksaatf a fand & f

These FeRh peaks show a full width half max (FWHMY @f sz Grrrés *MgO grows with

a NaCl-like cubic crystal structure, with lattice parametar  c. This lattice parameter allows

for an epitaxial relationship between the FeRh and MgO, shown in Figure 82. Displayed is a
single unit cell of FeRh on top of an MgO substrate, with each atom color coded as labeled in the
legend. The c-axes of both FeRh and MgO are aligned and point out of the page. In-plane, it can
be seen that the FeRh (110) is parallel to the MgO (100) axis. Thus, despite the large difference
in lattice parameters @ cvs. & c for FeRh and MgO respectively, at room

temperature) for these structures with cubic symmetry, there is an expected lattice mismatch of
only 4 . Returning to the XRD pattern of the RT sample, a Ni peak corresponding to the
(002) peak is observed at& findicatingD SUHIHUHQWLDO RULHQWDWLRQ 'HV
the lattice mismatch between Ni and FeRh is quite large, the details of which will be discussed in
more detail shortly. The Ni (004) peak, if present, would be entirely obscured by the much larger
intensity of the MgO (004) peak. Finally, a W (011) shows in the left shoulder of the MgO (002)

peak.
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Figure 81. XRD of FeRh/MV bilayers, for RT and HT Ni deposition conditions. Peaks labelled
with a star correspond to the substrate or powder Al backing plate.

A similar analysis of the HT XRD scan shows large similarities, but also some features
distinct from the RT sample as well. Again, the most prominent peak is the MgO substrate, as
expected. The FeRh (001), (002) and (003) are again present, with roughly the same intensity
and FWHM ofra sz G ras %s in the RT sample, indicating similar crystalline quality.
However, analyzing the Ni peaks is shows there is a clear distinction between the RT and HT
samples. In the HT, the Ni (002) peak is nearly completely suppressed in favor of the Ni (022) at

a fwith this new peak having roughly the same intensity as the Ni (002) peak in the RT

sample. Evidently, while depositing below the transition is energetically favorable for the Ni
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(002), depositing above: With the associated change in lattice parameter stabilizes the Ni (022)
orientation instead. This change in Ni texture also induces a change in the W capping layer to W
(002). This subtle shoulder is seen to the left of the FeRh (002) peak and is more easily

distinguished in the overlapping figure.

In the overlapping figure, a small difference can be seen in the right shoulder of the MgO
peak, with the HT exhibiting a slightly larger intensity. This value is superficially close to where
one might expect a Ni (111) peak ata f Attempts were made to quantitatively fit a Ni (111)
peak. Visually, a peak inserted ata fimproves the fit, but only marginally, with a reduction in
the $ of & . However, the large intensities of the MgO peaks tend to dominant the signal. In
addition, a peak at & fas opposed to a fwould require a strain of in the out of plane
direction. Rudimentary strain analysis to be presented in 6.8 indicates largely relaxed Ni layers,
so it would be unlikely for the Ni (111) to be uniquely strained. Further, the shoulder is present
in both samples, so it is unlikely to be a result of the FeRh transition change in lattice parameter.
All these points taken together point towards this shoulder being an artifact due to minor
differences in the MgO substrate or slight differences in alignment between the samples rather

than significant Ni (111) presence in the heterostructures.

A useful way to characterize the quality of the of a thin film istéiahemical ordering

E .

E. , Where S ratio of the integrated intensities of the 001 peak to the 002

parameter L " —
peak, normalized to the theoretical ratio of 1.07 for a perfectly ordered film. A valbie. of
would indicate a perfectly ordered film in the CsCI structure, @rid a completely disordered
one. The RT film yields an order parameteL. r@asrG & , and the HT a slightly larger

value at L raxxG r#rs These values for the order parameter, as well as variation between
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samples are typical to those reported in the literature for high quality FeRh. The deviation from
perfect order and variation between samples is typical due to the sensitivity of FeRh to the
growth conditions. In addition, the HT sample receives a slight bit of what is essentially extra
annealing due to the HT Ni deposition process. The order parameter can also be used to directly

estimate the number of sites with the correct atoms vs. alloyed atoms via the relation

))E F E

SFE

L

Where { is the fraction of atoms of species A in their correct spots in the lattice),saihe
fraction of atoms of species A in the alloy. The fraction of disordered phase is 9.5% for the RT
sample, and 6.7% for the HT sample. This disordered phase can be associated with some

remanent disordered bcc FeRh, rather than the desired CsCl structure.

Rh *

Figure 82. Schematic view of the epitaxial relationship between FeRh and MgO. FeRh
(001) MgO (001) is oriented out of the page, with FeRh (1MJO (100)in-plane.

Along with XRD, specular XRR measurements were also taken on the same SmartLab

system, utilizing parallel beam optics and & wSdller slit. The results are presented in Figure
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83. The raw measured data is displayed in black for both the RT and HT samples, and the
theoretical fits shown in blue and red respectively. Looking at the raw data, we can already
notice several features in the data. The main feature that stands out is how high angle both
samples show specular reflection, an indication of smooth interfaces. Relative to each other
however, it is clear that the RT must have a smoother interface since the oscillations in the HT
sample damp out at much lower values ofraddition to the broader pattern, on can easily
distinguish multiple oscillations superimposed on each other, a hallmark of multilayer systems

that have different fundamental lengths in satisfying the Bragg condition.
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In order to construct the models of best fit, the raw data was imported and modeled in the

Refl1D software discussed in Chapter 2. The starting profile was built roughly in line with
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expectations from the deposition process, but otherwise allowed to refine freely. The scattering
length desity (SLD) profile for the best models are shown in Figure 84. The real part of the
SLD, !, is shown in dark blue and dark red for the RT and HT samples respectively. The

imaginary part of the SLD!, is shown in light blue and red. The sample depth is divided into 3

slab models of FeRh/interfacial-FeR¥i/Ni for both the RT and HT samples, bound on either
end by the MgO substrate or the W cap and then air. Each interface (MgO: FeRh, FeRh: Ni) is
allowed to vary separately from the bulk. From the model fits, the exact thickness of each layer
can be extracted, showing a thickness for the FeRh/interfacial-FeRh/Ni/W stack of

Q Rnd a Q Por the RT and HT samples respectively. Starting at a depth
of 0 and working upwards through the stack, a number of notable features can be deduced from
the figure. Firstly, the MgO: FeRh interface in both samples shows an abrupt shift from MgO to
FeRh, with the interfacial FeRh matchimgbulk values. This is in contrast to previous work,
which has tended to find a unique interfacial layer. Continuing upvtaran be seen that both
the RT and HT samples converge to similar values in the SLD, despite being free to diverge
independently. This is another sign that points to the high quality and reproducibility in the films.
At the FeRh: Ni interface is where the samples start to show very different behavior. In the RT
sample, a sharp dip is observed in the SLD. From the XRR data alone, several possibilities are
indistinguishable. An Fe-rich FeRh layer, Ni diffusion into the FeRh, a native oxide layer, or a
low-density Ni layer are all potential causes. We will return to this feature when discussing the
PNR data, as PNR together with the XRR can be used to reduce the possibilities. Turning to the
HT sample, no sign of this low-density layer is present, and instead a smooth transition from
FeRh to Ni is seen. The higher deposition temperature can be expected to allow for more

intermixing at the interface, so this result should not be too surprising. Finally, the W interface
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cap in the HT sample is noticeably rougher than the RT sample, with an RMS roughness of 0.9
nm compared to only 0.6 nm in the RT sample. This leads to the additional damping of the XRR

signal in the HT sample shown in Figure 83.

100

N A O
o O O O

S.L.D. (10° A?
5388 o

N
o

o

0 200 400 600 800

Z(A)

Figure 84. SLD profiles corresponding to XRR results for RT and HT MgO/FeRh/Ni/W thin
films

While XRD and XRR provide a wealth of information about the RT and HT samples,
WKH\TfUH LQKHUHQWO\ OLPLWHG WR VWUXFWXUDO FKDUDFWH
the magnetic properties of the bilayers, we need to turn to a technique such as PNR as a way to

probe the magnetic properties with depth dependence.

6.4 Magnetic Response of RT and HT FeRh/Ni Bilayers

In this section we present the results for the RT and HT FeRh/Ni bilayers. We begin with

the M vs. T profiles shown in Figure 85, as the quality of the magnetic AF to FM transition is a
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good indicator of the quality of the underlying FeRh film. The procedure for the measurement

was as given in Chapter 2. For the nominal thicknesses of 75 nm FeRh and 15 nm Ni, one can

expect a magnetization cyfziTE below T, when the FeRh is in the AF state and does not

contribute to the magnetization, and 'TE above T when the FeRh is in the FM state. In the

data presented in Figure 85, we see magnetizations for both the RT and HT that are close to the

nominal numbers but vary slightly from the theoretical values, as well as from each other. Below

T¢, both samples show a magnetization elevated abCN!E‘E at 'TE for the RT sample and

iTEfor the HT sample. This discrepancy is indicative of a remanent FM phase at low

temperatures, something commonly seen in the interfaces of FeRh thin film systems. The origin
of this interfacial FM phase is discussed in 6.7. Across the transition the two samples show
roughly similar behavior, with identicak,Tbut a difference in saturation magnetization

once the MSPT is completed. If we definga§ the average of when the heating and cooling
branches reach half magnetization, we obtais @ B83.5 K in the RT, and 385 K in the HT

sample. The RT sample shows a quite good agreement with the theoretical saturation

magnetization, at 'TE at 430 K. The HT deviates from the theoretical value, showing a

reduced magnetization of only 'TE at 430 K. This can likely be attributable to the slight

differences in quality or stoichiometry of the samples, which can heavily affect the quality of the
FeRh MSPT. In particular, slight differences in the Rh ratio can shift the magnetization without

otherwise affecting the transition too heavily. While differences in magnetization can in principle
be caused by differences in thickness of the samples, this 12 % difference is far too large to be

caused by the minor differences in thicknesses as seen in XRR and PNR. The PNR results to be
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presented in 6.5 are accurate to in the thickness and show similar thicknesses for both

samples.
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Figure 85. M vs. T for RT and HT FeRh/Ni samples under an appliace in-plane field.

Figure 86 shows results for magnetic hysteresis loops taken at various temperatures for
the two types of samples. Starting at 450 K and cooling, hysteresis loops were measured at
various temperatures following the procedure outlined in Chapter 2. Loops were collected every
3-5 K, particularly near d For readability, only a select few are shown in Figure 1, which show
features stereotypical of each portion of the transition. The chosen temperatures of 430 K, 390 K,
370 K, and 340 K correspond exactly to the values used in the PNR measurements that will be
discussed in the next section, allowing a direct comparison. These temperatures correspond to
being well above, just starting, mid, and below, the transition respectively. In the hysteresis loop
taken at 430 K, we see a typical ferromagnetic response for a FM with a low coercivity. This is

expected, as the FeRh isiie FM state, and will be strongly exchange coupled to the Ni layer.
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Both FM FeRh and Ni have a relatively low coercivity, but in this bilayer structure, the response
is largely dominated by the thicker FeRh. We also notice the same difference in magnetization as
was seen in the M vs. T scan. Decreasing the temperature to 390 K, we see roughly a similar
response, albeit with a slightly larger coercivity and lower magnetization. Continuing with the
decrease in temperature, we start to see much more interesting behavior at 375 K, in the middle
of the phase transition. Both samples have notably larger coercivities as compared to higher
temperatures. At the start of the magnetization reversal, the samples begin with roughly similar
behavior, but the HT diverges from the RT behavior, displaying a larger overall coercivity. The
HT sample now has a higher saturation magnetization, in a reversal to what happened at higher
temperatures, and as seen in the M vs. T. We can also begin to see some febtureg il JO H
the HT sample, corresponding to a double switching event. A further decrease in temperature to
340 K, below the transition, further enhances the features we saw at 375 K. There is now a clear
double-switching evident in the HT hysteresis loop, whereas the RT shows a single low
coercivity switch. This double switching in the HT layer will be the subject of further discussion

in Section 6.6. The hysteresis loops presented are the raw magnetic signal collected in the VSM,
with no corrections (such as for the diamagnetic substrate) applied. Finally, we note that there is
no sign of exchange bias, which is not surprising given the compensated AF state at the interface
for FeRh (001§2° However, these bulk measurements cannot determine if there is an exchange

spring effect between the AF/FM systétf.
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Figure 86. Hysteresis loops for RT and HT FeRh/Ni bilayers at various temperatures. (top left) at
430 K, (top right) at 390 K, (bottom left) 370 K, (bottom right) 350 K.

