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Abstract

Materials that exhibit a pronounced inter-conversion of heat, spin, and charge
through spin-orbit coupling have garnered considerable attention in the field of
condensed matter research. Of particular interest is the generation, detection, and
manipulation of spin polarized or pure spin current phenomenon for spintronics
applications. By manipulating the spin degree of freedom of electrons, spintronic

devices can be designed with enhanced functionality.

Many materials have been explored to generate spin current, such as
semiconductors, transition metals, topological semimetals, and more. For the
transition metals, the values of spin Hall angles (6 ) are dictated by the band
structures and inherent to the specific metals. Usually, transition heavy metal such as
W and Pt is known to have large charge to spin conversion due to strong spin-orbit

coupling (SOC).

In previous study, the spin Seebeck effect in a NixCui.x/YIG structure is
explored, leading to the discovery of a significant enhancement in spin-to-charge
conversion within the NixCuix alloy, attributed to spin fluctuations. Notably, the

NigoCuyo alloy, characterized by a Curie temperature of approximately 300 K, exhibits

doi:10.6342/NTU202302600



an extraordinary large spin Hall angle of around Oy = 46% in the paramagnetic

state, surpassing Pt by 4.5 times. Through the reduction of film thickness, the

NigoCuyzo film undergoes a transition from the ferromagnetic (FM) state to the

paramagnetic (PM) state due to the finite size effect.

Building upon the previous findings, we study further the inter-conversion of

heat, spin, and charge within the NigoCuzo alloy in the FM state. This investigation

specifically explores the spin Hall magnetoresistance (SMR) and spin Nernst induced

thermal power (SNITP). Moreover, a comparative analysis is conducted between the

results obtained from Pt and NigoCuzo alloys on YIG substrates to explore the thermal

spin conversion efficiency and influence on different materials.

Keywords: spin current, spin Seebeck effect, spin Hall magnetoresistance, spin

Nernst effect
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Chapter 1 Introduction

Spintronics has received much attention in condensed matter physics researches
due to both scientific breakthroughs and technological advances, including short
access time, low power consumption, and high endurance. In this area, electron
spin, an intrinsic property of electron, plays an important rule due to additional
state in a charge current, making electrical device more potential and providing a

wider range of applications.

Spin is an intrinsic angular momentum carried by elementary and composite
particles including electrons, neutrons, and atoms. It was found by the Stern—
Gerlach experiment (Fig.1.1). During this experiment, silver atoms are emitted
into an inhomogeneous magnetic field and their detection occurs at the rear end of
the setup. If a particle possesses a magnetic moment arising from angular momen-
tum within the atom, its trajectory varies based on the magnitude of the magnetic
moment. On the contrary, if there is no magnetic moment, the particle follows
a single trajectory. Since silver atom does not exist orbital angular momentum,
it is considered to have no magnetic moment and follow one path. However it
is observed that the atoms follow two distinct path, indicating the presence of an

additional angular momentum, which is known as spin.

Similar to well-known physical quantities such as charge or energy, spin an-
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inhomogeneous magnetic field
I
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@) S g“(%
Ag atom hE

Figure 1.1: The schematic diagram for Stern—Gerlach experiment.

gular momentum transports by a flow called spin current (Fig.1.2). It is distin-
guished into two types: spin polarized current (Fig.1.2(b)) and pure spin cur-
rent(Fig.1.2(c)). The former carries not only spins but also charge, while the latter
carries only spin and no charge. In the case of pure spin current, the spin is consid-
ered to flow in opposite directions for opposite spins. To generate equal amount of
spin, electrons in spin polarized current undergo more frequent scattering, result-
ing in a higher production of heat. Thus pure spin current brings a strong advantage

in electrical device.

One notable application of spin current is magnetoresistive random-access
memory (MRAM) [1, 2] (Fig.1.3). An MRAM consist of a thin (free) and a thick
(fixed) magnetic layer, separated by a metallic (spacer) layer. The information is
carried by the magnetic moment of the free layer and is read by means of giant
magnetoresistance (GMR) phenomenon. The resistance of the device varies de-

pending on whether the magnetic moment of the free layer is parallel or antiparallel

doi:10.6342/NTU202302600



(a) j1 =5a.u. Charge Current
11111 - ji=5a.u.
W —— | Je=ntin=10au
Js=h—jh=0
(b) i+ = 4 a.u. Charged Spin Current
MU — | 7i6au =
I — | dezitizi0an
Js=h—ji=2au
(©) jr=1la.u. Pure Spin Current
1 - ji=-1a.u.
— Je=h+tjii=0au
Jjs=h—-ji=2au a.u. (arbitrary unit)

Figure 1.2: (a) Charge current, (b) spin polarized current, and (c) pure spin current

to that of the fixed layer. This difference in resistance is utilized for information
detection. In the case of STT-MRAM, the state of the free layer is controlled (writ-
ten) by the spin-transfer torque (STT) generated by spin polarized current. Apply-
ing a charge current, electrons whose spin parallel to magnetic moment in either
free or fixed layer pass more easily, generating spin polarized current. When it is
injected into the free layer, spin polarized current transfers its spin angular momen-
tum to the magnetic moment, causing it to switch direction and change the state
of the device. On the other hand, in SOT-MRAM, the free layer is controlled by
spin-orbit torque (SOT), which is generated by pure spin current. Since it injects
less charge current into the free layer, results in less electron scattering, the pure
spin current provides the device with a longer service life and a higher number of

operations.

With the advantage of high efficiency and low dissipation, pure spin current

doi:10.6342/NTU202302600
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(b) Writing: Spin Transfer Torque
(a) Reading: GMR ‘

*=4 1
. R !
L L RN RS,

Layer Layer SOT-MRAM

(c) Writing: Spin Orbit Torque
- )
*/ _- 7l Iy, M{//’
] ! %’{MQ AN | ‘

"
<

Figure 1.3: (a) Mechanism of reading process in MRAM, writing process in (b) STT-

MRAM and (¢) SOT-MRAM

generation becomes an important topic. Spin Hall effect, which is predicted by
Dyakonov and Perel in 1971[3], convert charge current into spin current. One of
the contribution arises from the scattering of electrons by scattering centers, result-
ing in the separation of electrons with different spins due to spin-orbit interactions,
as Fig.1.4(a). Transition heavy metals such as Pt, Ta, W have been explored in the
search of high efficiency of charge and spin conversion. Another contribution is
intrinsic property of the material, which is understood after Jungwirth, Niu, and
MacDonald [4]. They analyze the relationship between band structure (Fig.1.4(b))

and transverse conductivity in semiclassical transport theory which has

(&
0, = 7 3 fSR)
k,n

2Im{ (kn|jz|kn') (kn'|vy[kn)}

2

(k) =Y

n'n (Ekn — 6kn’>

where o7, represent the spin current parallel to y-axis with spin index parallel to
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z-axis under x-direction electric field, and {2 indicates the Berry curvature in the
band structure. Taking it into account, some of topological semimetals such as

TaAs[5], CoSi[6] are also attract attention.

Not only charge current produce spin current, heat flow also does. For specific
magnetic insulators such as Y;Fe;O, (yttrium iron garnet, YIG), spin Seebeck ef-
fect generates magnonic spin current by a temperature gradient. It is observed in
Pt/YIG bilayer structure by Uchida [7, 8]. By means of inverse spin Hall effect
which convert spin current to charge current, spin current generated in YIG is in-
jected into the Pt layer and detected in the form of electrical signal. Recently,
researchers are interested in rare earth iron garnet for its magnetism and spin See-
beck effect [9]. On the other hand, due to the magnitude of converted charge
current depend on conversion efficiency of metal layer, adopting various materi-
als as the metal layer without changing magnetic insulator enables us to study their

spin to charge conversion.

Heat flow also generates spin current in heavy metals. Spin Nernst effect, a

(a)

A
=

— soc
--- noSOC

g .
4
ﬁ, , . Spin Current

Charge Current

O =N WA

[T
S .
r —
/
T T |
LSRR

Energy (eV)

YT FTYYTPETTE ST CRTYYFYYSYSYTA FVPRAPRYTY YSYY RPN TN FOUTA YUY

g

_So0oubhbodLloamesa
= A gy A T T
=

-

=

=

-

N

o

o

N

]

':'—o‘lbéoQG"(:nJls(bV{)—"

Figure 1.4: The schematic diagram for (a) extrinsic and (b) intrinsic spin Hall effect

doi:10.6342/NTU202302600



Introduction

thermal version of spin Hall effect, convert heat flow into spin current. It is exper-
imentally observed in W/CoFeB and Pt/YIG by Peng Sheng [10] and Meyer [11],
separately. Spin current generated by spin Nernst effect interacts with magnetic
moment at the interface, either incident into the magnetic layer or reflect back to
heavy metal layer. With the large spin Hall angle in W and Pt, the reflected spin
current is detected as an additional electrical signal. This mechanism implies that
to study spin Nernst effect, it is necessary for the material to have a large spin Hall

angle.

