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Abstract

In this dissertation begin with an investigation of non-local spin transport in an amorphous germanium (a-
Ge) sample via the inverse spin Hall effect (ISHE). In that study we show that commonly used techniques
such as differential conductance and delta mode of a paired Keithley 6221/2182a for non-local resistance
measurements can lead to false indicators of spin transport. Next, we turn out attention to a thickness
dependent study in thermally-evaporated chromium (Cr) thin films on a bulk polycrystalline yttrium-iron-
garnet (YIG) substrate. This project analyzed the spin transport in the Cr films versus thickness via the
longitudinal spin Seebeck effect (LSSE). This research revealed a complex thickness dependence of the
spin-to-charge conversion and LSSE voltages for the evaporated Cr that may be a consequence of strain
in Cr and finite size effects. We continue to examine LSSE in thermallyevaporated Cr, but now under a
temperature dependent study. The results reveal an enhancement in the evaporated Cr below 200 K,
where the Cr thin film transitions from a mixed SDW antiferromagnetic state described by the
combination of a antiferromagnetic commensurate SDW (CSDW) and paramagnetic incommensurate
SDW (ISDW) to a full antiferromagnetic state where both CSDW and ISDW are antiferromagnetic. This is
absent in sputtered Cr thin films deposited on similar YIG substrates. Finally, we explore the spin-flopped
coupled lanthanum strontium ferrite (LSFO) lanthanum strontium manganite (LSMO) bilayer grown on a
lanthanum strontium aluminate (LSAT) substrate. This research focuses on the possible control of
magnetic moments using current pulses.
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ABSTRACT

In this dissertation begin with an investigation of non-local spin transport in
an amorphous germanium (a-Ge) sample via the inverse spin Hall effect (ISHE). In
that study we show that commonly used techniques such as differential conductance
and delta mode of a paired Keithley 6221,/2182a for non-local resistance measure-
ments can lead to false indicators of spin transport. Next, we turn out attention to
a thickness dependent study in thermally-evaporated chromium (Cr) thin films on a
bulk polycrystalline yttrium-iron-garnet (YIG) substrate. This project analyzed the
spin transport in the Cr films versus thickness via the longitudinal spin Seebeck effect
(LSSE). This research revealed a complex thickness dependence of the spin-to-charge
conversion and LSSE voltages for the evaporated Cr that may be a consequence
of strain in Cr and finite size effects. We continue to examine LSSE in thermally-
evaporated Cr, but now under a temperature dependent study. The results reveal
an enhancement in the evaporated Cr below 200 K, where the Cr thin film transi-
tions from a mixed SDW antiferromagnetic state described by the combination of a
antiferromagnetic commensurate SDW (CSDW) and paramagnetic incommensurate
SDW (ISDW) to a full antiferromagnetic state where both CSDW and ISDW are
antiferromagnetic. This is absent in sputtered Cr thin films deposited on similar YIG
substrates. Finally, we explore the spin-flopped coupled lanthanum strontium fer-
rite (LSFO) lanthanum strontium manganite (LSMO) bilayer grown on a lanthanum
strontium aluminate (LSAT) substrate. This research focuses on the possible control

of magnetic moments using current pulses.
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FIGURE 3.1

FIGURE 3.2

FIGURE 3.3

LIST OF FIGURES

An illustration of the kinetic theory for electrons in a metal. The
electrons are represented by dark spheres and the vectors illus-
trate a path in which one particular conduction electron took
while moving in the metal. As we can see, the conduction elec-
tron moves in straight lines until colliding with another electron.
Figure adapted fromU'71. . .00
An illustration of the ordinary Hall effect. A current flowing in
the x-direction i, with associated electric field E, within a metal.
When subjected to an out-of-plane magnetic field H normal to
the metal, in this case the z-direction, the electrons in the metal
are subjected to an Lorentz force, and thus accumulate on one
lateral side of the metal. Charge is separated on either edge of
the metal as represented by the — and + symbols. This causes
a transverse electric field H, to develop, commonly known has
a Hall voltage. Figure adapted from!'7™ . . . . . .. .. .
An illustration of the conventional Seebeck effect. An input
temperature difference AT drives the diffusion of conduction
electrons via phonon-electron scattering (represented as black
spheres with spin orientation given by vector arrows) in a metal
to on side creating an accumulation of negative charge. As a
result of the separation of charges on either side of the metal, a

voltage difference develops. Figure adapted from[®. . . . . ..

vii



FIGURE 3.4

FIGURE 3.5

FIGURE 3.6

An illustration of the ordinary Nernst effect. Here charges (pos-
itive represented by + symbols and negative by — symbols) are
driven by an in-plane temperature difference AT. An external
magnetic field H normal to the sample causes the charges to
move toward the edges of the sample via a Lorentz force. An
electric field develops between the lateral edges of the sample
due to an accumulation of opposing charges on either side that
is measure as a Nernst voltage, Vy. Figure adapted from![™!. . .
A charge current density, J., flows through the metal and
through skew scattering processes the conduction electrons of
the metal are asymmetrically scattered based on their spin
orientation. This leads to a spin imbalance on the lateral edges
of the metal as shown with the spin-up electrons (blue spheres)
accumulating on one side and the spin-down electrons (red
spheres) accumulation on the opposite end. Absent of a charge

imbalance, the spin imbalance generates a spin current density,

A thermal gradient, VT, applied in the z-direction in a ferromag-
netic insulator (FMI)/ normal metal (NM) bilayer. An in-plane
externally applied magnetic field, H, aligns the magnetization,
M, of the FMI layer. A spin current, J, is generated and flows
towards the NM layer, where it is transformed into a measurable

electric field, Erspg, via the inverse spin Hall effect (ISHE). . .
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FIGURE 4.1

FIGURE 4.2

FIGURE 4.3

FIGURE 5.1

FIGURE 5.2

Cartoon schematic of a simplified non-local device. Two non-
magnetic metals with large spin-orbit coupling, in this case plat-
inum (Pt) wires, inject a spin current via the spin Hall effect
(SHE), the spin current flows through a spin transport medium,
and is detected elsewhere via the inverse spin Hall effect (ISHE).
Ilustration adapted from!2°2. . . . ... ...
A cartoon illustration of the local heating method used in spin
Seebeck experiments. Wires are ultrasonically bonded to pads
of a Hall bar for the injection of a dc current, I, and the detec-
tion of a transverse voltage, V;. The red region represents the
development of a thermal gradient due to Joule heating. . . . .
Device schematic of an 8-terminal star pattern to measure spin-
orbit torque responses. Blue arrows indicate large DC pulsed
currents to re-orient the magnetic structure of a magnetic ma-
terial. I is a small current in the range of several pA and V is
the voltage taps used to measure changes in resistance after the

large DC pulse current. Figure adapted by,

Schematic view of the internal working of a scanning electron
microscope (SEM) system. This schematic outlines the internal
components responsible for forming a condensed beam of elec-

trons and detection. Illustration adapted from %2,

An illustration of the interaction between the beam of electrons
and specimen highlighting the activation region and types of
electrons that result from scattering events within the specimen.

Ilustration adapted from!®2l. . . ... ... ...
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FIGURE 5.3

FIGURE 5.4

FIGURE 5.5

An overview of the electron beam lithography (EBL) procedure.
Ilustration adapted from?°. A substrate is coated in a layer
of resist and exposed to a beam of electrons that charge section
of the resist that will become the device. A chemical devel-
opment procedure follows to remove the charged resist. After-
wards, metal is deposited over the entirety of the sample surface
and a final chemical lift-off removes unwanted material from the
devices. . . . . ..

Cartoon diagrams that represent the thermal evaporation pro-

cess (left) and sputtering (right). Illustrations adapted from['®?].

An overview of the photolithography process. Here a yttrium-
iron-garnet (YIG) substrate is used. A uniform coat of photore-
sist covers the substrate surface. Using a mask with the desired
device patterns and an ultra-violet (UV) light source, the device
patterns are imprinted onto the photoresist. A chemical devel-
opment follows and, if the devices are of high quality, metal
is deposited over the entire substrate. A final chemical devel-
opment removes the unnecessary metal and leaves behind our

devices. . . . ...
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FIGURE 6.1 (a) Schematic of SHE-driven non-local spin transport. Typi-
cally, two Pt strips with length w along the charge flow direc-
tion, separated by a distance L, are placed in contact with a
spin transport medium. A charge current, Iy;,,, driven into the
injector strip (here shown at left) is converted to spin current
via the SHE. This resulting spin current absorbed into this Pt
detector generates a charge voltage via the ISHE. (b) A top-view
schematic of a charge leakage contribution to a non-local voltage
measurement. If the spin transport medium also allows charge
flow, charge current can flow from the injector through the spin
medium into a distant Pt strip. This travels down the typically
much lower resistance Pt strip, generating a voltage with a pos-
itive sign with lead polarity chosen as shown by the + and —
symbols. The charge then returns to ground by passing back
through the spin medium. (c¢) Schematic view of spin transport
in the same geometry, clarifying the direction of spin flow. The
opposite sense of the spin flow in the injector and detector leads

to a non-local voltage with the opposite sign from charge leakage. 40
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FIGURE 6.2

FIGURE 6.3

Schematic views and circuit models describing dc charge leak-
age in SHE-driven non-local spin transport experiments. (a) A
top-down schematic view of a typical lead arrangement where Pt
strips are in contact with a sample spin transport medium. (b)
A similar view with a third metallic strip added between the spin
injector and the detector. (c¢) Simplified circuit model describing
charge leakage in the standard two-strip geometry. When R,
is large compared to R;,; and R4, a small portion of the total
injected bias current flows on the right current path and gener-
ates a non-local voltage V,,; via leakage. (d) A modified circuit
model demonstrates the possible reduction in V,,; in dc from the
third metal strip. . . . . . . . ... ...
(a) False-color scanning electron micrograph of Pt and Cu leads
patterned via EBL on a 75nm thick a-Ge film. Leads shown
in blue (orange) are 25nm thick Pt (Cu). We produced three
different patterns with varying Pt lead separations. (b) Cross-
sectional schematic of the EBL samples with Pt and Cu leads
width indicated. (c)-(d) Schematic views of the voltage-biased
setup used to measure the resistivity of the amorphous semi-
conducting samples (distances indicated relate to pre-patterned
leads). Since Pt has many orders of magnitude higher conduc-
tivity than the sample films, the total length of the current path
used to determine p is only the distance between the Pt strips,
as indicated. (e) Current measured, I,,cqs, vs voltage bias, Vigs,
for the geometry shown in (c) for the a-Ge sample measured at
200 and 300K for pre-patterned Pt leads shows predominantly

linear response. . . . . . ... ..o
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FIGURE 6.4 Comparison of "quasi-d¢” and ac lock-in measurements of non-

local voltage on a device with Pt strips patterned directly on
Si-N, with no spin or charge conducting medium. (a) V,,; v8 Ipias
determined from the "quasi-dc¢” differential conductance method
with four different choices of the delay time parameter, start-
ing with the 2ms value that is the default for this instrument.
All show a spurious negative slope. Inset: Schematic view of
the non-local leads with current bias and voltage measurement
connections indicated. (b) V. vs f measured with a lock-in
amplifier, where I;,, is a sine wave with frequency f and the
Vo is connected to the lock-in input. At both 298 K (orange
symbols) and 78 K (blue symbols), the response is dominated
across this frequency range by the out-of-phase response. In-
set: Closer examination of the f<17 Hz range. (¢) measurement
of the time dependent voltage across the injector strip under
“quasi-dc¢” excitation plotted vs time. The main panel shows
the excitation pattern during a differential conductance mea-
surement, and the upper and lower insets show the excitation
during the "delta mode” measurements for two choices of delay
time, as indicated in the insets. (d) Effective frequency of the
“quasi-d¢” measurements determined from the time dependent

measurements plotted against the delay time parameter. . . . .
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FIGURE 6.5

Non-local voltage measurements on 75 nm thick a-Ge. (a) V,,; vs
Iyias using the “quasi-d¢” measurements with Pt injector and Pt
detector strips with L ~ 20 um (gray line) and using a Pt injec-
tor and a Cu detector (orange line). Inset: Schematic view of
the non-local setup with a Cu detector, with the possible third
"guard-rail” strip shown in outline. (b) Similar V,;; vs Ij;,s mea-
sured with "quasi-dc¢” approach with the additional third strip
in place. An apparent inversion of the sign of the non-local re-
sistance occurs. (c¢) Lock-in amplifier measurements of the same
device with Pt strips and no "guard rail”, V,; .. vs f with an ac
excitation I,.,s ~ 5 uA (similar behavior occurs for larger exci-
tations). As seen on Si-N, the signal is dominated by an out-
of-phase component. (d) Lock-in measurements of the device
with the third Pt strip added, where the out-of-phase compo-
nent is significantly increased. No negative values of non-local
resistance are observed. Inset: Closer view of the f<17 Hz range
shows the in-phase component always remains below the total

signal magnitude. . . . ... ...
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FIGURE 7.1

FIGURE 7.2

FIGURE 7.3

(a) Schematic of thermal spin injection via the longitudinal spin
Seebeck effect (LSSE). A thermal gradient applied to the inter-
face between bulk YIG substrate and Cr or Pt film drives spin
current from the YIG into the metal, which is then converted
to measurable transverse charge voltage, Vissp. (b) Vigsge vs
applied field H with a 17 K applied temperature difference for a
10nm thick thermally-evaporated Cr film (Green symbols) and
a 10 nm sputtered Pt film (Blue symbols). The sign of the result-
ing voltage for the thermally-evaporated Cr film is opposite in
sign to that of the sputtered Pt film. The thermally-evaporated
Cr film has a large thermally generated signal, roughly 80% that
of sputtered Pt. . . . . . . . . ...
Longitudinal spin Seebeck voltage, Vissg vs applied in-plane
magnetic field H for eight Cr/YIG films with thickness indi-
cated, in units of nanometers, by the number in parenthesis.
The thickness ranges from 2nm to 11 nm. The thinnest Cr film
is capped with a 2nm Pd to prevent oxidation. Two 10 nm thick
samples are shown, one (red line) that was annealed at ~ 100°C
in vacuum for 2 hrs after growth. Note the plots in the dashed

box are plotted on a larger voltage scale than the other three

Charge resistivity, p, versus temperature, 7', for two Cr films of
thickness 10nm and 6 nm and a 10 nm Pt film measured on the
same samples as the longitudinal spin Seebeck voltages, Vi ssg,
compared to literature values for 200 nm thick sputtered Cr!?!
and a previously established negative spin-charge conversion ma-

terial, 3nm thick tungsten!®. Both evaporated Cr films have

large values. . . . . . . ...
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FIGURE 7.4

FIGURE 7.5

FIGURE 8.1

FIGURE 8.2

(a) Absolute value of saturated Vissg vs thickness comparing
evaporated Cr (green triangles) and 10nm thick Pt (blue dia-
mond) to literature values for sputtered Cr (pink line) all scaled
to equal applied thermal gradient, VT'!'*).  Estimated uncer-
tainty is ~ 5%to ~ 10% on order of the size of the data points.
(b) Charge resistivity, p vs thickness measured on the same sam-
plesasin (a). . .. ... ..
Comparison of the spin conversion efficiency, Vissg/LVTp,
for literature values of sputtered Cr (pink line) and thermally-
evaporated Cr (green triangles). In the green highlighted region
between 6 and 11nm, the thermally-evaporated Cr develops
a much larger spin-conversion efficiency, reaching about 1/2
to values reported for sputtered Cr at the same thickness.
Pt (represented by the blue arrow) at 10nm has the largest
efficiency value of 3300uV/Q cn K. . . . . ... ..o

Schematic of the Hall bar device patterned on our bulk poly-
crystalline YIG substrates. The applied DC current, I, gener-
ated a thermal gradient via Joule heating. Using current rever-
sal techniques, the longitudinal spin Seebeck voltage can be ac-
quired from transverse voltage measurements. Resistivity mea-
surements were also performed when measuring the longitudinal
voltage . . . ..
The resistance versus temperature curves for a low current, blue
symbols, and high current, red symbols, of a 25 nm Pt Hall bar.

The inset is the estimated temperature difference versus temper-

Xvi
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FIGURE 8.3

FIGURE 8.4

FIGURE 8.5

FIGURE 8.6

The resistance versus temperature curves for a low current, blue
symbols, and high current, red symbols, of a 10 nm Cr hall bar.

The inset is the estimated temperature difference versus temper-

The raw thermal voltage as calculated from Equation 1 vs an in-
plane external magnetic field for a 10 nm thermally-evaporated
Cr sample (blue symbols), a 10 nm sputtered Cr sample (purple
symbols), a 25 nm sputtered Pt sample (green symbols), and a
25nm thermally-evaporated Cu samples (red symbols). Data
had been vertically shifted to center to 0 V. All data was taken

LSSE voltage, Vissg, normalized by length, L, resistivity, p,
and thermal gradient, VT, versus applied magnetic field for
Cr(10)/YIG (blue) and Pt(25)/YIG (green) at selected temper-
atures between 78 K and 303 K with same scaled vertical axes. .
The absolute value of the longitudinal spin Seebeck voltage,
Visse, normalized by the length of the Hall bar, L, the resis-
tivity of the metal film, p, and the thermal gradient, V" versus
temperature. The 10nm thermally-evaporated Cr thin film is

represented by blue spheres, the 10nm sputtered Cr thin film

76

7

79

data is in purple, and the 25 nm sputtered Pt film data is in green. 81
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FIGURE 8.7

FIGURE 9.1

FIGURE 9.2

FIGURE 9.3

FIGURE 10.1

FIGURE 10.2

a) The dimensionless sensitivity (dR/dT * (T/R)) for the 10 nm
thermally-evaporated Cr thin film vs temperature. Two distinct
peaks are visible with their centers at ~350 K and ~200K. b)
A comparison of the temperature dependence of the longitudi-
nal spin Seebeck voltage divided by film resistance and tempera-
ture difference (Vissp/RAT) between a 10 nm sputtered Cr thin
film ") (navy blue symbols) and a 10nm thermally-evaporated
Cr thin film (blue symbols). The (Vissg/RAT) values at 273 K

are used as reference data. . . . . . . .. ...

Schematic diagrams of the Hall bar structures configured with
a) transverse voltage taps and b) longitudinal voltage taps.

The non-thermal resistance, Vion_thermat/I, Where Vion_ihermai
is the non-thermal voltage detected from the current reversal
technique and [ is the applied current. Displayed are the non-
thermal resistances of the thermally-evaporated Cr thin film
(blue) and the sputtered Cr thin film (purple) at a) 78 K and
b) 273K. . .
The transverse magnetoresistance versus applied magnetic field
at 299K for a) sputtered Cr/YIG, b) AlO,/Cr/YIG and c)
Cr/AL/YIG. . . . .

The typical perovskite crystal structure. The orange spheres
represent either lanthanum or strontium, blue is oxygen, and
red is either manganese or iron (manganese for LSMO and iron
for LSFO). This illustration is adapted from!4. . . . .. |
A 5x5 um? AFM scan of our IN042 sample. Figure was adapted

with permission of our collaborators . . . . ... .. ... ...

xXviil

83

90

91

93

98



FIGURE 10.3

FIGURE 10.4

FIGURE 10.5

FIGURE 10.6

FIGURE 10.7

FIGURE A.1

FIGURE A.2

Schematic illustration of the 8-terminal device on the perovskite
heterostructure. V is the measurable transverse voltage, 1 is
a low DC current on the order of only a few pA, and Iy,
represented by the orange square pulse, is a large DC current on
the order of several mA to drive oscillations of the magnetization
for SOT. . . . . . .
Voltage data versus externally applied magnetic field for a
SiOx /Py /Pt sample with the magnetic field orientated at 45°
with respect to the applied DC current. This measurement was
performed at 300 K and shows two notable dips near +1 Oe.

The pulse results for a SiO,/Py/Pt sample. Outlined in the
figure are the individual stages of the experiment wit data sec-
tioned accordingly. . . . . . . ...
The planar Hall effect at 78 K for the LSFO/LSMO/LSAT per-

ovskite sample. . . . . . . ...

103

104

105

107

Voltage response for the pulse experiment on the LSFO/LSMO /LSAT

IN042 perovskite. Each step of the sequence are separated for
clarity and labeled. "Htr 1”7 and "Htr 2”7 represent the 45° and
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CHAPTER 1: MOTIVATION

In the pursuit of technological advancement, the field of condensed matter
physics has witnessed a paradigm shift with the emergence of spintronics and spin
caloritronics. These cutting-edge fields promise to revolutionize the way we pro-
cess and utilize information, offering unparalleled opportunities for innovation and
progress.

At its core, spintronics differs from traditional electronics by harnessing the in-
trinsic spin of electrons, a fundamental quantum property. Unlike classical electronics
that solely relies on the charge of electrons, spintronics leverages both their charge
and spin, providing an additional degree of freedom. This intrinsic spin property not
only enhances the storage and transmission of information but also facilitates the de-
velopment of novel devices with improved performance and efficiency. The potential
impact of spintronics extends across a myriad of applications, from ultra-fast and
energy-efficient data storage to the creation of spin-based logic devices, paving the
way for unprecedented computational capabilities.

In parallel, spin caloritronics explores the interplay between the flow of spin
and heat, opening up avenues for efficient energy conversion and management. As we
grapple with the challenges of a rapidly evolving global energy landscape, the pur-
suit of sustainable solutions becomes paramount. Spin caloritronics offers a unique
approach to address these challenges by providing new insights into the manipula-
tion and control of heat in electronic systems. This not only holds promise for more
energy-efficient electronic devices but also lays the groundwork for the development
of spin-based thermoelectric materials, capable of converting waste heat into valuable

electrical energy.



Therefore, it is critical to understand the underlying physics from both a ma-
terial standpoint as well as a device perspective for spintronics and spincaloritronic

research in order to advance technology for the next generation.



CHAPTER 2: INTRODUCTION

In this chapter, we provide a concise overview of the thesis structure. After
careful consideration and meticulous planning of the paper’s organization, it is an-
ticipated that this outline represents the optimal arrangement. The thesis consists
of three main sections: an introduction covering essential background information, a
comprehensive presentation of the experimental work conducted during my graduate
studies, and an appendix housing additional information that did not find a place
within the main text.