From these hysteresis loops, we can extra the coercivity at various temperatures, shown
in Figure 87 in red and blue. In order to capture the full details across the FeRh MSPT, the
coercivities are extracted from all the loops measured, not just the ones shown above.cAbove T
both the RT and HT samples follow roughly the same trermdamf 4.85 mT coercive field,
dominated by the FeRh FM response. As the temperature is reduced, both samples start to show
a sharp increase in the coercivity. In the case of the RT, this coercivity peaks at 18.83 mT at a
temperature close to but below, during the FeRh phase transition. This spike is then followed
by a sharp decrease to 9.95 mT. This coercivity is stable at lower temperatures, with the typical

FM slow increase as the temperature continues to be decreased. In the HT case there is an initial
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increase in the coercivity that also comes to a peak at 26.76 mT, however after the peak the
coercivity remains elevated. There is often a shallow dip in the coercivity near but slightly lower
temperature than the peak, before we see the normal FM behavior established. For both samples,
as the temperature is reduced further, there is a slight increase in coercivity typical of FMs. The
spike in coercivity nearclcan be attributed to a phase coexistence effect in the SPT, as was
discussed in the previous work wNiD2/Ni bilayers and in bare FeRh. As in the bare FeRh, the
peak occurs belowcbut during the phase transition. The coercive response far bela\soT

seems similar to the response seen previousOsINi bilayers. The Ni deposited at RT, which
should correspond to a relaxed state, has arlowercivity. In the HT sample, which should be
relaxed above Jand strained belowcJwe see a higher coercivity. One major difference

between the previous work on Y(as well as YOs) is the FM nature of the FeRh. We would
expect to see a high coercivity in the RT sample abewviur this is completely suppressed by

the magnetic coupling due to the FM FeRh.
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Figure 87. Coercivity of RT and HT FeRh/Ni bilayers extracted from hysteresis loops taken at
various temperatures.
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While we focus on only one set of samples in Figure 87, many of the features are broadly
reproducible, as can be seen by the second set in the figure. There is a slight shift in the value of
Tc, which we attribute to slight differences in FeRh stoichiometry or growth conditions. The
value of the coercivity above: TS consistently around the FeRh valuevof for both RT and
HT samples. The general features seen in the coercivity spikes are also robust, with the HT spike
being more or less visible depending on its value relative to the low-T value of the coercivities
as 7TKH SHDNfV VWURQJ ORFDOL]DWLRQ DOVR QHFesaAseWDWHYV
the peak and low-T HT coercivities are driven by different mechanisms, there is no consistent
relationship between which is larger. In some samples, the low-T coercivity is greater than the
peak, and in some samples the reverse is true. However, they are generally roughly similar in
magnitude. The magnitude of the RT spike is fairly consistent between samples. The HT by
contrast, shows more variability in the magnitude of the peak. In addition, the HT peak seems to
always occur at a lower temperature than the corresponding RT sister sample. The low-
coercivities show quite a bit of variability in the absolute value. In the RT case, it can potentially
be even lower than the corresponding RT high-T coercivity. In the hysteresis loops of the second

set HT sample (data not shown), there is no double switching event.

Due to its nature as a bulk technique, magnetometry is limited in what else we might
learn about what drives the difference between HT and RT magnetic behaviors. For more insight
into the different systems, we turnto PNRB 15V VHQVLWLY LWahdwmBgrieikt WK VWU XF
properties with nm resolution depth dependence can help to determine the cause of the different
magnetic behavior in the two deposition conditions. It allows access to the interface, a critical

region for magnetic properties in bilayers but one that is inaccessible by bulk magnetometry. The
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structural sensitivity, for instance, can be used to probe for chemical diffusion or differences in
interfacial roughness. Whereas the magnetic sensitivity will be able to pick up any unusual
magnetic behavior near the interface, such as a pinned layer or remanent FM phase in the FeRh.

PNR is therefore an ideal probe into our FeRh/Ni bilayers.

6.5 Polarized Neutron Reflectometry of RT and HT FeRh/Ni Bilayers

In order to better understand the differing magnetic profiles between the RT and HT
sample, PNR was measured at various temperatures across the FeRh MSPT for both samples. In
order to correlate the results with later magnetometry measurements, care was taken to attempt to
mimic the measurement sequence used during the magnetometry. Before measurement, the
sample is heated to 450 K in zero applied field. Once the temperature is stabilyzeds a in-
plane field is applied in order to saturate the sample. This is slightly below the 1 T applied during
magnetometry, limited by the magnet apparatus available during the measurement. However, this
is far more than sufficient to ensure the sample is fully saturated. The field is then reduced to

P 7 The temperature is reduced to the first measurement temperature. Once the temperature
is stabilized, the PNR data is collected. The temperature is then reduced to the next measurement
temperature, and the process is repeated. This process is thus a direct analog to a cooling branch
in an M vs. T magnetometry measurement. 4 temperatures were measured: 430 K, 390 K, 375 K,
340 K, corresponding to above the transition, at the beginning of the transition, mid-transition,
and below the transition. The raw data along with the theoretical values of the best fit model for

both the RT and HT samplg§¥ S H F X O-IX\$ u ORI R LE§Qivities at each

temperature are shown in Figure 88, for a range of Q values uj{ ta’ . Note the log scale.

While proper discussion of the modeling is needed to fully understand the features, a number of
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gualitative features can be seen even in the raw data. In both samples, above the transition, clear
short oscillations can be seen. Translating from Q-space, the length of these oscillations
correlates well to the thickness of the ferromagnetic FeRh/Ni bilayer structure. There is also a
quite noticeable asymmetry betwe8fi”and 5° 7 signals the films, as expected for a

ferromagnet. As the temperature decreases, these smaller oscillations broaden out, but remain
due to thé=M Ni and nuclear contributions to the SLD. The intensity covers a 5 orders of

magnitude range, with noise being a limiting factor for the lowest intensities.
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Figure 88. PNR measurements for the RT and HT samples, at various temperatures.

In order to isolate the contributions due solely to the magnetic properties of the bilayer,
6 6 i 7
the Spin Asymmetry (SA) defined a\% is displayed along with the theoretical values of

the best fit model in Figure 89. The details of the model used to fit the data will be discussed
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momentarily. Briefly, it is clear that the modeling is able to capture most of the features in both
the RT and HT samples, particularly for lower values ofAQd & ; At higher Q, the lower

intensity of the signal leads to higher uncertainty in the measurement. In addition, many
simplifying assumptions made in the model such as a constant magnetic SLD per bin begin to
break down at higher Q values. The scans above the phase transition, at 430 K and 390 K, show
clear oscillations associated with the FM phase of the FeRh. AT 375 K, in both the RT and HT
samples, the oscillations begin to reduce in intensity, as the samples transition through the
MSPT. At 375 K, we begin to see some divergence between the modeling and the data, likely
due to the difficulty in capturing the details of inhomogeneous, partially transitioned FeRh film
with a simple 3 slab model. 375 K also shows a slight difference between the RT and HT sample
signals, likely due to the sensitivity of the transition to temperature. Slight differences in
temperature of the stage angbBtween the samples as seen in the magnetometry data means
one sample will be in a slightly different portion of the transition than the other. At 340 K, the
model is again able to capture most of the features in the signal, and there is strong agreement

between the RT and HT samples.
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MgO/FeRh/Ni/W thin films.

We now turn our attentioto finding a model that best fits the PNR data, produced using
the reductus and Refl1D software packages. The raw data was first corrected for background via
background subtraction, polarization efficiencies of the incident neutron beam, and the finite
footprint of the beam. After performing these corrections in reductus, the resulting data was
imported to the ReflLD package. The details for the fitting algorithms used by Refl1D is
described in detail in Chapter 2. The XRR data shown previously was used in as the initial
starting approximate chemical profile. Since XRR is only sensitive to the nuclear composition of
the sample with no confounding magnetic interactions, it provides a convenient starting point.

When refining the various fits, the RT and HT profiles are allowed to vary separately from each
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other. Howeverthe nuclear SLD per sample for each temperature is co-refined to a common

SLD profile. Enforcing this constraint ensures a physically plausible result, since the chemical
composition and therefore nuclear SLD should not change at different temperatures for the same
sample. It also greatly helps in disentangling the nuclear and magnetic contributions to
reflectivity since the magnetic contribution of the FeRh is temperature dependent, in contrast to

the nuclear component.

In order to identify the best model, two algorithms of the ReflLD package were utilized.
First the DREAM algorithm was applied to the regressions for approximately 1000 steps,
dependent on the number of free parameters. The efficiency of the DREAM algorithm allows us
to sample a large parameter space and identify promising regions for a best fit. Once a likely
region is identified, the Nelder-Mead algorithm is applied in order to find a minimum. While
robust, the Nelder-Mead algorithm is known to converge slowly and can get stuck in local
minima, therefore the combination of the two fitting algorithms allow for a robust search for a
best fit model. Of course, optimization algorithms can never guarantee a true global minimum.
This problem is particularly acute with methods such as PNR which can be highly degenerate
with different models providing similar output. But the convergence to a local minimum along
with intuition and common-sense constraints give confidence that the model is reasonable. The
corresponding best fit model for the nuclear SLD is presented in Figure 90 and the magnetic
contribution in Figure 91. Any errors reported for refined parameters extracted from the fits
(such as thicknesses or magnetizafi@me taken using a 95% confidence interval calculated by
the DREAM algorithm. In the Monte Carlo based DREAM algorithm, this corresponds to the

range where 95% of the hops are accepted for a parameter.
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Figure 90. Nuclear SLD depth profiles for the RT and HT sample. (a) the real part of the nuclear
SLD. (b) the imaginary part of the nuclear SLD.

In Figure 90, we present the nuclear SLD profile as a function of depth for our RT and
HT MgO/FeRh/Ni/W films. The RT film is shown in blue, and the HT in red. The thickness of
the HT data has been enhanced to reveal regions when the profiles directly overlap. Because of
the constraint during the co-refinement, these nuclear profiles for the HT and RT samples are
identical RU HDFK PHDVXUHPHQW WHPSHUDWXUHVDQ® ZH GRQYW
uvr profiles. On the top of Figure 90 is the real part of the nuclear SLD, and on the bottom the
imaginary part, in order to handle the large variation in magnitude between the two. Beginning
with the real part of the SLD, we see a result that looks extremely similar to the XRR profile.
This is expected since both measurement techniques are sensitive to the chemical structure of the
films. The profile begins with the MgO substrate at a nomtai r %depth, which then meets
the FeRh film. The interface between the MgO: FeRh is relatively sharp, and mooth
transitions from the MgO to the FeRh. The interfacial FeRh does not vary from the bulk values

despite being allowed to, in contrast to many previous PNR measurements on MgO/FeRh films.
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In previous works, this was attributed to diffusion of the Fe into the MgO substrate. Most of
those works used a higher deposition temperatures as opposed to our < , which might
encourage more interfacial diffusion during the deposition. The high annealing temperature

» does not seem to encourage this diffusion as much as the deposition temperature. Other
authors have found that Rteh sputtering can help suppress the interfacial layer as well.
Continuing through the film, the bulk FeRh in both the RT and HT samples are in agreement. At
the FeRh: Ni interface a large difference between the two films is realized, with the RT film
showing the same dip in the interfacial FeRh as in the XRR measurements, with the HT instead
showing a smooth change from FeRh bulk values to bulk Ni values. The HT interface is
considerably rougher than the RT sample, & cvs. & c. The bulk Ni corresponds well to
a uniform Ni value. The slight elevation in the RT Ni density can be attributed to the fact that the
orientation stabilized by the HT sample has a higher in-plane areal density (and therefore lower
out-of-plane density), but the difference is slight. At the Ni: W interface we again see a fairly
large difference, with the RT sample showing a rather sharp interface and the HT showing a
thicker smoothly varying interfacial layer. The same trend is seen at the W: air interface. We
note that the W bulk shows a SLD that matches well that for metallic W, indicating that the
capping layer successfully protected the sample from oxidation. Any oxidation of the W layer,
which typically reverts to stabM/Os at ambient conditions, would show prominently in the

nuclear SLD. For the RT sample, we find a refined thickness &fG & c and a SLD of

4 Ga H ° ¢’ . FortheHT, athicknessof 4G acand 4 Ga H ° ¢’

These SLDs are in good agreement with the theoretical value for metallic W, and the 3%

difference between RT and HT samples is well within error.
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The bottom of Figure 90 shows an essentially negligible imaginary portion of the nuclear
6/' DW WKUHH RUGHUV RI PDIJQLWXGH VPDOOHU WKDQ WKH U
bulk which contributes to this dissipative portion of teikectivity signal. We next turn our

attention to the magnetic contribution to the SLD shown below in Figure 91.
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Figure 91. Magnetic S.L.D. and magnetization extracted from PNR model best-fits for various
temperatures, for both RT and HT samples. 430 K is shown in dark red, 390 K in orange, 375 K
in green, and 340 K in navy blue.

In Figure 91, we plot the magnetic portion of the SLD for both the RT and HT samples at
each temperature. The RT sample is shown to the left, and the HT to the right of the figure for
direct comparison. Because the magnetic SLD is directly proportional to the magnetization after
a scaling factor, the SLD is shown on the left axis, with the corresponding magnetization on the
right axis for each plot. For each temperature, we maintain the same axis scaling to allow for
easy comparison. The relevant features are easily distinguishable without needing to change

scale.
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Starting at 430 K, we see very similar profiles between the RT and HT samples. The
sample begins with a sharp interface between the nonmagnetic MgO substrate to FM FeRh, with

the interfacial FeRh agreeing with the bulk values. The bulk FeRh shows good agreement with
the expected magnetization for FeRh, at ﬁpﬂim the RT sample, and ﬁp$|n the HT

sample. The larger magnetization in the RT sample relative to the HT sample is similar to that
seen in the magnetometry data, although a much smaller difference. Unsurprisingly, the two
samples show different interfacial magnetism at the FeRh: Ni interface. The HT sample shows a
smooth decrease from the bulk FeRh to Ni magnetizations, whereas the RT has something like a
kink that is localized closer to the FeRh side of the interface. Initially the slope is lower than in

the HT sample, but after the kink shows roughly the same slope as in the HT sample. The Ni
layer in both samples is uniform, with magnetizations ofa ﬁp$and a ﬁps;ln the RT and

HT. These values are typical for thin film Ni at these temperatures. At the Ni: W interface, we
see the same interfacial behavior seen before, with the RT sample showing a sharper interface,
and the HT a broader interface. Both vary smoothly from the FM Ni to nonmagnetic W. At 390

K, we see largely the same behavior, except with the FeRh having a slightly lower magnetization

at the onset of the transition.