However, as large as spin Hall angle in Pt, the spin Nernst effect measurement
results exhibit very small signal comparing with other spin Hall measurement. Be-
cause of experiment equipment limitation, the signal cannot increase by enhancing
temperature gradient. Fortunately, it has known that N1, Cu, , alloy has large See-
beck coefficient, which indicates the promise of high electrical signal through a
relative low temperature gradient. In addition, by means of spin fluctuation during
ferromagnetic phase transition, the spin current in Ni, Cu,_, alloy can be enhanced,
which is studied by Wu[12]. In this research, critical temperature is measured in
each component of cooper. In addition, spin Hall angle is obtained by spin See-
beck measurement with Ni,Cu,_/YIG sample. It tells that the Nig,Cu,, has crit-
ical temperature at room temperature, having extremely large spin Hall angle of
11% in ferromagnetic (FM) state and 45% in paramagnetic (PM) state. With the
size effect, adjusting the thickness can make Nig,Cu,, change between FM and

PM states. This will be a promising material to study spin Nernst effect for these

doi:10.6342/NTU202302600



properties.

In this work, we confirm the spin Hall angle in FM Nig,Cu,,/YIG by spin
Hall magnetoresistance (SMR) measurement. The result is compared with Ni/Si
and Pt/YIG. Additionally, spin Seebeck measurement is reproduced, in order to
verify the sign of spin Hall angle. Furthermore, magnetic field dependent thermal
voltage is measured to obtain the spin Nernst angle, which characterize the heat to

spin conversion.

In the following content, we introduce in chapter 2 the basic concept of spin
current and magnetism phenomena. In chapter 3, a detailed description on the sam-
ple preparation and measurement technique is addressed. The experiment result
is included in chapter 4, where it shows the consistence of SMR  and SSE result
in FM Nig,Cu,,, data analysis for spin Nernst effect measurement, and calculation

of spin Nernst angle.

doi:10.6342/NTU202302600
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Chapter 2 Background

2.1 Basic Concepts

2.1.1 Spin Current Generation

The generation of spin currents involves the creation of a flow of spin angular mo-
mentum without the accompanying flow of charge. This process is fundamental
in spintronics as it enables the exploitation of electron spins’ unique properties
in diverse devices. Several methods exist for generating spin currents, including
the spin Seebeck effect [7, 8, 13], spin pumping [14], spin Hall effect [3, 15, 16],
and spin Nernst effect [11, 10, 17, 18]. In this section, we focus on the introduc-
tion of spin Seebeck, spin Hall, spin Nernst, and spin Seebeck effects, which play

significant roles in spin current generation and manipulation.

Spin Hall Effect (SHE)

The spin Hall effect (SHE) occurs when a charge current is applied, leading to the
separation and flow of electrons with different spin states in opposite directions
perpendicular to the original current [3, 15, 16]. This phenomenon results in the
generation of a spin current, as depicted in Fig.2.1. The SHE is attributed to three

mechanisms: skew scattering, side jump, and intrinsic mechanisms. It provides

doi:10.6342/NTU202302600
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Jc o
NM
2y

Figure 2.1: The schematic diagram of spin Hall effect. A charge current .J- flows along

SHE
‘]S

x-axis, which generates a spin current that flows in z-axis with spin index o pointed

along y-axis.

a convenient method for generating pure spin currents in various technological

applications.

The spin current generated by the spin Hall effect can be determined using the

following equation:

h
JS = QSHfJC X o (21)
2e

In this equation, Jg represents the spin current, /o denotes the charge current,
05y corresponds to the spin Hall angle, which characterizes the efficiency of con-
verting charge currents to spin currents, and o indicates the spin index that denotes
the direction of spins. Evaluating the spin Hall angle in different materials is a sig-
nificant research focus within the field of spin Hall effect since it helps determine

a material’s ability to convert charge currents into spin currents.

doi:10.6342/NTU202302600



2.1 Basic Concepts 11

Spin Nernst Effect (SNE)

The spin Nernst effect is thermal version of SHE that separating electrons with
different spin states in opposite directions perpendicular to the heat flow [11, 10,
17, 18]. The phenomena results in the generation of a transverse spin current, as

shown in Fig.2.2. The spin current generated by the SNE can be described by

h S
JS = QSNf*(—VT) X o (22)
2e p

Here, Jg represents the spin current, S denotes the Seebeck coefficient, 0y rep-
resents the spin Nernst angle, which characterizes the efficiency of heat-to-spin
conversion, and o represents the spin index indicating the direction of spins. De-
termining the spin Nernst angle in different materials is a significant focus of re-
search within the field of spin Nernst effect, as it helps characterize the material’s

ability to convert heat flow into spin currents.

2 JoNE
VT
NM G)” SNE
/Q’ 7 AJs
hH . /VT N -C

Figure 2.2: The schematic diagram of spin Nernst effect. A temperature gradient VI’
flows along x-axis, which generates a spin current .J :gN E that flows in z-axis with spin

index o pointed along y-axis.
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Spin Seebeck Effect (SSE)

In spin Seebeck magnetic insulators, the spin Seebeck effect arises when a tem-
perature gradient is present, resulting in the generation of a spin current that aligns
with the temperature gradient [7, 8, 13]. When a temperature gradient is applied
to this type of materials, thermal energy is transferred, causing the excitation of
magnons. These thermally excited magnons carry spin angular momentum that
aligns with the magnetization direction in the ferromagnetic material, thereby gen-
erating a spin current. The relationship between the direction of heat flow, spin

current, and spin index is illustrated in Fig.2.3.

z J§F I VT
y
X \,;\\\\ ‘\/;
A ot V il i
' A 4
||

Figure 2.3: The schematic diagram of spin Seebeck effect. A temperature gradient VT’

is applied along the z-axis, resulting in the generation of a spin current .J gSE that flows

parallel to VT'. The spin current J gSE possesses a spin index o aligned with the magne-

tization M along the y-axis.

doi:10.6342/NTU202302600



2.1 Basic Concepts 13

2.1.2 Spin Current Detection

Despite the various methods available to generate spin currents, directly detecting
spin angular momentum remains a challenge. Unlike charge and heat, which can
be measured using ammeters, voltmeters, and thermometers, there are no direct
tools to detect angular momentum. However, an indirect approach to spin detec-
tion can be achieved through the use of bilayers. By converting the spin current
into a measurable form, it becomes feasible to confirm the presence or absence of

spin currents.

Inverse Spin Hall Effect (ISHE) for Spin Detection

The inverse spin Hall effect (ISHE) [19, 20] is a powerful technique employed
in spin detection. It allows the conversion of spin currents back into charge cur-
rents, which can then be readily measured using conventional electrical detection
methods. The ISHE arises from the spin-orbit coupling in non-magnetic materials,
where an incident spin current induces a transverse charge voltage across the ma-
terial. This voltage is proportional to the magnitude of the spin current, enabling

the detection and quantification of spin currents.

Contrary to the spin Hall effect (SHE), which generates a spin current from
a charge current, the ISHE converts a spin current back into a charge current, as
illustrated in Figure 2.3. It is important to note that the efficiency of the SHE and

ISHE is same. Thus, the charge current transformed from the spin current follows

doi:10.6342/NTU202302600
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the relationship:

2
Jo = QSHgJS X o 2.3)

where Jo represents the charge current, Jg is the spin current, €5y is the spin
Hall angle, which characterizes the efficiency of spin-to-charge conversion, and o

represents the spin index indicating the direction of spins.

The ISHE provides a crucial link between the generation of spin currents and
their detection through electrical measurements. By exploiting the ISHE, we can
indirectly probe the presence and characteristics of spin currents, enabling the

study of spin transport phenomena and the development of spin-based devices.

Z]s y
o
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Figure 2.4: The schematic diagram of inverse spin Hall effect. A spin current Jg flows

along —z-axis with spin index o pointed along y-axis, generating a charge current Jés HE

that flows in x-axis.

Spin Seebeck Effect (SSE) Measurement

One significant application of spin detection using the inverse spin Hall effect
(ISHE) is in the measurement of the spin Seebeck effect. The spin Seebeck effect

involves the conversion of a temperature gradient into a spin current in magnetic
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materials. By placing a non-magnetic material adjacent to the magnetic material,
the spin current generated by the spin Seebeck effect can be detected using the
ISHE in the non-magnetic layer, as Fig.[2.5]. The ISHE signal can be described

by the relationship [13]:

Eisne Ag t
= t)0¢— tanh [ — 24
vy~ CPWsn tan <2/\5> @4

Here, EisyE is the voltage due to the ISHE, VT is the temperature gradient, C'is the
spin current injection coefficient, p(¢) and ¢ represent the resistivity and thickness
of the detector layer, fsy is the spin Hall angle, and g is the spin diffusion length.
The coefficient C' incorporates various factors such as the gyromagnetic ratio (),
finite ferromagnetic insulator thickness factor (o), maximum wavenumber (k,,),
magnon diffusion length (/,,,), saturation magnetization (Mg), parameters from
the diffusion equation (B;, Bg, and Bs), spin mixing conductance (ggffc), and the

Boltzmann constant (k).