The introduction (chapters 2 through 4) initiates with a delineation of the gen-
eral theoretical framework necessary for comprehending the experimental aspects. A
brief review of transport mechanisms in metals is undertaken, starting with charge
transport, followed by thermal transport, and concluding with spin transport. The
introduction highlights critical phenomena explored in the experimental work, such
as the spin Hall effect, spin Seebeck effect, and spin Hall magnetoresistance. Subse-
quently, we delve into crucial details regarding device designs employed for sensitive
measurements, categorizing them as non-local and local devices, both contributing
essential insights to transport measurements. The section concludes with a detailed
overview of device fabrication, incorporating e-beam lithography and photolithogra-
phy, along with material deposition.

Chapters 5 through 9 comprise the experimental work conducted. The explo-
ration begins with a focus on amorphous germanium (a-Ge), emphasizing the signif-
icance of understanding non-local spin transport measurements in highly insulated
materials. Subsequent chapters (6 through 8) delve into investigations on chromium

(Cr), unveiling intriguing findings related to longitudinal spin Seebeck effect (LSSE)



measurements, particularly noting the influence of film disorder and stress on spin-
to-charge conversion. Chapter 7 extends this exploration beyond room temperature,
revealing an enhancement of spin-to-charge conversion in thermally-evaporated Cr at
temperatures below 200K, not observed in sputter Cr thin films. Chapter 8 delves
into the magnetoresistance behaviors between thermally-evaporated Cr and sputtered
Cr thin films.

Chapter 9 concludes the experimental section, presenting intriguing findings
with spin-flop coupled lanthanum strontium ferrite (LSFO) and lanthanum strontium
manganite (LSMO) bilayers. The thesis concludes with a summarizing conclusion, en-
capsulating the entirety of the work undertaken during my graduate studies, followed
by an appendix housing miscellaneous information. The appendix covers topics such
as atomic force microscopy (AFM) for determining thin film thickness and roughness,
scanning electron microscopy (SEM) images of devices, and essential LabVIEW code

developed for device measurements and data analysis.



CHAPTER 3: TRANSPORT EFFECTS

This chapter is dedicated to a comprehensive overview of charge, heat, and
spin transport in a metal. This will set up the critical transport properties and
phenomena that are instrumental in understanding the experimental work conducted,
starting from chapter 4. This chapter will begin with a review of charge transport
carried by electrons in a metal while diving into phenomena such as the Hall effect
and magnetoresistance, the thermal transport by both electrons and phonons with
a discussion of the Nernst effect and Seebeck effect, and finally a discussion of spin
transport carried by magnons in a ferromagnetic insulator and conduction electrons
in a metal with an overview of the spin Hall effect, spin Hall magnetoresistance, spin

Seebeck effect, and spin orbit torque.

3.1. ELECTRICAL TRANSPORT

Electrical properties are a consequence of the transport mechanisms of con-
duction electrons in a metal that result from scattering and interactions with other
conduction electrons or with the lattice. Here we will conceptually and mathemat-
ically describe the electron transport in a metal with a discussion of the Hall effect
and magnetoresistance when an external magnetic field is applied.

One of the earliest models to describe the electron motion in a crystal lattice for

601 Tn its simplest form kinetic theory treats the molecules

a metal comes from Drude
of a gas as identical solid spheres, which move in straight lines until they collide with

one another as illustrated in Figure 3.1.



Figure 3.1: An illustration of the kinetic theory for electrons in a metal. The elec-
trons are represented by dark spheres and the vectors illustrate a path in which one
particular conduction electron took while moving in the metal. As we can see, the
conduction electron moves in straight lines until colliding with another electron. Fig-
ure adapted from['76.

The time taken up by a single collision is assumed to be negligible, and, except
for the forces coming momentarily into play during each collision, no other forces are
assumed to act between the particles.

According to Ohm’s law, the current I flowing in a wire is proportional to the
potential drop V along the wire: V' = I R, where R the resistance of the wire, depends
on its dimensions, but is independent of the size of the current or potential drop. The
resistivity, p, is defined to be the proportionality constant between the electric field

E at a point in the metal and the current density fthat it introduces

-

E:p'. (3.1)

The current density j is a vector parallel to the flow of charge, whose magnitude

is the amount of charge per unit time crossing a unit area perpendicular to the flow.



If n electrons per unit volume all move with velocity ¢/, then the current density they
give rise to will be parallel to v. Furthermore, in a time dt the electrons will advance
by a distance vdt in the direction of ¥, so that n (vdt) A electrons will cross an area
A perpendicular to the direction of flow. Since each electron carries a charge —e, the

charge crossing A in the time dt will be —nevAdt, and hence the current density is

j = —nev. (3.2)

At any point in a metal, electrons are always moving in a variety of directions
with a variety of thermal energies, thus the net current density is given by 3.2, where
U is the average electronic velocity. The Drude model is a simple explanation
for electron transport of a metal that treats the behavior classically. However,
electrons are quantum in nature and follow the Fermi-Dirac['7628] statistics. Using
the Sommerfeld model31176:233] we can more accurately explain electron transport

in a metal.

3.1.1. HALL EFFECT AND MAGNETORESISTANCE

Upon the application of a magnetic field, a voltage develops along the lateral
sides of a metal, the Hall effect, and the resistance is modified, the magnetoresistance
of ametal. E. H. Hall argued in 1879 that if the electric current in a metal is attracted
to an external magnetic field, the electric current should be drawn to the lateral sides
of the metal, and the resistance experienced should increase!®?. The Hall effect is

illustrated in Figure 3.2.
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Figure 3.2: An illustration of the ordinary Hall effect. A current flowing in the x-
direction i, with associated electric field F, within a metal. When subjected to an
out-of-plane magnetic field H normal to the metal, in this case the z-direction, the
electrons in the metal are subjected to an Lorentz force, and thus accumulate on
one lateral side of the metal. Charge is separated on either edge of the metal as
represented by the — and + symbols. This causes a transverse electric field H, to
develop, commonly known has a Hall voltage. Figure adapted from['76l.

An electric field E, is applied to a wire extending in the x-direction due to a
current density j7,. In addition, a magnetic field H is applied out-of-plane of the
metal, usually the z-direction. As a result the Lorentz force acting on the electrons
in the metal

_Sox H, (3.3)
C

moving electrons in the metal are deflected towards the lateral edges. Eventually the
electrons accumulate on the lateral edges and electric field along the lateral direction,
namely the y-direction, develops. In equilibrium this transverse field, know as the Hall
field, E, will balance the Lorentz force, and current will flow only in the x-direction.

The Hall effect is typically summed up in a quantity know as the Hall coefficient:

Ry =—— (3.4)



where n is the charge carrier concentration, e is the magnitude of the electron charge,
and c is the velocity of light. This is interesting because this is stating that the
Hall coefficient depends on no parameters of the metal except the density of charge
carriers.

The electrical resistivity of a metal under an externally applied magnetic field
will be modified due to magnetoresistance. For the ordinary magnetoresistane, the
change in resistance is positive for both longitudinal and transverse directions in a

metal. Magnetoresistance is defined as:

Ap _p(B)=po (3.5)

Po Po

where Ap is the change in resistivity, p, is the resistivity without the application of
a magnetic field, and p (B) is the resistivity as a function of magnetic field strength,
B. The application of an external magnetic field bends the trajectory of electrons
into helices whose axes are parallel to the magnetic field direction. When electrons
are wound into tight helices, they execute more collisions, and the conduction process
changes considerably.

Beyond the ordinary Hall effect and ordinary magnetoresistance, there exists
other phenomena that depend not on the applied external magnetic field, but the mag-
netization of a magnetic material such as anisotropic magnetoresistance (AMR) 17:157]
and anomalous Hall effect (AHE) 7. In these magnetic materials, such as ferromag-
nets, it is the angle between the magnetization and applied current that will modify
the resistance of the material without the need of an externally applied magnetic

field. Of course, these effects can contribute to existing Hall or magnetoresistive

effects when a magnetic material is subjected to an externally applied magnetic field.

3.2. THERMAL TRANSPORT

In a metal, the participants in thermal transport are often the conduction elec-

trons and phonons, a quasi-particle that is the quantization of a lattice vibration.



In most situations, the conduction electrons in a metal are the main carriers of heat
rather than phonons!7"135:176 or even magnons['™27!, In nature, thermal energy can
be transferred through three different mechanisms: conduction, convection, and ra-
diation. In the solid phase and at the molecular scale, convection and radiation are

less relevant. We can describe the conduction of heat in a metal with Fourier’s law:

j = —kVT, (3.6)

where fq is the thermal current density, s is the thermal conductivity, and VT is
the thermal gradient. If we model a metal as a dilute gas under kinetic theory, the

thermal conductivity can be defined as:

1
K= gCUU)\, (3.7)

where C, is the heat capacity at constant volume, v is the mean velocity of the par-
ticles in the gas, and A is the mean free path. This means that thermal conductivity
is the product of the amount of thermal energy that can be carried by a particle at
the speed and distance it moves before scattering.

When an electric current density is introduced to a metal, the metal warms
under the effects of Joule heating. Introducing more electrons into a metal leads
to an increase of scatterings due to the higher density of electrons flowing through
the metal. These scattering event lead to a higher rate of energy transfer through
collisions in the form of heat causing the metal to warm. These heating effects in a
metal lead to interesting phenomena such as the Seebeck effect and Nernst effects,

where the interplay of thermal and electrical energies occur.
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3.2.1. THERMOELECTRICITY

The combination of electron and heat transport births a new field called ther-
moelectricity. A common phenomena of study in this field is the Seebeck effect, as
illustrated in Figure 3.3, which refers to the generation of an electric voltage due
to a temperature difference across two dissimilar metals. Conduction electrons from
the hot temperature end of the material, migrate towards the cold temperature end,
through scattering mechanisms with phonons and other conduction electrons, these
migrating electrons lose energy and eventually accumulate on the cold end. This cre-
ates a separation of charges and thus a voltage develops parallel to the temperature

gradient.

AV

TR
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Figure 3.3: An illustration of the conventional Seebeck effect. An input temperature
difference AT drives the diffusion of conduction electrons via phonon-electron scat-
tering (represented as black spheres with spin orientation given by vector arrows) in
a metal to on side creating an accumulation of negative charge. As a result of the
separation of charges on either side of the metal, a voltage difference develops. Figure
adapted from[%°.

Originally observed by Seebeck in 18211182:216:243] 5 yoltage difference is gener-
ated across the terminals of an open circuit made up of a pair of dissimilar metals or
alloys whose junctions are held at different temperatures. This can be expressed by

the following equation:

11



AV = aAT, (3.8)

where AV is the voltage difference generated, « is the Seebeck coefficient, and AT is
the temperature difference between the two dissimilar metals. The generated voltage
depends on the metals employed and also on the temperature difference, but does not
depend on the distribution of temperature along the metals between the junctions!*%).
This is the classical description of the Seebeck effect; however, there are analogues to
this phenomena that rely on spin currents as opposed to electric currents that will be

explored in a later section.
3.2.2. NERNST EFFECTS

One early phenomena that exemplifies the mixing of charge, heat, and mag-
netism is the ordinary Nernst effect. In a metal with an applied in-plane thermal
gradient and an out-of-plane externally applied magnetic field results in a transverse

electric field as illustrated in Figure 3.4.
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Figure 3.4: An illustration of the ordinary Nernst effect. Here charges (positive
represented by + symbols and negative by — symbols) are driven by an in-plane
temperature difference AT. An external magnetic field H normal to the sample
causes the charges to move toward the edges of the sample via a Lorentz force. An
electric field develops between the lateral edges of the sample due to an accumulation
of opposing charges on either side that is measure as a Nernst voltage, Vy. Figure
adapted from![™!.

The ordinary Nernst effect can be mathematically described by the following

equation:

E, = %VT, (3.9)
where E, is the transverse electric field (or voltage), N is Nernst coefficient of the
material, H is the externally applied magnetic field normal to the material, and VT
is the in-plane thermal gradient.

Conduction electrons in a metal are driven from an area of high temperature
to an area of low temperature due to an in-plane thermal gradient. An externally
applied magnetic field causes the charges to move towards the lateral edges due to a

Lorentz force and thus a charge accumulation forms on the lateral edges of the metal.
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The separation of charge carriers on the lateral edges generates an electric field that
is both normal to the in-plane thermal gradient and magnetic field, this is commonly
referred to as the Nernst effect[21:22],

Beyond the ordinary Nernst effects, others have been experimentally observed
such as the spin Nernst effect [43:164222] wwhere the separation of spin orientation of con-
duction electrons are taken into consideration, the anomalous Nernst effect!0:108:194]
that depends on a magnetic material’s magnetization rather than an applied mag-
netic field, and the planar Nernst effect 267281 where the applied magnetic field and

thermal gradient are both in the plane of the sample.

3.3. SPIN TRANSPORT

In previous sections we described the transportation of charges in a metal under
the influence of both a thermal gradient and externally applied magnetic field to
describe phenomena such as ordinary Hall effect, magnetoresistance, and Seebeck
effect. In this section, we explore the spin analogues of these phenomena and consider

not the flow of charge, but the flow of spin in a metal.
3.3.1. SPIN HALL EFFECT

Early theoretical work by Dyakonov and Perell®-%6] referred to the phenomena
of Mott scattering!*®”) and of the anomalous Hall effect (AHE)PY to theoretically
predict the extrinsic spin Hall effect (SHE). In particular, they pointed out that
spin-dependent asymmetric deflection is observed in electron beams due to Mott
scattering[#>169223] and that Mott’s skew scattering is regarded among the origins of
the AHE of electrons in ferromagnets!23122.171.227 Under an applied electrical current,
asymmetric spin-dependent deflection should occur in normal metals with sufficient
spin-orbit coupling. Nonmagnetic metals in equilibrium have the same number of
spin-up and spin-down electrons and no transverse charge imbalance will occur.
Instead, the SHE generates an edge spin accumulation that has opposite polarization

at opposite edges 19622425 ag jllustrated in Figure 3.5
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Taking inspiration of theoretical work on the anomalous Hall effect [25:5%:150,171,184]

Hirsch®l argued that the same scattering mechanisms, skew scattering and side-
jump, that gave rise to the anomalous Hall effect will also give rise to the spin Hall

effect in the absence of any net magnetization.

Figure 3.5: A charge current density, J., flows through the metal and through skew
scattering processes the conduction electrons of the metal are asymmetrically scat-
tered based on their spin orientation. This leads to a spin imbalance on the lateral
edges of the metal as shown with the spin-up electrons (blue spheres) accumulating on
one side and the spin-down electrons (red spheres) accumulation on the opposite end.
Absent of a charge imbalance, the spin imbalance generates a spin current density,

Js.

From Figure 3.5 a charge current density flows through a nonmagnetic metal
with a sufficiently large spin-orbit coupling. Electrons are asymmetrically scattered,
depending on the microscopic details it will be due to either skew-scattering or side-
jump for extrinsic SHE, based on their spin polarization that leads to a separation
of spin along the lateral edges absent of a separation of charge. This spin imbalances
generates a transverse spin current density via the spin Hall effect (SHE).From sym-
metry arguments, the reciprocal effect, the inverse spin Hall effect (ISHE), where a

spin current density entering a nonmagnetic metal generates a transverse electric field.
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Some time later, the spin Hall effect had been experimentally observed in several
material systems including metals[128:205.209.218,.263] " gemiconductors!'?®2™ ferromag-

nets 793269 " and antiferromagnets!*536:87,
3.3.2. SPIN SEEBECK EFFECT

The spin Seebeck effect is regarded as the spin analogue of the classical thermo-
electric effect, the Seebeck effect. First experimentally observed by Uchida et all?*!!
in 2008. In this pioneering work, a Nig;Feig, a ferromagnetic metal commonly known
as permalloy, was subjected to an in-plane thermal gradient parallel to an external
magnetic field generated a voltage drop in an adjacent platinum thin film via the
inverse spin Hall effect. This differs from the classical Seebeck effect because it is
not due to the transport of charge under a thermal gradient, but a transport of spin
under the influence of a thermal gradient.

The first seminal theoretical study by Johnson and Silsbee!™7 established the
framework for the flow of charge, heat, and nonequilibrium magnetization at an in-
terface. They concluded that, for a system of two metals where one metal is a fer-
romagnet, there is a possibility of electrically and thermally induced magnetization
currents and of magnetically induced thermal and electrical currents at the junction.
In a similar fashion, electric and thermal potential gradients in a bulk ferromagnetic
metal will drive a magnetization current 7.

The spin Seebeck effect is the generation of a spin voltage caused by a tempera-
ture gradient in a ferromagnet. Here, the spin voltage is a potential for electrons’ spin
to drive spin currents. More concretely, when a nonmagnetic metal is attached on top
of a material with a finite spin voltage, a nonzero spin injection is obtained due to a
combination of the spin-orbit coupling and inverse spin Hall effect!?. There are two
classifications of the spin Seebeck effect: transverse spin Seebeck effect (TSSE) and
longitudinal spin Seebeck effect (LSSE). There is also the spin-dependent Seebeck

effect that use conduction electrons to transport spin currents, otherwise magnons

will carry the spin.
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The LSSE consists of applying a temperature gradient, typically in an electri-
cally insulating ferromagnet or ferrimagnet, along the z-direction, and a magnetic

field along the x-direction. This is illustrated in Figure 3.6.

= EI.S'HE

H

Figure 3.6: A thermal gradient, VT, applied in the z-direction in a ferromagnetic
insulator (FMI)/ normal metal (NM) bilayer. An in-plane externally applied magnetic
field, H, aligns the magnetization, M, of the FMI layer. A spin current, Js, is
generated and flows towards the NM layer, where it is transformed into a measurable
electric field, Frsyp, via the inverse spin Hall effect (ISHE).

The magnetic field gives the spin-polarization and net magnetic moment along
the x-axis. The applied temperature gradient along the z-direction results in a magnon
heat flux from either phonon-drag or magnon conductivity and thus a spin flux fs
along z. In typical LSSE experiments, one uses a good spin conversion material such
as platinum (Pt)[101:162,165,201,250.261] a5 5 charge-to-spin converter to detect transverse
electric fields via the inverse spin Hall effect (ISHE)!®2%! mathematically described

as:

Ersps = (Bsupnar) Js X o, (3.10)
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where E 1suE is the electric field produced from the ISHE, fsy is the spin Hall angle of
the spin conversion normal metal adjacent to the insulating ferromagnet or ferrimag-
net, pyy is the charge resistivity of the normal metal, fs is the spin current density,
and og is the spin polarization. It is commonplace to use yttrium-iron-garnet (YIG)
as the ferromagnetic insulator to generate the spin current. The spin that is carried
by magnons in the electrically insulating YIG must be transferred to the conduction
electrons in Pt. One plausible mechanism for spin transfer across the Pt/YIG inter-
face is through the electron-magnon exchange interaction at the interface. This is
also know as "s-d’ scattering”, where ”’s” refers to the electrons in Pt and ”d” refers to
local Fe moments in YIGB9! The details of this interactions depends on the met-
allurgical and electronic details of the interface. It should also be mentioned that the
longitudinal spin Seebeck effect can have contributions from proximity effects such as
the anomalous Nernst effect (ANE)[32:83,101,12L124125] © Thyoyugh careful measurement
these parasitic effects can be determined and or eliminated from the SSE signal.

In the transverse spin Seebeck effect (TSSE) geometry, a thermal gradient is
applied to a spin-polarized material, like a ferromagnet, which drives a spin current
parallel to the heat current. Due to the fact that a heat current passes through the
ferromagnet, the spins are pushed out of equilibriuim. When placed in contact with
a normal metal with sufficient spin conversion, a pure spin current, which is absent of
any charge current, will diffuse from the ferromagnet into the normal metal. The gra-
dient in spin-split chemical potential d/dz (u4(z) — py(2)) leads to a net spin current
into the normal metal. The spins must be pushed away from equilibrium through the
applied temperature gradient and resulting heat current to enable a net flux of spins
from the spin source, the ferromagnet, to the spin sink, the normal metal.

One might expect that if a flux of spins exists between the ferromagnet and
the normal metal, and spins carry heat, then a finite thermal gradient in the z-
direction, VT, should be expected between the normal metal and the ferromagnet.

There is experimental evidence that TSSE-like features might arise by LSSE or planar
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Nernst effect (PNE) due to an accidental V7, between normal metal and ferromag-
net [12:13:103,104.162] 1) thin films, a V7, can arise from an inappropriate choice of
substrate, where there is a thermal conductivity mismatch, or if wiring and ther-
mal design are not engineered appropriately to avoid heat losses and uncontrolled

heat fluxes. However, VT, can be eliminated from measurements on bulk samples or

free-standing films with careful mount that minimizes uncontrolled heat losses[3!l.
3.3.3. SPIN HALL MAGNETORESISTANCE

Unlike the ordinary magnetoresistance (MR) in non-magnetic metals, where
the resistance is increased upon the application of an external in-plane magnetic
field®2244 or even anisotropic magnetoresistance (AMR), where a spontaneous
magnetization normal to the film plane increases the electrical resistance in a
metal 17191571 " the spin Hall magnetoresistance (SHMR) is a new type of magne-
toresistance in a bilayer made of a metal with strong spin-orbit coupling and a
ferromagnetic insulator, where the electrical resistance was found to depend on the
magnetization of the ferromagnetic insulator [#:90:193,127,156,172,256,265] = Thjs new type
of magnetoresistance has been explained by the simultaneous action of the spin Hall
effect (SHE) and inverse spin Hall effect (ISHE) 4041,

The spin Hall magnetoresistance for a bilayer system composed of a nonmag-
netic metal with good spin-orbit coupling, such as platinum (Pt), adjacent to a
ferrimagnetic insulator, such as yttrium-iron-garnet (YIG), is explained in terms of
a non-equilibrium proximity effect caused by the simultaneous action of the SHE
and ISHE that is modulated by the magnetization direction in YIG via the spin
transfer at the normal metal/ferromagnet interface. When a charge current flows
through the Pt, asymmetric scattering of the spins creates a spin accumulation on
the edges leading to a transverse spin current that depends on the spin polarization,

[14,119128,174] * where j, is the charge current density, & is the spin

Je O T X Js
polarization, and ]2 is the generated spin current density. Part of the generated spin

current density is directed toward the interface between the normal metal Pt and
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the ferrimagnetic insulator YIG. At the interface, the electrons in the Pt layer will
interact with the localized magnetic moments in the YIG layer. Depending on the
magnetization direction of the YIG, electrons spins will either be absorbed <M L 5)
or reflected (M I 6) 2561 where M is the magnetization of YIG. Depending on the
details of the interface and magnetization dynamics, spin angular momentum from
the Pt electrons can be transferred to the magnetic moments of the YIG layer via
spin transfer torques!'9%??4. By changing the magnetization direction of the YIG,
the polarization direction of the reflected spins in Pt, and thus the direction of
the additional created charge current can be controlled. A charge current in the
direction perpendicular to j’e, that is perpendicular to the experimentally controlled
charge current flowing in Pt, can also be created that leads to a transverse voltage
via inverse spin Hall effect. These simultaneous actions lead to the modulation of the
charge resistivity in the Pt layer that is dependent on the magnetization direction of
the YIG layer underneath. For the Pt/YIG system, the SHMR mechanism has been

described as!?4l:

Ppt = Po — APSHMRm§> (3.11)

where p,; is the resistivity of Pt, p, is the residual resistivity of Pt at low temperatures,
Apsumr is the change in resistivity due to the SHMR, and m, is the Cartesian
component of the magnetization along the y-direction. From this, we see that the
resistivity changes via SHMR is symmetric with respect to the magnetization reversal,
which can be distinguished from contributions of possible inverse spin Hall voltage

induced by the longitudinal spin Seebeck effect [73:257:262]

3.4. SPIN-ORBIT TORQUES

Spin-orbit torque (SOT) is a phenomenon where an electrical current flowing

through a bilayer of a heavy metal and a magnetic material, such as a ferromagnet,

20



can affect the magnetization in the ferromagnet leading to oscillations or switching.
This torque can originate either from the bulk of a material or at an interface and
can lead to a transfer of angular momentum known as a spin-transfer torque (STT).
Early work 247225 proposed that STT can be explained as follows: when a charge
current passes through a magnetic material, the electrons undergo spin polarization
and then enter another layer of the magnetic material™. Angular moment transfer
occurs between the spin carried by the electrons and the local magnetic moments in
the magnetic material. It is this interaction that allows for the change of state of the
magnetic moments that induce magnetic switching.