At 375 K, which corresponds to being partially through the FeRh transition, we see a
greatly reduced bulk FeRh magnetization in both samples. The bulk FeRh magnetization is now
lower than Ni, at & ﬁp$|n the RT sample and & ﬁp$|n the HT sample. The difference

between the two samples, as discussed with the magnetometry, is likely due to slight differences
in the applied temperature and stoichiometry between the two samples. Therefore, the HT

sanple is slightly farther through the phase transition as compared to the RT sample at a nominal
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375 K. The sensitivity during the sharp transition means even minor differences in the local
temperature are noticeable. Specular PNR allows for depth dependent measurements, but any
variation in the x-y directions will be averaged out. Therefore, specular PNR is unable to
discriminate whether this nominally bulk magnetization has variation in the plane of the film,
such as those due to grains or magnetic domains. Previous work using other technigues such a
XMCD which are sensitive to in-plane variations in the magnetization show that the FeRh
transition follows a nucleation type behavior. The FeRh: Ni interface at 375 K shows rather
different behavior as compared to the previous temperatures. Here the interfacial FM phase is
prominent in the RT sample, and present although more subtle in the HT sample. The potential
origin of this interfacial FM phase will be discussed further in 6.7, which leads to a local
decrease of I The fact that this interfacial FM phase is due to a modifigdtRer than forming

a different compound can be understood by noting that the interface still experiences the full
FeRh transition, with a comparable magnetization to bulk FeRh at 430 K, and nearly fully
suppressed as an AF at 340 K. An enhanced view of the HT interface thaitshrewsnent

FM phase more clearly will be shown shoitiyFigure 95 and Figure 96. The PNR fitting
consistently requires this interfacial FM phase in order to match the spin asymmetry data,
LQGLFDWLQJ LWYV QRW DQ DUWLIDFW RI D 8ofthevmdgxetcDU PRG
profile in the samples. As just mentioned for&i®© DQH QXFOHDWLRQ LWV EHHQ G
phase transition often nucleates from defects such as interfaces. This interfacial FM phase in
both samplesis  Q Bn depth. Past this interface, both samples converge to a uniform bulk Ni
layer. At the Ni: W interface a smooth transition is seen, again with the HT interface taking place

over a longer distance.
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The final measurement was taken at 340 K, which corresponds to being fully below the
FeRh MSPT. The FeRh is fully transitionedt®nominally AF state, and the signal is close to O.
On the length scales used by the PNR probe, an AF is esseri@® RQPDJQHWLFYT VLQFH V

alternating spins will average to zero. There is a slight remanent moment in both samples of
ﬁp?which can be attributed to some slight disorder or off-stoichiometry in the system. The

temperature is low enough that the interfacial FM is largely suppressed dsseiteiced T
Both samples smoothly move to the Ni bulk value at the FeRh: Ni interface. The Ni layer shows
similar uniform bulk Ni magnetizations as seen at previous temperatures. The Ni: W behavior is

the same as at other temperatures, with the HT having a broader interface.

This concludes the temperature dependent PNR measurements across the FeRh MSPT.
The overall picture is roughly what one expects for an FeRh/Ni bilayer as a function of
temperature and agrees well with the magnetometry. As we decrease the temperature, the FeRh
layer in both samplesW UDYHU VHV L WrHiv Fd/6aB MighdRdndratures, to partially
WUDQVLWLRQHG WR ILQDOO\ IXOO\ $) 7KH 1L OD\HU VWD\V )
well belowits Curie temperature. The interface between the RT and HT samples can be seen to
be quite different, both chemically and magnetically. This can be expected to be tied to the FeRh
MSPT, and the surface the Ni will see during deposition. Because of both the general importance
of the interface in FM bilayer structures and particularly in the case of the FeRh MSPT coupling
which is interfacial, the details of the interface are a critical parameter for understanding
FeRh/Ni films. The depth dependence of PNR as a technique allows us to confirm that the
different magnetic properties seen between RT and HT samples are not simply due to altering the
bulk of the sensitive FeRh during the Ni deposition process as well as confirm the continued high

guality of the FeRh layer in both samples. The temperature dependent PNR in particular allows
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us to separate the magnetic and chemical contributions to the PNR signal due to the unique FeRh
AF to FM transition with increasing temperature. This is useful both in gaining a better
understanding of the dynamics of the FeRh/Ni system as a whole, but as we will see in the next
sections, a useful constraint for magnetic field dependent PNR that will be correlated to the

magnetic properties of the film.

6.6 Magnetic Switching Event in HT FeRh/Ni Bilayers

During the investigation of the magnetic properties in these bilayers and the discussion of
Figure86 LW ZDV QRWHG WKDW WKH +7 VDPSOH GRietdsQ@ W VLPSO
loop, but the cause of this hysteresis is the switching event that occurstava applied
switching field. ThissoFDOOHG PpGRXEOH VZLWFKLQJY LV RIWHQ D KDO(
FMs, where the two layers are sufficiently decoupled such that one-layer switches at a lower
applied field than the other. In principle, it can be possible to tell which layer switches first based
on the change in the net magnetization. However, in this particular system, the two switching
events are roughly proportional to each other, making it impossible to distinguish the dynamics

based on bulk magnetometry.

In order to clarify the details of this switching event, PNR again becomes a good option
due toits depth dependence which allows for distinguishing the magnetization of each layer. As
with previous measurements, the procedure was designed to mimic the bulk magnetometry
measurement as closely as possible. First, the sample is heated to 450 K, to fully induce the FeRh
MSPT. A r ay field is applied in-plane, saturating the sample, and then reduced o . The
temperature was then reduced to the measurement temperatuke A3t temperature
stabilization, a PNR scan is collected, with the applieds field. The applied magnetic field
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is then swept td= & , large enough to fully saturate the sample in the opposite direction. The

field is then increased back ® « , which is near but above the switching field seen in the
magnetometry data. A second PNR scan is collected. This data was then analyzed in the reductus
and ReflD software packages. As before, the nuclear profiles of these two measurements are co-
refined, enforcingadF RPPRQ FKHPLFDO VWUXFWXUH ZKLFK LV H[SHFWH
The raw reflectivity measurements are shown in Figure 92, along with the best model fits. The

error bars shown correspond t®

10 _g . R++
. 1 ] R,,
D‘ 107 5 —— R"" theory

s o] —— R "theory

s 10 '
2 107
0
c 4
D 10 3
< ]

10°+

100 mT

100+~ T "
— -1_- R

10 —— R theory
$ 10-2 ] —— R " theory
2 107
"
c 4
_'G_'-) 10 E * 'y ",ll
c E !
~ 10°1

6 125mT
10’ T T T T T
0.02 0.04 0.06 0.08 0.10 0.12

QA"

Figure 92. PNR measurements (points) and best fits (lines) for the HT sample at 350 K (a) under
+100 mT applied field and (b) under +25 mT applied field (after cycling to -700 mT).
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As before, the main takeaway from the raw intensity measurements is how well the
model fits the data. In this specific case, it is also worthwhile to point out thatthend * ?
signals have inverted when going from 100 mT to 25 mT. This inversion is what one would
expect if the film magnetization has reversed to the nomirdlydirection during the

hysteresis cycling, but the +25 mT was not sufficient to cause it to reorient backeté the

direction. An even clearer indication is seen in the spin asymmetry plotted in Figure 93.
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Figure 93. Spin asymmetry data (points) and best fits (lines) for the HT sample at 350 K (a)
under +100 mT applied field and (b) under +25 mT applied field (after cycling to -700 mT).

By plotting the SA, weanonce again isolate the purely magnetic contributions, and the
contrast between the two measurements becomes even more starker, as they essentially mirror
themselves about L r. L rwould correspond to a nonmagnetic material, as there
wouOGQYW EH DQ\ UHIOHF W) ts\WspirFdwinWwieditoSATHiRrdirravikgHof V S L Q

the SA signal is an indication that a magnetic feature in the FeRh/Ni bilayer has switched sign,
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and that the feature is a dominant part of the signal to induce such a complete mirroring. The
QXFOHDU DQG PDJQHWLF 6/'fV HIWUDFWHG IURP WKH EHVW Il

matching of the data are presented in Figure 94 and Figure 95 respectively.
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Figure 94. Nuclear depth profiles for the HT sample at 350 K under +100 mT applied field and
under +25 mT applied field (after cycling to -700 mT).

As previously, the two nuclear profiles were co-refined, to enforce a common chemical
composition, since the measurement was performed on the same sample. Notably, we see a
nearly identical nuclear SLD profile as compared to the previous XRR and PNR measurements
for the HT sample, despite not explicitly constraining the fit. The nuclear SLD profile from the
temperature dependent measurements for the HT sample from the previous section were used as

the initial starting configuration.
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Figure 95. Magnetic depth profiles for the HT sample at 350 K under +100 mT applied field and
under +25 mT applied field (after cycling to -700 mT).

Beginning with theEsrre measurement shown in purple, we see essentially the same
results as the 340 K measurement presented earlier. There is a rather sharp interface at the MgO:
FeRh interface, with the interfacial FeRh matching the bulk. The bulk FeRh itself has a nonzero
remanent moment, despite being nominally well beleWofthe sample. At the FeRh: Ni
interface, a region of interfacial FeRh shows an enhanced magnetization relative to the bulk.
Again, there is a uniform Ni layer, followed by a relatively smooth transition to the W cap. For
the Esrre measurement, all the magnetic layers align with the field, as expected after being
saturated in the positive direction. Turning to thewe measurement shown in green, a rather

different profile is seen. The FeRh bulk signal is significantly reduced and close to 0, but

definitively positive, as can be seen in Figure 96. The PNR modeling returns a vah‘neilz%f

with values ranging fronErad ‘E sra yifk—Ewithin the 95% confidence interval of the DREAM

algorithm. Despite the small signal, the greater thickness of the FeRh relative to the Ni layer
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allows it to contribute meaningfully to the overall magnetic signal. The difference in magnitude
between the +100 mT and +25 mT magnetization is likely at least partially attributable to how an
applied field can stabilize the FM phase, rather than pure magnetization rotation. The interfacial
JH5K DQG 1L OD\HUV VKRZ D QHJDWLY {dlightd witiQtielapdliatl LQJ W KD
field. ForaEtwe field, this means thé&twe is not enough to rotate the Ni magnetization,

indicating that the bulk FeRh has flipped first in an applied field. We can therefore definitively
conclude that it is the FeRh that causes the first step seen in the two-step hysteresis loop, and the
enhanced coercivity is thus due to the Ni layer. In order to further confirm this interpretation, the

FeRh magnetization was flipped in the model, but it does not produce the large mirroring change

in the SA trend, which is governed by the Ni.
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Figure 96. Magnetic depth profiles for the HT sample at 350 K under +100 mT applied field and
under +25 mT applied field (after cycling to -700 mT). Enhanced view of Figure 95. (Inset)
further scaling to show a non-zero positive moment in the +25 mT curve.
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6.7 Interfacial FM phase in FeRh thin films

A focus of intense interest in previous work in FeRh thin films has been the remanent FM
signal seen even when the sample is nominally fully transitioned into the AF state. This previous
work has shown that that this remanent FM phase can form at either the substrate/FeRh interface
or the FeRh/capping layer in a FeRh thin films sample. The exact origin of this interfacial FM
phase is unclear, and a number of mechanisms have been proposed. It has been variously
interpreted as diffusiofr! strain effect®3185332.33%3 Rh-rich surface layé?’ or a more general
symmetry breaking®® 7KH )H5K 06371V VHQVLWLY LmakeWRIifiicDitUd. RXV FRQ
definitively isolate a single cause. While not the main focus of this work, the deposition
conditions here allow us to approach the question from a different angle as compared to previous

work and provide some insight to the mechanism behind the interfacial FM FeRh.

From the model fits, both the RT and HT samples show a remarkably sintiéage
interfacial FM layer, which suggests that they are caused by a similar mechanism. One potential
mechanism is diffusion, as.ih FeRh systems can be reduced via doping by Ni, or by being Rh-
rich.19:192.3%6Therefore, diffusion of Ni into the FeRh, or conversely, Fe into the Ni layer, are
potential mechanisms for this interfacial FM effect. Even doping on the order of 1% or less of
either Ni or Rh can radically shift. vithout large changes in the magnetization. In the RT
sample, XRR and PNR results showed a clear dip in the nuclear SLD profile at the interface.
This dip is incompatible with Ni diffusing into the FeRh or a Rh rich layer left if the Fe diffused
into the Ni, and intuitively one can expect a low mobility for atoms during a RT deposition. This
dip is not seen in the HT sample, which instead shows a smooth gradient from the bulk FeRh to
bulk Ni SLD values. Intuitively, the higher deposition temperature would promote higher atomic

mobility. Due to their placement on the periodic table, atomic Fe and Ni both have very similar
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cross sections for both XRR and PNR techniques, making it impossible to distinguish
interdiffusion on the order of 1%. So, while it is hard to pin down the details of the HT sample,
the RT results exclude diffusion as a likely mechanism for the interfacial FM. If the dip in the
RT nuclear SLD is instead attributed to a native oxide layer rather than a low density Ni layer,
this would also not account for the interfacial FM region as FeRh samples capped with a native
oxide do not show interfacial FeRH.As with the diffusion mechanism, the HT sample does not
show this dip in SLD. Therefore, this oxide layer can also be excluded as a mechanism for the
interfacial FM phase. With the similarity between the interfacial FM phase in the RT and HT
samples, it seems unlikely for diffusion or native oxide layer to be potentiasahe other

major proposed mechanism is strain, which seems more in line with the results presented here.