By analyzing the resulting charge current, researchers can extract valuable in-
formation regarding the magnitude and direction of the spin current induced by the
spin Seebeck effect. This measurement approach, utilizing the ISHE, enables the
study and characterization of spin currents generated by the spin Seebeck effect,
contributing to advancements in spin-based energy conversion and information

processing.
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Figure 2.5: Spin Seebeck Measurement. (a)Schematic diagram of the SSE measurement.
Spin current generated by SSE in YIG inject into NM layer. A transverse voltage converted

by ISHE can be detected. (b)SSE measurement result of Pt(10 nm)/YIG [21]

2.2 The Nig,Cu,, alloy

In recent years, there has been extensive research on charge-to-spin conversion
(spin Hall effect, SHE). However, heat-to-spin conversion (spin Nernst effect,
SNE) has received less attention due to the challenges associated with its mea-

surement.

To address the detection of spin currents generated by SNE, it is essential
to employ a detection layer with a large spin Hall angle. Notably, recent inves-
tigations have unveiled a remarkable enhancement of spin-to-charge conversion
in Ni,Cu,_, alloys, attributed to spin fluctuation effects [12]. Specifically, the

Nig,Cu,, alloy, with a Curie temperature of approximately 300K, exhibits an ex-
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ceptionally large spin Hall angle of about 05y = 45% in its paramagnetic state.
This value is 4.5 times larger than that of Pt. Even in the ferromagnetic state,
the Nig,Cu,, alloy still maintains a substantial spin Hall angle of 05y = 12%,
as depicted in Figure 2.6. The significant enhancement of the spin Hall angle in
Ni, Cu,_, alloys makes them promising candidates for amplifying the spin Nernst

effect signal, facilitating easier measurement.

0.5 o) O SSE Ni, Cu, /YIG (our work)
\ O SSE Ni, Cu, /YIG (our work)
0.4+
PM
B ® sprupry
z 0.3 FM P SMRPYYIG

STFMR Pt/Py
— 0.2+ x LSV PPy
[63]

{> SP Pt/Co, Pt/Py
[64]
0.1 ‘[9] [66] =y[67]
(73] V' 0] [76) (73]
0.0 [52.6311>[69]’ > mnlPn @
0 v 4 6 8 10 12

Figure 2.6: Integration of reported spin Hall angle for Pt. The blue and red open circles
are the result for NiyCu;_x in the PM and FM state [12]. Other symbols are the result for
Pt reported by several groups with various measuring methods. The product of spin Hall

angle and spin diffusion length from the result of each group is roughly equal.

Thus, the Ni,Cu,_, alloy with its large spin Hall angle offers great potential for
advancing the detection of the spin Nernst effect. Its unique properties, including
the enhanced spin-to-charge conversion and robust performance in both param-
agnetic and ferromagnetic states, make it a promising material for studying and

harnessing the spin Nernst effect.
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2.3 Spin Transport Theory Driven by J- and VT’

In the preceding section, we introduced the concepts of spin Hall effect, spin
Nernst effect, and their respective angles (Asy and fgx) as convenient measures
of the spin current direction. However, it is important to note that ’.Js’ as a vector
does not fully characterize the direction of spin. As aresult, it becomes challenging
to establish a comprehensive spin transport theory based solely on this simplified
representation. In this section, we follow the reference [22] and consider the spin

current as a tensor:

) en o
Jsig = 5Aonvk dj e {x,y, 2} (2.5)

Jsi; means the carriers with spin o pointing along direction ¢ towards direction
j. Furthermore, the spin transport theory for metallic systems in contact with a
magnetic insulator using a drift-diffusion model can be derived. This theoretical
framework will enable us to understand the behavior of spin currents under the

influence of charge currents and temperature gradients.

2.3.1 Theory of Spin Hall Magnetoresistance

We discuss the composition of spintronic devices, which typically involve the in-
tegration of non-magnetic (NM) and magnetic materials to enable precise manip-
ulation of the spin state. Recently, magnetic insulators, particularly yttrium iron
garnet (YIG), have garnered significant attention in this field due to their advanta-

geous properties, including no shunting effects and low magnetization damping.
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Figure 2.7: Schematic diagram of spin Hall magnetoresistance mechanism. Resistance

4

in a NM/FM bilayer depends on direction of magnetization on FM. (a) shows the M | o
case that spin accumulation does not diffuse back, which has larger value of resistance

than (b) the M || o case due to the addition current generated by ISHE.

In heterostructures comprising a NM layer and a ferromagnetic (FM) mate-
rial, a specific type of magnetoresistance arises. Spin current generated by the
spin Hall effect (SHE) in the NM layer flows perpendicular to the charge current,
resulting in the accumulation of spins at the NM/FM interface. The direction of
the FM’s magnetic moment, which can be controlled by an external magnetic field,
determines whether the spin current diffuses back into the NM layer or not. When
the magnetic moment is aligned parallel to the spin, the spin current diffuses back,
generating an additional charge current in the NM layer through the inverse spin
Hall effect (ISHE). This additional current effectively reduces the resistance in the
system. Combining the SHE and ISHE phenomena, this magnetoresistance orig-
inates from the spin current generated in the NM layer and is referred to as spin

Hall magnetoresistance (SMR) [23]. The mechanism is shown in Fig.2.7.

The drift-diffusion model is widely accepted as the most plausible theory for
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explaining the SMR phenomenon, as described in [22]. As mentioned in eq.(2.5),
the first index of jg,; represents the spin direction, while the second index denotes
the direction of spin current flow. This spin current is driven by the SHE and spin

accumulation at the boundary.

Assuming isotropic spin Hall conductivity in the NM layer, the spin current
can be expressed as:
ac
o (

. 1
Jsij = OsmcijnOkpo + §0ju’5i) (2.6)

Here, o represents the conductivity, ji 1s the charge-dependent chemical poten-
tial, and 1/, represents the spin-dependent chemical potential. The first term in
the equation describes the SHE, while the second term indicates the diffusion of
spin accumulation. By treating the gradients of y as electric fields, the equation
can be rewritten as js;; = oc(0speijnEr + Eesyr,ij). The first term is compara-
ble to the equation (2.1). Furthermore, the components of yiy; can be interpreted
as spin-dependent energies with corresponding spin directions, incorporating both
charge and spin contributions. Thus, it is useful to define the chemical potential
with only spin contribution as ps; = pt's; — fto, which is commonly known as spin

accumulation.

On the other hand, the charge current consists of the original current driven
by an external electric field and an additional component induced by the ISHE. It
can be expressed as:

. oc 1
Jjoi = ——(Ospo — 595H5ijkaj:ut9k) 2.7)
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By determining the distribution of charge and spin accumulation, the relationship

between charge and spin currents can be established.

The spin accumulation can be obtained from the diffusion equation:

Vg = % 2.8)
S

Here, \g represents the spin diffusion length, which characterizes the distance over
which the spin state of electrons can be maintained. Consider a bilayer system con-
sisting of a NM and FM insulator, with an electric field applied in the x direction,
as shown in Figure 2.7. For the NM film with a thickness of dy in the z direc-

tion, and by imposing the boundary conditions js;.(dy) = 0 and jg;.(0) = jéi?

(where j gz) is the spin current between the interface), the equation can be solved.

Substituting it into equation (2.7) allows us to determine the charge current and

subsequently derive the resistivity:

~ -1
Poy = —5 3 = Dpimgmy + Apam, (2.10)
ool
where
Apo 5 2As dn
—— = —05,;,—— tanh — 2.11
P SH g N (2.11)
Ap; 5 As 205Gy tanh? 2dTNS
— = on - o (2.12)
dN oc + 2)\5G¢¢ coth s
A A 2AgG4, tanh? 4
S22, Sl T D 2.13)
dn oc + 2)\SGT¢ coth ﬁ

Here, p denotes the intrinsic electric resistivity of the NM layer. Equation (2.9)

indicates that the resistivity changes when the magnetic moment in the FM layer
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is oriented in the y direction, parallel to the spin generated by the SHE in the NM
layer. This demonstrates the magnetoresistance caused by the SHE. Additionally,
equation (2.10) suggests that the SHE also induces the planar and anomalous Hall

effects, which exhibit similar phenomena to those observed in magnetic materials.
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Figure 2.8: SMR for Pt/YIG measured by [23]. « is the angle between magnetic field
and z-axis, andf, y are the angle between field and z-axis. The absence of a v scan signal

and the presence of a 8 scan signal shows that MR originate from spin Hall effect.

The same research group also conducted measurements of the Spin Hall effect
in Pt [23]. In their experiment, Pt was used as the NM layer, while YIG served as
the FM layer. Direction of the applied magnetic field was systematically varied in
the xy plane (referred to as « scan, where « is the angle between magnetic field
and x-axis), xz plane (y scan, where + is the angle between field and z-axis), and

yz plane (5 scan, where [3 is the angle between magnetic field and z-axis). The
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resistance remained unchanged when the magnetic field was oriented along the x
and z directions, indicating the absence of an effect related to the spin. However,
a decrease in resistance was observed when the magnetic field was aligned with
the y direction, which coincides with the direction of the spin. This observation
supports the occurrence of the spin Hall effect in the NM layer, as deduced from
the aforementioned results. It is worth noting that the absence of a y scan signal
and the presence of a 3 scan signal provide additional evidence for the spin Hall

effect occurring in the NM layer, as mentioned in eq.(2.9)

2.3.2 Theory of Spin Nernst Induced Thermal Power (SNITP)

Similar to the SMR, the spin current generated by the SNE can be detected using
NM/FM heterostructures. In contrast to the SHE, the SNE generates spin cur-
rent in response to a temperature gradient rather than a charge current. When the
magnetic moment is parallel to the spin direction, the spin accumulation at the
interface diffuses back into the NM layer. This diffusion of spin accumulation
induces a charge current through the ISHE, resulting in the generation of an ad-
ditional voltage. We refer to this voltage as spin Nernst-induced thermal power

(SNITP). The mechanism is illustrated in Figure 2.9.