SOT has two components: in-plane damping-like (DL) torque and out-of-plane
field-like (FL) torque. The DL torque has the form m x ¢ x m and FL torque
has the form m x ¢4 where m is the magnetization and ¢ is the spin polariza-
tion. In literature, the damping-like torque is usually referred to as the longitudinal
(Slonczewski-like) component that acts like an effective magnetic damping on the
magnetic moment and the field-like torque that is usually referred to as the perpen-
dicular (or transverse) component acts on the magnetic moments like an effective

magnetic field 15,
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CHAPTER 4: LOCAL AND NON-LOCAL MEASUREMENT
TECHNIQUES FOR SPINTRONICS

It is critical to understand the spin propagation within a spin conducting
medium for the field of spintronics. In order to accomplish this, material and device
geometries need to be considered. It is common to see device geometries catered to
either a non-local detection of spin or a local detection of spin transport through a
material. In this chapter we outline these measuring techniques for the detection of
spin currents in a non-local and local geometry. We will focus on electrical detection
of spin transport via the inverse spin Hall effect, although there are others!'*?

Details of the device fabrication will be discussed in Chapter 4.

4.1. NON-LOCAL DEVICES

The early days of non-local detection of spin currents involved devices known
as non-local spin valves (NLSV) (1121 where two ferromagnetic strips inject and detect
a pure spin current flowing through a nonmagnetic metal channel. We use a similar
device scheme for our non-local spin transport detection geometry outlined in Figure
4.1. Instead of ferromagnetic sources and sinks of spin, we adopt metals with large
spin-orbit coupling!141:212:220,236.282] " The gpin current will flow through our sample
of study in a similar manner to a NLSV and is detected on a different metallic wire

some distance away.
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sample

Figure 4.1: Cartoon schematic of a simplified non-local device. Two non-magnetic
metals with large spin-orbit coupling, in this case platinum (Pt) wires, inject a spin
current via the spin Hall effect (SHE), the spin current flows through a spin transport
medium, and is detected elsewhere via the inverse spin Hall effect (ISHE). Illustration
adapted from[292l.

From Figure 4.1, a bias current flows through a metallic wire with a sufficiently
large spin-orbit coupling, in this case Pt, where charge current is transformed into
a spin current via the spin Hall effect (SHE). At the interface of the injection wire
and the sample, spin angular momentum from the conduction electrons of a preferred
spin state is transferred at the interface, causing a change in spin chemical potential,
and ultimately a flow of spin angular momentum through the sample. If the distance
between the injection and detection sites is not too large where relaxation mechanisms
cause a decoherence in spin angular momentum flow, then at the interface of the
sample and spin detection wire, the spin angular momentum is again transferred,
and transformed into an electric field via the inverse spin Hall effect (ISHE)[8I. If
the sample has a large resistivity, then a pure spin current, that is a spin current in

the absence of charge, can flow through the sample and be detected as a negative
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non-local resistance. Otherwise, complications can arise when charge is allow to

accompany spin flow.

4.2. HALL BAR LOCAL DEVICE

It is also common to see studies using a more local geometry for the detection
of spin flow in experiments involving spin Seebeck effects!™2142621 spin pumping 97,
and others®. Traditional spin Seebeck experiments, have samples mounted between
two Peltier elements for thermal gradient control %1522 and a two wire configura-
tion to measure resulting voltages. This method of measuring spin Seebeck voltages
are often limited by device designs that typically restrict access to temperatures be-
low room, unless special design considerations are met!8%126:2711 * Beyond the device
restrictions, the generated thermal gradient are often assumed to be uniform across
boundaries (i.e. the temperature difference measured between heater elements often
divided by the thickness of the heat sink is often reported). This assumption neglects
the various thermal conductivities of the films as well as the interfacial thermal con-
ductivities that are critical, thus these experiments are difficult to replicate in other

laboratories [229:230]

The local heating method used in some of our experiments to explore spin
Seebeck effects at low temperatures (schematic seen in Figure 4.2) takes inspiration

from other groups!73?214.262,
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Figure 4.2: A cartoon illustration of the local heating method used in spin Seebeck
experiments. Wires are ultrasonically bonded to pads of a Hall bar for the injection
of a dc current, I, and the detection of a transverse voltage, V;. The red region
represents the development of a thermal gradient due to Joule heating.

In this method, a DC current produces a thermal gradient via Joule heating
and voltage taps are used to detect the resulting transverse voltages. For our experi-
ments using a ferromagnetic insulator, the thermal gradient creates a nonequilibrium
population of magnons to carry the flow of spin angular momentum from the ferro-
magnetic insulator to the device. Spin angular momentum is transferred and turned
into a transverse voltage via the ISHE. A current reversal method is employed, in
which the DC current switches polarity with magnetic field sweeps, and due to the
symmetries of the transverse signal the voltage measured can be broken into thermal

and electrical components. The resistive contributions obey V,es(4+1) = —V,.e5(—1),

25



while the thermal component obeys Vgsg(+1) = Vssp(—1), thus, from the current

reversal technique, we have:

Vi(+I) + Vi(—=I) = Vies(+1) + Vies(=1) + Vssp(+I) + Vssp(—1)
= Vies(+1) = Vies(+1) + Vssp(+I) + Vssp(+I1)

= 2V53E(+I).

It is important, however, to note that this method is not immune to other
effects entangling along side the spin Seebeck voltage such as anomalous Nernst ef-
fect [32124,188,246272] * Bocause of this, careful analysis of the signal is required. The
electrical component of the transverse voltage contains signals from spin Hall magne-

toresistance*7%163 and anisotropic mangetoresistance*44°8!. Careful measurements

must be made to separate these effects from each other.

4.3. 8-TERMINAL STAR PATTERN

Another device geometry to study spin transport in materials is a 8-terminal

0128,37,38,80,198]

star device or asterisk devic An illustration of the device geometry can

be viewed in Figure 4.3.

26



N\
VF

Figure 4.3: Device schematic of an 8-terminal star pattern to measure spin-orbit
torque responses. Blue arrows indicate large DC pulsed currents to re-orient the
magnetic structure of a magnetic material. I is a small current in the range of several
1A and V is the voltage taps used to measure changes in resistance after the large
DC pulse current. Figure adapted by!38l.

In these types of devices a large DC pulse current density, typically in the range
of several tens of MA /em?, are used to electrically control magnetic states of a mate-
rial. These pulsed currents electrically control the magnetic material order parameter
by inducing on of two types of spin-orbit torques (SOTs): either a fieldlike torque
(Om|py ~ m x pl¥32) or antidamping torques (d;m| p ~ m x (m x p)143:224)
where m denotes the orientation of a magnetic moment and p represents the nonequi-
librium spin polarization. These torques transfer spin angular momentum to the

magnetic moment of a magnetic material and have the potential to switch their ori-

entation. One measures longitudinal and transverse resistances and notes the changes
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in resistance when switching the orientation of the magnetic order parameter after
pulsing with a large current. Differences in resistances based on the direction of the
pulse current is indicative of spin related phenomena occurring in the sample.

When the large current pulse, or can be viewed as a magnetic pulse, acts on
the magnetic moments of a magnetic layer in a sample, the magnetic moments begin
to oscillate, and these oscillations can create torques on adjacent materials near the
interface. It is here where angular momentum is transferred from the oscillating mag-
netic moments to unperturbed moments in an adjacent layer via spin-transfer torques
(STT). The angular momentum travels in the adjacent layer before completely de-

phasing and is converted into a voltage via inverse spin Hall effect.
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CHAPTER 5: DEVICE FABRICATION

In this chapter we discuss the operating principles of a scanning electron mi-
croscope (SEM) and describe the electron-beam lithography process used to create
our devices seen in later chapters as well as the photolithography process. These pro-
cesses and chemical development are standard use in the experimental work discussed

in later chapters.

5.1. SCANNING ELECTRON MICROSCOPE INTRODUCTION

In Figure 5.1, we illustrate, in a blown up cartoon schematic, the inside of a
typical scanning electron microscope (SEM) system. The generation of a coherent
beam of electrons starts with the filament. In most SEM systems the filament will be
either made of tungsten or lanthanum hexaboride (LaBg). A sizable charge current is
sent through the filament in order to thermally eject electrons. The thermally ejected
electrons converge and are accelerated with an electric potential on the order of several
kVs via the Wehnelt cylinder. The electron beam is condensed again through a series
of condenser lens and shaped by the electromagnetic coils. The final stage of the
formation of a electron beam is at the double deflection raster coils where magnetic
fields are used to deflect the beam and allow scanning in the X and Y directions of

the sample.
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Figure 5.1: Schematic view of the internal working of a scanning electron microscope
(SEM) system. This schematic outlines the internal components responsible for form-
ing a condensed beam of electrons and detection. Illustration adapted from (6.

The electron beam can then interact with the sample for imaging (detecting
backscattered or secondary electrons to form an image) or for device fabrication
(where a resist coasting on the sample is charged by the electron beam in the shape
of the device). The interaction the electron beam has with the sample is depicted in

Figure 5.2.
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Figure 5.2: An illustration of the interaction between the beam of electrons and
specimen highlighting the activation region and types of electrons that result from
scattering events within the specimen. Illustration adapted from!62

The interaction of the beam with the specimen forms an activation region, the
teardrop shaped blue region in Figure 5.2. Within the activation region, several scat-
tering mechanisms results in secondary electron ejections, backscattered electrons, or
even X-rays. There are several uses of a scanning electron microscopy that span be-
yond just imaging the surface or nanopatterning devices. With specialized equipment,
one can detect x-rays that correspond to a “fingerprint” of an element in a sample or

image the cross section of a heterostructure for interface analysis.

5.2. ELECTRON BEAM LITHOGRAPHY

The electron beam lithography (EBL) begins with sample preparation. A sample
is chosen and thoroughly cleaned with acetone, isopropyl alcohol, methanol, and
then dried with N2 gas. If needed, samples are cleaned with a argon plasma etch
to remove contaminants from the surface. Samples are pre-baked at 180°C for 60

seconds to promote adhesion between polymer resists and the sample surface. Next,
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samples are placed in a spin coater where 2-3 drops poly(methyl methacrylate-co-
methacrylic acid), MMA (EL 8.5) MAA, is delivered to the sample via a pippet,
and spun at 500 rpm for 5 seconds and then 2000 rpm for 45 seconds. The samples
are then baked again at 180°C for 60 seconds. This is repeated once more for the

poly(methylmethacrylate), PMMA, resist.
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Figure 5.3: An overview of the electron beam lithography (EBL) procedure. Illus-
tration adapted from!'?. A substrate is coated in a layer of resist and exposed to
a beam of electrons that charge section of the resist that will become the device. A
chemical development procedure follows to remove the charged resist. Afterwards,
metal is deposited over the entirety of the sample surface and a final chemical lift-off
removes unwanted material from the devices.

Using a nanometer pattern generation system (NPGS) software in combina-

tion with the SEM instrument, the electron beam is programmatically controlled
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to traverse the specimen and expose precise sections of the resist layer. The long
polymer strands are reduced to smaller components from the exposure. A chemi-
cal developer such as methylisobutylketone (MIBK) dissolves the exposed areas of
the resist layer. Afterwards, a deposition step results in a metallic coating. The
deposition techniques used in the experiments that follow are thermal evaporation
and sputtering; however, there are a variety of other deposition techniques that ex-
it [48,56,82,96,133,147,195,219,221,235] - Pipally, the samples are submerged in an acetone bath
and ultrasonically cleaned to remove leftover chemical resist and leaving behind a fin-
ished device.

Figure 5.4 illustrates cartoon diagrams of thermal evaporation and sputtering

techniques.
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Figure 5.4: Cartoon diagrams that represent the thermal evaporation process (left)
and sputtering (right). Illustrations adapted from ],
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For thermal evaporation, a source is heated with a large applied electric current
that eventually boils off material that, in the end, make their way upwards and stick
to a substrate. As for sputtering, the source material is bombarded by a high energy

plasma created from an Ar gas environment. When momentum transfer is sufficient
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to overcome the binding energies of the surface atoms of the source, the material is

ejected from the source and rise upwards to a substrate.

5.3. PHOTOLITHOGRAPHY

Several of our devices were fabricated using photolithography techniques. The
process for photolithography, depicted in Figure 5.5, begins with cleaning the sample
surface with a nitrogen gas gun to remove any dust and debris from the film. Once
cleaned, the films are placed onto a spin coater and held in place with a vacuum.
A pipet is used to transfer KLL5310 positive photoresist or APOL-LO 3202 Hi-Res
negative lift off photoresist on the film so that hte film is uniformly covered by the
respective resist. The sample is then spun at 2500 RPM for 4 minutes to create
a uniform layer of photoresist. Once the spin coat process is finished, the film is
transferred to a hot plate set at 100°C and baked for 60 seconds. The films are
then transferred to the optical lithography mask aligner and aligned under their
respective masks. The samples are then exposed for 4 seconds for positive resist or
16 seconds for negative resist via a Quans 20W UV LED light with a wavelength
of 395-400 nm. Following the UV exposure, the sample is baked again on the hot
plate under the same conditions. The samples are transferred to plastic hemostats
and then submerged in a 0.26 normal tetramethyl ammonium hydroxide photoresist
developer. Positive resist is developed for 50 seconds and then agitated via the
hemostat for 10 seconds before removing the sample from the developer and rinsing
thoroughly with distilled water and then blown dry with nitrogen gas. The negative
resist follows a similar process, but is only developed for 40 seconds. Under an

optical microscope, samples are checked for quality.
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Figure 5.5: An overview of the photolithography process. Here a yttrium-iron-garnet
(YIG) substrate is used. A uniform coat of photoresist covers the substrate surface.
Using a mask with the desired device patterns and an ultra-violet (UV) light source,
the device patterns are imprinted onto the photoresist. A chemical development
follows and, if the devices are of high quality, metal is deposited over the entire
substrate. A final chemical development removes the unnecessary metal and leaves
behind our devices.

Samples undergoing positive lithography will then be transferred to the deposi-
tion chamber for ion milling. The samples are ion milled for a total of 90 seconds and
then resistance of the film is measured to ensure no film remains except under the
positive patterns, the ion milling is repeated as necessary to completely remove the
film. Following the ion milling the positive resist is removed via an acetone bath and
sonication to strip the positive resist from the patterned film. The films are cleaned
with a sequential rinse of acetone and distilled water and then dried with nitrogen.
Once the resist is fully removed the positive films may then undergo the negative
photolithography process described below.

Samples undergoing negative lithography will be transferred to the deposition

chamber for thin film deposition. The deposition chamber has a base pressure of

35



8E-8 Torr and the films are sputtered in a 3mTorr Ar atmosphere. Following de-
position, the negative photoresist undergoes a lift off process to remove unwanted
material from the sample and leaves behind the devices. It should be cautioned that
unlike EBL, photolithographic chemical resist is sensitive to ambient light sources. If
samples with photoresist are left and exposed to ambient light sources, then it could

be prematurely exposed and can ruin the quality of the photoresist.
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CHAPTER 6: NON-LOCAL “SPIN” TRANSPORT IN AMORPHOUS
GERMANIUM THIN FILMS

6.1. INTRODUCTION

In spin transport studies, a fairly common measurement technique used is the
measurements of a non-local resistance[?:10%113.208] Ty geometries that measure non-
local resistances, there is a dc charge current through a metal, typically one with
a high spin-orbit coupling, to generate a spin current and measured some distance
away by another metal with high spin-orbit coupling. The important aspect of this
non-local geometry is that the wire that injects spin into the system and the wire that
detects the spin are isolated from each other. This results in experiments where one
can measure pure spin currents in the absence of any associated charge currents flow-
ing through the medium. However, in situations where the materials allows charge
transport in conjunction with spin, the interpretation of the non-local resistance be-
comes difficult 292

Amorphous semiconductors, including recently explored amorphous oxide semi-
conductors!’® have been studied extensively and have a range of important appli-
cations for large-area electronic devices. The strong disorder in the system leads to
Anderson localization of the electronic states near the band edges and the bound-
ary in energy between these localized states and extended states is the mobility
edge3170  In addition, a high level of defect states often forms near the middle
of the gap, and nominally undoped amorphous semiconductors show electronic trans-
port through these localized states via Mott’s variable-range hopping mechanism,

which has a characteristic temperature dependence at low temperature (T) given by:
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where o, and T, are constants.

Here, we first present simple dc circuit models that clarify how dc leakage cur-
rents can generate non-local voltages in these experiments, and how they interact
with various geometries of metal strips. We present charge conductivity and non-
local resistance measurements of an amorphous germanium film. The results clearly
show charge conductivity via the Mott variable-range hopping mechanism, indicating
that amorphous germanium is best described as an amorphous semiconductor. The
non-local resistance measurements show clear correlations with the charge conduc-
tance. We also clarify the conditions for observation of spin transport in non-Olocal
resistance measurements in the presence of charge transport, and compare non-local
resistance measurements made using two common measurement techniques: quasi-dc
current reversal, and lock-in detection with a know range of ac frequencies. Data
presented here shows that reactive components of the non-local measurement circuit
can cause artifacts in t he quasi-dc measurement that mimic the spin transport sig-
nal in certain geometries, causing serious challenges for studies of systems such as
antiferromagnets and disordered spin systems where the magnetic order is not easily

manipulated.
6.1.1. CIRCUIT MODEL OF CHARGE LEAKAGE

Figure 6.1 shows a schematic view of a non-local spin transport experiment
where spin in injected and detected via the spin Hall effect (SHE). Two strips of a
metal film that supports spin-charge conversion (here characterized as a spin Hall
effect, though any mechanism converting charge current to spin current could be
employed) are in contact with a spin transport medium as shown in Figure 6.1(a). In
the case of a purely insulating magnetic medium, the spin can excite magnons that

flow to the distant contact, length L away, and be detected via the inverse spin Hall
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effect (ISHE) when the spin current flows into the metal strip. If the spin medium
also allows charge to flow, this leakage current can flow across the spin transport
medium to the (typically) much lower resistivity metal detector, eventually returning
to the opposite charge terminal as shown in Figure 6.1(b). Here, we show two of the
many possible current paths as black lines. Note that electrons have negative charge,
the electron drift velocity direction is opposite to the arrows shown, which indicate
the direction of current flow. The portion of the current flowing along path i.; will
generate spin current according to the SHE. The portion of the current that follows
path 7.2 and similar paths can lead to significant current density, 7, present in the
detector strip. According to Ohm’s law, E= pj', where p is the charge resistivity, this
current density must be accompanied by an electric field E, which is parallel to the
current as indicated by the orange vector. This electric field leads to a voltage drop
on the Pt wire, which is measured at the terminals, V,,;. This voltage has the typical
sign expected when current flows in a resistor (with positive V,,; vs I;,s). However, as
shown in Figure 6.1(c), when current flowing in the current path i.; leads to a spin
current that is injected downward into the transport medium, it flows through the
medium and then upward into the detector. The inverse spin Hall effect, assuming
the detector has the same sign of the spin Hall angle as the detector, causes both spin
up and spin down electrons to collect at the positive voltage measurement terminal
when positive Iy, is applied, as indicated. In Open circuit conditions for the voltage
measurement on the detector strip, the electrons cause a charge accumulation that
leads to an electric field. As indicated in the figure again with an orange vector, this
electric field points in the opposite direction as the field in Figure 6.1(b) and leads
to the opposite sense of the potential difference. A measurement of this voltage as a
function of bias current when the experiment is dominated by spin flow in the medium
will show a slope of the I'V curve that is negative. This is often taken as proof of spin
transport, though we will show that certain purely electrical artifacts can also mimic

this sign reversal.
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Figure 6.1: (a) Schematic of SHE-driven non-local spin transport. Typically, two Pt
strips with length w along the charge flow direction, separated by a distance L, are
placed in contact with a spin transport medium. A charge current, I, driven into
the injector strip (here shown at left) is converted to spin current via the SHE. This
resulting spin current absorbed into this Pt detector generates a charge voltage via
the ISHE. (b) A top-view schematic of a charge leakage contribution to a non-local
voltage measurement. If the spin transport medium also allows charge flow, charge
current can flow from the injector through the spin medium into a distant Pt strip.
This travels down the typically much lower resistance Pt strip, generating a voltage
with a positive sign with lead polarity chosen as shown by the 4+ and — symbols.
The charge then returns to ground by passing back through the spin medium. (c)
Schematic view of spin transport in the same geometry, clarifying the direction of
spin flow. The opposite sense of the spin flow in the injector and detector leads to a
non-local voltage with the opposite sign from charge leakage.