As will be discussed in more detail in Section 6.8, the strain state at the interface is rather
complex. There is a large mismatch between the FeRh/Ni lattices, leading to aRarge ;
strain, and subsequently misfit dislocations can be ezgegthin the first nm or so. Above this
critical thickness, there will be a nontrivial depth dependence of the strain as the film attempts to
relax. It seems plausible that both samples have large strains and attempt to relax to the extent
possible for their varying interface and texture. Unfortunately, the techniques used in this work
GRQYW DOORZ XV WR GLUHFWO\ GLV\anhd@ad HdpthdeperdercelnfV W U D L
such a relaxed layer is impossible to predict a priori. But such a mechanism would explain the
similar thickness of the interfacial layer, as well as the differences in stabilization of the

interfacial FM phase.

6.8 Estimation of Magnetoelastic Strain Anisotropy
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In order to gain some understanding of the potential mechanism causing the difference
between the RT and HT coercivity, a direct estimate of strain anisotropy field can be made. This
is particularly insightful in light of the different Ni orientations as confirmed by XRD, since
different Ni orientations will have different magnetocrystalline contributions as well as
potentially differences in how they interact to the same applied strain. We begin by writing down

all the potential contributions to the free enéfgy
rmrl— xcck_lE bck_eE cvaf_leg QGE Ql was

Here, | tepresents the total free energy, and from left to right on the RHS,
contributions come from the Zeeman interaction with an applied field, the demagnetization field
of the sample, the exchange interaction between neighboring spins, a magnetocrystalline term,
and a magnetoelastic term. The first three terms, which do not depend directly on strain or crystal
orientation to a very good approximation, can be condensed into a single tegnwéisch is the
energy required to saturate the magnetization along some direction with zero applied’st&in.

The free energy becomes
rmik 4 E QGE o wat

rmand 4can be approximately related to the magnetic field required for saturation as

S , S .
rmrl-_t W a4L_'[ 4 W wau

Where s the saturation magnetization, is the field required to saturate the magnetization
for an unstrained film, and is the anisotropy field along the hard axis direction. We now turn
our eye to the magnetocrystalline energys which in general can be expanded in terms of the

direction cosine;gas’-23l339
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QG:.&L - Q’ EIl, gh Q’:g:hE l, ghi:j Q;:g:h:i:j wWav
gah gahaiaj

Where g is the magnitude of the applied field along the direction of the magnetiza&dihe
coefficients, 4@ 4 £ng 4 Wilkbe defined momentarily, when we recast this into the more familiar
form. In the above expression, only terms evemdneed be retained, in order to obey time

reversal symmetry. For a system with cubic symmetry, the magnetocrystalline energy can be

represented to lowest order in the direction cosmgs
oel 5:ZERIE B E R waw
Where the gare the typical anisotropy constants. For Ni,L Fw v Z-L—,\,I and ¢ L

Ft& yk—'\,'.339 Higher orders in the expansion can be neglected, as the series is quickly convergent.

For example, -is already an order of magnitude smallerthan ¢ % HFDXVH ZHJUH RQO\
concerned with differences in energy, the constant tefirofder) has been neglected. For the

RT sample, which is oriented with the (001) otHplane, this yields the well-known differences
in anisotropy energy for different magnetization orientatioRs,*F R 44L % L Fsu ny ,
P OSF E;“‘L% E% L Fs{t rk—'\,l , etc. Here, the hkl superscript represents the direction of the

magnetization in the crystal frame. A similar calculation can be made for the HT sample, with an
appropriate transformation from the lab frame to the crystal frame and viceé4’érba.

appropriate 3x3 rotation matrifo transform from the lab frame to the crystal frame is

S T r
s &P
Ir — —NI
L ¥ 3K W a X
Tr Fs sg
I 3 340
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fshus transforms us from a frame where the (001) is in the +z direction, to one with the (022) of
the crystal along the +z direction. Transforming back from the crystal frame to the lab frame can
be accomplished by applying the inverse (transposg$ # One useful case is the energy

difference ;3(/72155 F R24L Ftzs yk—'\,I . These coordinates would correspond to rotating the

magnetization from the 100 to the 110, or an in-plane rotation of the magnetization in the lab
frame while the Ni film is oriented such that the (011) is in the (001) or out-of-plane direction in

the lab frame. We can estimate the effective fieldgfrom

5 )
ecly cdaw way

Which yields roughly .qq way forthe RT sample, and.yq ssay forthe HT.
KLOH WKHVH HIIHFWLYH ILHOGYVY DUHQYfW WULYLDO LWTV LPF
magnetocrystalline anisotropy alone can only contribute roughly a 6 mT difference in effective

fieldor ur™ of the observed effect.

We now turn our eyes to the magnetoelastic contribution to the free engfgin order
to quantitatively calculate a value fog, ;, a measure of the strain or stress applied to the Ni
layer is required. One way to obtain a bulk measurement of the stress is via XRD, as in Figure
8l $SSOLFDWLRQ Rt-%E D JJWhén/dolded for the lattice spacing d of a desired
lattice plane, can be compared to bulk values of unstrained Ni. The strain in the out-of-plane
direction is defined to be

L TagjdF Fsji

Waz
X X
Tsji

Beginning with the RT sample and a lattice paramétdr w#ét u z%or unstrained fcc

Ni, the XRD reveals a compressive strain L Fr&v . From this, we can obtain the values for

256



in-plane strain by minimizing the elastic and magnetoelastic free energies simultaneously. The

elastic free energys given in Einstein notation B3?339:340

S .
cjl—_t-g-hijghij wa {

Where .q., is a stiffness matrix, subject to cubic symmetry

.55 .56 56 r r r

56 55 56 r r r

56 56 55 r r r ..
e Wsd
gi- r r r gg I r

r r r r .88 r

r r r r r 88

.g-Rre the stiffness constants of Nis L taw $—i55k—'7, sel sax $-r55k—'7, gg L
séazwHsP 5—'\,'. The 4gre the symmetric strain tensors. The elastic free energy, simplified, is

k

(in Voigt notation)

s s )
IPL_t-S-S:gE = 9;57-8-8335 SE ® E 56 56E 67E 57; s

We now turn to the magnetoelastic free energy, which can be written for a cubic crystal

as

oL 552 sER6E D ,E %% . Ex=sE 5= o wsd

Where jare magnetoelastic coupling coefficients. For Nj,L xat Hr k—'\,' and 5 L

{Hsr k—'\,' Minimizing the sum p E o, with respect to ; assuming negligible shear

strains,i.e. gL g L . L r, and allowing the out-of-plane strain free to relax (or sti&sk r)

yields
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Thus, minimizing both terms leads to a minor 6 r’ ;) correction to the result obtained

if we had simply minimized the elastic energy

. FK
slamppcarl_ct!: 56: E . L - E o
! .55 6 5> s F K6 5

Where KLY 3RLVVRQTV 5D WL R a uHdrtiek-elRh Wtrdctural change, both
in-plane strains will be equal by symmetry and we obtain strajins ¢ L r &w . Despite the
only minor correction to 4 there is a large effect to the free energy. Substituting our expression

for ;into the expressions forg, and |pyields

556 5 E 65 =
: &
H E sol SF

E 5=%:¢F 5; WS
.5.5 t.5-5

I1P>QI L F

A similar result ( |psq; L s=2: 5 F ;;is obtained if we had used'a™MPPcanpd
RUGHU WR FRPSDUH WR RXU P DJQH WgldnelddhivibU@onsVso akimU H L Q W
= L r ZId el with

ipsoi L 52 6 F s; wsy

Which if the in-plane strains are equal as expected for the FeRh transition implies that
there is no in-plane magnetoelastic anisotropy. Therefore, in the RT samples there is no effect for

in-plane magnetizations due to the magnetoelastic effects, despite a rather large measured strain.
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There is however a large out of plane anisotropy (effective fieldsit F ¥ & for the

uncorrected and correctedfV UHVSHFWLYHO\

We now need to make the analogous calculation for the HT sample. A first step is to
estimate , ,from XRD using Eq 5.8, which reveals an out-of-plane compressigh

Frarrywyw7KH QH[W VWHS LV WR DS Svih\theTappfopriate DdQr@inate

EXW

transformations. Thes1V FDQ EH WUDQVIRUPHG DV GLVFXVVHG SUHYLR

quantity and can be transformed viaL f$ f$where fis the strain in the crystal reference

frame, andf$he same rotation matrix as previou¥yAgain, we take the shear strains in the lab

frametobe gL o L . L r. Thisyields a strain in the crystal coordinates

i S S o)
.1 >. >. .Ki
) S S NI
i’ —t:6F 7;—t:6E7;O
fFDQ EH GLUHFWO\ LQVHUWHG LQWR (TYV BE@G
syields an expression in terms of the in-plane stragjend ¢
L F:s0Et s=%E 53; _FssFs6Et.gs sF 5656
.
s5E 56E tgg s5E 56E tgg

Again, the corrections due to the magnetoelastic coupling are negligibly small, of

: s 17 2; but the free energy will be considerably more complicated. The in-plane strains can be

estimated s L ¢ L r&rvx" The free energy is
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. 6.8 6_ _ 6.6.6. .+ 6_6 _ 6.
L F 5= EVs 6_5_7_6FV6_7_61E-t 53 FVs g5=%F Zs5.88573,;
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VigsE 56E t gg VigsE 56E t gg
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"KHUH ZHYYH NHSW W HU BNIn\aRd higheY MitdeRter@dHriuthe QredtishH
cosines. It is immediately obvious that this version of the free energy is quite different from the

ip>o1 L 5. 5 F g;term earlier, although the dominant terms are 4 ; for reasonable

strains. Again, it is fruitful to considerfg‘_ﬁl55 F 1%L Fvs tk—'\,l which yields an effective field

cdd S&42 :KLOH D QRQWULY L br@erldfl mdgnivide Loy $iallNoéxpRi thie Q

observed difference between the RT and HT samples.

While the above analysis would seem indicate that direct magnetoelastic anisotropy is
likely not the cause of the difference between RT and HT FeRh/Ni bilayers, the above analysis
comes with a number of limitations and caveats. Foremost is that these energy calculations only
capture direct magnetoelastic anisotropy and cannot account for other magnetoelastic effects
such as domain wall pinning at boundaries. There are also significant instrumental limitations,
even with regards to the direct magnetoelastic anisotropy estimation. While XRD is a valid
technique to extract, full residual strain analysis often requires a rather precise alignment
process. In this work, we attempt to correct for slight alignment differences in the sample by
correcting the MgO XRD peaks to their theoretical values. However residual strain analysis often
requires multiple system specific measurements to reduce the systematic error, and simply
correcting to the MgO is insufficient. In particular, the problem is that for a strained film, the
Bragg Condition will in general only be satisfied for some subset of grains with the proper hkl,

giving a biased sampling to the specular measurement. This can be rectified but requires off axis
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measurements that were outside the scope of the requested time allotted for the experiment. This
uncertainty int Eand thus ;can be roughly quantified by performing the same calculation for

the FeRh (001) peaks. The measurements sholv r &u ~ for the RT sample and; L

r & { z “for the HT sample. While these values are roughly what is expectdd ¢ & u ) and

has been measured for FeRh on MgO substrate, there is still a significant variation both between
the RT and HT, and between our values compared to literature values. It is not clear why there
should be any variation between the RT and HT samples, so this difference likely points rather to
the imprecision of the probe. The FeRh SPT is expected to cause a straidof, so error on

the order of r & ™ would be more than enough to skew any estimations. It is thus worthwhile

to note that the limiting factor in our estimation of the magnetoelastic energy in the HT film is
inherently limited by the strain valug, L Frarrvwywhich essentially corresponds to a
seemingly relaxed film, and is two orders of magnitude smaller than the FeRh SPT strain value.
Repeating the above calculation for an expectgd. Fr &~ from the FeRh SPT shows that

even a partial transfer of onlgr ™ F s w “of the FeRh SPT would be allow sufficiently large
effective fields to explain the difference between the RT and HT samples. Even with stress
relaxation at grain boundaries, this is a reasonable expected strain transfer. It is also well within

the expected error from the probe.

The above discussion is further complicated by the fact that Ni does not have an epitaxial
relation to the FeRh lattice for the 001 and 011 orientations seen in the RT and HT samples
respectively. Both suffer large lattice mismatchBss r *. In cases where the lattice mismatch is
poor, it has been observed that the first few monolayers will follow the epitaxial relationship, and

after some critical thicknes$, will form misfit dislocations to relieve the incredibly large strain.
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Above this critical thickness, the films will develop some nontrivial depth dependent strain that

LVQTW HDVLO\ SUHGLFWHG D SULR@ttdasKH FULWLFDO WKLFNQ

fCVﬂ

L—
ta T,

Where f;, s the experimentally measured lattice parameter, atige lattice mismatch.

An estimate oft,for both samples yield§, s ¢<. Therefore, we can expect the Ni layer to

have misfit dislocations throughout the film. In Fe films grown on W substrate, which
correspond to an approximatedyr ~ lattice mismatch, it was found that the first 1.2 monolayers

of Fe matched the W substrate, and subsequent Fe layers were nearly*f€Ehese Fe

ultrathin films saw heavily modified magnetic properties due to these two different layers
interacting, but they were limited to only 10 ML in total thickness. This comparison would seem
to compare favorably to our toy model of Ni depositing relaxed on FeRh, and being strained due

to the FeRh SPT.

We conclude that the strain of the FeRh SPT is a plausible mechanism for the difference
between RT and HT samples, but further measurements are needed in order to pin down the
exact structural relationship at the interface. A technique such as temperature dependent TEM
would shed additional light to the strain dynamics at the FeRh/Ni interface. Other potential
magnetoelastic mechanisms include domain wall pinning on stress defects such as grain
boundaries or misfit dislocations. Magnetic coupling to the remanent interfacial FM FeRh phase

or the AF phase are also plausible mechanisms.