Calculations of SNITP have also been reported by [24, 25]. The spin current
in the NM layer consists of contributions from the SNE and the diffusion of spin

accumulation, while the charge current includes contributions from the Seebeck
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Figure 2.9: Schematic diagram of spin Nernst effect induced thermal power mechanism.

<

NM

Thermal voltage in a NM/FM bilayer depends on direction of magnetization on FM. (a)
shows the M 1 o case that spin accumulation does not diffuse back, which has different
value of thermal voltage with (b) the M || o case due to the additional current generated

by ISHE.

effect and the ISHE. The former can be written as:

gc

20 Ot (2.14)

JSij = JSNE,ij —

Here, jsngij = OsnocSneijpOkT = —%CQSNeijkﬁk,uo represents the drift spin
current, and Sy corresponds to the Seebeck coefficient. On the other hand, the
charge current driven by the thermal electromotive force and the additional com-

ponent induced by the ISHE has the same form as the equation (2.7).

Considering the same system as in the SMR case, with a temperature gradient
applied in the x direction, as shown in Figure 2.9, and using the same boundary
condition at the interface, the magnetic moment dependent Seebeck coefficient

can be expressed as:

jou
Sew = =200 = S+ Ao+ A8 (1 - m2) (2.15)
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Say = AS1mamy, + ASom, (2.16)
where
2\ d
ASy = QSNQSHSNJ tanh N (2.17)
dn 2)\s
Ag 2>‘SGT$ tanh? 2dTN
AS) = —0sn0spSn— R = 2.18
! SNVSH NdN e{Jc+2)\SGT¢COth§g ( )
Ag 2)\SGT¢ tanh? QdTN
ASy; = O0snyOsgSy—1 2 2.19
2 SNVSH NdN m{Uc—FQ)\SGTiCOthiZ ( )

Again, we see the SNE induced planar and anomalous Nernst effects in equation

(2.16).

A study by [10] reported the SNE results for tantalum (Ta) and tungsten (W).
The y-direction field dependent thermal voltage with x-direction temperature gra-
dient results are shown in Fig.2.10. The SNE signal observed in W was approxi-
mately 0.5 pV, which, although seemingly large, is much smaller compared to the
SHE signal (~ 312 pV') obtained from samples of the same size. In Ta samples,

the SNE signal was barely detectable.

ATa

H, (kOe) H, (kOe)

Figure 2.10: Field dependent result of spin Nernst effect in (A) Ta and (B) W [10].
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Another study of SNITP is also measured with Pt/YIG [11]. Fig.2.11 shows
the angle scan result, which clearly reveals an even smaller 3 signal of only 0.05
1V and a noise-like 7y signal. This demonstrates that the spin current is generated
by a temperature gradient in the Pt layer. Moreover, the obtained spin Nernst angle

(fsny = —20.0%) is consistent with their result from first-principle calculations.
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Figure 2.11: Angle dependent result of spin Nernst effect in Pt by [11].

2.4 Phenomena in Magnetic Material

Magnetic materials exhibit a wide range of intriguing phenomena that play a cru-
cial role in spintronics and related fields. In this section, we will explore some of
these phenomena, including magnetism, anisotropic magnetoresistance (AMR),
the anomalous Hall effect (AHE), and the anomalous Nernst effect (ANE). Un-

derstanding these phenomena is essential for harnessing the unique properties of
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magnetic materials in spintronic devices.

2.4.1 Magnetism

Magnetism is a fundamental property exhibited by certain materials, arising from
the presence of magnetic moments associated with their atomic or molecular struc-
ture. These magnetic moments can align in different behaviors with external mag-
netic field, leading to various types of magnetism. The relation between field and

the alignment can be written as
M = xH

where M is magnetization which represent magnetic moment per unit volume,
and y is susceptibility which measures that how much a material will become
magnetized in an applied field. The most common classifications of magnetism
are diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and fer-
rimagnetism. The magnetization schematic diagrams are shown in Fig.2.12, and

the detail will be introduced.

Diamagnetism

Diamagnetism presents in all materials, and always makes a weak contribution
to the response to a magnetic field. It results in a net magnetization of zero with
the absent of field, and tends to produce an opposite direction of magnetization
when the field applied. This behavior is known to arise from the orbital motion

of electrons around the nucleus, which can be treated as tiny current loop. With
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Figure 2.12: Schematic diagram for different types of magnetism

Larmor precession frequency w = eB/2m,, this current can be written as

7e’B

I =—
2mm

and lead to

X = _poc"Zn (r?) (2.20)

6m

which is known as Langevin susceptibility. Z in the equation is atomic number,
and n 1s the number of atoms per unit volume. From the negative sign, we can see
the opposite direction contribution of magnetization. Note that Langevin suscep-
tibility is temperature independent and only considers the contribution from fully
filled electron shell. Also note that diamagnetism is so weak that often be obscured
when other forms of magnetism (such as ferromagnetism or paramagnetism) are

present.
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The Langevin theory is not the full picture for metals because there are also

non-localized electrons. Landau predicted that there is an additional contribution

1 5/ 3n
== — 994
X 3“0“3(2EF) (2.21)

which is based on free electron gas in conductors. Again, this is temperature in-

dependent in the case of three-dimension.

Paramagnetism

Paramagnetism is a form of magnetism exhibited by certain materials that pos-
sess unpaired electrons. Unlike diamagnetic materials, paramagnetic materials
are weakly attracted to magnetic field. The presence of unpaired electrons gives
rise to a net magnetic moment within the material, which aligns with the applied

magnetic field.

In paramagnetic materials, the unpaired electrons have non-zero spins, which
has net magnetic moment. With the absent of magnetic field, the magnetic mo-
ments of these unpaired electrons direct randomly, therefore the magnetization is
zero. When an external field is applied, these moments align with the field, lead-
ing to a net magnetization in the same direction as the applied field. However, the
alignment is relatively weak and can be easily disrupted by thermal energy. The
result finally is that only part of moments align along the direction of field, and
therefore the susceptibility is positive but weak. This behavior can be describe as

Curie’s law: y = %, which has a considerable dependence with temperature.
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In microscopic point of view, a statistical model has been proposed by Pauli.
Moments in the materials contain those parallel and anti-parallel to magnetic field,
which have opposite sign of Zeemzan energy and present different distribution. In

high temperature, this leads to the approximation of magnetization

nusH

M ~
kT

(2.22)

and again see the Curie’s law. This model is apply to the elements with total
angular momentum number J = % such as some alkaline metal. Other materials

with different J can be easily modified.

Ferromagnetism

Different from diamagnetism and paramagnetism, ferromagnetic materials exhibit
a unique behavior known as long-range ordering at the atomic level. This order-
ing arises due to the exchange interaction between the unpaired electron spins of
neighboring atoms, leading to the formation of magnetic domains. Within each do-
main, the magnetic moments align in the same direction, resulting in a net macro-

scopic magnetization.

/' \ 7
~ 7/

R,

Figure 2.13: Schematic diagram for magnetic domain
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Initially, in the absence of an external magnetic field, the domains within a
material are randomly oriented, resulting in a net magnetization of zero. How-
ever, when an external magnetic field is applied, the domains align themselves
in parallel with the field direction, causing the material to become magnetized.
Interestingly, even after the removal of the magnetic field, some of the material
retains a significant level of magnetization. This phenomenon is known as residual

magnetization.

The distinction between ferromagnetism and paramagnetism can be observed
in the behavior of magnetization under an applied magnetic field. In the case of
ferromagnetic materials, as the magnetic field strength increases, the magnetic
moments within the material align themselves with the field and eventually reach
a point of saturation. At this saturation point, all the magnetic moments are fully
aligned, and further increase in the magnetic field does not lead to additional mag-
netization. In contrast, paramagnetic materials exhibit a continuous increase in
magnetization with the applied magnetic field, without reaching a saturation point.
The magnetic moments in paramagnetic materials align partially with the field,
and their alignment becomes stronger as the field strength increases, but it does
not reach full saturation. These distinct magnetization behaviors under magnetic

fields allow us to differentiate between ferromagnetic and paramagnetic materials.

Ferromagnetic materials undergo a phase transition and become paramagnetic

as the temperature rises above a critical point known as the Curie temperature.
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At high temperatures, thermal fluctuations become more significant than the ex-
change interaction, making it difficult for the domains to maintain their alignment.
The material loses its long-range order, and its magnetization decreases. Different
ferromagnetic materials exhibit various Curie temperatures, reflecting their unique

atomic and magnetic properties.