The simple view of charge flow in a SHE-driven non-local transport experiment,
shown in Figure 6.2(a), can be represented with the lumped-element circuit model
shown in Figure 6.2(c). The requirement for the current to return to ground after
any shunting by a nearby metallic strip means that, at an absolute maximum, the

top half of the film is available to allow charge flow from the injector with resistance
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Ri,; to the detector with resistance Rge, with the lower half returning the current
to low potential. Thus, the parallel charge conductance path is formed with effective
shunt resistors R,;,/2, where R, is the total resistance of the spin transport medium
between the relevant contacts, determined in our case by measuring current flow in
response to a voltage bias. This avoids thermal, thermoelectric, and other non-ideal
effects in typically very high resistance measurements. Any charge that flows across
the spin transport film travels through the metallic detector, producing the voltage
drop measured as a non-locl voltage, V,;, before returning to ground. We calculate

this voltage using

(6.2)

Ry, + Rge
an = Ibiastetf (1 - ° det ) )

va + Rinj + Rdet

which represents the relevant current division with the addition of the factor f, which
accounts for the difference between the actual charge flow paths and those used in
this highly simplified lumped-element model. We expect f to be a small number,
and the experiments below suggest it is on the order of 0.012 for our work. When

R;n; <R, Equation 6.2 is simply

(6.3)

Ran e
an ~ [bias <f]—dt) )

va

and the term in parentheses is the expected non-local charge leakage resistance.
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Figure 6.2: Schematic views and circuit models describing dc charge leakage in SHE-
driven non-local spin transport experiments. (a) A top-down schematic view of a
typical lead arrangement where Pt strips are in contact with a sample spin transport
medium. (b) A similar view with a third metallic strip added between the spin
injector and the detector. (c) Simplified circuit model describing charge leakage in
the standard two-strip geometry. When R, is large compared to R;,; and Ry, a small
portion of the total injected bias current flows on the right current path and generates
a non-local voltage V,; via leakage. (d) A modified circuit model demonstrates the
possible reduction in V,,; in dc from the third metal strip.

We observe that intermediate metal strips can potentially reduce the leakage
current in dc, though also add capacitance and inductance to the circuit and make
any ac or effectively ac measurements less clear to interpret. In dc, we can model
such an insertion of a "guard rail” as shown in Figure 6.2(b) using the circuit shown in
Figure 6.2(d). Here, the third metal strip, with resistance R, provides an additional
low resistance region in the middle of the sample. The film resistance between the
injector and detector at each step is approximately halved, so we take R,;/4 to be the
film resistance in each branch of the circuit. Again applying simple current division,

we can write the guarded leakage voltage as

R . R
Vn r = [iasR e * tnJ ik 3 6.4
lg b @) f (Rzn] + Reff) (Rgr + va/2 + Rdet) ( )
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where the effective resistance, Ry, of all elements other than R;,; is

va R T (va/2 + Rdet)
Rerr = — g 6.5
T T Ryt Ru2+ Rt (6:5)

and f* takes into account the different effective geometry of charge flow from the
guard rail to the detector strip from the idealized model. As before, when R, is the

largest resistance, Equation 6.4 is simply

Rin ‘Rdet > ( 4R T )
Vn r N I 2as ! - 4 ) 6.6
b9 ’ <f va f va ( )

and the leakage resistance is reduced from the simple model of Equation 6.4 by the
factor 4f* R,/ Ry. Assuming that the charge conductivity of the sample medium is
uniform, then f* ~ f, and with a value of R,,./R,, on the order of 1072 or smaller,
this factor could cause a reduction of leakage voltage by several orders of magnitude
for purely dc measurements. This overly simple model makes a number of somewhat
speculative assumptions. Two-dimensional finite element calculations, on both simple
lead configurations and the more complicated geometries used in experiments, show
similarly dramatic reductions in dc charge leakage, though these also rest on the

assumption of a uniform conducting medium.

6.2. EXPERIMENTAL DETAILS

We prepared amorphous germanium films via thermal evaporation of Ge
from 99.999% pure source material in high vacuum (approximately 107° Torr or
1.3 x 1071 Pa) onto amorphous Si-N coated Si substrates at a rate of approximately
0.13nm/s. Note that this deposition rate and base pressure, the film likely have
significant defect atoms included in the disordered matrix. For amorphous germa-
nium (a-Ge) we explored two methods for patterning metal leads to measure charge

transport and test non-local spin transport. These were deposition of the sample
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film on Si-N/Si substrates with pre-patterned strips of 40 nm thick Pt with a 10 nm
thick Cr sticking layer, and patterning of Pt and Cu strips on the top surface of
the samples via e-beam lithography (EBL) and lift-off. For the EBL lead patterns,
we also prepared the lead patterns on a highly insulating Si-N coated Si substrate
with no other film added. Figure 6.3(a) is a scanning-electron micrograph top-view
of an example of the EBL-patterned leads. Figure 6.3(b) shows a cross-sectional
view of these lead patterns, which we produced with three different injector-detector
separations and, for one separation, with an additional Cu lead. To form these,
we used a PMMA layer (Microchem 950 PMMA A3) with Co-PMMA underlayer
[MMA(8.5) MAA EL 6], each spun for 5s at 500rpm then for 45s at 2000 rpm
and baked at 180°C. We sputtered platinum leads after reaching a base pressure of
4 x 1078 Torr at 100 W in 3mTorr of Ar, giving a growth rate of 0.125nm/s. We
evaporated the Cu leads after reaching a base pressure of 7 x 107 Torr at a rate
of ~0.14nm/s. Before the Cu deposition, the sample film surface was Ar plasma

cleaned in a separate vacuum chamber for 1 min.
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Figure 6.3: (a) False-color scanning electron micrograph of Pt and Cu leads patterned
via EBL on a 75nm thick a-Ge film. Leads shown in blue (orange) are 25nm thick
Pt (Cu). We produced three different patterns with varying Pt lead separations. (b)
Cross-sectional schematic of the EBL samples with Pt and Cu leads width indicated.
(c)-(d) Schematic views of the voltage-biased setup used to measure the resistivity of
the amorphous semiconducting samples (distances indicated relate to pre-patterned
leads). Since Pt has many orders of magnitude higher conductivity than the sample
films, the total length of the current path used to determine p is only the distance
between the Pt strips, as indicated. (e) Current measured, I,,..s, vs voltage bias,
Viias, for the geometry shown in (¢) for the a-Ge sample measured at 200 and 300 K
for pre-patterned Pt leads shows predominantly linear response.

For all transport measurements, the substrates are mounted on the cold finger of
a sample-in-vacuum cryostat using gold coated OFHC copper sample mounts. Leads
are ultrasonically wire-bonded and a radiation shield installed to ensure an isother-
mal sample environment. Transport measurements use standard computer controlled
source-meter equipment. Voltage-biased a-Ge film resistance were measured with a
Keithley 2400 sourcemeter. We compare two methods for measuring the non-local
IV and R: the "quasi-d¢” measurements using either the differential conductance or
"delta mode” measurement features of the Keithley 2182a/6221 nanovoltmeter and
precision current source, and frequency-dependent ac measurements using a Stanford
Research Systems 830 lock-in amplifier, using an external function generator and bias

resistor to apply the ac bias current. Most experiments were performed at relatively
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low bias current and used a 90 k(2 bias resistor that is much larger than the ~1 k()
resistance of the injector strips. To apply the largest bias currents (up to 7mA),
we used much smaller bias resistance (in some cases we used only the in-line lead
resistance). Where this was done, we observed no qualitative change in the balance

between in-phase and out-of-phase components of the ac signal.

6.3. RESULTS AND DISCUSSION

Before detailing the consequences of this hopping conductivity on non-local
transport experiments, we first clarify the effective nature of the ”delta mode” and
differential conductance measurements performed with the Keithley nanovoltmeter
(NVM) and current source. In Figure 6.4, we compare a series of electrical mea-
surements on Pt strips formed via EBL on a highly insulating 500 nm Si-N layer
deposited on a Si substrate. These strips, with geometry shown schematically in the
inset to Figure 6.4(a), have the same layout as the device shown Figure 6.3(d), with a
“guard rail” Pt strip placed between t he injector and detector strips, and the charge
resistance between the Pt strips is unmeasurably large at all T" described here. In
Figure 6.4(a), we present the non-local voltage determined by numerical integration
of the differential conductance voltage measured with the Keithley NVM in response
to a series of excitation currents, I, sourced by the linked Keithley current source.
In both this measurement mode and the related "delta mode”, the timing between
voltage measurements is affected by a parameter termed "delay time” by the manufac-
turer. Figure 6.4(a) plots curves acquired for four different choices of this parameter,
ranging from 2ms (the shortest possible value) to 20ms. Strikingly, the non-local
VI curve has the negative slope often associated with spin transport in experiments
with a spin conductive media (obviously absent here). The slope of the curve also
clearly depends on the choice of the value of the "delay time”. High values of this
parameter (not shown) begin to display an apparent oscillatory response, though the

overall negative slope vanishes.
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Figure 6.4: Comparison of "quasi-d¢” and ac lock-in measurements of non-local volt-
age on a device with Pt strips patterned directly on Si-N, with no spin or charge
conducting medium. (a) V,; vs [jius determined from the "quasi-dc” differential con-
ductance method with four different choices of the delay time parameter, starting
with the 2 ms value that is the default for this instrument. All show a spurious nega-
tive slope. Inset: Schematic view of the non-local leads with current bias and voltage
measurement connections indicated. (b) Vj 4. vs f measured with a lock-in amplifier,
where [j;,s is a sine wave with frequency f and the V,; is connected to the lock-in
input. At both 298 K (orange symbols) and 78 K (blue symbols), the response is
dominated across this frequency range by the out-of-phase response. Inset: Closer
examination of the f<17Hz range. (c) measurement of the time dependent voltage
across the injector strip under "quasi-dc” excitation plotted vs time. The main panel
shows the excitation pattern during a differential conductance measurement, and the
upper and lower insets show the excitation during the "delta mode” measurements for
two choices of delay time, as indicated in the insets. (d) Effective frequency of the
"quasi-dc¢” measurements determined from the time dependent measurements plotted
against the delay time parameter.
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Measurement of the same exact Si-N device in the same cryostat with controlled
ac excitation of I, =~ 75 uA and detection of V,,; with a lock-in amplifier indicate
that the apparent negative VI slope measured by the "quasi-dc¢” method is an ar-
tifact arising from a large reactive component of the effective circuit. Figure 6.4(b)
shows measured ac voltage response, V,; 4, to a well-defined ac bias current, including
the in-phase component, X, out-of-phase component, Y, and the total magnitude,
R = VX2 47?2, for two different base temperatures, 208 K and 78 K. Despite a rel-
atively low f, the out-of-phase component dominates the response at all f and T
shown here. This is seen clearly by R and subsequently Y having much larger val-
ues than the in-phase response X. Note that measurements of a resistive load (for
example, when both excitation current and voltage detection are attached to a single
Pt strip) are dominated by the in-phase component, as expected. this large out-of-
phase component of the response is perhaps not surprising when neither charge nor
spin can flow from injector to detector, leaving capacitive and inductive coupling as
the only mechanisms for modifying the detected voltage. However, the large reactive

component presents a special challenge for the "quasi-d¢” measurement.

Figure 6.4(c) plots the current excitation from the Keithley current source during
the "delta mode” or differential conductance vs time. The main plot shows the current
ramp used during differential conductance measurement, while the top and bottom
inserts show the current excitation used in "delta mode” for two different choices of the
"delay time” parameter discussed above. All of these signals are better understood as
low-frequency ac excitations. We explicitly measure the period of these signals for a
range of the "delay time” parameter and plot the resulting ac frequency vs the "delay
time” in Figure 6.4(d). This shows that the default, short delay time used in these
measurements is the functional equivalent of exciting a device with a square wave
with f between 5 and 22 Hz. As we show in Figure 6.4(b) and is typical in non-local
measurements of spin transport through nominally insulating systems!®, at these

frequencies, the Si-N device is dominated by the out-of-phase response. This explains
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the apparent sign inversion of the resistance as determined either from the VI curves
measured with the Keithley differential conductance mode or the resistance reported
by the "delta mode”. here, the dc NVM is sampling an effective ac response at a
time where the ac voltage has swung out-of-phase. Such as signal can, therefore, not
be taken as strong evidence of spin transport without additional verification from

magnetic field dependence or other control experiments.
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Figure 6.5: Non-local voltage measurements on 75 nm thick a-Ge. (a) V,; vs Ij;qs using
the "quasi-dc¢” measurements with Pt injector and Pt detector strips with L ~ 20 um
(gray line) and using a Pt injector and a Cu detector (orange line). Inset: Schematic
view of the non-local setup with a Cu detector, with the possible third "guard-rail”
strip shown in outline. (b) Similar V,; vs Ij;,s measured with "quasi-d¢” approach
with the additional third strip in place. An apparent inversion of the sign of the non-
local resistance occurs. (c) Lock-in amplifier measurements of the same device with
Pt strips and no "guard rail”, V, .. vs f with an ac excitation I,,,s ~ 5 pA (similar
behavior occurs for larger excitations). As seen on Si-N, the signal is dominated by an
out-of-phase component. (d) Lock-in measurements of the device with the third Pt
strip added, where the out-of-phase component is significantly increased. No negative
values of non-local resistance are observed. Inset: Closer view of the f<17 Hz range
shows the in-phase component always remains below the total signal magnitude.
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Figure 6.5 compares non-local voltage measurements made with quasi-dc and ac
lock-in techniques when an amorphous germanium film is placed beneath the metal
strips. The quasi-dc measurements, measured at a delay time of 2ms, compare four
different strip geometries shown schematically in the insets in Figure 6.5(a) and 6.5(b).
Figure 6.5(a) compares two "unguarded” geometries with strips separated by distance
L ~ 20 pm. The gray line presents results with both Pt injector and detector, whereas
the copper-colored line was measured with Pt injector and a copper detector. Both
curves have a positive slope at [j;,s = 0, which could be interpreted as arising from
charge leakage through the Ge. The values of these slopes, determined from the linear
term of a polynomial fit to the curves, define the first-order non-local resistance R ,;
and are given for each curve in the figures. The lower voltage and smaller slope for
the Cu detector, seen in the values from linear fits that are indicated in the figure,
could arise form the lower resistance of the Cu detector strip, as suggested in Equa-
tion 6.4. The deviation of the IV curve for the Pt strip apparent here seems to match
expectations for Joule heating, though we caution that the presence of the electri-
cal artifacts related to the quasi-dc measurement complicate such an interpretation.
Figure 6.5(b) shows similar data but with the additional Pt strip placed between the
injector and detector, while somewhat increasing the overall distance between injec-
tor and detector at L ~ 30 um. Here, both quasi-dc VI curves invert sign, though
the Cu detector again shows much smaller values than the Pt. Without confirmation
from the ac lock-in measurements, this pattern could be interpreted as evidence of
spin transport, clarifying the importance of the more controlled frequency-dependent

non-local voltage measurements shown at right.

Figure 6.5(c) and 6.5(d) present V., vs f measured with a lock-in amplifier
again on the same device with the same Pt strips and the same cryostat wiring. As
with the controlled experiment on Si-N, the ac voltage is dominated by the large
out-of-phase component, with X <R even at frequencies below 10 Hz. This si true for

both the case with no third Pt strip [panel (c¢)| and when the "guard rail” is inserted
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[panel (d)]. Note the larger V. range in (d), indicating as in the Si-N case that one
major consequence of the additional Pt strip is to increase the reactive components
of the overall circuit, leading to a larger out-of-phase component. The inset shows
a closer view of the low f region, again clarifying that the in-phase portion of the
response is always less than the reactive, out-of-phase component. With the third
Pt strip in place, at the ~17 Hz effective frequency of the quasi-dc IV measurement,
the out-of-phase components is 10x greater than the in-phase response. Without
the third Pt strip, the out-of-phase response still dominates, but R is roughly half of
the three-strip value. This significant shift in the reactive impedance drives the false

inversion of sign between the experimental conditions of Figures 6.5(a) and 6.5(b).

In Figures 6.5(c) and 6.5(d), we also indicate the value of the non-local resistance
determined from the in-phase ac voltage component for the two-strip "no guard” and
three-strip "w /Pt guard rail” cases, extrapolated to zero f based only on the lowest
frequency data points. If the Pt strip between injector and detector was actually
acting to shield the detector from charge leakage, one would expect this value to
be dramatically lower in the "guard rail” case. The experimental values provide no
evidence of this, as R4 0 m. instead increases by a factor of 2-4x when the third
Pt strip is added, and the overall distance between injector and detector increases.
Though we caution that determining the true dc resistance accurately is difficult
when such large reactive components of the circuit are present, the pattern shown
here provides no clear evidence of the "guard rail” effect. The increase in Ry 0
upon adding a strip and increasing L does not have a simple interpretation as charge

leakage in a uniform conducting medium.

6.4. CONCLUSION

In summary, we presented charge resistivity and conductivity measurements on
a-Ge films in geometries used for non-local voltage measurements. These show that

the material should be viewed as an amorphous semiconductor with charge conductiv-

ol



ity dominated by Mott’s variable-range hopping. We also presented simple analytic
models to help explain how charge leakage through such a medium can lead to signals
in non-local voltage measurements that originate purely from charge. Finally, we also
compared two experimental techniques to carry out non-local voltage measurements,
including control measurements on Pt strips patterned on a Si-N coated Si substrate
and Pt and Cu strips patterned on the a-Ge thin film. These show clearly that the
fairly common automated "quasi-dc¢” measurement carried out with a linked nominally
dc current source and nanovoltmeter actually applies an ac current with frequency of
22 Hz in the common default settings, and that this frequency falls in a range where
our non-local voltage devices are dominated by reactive contributions to the circuit.
This has the consequence that an inversion of the sign of a measured IV curve can
occur. This suggests strongly that when measurements with these "quasi-dc” techni-
uges are used, the sign inversion itself is not sufficient to prove spin transport in a

given device.
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CHAPTER 7: LARGE SPIN SEEBECK VOLTAGES IN
THERMALLY-EVAPORATED CHROMIUM THIN
FILMS DEPOSITED ON YTTRIUM-IRON-GARNET
(YIG) SUBSTRATES

Spin-to-charge conversion and the reverse process are now critically important
physical processes for a wide range of fundamental and applied studies in spintron-
ics. Here, we experimentally demonstrate effective spin-to-charge conversion in ther-
mally evaporated chromium (Cr) thin films using the longitudinal spin Seebeck effect
(LSSE). We present LSSE results measured near room temperature for Cr films with
thicknesses from 2 to 11 nm, deposited at room temperature on bulk polycrystalline
yttrium-iron-garnet (YIG) substrates. Comparison of the measured LSSE voltage,
Visse, in Cr to a sputtered platinum (Pt) film at the same nominal thickness grown
on a matched YIG substrate shows that both films show comparably large spin-to-
charge conversion. As perviously shown for other forms of Cr, the LSSE signal for
evaporated Cr/YIG shows the opposite sign compared to Pt, indicating that Cr has
a negative spin Hall angle, 6,,. We also present measured charge resistivity, p, of
the same evaporated Cr films on YIG. These values are large compared to Pt and
comparable to S-W at a similar thickness. Non-monotonic behavior of both p and
Visse with film thickness suggests that spin-to charge conversion in evaporated Cr,
which we expect has a different strain state than previously investigated sputtered

films, could be modified by spin density wave antiferromagnetism in Cr.
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7.1. INTRODUCTION

The ability to generate a detectable charge voltage in response to the presence

of a spin current 199165

a flow of angular momentum in a material that can be
mediated by conduction electrons!®152 or magnons!'®? is one of the most important
tools of current spintronics research. These spin-to-charge conversion processes
and charge-to-spin conversion phenomena have been described under various names
in literature such as the spin Hall effect (SHE)I6597:100.224] " the Edelstein-Rashba
effect 672191 or a spin galvanic effect®. At the core of these phenomena is the
spin-orbit coupling in the spin-conversion material or at a relevant interface that
transform the spin angular momentum into a detectable voltage. It has been
theoretically predicted that the scaling of spin-orbit coupling in materials will follow
a Z* lawl®! where Z is the atomic number. For this reason, the heavy metals,
namely platinum, has been the workhorse of the spintronics community for it’s large
spin-orbit coupling [89:142,178,206]

The cost of platinum raises concerns for widespread use for applications, so it is
essential to find a low cost spin conversion material with equal or better performance
than platinum. Early spin pumping experiments, where spin currents are driven
from ferromagnetic resonance (FMR) in a nominally insulating ferromagnet yttrium-
iron-garnet, Y3Fes015 (YIG), into Cr films where spin-charge conversion generates
a measurable voltage via the inverse spin Hall effect (ISHE), were among the first
to demonstrate significant spin-charge conversion in lighter metal films, including

chromium 611

This study also demonstrated that the resulting voltages in chromium
were opposite in sign to both the other 3d metals tested and to platinum. This work
was followed by studies on Cr thin films using thermal spin injection from a bulk YIG

substrate[189:248]

In this technique, known as the longitudinal spin Seebeck effect
(LSSE) 2 a thermal gradient applied at the interface between the insulating ferro-
magnet YIG drives a magnon-mediated spin current toward the interface between

YIG and the adjacent metallic spin-conversion medium. Spin-to-charge conversion
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processes generate a transverse flow of charge, which produces a detectable voltage
via ISHE. An experimental diagram for the LSSE set-up can be viewed in Figure
7.1. One of the earliest works on LSSE on Cr/YIG systems investigated a sputtered
thin film of Cr with a special focus on the question of whether the antiferromagnetic
ground state plays a role in spin-to-charge conversion. The LSSE measurements of
Qu,et all'™). showed no clear features in the range between 30 and 345K in their
sputtered Cr on polycrystalline YIG sample. Likewise, a controlled sample of Pt on
YIG from the same batch showed similar dependence to that of the sputtered Cr.
Due to the similarities of the LSSE vs temperature measurements of both samples,
the authors concluded that antiferromagnetism did not play a role in spin conversion
in their Cr films.