6.9 Conclusions
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In this chapter, we show a method for growing high quality FeRh films on MgO substrate
via magnetron sputtering. The deposition and annealing temperatures allow for significant
FRQWURO LQ WXQLQJ WKH ILOP TXDOLW\ LQ RUGHU WR RSWLI
structural(chemical) and magnetic quality was confirmed via XRD, AFM, arMd.\CBce the
film quality was confirmed, depositing another FM material onto the FeRh above andtiselow
Tc enables the MSPT to directly modify the magnetic properties of the FeRh/FM bilayer. In
particular, this is likely driven partially by magnetoelastic effects, rather than simple magnetic
coupling. Samples with Ni deposited belowdisplay a low coercivity at low temperature due to
their relaxation after their RT deposition, a spike in the coercivity during the transition due to
phase coexistence, and then a low but modified coercivity of the combined FM FeRh and Ni. In
contrast, samples with the Ni deposited aboyshbw a 18.4 mT (179%) higher coercivity at
low temperature, likely due to the strain state induced by the FeRh SPT after the Ni deposits
relaxed at HT. Across the FeRh transition, it also exhibits a spike in the coercivity, and above T
a low coercivity similar to that seen in the RT sample, driven by the FM FeRh phase. XRR, PNR
and VSM show that the samples are essentially identical in the bulk but vary at theengsfa
well as what orientation of Ni is energetically favorable. These interfacial differences can be
expected to play a critical role due to the fact that the FeRh/Ni strain interaction is solely an
interfacial effect. We also confirmed that these effects are broadly reproducible between

samples.

After establishing that the deposition above or belewah influence the magnetic
properties in our bilayers, we also have a novel route to weigh in on the controversy of the
mechanism behind interfacial FM seen in FeRh bilayers. The similar interfacial FM seen in both

RT and HT samples points towards a common mechanism. The structural differences between

263



the RT and HT samples seems to indicate that strain is a more likely mechanism for interfacial

FM FeRh phase, rather than diffusion.

We then attempt to estimate the theoretical contribution of magnetoelastic anisotropy, as
well as the contribution of different magnetocrystalline energies due to stabilization of different
Ni orientations in the RT and HT samples. Magnetocrystalline anisotropy from {0e2\Ji
texture seen in the RT sample as compared to the Ni (022) in the HT sample can only at most
account for 30% of the difference measured. Magnetoelastic calculations show that while the
FeRh SPT can theoretically account for the coercivity difference between RT and HT samples,
the measured strains are too small. This calculation comes with the caveat that the strain
measurement is relatively imprecise, limiting the inference that can be drawn from the
calculation. Other mechanisms such as domain wall pinning in strain defects such as misfit

dislocations, or some type of magnetic coupling are also plausible contributions.
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Chapter 7. Summary and Outlook

In summary, this work sought to explore the magnetic propetiesmgnetic
heterostructures consisting of a phase transition material and ferromagnet (FM). Towards that
effort, we presented on magnetic bilayers utilizing two canonical phase transition materials,
VO2/Ni and FeRh/Ni. In th& O2/Ni system, prior work had shown that strain at the interface
allowed for the Ni magnetic properties to couple to\l structural phase transitioBRT) via
magnetoelastic couplirg® In this work, the first goal was to explore this magnetoelastic
coupling by tuning the underlyingO., which was accomplished by tuning of the interface,
choice of substrate, and growth parameters. The second goal was to extend this concept to a new
system in FeRh/Ni, which would allow for magnetic coupling to compete with the structural
coupling of an SPT. Adding this additional degree of freedom is a natural synthesipradith
work onVVO2/Ni and the work by Thiele et al. exploring the magnetic coupling in FeRh/FePt

across the FeRh magnetostructural phase transition (MSPT).

Due to the sensitive nature of these phase transition materials Chapter 3 focused
exclusively on tuning V@film morphology. While there is an extensive literature on growth
conditions, the sensitivity afO> and choice of synthesis techniques leads to a rich parameter
space with very different film properties. The literature is further fragmented with studies
interested in differer¥O2 properties such as the optical properties or the temperature coefficient
of resistance rather than the morphology and quality of the SPT. Explicitly using temperature
and Q flow rate to explore the T vsx(®hase diagram suitable for high quaM@: is relatively
underexploredBy varying deposition temperature angfow rate inversely, we show that one

can achieve a high degree of control over the film morphology while simultaneously maintaining
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all or most of the 4 orders of magnitud®, metal to insulator transition (MIT). The choice of
substrate allowed another parameter in tuning/tbe MIT features and morphological
properties due to the varying epitaxial relationship betw&@nand the substrate. In cases of
deposition temperatures of 625 K or higher, films reproducibly showed a full 5 orders of

magnitude MIT rather than the more standard 4 orders seen in most thin films.

After optimizing theVO- layer,VO2/Ni bilayers were fabricated to explore the effect of
theVO2 SPTin VO2/Ni bilayers. The films were deposited using magnetron sputtering and
structurally characterized via atomic force microscopy (AFM) and X-ray Diffraction (XRD). The
bilayers show changes in the coercivity and magnetization as functions of temperature at the
critical temperature () of theVO> due to inverse magnetostrictive effedike first set of
samples considered HUH GHSRVLWHG LQ WKH pu+79 FRQILIJIXUDWLRQ
critical temperature of théO2 (SPT). These samples all show a coercivity enhancement of
around 4.8 mT (37.8%) below the @f the underlying/O and a low coercivity above:TThis
coercivity profile corresponds to the Ni being relaxed wheVtbeis rutile as it was during the
initial Ni deposition and becoming strained asW@» crosses the SPT with decreasing
temperature. The strain imparted to the Ni ate:Ni interface is estimated to be around 22
MPa of the 380 MP&O2 SPT by comparing this enhanced coercivity relative to the unstrained
temperature trend. The choice of substrate can effectively tune this coercivity vs temperature
profile by tuning the underlyingO> SPT thermal hysteresis width ang Thoice of substrate
also leads to different Ni morphology, which also influences the coercivity vs temperature
profile. Samples on TigX(101) substrate with large uniform Ni grains show a sharp 6.2 mT
(73%) coercivity enhancement when the temperature is closadigeTo the phase coexistence

of the underlying/O». c-cut and r-cuf\l.Os samples with smaller grains show this phase
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coexistence enhancement reduced or completely suppressed. Magnetization as a function of
temperature also shows a sharp increase that begiasvéhTncreasing temperature, consistent

with an inverse magnetostrictive effect due to compressive stress frofsePT.

The Ni deposition temperature can also be used as an additional lever for control of the
magnetic properties MO2/Ni bilayers )RU p+79 VDPSOHV 1L ZIbontdieRVLWHG
VO.. By contrast,u579 VDPSOHYV KDG 1[I & H thé&afdrad htdmaniddbnits.

RT samples show the opposite magnetic behavior as compared to the HT case, with a low

coercivity below Tand a 0.626 mT (17%) coercivity enhancement abgvé&he Ni is relaxed

at low temperature wheviO> is monoclinic as it was during the initial Ni deposition and

becomes strained when thH©: transitions to the rutile phase. RT samples also show sharply

localized coercivity enhancement close tallie to phase coexistence of W@, The

magnetization as a function of temperature profile is also reversed, with RT samples showing

sharp decreaseat TQ FRQWUDVW WR WKH +7 VDPSOHVY LQFUHDVH $

substrate allows for tunability in the magnetic properties via tuning of the undevi@ing

While the HT films show reversibility in their magnetic properties over multiple cycles,
RT films displayed irreversible changes in both the coercivity and magnetization as functions of
tempeature after the first heating across ¥@- SPT. A similar irreversibility was observed in
the R vs. T of bar¥O: films, with a 27.7% increase in resistance belewfler the first heating
cycle. A plausible cause for both irreversibility in the magnetic properties of the bilayers and
resistivity of the bar& O, was proposed, that cracks might form to relieve the internal strains of
theVO2 SPT. Cracking across the SPT is commonly seeviOn single crystals and has been
previously observed in thin films, although the data is more limited. Attempts to directly image

cracking via AFM were unsuccessful, possibly due to instrumental limitations or stress
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relaxation at grain boundaries. However, theoretical modeling M@heMIT via a random
resistor network model showed that cracks could plausibly cause the changesinthe Rvs. T

properties.

Lasty, the SPT/FM magnetic bilayer concept was extended to a new system, substituting
FeRh for the/O: layer. FeRh has an SPT in analogy With,, but also introduces magnetic
coupling due to the concurrent AF to FM transition of FeRh. Ni was magnetron sputtered on two
nearly identical FeRh fihsin the RT and HT configurations respectively. The quality of the
FeRh/Ni bilayers were extensively characterized via XRD, XRR, AFM, and magnetometry.
XRD shows that RT films stabilize a (002) out of plane crystal orientation for the Ni, while HT
samples suppress the (002) orientation in favor of the (022). As WWQhease, below dthe RT
samples show a low coercivity due to relaxed Ni, with the HT samples showing a 18.4 mT
(179%) higher coercivity due to strain imparted by the SPT. This is consistent with Ni being
relaxed on the crystal lattice it is deposited on and becoming strained due to the lattice expansion
(contraction) with increasing (decreasing) temperature across the SPT. Magnetocrystalline
anisotropy energy calculations show that the different Ni orientation see between RT and HT
samples can account for at most 30% of the difference in coercivities. Abtve HeRh
transitions to the FM state, and dominates the bilayer coercive response and magnetization for
both RT and HT samples. RT, HT and bare FeRh coercivities all show enhancement localized
close to T likely due to phase coexistence of the FeRh. Polarized Neutron Reflectivity (PNR)
was employed to investigate the structural and magnetic properties of the bilayers with the
thickness dependence that was unavailable by magnetometry. The results confirm that the
enhanced coercivity is due to the Ni layer, and not remanent FM FeRh phase. In addition, PNR

along with XRR results confirm the high quality of the FeRh:Ni interface for both types of
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samples. Lastly, the PNR results offer a new perspective on the origin of the interfacial FM
phase commonly seen in nominally AF FeRh films. Both RT and HT films showed this
interfacial 2.9 nm thick FM layer. The similarity in RT and HT interfacial FM layers, constrained
by consistency with the scattering length density (SLD) fits from PNR indicate that strain is a

more likely mechanism rather than something like diffusion.

Following this work, there are still many open questions. Chapter 3 established that by
inversely varying deposition temperature andl@w rate, a high-quality MIT can be maintained
while tuning the surface morphology\8O». However, it still needs to be established in a
systematic way what effect this has on other material propertd®9fuch as the optical
properties. Tuning other deposition parameters such as pressure or substrate biasing in
combination with the inverse tuning of T and f@w rate should also be explored further. The
so FDOOHe *RHO®PW DUH SDUWLFXODUO\ LQWHUHVWLQJ ZLWK D
orders of magnitude MIT, since most works to date have only obtained a 4 orders of magnitude
MIT for optimized flms. High temperature ® w w r() depositions are relatively underexplored
due to the desire for low temperature processing for industrial application but might offer

superior material properties.

The results of Chapter 4 showed that the magnetic propertié34fli bilayers could be
tuned by controlling features such as the film morphology or substrate choice. Since the transfer
of SPT strain is fundamentally an interfacial effect, nanostructured films or bulk composites that
maximize the interface might hold promise for larger coupling or tunabil#}:>**TheVvO,
SPT is also strongly anisotropic, which was realized@/Ni films on TiO; (101) substrates.

Inducing magnetic anisotropy via an SPT strain in magnetic heterostrustouts be explored
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further. Films that are more single crystalline in nature should show a stronger directional

dependence.

The investigations into the irreversibility in Chapter 5 left a number of unresolved
guestions. Foremost, more work needs to be done to understand craskiwgfilms beyond
simple robustness of the MIT. Commonly, bulk resistivity measurements are the sole
confirmation of the robustness\dO: films. Additional studies of cracking &O: films across
the SPT via techniques such as TEM, in the vein of those performed by Jian et al., would shed
light on how potential cracking or stress relaxation methods accommodate the SP*F'stress.
Choice of substrate or deposition conditions would provide the ability to tune film morphology
and study the change in response. On the theoretical side, the resistor network model has been
well established in capturing thMO> MIT. However, while the Rrisach model is invaluable in
phenomenologically capturing the thermal hysteresis, it would be preferable to capture the
thermal hysteresis from first principles. A better understanding of how intergrain interactions
lead to hysteresis is needed, particularly if it could be directly correlated to grain morphology or

other film properties.

A synthesis of the work in Chapter 6 and the work by Thiele et al. on FeRh/FePt bilayers
would be a bilayer using FeRh and a giant magnetostrictive material such as Tert&hiol-
their work, they focused on the exchange coupling between the FeRh and FePt and showed a
large coercivity change across the FeRh MSPT. This was justified, since the magnetostrictive
coefficient for FePt is similar to Ni, dt N Ev Hsr’* and therefore much smaller than the
exchange and magnetocrystalline energfiés. material like Terfenol-D would maintain the
large anisotropy as well as the exchange coupling across the FeRh MSPT. The orders of

magnitude larger magnetostrictive coefficient could lead to magnetostrictive effective fields
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comparable to the magnetocrystalline anisotropy energy, allowing FeRh/Terfenol-D bilayers to
leverage both aspects of the FeRh MSPT for applications such as heat assisted magnetic

recording (HAMR).