Antiferromagnetism

Antiferromagnetic materials exhibit a unique magnetic behavior characterized by
a net magnetization of zero. In these materials, neighboring magnetic domains
align in an antiparallel configuration, resulting in the cancellation of their mag-
netic moments. The key driving force behind antiferromagnetism is the negative
exchange interaction, which causes neighboring spins to align in opposite direc-

tions to minimize their total energy.

Due to the antiparallel alignment of spins, antiferromagnetic materials do not
possess a macroscopic magnetization, even in the presence of an applied magnetic
field. This is in contrast to ferromagnetic materials, where the spins align parallel

to each other and produce a nonzero net magnetization.

Similar to ferromagnetic materials, antiferromagnetic materials can also un-
dergo a phase transition at a specific temperature called the Néel temperature.
Above this transition temperature, the thermal energy disrupts the antiparallel
alignment of spins, and the material becomes paramagnetic. As the temperature

decreases below the Néel temperature, the spins start to order again in the antifer-
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romagnetic configuration, leading to a restoration of the zero net magnetization.

Ferrimagnetism

Ferrimagnetism is a type of magnetic ordering that exhibits a spontaneous mag-
netization, similar to ferromagnetism. However, unlike ferromagnetic materials
where all magnetic moments align in the same direction, in ferrimagnetic mate-
rials, the magnetic moments are aligned in opposite directions but with unequal
magnitudes. This unequal alignment leads to a net magnetization, although it is

typically smaller than in ferromagnetic materials.

In ferrimagnetic materials, two or more different types of magnetic sublattices
coexist. The magnetic moments of these sublattices are aligned in such a way that
they do not completely cancel each other out. The unequal alignment results from
the difference in the magnetic moments or the exchange interactions between the
sublattices. One sublattice typically has a higher magnetic moment than the other,
leading to a net magnetization. This net magnetization arises from the incomplete
cancellation of the magnetic moments and gives rise to the characteristic mag net

properties of ferrimagnetic materials .

Similar to ferromagnetism and antiferromagnetism, ferrimagnetism also un-
dergoes a phase transition at a critical temperature. Above the Curie temperature,
thermal energy disrupts the ordered alignment of the magnetic moments, and the

material transitions to a disordered, paramagnetic state.
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Ferrimagnetic materials are commonly found in various magnetic oxides, such

as Fe;O0, and Y;Fe;O,, (YIG, yttrium iron garnet).

Hysteresis Loop

To analyze the behavior of the magnetic moment in materials, the B-H or M-H
plot is commonly used to visualize their magnetic properties. For example, in
a diamagnetic material, the M-H plot shows a straight line with a negative slope,
indicating that the magnetic moment points in the opposite direction of the applied

field.

It was mentioned that in ferromagnetic materials, the interaction between
neighboring atoms leads to the tendency of retaining magnetization even after the
removal of an external magnetic field. The magnetic domain walls, which de-
termine the alignment of magnetic moments, do not return to their original state
once the field is removed. This memory of magnetic history” is called hysteresis

effect.

The hysteresis loop, also known as the B-H loop or M-H loop (as shown in
Fig.2.14), graphically represents the relationship between the applied field (H)
and the resulting magnetization (/) in ferromagnetic materials. There are several
key points and characteristics can be observed in this plot. Saturation field (Hg) is
a magnitude of magnetic field that can induce full magnetization in the material.
At this point, the material is fully magnetized, and any further increase in the ap-

plied field does not result in a significant increase in magnetization. In addition,
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saturation magnetization (My) is the maximum achievable magnetization in the
material when subjected to a sufficiently strong magnetic field. It represents the
upper limit of magnetization and is a material-specific property. Moreover, mag-
netic coercivity (H¢) represents the strength of reverse magnetic field required to
demagnetize the material. It is the value of the applied magnetic field where the
magnetization reaches zero. It is also a measure of the ability of a ferromagnetic
material to withstand an external magnetic field without becoming demagnetized.
Nevertheless, after the magnetic field reduce to zero from the saturation field, the
material retains a nonzero magnetic flux which indicates the residual magnetiza-

tion (M,) in the material.

Figure 2.14: Schematic diagram for the hysteresis loop

The hysteresis loop contains information about the magnetization behavior of
ferromagnetic materials. Notice that a demagnetized material is initially located at

the origin and follows the dashed line in Fig.2.14 as the magnetic field increases.
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2.4.2 Anisotropic Magnetoresistance (AMR)

Magnetoresistance (MR) is a phenomena where the electrical resistance of a ma-
terial changes in response to an applied magnetic field. Anisotropic Magnetore-
sistance (AMR) is a specific type of magnetoresistance in ferromagnetic metals
(FMs) that depends on the angle ¢ between the direction of current flow and the
orientation of magnetization, which can be controlled by an external magnetic

field.

The origin of AMR can be explained by the scattering anisotropy caused by
spin-orbit coupling, which connects the transport properties of conducting elec-
trons to the magnetization in the material. Spin-orbit coupling arises from the
interaction between the electron spins and their orbital motion. This gives rise to
a various degree of scattering for electrons. Fig.2.15 shows the scattering behav-
ior between electrons and magnetic moments. When the current flows parallel to
the direction of magnetization (¢ = 0), the electron experience a higher degree
of scattering. This leads to a higher resistance, resulting in a maximum value of
resistance for this configuration. Conversely, when the current is perpendicular
to the magnetization (¢ = 90), resulting in a reduced scattering probability and a
lower resistance, and thus the resistance reaches its minimum value for this con-

figuration.
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Figure 2.15: Schematic diagram for the AMR. (a) For the case M 1 J¢, scattering prob-

ability between electron and magnetic moment is less than the (b) M || J¢ configuration.

In general, the angle dependence of resistivity p 4z can be described as

panr(9) = pu+ (p) — pL) cos’ ¢ (2.23)

where p, and p| represent the resistivity of FM when the magnetization is fully
perpendicular and parallel to the current, respectively. Experimental observations
of AMR behavior confirm this sinusoidal dependence. Fig.2.16 is the measure-
ment result of angle dependent MR for 10 nm thickness Ni sample. It illustrates
the variation in resistance as a function of the angle in each rotation orientation.
The [ scan, where the magnetic field is always perpendicular to the current, shows
a negligible difference in resistance. On the other hand, alpha and gamma scan

signal is comparable. Combining these two facts indicating the existence of AMR.

2.4.3 Anomalous Hall Effect (AHE)

The Hall effect is a fundamental phenomena in which a voltage difference, known
as the Hall voltage, is generated across a conducting material when a current passes

through it in the presence of a perpendicular magnetic field, as Fig.2.17(a). When
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Figure 2.16: (a) Schematic diagram for the MR measurement (b)The angle dependent

MR for Ni(10 nm)/Si

a current flows through z-axis in a z-direction external field, electrons experience

a force called the Lorentz force, which causes their trajectory to deviate, resulting

in an accumulation of charge at the boundary and the generation of a transverse

voltage. The Hall voltage depends on the magnitude of current (/), applied field

(B), and carrier density (/V). By considering the equality of the electric force and
B

the Lorentz force, the Hall resistance is expressed as py = 5= = Ry DB, where

dne

Ry 1s Hall coefficient.

Anomalous Hall Effect (AHE) is a distinct variation of the Hall Effect that
occurs in ferromagnetic materials (FMs) (Fig.2.17(b)). Unlike the ordinary Hall
Effect, transverse voltage present even in the absence of an applied magnetic field.

The anomalous Hall resistance is expressed as

PAHE :47TRAMS (224)
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where My is the saturation magnetization of the FM and R 4 is the anomalous Hall

coefficient.

The origin of AHE can be understood as the result of spin-orbit scattering
[26]. Electrons with different spins experience opposite transverse conductivity
due to spin-orbit coupling. In FMs, the number of majority-spin and minority-
spin electrons are different. As a result, an unequal charge accumulation occurs in
the transverse direction, resulting in the emergence of an anomalous Hall voltage

difference.

sy
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d TM : FM

Figure 2.17: Schematic diagram for the (a) OHE and (b) AHE

In FMs, the magnetization can be controlled by external magnetic field.
Fig.2.18 shows the field-dependent AHE in a 10 nm thick Nig,Cu,, sample on a
silicon substrate. At low magnetic field magnitudes, the Hall resistance increases
linearly with the magnetic field until it reaches saturation. With further increases
in the magnetic field, the Hall resistance remains constant. This demonstrates a
strong correlation between the anomalous Hall resistance and the magnetization

of the material.
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Figure 2.18: The field dependent anomalous Hall resistance for NiCu(10 nm)/Si

2.4.4 Magnetization-Dependent Thermal Voltage

Heat flow in the material cause the same spin or electron response as charge cur-
rent. An example is that the temperature difference drives the flow of charge,
which is known as Seebeck effect (Fig.2.19). When a temperature difference
presents between two ends of a metal, an electromotive force (emf) is created.
This emf drives the charge accumulate at two ends, resulting an electric field or
a voltage difference, which is known as Seebeck voltage. Relation between field

and temperature can be described as
Eg=-5SVT (2.25)

where S is Seebeck coefficient. It is an important parameter that determines the

performance of thermoelectric effect.