Literature on Cr films suggests a complicated interplay of confinement, strain,
and proximity effects that could play a role in spin-to-charge conversion under
various circumstances. In bulk single-crystals, antiferromagnetism in Cr is the
result of an incommensurate spin density wave (ISDW), where the spin of itinerant
electrons is sinusoidally modulated!™. The wavevector of this modulation is
incommensurate with the atomic spacing of Cr, and the direction of this wavevector
orients in different directions above and below a spin-flip transition temperature near
120 K19266] - The ISDW state affects a range of electronic properties and is highly

[72l Early investigations of the SDW nature of chromium

sensitive to impurities
thin films came indirectly from measurements of exchange bias!?®3.  Exchange
bias is the shift in a hysteresis loop in a ferromagnetic/antiferromagnetic het-
erostructure caused by interfacial magnetic interactions between the magnetization
of the ferromagnet and the Néel vector of the antiferromagnet . These measure-
ments of exchange bias show not only an oscillatory nature, but also a suppression

of the Néel temperature in systems such as epitaxial Fe/Cr!'%6l and permalloy/Cr 278,
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Polycrystalline systems have also show unexpected spin density wave phenom-
ena with samples retaining the antiferromagnetic state to temperature much higher
than bulk Cr. Sputtered 35nm thick polycrystalline Cr films on permalloy show no
loss of antiferromagnetic ordering until 425 K, far above the Néel temperature in bulk

[277] " This occurs due to a strain state in the Cr that drives a transition

single crystals
from the incommensurate spin density wave to a commensurate spin density wave,
with stronger exchange and higher ordering temperature near 475 K in the absence of
any finite size or grain effect. In polycrystalline thin film antiferromagnetic systems,
the temperature probed by exchange bias is often related to the interactions between
grains, called the blocking temperature, T,. On reducing the thickness of sputtered
polycrystalline films to roughly 10nm, 7; dropped to 130 KI?77. These authors also
identified an onset of exchange bias at Cr thickness near 6 nm. A mixed state where
incommensurate and commensurate spin density waves coexist is also possible in poly-
crystalline films and has been shown to play a role in interfacial coupling, exchange
bias and other electronic properties!3:277,

Electrical resistivity, p, is another key property of Cr thin films relevant to spin-
charge conversion. Here, the literature also suggests a broad range of resistivities for
various growth techniques and defects, though importantly p is often fairly large for
a metal®. Such large p can be favorable for spin-charge conversion, since the spin-
converting film often short circuits the transverse voltage generated from the spin
conversion in various experiments. A high p with adequate spin-conversion efficiency
can produce useful detectors for spin currents!®4.

Here we present longitudinal spin Seebeck (LSSE) results measured near room
temperature for chromium (Cr) films with thicknesses from 2 to 11 nm, deposited at
room temperature on bulk polycrystalline yttrium-iron-garnet (YIG) substrates. We
also present comparative measurements of a sputtered platinum (Pt) film at the same

nominal thickness grown on a matched YIG substrate. We also provide measurements

of the resistivity of our chromium thin films across a wide range of temperatures. The
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thickness dependence of both the LSSE voltages and p of our chromium thin films
versus thickness shows a nonmonotonic behavior. At the same thickness, the Cr thin
film shows opposite sign to that of Pt and a LSSE voltage that is comparable in
magnitude. This suggests that thermally-evaporated Cr can be a useful detector for

spin currents.

7.2. EXPERIMENTAL DETAILS

We grew chromium (Cr) thin films via thermal evaporation from Cr plated
tungsten rod sources in high vacuum (& 1075 Torr). We deposited Cr films with
thickness, as determined by a calibrated quartz crystal mass balance, ranging from
2 to 11nm onto 10x2x0.5mm?® bulk polycrystalline yttrium-iron-garnet (YIG)
substrates at a rate of ~0.3nm/s. The 2nm Cr thin film had a measurable but high
electrical resistivity immediately after growth, oxidized within a 24-48 hr period, and
was no longer measurable. A second 2nm Cr sample was thermally evaporated with
a capping layer of a 2nm Pd to prevent oxidation and was used for measurement.
We attached voltage leads to the surface of the ends of these samples with indium
dots, to perform resistance measurements and measurements of the LSSE voltage.
WE clamp each sample between two Peltier elements of length L = 5mm, each
containing K-type thermocouples to monitor temperature. We use these to establish
a stable ~ 17K temperature difference between the Peltier elements, with average
sample temperature near room temperature. The resulting temperature gradient lies
along the z-direction. The resulting LSSE voltage is measured with a Keithley 2182
A nanovoltmeter measured along the sample in the y-direction. The clamped sample
is held inside a rotatable electromagnet, aligned to apply a field in the plane of the
Cr film. When the field is perpendicular to the voltage leads, in the x-direction, the
LSSE voltage is maximized and when parallel to the voltage leads the LSSE voltage
is zero within error.

This type of apparatus, which is common for measuring the LSSE, robustly

generates a thermal gradient at the interface between the YIG and metal film,
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and reliably indicates resulting spin-charge conversion in the metal. However,
comparison of resulting absolute values of the resulting LSSE voltage have been
experimentally proven not to agree well across different experimental setups and

sP21 For this reason, we also prepared a comparison sample

different laboratorie
using the common spin Hall material, Pt. Here we sputtered a 10 nm thick film on a
polycrystalline YIG substrate of the same dimension and cut from the same larger
wafer. The Pt film was sputtered after reaching a base pressure of 4x10~% Torr,
at a rate of 0.125nm/s at a DC sputtering power of 100 W. We measured the
Pt/YIG sample in the same apparatus with the same experimental conditions and
measurement parameters as the Cr/YIG samples.

The electrical resistivities we report were measured with a typical source-
measure equipment either using four contacts wire-bonded near or on the indium
connections after measurement of the LSSE voltage (for temperature dependent

data, refer to Figure 7.3, or using the same two-wire leads as the LSSE voltage

measurements (shown in Figure 7.4).

7.3. RESULTS AND DISCUSSION

Figure 7.1(a) illustrates a cartoon version of the experimental set-up to measure
the longitudinal spin Seebeck effect (LSSE). We have a thermal gradient, represented
by the blue-red gradient arrow, driving a thermal spin current from the YIG substrate
(in green) to either a Cr or Pt (in gray). The voltage leads are attached with to the
surface of the metal film along the long-axis of the film held by indium dots. An
applied magnetic field, represented by an orange arrow, is directed into the plane of
either the Cr or Pt metal. When the thermal gradient, magnetic field, and voltage
leads or mutually perpendicular to each other a transverse voltage is detected via the
inverse spin Hall effect (ISHE) resulting from magnon-mediated spin current produced
from LSSE [0,

Figure 7.1(b) compares the LSSE voltage, Vyssr vs applied field H for 10 nm
thick thermally-evaporated Cr (green symbols) and sputtered Pt films (blue symbols).
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This shows the reversal of the voltage with applied magnetic field, as one would expect,
and shows the thermally-evaporated Cr to have an opposite sign to that of Pt. This
is to be expected since Cr has a spin Hall angle, 6,,, that is opposite in sign to
that of Pt1892%] The most interesting aspect of this comparison is the large voltage
the thermally-evaporated Cr has relative to the sputtered Pt sample at the same
thickness; the voltage produced by the Cr is roughly 80% to that of Pt. The ratio
of these two voltages would suggest that the thermally-evaporated Cr potentially has
a larger spin-charge conversion compared to sputtered Cr, where the spin Hall angle
measured via similar thermal spin injection from polycrystalline YIG was previously
reported to be only ~30% of Pt['% Note the large coercivitiy and complicated
reversal patterns that are typical for bulk polycrystalline YIG substrates that we use

[190,191]

as a spin source
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Figure 7.1: (a) Schematic of thermal spin injection via the longitudinal spin Seebeck
effect (LSSE). A thermal gradient applied to the interface between bulk YIG substrate
and Cr or Pt film drives spin current from the YIG into the metal, which is then
converted to measurable transverse charge voltage, Vissp. (b) Visse vs applied field
H with a 17 K applied temperature difference for a 10 nm thick thermally-evaporated
Cr film (Green symbols) and a 10 nm sputtered Pt film (Blue symbols). The sign of
the resulting voltage for the thermally-evaporated Cr film is opposite in sign to that
of the sputtered Pt film. The thermally-evaporated Cr film has a large thermally
generated signal, roughly 80% that of sputtered Pt.
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Figure 7.2 compares the V;ssg vs applied in-plane magnetic field H for a series
of Cr films of different thickness ranging from 2 to 11 nm. The simplest expectations
of bulk spin-to-charge conversion suggest a monotonic drop in Vgssg with increasing
film thickness?*¥l. The thermally-evaporated Cr does not show this trend, seen clearly
since the Cr/YIG samples in the middle range of thickness are plotted on a larger
voltage scale (indicated by the dashed line wrapped around the plots). We also
notice little change when annealing as indicated in the 10nm Cr plot. A second
10nm Cr/YIG sample was made and annealed immediately after growth in a vacuum
cryostat at &~ 100°C for 2 hours. Annealing only caused a slight shift in both V;s5x
(seen as the red line in Figure 7.2) and p (shown in Figure 7.4). The excellent
agreement between these two separate 10 nm thick samples also indicates that both

the growth of the Cr and the measurement techniques are robust and repeatable.
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Figure 7.2: Longitudinal spin Seebeck voltage, Vi ssg vs applied in-plane magnetic
field H for eight Cr/YIG films with thickness indicated, in units of nanometers, by
the number in parenthesis. The thickness ranges from 2nm to 11 nm. The thinnest
Cr film is capped with a 2nm Pd to prevent oxidation. Two 10 nm thick samples are
shown, one (red line) that was annealed at ~ 100°C in vacuum for 2 hrs after growth.
Note the plots in the dashed box are plotted on a larger voltage scale than the other
three plots.
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Figure 7.3 plots the electrical resistivity, p, versus temperature, 7', measured in
a four-wire configuration for the 6 nm and 10 nm thick Cr samples. The thermally-
evaporated Cr films show large values of resistivity, which is not unusual for Cr
films, which are know to demonstrate a high degree of sensitivity to defects and film

morphology [29-30-137.283]

The 10nm thick film has essentially constant resistivity over
the measured temperature range and the thinner 6 nm thick film shows resistivity
values larger at low temperatures, comparable to values of a 200nm sputtered Cr
film®, that decrease with increasing temperature. This negative slope of p with
T is not typical for a metal, but often observed in Cr for certain ranges of 7" when
various impurity atoms are added!™!. Despite p being much larger than the measured
value of the 10 nm thick sputtered Pt film on YIG (Blue triangle in Figure 7.3), the
Cr films still have smaller p values as compared to some polycrystalline films, such
as the much thicker 200 nm sputtered film (black dashed line)*”). Both thermally-
evaporated Cr films have p values consistent with large values of residual resistivity,
which in some studies has been correlated with mixed spin density wave (SDW)
state[%30 These values of p are also comparable to those seen in other negative spin

[04]

Hall angle materials, such as tungsten (gray dashed line) In both cases, the large

resistivity values seem to promote a larger spin conversion in thermally-evaporated

Cr films.
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Figure 7.3: Charge resistivity, p, versus temperature, 7', for two Cr films of thickness
10nm and 6 nm and a 10 nm Pt film measured on the same samples as the longitudinal
spin Seebeck voltages, Vi ssg, compared to literature values for 200 nm thick sputtered
Cr?! and a previously established negative spin-charge conversion material, 3nm
thick tungsten!®. Both evaporated Cr films have large values.

In Figure 7.4(a), we plot the saturated absolute value of the spin Seebeck voltage,
\Vissel = |Visse(+Hsat) — Visse(—Hsaqt)| vs the thickness of the metallic layer for
our thermally-evaporated Cr/YIG, our sputtered 10nm Pt/YIG reference sample,
and literature data for sputtered Crl'®!. In the given equation, Visse(E£Hsat), refers
to the measured voltage at either a saturating positive applied magnetic field or a
saturating negative applied magnetic field. Note that, we rescaled the literature data
to match the ~ 1.7x larger applied thermal gradient used in our experiment; the
published values for sputtered Cr are somewhat lower. The thermally-evaporated
Cr spin-charge conversion is non-monotonic with thickness in this range, and it does
not follow the simple expectations of a modified 1/¢ dependencel'6>2%7 Instead, the
values become sharply larger above 6 nm, increases further in value of to 10 nm, and
then sharply decreases at 11 nm. Note there are two values for the 10 nm thick Cr;
one refers to the annealed sample that was previously discussed in this chapter (the

green triangle that is slightly lower than the other). These longitudinal spin Seebeck
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voltages not only increase within the 6 nm to 10 nm thickness range, but grows larger
than the sputtered Cr sample and becomes comparable (as seen also in Figure 7.1(b))
to sputtered Pt at the same thickness.

Figure 7.4(b) compares the charge resistivity, p, to the thickness, ¢, near room
temperature for the same set of samples. The uncapped thermally-evaporated Cr
samples all show much larger p values, which is again non-monotonic with ¢, though
with a different pattern than seen in Vygsg. The thinnest thermally-evaporated Cr
sample was capped with a thin 2nm Pd film, which may be the cause for the much
lower value for that sample. In literature, Pd has a large spin-orbit coupling and has
been reported to show significant spin-charge conversion in some samples!®241. A
thermally-evaporated Pd deposited on YIG showed > 10x lower Vpgsr than any of
the thermally-evaporated Cr samples. As a result, we do not expect the Pd cap to

significantly effect V;ssp of the thermally-evaporated Cr.
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Figure 7.4: (a) Absolute value of saturated Vi ssg vs thickness comparing evaporated
Cr (green triangles) and 10 nm thick Pt (blue diamond) to literature values for sput-
tered Cr (pink line) all scaled to equal applied thermal gradient, V7'1'%. Estimated
uncertainty is ~ 5%to ~ 10% on order of the size of the data points. (b) Charge
resistivity, p vs thickness measured on the same samples as in (a).

Figure 7.5 compares the same samples using a measure of the overall spin-
charge conversion, based on the typical theoretical analysis of the spin Seebeck effect.
Thermally generated spin voltage, with the assumption of spin-charge conversion

occurring in the bulk of the film via the spin Hall effect, is typically described by

As t
Visse = 2(CLVT)(pf) =L tanh , (7.1)
t 2
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where VT is the applied thermal gradient, p is the charge resistivity, f,, is the spin
Hall angle, As; is the spin diffusion length in the metal film, ¢ is the metal film
thickness, and C' refers to the efficiency of spin injection from the YIG to the metal
film 1891901911 Eyom equation 7.1, there are three obvious ways of increasing the
thermal signal: increasing VT, increasing L. (which increases Vigsg simply by inte-
grating the same electric field over a longer path), and increasing p (which reduces

simple electrical shoring of the generated voltage by charge flow in the metal film).

We can rewrite equation 7.1 as

Aos

Visse t
T, 2(Clg) ; tanh (2 >\sf) : (7.2)

such that the right-hand side depends only on ¢ and spin-related properties of the
heterostructure. Comparison of the quantity |Vysse|/LVTp between samples there-
fore removes the three trivial effects. With this view of spin-charge conversion, we see
that both sputtered and thermally-evaporated Cr have a much lower spin-conversion
efficiency than Pt (which is off the plot with a value of 3300V /2 cm K in Figure 7.5),
but that the thermally-evaporated Cr retains roughly half the spin-charge conversion

efficiency to that of sputtered Cr between 6-11 nm.
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Figure 7.5: Comparison of the spin conversion efficiency, Vissg/LVTp, for literature
values of sputtered Cr (pink line) and thermally-evaporated Cr (green triangles). In
the green highlighted region between 6 and 11nm, the thermally-evaporated Cr de-
velops a much larger spin-conversion efficiency, reaching about 1/2 to values reported
for sputtered Cr at the same thickness. Pt (represented by the blue arrow) at 10 nm
has the largest efficiency value of 33001V /2 cm K.

As shown by the literature data for sputtered Cr, when well described by equa-
tion 7.2, Asy and 6y, can be determined from these data. As shown in Figure 7.5, the
thermally-evaporated Cr/YIG samples do not obey equation 7.2, instead showing es-
sentially the same non-monotonic pattern seen in Vygsg, again with sudden increase
in spin conversion above 6 nm and sudden drop below 11nm. This behavior with
thickness suggests, as seen in earlier reports on exchange bias, that the evolution of
strain in the thermally-evaporated film modifies the nature of the spin density wave,
which in turn causes the sudden changes in spin-charge conversion. From our ex-
periments, we cannot determine if this change is driven by modified coupling at the
interface (represented by changing the C' parameter), a change in the spin conversion
itself (changing 65,), or a change in Asy. Indeed, the modification in the Fermi surface
that is expected based on strain-induced changes of the nature of the spin density

wave in Cr could affect any or all of these parameters. As the strain state of evapo-
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rated and sputtered films are generally different 113224 strain is a likely explanation
of the very different charge and spin properties of thermally-evaporated and sputtered

Cr films.

7.4. CONCLUSION

In summary, we presented evidence of large negative spin-charge conversion in
thermally-evaporated Cr films on bulk polycrystalline YIG substrates using the lon-
gitudinal spin Seebeck effect. The large thermally driven spin voltages, which are
larger than those previously seen in sputtered Cr for some thicknesses, are partly
achieved due to large charge resistivity, which is comparable to negative spin-charge
conversion materials demonstrated by others. A non-monotonic pattern in both the
unscaled Vyssp and that scaled by p for thermally-evaporated Cr suggests, as pre-
viouslyu seen in exchange bias experiments in Cr heterostructures, that changing
thickness changes the film strain, which modifies the nature of the spin density wave
electronic state of Cr, modifying the spin-charge conversion process. This demon-
strates that, for thicknesses chosen in the optimal range, cheap and easy to prepare
thermally-evaporated Cr films can be useful spin detectors in a range of spintronic

and spincaloritronic measurements and applications.
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CHAPTER 8: TEMPERATURE DEPENDENCE OF SPIN SEEBECK
VOLTAGES OF THERMALLY-EVAPORATED
CHROMIUM THIN FILMS DEPOSITED ON
YTTRIUM-IRON-GARNET (YIG) SUBSTRATES

In this report, we experimentally demonstrate significant spin-to-charge con-
version in our thermally-evaporated chromium thin film via the longitudinal spin
Seebeck effect (LSSE). We present LSSE results between 78 K and 350 K for a 10 nm
Cr thin film and a sputtered 10nm Cr thin film deposited at room temperature on a
bulk polycrystalline yttrium-iron-garnet (YIG) substrate. Furthermore, we present
dimensionless sensitivity measurements, dR/dT = (T'/R), where our evaporated Cr
shows two distinct peaks centered at roughly 350K and 200 K. These two peaks
likely indicate the separate Néel of the incommensurate and commensurate spin
density wave antiferromagnetic states coexisting in a strain-driven mixed state. We
make comparisons of our evaporated Cr to a sputtered Cr film on YIG from the
same batch and to literature data for sputtered Cr of nominally the same thickness
grown on similar bulk polycrystalline YIG substrate. The two sputtered films
agrees reasonably well at all measured temperatures and the evaporated film agrees
well above 200 K; below 200K, there is a significant enhancement to the LSSE
voltage for the evaporated film as compared to the sputtered films. This suggest the
enhanced spin-charge conversion in our evaporated Cr thin film is a combination of
finite-size effects and strain that leads to a modified spin-density wave nature with

the underlying YIG substrate.
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8.1. INTRODUCTION

Chromium (Cr) is an antiferromagnetic below the characteristic ordering
Neél temperature. For bulk Cr this temperature is 311K, but can vary with
thickness 5146160 The AF ordering in Cr is characterized by a spin density
wave. In bulk single crystal Cr, the spin density wave is a incommensurate spin
density wave (ISDW), where the spin of itinerant electrons is sinusoidally modulated
incommensurately with atomic lattice spacing!™!. The modulation of the spin density
wave can change above and below a characteristic temperature, known in literature
as a spin-flip transition temperature!™ which is roughly 120K in bulk Cr. The
nature of the spin density wave (SDW) play a major role in the observed electronic
and magnetic properties of Cr and are sensitive to impurities and strain!™7%7. For
thin film systems, the nature of the SDW can be drastically altered from the reduced
thickness of the film and accompanying strain and finite-size affects, leading to not
only changes in Neél temperatures, but also in the spin-flip temperature as observed
in various thin film Cr systems!?7:81:135,203]

In thin film polycrystalline systems, where the polycrystallline nature of the
films create a high degree of disorder, the SDW nature of Cr can be dramatically
altered due to the degree of disorder and accompanying stress and finite-size effects.
Depending on the degree of disorder in the film, polycrystallline thin film Cr samples
can be magnetically characterized by an incommensurate SDW, commensurate
SDW, or a mixed SDW state. The mixed SDW state includes the incommensurate
spin-density wave and two different forms of commensurate spin-density waves!®l.
In the mixed SDW state, the associated incommensurate and commensurate spin-
density waves states are separated by temperature.

Our previous work in thermally-evaporated Cr thin films grown on poly-
crystalline yttrium-iron-garnet (YIG) substrates®®l investigated the spin-charge

conversion for various thicknesses of evaporated Cr via the longitudinal spin Seebeck

effect (LSSE). We showed that, for thicknesses between 6-10nm, the evaporated Cr
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thin films had an enhanced spin-charge conversion that was roughly half that of
sputtered Cr. It was concluded that, due to the different strain states, as inferred
from resistivity measurements, between sputtered and evaporated thin films!!132245]
the strain in the evaporated Cr was modifying the nature of the spin density wave
in Cr for certain thicknesses that, in turn, enhanced the spin-charge conversion. The
largest enhancement seen in our experiment was for a 10 nm thermally-evaporated
Cr thin film.

The investigations of Qu et all'®! on a 10 nm sputtered Cr thin film on a bulk
polycrystalline YIG substrate showed no clear evidence of the antiferromagnetic
nature of Cr playing a role in spin-to-charge conversion. Spin Seebeck effect measure-
ments were taken over a large range of temperatures between 30 and 345 K. Their
data on the longitudinal spin Seebeck voltage, Vi ssg, vs T showed a steady increase
in Vyssg between 350 and 250K, followed by a roughly constant Vissr between
250 and 100K, and a sharp decrease at temperature below 100K. Comparative
measurements were made with a sputtered 10nm platinum (Pt) on an identical
bulk polycrystalline YIG substrate and showed similar Vg5 vs T behavior as the
sputtered Cr film. Because of this, the authors concluded that the antiferromagnetic
order in their sputtered Cr thin film did not play a significant role.