There are a number of investigations that would be of benefit ina#fiNi or FeRh/Ni
systems, or SPT/FM bilayers in general. While this dissertation gave a first pass estimate for
various magnetoelastic calculations such as the stress anisotropy field using established methods,
there is a robust literature in modeling the magnetoelastic effect in a more detailed fashion.
Although an exact theoretical framework is still very much in development, established working
phenomenological models such as those developed by Jiles-Atherton{$abl#) have been
shown to correctly predict a wide range of complex magnetoelastic phenomena including
hysteresis loops and the Villari effééf. These models can be directly applied to SPT/FM
heterostructures. Experimentally, imaging of i layer in-plane resolution via techniques
such as magnetic force microscopy, XMCD, or neutron scattering would be informative for
features such as the domain structure or directly measuring the effects of phase coexistence.
While techniques such as PNR have allowed for depth dependent magnetic studies, to date there
haveQ MW EHHQ DQ\ HISHULPHQWYV WKDW DEiotHe M&alvVSDWLDOO\ P
directions. Lastly, whil&/O> and FeRh are obvious candidates, there are a wide range of SPT

materials to choose from which would offer more tunability in bilayer properties.
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Appendices

Appendix A (Resistor Network Code)

In this section, we present the code used for the resistor grid model presented in Ch. 3.
The current implementation is a Matlab script file, with several function calls. The function calls
are provided below. Originally written in Matlab2016b. It requires the sparse matric package.
The majority of the code (on a per line basis) is updating the conductance matrix, which requires
many special case checks, implemented for computational speed not readability. As a reminder

to the reader, grids larger than roughly 100 by 100 grains are memory iatensiv

%%%%%% %% %% %% %% % %% %% % %% % %% % %% % %% %% %% %% %% % %% % %% % %% % %Y
close all
format long

%initializes size of grid, starting temp, ending temp, and
stepsize

X=100;

Y=100;

T _start=295;

T _end=385;

T_stepsize=10;

%alpha sets the decay for the semiconducting state e”(alpha/kt)
alpha=2775;

%initalizes the grains, conductance matrix etc
[R_metal,R_ins,R_break,X,Y,G,l,iter,sigmasq,Tc_avg,temp,node_col
,Switch_col,Tc_grid,R_eq_vec,solvertimel, Tc_grid_break]=Resistor
Initializer2(X,Y,T_start,T_end,T_stepsize,alpha);

%initializes the voltage vector
R_eq_vec2=R_eq_vec;
V=zeros(X*Y+1,1);
V=sparse(V);
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updatetime=0;

fullstart=tic;

%steps through each temperature
for temp_step=1:iter

temp=temp+T_stepsize

%function that switches a grain between states

[node_col,switch_col]=switcher(
node_col,switch_col,X,Y,R_ins,R_metal,R_break,temp,Tc_grid, Tc_gr
id_break,alpha);

%apply the e”(alpha/kt) semiconducting correction
for iiii=1:Y
for jjjj=1:X
if ((node_col(jjjj+X*(iiii -1),1) > R_metal) &
(node__col(jjjj+X*(iii - 1),1)<R_break)) & (temp>(T_start
2*T_stepsize))

node_ col(jjjj+X*(iiii -1),1) =R_ins.*
exp(alpha/temp)./exp(alpha/300);
end
end
end

%after grains switched for new temp, update conductance
matrix
updatestart=tic;

G=firstrow(G,X,Y,node_col,switch_col);
G=middle(G,X,Y,node_col,switch_col);
G=lastrow(G,X,Y,node_col,switch_col);
updatetime=toc(updatestart)

%solve the linear algebra problem
tic;

v=G \ [;

toc;

%save solution. 585 is a scale factor, to match metallic
state value.

%can be absorbed into R values

R_eq_vec(temp_step,1)=(V(1,1))*585;
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end

%reset switch record for cooling branch

foriii=1:Y
for jjj=1:X
if node__col(jjj+X*(iii - 1),1)<R_break
switch_col(jjj+X*(iii -1),1)=0;
end
end
end

%make sure 'broken' grains dont unswitch
for i=1:X
for j=1.Y
if Tc_grid_break(i,j)~=500
Tc_grid(i,j))=500;
end
end
end

%reshuffle the RNG

rng(‘shuffle’,'twister");

%hysteresis width

hysteresis= 5.8;

%reformat with new TC's

Tc_grid = sigmasq.*randn(X,Y)+ Tc_avg - hysteresis;

for temp_step=L1.iter
%same as heating temperature steps, but for cooling
temp=temp - T_stepsize

[node_col,switch_col]=switchercool(
node_col,switch_col,X,Y,R_ins,R_metal,R_break,temp,Tc_grid,Tc_gr
id_break,alpha);

updatestart=tic;
G=firstrow(G,X,Y,node_col,switch_col);
G=middle(G,X,Y,node_col,switch_col);
G=lastrow(G,X,Y,node_col,switch_col);
updatetime=toc(updatestart);

V=G \ [;

R_eq_vec2(iter - temp_step+1,1)=(V(1,1))*585;
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R_eq_vec2(iter -temp_step+1,1);
end

fullend=toc(fullstart);
solvertimel;

%plots the Rvs. T for both heating and cooling
tempaxis=[T_start+T_stepsize:T_stepsize:T_end]’;
R_eq_vec2fix=R_eq_vec2.*0;
for ijk=2:iter

R_eq_vec2fix(ijk -1,1)=R_eq_vec2(ijk,1);
end

semilogy(tempaxis,R_eq_vec,'T.");
hold on
semilogy(tempaxis,R_eq_vec2fix,'b.";

plotter=zeros(iter,3);
plotter(:,1)=tempaxis;
plotter(:,2)=R_eq_vec;
plotter(:,3)=R_eq_vec2fix;

hold off
90%9%0%%0%% %% %% %% %% %0 %% %% %% %% %% %% %0 %6 %0 %6 %% %% % %% %% %0 %6 %0 %% %% %% %Y

%%%%%%%% %% %% %% % %% %% %% %% %% %% %% %% %% %% % %% %% %% %% %% %% % %Y
function [
R_metal,R_ins,R_break,X,Y,G,l,iter,sigmasq,Tc_avg,temp,node_col,
switch_col,Tc_grid,R_eq_vec,solvertimel,Tc_grid_break | =
Resistorlnitializer(X,Y,T_start,T_end,T_stepsize,alpha)

%lInitializes everything, sets parameter values like resistance

etc

R_metal= (0.1);

R_ins=881268.41/585; %exact values fit to data

R_break=1e13; %arbitrary, but not too large to make matrix

singular

G=Gbuild8(X,Y,R_metal,R_ins);
|= sparse(X*Y+1,1);

Va=l;
I(1,2)= (1);

291



%intializes RNG
rng(‘shuffle’,'twister");

%sets Tc, spread in TC for diff grains etc
iter=(T_end - T_start)/(T_stepsize);
sigmasq = 8;%8,;

Tc_avg = 333.35;%332.75;%333.75;%333.25;
temp=T_start -T_stepsize;

%records resistance for grains
node_col=R_ins.* ones(X*Y,1);

switch_col=int8(zeros(X*Y,1));
%records TC for grains
Tc_grid = sigmasq.*randn(X,Y)+ Tc_avg;

R_eq_vec=zeros(iter,1);

solvertime1=0;

%how many grains should break. a is the % allowed to break
break _grid=zeros(X,Y);

for i=1:X
for j=1:Y
a=rand();
if a <= 0.0625;
break_grid(i,j)=1;
end
end
end

%grains have same spread as TC to break

Tc_grid_break=sigmasqg.*randn(X,Y)+ Tc_avg;
Tc_grid_break=break_grid .* Tc_grid_break;
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for i=1:X
for j=1:Y
if Tc_grid_break(i,j)==0
Tc_grid_break(i,j)=500;
en d
end
end

temp=T_start -T_stepsize;

end
20%%%%0%% %% %% %% %% % %% % %% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %Y

%%%%%% %% % %% % %% % %% %% % %% % %% %% %% %% %% % %% % %% % %% % %% % %% % %Y
function [ node_col,switch_col] = switcher(
node_col,switch_col,X,Y,R_ins,R_metal,R_break,temp,Tc_grid, Tc_gr

id_break,alpha)

%switches grains from semiconducting to metallic if >Tc. also

breaks chosen

%grains
for ii=1:Y
for jj=1:X
if (node_col(jj+X*(ii -1),1)<(R_ins*
exp(alpha/temp)./exp(alpha/300)+0.1) || node_col(jj+X*(ii -1),1)
> (R_ins* exp(alpha/temp)./exp(alpha/300) -0.1))

if temp > Tc_grid(jj,ii) &
(Tc_grid_break(jj,ii)==500)

node_ col(jj+X*(ii - 1),1)=R_metal;
switch__col(jj+X*(ii -1),1)=1,;
end

i f(temp > Tc_grid(jj,ii)) &
(Tc_grid_break(jj,ii)<500)

node_ col(jj+X*(ii - 1),1)=R_break;
switch_col(jj+X*(ii -1),1)=1;
end
end
end
end
end

%%%0%%%0%% %% %%%0% %% %% %% %% %% %% %% %% % %% %% %0 %% %% %% % % %% %% % %Y
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%%%%%% %% % %% %% %% %% % %% %% % %% % %% % %% %% % %% % %% % %% %% %% %% % %Y
function [ a ] = g( node_col,x,y )

%definition of conductance between 2 grains. simply to clean up

code

a=((node_col(x,1)+node_col(y,1))/2);

end
20%%%%0%% %% %% %% %% % %% % %% %% %% %% %% %% %% %% %% % %% %% %% %% %% % %Y

%%% %% % %% % %% % %% % %% %% % %% % %% %% %% %% %% % %% % %% % %% % %% % %% % %Y
function [ G ] = firstrow( G,X,Y,node_col,switch_col )

%updates first row of conductance matrix. special cases for

edges (has to go out to next

%nearest neighbors)

for n=1:X

if (n>1) && (n<X)

G(n+1,n+1)=1./g(node_col,n,n
1)+1./g(node_col,n,n+1)+1. /g(node col,n n+X)+2 /node_col(n,1);

if (n>2) && (n < (X -1))
G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col, n-
1,n)+1./g(node_col,n - 1,n+X - 1)+2./node_col(n -1,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(hode

_col,n+1,n+X+1)+2./node_col(n+1,1);
G(n+1+X,n+1+X)=1./g(node_col,n+X,n

1+X)+1./g(node_col,n+X,n+X+1)+1./g(hode_col,n+X,n)+1. /g(node col

,n+X,n+X+X);
else
if n==2
G(n,n)=1./g(node_col,n - 1,n)+1./g(node_col,n -
1,n+X - 1)+2./node_col(n -1,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+1,n+X+1)+2./node_col(n+1,1);
G(n+1+X,n+1+X)=1./g(node_col,n+X,n
1+X)+1./g(node_col,n+X,n+1+X)+1./g(node_col,n+X,n)+1./g(node__ coI
,N+X,n+X+X);
end
if n==(X -1)
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G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(hode_col,n+1,n+X+1)+2./node

_col(n+1,1);
G(n,n)=1./g(node_caoal, n- 1,n - 2)+1./g(node_col,n
1,n)+1./g(hode_col,n - 1,n+X - 1)+2./node_col(n -1,1);

G(n+1+X,n+1+X)=1./g(node_col,n+X,n
1+X)+1./g(node_col,n+X,n+X+1)+1./g(node_col,n+X,n)+1./g(node__ coI

,N+X,n+X+X);

end
end
G(n+1,n+2)= - 1./g(node_col,n,n+1);
G(n+2,n+1)= - 1./g(node_col,n+1,n);
G(n,n+1)= - 1./g(node_col,n -1,n);
G(n+1,n)= - 1./g(node_col,n,n -1);
G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
G(1,n+1)= - 2./node_col(n,1);
G(n+1,1)=G(1,n+1);

else

if n==1

G(n+1,n+1)=1./g(node_col,n,n+1)+1./g(node_col,n,n+X)+2./node_col
(n,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+X+1)+1./g(no
de_col,n+1,n+2)+2./node_col(n+1,1);

G(n+1+X,n+1+X)=1./g(node_col,n+X,n+1+X)+1./g(node_col,n+X,n)+1./
g(node_col,n+X,n+X+X);

G(1,n+1)= - 2./node_col(n,1) ;

G(n+1,1)=G(1,n+1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
end
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if n==(X)
G(n+1,n+1)=1./g(node_col,n,n -
1)+1./g(node_col,n,n+X)+2./node_col(n,1);

G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n -
1,n)+1./g(hode_col,n - 1,n+X - 1)+2./node_col(n -1,1);

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+X);

G(1,n+1)= - 2./node_col(n,1);
G(n+1,1)=G(1,n+1);

G(n+1,n+2)=0;
G(n+2,n+1)=0;
G(n+1,n)= - 1./g(node_col,n,n -1);
G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
end

end

junkvar=0;
for k=2:X+1
junkvar=junkvar+G(k,1);

end
G(1,1)= - junkvar;

switch_col(n,1)=2;
end
end
%%%%%%%%% %% % %% % %% %% % %% % %% % %% % %% %% % %% %% %% %% % %% %% % % %Y

%%%%%% %% % %% % %% % %% %% % %% % %% % %% % %% %% % %% % %% % %% % %% % %% % %Y
function [ G ] = lastrow( G,X,Y,node_col,switch_col )
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%updates last row of conductance matrix. special cases for edges
(has to go out to next

%nearest neighbors)

for n=X*Y - X+1L.X*Y

ifn> (XY - X+1) && (n < (X*Y))