For FMs, the Seebeck coefficient exhibits a similar response to an external

magnetic field as AMR. Fig.2.20 shows the field dependent Seebeck voltage in
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Figure 2.19: Schematic diagram of Seebeck effect

10 nm thick Ni film on a silicon substrate. It has the same behavior with AMR,
except upside down. The saturation in large field indicate a correlation between
the voltage difference and the magnetization. Consequently, this effect is specific

to FMs.
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Figure 2.20: (a) Schematic diagram for the thermal voltage measurement (b)The field

dependent magnetization-dependent thermal voltage for Ni(10 nm)/Si

2.4.5 Anomalous Nernst Effect (ANE)

Thermoelectric effect has similar phenomena corresponding to Hall effect, which
is called Nernst effect. Fig.2.21(a) shows the schematic diagram of ordinary

Nernst effect. When a temperature gradient and magnetic field are applied along
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x- and y-axis, an electric field or a voltage difference is induced in the z-direction.

For FMs, anomalous Nernst effect (ANE) leads to a transverse voltage differ-
ence under a temperature gradient even in the absence of a magnetic field. This

effect can be describe as
Eing =— 2y X vT (226)

where /4y is electric field induced by ANE, S, is anomalous Nernst coefficient,

and m is the direction of the magnetic moment.

(a) Z B (b)
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e
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Figure 2.21: Schematic diagram of (a) ONE and (b) ANE
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Chapter 3 Method

In the previous chapter, we discuss the fundamental concepts of spintronics and
magnetism, laying the foundation for our study on the spin Nernst effect in the
ferromagnetic state of the Nig,Cu,, alloy. In this chapter, we introduce how the

samples are prepared and the measurement techniques employed.

Our experimental setup involves depositing Pt, Ni, and Nig,Cu,, layers in the
form of a Hall bar pattern onto substrates using a magnetron sputtering system.
To ensure accurate deposition, the sputtering rate is determined by measuring the
thickness of samples deposited for different duration. The thickness is identified
using X-ray reflection (XRR) technique. The Hall bar pattern is accomplished
through the photo-lithography. However, before this step, it is essential to carry

out a cleaning process for the substrates to ensure pattern and film quality.

Once the samples are prepared, we proceed to measure their physical prop-
erties. Firstly, it is crucial to confirm the element ratio, particularly the Nig,Cu,,
composition. X-ray Diffraction (XRD) analysis is employed to identify the loca-
tion of characteristic peaks, which indicatea a near 80:20 ratio of the constituent
elements. To assess the magnetic properties of the samples, vibrating sample mag-
netometer (VSM) is utilized to obtain the magnetization versus magnetic field (M-

H) plot. This allows us to examine the behavior of magnetization under varying

doi:10.6342/NTU202302600



44

Method

magnetic field conditions. Finally, we conduct an electric and a thermoelectric
measurements under an applied magnetic field. These measurements aim to ex-
plore the relationship between electrical and thermoelectric properties and the ex-

ternal magnetic field.

3.1 Sample Preparation

3.1.1 Substrate Cleaning

The cleaning treatment of the substrate is essential steps in the sample preparation
process to ensure the removal of any oil stains and dust particles that could affect
the experimental results. This is crucial to achieve a clean and pristine surface for

subsequent deposition and measurements.

Sample ‘

Ultrasonic Cleaner

Figure 3.1: Flow chart of substrate cleaning

The cleaning procedure involves several solvents, as shown in Fig.3.1. The

substrate is first immersed in acetone, then isopropyl alcohol (IPA) to dissolving
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organic contaminants. Ethanol further removes any remaining contaminants on
the substrate surface. Finally, DI water eliminates the residual organic solvents.
The cleaning process takes place in an ultrasonic cleaner, which provides enhanced

cleaning efficiency by generating high-frequency sound waves.

3.1.2 Photo-lithography

Photo-lithography is a crucial technique employed in the fabrication of microstruc-
tures and patterns on a substrate. It involves a series of steps that utilize light-
sensitive materials called photoresists to transfer a desired pattern onto the sub-

strate surface.

(@) 0 Photoresist (b) Photoresist
‘ Heater
Rotator
‘ (d) Sample
(c) Hg Light Developer
&hoto Mask *
| | m
B Somple -

Figure 3.2: Flow chart of photo-lithography. (a) Coating of Photoresist (b) Soft Baking

(c) Alignment and Exposure (d) Development

The photo-lithography process typically consists of the following steps:

1. Coating of photoresist: A thin layer of photoresist is spin-coated onto the
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substrate surface. The photoresist is a light-sensitive material that undergoes
chemical changes upon exposure to light, allowing for the transfer of the

desired pattern.

2. Soft baking: After the photoresist is coated, the substrate is subjected to
a gentle heating process known as soft baking. This makes the chemical

structure of photoresist become stronger.

3. Alignment and exposure: The substrate is aligned in an exposure system,
where a mask containing the desired pattern is placed in close proximity.
The photoresist-coated substrate is then exposed to a light source. In our
experiment, we use Hg light. The pattern on the mask is transferred to the

photoresist.

4. Development: Following exposure, immerse the substrate in a developing
solution that selectively removes either the exposed or unexposed regions of
the photoresist, depending on whether a positive or negative resist is used.

This step reveals the desired pattern on the substrate surface.

The process differs significantly depending on whether we use positive or neg-
ative photoresist. In the case of positive photoresist, the residual photoresist covers
the areas where we do not want the film. We begin with a clean substrate without
any film, apply the photolithography process, and then deposit the desired film.
Afterward, the sample is immersed in an organic solution to wash out the photore-

sist, a technique known as lift-off. The film directly deposited on the substrate
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remains on the sample, while the photoresist and any film deposited on top of it

are removed, resulting in the desired pattern.

Conversely, with negative photoresist, the residual photoresist covers the areas

where we want to keep the film. In this case, the film is deposited first. Subse-

quently, during the photolithography process, the areas of the film not covered by

the photoresist are targeted for removal, which is achieved through a technique

called etching. There are several methods available for etching, such as wet etch-

ing or plasma etching.

(a) Positive Photoresist

v

v

Film

v

Photoresist

(b) Negative Photoresist

Film

— Photoresist

Ar ion beem

g |

Figure 3.3: Flow chart of sample preparing for positive and negative photoresist. (a)

Positive Photoresist (b) Negative Photoresist
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3.1.3 Magnetron Sputtering Deposition

Sputtering deposition is a widely used physical vapor deposition (PVD) technique
that offers several advantages over other deposition methods such as pulsed laser
deposition (PLD) and thermal evaporation. It allows for the rapid fabrication of
films with excellent uniformity and is applicable to a wide range of materials,

including metals, semi-metals, and insulators.

The setup of a magnetron sputtering system involves an anode and a cathode.
The sample to be coated is placed at the anode, while the target material, which is

the desired deposition material, is positioned at the cathode.

The process of sputtering involves creating an environment of electrically neu-
tral argon (Ar) gas. Argon gas is chosen for two main reasons. Firstly, it is an inert
gas that prevents chemical reactions during the deposition process. Secondly, ar-

gon is easily ionized.

In a high vacuum environment, Ar atom is easily ionized. This produces pos-
itively charged Ar ions and negatively charged electrons. Under a strong electric
field, the Ar ions are accelerated towards the cathode, bombarding the target sur-
face with high energy Fig.3.4(c). As a result, atoms from the target are ejected
and finally condense onto the substrate, forming a thin film. Simultaneously, the
electrons released from the ionized Ar atoms also experience acceleration and col-

lide with residual argon atoms, leading to further ionization and the generation of
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more Ar ions and free electrons.

(a) (b)

| Holder L1 Holder

== B Cathode == B Cathode

| : Holder 1|
%\ 1°

== B Cathode == B Cathode

(c) Il (d)

A\ 4

Figure 3.4: Schematic diagram of the basic sputtering process.

Magnetron sputtering is a technique commonly employed to enhance the ef-
ficiency of sputtering, particularly for magnetic materials. By utilizing a magnet,
a strong magnetic field is created, trapping electrons in a confined region near the
target. This magnetic confinement offers several benefits, including increased de-
position efficiency, protection of the film from plasma damage, and the ability to

achieve larger areas of uniform thin film deposition.
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3.1.4 X-ray Reflection (XRR)

The sample we measure is a film on a substrate. The film is made by sputtering
deposition. Before practicing this technique, the sputtering rate, the sputtering

thickness in a unit time under a fixed condition, needs to be confirmed first.

ENDIP4

Figure 3.5: Schematic diagram for thickness measurement using X-ray reflectivity

(XRR).

There are many means to confirm the thickness of films, such as atomic force
microscopy (AFM), surface profiler (a-step). In this work, X-ray reflectivity
(XRR) is used to measure the thickness of thin films. For a low roughness and
negligible refraction effect sample, the relation between thickness and x-ray inci-

dence angle obeys Bragg equation

mA = 2dsinf,,, me&N (3.1)

where m is any positive integer, A is the wavelength of incident X-rays, d is thick-
ness of the film, and 6, is the angle between incident X-rays and sample surface,

as shown in Fig.3.5. Fig.3.6 shows an example of XRR result with a Pt film. The
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thickness is obtained by adapting eq.3.1 with the position of each peak.