We continue our investigation on 10nm thermally-evaporated Cr grown on
polycrystalline YIG via the longitudinal spin Seebeck effect utilizing a local heating
method with a current reversal techniquel*214261l A thermal gradient is applied at
the interface between the insulating ferromagnet YIG via Joule heating that drives
a magnon-mediated spin current toward the interface between YIG and the metallic
spin conversion medium. Spin-to-charge conversion generates a transverse flow of

charge, which produces a detectable voltage via the inverse spin Hall effect (227,
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8.2. EXPERIMENTAL DETAILS

Bulk polycrystalline yttrium-iron-garnet (YIG) substrates were chemically
cleaned and coated by a thin layer of photoresist. Using a mask, an array of
1 x 0.1lmm? Hall bars, see Figure 8.1, were printed and developed via standard
photolithographic and chemical development methods. We grew a thin 10 nm layer
of chromium (Cr), as determined by a calibrated quartz crystal mass balance,
via thermal evaporation from a Cr plated tungsten rod source in high vacuum
(= 107" Torr) onto a 10x10x0.5mm? bulk polycrstalline YIG substrate at a rate
of ~ 0.3nm/s. An additional 10nm Cr sample, using the same photolithographic
and chemical procedures, was sputtered on an identical YIG substrate. The base
pressure was 8 x 1078 Torr, the Cr was sputtered in a 3mTorr Ar atmosphere at a
rate of 0.44 A/s. The samples were not intentionally heated and remain near room
temperature during growth. Measurements of both resistance and longitudinal spin

Seebeck (LSSE) effect were performed.
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Figure 8.1: Schematic of the Hall bar device patterned on our bulk polycrystalline
YIG substrates. The applied DC current, I, generated a thermal gradient via Joule
heating. Using current reversal techniques, the longitudinal spin Seebeck voltage can
be acquired from transverse voltage measurements. Resistivity measurements were
also performed when measuring the longitudinal voltage

Samples were mounted to a temperature-regulated oxygen-free highly con-
ductive (OFHC) copper block in a sample-in-vacuum cryostat. Environmental
temperature was regulated and monitored with a LakeShore 331 Temperature
Controller. Calibration on the local heating on the Hall bar allowed an estimation of
the temperature and thermal gradient of the sample. A Keithley 6221 sourcemeter
drove a DC current along the X-direction resulting in an established thermal gradient,
in the z-direction, between the thin films and the YIG substrate via Joule heating.
A Keithley 2182 A nanovoltemeter detected the resulting transverse voltage, in the
y-direction. An externally applied magnetic field was used to align the magnetization
of the YIG substrate in the plane of the film. The field was subsequently swept from
1500 Oe to -1500 Oe and back again to 1500 Oe. According to theory for this type of

LSSE measurement!33214262l we can estimate the longitudinal spin Seebeck voltage
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from transverse voltage measurements through the following equation:

Vi+1) + Vi(=1)
5 ,

Visse = (8.1)
where V;(+1), and V;(—1I) are the measured transverse voltages using a positive and
negative DC current, respectfully.

To make comparisons to the Cr thin films, we grew a 25nm Pt and 25nm Cu
thin film. We expect, from theory[?, the Pt film to have opposite sign to that of Cr
and Cu to not result in an LSSE voltage. The Pt film was sputtered after reaching a
base pressure of 8 x 1078 Torr at a rate of 0.1 —0.125nm/s at a DC sputtering power
of 100 W. The Cu sample was thermally-evaporated in high vacuum(~ 10~7 Torr) at a
rate of 1 nm/s. Both samples were shaped into a Hall bar geometry through the same
potolithographic and chemical procedures and deposited onto bulk polycrystalline

YIG substrate from the same batch.

8.3. RESULTS AND DISCUSSION

The Hall bars used in this experiment were calibrated in a temperature-
regulated vacuum cryostat. Temperature outside the OFHC copper block was
monitored and regulated with a LakeShore 331 Temperature Controller for a
reference background temperature. Two Hall bars were used in the calibration
process; one Hall bar had voltage connections to a Keithley 2182 A nanovoltemeter
and current connections to a Keithely 2400 sourcemeter and another Hall bar had
voltage and current connections to a Stanford Research System 4-wire AC resistance
bridge.

The Hall bar connected to the Stanford Research System would monitor the
resistance using a small current in the yA range to precisely, with minimal amount

of heating, determine the resistance in accordance with the background temperature.
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This provides a reference between the resistance of the metal thin film and the
surrounding temperature. The Hall bar connected to the Kiethleys would supply a
range of powers and measure the corresponding resistance after waiting a sufficient
amount of time for thermal equilibrium. From this we can determine the change in
resistance with applied power at every temperature giving us curves of resistance
values using a large applied power (Heated) and one with a low applied power

(non-heated) as seen in Figures 8.2 and 8.3.

4.5

4.0} ' ' ' ;_F_,—;-"

3.5}

3.0}
2.5}

2.0

AT (K)

w
o
Y
1

N
(0)
T
1

Resistance (Q)
N
o
"
%

—_—
(&)
T v
[

e - Low Current

10 = High Current
50 100 150 200 250 300 350

Temperature (K)

Figure 8.2: The resistance versus temperature curves for a low current, blue symbols,
and high current, red symbols, of a 25nm Pt Hall bar. The inset is the estimated
temperature difference versus temperature.
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Figure 8.3: The resistance versus temperature curves for a low current, blue symbols,
and high current, red symbols, of a 10nm Cr hall bar. The inset is the estimated
temperature difference versus temperature.

Figure 8.2 represents the resistance vs temperature curves for a low power
(blue symbols) and a high power (red symbols) for the 25nm Pt/YIG sample. The
above graph is the estimated temperature difference, AT vs temperature. The AT’s
are estimated from the change in resistance of the sample for some heating power.
We use these determined temperature differences to make accurate and reasonable
comparisons between samples.

Figure 8.4 is the raw LSSE voltage, as calculated from equation 1, versus
applied in-plane magnetic field for a 10 nm evaporated Cr sample (blue), a 25nm

sputtered Pt sample (green), and a evaporated 25 nm Cu sample (red) at 78 K. As
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one would expect, the Cr thin film has opposite sign to that of Pt!611%9 and that Cu

gives no measurable signal 261,

100F T T T
0.75 3, «—10 nm Evaporated Cr-
0.50 [ 10 nm Sputtered Cr )
__ 0.25¢ ~a ]
>3_ 0.00 moooooo?p%oo 9 20933393309939934
7 -0.25 [ 25 nm Evaporated Cu
2 050}
> e |
-0.75}F
-1.00F
T = 7.8K .

25 a 1 a [ s 1 a 1 s [ a
-1000 -750 -500 -250 O 250 500 750 1000
Field (Oe)

Figure 8.4: The raw thermal voltage as calculated from Equation 1 vs an in-plane
external magnetic field for a 10nm thermally-evaporated Cr sample (blue symbols),
a 10 nm sputtered Cr sample (purple symbols), a 25 nm sputtered Pt sample (green
symbols), and a 25nm thermally-evaporated Cu samples (red symbols). Data had
been vertically shifted to center to 0 V. All data was taken at 78 K

From Figure 8.4, the 10 nm evaporated Cr thin film produces a much larger raw
spin Seebeck voltage as compared to the other samples. Since the 25nm sputtered
Pt is more than twice as thick than both Cr samples, it makes intuitive sense that
it should have a much lower spin Seebeck voltage considering that inverse spin
Hall voltages tend to decrease exponentially with the thickness of the film. The

evaporated Cu film shows no indication of spin Seebeck voltage, which is in line with
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the previous observations that Cu tends to have a rather small or zero spin Hall
angle.

Figure 8.5 compares the LSSE voltage divided by length, resistivity, and
thermal gradient vs applied field for the 10nm Cr sample (blue) and the 25nm Pt

sample (green) at selected temperatures between 78 K and 303 K.
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Figure 8.5: LSSE voltage, Vissg, normalized by length, L, resistivity, p, and thermal
gradient, V T, versus applied magnetic field for Cr(10)/YIG (blue) and Pt(25)/YIG
(green) at selected temperatures between 78 K and 303 K with same scaled vertical
axes.

When appropriately scaling the spin Seebeck voltage, we can see that over this
temperature range, the 25nm sputtered Pt film showcases a larger spin Seebeck
voltage than the evaporated 10 nm evaporated Cr thin film; despite the fact that the

sputtered Pt film is in a non-optimized thickness!!™!. Over this temperature range
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we can also note the comparable voltages the evaporated Cr film has with respect
to the sputtered Pt film. At 78K, the evaporated Cr film spin Seebeck voltage
difference of 5 4V and the sputtered Pt film is 17.5 4V, which is a 28.5% difference
between the two samples. As we increase the temperature to 303 K, the evaporated
Cr film is approximately 2.5V and the sputtered Pt film is 5V, which is now a
50% difference between the two samples. This shows that the evaporated Cr thin
film has comparable voltages to that of a sputtered Pt film over a wide temperature
range.

Thermally generated spin voltage, with the assumption of spin-charge conver-
sion occurring in the bulk of the film via the spin Hall effect, is typically described
by

Visse = 2(CLVT) (pfsn) Aef tanh ! ; (8.2)
i Dhos

where Vigsp is the longitudinal spin Seebeck (LSSE) voltage, L is the length of
the sample, VT is the applied thermal gradient, p is the charge resistivity, 0, is
the spin Hall angle, As¢ is the spin diffusion length in the metal film, ¢ is the film
thickness, and C' is a constant related to the efficiency of spin injection from the
YIG to the metal film 891901911 We can rewrite this equation to obtain, on the left
hand side, Vyssr/LVTp, which is proportional to spin-charge conversion efficiency.
This provides a way, based on measurable parameters in our experiment, to estimate
the spin-charge conversion efficiency and make meaningful comparisons between
samples. Although not explicitly written in equation 2, the spin Hall angle and spin
diffusion length can be temperature dependent!M%:242],

Figure 8.6 compares the absolute value of the spin-charge conversion efficiency
| Visse | /LpVT vs temperature for a 10nm thick thermally-evaporated Cr
(blue symbols), a 10nm thick sputtered Cr film (purple symbols), and 25nm
sputtered Pt films (green symbols). VT is defined as VT = AT/L,, where AT

is the temperature difference between the metal film and YIG substrate and L,
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is the thickness of the YIG substrate. The assumption being that YIG is the
largest thermal sink in the system. Although some discrepancies have been re-
ported [228:230.231]. we assume the local heating method establishes a relatively uniform

thermal gradient in our thin films and that the YIG substrate is our largest heat sink.
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Figure 8.6: The absolute value of the longitudinal spin Seebeck voltage, Vi s5g, nor-
malized by the length of the Hall bar, L, the resistivity of the metal film, p, and the
thermal gradient, VT versus temperature. The 10 nm thermally-evaporated Cr thin
film is represented by blue spheres, the 10 nm sputtered Cr thin film data is in purple,
and the 25 nm sputtered Pt film data is in green.

For all measured temperatures, the Pt sample clearly shows a larger efficiency in
comparison to the evaporated Cr sample. Both samples show a larger spin-to-charge
efficiency at lower temperatures. Interestingly the evaporated Cr film shows a

distinct peak near 100 K. The dependence with temperature and location of a peak is
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similar to that seen in the spin conductivity of bulk polycrystalline YIG®8 and could
suggest the unusual peak seen in the evaporated Cr data; however, this peak should
also be present in the sputtered Pt sample since they were deposited on comparable
YIG substrates. It could be, for the case of Pt, the different interface quality with
YIG and thickness of the film will either obscure the small peak or suppress it. The
sputtered Cr thin film shows a clearly larger efficiency than the evaporated Cr. This
could be due to the overall cleanness of the sputtered Cr film which has a much
lower resistivity than the evaporated Cr film. The spin-to-charge efficiency of the
sputtered Pt film is not as high as one would expect, but the sputtered Pt film is
25 nm thick makes it weaker for spin-to-charge conversion as opposed to a 10nm
film 12071,

Figure 8.7a) compares the dimensionless sensitivity defined as dR/dT x (T'/R)
versus temperature for our thermally-evaporated Cr thin film (blue line) and
sputtered Cr thin film (green line). Figure 8.7b) compares the ratio of the Vigsp
over the product of resistance and temperature difference versus temperature for
our 10nm evaporated Cr (blue symbols), our sputtered 10nm Cr sample (green

symbols), and literature data!'®? of a sputtered 10nm Cr (red symbols) sample.
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Figure 8.7: a) The dimensionless sensitivity (dR/dT*(T/R)) for the 10 nm thermally-
evaporated Cr thin film vs temperature. Two distinct peaks are visible with their cen-
ters at ~350 K and ~200K. b) A comparison of the temperature dependence of the
longitudinal spin Seebeck voltage divided by film resistance and temperature differ-
ence (Vigsg/RAT) between a 10 nm sputtered Cr thin film['® (navy blue symbols)
and a 10nm thermally-evaporated Cr thin film (blue symbols). The (Vissg/RAT)
values at 273 K are used as reference data.

Our 10nm sputtered Cr sample shows excellent agreement with literature data
over the measured temperature range. The two sputtered Cr samples compared to

the thermally-evaporated one show excellent agreement at temperatures above 200 K;
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however, below this temperature there is a significant divergence. The evaporated Cr
sample increases monotonically with decreasing temperature until it reaches a peak
near 100 K, whereas the sputtered Cr samples stays relatively constant until rapidly
decreasing below 100 K. To further investigate our evaporated Cr thin film, Figure
8.7a) shows dimensionless sensitivity vs temperature for our 10 nm evaporated Cr
thin film (blue symbols) and 10 nm sputtered Cr film (green symbols). Two distinct
peaks appear near 350 K and 200 K. These two peaks likely indicate the separate
Néel temperatures of the incommensurate and commensurate spin density wave anti-
ferromagnetic states, coexisting in a strain-driven mixed state in the evaporated film.
Thin film Cr samples*>146:16] commonly show Néel temperatures that deviate from
the bulk value. Mixed spin density wave states can exist in Cr thin film samples
that have a high level of disorder, measured as having large resistivity and strain!3l.
This could explain the notably higher signal below 200 K in our "dirty” evaporated
Cr sample as compared to a more "clean” sputtered Cr film. Our sputtered 10 nm Cr
film shows one distinct peak near 300 K, which could correspond to the typical bulk
Néel temperature of Cr.

The evaporated Cr thin film has three distinct magnetic states: above 350 K the
film is fully paramagnetic, between 200 K and 350 K the commensurate spin density
waves are antiferromagnetic and the incommensurate spin density waves are para-
magnetic, and below 200 K both spin density waves are antiferromagnetic. This is
much different from the sputtered Cr film, where it is paramagnetic above 300 K and
antiferromagnetic below.

From our experiments, we see large changes in the longitudinal spin Seebeck
voltage in our evaporated Cr thin film as compared to sputtered thin films. These
changes can be due to either a modification of the coupling at the Cr/YIG interface,
a change in the spin conversion, a change in the spin diffusion length, or a combi-
nation of the three. The modification of these parameters could be due in part to

modifications of the nature of the spin density wave due to strain-related effects in
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(1,30,132,245]  fopomm

evaporated Cr that can, in general, be different from sputtered films
our results, it is difficult to pin down exactly what parameter is most responsible for

these modifications found in thermally-evaporated Cr.

8.4. CONCLUSION

In summary, we presented evidence of large spin-charge conversion in thermally-
evaporated Cr thin films on polycrystalline YIG substrates using the longitudinal spin
Seebeck effect. The enhanced thermal voltages, as compared to sputtered Cr, below
200 K, marked by a peak in the dR/dT * (T'/R) vs temperature curve, is indicative
of a phase transition of the spin density wave in evaporated Cr. Literature suggest
that thermally-evaporated Cr, with large resistivity as compared to sputtered Cr,
has a mixed spin density wave state due to strain-induced effects with temperature
that modify the spin-charge conversion process. This allows the evaporated Cr to
have large spin Seebeck voltages and, when scaled appropriately, comparable thermal
voltages to sputtered Pt. This suggests that thermally-evaporated Cr can be a useful
spin detector over a wide range of temperatures for spintronics and spincaloritronic

measurements and applications.
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CHAPTER 9: SPIN HALL MAGNETORESISTANCE IN
THERMALLY-EVAPORATED AND SPUTTERED CR
THIN FILMS ON POLYCRYSTALLINE YIG
SUBSTRATES

With the current reversal technique on our Hall bar structures we can estimate
thermal effects that scale with even powers of current, but we can also estimate
magneoresistive or electrical contributions to the signal that scale with odd powers of
current as well. In this chapter we explore and analyze the magnetoresistive response

on the evaporated and sputtered chromium thin films.

9.1. INTRODUCTION

Magnetoresistance (MR) is a critical element in contemporary technologies,
spanning applications from magnetic sensors>™ to magnetic random access memory
(MRAM) devices!”l. The advancement of the next generation of spintronic devices
for these technologies necessitates a depper comprehension of more recent MR
phenomena, notably spin Hall magnetoresistance (SMR) and Rashba-Edelstein
magnetroresistane (REMR). In recent years, experimental investigations have
predominately centered around heavy metal (HM)/ferromagnetic insulator (FMI)
heterostructures such as: Pt/Y3Fe;Op (YIG)166:2621 0 Ta /YIG 02801 W /YIG 9
and Pt/Fes0,”8l. The remakrable progress observed in these heterostructures can
be attributed to the substantial spin-orbit-coupling (SOC) exhibited by these HMs,
leading to heightened spin-to-charge conversion efficiencies via the spin Hall (SHE)

and inverse spin Hall (ISHE) effect97:118.224],
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The interplay between SHE and ISHE at the interface of HM/FMI heterostruc-
tures facilitates the interaction between spin currents and magnetization through
spin-transfer torques (SOTs) or spin-orbit torques (SOTs). Consequently, this
interaction modifies the resistance of the metal, contingent on the alignment of the
magnetization with respect to the spin polarization. This leads to the reflection and
absorption of spin currents at the HM interface, resulting in simultaneous SHE and
ISHE, a phenomenon known as spin Hall magnetoresistance (SMR) 173211,

In the pursuit of more-cost-effective spintronic devices, there has been a shift
in focus from heavy noble metals to much lighter 3d transition metals. Chromium
(Cr), in particular, has garnered attention due to recent reports of substantial
spin-to-charge conversion 263561189 Similar effects to SMR are observed in these
lighter 3d transition metals, where a Rashba interface is formed. At this interface,
the spin-orbit coupling (SOC) of the metal in contact with an FMI can be altered,
detected through processes analogous to SHE/ISHE coupling, specifically the
Rashba-Edelstein effect (REE) and inverse Rashba-Edelstein effect (IREE) 421491791,

Chromium, identified as a collinear antiferromagnet wit ha bulk Néel tem-
perature of 311KI[™ presents a promising prospect for cost-effective spintronic
devices. The antiferromagnetic property of Cr is characterized by spin density waves
(SDWs), as opposed to traditional antiferromagnets characterized by antiparallel

[70.72] © These SDWs are fluctuations of spin density

localized magnetic moments
with respect to lattice spacing of itinerant electrons[?"3%.70:1361 that host a variety
of modes: incommensurate spin density waves (ISDWs) that are incommensurate
with the lattice spacing, commensurate spin density waves (CSDWs) that are
commensurate with lattice spacing, and a mixed state where both ISDW and CSDW

are observed[™. Some investigators claim the notably high spin-to-charge conversion

in Cr is not strictly dependent on its antiferromagnetic order, instead originates from

an effective SOC142:189]
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In our previous work, 10 nm thick Cr Hall bars were deposited by both thermal
evaporation and DC magnetron sputtering on a bulk polycrystalline yttrium-iron-
garnet (YIG). We showed a large spin-to-charge conversion efficiency via the longitu-
dinal spin Seebeck effect. On the sample samples, we measured both the transverse
and longitudinal magnetoresistance. In this report, we will explore the effets of differ-
ent growth methods and oxidation of Cr has on the magnetoresistance. Furthermore,
investigations into the interfacial interactions between the bulk polycrystalline YIG
substrate and the sputtered Cr thin film are also reported. To study the effects of
oxidation, we cap our sputtered Cr thin film with a thin layer of aluminum (Al) and
allow that Al layer to oxidize at ambient conditions. We assume the natural oxida-
tion of the thin Al cap prevents excessive oxidation of the Cr underneath leading to
a more pure Cr thin film['°. Lastly, we insert a thin Al layer between the Cr and
YIG substrate and note an abrupt change in magnetoresistance behavior when the
interfacial symmetries are broken.

In this letter, we observe the oxidation of sputtered Cr has a distinctive asym-
metric and unidirectional behavior in the MR curves, in contrast to the oxidized
thermally evaporated Cr/YIG bilayer that has a more symmetric behavior. When
the sputtered Cr sample is capped with a thin Al layer, the asymmetry in the saturat-
ing resistance values of the MR curves ceases to exist, while the zero field transition
persists implying an induced magnetic proximity effect (MPE) or reconfiguration of
the ferromagnetic domains of the YIG substrate. As evidence for this claim, another
sputtered Cr sample was created with an Al insertion layer breaking magnetic inter-
actions between the Cr and YIG. The MR behavior of this samples reveals a more
AMR-like behavior, implying that a magnetic phase in our oxidized Cr. We postulate
the numerous FM/AFM phases of Cr, due to oxidation, could participate in cant-
ing of the AFM moments and lead to a combined anomalous Hall (AHE) like and
MPE-induced AMR contribution to the MR of the sputtered Cr.
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9.2. EXPERIMENTAL DETAILS

Bulk polycrystalline yttrium-iron-garnet (YIG) were chemically cleaned, spin
coated with a negative resist (APOL-L0O3202), and baked at 100° C for 1 minute.
A mask of pre-patterned Hall bars was aligned to the substrate under an optical
microscopy. The substrates are exposed to ultraviolet light for approximately 20
seconds, baked again at 100° C for 1 minute, and developed using AD-10. The 10 nm of
thermally evaporated Cr is deposited from a chrome platted Cr tungsten rod source in
high vacuum (~ 10~7 Torr) at room temperature at a rate of ~ 0.3 nm/s with nominal
thickness determined by a calibrated piezoelectric quartz crystal monitor. The 10 nm
DC sputtered Cr is deposited from a Cr sputtering target near room temperature in
ultra high vacuum (= 1078 Torr) at a rate of 0.03nm/s in a 5mTorr Ar atmosphere
with a nominal thickness determined by the same fashion. Both samples undergo a
similar liftoff procedure of an acetone bath followed by a N2 drying.