G(n+1,n+1)=1./g(node_col,n,n -

1)+1./g(node_col,n,n+1)+1./g(node_col,n,n - X)+2./node_col(n,1);
if (n> (X*Y - X+2)) && (n < (X*Y -1))
G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n

1,n)+1./g(node_col,n -1,n -X- 1)+2./node_col(n -1,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+1,n - X+1)+2./node_col(n+1,1);

G(n+1 - X,n+1 - X)=1./g(node_col,n -X,n -1-
X)+1./g(node_col,n - X,n+1 - X)+1./g(node_col,n -
X,n)+1./g(node_col,n - X,n -X- X);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n -1,n);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);

else

if n == (X*Y - X+2)

G(n,n)=1./g(node_col,n - 1,n)+1./g(node_col,n
X-1)+2./node_col(n -1,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+1l,n - X+1)+2./node_col(n+1,1);

G(n+1 - X,n+1 - X)=1./g(node_col,n -X,n -1-
X)+1./g(node_col,n - X,n - X+1)+1./g(node_col,n -
X,n)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1,n+2)= - 1./g(node_col,n,n+1);
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G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(hode_col,n,n - X);
end
if n == (X*Y -1)

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(nhode_col,n+1,n -
X+1)+2./node_col(n+1,1);

G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n
1,n)+1./g(node_col,n -1,n -X- 1)+2./node_col(n -1,1);
G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n - X+1)+1./g(node_col,n -
X,n)+1./g(node_col,n - X,n -X- X);
G(n+1 - X,n+1)= - 1./g(node_col,n,n+1);
G(n,n+1)= - 1./g(node_col,n -1,n);
G(n+1,n)= - 1./g(node_col,n -1,n);
G(n+2,n+1)= - 1./g(node_col,n+1,n);
G(n+1,n+2)= - 1./g(node_col,n,n+1);
G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
end
end
else
if n == (X*Y - X+1)

G(n+1,n+1)=1./g(node_col,n,n+1)+1./g(node_col,n,n
X)+2./node_col(n,1);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+1l,n - X+1)+2./node_col(n+1,1);

G(n+1 - X,n+1 - X)=1./g(hode_col,n - X,n+1 -
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n -X- X);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
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G(n,n+1)=0;

G(n+1,n)=0;
end
if n==(X*Y)
G(n+1,n+1)=1./g(node_col,n,n - 1)+1./g(node_col,n,n -
X)+2./node_col(n,1);
G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n -
1,n)+1./g(node_col,n -1,n -X- 1)+2./node_col(n -1,1);
G(n+1 - X,n+1 - X)=1./g(node_col,n -X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n -X- X);
G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(hode_col,n,n - X);
G(n,n+1)= - 1./g(node_col,n -1,n);
G(n+1,n)= - 1./g(node_col,n,n -1);
end

end

switch_col(n,1)=2;
end
end
%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% %% %% %% %% %% % %Y

%%%%%6%%% %% %% %% % %% %% %% %% %% %% %% %% %% %% % %% %% %% %% %% %% % %Y
function [ G ] = middle( G,X,Y,node_col,switch_col )

%updates conductance matrix. at least 2 away from any edge (has

to go out to next

%nearest neighbors)

for n=X+1:X*Y -X
if (mod(n,X)~= 1) && (mod(n,X)~= 0)
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G(n+1,n+1)=1./g(node_col,n,n -
1)+1./g(node_col,n,n+1)+1./g(node_col,n,n -
X)+1./g(node_col,n,n+X);

if (mod(n,X)>2) && (mod(n,X) < (X - 1)

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(hode_col,n+1,n+2)+1./g(node
_col,n+1l,n - X+1)+1./g(node_col,n+1,n+X+1);

G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n -
1,n)+1./g(hode_col,n -1,n -X- 1)+1./g(node_col,n -1,n+X - 1);
if (N> (2*X+2)) && (n < (X*Y - 2*X - 1))

G(n+1+X,n+1+X)=1./g(node_col,n+X;n
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(node__ coI

,n+X;n+X+X);

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n -X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);

else

if (n > (X+1)) && (n < (2*X -1))

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(hode_col

,N+X,n+X+X);

G(n+1 - X,n+1 - X)=1./g(hode_col,n -X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n+1 - X)+2./node_col(n
X,1);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
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G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+ 1- X)=- 1./g(hode_col,n,n - X);
end
if (n > (X*Y - 2*X+2)) && (n < (X*Y -X- 1))

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+2./node_col(n
+X,1);

G(n+1 - X,n+1 - X)=1./g(node_col,n -X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n -X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1- X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
end
en d
else
if mod(n,X)==2

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+l,n - X+1)+1./g(node_col,n+1,n+X+1);

G(n,n)=1./g(node_col,n - 1,n)+1./g(hode_col,n
X-1)+1./g(node_col,n -1n+X -1);
if (N> (X+2)) && (n < (X*Y - 2*X+2))

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(node_col
,N+X,n+X+X);

G(n+1 - X,n+1 - X)=1./g(node_col,n -X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);
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G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(hode_col,n,n - X);
else

if n==(X+2)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(node_col
,N+X,n+X+X);

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n+1 - X)+2./node_col(n
X,1);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(hode_col,n,n - X);

end
if n==(X*Y - 2*X+2)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)++2./node_col(
n+X,1);

G(n+1 - X,n+1 - X)=1./g(hode_col,n -X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);

end
end

end
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if mod(n,X)==(X

-1)&&n>(X -1)

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(hode_col,n+1,n+1 -

X)+1./g(node_col,n+1,n+X+1);
G(n,n)=1./g(node_col,n
1,n)+1./g(hode_col,n

if (n > (2*X)) && (n < (X*Y

-1,n -X- 1)+1./g(node_col,n

-1,n - 2)+1./g(node_col,n
-1,n+X - 1);

-X- 1))

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(node_col

,n+X;n+X+X);

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n -X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n -1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);

else

if n==(2*X -1)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)+1./g(hode_col

,N+X,n+X+X);

G(n+1
X)+1./g(node_col,n
X,1);

G(n,n+1)=
G(n+1,n)=

G(n+1,n+2)=
G(n+2,n+1)=

G(n+1+X,n+1)=
G(n+1,n+1+X)=
G(n+1
G(n+1,n+1

end

- X,n)+1./g(node_col,n

- X,n+1 - X)=1./g(node_col,n -X,n -1-
- X,n+1 - X)+2./node_col(n

- 1./g(node_col,n
- 1./g(node_col,n,n

-1n) ;
- 1);

- 1./g(node_col,n,n+1);
- 1./g(node_col,n+1,n);

- 1./g(node_col,n+X,n);
- 1./g(node_col,n,n+X);
- X,n+1)= - 1./g(node_col,n - X,n);
- X)=- 1./g(hode_col,n,n - X);
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if n==(X*Y -X)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n -
1+X)+1./g(node_col,n+X,n)+1./g(node_col,n+X,n+X+1)++2./node_col(
n+X,1);

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n)+1./g(node_col,n -X,n+1 -
X)+1./g(node_col,n - X,n -X- X);

G(n,n+1)= - 1./g(node_col,n - 1,n);

G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);

end
end
end
end
else
if mod(n,X)==1

G(n+1,n+1)=1./g(node_col,n,n+1)+1./g(node_col,n,n
X)+1./g(node_col,n,n+X);

G(n+2,n+2)=1./g(node_col,n+1,n)+1./g(node_col,n+1,n+2)+1./g(node
_col,n+l,n - X+1)+1./g(node_col,n+1,n+X+1);

if n < (X*Y - 2¥X+1)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n+X+1)+1./g(hode_col,n+X,n)+1./
g(node_col,n+X,n+X+X);

if n > (X+1)

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n+1 -
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n -X- X);

G(n+1,n+2)= - 1./g(node_col,n,n+1);

G(n+2,n+1)= - 1./g(node_col,n+1,n);

G(n+1+X,n+1)= - 1./g(node_col,n+X,n);

G(n+1,n+1+X)= - 1./g(node_col,n,n+X);

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);

G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
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G(n,n+1)=0;

G(n+1,n)=0;
else
if n == (X+1)
G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n+1 -
X)+1./g(node_col,n - X,n)+2./node_col(n - X,1);
G(n+1,n+2)= - 1./g(node_col,n,n+1);
G(n+2,n+1)= - 1./g(node_col,n+1,n);
G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
G(n,n+1)=0;
G(n+1,n)=0;
end
end
else
if n == (X*Y - 2*X+1)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n+X+1)+1./g(node_col,n+X,n)+2./
node_col(n+X,1);

G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n+1 -
X)+1./g(node_col,n - X,n)+1./g(node_col,n - X,n -X- X);
G(n+1,n+2)= - 1./g(node_col,n,n+1);
G(n+2,n+1)= - 1./g(node_col,n+1,n);
G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(node_col,n,n - X);
G(n,n+1)=0;
G(n+1,n)=0;
end
end
end
if mod(n,X)==0
G(n+1,n+1)=1./g(node_col,n,n - 1)+1./g(node_col,n,n
X)+1./g(node_col,n,n+X);
G(n,n)=1./g(node_col,n -1,n - 2)+1./g(node_col,n -
1,n)+1./g(node_col,n -1,n -1- X)+1./g(node_col,n -1,n - 1+X);
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if n <(X*Y - 2%X+1)

G(n+1+X,n+1+X)=1./g(node_col,n+X,n

1+X)+1./g(node_col,n+X,n)+1./g(node__

if n> (2*X)
G(n+1
X)+1./g(node_col,n

G(n,n+1)=
G(n+1,n)=

G(n+1,n+2)=0;
G(n+2,n+1)=0;

G(n+1
G(n+1,n+1
G(n+1+X,n+1)=
G(n+1,n+1+X)=

col,n+X,n+X+X);

- X,n+1 - X)=1./g(node_col,n
- X,n -X-X )+1./g(node_col,n

- 1./g(node_col,n

- 1./g(node_col,n,n

- X,n+1)= - 1./g(node_col,n
- X)=- 1./g(hode_col,n,n

-X,n -1-

-1,n);
-1);

- X,n);
- X);

- 1./g(node_col,n+X,n);
- 1./g(node_col,n,n+X);

else
if n == (2*X)
G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-
X)+1./g(node_col,n - X,n)+2./node_col(n - X,1);
G(n,n+1)= - 1./g(node_col,n -1,n);
G(n+1,n)= - 1./g(node_col,n,n -1);
G(n+1,n+2)=0;
G(n+2,n+1)=0;
G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X) =- 1./g(hode_col,n,n - X);
G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
end
end
else
if n == (X*Y - X)
G(n+1+X,n+1+X)=1./g(node_col,n+X;n -
1+X)+1./g(node_col,n+X,n)+2./node_col(n+X,1);
G(n+1 - X,n+1 - X)=1./g(node_col,n - X,n -1-

X)+1./g(node_col,n

G(n,n+1)=

- X,n -X- X)+1./g(hode_col,n

- 1./g(node_col,n
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G(n+1,n)= - 1./g(node_col,n,n -1);

G(n+1,n+2)=0;
G(n+2,n+1)=0;

G(n+1 - X,n+1)= - 1./g(node_col,n - X,n);
G(n+1,n+1 - X)=- 1./g(hode_col,n,n - X);
G(n+1+X,n+1)= - 1./g(node_col,n+X,n);
G(n+1,n+1+X)= - 1./g(node_col,n,n+X);
end
end
end

end

switch_col(n,1)=2;
end
end

%%%0%%%0%% %% %% %0%% %% % %% %% % %% %% %% % % %% % %% %% %% % %% % %% %% %0 %Y

%%%%%%%% %% %% % %% %% %% %% %% %% %% %% %% %% %% %0 %% %% %% %% %% %% % %Y
function [ node_col,switch_col | = switcher(
node_col,switch_col,X,Y,R_ins,R_metal,R_break,temp,Tc_grid,Tc_gr

id_break,alpha)

%%switches grains from metallic to semiconducting if <Tc. also

breaks chosen

%grains

for ii=1:Y
for jj=1:X
if (node_col(jj+X*(ii -1),1) < (R_ins *
exp(alpha/temp)./exp(alpha/300)+0.00001) || node_col(jj+X*(ii -
1),1) > (R_ins* exp(alpha/temp)./exp(alpha/300) - 0.00001))&
(node_col(jj+X*(ii - 1),1)~=R_break)
if temp < Tc_grid(jj,ii)
node_col(jj+X*(ii -1),1)=R_ins*
exp(alpha/temp)./exp(alpha/300);
switch_col(jj+X*(ii -1),1)=1;
end
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end
end
end

end
20%%6%%0%% %% %% %% %% % %% % %% %% %% %% %% %% %% %6 % %0 %% %% %% %% %% %% % %Y

Appendix B (Sputtering Deposition Procedure)

In this appendix, we provide the detailed procedure used during the sputtering of both the
VO2/Ni and FeRh/Ni bilayers. The same procedure was used for each material, with any
differences noted. The substrate holder is rotated at 40 rotations/min throughout the process in

order to improve deposition uniformity. The procedure is as follows:

(1) The temperature is ramped by set point to the deposition temperature. Its first set to 200
(, thenincreased to 400 instepsof 50( J)URP WKHUH LWYV FRQWLQXDO
steps of 25( to the desired deposition temperature. At each set point, the system is
allowed to settle at the set temperature before continuing the ramp. Once the deposition
temperature is reached, the sample is allowed to thermally equilibrate for 15 minutes.
This process corresponds to an approximate heating rate of {5-B71. Q

(2) Concurrent with the thermal equilibration step in (1), a presputter is performed to prepare
the target for deposition. With the shutter of the sputtering gun closed, the target is first
presputtered for 5 minutes in a pure Ar atmosphere at 50 W and 4 mTorr pressure.