10°

104

Intensity

10°

102 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Angle (0)

Figure 3.6: An example of XRR result.

3.2 Physical Properties Measurement

3.2.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a technique used to analyze the crystal structure of
materials by scanning X-rays at different angle. As shown in Fig.[], when incident
X-rays interact with the atomic layers of a crystalline material, diffraction occurs.
However, only X-rays with a specific angle of incidence, denoted as 6, that satisfies
the condition of the X-ray’s travel distance being equal to an integer multiple of
the X-ray wavelength, will produce constructive interference, resulting in distinct
peaks of intensity in the diffraction pattern. The position of these peaks follows

Bragg’s Law (eq.3.1), where d in this case denotes the spacing between atomic

doi:10.6342/NTU202302600



Method

layers.

\\\ ///v
N,

@ o O

o O @ ¢

e O O O o ©o

¢

Figure 3.7: Schematic diagram for crystal structure measurement using X-ray diffraction

(XRD).

It has been reported that the composition of NixCu,—x alloy is estimated
through the position of characteristic peak. Since nickel (Ni) and copper (Cu)
have the same crystal structure of face center cubic (space group: F'm3m), the al-
loy also has the same crystal structure. The lattice constant depend on the ratio of
their composition. In [12], the linear relation between the position of characteristic
peak and the content of Ni is demonstrated. Thus in our experiment, we can utilize
this technique to measure the composition of the Ni-Cu alloy. By analyzing the
position of the alloy peaks in the X-ray diffraction pattern, we can obtain valuable

information about the relative amounts of Ni and Cu present in the alloy.

3.2.2 Vibrating Sample Magnetmeter (VSM)

Magnetic property measurement is an essential characterization technique used to

investigate the magnetic behavior of materials. One commonly employed instru-
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ment for this purpose is the Vibrating Sample Magnetometer (VSM). The VSM is
used to measure the magnetic moment of a sample as a function of an applied mag-
netic field. It provides valuable information about the sample’s magnetic proper-

ties, such as M-H loop.

Vibrating
Direction

Figure 3.8: Schematic diagram for the Vibrating Sample Magnetometer measurement

The measurement process in a VSM involves placing the sample under a mag-
netic field generated by an electromagnet. The sample is typically set on the end

of a quartz rod, and the other end is fixed on the vibrator.

The VSM measures the magnetic moment of the sample by detecting the in-
duced voltage resulting from the vibration of the sample. When the sample is

placed in the uniform magnetic field, the material is magnetized. Subsequently,
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the total magnetic field is contributed by the external field and the stray field in-
duced by magnetization in the magnetic material. However, this additional field
is far less than the external field, a more sensitive measuring method should be ex-
ploit. Oscillating the sample induces an alternating electric field in the detecting
coil based on Faraday’s Law. This field is proportional to the magnetic moment.
By means of extracting the vibrating frequency signal with lock-in amplifier, we
can obtain the field dependent magnetization plot, known as M-H plot. This plot
provides information about the sample’s magnetic response, including its satura-

tion magnetization, residual magnetization, and coercivity.

3.2.3 Electrical Four-point Probe Measurement

In this study, we employed the four-point probe technique to measure the resistivity
of the sample. This technique is particularly advantageous as it helps mitigate the

contribution of contact resistance, leading to accurate and reliable measurements.

The two-point probe measurement method utilizes only two probes for both
current injection and voltage measurement. However, this approach is prone to er-
rors caused by additional resistance introduced by the contact points. Fig. 3.9(a)
illustrates that the voltage measurement includes the voltage drop across the con-
tact resistances themselves. Consequently, for samples with very low resistance,

the two-point probe measurement method introduces significant errors.

On the other hand, the four-point probe measurement technique (Fig. 3.9(b))

doi:10.6342/NTU202302600



3.2 Physical Properties Measurement 55

utilizes two additional probes for voltage measurement while passing a known
current through the sample. Although this introduces more contact points, the
high-impedance nature of the voltmeter ensures that current does not flow through
these contacts. As a result, additional voltage drops are avoided, leading to more

precise measurements.

2-pt probe measurement 4-pt probe measurement
v+ V-
(a) () r I

Probe Probe

C1 C2

(b) (d)
v+ V- v+ %
C1 R Cc2 C1 R C2

Figure 3.9: Schematic diagram for (a) 2-pt and (c) 4-pt measurement. Effective resistance
in (b) 2-pt and (d) 4-pt measurement. The C1 and C2 represent the contact resistance

between probes and the sample.

The four-point probe technique finds applications in magnetoresistance (MR)
measurements, where the resistance of a material varies under an applied magnetic
field. It is worth noting that for the material in our experiment, the resistance
difference in MR measurements is about four orders of magnitude smaller than
the sample resistance itself. Therefore, achieving an accurate measurement of

resistivity is crucial for obtaining reliable MR data.
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3.2.4 Thermoelectric Measurement

For the thermal measurements, we employed two different temperature gradi-
ent directions in our experiment: out-of-plane and in-plane temperature gradi-
ents, which allowed us to investigate the spin Seebeck effect and the spin Nernst-

induced thermal power, respectively.

Z
wr ) ), *
" ()
X O/ VT
silica
thermal — -
grease

Copper block (heat sink)

Figure 3.10: Schematic diagram for thermal measurement with out-of-plane temperature

gradient

In the case of the out-of-plane temperature gradient measurement, the exper-
imental setup is illustrated in Fig.3.10. To generate the out-of-plane temperature
gradient, we position the sample between an SMD resistor acting as a heat source
and a copper block functioning as a heat sink. The SMD resistor, characterized
by its small size and square shape, provides convenient contact. When a current
is applied to the resistor, Joule heat is generated and flows through the sample,
dissipating into the copper block. To enhance the contact and thermal conduction,

a silica pad is placed between the heater and the sample, while thermal grease with
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high thermal conductivity is applied between the sample and the copper block. The
temperature difference between the top and bottom of the sample can be measured
using a thermocouple. In order to perform thermal spin transport measurements,
an external magnetic field is applied, and the resulting voltage response is detected

by a voltmeter.

(V)
o/
I / silica

@ .VT..-

Copper block (heat sink)

heater

Figure 3.11: Schematic diagram for thermoelectric measurement with in-plane tempera-

ture gradient

On the other hand, for the in-plane temperature gradient measurement, the ex-
perimental setup is depicted in Fig.3.11. Similarly, the SMD resistor acts as the
heat source. The sample is positioned between the heat source terminal, which is
separated from the copper block, and the heat sink terminal, which directly con-
tacts the copper block. When a current is applied to the resistor, Joule heat is
generated, propagating through the sample and dissipating into the copper block.
To establish contact between the sample and the two terminals, two copper clips
are used to facilitate heat transfer from the heater to the sample and from the sam-
ple to the heat sink. The temperature difference across the sample and the mag-

netic field-dependent thermal voltage are detected using a thermocouple and a
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voltmeter, respectively.
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Chapter 4 Result and Discussion

4.1 Introduction

In this chapter, we explore the presence of spin Hall magnetoresistance (SMR) in
a Nig,Cu,,/YIG sample by comparing it to different control samples. The control
samples include Ni/Si, which exhibits only anisotropic magnetoresistance (AMR)
without SMR, and Pt/YIG, which displays only SMR without AMR. Furthermore,
we find that the spin Hall angle obtained from SMR is consistent with the angle
obtained from spin Seebeck effect (SSE) measurements. Additionally, we measure
the spin Nernst effect-induced thermal power in Nig,Cu,,/YIG and compare it with

the Pt/YIG control sample.

In this study, the prepared sample consists of Nig,Cu,,, Pt, and Ni thin films
which is deposited on YIG and Si substrates using magnetron sputtering technique.
The film is lifted off into a Hall bar pattern by a photo-lithography process. The
crystal structure and elemental composition are characterized using XRD mea-
surements with Cu K« radiation (A=0.154 nm), as depicted in Fig.4.1 (a). By
comparing the characteristic peak with Fig.4.1 (b), the element ratio of Ni and Cu
is confirmed to be 80:20. The magnetic properties are measured using a VSM,

as shown in Fig.4.2, confirming the Nig,Cu,, film with 10 nm thickness is in FM
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state. The saturation field (Hg) in out-of-plane direction is approximately 1700

Oe. Therefore, applying a 3000 Oe magnetic field during measurements ensures

the alignment of all magnetic moments in Nig,Cuy,,,.
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Figure 4.1: (a) X-ray diffraction pattern for the thickness of 500 nm Nig,Cu,,. (b) X-ray

diffraction pattern in different composition of Nig,Cu, [12]

4.2 Spin Hall Magnetoresistance

We have discussed the distinct mechanisms of AMR and SMR. To practically com-

pare these properties, we utilize Ni/Si and Pt/YIG as control groups to investigate

the characteristics of these two signals under different directions of the magnetic

field. We present the results for the ferromagnetic (FM) state of NiCu/YIG and

compare them with the control groups to identify the MR ratio attributed to SMR.

By analyzing these results, we determine the spin Hall angle.
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Figure 4.2: The M-H curve for the thickness of 10 nm Nig,Cu, film on Si substrate under

in-plane and out-of-plane magnetic field.