The deposited Hall bars have dimensions of 1000 x 100 um? for the current
channel and 150 x 50 um? adjacent legs for the voltage taps. We note that both Cr
samples are allowed to naturally oxidize and to understand the effects of oxidation
on the magnetoresistance, we create similar devices that are either capped with 4 nm
of aluminum (Al) or have an interlayer of 4nm of Al for the sputtered Cr sample.
Both reference the Al/Cr/YIG and Cr/Al/YIG samples have the Al layers grown by
DC sputtering. The capped Al sample is allowed to naturally oxidize that we refer to
as AlO,/Cr/YIG. The interlayer Al sample, Cr/Al/YIG, is used to understand the
interfacial effects between the sputtered Cr thin film and bulk polycrystalline YIG by
breaking any interfacial magnetic interaction and symmetries between Cr and YIG.

All samples are mounted to a oxygen-free highly conductive (OFHC) copper
block inside a vacuum cryostat. Samples are ultrasonically wire bonded to current

and voltage taps as shown in Figure 9.1.
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Figure 9.1: Schematic diagrams of the Hall bar structures configured with a) trans-
verse voltage taps and b) longitudinal voltage taps.

Temperature is regulated and monitored by a Lakeshore 331 temperature con-
troller, a DC current is provided by a Keithley 6221 DC/AC current source meter,
and voltage is picked up by a Keithley 2182a nanovoltmeter. From our previous work,

we utilize the current reversal technique!®3214262l given by the following equation:

V(+I) =V (=)
2 )

Vg = (9.1)
where Vj,r are electrical components that scale in odd powers of current such as
magnetoresistance, V' (+1) is the measured voltage for a positive current, and V (—1)
is the measured voltage for a negative current. Both longitudinal and transverse

resistances are determined by Ohm’s law.

9.3. RESULTS AND DISCUSSION

Figure 9.2 we have the non-thermal resistance defined as V,,on—thermar/I, where
Vion—thermar 18 the non-thermal voltage estimated from the current reversal technique
and I is the applied current, for the 10 nm thermally-evaporated Cr thin film (blue)
and the 10 nm sputtered Cr thin film (purple) at 78 K and 273 K.
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Figure 9.2: The non-thermal resistance, V,on—thermat /I, where Vo, thermar is the non-
thermal voltage detected from the current reversal technique and I is the applied
current. Displayed are the non-thermal resistances of the thermally-evaporated Cr
thin film (blue) and the sputtered Cr thin film (purple) at a) 78 K and b) 273 K.

Immediately one can see the vastly different resistance behavior as a function
of applied magnetic field for the two Cr samples. The thermally-evaporated Cr sam-
ple shows a much more symmetric appearance with applied field that decreases with
increasing temperatures. This magnetoresistance response is akin to other experi-

mentally observed spin Hall magnetoresistance[2°6!.

There are possible contributions
of anisotropic magnetoresistance (AMR) that are commonly observed in these types
of experiments since both AMR and SMR share common symmetries*492%  The
sputtered Cr sample, however, displays a much more asymmetric behavior as a func-
tion of applied magnetic field. Besides the possible AMR and SMR contributions to
the signal, there is an obvious dominant asymmetry component that exists not only
at low temperatures, but also near the Néel temperature of the sample. This strong

asymmetry could be a result of anomalous Hall effect-like (AHE) contributions caused

by magnetic interactions with the YIG substrate. This asymmetric behavior could
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have resulted from interfacial effects with the YIG substrate that caused uncompen-
sated moments with possible canting of magnetic moments to be out-of-plane of the
film (58217l that may have lead to contributions of AHE-like features?!'"! to the signal.

In Figure 9.3 we have displayed three samples: a) the bare sputtered Cr on
YIG, b) an AlO,/Cr/YIG sample, and ¢) Cr/Al/YIG sample. The Al capping and
insertion layer samples were created to explore the interfacial and oxidation effects of

Cr has on its magnetoresistance.
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Figure 9.3: The transverse magnetoresistance versus applied magnetic field at 299K
for a) sputtered Cr/YIG, b) AlO,/Cr/YIG and ¢) Cr/Al/YIG.
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We can see that the capping layer of Al has a drastic effect on the asymmetry of
the signal. The saturating resistance values are now equal value at either saturating
field value; however, the Al capped sample still displays some asymmetry near
zero field with a sharp dip and rise. Aluminum is a nonmagnetic metal that easily
oxidizes and is used to protect the Cr layer underneath from oxidation. The Cr
layer is still in full contact with the YIG substrate and some of the asymmetry
remains; therefore, it is not necessarily just interfacial effects causing the AHE-like
component, but possible Cr oxidation states. Chromium does not oxidize in a

54 instead there can exist regions in the film that

manner akin to typical metals
are metallic and other parts that have oxidized. Of the possible oxidation states,
one in particular is ferromagnetic, CrO,11342321 We speculate that the asymmetry
found in the sputtered Cr/YIG sample is partly due to interfacial effects with the
YIG substrate, but also with the complex oxidation in the sputtered Cr that leads
to a complex magnetic landscape. It is only when the Al is inserted between the
sputtered Cr and YIG substrate that the asymmetry is completely eliminated. The
sputtered Cr will oxidize in the Cr/Al/YIG sample, but since it is not in direct

contact with the YIG, we do not observe any asymmetry caused by either magnetic

proximity effects at the interface with the oxidized Cr nor AHE-like effects.

9.4. CONCLUSION

In summary, based on growth methodology and interface quality, chromium can
exhibit either a symmetric magnetoresistance response characterized by a combina-
tion of anisotropic magnetoresistance and spin Hall magnetoresistance or a asym-
metric magntoresistance response with dominant anomalous Hall-like that possibly
stem from interactions at the interface with a yttrium-iron-garnet substrate and ox-
idation effects. Upon inserting an aluminum layer between the sputtered chromium
and ferromagnetic substrate, the magnetoresistance exhibited a symmetric response,

whereas the aluminum capping showed a small asymmetric component a low fields,
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and is it is based on these observations that we conclude that possible oxidation states
in the chromium thin film and interface quality with the substrate lead to anomalous

Hall-like and magnetic proximity effects that gave rise to asymmetric field behaviors.
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CHAPTER 10: SPIN TRANSPORT MEASUREMENTS IN
MAGNETICALLY COUPLED LSFO/LSMO/STO
AND LSFO/LSMO/LSAT HETEROSTRUCTURES

In this chapter, we report measurements on a
La;_,Sr,FeO3(LSFO)/La;_,Sr,MnO3(LSMO)/(LaAly), 5 (Sr2TaAlOg), - (LSAT)
perovskite heterostructure with patterned Hall bars and 8-terminal devices fabri-
cated via e-beam lithography. Collaborators performed atomic force microscopy
(AFM), x-ray reflectivity (XRR), and x-ray diffraction (XRD) to characterize the
perovskite heterostructure. Our devices aimed to probe the spin transport in this
spin-flopped coupled perovskite heterostructure via longitudinal spin Seebeck effect
(LSSE) and spin-orbit torques (SOT) via current pulses. Due to uncontrolled
pinholes permeating the surface of the LSFO layer that is electrically shorted with
the LSMO underneath, the transport measurements had uncontrolled current path
ways making it difficult to realize any spin transport phenomena. Despite this

pinhole problem, magnetoresistance was still captured using the Hall bar devices.

10.1. INTRODUCTION

Perovskites of the ABO3 structure, where A is a alkaline-earth metal, B is a 3d
transition metal, and O is oxygen. In this system, the A sites are divalent or trivalent
metals, for example Sr or La atoms. The B sites are tetravalent or trivalent atoms,
such as Co or Fe atoms. Usually, the B cations generally determine the physical
properties by either the localized or collective behavior of the d electrons!™4. The
valency of the B sites depends on the valency of the A cations and thus lead to un-

usual electronic and magnetic properties such as colossal magnetoresistance!69:193:196]
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ferroelectricity °!l, and superconductivity 2% which make them attractive for spin-
tronic devices!'68:1971,

If one has lanthanum (La) and strontium (Sr) on the A’ sites, and the "B’ sites
occupied by manganese (Mn) atoms, then one obtains a perovskite of the name lan-
thanum strontium manganite (La;_, A, MnO3z, LSMO). Instead, if one substitutes the
manganese atom for an iron atom (Fe), then one obtains the perovskite of the name
lanthanum strontium ferrite (La;_, A, FeOs, LSFO). These perovskite structures are
often characterized with high degree of carrier spin-polarization and colossal magne-
toresistivity that have an interesting potential for spintronic applications 34120154,

The lattice structure of these perovskites is approximately a face-centered-cubic
(fcc) with a Mn ion at the center and La/Sr cations at the corners of the cubic unit
cell. Six oxygen ions surround the Mn ion and together they form a MnO6 octahedron
(or a FeO6 for LSFO). This is illustrated in Figure 10.1. Depending on the amount
of A doping, the lattice becomes distorted due to the mismatch between the radii of
the cations and the Mn-O-Mn (Fe-O-Fe) bond angle changes giving a rhombohedral

el These perovskites can be tailored into a rich range of electronic

crystal structur
and magnetic phases depending on the concentration of A doping (in this particular
case with LSMO and LSFO, it is the concentration of Sr). For LSMO with a Sr con-
centration between 0.2 to 0.5, it exhibits ferromagnetic and metallic properties!*3.
As for LSFO, an antiferromagnetic insulating phase can be achieved with an optimal
doping of Sr of z < 0.41276],

The ferromagnetism in LSMO is mediated through the double exchange mech-

284 Likewise,

anism between the Mn™ and Mn*" ions through an oxygen atom
in LSFO the antiferromagnetism originates from an exchange interaction between
Fe** and Fe'" ions through an oxygen atom. Forming heterostructures from these
perovskite materials leads to an interesting coupling through a spin-flop exchange in-

teraction between the antiferromagnetic LSFO layer and ferromagnetic LSMO layer.

For idealized planar interfaces with uncompensated antiferromagnetic spins, such as
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the (111)-plane of a G-type antiferromagnet (LSFO), the magnetic moments of the
ferromagnet tend to align with the antiferromagnetic spins at the interface to reduce
the exchange energy of the system!™?. Alternatively, interfaces with compensated
antiferromagnetic spins experience spin frustration where the moments of the ferro-
magnetic layer (LSMO) align perpendicular to the antiferromagnetic spin axis in order

to minimize energy['*l. This type of coupling is referred to as a spin-flop coupling.

OLa or Sr
@®o

. Fe or Mn

Figure 10.1: The typical perovskite crystal structure. The orange spheres represent
either lanthanum or strontium, blue is oxygen, and red is either manganese or iron
(manganese for LSMO and iron for LSFO). This illustration is adapted from %4,

Antiferromagnetic/ferromagnetic heterostructures offer unique magnetic inter-
actions such as exchange bias, the shifting of a hysteresis loop'®! and for the case
of spin-related phenomena, exchange bias switching driven by spin-orbit torque!'87.
LSFO/LSMO bilayers with their spin-flop coupled interaction can serve to host
potentially exciting spintronic applications.

La;_,Sr,FeO3(LSFO)/La;_,Sr,MnO3(LSMO)/(LaAls), 5 (SroTaAlOg), - (LSAT)
perovskite heterostructure were grown via pulsed laser deposition (PLD). These
samples were characterized by atomic force microscopy (AFM), x-ray reflectivity

(XRR), and x-ray diffraction (XRD) in order to determine the density of pinholes
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on the top LSFO surface, the thickness of the samples, and c-axis of the crystalline
structure. Two types of devices were fabricated: Hall bar devices and 8-terminal
structures via e-beam lithography. Spin transport measurements were conducted on
the Hall bar device via longitudinal spin Seebeck effect (LSSE)[?*¥ and spin-orbit
torque (SOT) measurements on the 8-terminal device®®2>®l. Magnetoresistance data
was taken on the Hall bar devices with and without a main current channel. The
8-terminal device recorded the magnet state with resistance measurements as a large
DC current pulse switches the magnetic moment direction in accordance to planar
Hall effect (PHE) data. A 8-terminal devices made from 10nm Pt/ 3nm Py on a

Si0O, substrate was fabricated as a reference sample.

10.2. EXPERIMENTAL DETAILS

Samples of La;_,Sr,FeOs (LSFO)/La;_,Sr,MnOs3
(LSMO)/(LaAls), 5 (SroTaAlOg), . (LSAT), referred to as the IN series for this
study, were grown via pulsed laser deposition (PLD). A more detailed procedure of
the growth is given elsewherel®239:2401 " These samples are doped to a concentration
of 50% Sr. At this concentration, the LSFO is nominally in an insulating antifer-
romagnetic phase?™! and the LSMO is in a conductive ferromagnetic phase[14215].
Atomic force microscopy(AFM) images were taken, see Figure 10.2, to understand
the surface roughness of these samples and the density of pinholes that have the
potential to short the two layers together. X-ray reflectivity (XRR) was performed
to estimate the thickness of these samples.

The sample was first cleaned with a combination of acetone, isopropyl alcohol,
and methanol with a N2 gas drying between each step. Next, the sample was placed
on a hot plate for a pre-bake process for 60 seconds at a temperature of 180°C.
Afterwards, a thin coat of MMA(8.5)MAA EL6 (Co-PMMA) was spin coated across
the entirety of the top surface of the heterostructure. An additional baking process
for 60 seconds at 180°C was performed. Another resist layer made from 950 PMMA

A6 was spin coated with a final baking step immediately after. The Hall bars
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and 8-terminal devices were imprinted into the resist via e-beam lithography. A
development step using methylisobutylketone (MIBK) with a 1:3 ratio of isopropyl
alcohol with an isopropyl alcohol rinse developed our devices. 10nm of platinum
(Pt) was dc sputtered under an initial vacuum of 8 x 107® Torr, and deposited in
a 3mTorr Ar atmosphere at a rate of 0.44A/s. A final acetone bath removed all
unwanted leftovers and left only the devices on the perovskite heterostructure.
Measurements on the Hall bar devices were performed utilizing a Keithley 6221
DC and AC current source as a means of producing a thermal gradient in the device
via Joule heating and measuring the transverse and longitudinal voltages with a
Keithley 2182a nanovoltmeter. The DC current pulse experiments used the same
Keithley instruments as the Hall bar device to send a small current to probe the
resistance, but with the addition of a Tektronix AFG 3022 function generator to
send in large DC current pulses. These device structures can be viewed in Figure 77

and Figure 10.3.

10.3. RESULTS AND DISCUSSION

We provide material characterization of our IN042 sample using atomic force
microscopy (AFM), x-ray reflectivity (XRR), and x-ray diffraction (XRD). We also
provide transport measurements using both a Hall bar design and an 8-terminal

device.

10.3.1. SAMPLE CHARACTERIZATION

Here we show growth characteristics and pulse current data of our
LSFO/LSMO/LSAT, referred to as IN042. AFM images, shown in Figure 10.2, shows

a b x 5 um? scan of the surface morphology of our IN042 sample.

100



Figure 10.2: A 5 x 5 um? AFM scan of our IN042 sample. Figure was adapted with
permission of our collaborators

From the AFM scan, the surface root mean squared roughness was estimated to
be 0.7307 nm with a maximum pit depth of 4.109 nm. Note the lack of pinholes that
can cause shorting between the LSFO and LSMO layers. The low density of pinholes
give the top LSFO layer a clean surface.

The XRR measurements on the IN042 sample estimates a total thickness of
47nm and a LSFO layer thickness of 11.76 nm. This signifies that it is unlikely that
there are pinholes on the LSFO surface that penetrates completely and electrically
shorting it to the LSMO layer.

X-ray diffraction (XRD) measurements were taken, not shown here, for mea-
surements of the crystallographic c-axis of the IN042 sample. It was revealed that
the c-axis length for two layers to be 3.92Aand 3.88A, respectfully. These values are

consistent with literature!®47:2641 - According to the Goldschmidt tolerance factor, t:

t = _ratro (10.1)

V2(rg+ro)’

where r4, 75, and ro are atomic radii of A cation, B cation, and O®~ anion, respec-

tively. Values of ¢, which can be estimated from the ratio of measured c-axis over

101



[86,144]

a-axis, indicate the crystal symmetry of the perovskite structure According to

this factor, our IN042 perovskite is cubic.
10.3.2. TRANSPORT MEASUREMENTS

The 8-terminal device, illustrated in Figure 10.3, is a structure to pulse a large
DC current, which acts as a large magnetic pulse, that may cause a switching of the
magnetization direction*6279:2861  According to literature 8641771 field-like spin-orbit
torques are generated in the ferromagnetic/antiferromagnetic layer that act upon
the magnetic order parameter that eventually causes that order parameter to switch
directions after relaxation. Excluding thermal effects, the field-like torque should
be proportional to the planar Hall effect, which is used to understand the switching
behavior and serve has a map, and the damping-like torques be proportional to the

anomalous Hall effect, which we do not measure here.
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Figure 10.3: Schematic illustration of the 8-terminal device on the perovskite het-
erostructure. V is the measurable transverse voltage, I is a low DC current on the
order of only a few pA, and Iy, represented by the orange square pulse, is a large

DC current on the order of several mA to drive oscillations of the magnetization for
SOT.

These 8-terminal structures were fabrication via e-beam lithography onto two
samples: the LSFO/LSMO/LSAT structure and a reference structure SiO,/3nm Py
(Nig;Fejg)/10nm Pt.

Planar Hall effect (PHE) results can be seen in Figure 10.4 for the Py /Pt refer-
ence sample. We record the voltage response of a Keithley 2182a nanovoltmeter with
a low externally applied magnetic field sweep from 10 Oe to -10 Oe at 300 K. Py is a
ferromagnetic conductor that does not require large magnetic fields to saturate[*®!

and often characterized as a soft ferromagnet with its low coercivity®l. We can see

the sample saturates as low as 10 Oe and two notable dips in the voltage response
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near +1 Oe, in line with typical values of its coercivity. The PHE response is typical

values from literature!294
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Figure 10.4: Voltage data versus externally applied magnetic field for a SiOz /Py /Pt
sample with the magnetic field orientated at 45° with respect to the applied DC
current. This measurement was performed at 300 K and shows two notable dips near
+1 Oe.

The PHE data is used to coordinate the pulse experiment. We can follow the
PHE response curve to organize a sequence for the current pulse experiments. We
can reset the magnetic moments by saturating the ferromagnetic material and then
decrease the applied field to the coercive field (i.e. the lowest resistance peak in the
PHE data). Pulsing with a large current will cause magnetic moments to oscillate and

eventually relax into a more stable configuration. The pulse experiment follows this
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sequential order: saturate the magnetic moments, lower the field to a low point on
the PHE curve, pulse along one wire, pulse along a different wire that is 90° rotated
from the first, and repeat. Figure 10.5 show the results of a pulse experiment on the

Py /Pt sample at 300 K and with a pulse magnitude of 16.7mA.
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Figure 10.5: The pulse results for a SiO, /Py/Pt sample. Outlined in the figure are
the individual stages of the experiment wit data sectioned accordingly.

From the figure, "Htr 17 and "Htr 2”7 represent the larger width wires that are
angled at 45° with respect to both the low DC current tap and voltage tap. Refer to
Figure 10.3 for context. From the 10 Oe saturated voltage, we decrease the field to
10Oe, and note a slight decrease in voltage response in line with values measured on

the PHE curve. We pulse along a 45° angled wire (Htr 1) and notice a sizable increase
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in voltage response in line with the saturating values of the PHE curve. Pulsing along
the —45° angled wire (Htr 2), the voltage response decreases to values similar to those
measured at the 1 Oe field. This pattern is repeated when using a -10 Oe field to reset
the magnetic moments.

For a magnetically soft thin film, the magnetization is expected to be in the film
plane due to shape anisotropy, unless the material exhibits a strong perpendicular
anistropy. [?*"l Therefore, the planar Hall effect should be maximized at 45° angles.
Doing the pulse experiment with an in-plane magnetic field oriented at 45° relative to
the probing current direction gives the clearest results and follows the results from the
PHE rather well. According to some literature, the read-out mechanism, that is the
resistance measurements after each sequential step in the pulse experiments, could
either be due to spin Hall magnetoresistnace, planar Hall effect, or a combination
of both!%3l. These changes in resistances following the current pulse and reading the
transverse resistance should follow the PHE or measuring the longitudinal resistance
for anisotropic magnetoresistance (AMR)[2%260] " Since the pulsing experiment follows
reasonably well with the planar Hall results, it is reasonable to assume that we are
causing a switching of the magnetization of the Py layer from these large DC current
pulses.

In Figure 10.6 illustrates the PHE results of the LSFO/LSMO/LSAT perovskite
sample. This measurement was conducted at 78 K for the clearest results since it
disappears near room temperature since the Curie temperature of the LSMO layer
is near room temperature!®12%8 Like the Py /Pt sample, we see two distinguishable

and symmetric peaks at £95 Oe corresponding to the coercivity of the LSMO layer.
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Figure 10.6: The planar Hall effect at 78 K for the LSFO/LSMO/LSAT perovskite
sample.

Following a similar procedure with the Py /Pt sample, we pulse large DC currents
through a Pt device on the surface of the LSFO layer of the perovskite heterostruc-
ture. This pulse experiment was conducted at 78 K to coincide with the PHE results.
Saturating the LSMO magnetization at an applied magnetic field of 250 Oe, decreas-
ing the magnetic field strength to 90 Oe to align with the lowest point on the PHE
curve, and pulse a large DC current on "Htr 1”7 and ‘““Htr 2” back and forth for several

loops. The pulse experiment data can be viewed in Figure 10.7.
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Figure 10.7: Voltage response for the pulse experiment on the LSFO/LSMO/LSAT
IN042 perovskite. Each step of the sequence are separated for clarity and labeled.
"Htr 17 and "Htr 2”7 represent the 45° and —45° angled wires with respect to the
voltage taps that carry the current pulses, respectively. Data was collected at 78 K
in line with the PHE data in Figure 10.6.