(3) For the reactive V@sputter, a second presputter is performed for 10 minutes under the
operating conditions in order to prepare a stable and uniform plasma for the deposition.

(4) The actual sputter is performed with power applied to the target. Details on the conditions

(temperature, gas partial pressures, length of sputter, etc.) will be given below.
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(5) The sample is returned to room temperature in a procedure analogous to (1),lexcept a
temperature steps are Z5 It is worth noting that the system does not have an active
cooling system, so the rate is significantly slower than the initial heating process, leading
to an approximate rate of 13/min. Gas flow, partial pressures, and total pressure are all
maintained at the deposition conditions during the cooling until the sample is below 200
( . Below 200 ( , the chamber is evacuated back to vacuum, and the sample is removed
when the temperature is belowr (.

(6) In the case of FeRh, an in-situ anneal is required. Immediately after deposition, the
temperature is raised as in step (1) to the annealing temperature. The anneal is done under
the same Ar flow and pressure as in the deposition.

(7) If this is the final layer, a capping layer of 3-5 nm of Al is applied in-situ after the sample
has cooled below r (. The Al gun is operated at 4 mTorr Ar, 50 W in a DC magnetron
setup. If Ni is to be deposited, the sample is removed from the chamber to atmosphere

and reintroduced, following the above procedure.

Appendix C (XRD/XRR Procedure)

Here, we provide the procedure used to collect XRD scans on a Bruker D-8lSeries-
diffractometer. The same procedure was used for XRR scans, with minor modifications as

discussed below, in order to optimize the measurement results.

(1) The source is set to 40 V and 40 mA and allowed to warm up for approximately 10

minutes to allow for thermal equilibrium.
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(2) The sample is mounted to the sample stage, placed approximately at the center of the
beam.

(3) A scan is performed along z-axis, and the sample is set a value half between where the
scan begins showing a maximum and a minimum signal. This corresponds to the surface
of the film being at the halfway point in the beam profile. The source and detector both
contain slits with widths of 0.1 mm. A copper foil is used to attenuate the beam
appropriately.

(4) Next, a scan is performed along the x-axis, and the sample is placed at the minimum of
the signal. This corresponds to the sample profile being directly in the beam, and hence
the maximum reduction in signal.

(5) Step 2 is repeated, with a scan rate of 1 second per step, and step size 0.005 mm.

(6) The slits are changed to a 0.2 mm slit on the source, and a 0.2 mm followed (in the sense
of source to detector) by a 0.6 mm slit.

(7)$ PURFNLQJ F XddanHdgpaffern€d. Tais is equivalent to decoupngEin a
small range and adjusting The sample is rocked, typically on an expected substrate
peak such as the (1-102) peak for r-cut sapphire at f A step size of & fand
collection time 1 second per step is adequate. By picking the peak, this accounts for any
small shifts between the theoretidalt Ematch. A typical discrepancy isa f

(8) Optionally, other alignment may be performed while the sample is at the rocking curve
angles. The first is a y-axis scan, to maximize the signal by maximizing the surface area
of the sample in the beam. The other i$saan, which tilts the sample stage in a rotation

around the y-axis.
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(9) A E tEscan is performed for the desired range, with a step sizé fdnd 0.5 s

collection time per step. The same 0.2/0.2/0.6 mm slit set up as in 6 is maintained.

For XRR, some minor adjustments are made to the above procedure. To begin, the
preference is to mount the sample without the glass slide. While in principle it does not matter, in
practice it makes the alignment significantly easier, and there is no signal from the Al backplate
to worry about. The XRR procedure follows that given for XRD up until step 5. Step 5 is
performed, but is done 3 times, and the results averaged, for a finer average. Steps 4-6 are often
iterated to improve the alignment. Then a rocking curve is performed with the 0.1 mm/0.1 mm
slits, at some low angle below the critical angle, typically a f A $scan can optionally be
performed. Then the actual scan is taken for the desired range, typiaaly f or until the
Kiessig fringes are sufficiently hidden by background noise. One major difference from the XRD
procedure is the wide range of intensities that need to be accommodated. In order to do so, the
slit size (ranging from 0.05 mm to 0.2 mm), Soller slits, copper foil, and knife edge are adjusted
manually. The detector used works best for counts per second (CPS) below 50,000, but above
10,000. In addition, the detector behavior is linear below 50,000 CPS. When possible, this range
was utilized. Thus, a full scan is done in pieces, and later stitched together and artificially
renormalized to the first scanuJ % UXNHUTY SURSULHWDU\ (9% VRIWZDUH
averaged over at least 3 runs to improve signal to noise ratios. Each scan ésegstep size,

1 second collection time.

Appendix D (VSM Magnetometry Procedure)
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In this section, we provide the detailed procedure for both M vs. T and M vs. H
measurements respectively. For the M vs. T, the procedure is as follows:

(1) The sample is mounted onto the carbon fiber rod, as described above.

(2) The sample rode is then inserted through the top of the VSM motor until the magnet seal
engages. No sample shield is used during this process.

(3) The chamber is then pumped down to low vacuum (~33 Torr). If the VSM Oven option
(described below) is used, the system is pumped down to high vacuum (~0.1 mTorr).

(4) The coils are then run through a demagnetization process, wherein the field is ramped to
2 T, and then oscillated back down to O T. This helps to reduce any remanent
magnetization in the pickup coils.

(5) The sample is then centered by applying a 100 mT field and looking for a peak in voltage
while the sample is moved through the coils. FoM@e/Ni samples, this is done at
room temperature, using the FM Ni signal. For the FeRh/Ni samples, the samples are
heated abovecland either the FM FeRh in bare FeRh or the combined signal of FM
FeRh and Ni is used to center the sample. Often a sample hysteresis loop is taken to
verify the sample is correctly mounted.

(6) If the cooling branch is run first, the temperature is ramped at 5 K/min to a temperature
sufficiently above Tto fully transition the film, and a 1 T field is applied to saturate the
magnetization. The temperature is stabilized for approximately 10 minutes, and then the
field is reduced to the measurement field 100-250 mT.

(7) The temperature is then decreased by 1 K/min continuously to room temperature or
slightly below, to ensure the SPT material has fully transitioned. The magnetization of

the sample is recorded at 1 Hz intervals.
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(8) The temperature is then increased at 1 K/min back to the starting temperature while

recording the magnetization, again at 1 Hz.

The procedure for M vs. H is similar:

(1) The sample is mounted onto the carbon fiber rod, as described above.

(2) The sample rode is then inserted through the top of the VSM motor until the magnet seal
engages. No sample shield is used during this process.

(3) The chamber is then pumped down to low vacuum (~mTorr). If the VSM Oven option
(described below) is used, the system is pumped down to high vacuum ().

(4) The coils are then run through a demagnetization process, wherein the field is ramped to
2 T, and then oscillated back down to O T. This helps to reduce any remanent
magnetization in the pickup coils.

(5) The sample is then centered by applying a 100 mT field and looking for a peak in voltage
while the sample is moved through the coils. Fo@e/Ni samples, this is done at
room temperature, using the FM Ni signal. For the FeRh/Ni samples, the samples are
heated abovecland either the FM FeRh in bare FeRh or the combined signal of FM
FeRh and Ni is used to center the sample.

(6) If the cooling branch is run first, the temperature is ramped at 5 K/min to a temperature
sufficiently above Tto fully transition the film, and a 1 T field is applied to saturate the
magnetization. The temperature is stabilized for approximately 10minutes, and then the
field is reduced to 100-250 mT, corresponding to the smallest field needed to complete a
full closed hysteresis loop. The temperature is then reduced to the first measurement
temperature at 1 K/min and allowed to stabilize for 5 minutes. The applied magnetic field

is swept through a full hysteresis loop at this temperature. The sample is then
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automatically re-centered, before proceeding to the next temperature where this process is
repeated.

(7) Once the cooling branch is complete, after the last measurement temperature, the
temperature is increased to the first heating measurement temperature at 1 K/min, and the
temperature is allowed to stabilize for 5 minutes. The applied magnetic field is swept
through a full hysteresis loop at this temperature. The sample is then automatically re-

centered, before proceeding to the next temperature where this process is repeated.

Note that steps 5 and 6 are interchangeable. Whether the heating or cooling branch is
done first is picked for convenience corresponding to what temperature the centering is done at
and has no impact on the measurement. Far, YHs means that the heating is first, followed by
the cooling branch. Whereas for FeRh, the cooling branch is followed by the heating branch. The
exception is when virgin samples are needed to study the effects of the first thermal cycling,
which will be indicated and discussed in the results sections when necessary. If both M vs. H and
M vs. T characteristics are measured for the same sample, often they are done sequentially. Steps
1-4 will be performed, then the M vs. H procedure, followed by steps 5-7 of the M vs. T
procedure. Again, this has no effect on the measurement, except when studying the effects of the
first thermal cycle. One comment needs to be made with respect to steps 5-6 in the M vs. H
procedure. It was found that there was a roughly 0.5 K temperature drift away from the set point
at the start of the hysteresis loop, regardless of the time allowed for the temperature to stabilize.
However, during the active measurement of the loop, the QD system fixes this discrepancy. The
VO2/Ni films were relatively insensitive to this phenomenon, however for the FeRh and FeRh/Ni

samples, often 2-3 loops were run consecutively when near drder to get a proper hysteresis
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loop. More details will be given in future sections, but it is believed that this artifact of the

system did not meaningfully affect the results shown.

Appendix E (SQUID Magnetometry Procedure)

In this section, we provide the detailed procedure for both M vs. T and M vs. H measurements

respectively. The procedure for a M vs. T measurement in the SQUID is as follows:

(1) The sample is mounted onto the sample rod, as described above.

(2) The sample rod is then inserted into a glass sleeve, which acts as an intermediate Load-
Lock system. The glass sleeve is purged and pumped down three times.

(3) The valve to the sample chamber is opened, and the rod can be inserted into the lip seal.
Once it is lowered into the chamber, a Swagelock clamp is tightened onto the top of the
rod.

(4) Optionally, a demagnetization process can be performed, but it is slow and uses a large
amount of helium, so is only done when necessary. The magnetis rampedto 1 T
(maximum for the magnet), and then oscillates back to O T in order to reduce any
magnetization of the pickup coils. The magnet also has a full reset option that
corresponds to allowing portions of the magnet to go normal but uses too much helium to
be used in the standard procedure.

(5) The centering process is started. For FeRh based samples, this is done at 400 K and 100

mT applied field. The temperature is ramped at 5 K/min, and the sample is allowed to
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stabilize for 10 min. Again, a peak in voltage appears as the sample is moved through the
pickup coils.

(6) The sample is saturated at 1 T. The field is then ramped down to 100 mT in No
Overshoot mode, which compensates for the inherent relaxation of the superconducting
magnet.

(7) The cooling branch is begun, reducing the temperature at 1 K/min with a steady 100 mT
applied field. Data is collected in approximately 1 second intervals, limited by the linear

motor.

Once the cooling branch is complete, the heating branch is done by increasing the temperature at
1 K/min, again in the same 100 mT field. Data is collected in approximately 1 second intervals,

limited by the linear motor.

Appendix F (AFM Procedure)

In this appendix, we provide the procedure used for AFM measurements. The procedure is given
below:

(1) If necessary, load the tip into a Bruker designed chip carrier. The tips used in this work
were either pre-mounted to a ceramic chip carrier via adhesive, or a Bruker metallic chip
carrier utilizing a spring clip. The pre-mounted tips tend to be much more robust and give
better images but stopped becoming commercially available during the course of this
work.

(2) Once loaded, the chip carrier is mounted onto an AFM probe cartridge. The chip carrier is
held down via another spring clip. 3 balls insert into slots in the chip carrier to hold it in

place. The cartridge contains the circuity used to excite the cantilever.
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(3) The sample is placed onto the sample mount, and then the probe cartridge is inserted.

(4) The laser is aligned onto the tip of the cantilever, with the aid of an optical microscope.

(5) The reflection into the photodetector is optimized for maximum voltage and centered on
the array by adjusting mirrors that bounce the signal into the detector. A typical
maximum voltage is ~2.5 V, with lateral centering at less than 0.1 V off center

(6) Next, tune to find the resonance peak. Most parameters such as the driving voltage are
automated by Bruker software, with the exception of setting the gain (x8) and target
tapping signal. We use 3.5 V on the left shoulder of the resonance peak, which is in the
60-70% recommended range of the max signal of 5V.

(7) The tip is then brought to the sample surface. First it is lowered via motor to a safe
distance, and then engaged utilizing the feedback system. The distance to the surface is
set by another target voltage, roughly 2.0-2.1 V, again roughly 60% of the 3.5 V target
voltage. Lower voltages correspond to the tip being closer to the surface and vice versa.

(8) The PID controls are also in this step. PID values of either P=.33, 1=0.3, D=0 or P=0.5,
1=0.3, D=0 were used. These choices were verified empirically using known stepped
silicon calibration grids.

(9) The system is ready to begin scanning. Typical scan settings are 0.1-0.3 Hz scan rate, and
either a 5x5 micron grid or a 2x2 micron grid, in both forward and backward scans. The
5x5 scans have 512 lines resolution, and 2x2 256 lines, roughly proportional. A typical
scan with these parameters takes roughly 10-30 minutes. We utilize the Height channels,
which use the piezo inputs to calculate z heights and comes with some nonlinearity,
particularly over large (>10 microns) scan sizes. This can be corrected via software as

done in this work, or the Height sensor channel can be used instead.
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(10) Once the scan is complete, steps (7), (3), (2) and (1) in reverse order can be used to

remove the tip and sample.
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