From Figure 10.7, we note that the voltage of the initial reset of the magne-
tization of the LSMO layer by saturating it with a -250 Oe in-plane magnetic field
is slightly higher than those seen from the PHE data at saturation. Decreasing the
field strength to 90 Oe drops the voltage response to values similar to those seen in
the PHE data. Pulsing on the "Htr 1”7 wire causes the voltage to suddenly jump to
values greater than that of the saturating values and pulsing on "Htr 2”7 drops the

voltage response back to values seen at 90 Oe. This pattern is similar to that seen in
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the Py /Pt reference sample; however, repetition is absent in this perovskite sample.
Repeating current pulses on "Htr 1”7 and "Htr 2” does not repeat the initial high and
low states. In any attempted current pulsing experiment, the features in the Py /Pt
reference does not occur in the perovskite heterostructure.

The presence of pinholes on the surface of the LSFO layer that create uncon-
trolled current pathways between the insulating LSFO and conductive LSMO under-
neath may be diverting a substantial component of the current pulse away from the
intended area and electrically shorting these two layers. Without the required current
pulse magnitude to effectively switch the magnetic order parameter, the consistent
switching as seen in our reference sample is absent from the perovskite heterostruc-

ture.

10.4. CONCLUSION

The insulating antiferromagnetic lanthanum strontium ferrite and conductive
ferromagnetic lanthanum strontium manganite, spin-flop coupled heterostructure
shows potentially interesting spintronic applications for magnetic switching. Unfortu-
nately, a more robust growth process needs to be implemented to avoid pinholes that
electrically shorts the two perovskite layers together. If the prevailing pinhole problem
is unavoidable, then a revised methodology for spin transport in this heterostructure

needs to be realized.
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CHAPTER 11: CONCLUSION

In the course of this research, a diverse array of devices and measurement tech-
niques were employed to comprehensively characterize the charge, heat, and spin
transport in various thin film systems.

I investigated the non-local resistance in both amorphous germanium and silicon
nitride systems, utilizing non-local devices fabricated from platinum. Conventional
measurement, techniques such as differential conductance and delta mode initially
suggested spin transport through the observation of a negative non-local resistance;
however, further analysis using a lock-in amplifier revealed that these findings were
attributable to dominant out-of-phase components to the signal, characterized by a
combination of inductive and capacitive signals.

Moreover, longitudinal spin Seebeck measurements were conducted on
thermally-evaporated chromium thin films deposited onto a bulk polycrystalline
yttrium-iron-garnet, an commonly used insulating ferromagnetic material. Remark-
ably, the thermally-evaporated chromium exhibited spin Seebeck voltages comparable
to those of a sputtered platinum sample under similar experimental conditions. A
thickness dependent study unveiled an enhancement in spin-to-charge efficiency for
thermally-evaporated chromium within the range of 6 nm to 11 nm, peaking at 10 nm.
This enhancement, reaching an efficiency of 50% compared to literature data on sput-
tered chromium, was attributed to the influence of film thickness on the strain state,
subsequently modifying the spin-density wave nature of the film.

Continued research on the longitudinal spin Seebeck effect in thermally-
evaporated chromium lead to a temperature dependent study of another 10 nm film,

grown under similar conditions. The study revealed an enhancement of the spin See-
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beck voltage below 200 K, maximizing at 100 K. Sensitivity measurements, defined as
dR/dT«(T/R), indicated two distinct peaks centered near 350 K and 200 K. These two
peaks are likely two separate Néel temperatures. Above 350 K, the chromium assumes
a paramagnetic state. In temperatures between these Néel points, the chromium tran-
sitions into a mixed state marked by domains of antiferromagnetic commensurate
spin-density waves and paramagnetic incommensurate spin-density waves. Tempera-
tures below 200 K, the entirety of the chromium film is in a antiferromagnetic state.
This behavior may be due to a combination of disorder and stress in the film that is
otherwise absent in the sputtered films.

Investigations into the magnetoresistnace response of thermally-evaporated and
sputtered chromium thin films vastly different behaviors under an externally applied
in-plane magnetic field. While the evaporated chromium film displayed a symmetric
behavior aligning with predictions from spin Hall magnetoresistance and anistropic
magnetoresistance, the sputtered chromium thin film exhibited a dominant anomalous
Hall-like asymmetric contribution, possibly arising from interface magnetic proximity
effects and oxidation effects.

Lastly, experimental work on a spin-flop coupled insulating antiferromagnetic
lanthanum strontium ferrite/conductive ferromagnetic lanthanum strontium man-
ganite heterostructure revealed complex magnetic behavior. Attempts at magnetic
switching using current pulses encountered challenges, potentially stemming from
pinholes causes electrical shorts between the insulating and conductive layers. These
unexpected conductive pathways complicated magnetic switching dynamics, divert-
ing the current intended for field-like spin-orbit torques and leading to experimental

limitations.
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APPENDIX A

ATOMIC FORCE MICROSCOPE AND SCANNING ELECTRON
MICROSCOPE IMAGING

Here, we overview the operations of an atomic force microscope (AFM) for
topological imaging of a sample surface. With the analysis of an AFM image, one
is able to extract out important quantities such as surface roughness and heights of

objects, which are important for material growth and device fabrication.

A.1. Introduction to Atomic Force Microscopes

The atomic force microscopy (AFM) is a very-high-resolution type of scanning
probe microscopy with demonstrated resolution on the order of fractions of a nanome-
ter. Figure A.1 depicts a basic schematic of the working principles of the AFM in-
strument. A laser, technically a superluminous diode, shines on the reflective coating
on the backside of the cantilever. The force between the probe tip and the sample
surface causes the lever to be deflected when the probe is moved into close proximity
with a sample. Optical techniques are used to measure the bending of this flexible
cantilever as it responds to mechanical or magnetic interactions with the surface of
the sample. Moving the probe across the surface causes the deflection of the probe
tip to change as it responds in real-time to the evolution of forces at the surface. As
the cantilever taps or is dragged across the surface of the sample, the cantilever is
deflected which is recorded as a variation of Z-height coupled to the X and Y lateral

positions of the stage. This allows for a 2D image to be transformed into a 3D image.
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Figure A.1: A schematic of some of the internal components of an atomic force
microscope (AFM). Illustration inspired from*!

Two common scanning modes are depicted in Figure A.2, the left picture is
contact mode and the right is tapping mode. In contact mode, the AFM probe tip is
dragged across the surface of the sample and the contours of the surface are measured,
in the most common way, using the feedback signal required to keep the cantilever at a
constant position. In tapping mode, the cantilever is driven to oscillate up and down
at or near its resonance frequency by a z-piezoelectric device. The frequency and
amplitude of the driving signal are kept constant. The interaction of forces acting
on the cantilever when the tip comes into close proximity of the surface, van der
Waals forces, dipole-dipole interactions, or electrostatic forces cause the amplitude of
the cantilever’s oscillation to alter. The height of the cantilever is adjusted in order
to maintain the cantilever oscillation amplitude as it is scanned over the surface of
the sample. Thus, the tapping AFM image is produced by imaging the force of the

intermittent contacts of the tip with the sample surface.
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Figure A.2: Cartoon diagrams that represent contact mode (left) and AC tapping
mode (right) of an AFM system. Solid lines is a representation of a sample surface
and the dashed lines are the height retrace determined by the AFM instrument.
lustrations inspired from 19,

The position of the reflected beam on the photodiode is determined by the angle
of the deflected cantilever. That means, as the cantilever drags along the surface of
the sample and is bent due to variations in height of the surface, the laser spot on
the photodiode will move accordingly to any minute changes in surface. This concept
of a laser spot on a photodiode responding to the bending of a cantilever, effectively
amplifying the signal, gives the AFM the ability to detect sub-nanometer changes.
The photodiode is segmented into four quadrants, as seen in Figure A.3, that record
the Z position of the probe tip as it is deflected as vertical displacements on the

photodiode and lateral forces as horizontal displacements.
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Figure A.3: A cartoon of the deflection of the cantilever being recorded on a segmented
photodiode. Ilustration taken from!°

I perform a thickness calibration and measured surface roughness. For all im-
ages, I followed the procedure outlined by the Asylum’s informative manualette. This
manualette is found on their website and describes the procedure for loading a can-
tilever, aligning the laser to the cantilever, engagement of the probe tip, imaging,
image analysis, and how to run a scan.

Once images are obtained, I performed image analysis to remove artifacts from
the raw images. Removing artifacts from an image consists of performing a flatten or
plane fit functions. Flatten eliminates unwanted features from scan lines such as low
frequency noise, bow, or a tilt in an image. It uses all unmasked portions of scan lines
to calculate individual least-square fit polynomials for each line. These fits are then
subsequently removed from the raw image. This polynomial fit can be of different
orders: Oth order fits each line individually to center data, 1st order removes tilt, and
2nd (or 3rd) to remove bow. Likewise, plane fit is another polynomial fit to remove
unwanted artifacts from an AFM image. It is a single polynomial of a selectable order
for an image and subtracts it from the image. The difference being that the plane fit

function can be fitted to either the X scan lines, Y scan lines, or both.
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Calibration of the AFM with a standard calibration chip consisting of numerous

square features is used to optimize the scanning parameters before imaging a sample.

A.2. Height and Surface Roughness

In Figure A.4 we have the 2D scan, 3D reconstruction, and height vs scan length

of a standard AFM calibration chip.
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Figure A.4: (Top) A 20x20 um 2D image scan of the calibration chip. (Middle) A
3D reconstruction of the 2D scan. (Bottom) A height vs scan length plot.

The image quality of the top figure in Figure A.4 show that the AFM is well
optimized. The roughness of the square patterns of the calibration chip is calculated

to be 4.503nm RMS with a 1.459nm standard deviation. The height of the square
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patterns is estimated to be roughly 100nm, in good agreement with label on the
standard chip. In Figure A.5 we present AFM data on the 10 nm thermally evaporated
Cr Hall bar structure on a polycrystalline YIG substrate.

Height

Figure A.5: (Top) A 70x70 pm 2D image scan of the 10 nm thermally evaporated

Cr Hall bar on polycrystalline YIG. (Middle) A 3D reconstruction of the 2D scan.
(Bottom) A height vs scan length plot.
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The Cr had a 1.570nm RMS roughness with a standard deviation of 1.239 nm.
The height retrace graph indicates a roughly 20nm thickness for the Cr Hall bar

structure.

A.3. Imaging With a Scanning Electron Microscope

Images were also taken with a scanning electron microscope (SEM) system.
The SEM system acquires these images by rastering an electron beam from top to
bottom (left to right) of the scanning area and detecting the scattered electrons from
the surface. These SEM images were taken a low beam currents (<50 pA) and used
the nanometer pattern generation system (NPGS) software to computer control the
acquisition of the SEM image. An SEM image of the 8-terminal circuit used to
measure spin orbit torques can be seen in Figure A.6 and an SEM image of the Hall

bars used in the longitudinal spin Seebeck experiments can be seen in Figure A.7.

Figure A.6: An SEM image of a 8-terminal circuit used in the spin orbit torque
experiments. The device is made of 10nm Pt on a SiOx/Si substrate.
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Figure A.7: An SEM image of a 8-terminal Hall bar used in measurements of the
longitudinal spin Seebeck effect. This particular image is of a 25 nm Pt Hall bar on
top of a ferrimagnetic YIG substrate.

SEM imaging is a useful technique to capture high resolution images of sub-
micron structure that are often difficult to see under traditional optical microscopes.
The high resolution of these images make it apparent of device structure and any
defects that could potentially obscure measurements. Within the NPGS software,
distances can be calculated from these images giving accurate device dimension mea-

surements.
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APPENDIX B

LABVIEW DESIGN

Here we will overview the essential LabVIEW virtual instrument (VIs) programs

that were utilized in the acquisition of data and post analysis.

B.1. Code Used For the Non-local Experiments

Here, we briefly describe the critical LabVIEW programs used to measure the

non-local resistances on our samples.
B.1.1. DifferentialConductance IVCurve.vi

This program uses the differential conductance mode of the paired Keithley
6221 /Keithley 2182a. These Keithley instruments are linked together with a RS232
cable and trigger link cable. The differential conductance process uses a stepped
sweep of known current values with a specified current delta. This current delta is

added to and subtracted from each subsequent step in the sweep.
B.1.2. Film4WDiffCondwithTempReg.vi

This program combines a temperature regulation program that monitors the
rate of change of resistance with time with the DifferentialConductance IVCurve.vi
to perform a series of differential conductance measurements across a range of tem-

peratures.
B.1.3. AmplifierFreqSetMagneticFiledsAndMeasurewithTempControlv4.vi

This LabVIEW program controls the AFG function generator output and mea-
sures the in-phase voltage, X, and total voltage, R, with a SR 810 lock-in amplifier.
The out-of-phase component of the measured voltage, Y, is calculated. These mea-

surements are made at a variety of temperatures and magnetic fields.
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B.1.4. DeltaModeVsTwithRegulationAndFieldv2.vi

This program regulates temperatures by measuring change in resistance over
time until it meets certain criterion and measures the voltage response from a sweeping
magnetic field. The voltage response is measured with the delta mode function of the

paired Keithley6221/Keithley 2182a instruments.
B.1.5. SaveOscilloscopeMeasurementsv1.vi

This program interfaces with an oscilloscope and records/saves the data dis-

played on the front screen of the oscilloscope.

B.2. Code Used For The LSSE Experiments

Here we outline the functionality of the critical LabVIEW programs used in
the longitudinal spin Seebeck and spin Hall magnetoresistance measurements. These

LabView codes can be found within the LSSEProject.lvproj project folder.
B.2.1. Master LSSEV1.vi

This program is used to measure the thermal and non-thermal voltage responses
from our local devices for spin Seebeck effect measurements. It begins by establishing
a VISA connection to required instruments for voltage measurement, current bias-
ing, temperature control, and magnetic field control. Then the parameters are set
such as the range of temperatures to be measured, the magnetic field values to sweep
to and from with associated field step size, and file name. Once all of that is es-
tablished the measurements begins. First, the temperature is regulated by measuring
the film resistance with either the paired Keithley 2182a nanovoltmeter/Keithley 6221
sourcemeter (TempRegulationForNanoVoltmeterV2.vi) or by measuring the film re-
sistance with the 4-wire ac bridge by Standford Research Systems (Temp regulation
Slope2DUWithRangeScalingv6withNVMforLSSE.vi). The former divides the mea-
sured voltage by the supplied current and waits until the slope of the calculated

resistance values meets our criterion for stability. The latter performs a 4-wire volt-
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age bias resistance measurement and waits for the slope of the resistance to meet
our criterion for stability. Once temperature stability is established, the magnetic
field is ramped to the positive user defined value. The field is swept towards the
negative magnetic field value, then swept from the negative magnetic field value back
to the positive magnetic field value, all while voltage values from the Keithley 2182a
nanovoltmeter are read (MeasurementLSSEV1.vi). Then the polarity of the supplied
dc current from the Keithley 6221 sourcementer is switched and the measurement
repeats. This constitutes a single loop of measurements. Each loop is individually
saved with SaveEachLoopV1.vi and the thermal and non-thermal components of the
signal are calculated with GetSSESMRV 1.vi. Once every loop is complete (number of
loops is defined by the user), then the averages are calculated (AverageFieldSSESMR-
datafromloopsV1.vi) and saved (SaveAVGV1.vi). A new temperature (if applicable)

is then set and the whole process repeats until the last user defined temperature point.
B.2.2. LSSECalibrationwithNVMwithSRSOption2.vi

This program is used to calibrate our local geometry devices with either the
paired Keithley 2182a nanovoltmeter/6221 current source or, with also, a 4-wire
Standford Research System ac bridge. Temperature is regulated by measuring the film
resistance of our sample with the Keithley 2182a nanovoltmeter by taking the voltage
and dividing it by the supplied current (TempRegulationForNanoVoltmeterV2.vi)
or by measuring a voltage biased resistance with the Standford Research System
(Temp _regulation Slope2DUWithRangeScalingv6withNVMforLSSE.vi). An output
check is taken where a 0 current resistance value is taken when the nanovoltmeter is
on/off. Next, the program cycles through a series of user defined currents to supply
the Keithley 6221 current source meter, voltage is monitored until it is stable with
the 6221VoltageAveWithRealGraphv2.vi, and the voltage is finally measured once
it is stable using the same VI. Once all currents from the user generated array are

complete, the program goes to the next temperature, and repeats.
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B.2.3. CalibrationAnalysisV1.vi

This program takes the data files (written as .txt files) generated from the
LSSECalibrationwithNVMwithSRSOption2.vi and processes them to generate R vs
T curves, calculate temperature difference, and calculate the sensitivity (dR/dT
(T'/R)). The data from the files are read and converted to a double precision floating-
point numeric (dbl) since the file data is initially stored as string values. The voltage
values are then converted into resistances by dividing by their respective current val-
ues. The resistance values are recorded for each temperature measured. Temperature
(T') vs resistance (R) curves are constructed and fitted to a user defined polynomial
(typically a polynomial order of 4 is used). From these fits, temperature difference
values can be obtained from subtracting these T" vs R curves. A forward derivative

calculation is performed:

Y = 1 (x; —xi1), (B.1)

dt
where y; is the resulting value from the derivative calculation (the sensitivity in this
case), x; is the i-th x-value (resistance), x;_; is the previous i-th x-value (resistance),

and dt is sampling interval. The calculated data is then saved.
B.2.4. PostAnalysisSSESMRV1.vi

This program serves to do quick analysis on data files with the appended loop
number (that is to say .txt files with loop# appended at the end of the file name). All
files with the same base name and indexed only by loop number are found and loaded
into the program through the FindAllLoopFilesV1.vi. The imported data, originally
as the string data type, is converted into a double precision floating-point numeric
type (dbl) with the ConvertStringFilestodblV1.vi. In situations where loop .txt files
are not the same size (this can happen when the magnetic field step is not uniform

throughout the run), the TruncateTheRawdataV1.vi helps remove zeroes due to un-
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even column sizes and truncates the data to even sizes. Spin Seebeck voltages and
spin Hall magnetoresistance values are calculate with the CalculateSSEandSMR from-
CurrentsV1.vi. If the user wishes to remove averages from the data, they can opt into
that option with the RemoveAVGOffsetFromSSEandSMRV1.vi. In scenarios where
there is apparent thermal drift, assuming that it is linear, it can be removed with this
program. The user enters a known or estimated coercivity and selects the "Remove
Linear?” option. The subVIs SubtractLinearComponentFromSaturationV1.vi will re-
move the thermal drift from the tail ends of the data. Thermal drift that results in
individual loops shifted from each other can also be removed if needed. The processed

data is then saved.

B.3. Code Used For Spin Orbit Torque Measurements

B.3.1. DCPulse Main_NoField.vi

This is the main program used to measure spin-orbit torque relation phenomena
in the 8-terminal star device. The standford research system 830 lock-in amplifier
and Tektronix AFG 3300 function generator are first configured to the desires of
the experiment. Temperature regulation is optionally monitored by the TempRegu-
lationForLockInV1.vi where a small, low frequency sine wave current is outputted
from the lock-in amplifier and measured with the lock-in amplifier until the slope
of the resistance meets the experimentalist’s criterion for temperature stability.
Afterwards, the SingleDCPulseMeasLocklIn.vi is called. This VI send a current pulse
from the function generator, waits a sufficient amount of time to avoid thermal
artifacts caused by Joule heating, and then measures the voltage from the lock-in
amplifier. The process is repeated N number of times. Then, the pulse channel is
switched using the standford research system SIM900 and the measurement repeats.
The process of pulsing a current in one direction and measuring, pulsing in a different
direction and measuring, is looped over £ number of times. Data from each pulse

direction is displayed on the main VI front panel as graphs. All raw data and
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averaged data are saved for each loop.

B.3.2. DCPulse Main _WithField.vi

This program works similar to DCPulse Main _NoField.vi except it uses two
fields determined by the user. A high field value where a background value is
measured and a low field value where another background value is determined. The

low field value is also where the pulses occur.

B.3.3. LockINQuickHysteresisV2.vi

This program was used to measure the planar Hall response of the 8-terminal
structure using only the lock-in amplifier. The lock-in amplifier is configured to the
needed parameters, outputs a small AC current, and measures the first harmonic
voltage. An externally applied field is swept downward, starting from the user’s high
field value, and ending at the user’s low field value. Then the applied field is swept
in the opposite direction, starting from the user’s low field value and ending at the
user’s high field value. Displayed on the screen are the two individual sweeps and a

graph that combines both sweeps into a single curve.

B.3.4. LockINVsFieldQuick TempDepV3.vi

This program allows for the planar Hall measurement to be conducted over
a wide range of input temperatures. Effectively, this creases a planar Hall voltage
versus temperature plot. A temperature range is given and controlled through a
LakeShore 331 Temperature Controller and regulated by TempRegulationForLock-
InV1.vi until conditions are met by the user’s inputs fro thermal stability. Then the
planar Hall voltage will be measured using LockINQuickHysteresisV2.vi. Finally, a

new temperature is determined and the process repeats until the final temperature,
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determined by the user, is reached.

B.3.5. FieldNoFieldPulsesAnalysisV1.vi

This program is an analysis program for the DCPulse Main NoField.vi or
DCPulse Main withField.vi, where the raw data is taken, displayed on a graph,

and averages and standard deviations are calculated for each part of the measurement.

B.3.6. PulseAnalysisV1.vi

This program takes the pulse data text file and displays each individual pulse
from the data set. The user, if some pulse data runs are too noisy, remove them from

the calculations by selecting the curves they wish to omit from statistical analysis.

B.3.7. PHEAnalysisV2.vi

This program is for the planar Hall effect measurements. It is a state machine
where the user selects a series of buttons from the control panel on the front screen.
"Load Data” will open up a file explorer screen where the user can select the planar
Hall data they wish to analyze, "Graph Data” will display the planar Hall curve on
the graph, "Analyze Data” will do a series of analysis: identify the field location of the
peak voltages from the curve, identify the voltage values of the peaks, determine the
error in the peak voltages, calculate the average peak voltage, calculate the average
peak voltage error, calculate the average field where the peaks occur, and find the

difference in field between the peaks.
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