4.2.1 Ni/Si

The field-dependent MR behavior of the 10 nm thick Ni film is illustrated in
Fig.4.3. The resistance under a magnetic field in the x and y directions is depicted
by the black and red curves, respectively. These curves exhibit identical resistance
values at zero fields and saturate at approximately 300 Oe. In contrast, magnetic
anisotropy emerges in the z direction, which is represented by blue curve, reach-
ing saturation at around 4500 Oe. Once the magnetic moment reaches saturation,
the resistance value remains fixed. To compare the differences in resistance for
each field direction, we specifically examine the values obtained at high magnetic

fields.

As mentioned in the previous chapter, the origin of the resistance difference

is related to the orbital plane and the direction of the magnetic moment. Notably,
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Figure 4.3: Field dependence Magnetoresistance for Ni/Si. (a) Schematic diagram for
MR measurement in field scan method. (b) MR measurement result for Ni (10 nm)/Si.
The black, red, and blue curves represent the resistance under magnetic field along x, y,

and z direction. The teeth feature in blue curve may origin from miss alignment.

the resistance exhibits a significant difference when the magnetic field is applied
along the x— and z—axis, indicating a lower scattering rate between electrons and
orbitals in the z direction compared to the x direction due to the cross-sectional
nature of the orbitals. Conversely, the resistance difference is negligible when the
magnetic field is applied along the y and z directions. This observation suggests
that the scattering rate between electrons and orbitals is equally low in both di-
rections. The MR characteristics in Ni precisely consist with the angle dependent

result (Fig.2.16) and match those descriptions in AMR.
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4.2.2 PUYIG

Unlike Ni, Pt is not an magnetic material thus the magnetic field do not affect the
resistance of Pt itself. However, the applied field affect the resistance of Pt/YIG
bilayer. The MR behavior with magnetic field scan for Pt/YIG sample is shown in
Fig.4.4. The resistance has equal value in zero field, vary with field significantly
under low field, and saturate in large field during the field scanning. The behavior
of signal saturation under a specific magnetic field is the same as that of magnetic

materials, thus we attribute this signal to the additional YIG layer.

Recall that under large field, most of magnetic moment in YIG align to the
field. In addition, the resistance is larger when the field is along to = direction
than that to y. This indicates that resistance depend on whether the direction of
spin and magnetic moment are parallel or perpendicular. On the other hand, under
low field, magnetic moments are disordered, thus each curve contact. In addition,
magnetic anisotropy also emerges in YIG under the z direction field, which is
represented by blue curve, reaching saturation at around 1700 Oe. Moreover, the
plateau behavior in y direction origin from non-collinear magnetization between

surface and bulk, as mention in [27].

As mentioned in the previous chapter and referenced from [23], Pt/YIG ex-
hibits a significant beta scan signal and no gamma scan signal, which is in contrast
to the AMR behavior observed in Ni. This MR behavior observed in the Pt/YIG

bilayer is consistent with the results shown in Fig.4.4 and corresponds to the de-
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Figure 4.4: Field dependence Magnetoresistance for Pt/YIG. (a) Schematic diagram for
MR measurement in field scan method. (b) MR measurement result for Pt (3 nm)/YIG.
The black, red, and blue curves represent the resistance under magnetic field along x, y,

and z direction.

scriptions of SMR.

By the SMR contribution of MR ratio, the spin Hall angle is estimated by

eq.2.12. The MR ratio for Pt/YIG in Fig.4.4 is

Axx _ Bax —Bix _g5,10 (4.1)
R%x R%x | '

Choosing spin diffusion length A\g¢ = 1.5 nm, spin mixing conductance Gy, =
4% 10* Q~tem =2 [28], we obtain the value of spin Hall angle £1.8%. As a heavy

metal with strong spin-orbit coupling, Pt is demonstrated for the high efficiency

of charge-to-spin conversion.

By comparing the Ni/Si and Pt/YIG result, we conclude that the difference in

resistance under an applied magnetic field in the x and z directions signifies AMR
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in magnetic materials, while the difference in resistance in the z and y directions
represents SMR in certain material/YIG bilayers. Therefore, when measuring the
spin Hall angle for other materials, we can focus on the beta scan in angle depen-

dent or y, z direction in field dependent MR measurement.

4.2.3 NiCuw/YIG

Based on the method above, SMR and spin Hall angle for Nig,Cu,,/YIG bilayer
can easily be measured. The only difference is that the NiCu is in ferromagnetic
state, which may exist magnetic phenomena. Fig.4.5 shows the angle dependent
MR with applied field in 3000 Oe, which is large enough to saturate the magnetic
moment in 10 nm thick Nig,Cu,, known from VSM result (Fig.4.2). There are
MR signals in both beta and gamma scan, indicated the contribution of AMR and

SMR by comparing Ni and Pt/YIG measurement result.

We focus on SMR contribution of the signal, which has MR ratio

ARxx
R%x

=6.02 x 107*. 4.2)

According to the ref.[12], we choose spin diffusion length Ag = 0.42 nm, spin mix-
ing conductance Gy, = 6.2 x 10 Q~'em ™2, obtaining the spin Hall angle +12%.
Comparing with Pt/YIG result, we demonstrate the high efficiency of charge-to-
spin conversion comparable to heavy metal. This result proves that ferromagnetic

Nig,Cu,, also exist strong SOC.

An unexpected result present in field scan which shown in Fig.4.6. The differ-
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Figure 4.5: Angle dependence Magnetoresistance for NiCu/YIG. (a) Schematic diagram
for MR measurement in angle scan method. (b) MR measurement result for Nig,Cu,,, (10
nm)/Y1G. The black, red, and blue curves represent the o scan, which scans in zy plane,

5 scan, which scans in yz plane, and ~ scan, which scans in xz plane, respectively.

ence of resistance with field along x and z direction shows the existence of AMR
from NiCu itself, and along y and z direction indicates the spin current generated

by SHE from Nig,Cuy,.

However, each of the signal exist a significant negative MR which grow
larger as the magnetic field continuous increases. This might not attribute to non-
saturation of magnetic moment due to the range of scan field is out of saturation
field in Nig,Cu,, and YIG. In addition, there is an obviously transition point in
z-direction curve at about 1500 Oe. By comparing with VSM result in Fig.4.2, the
magnetic moment is assumed to be saturated when the applied field is larger then
1500 Oe. Moreover, the slope of resistance and field fixed in large field, which

may keep the MR ratio invariant. This feature makes the angle scan result reliable.
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Figure 4.6: Field dependence Magnetoresistance for NiCu/YIG. (a) Schematic diagram
for MR measurement in field scan method. (b) MR measurement result for Nig,Cu,, (10
nm)/YIG. The black, red, and blue curves represent the resistance under magnetic field

along x, y, and z direction.

4.3 Spin Seebeck Effect Measurement

Beside the SMR, which directly observe both charge-to-spin and spin-to-charge
conversion, SSE measurement, though indirectly observed by only inverse spin
Hall effect, also provides a way to obtain the spin Hall angle in a material. We
take YIG as spin current generator and Nig,Cu,, as detector. By measuring the
voltage between two ends of Nig,Cu,,, the ISHE signal is obtained, and the spin
Hall angle is further calculated. We expect the value is consistent with the result

from SMR measurement and the previous research [12].
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4.3.1 NiCw/YIG

The red curve in Fig.4.7(b) shows the SSE measurement result for NiCu 10 nm on
YIG. The voltage is measured along z-axis, the out-of-plane temperature gradi-
ent in 17 K/mm is applied along z-axis, and the in-plane magnetic field is applied
along y-axis. The anti-symmetric loop indicate the signal depend on the magnetic
moment, and the plateau behavior in low field origin from non-collinear magneti-

zation between surface and bulk, as mention in [27].

(@) (b)
z y 2— . . ;
t : YIG | NigyCus,, (10 nm)
vT Hy
X 17
(V) 5
I N~ | 20
>
1 Ni C/ (10 nm) ;
| u
o \?IOG 20 Si | NigyCu,, (10 nm)

-2 L
-3000 -1500 0 1500 3000
H (Oe)

Figure 4.7: (a) Schematic diagram for out-of-plane temperature gradient thermoelec-
tric measurement (b) Field dependence SSE in NiCu/YIG(red curve) and ANE in

NiCu/Si(black curve)

However this signal isn’t totally attributed to SSE in YIG and ISHE in NiCu.
In contrast, ANE in Nigz,Cu,, provide a large signal. The ANE voltage for NiCu/Si
is shown as the black curve in the same figure which has the same measurement

structure as Nig,Cu,,/YIG. The non-zero signal of hysteresis curve implies that
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NiCu contribute a part of signal which should be subtracted. By subtracting di-

rectly, we get the ISHE voltage

Visug =V — Vaneg = Vwic — Vs 4.3)

Same as SMR, we choose spin diffusion length A\g = 0.42 nm, spin mixing con-
ductance G4; = 6.2 x 10" Q~*em ™2, Then we have the spin Hall angle 13.7%.
This result is consistent to the result from SMR with additional information of

sign, which is essential for later experiment.

Material | Thermal Conductivity (W/m - K)

Si 380 [29]

YIG 8.2 [30]

Table 4.1: Thermal conductivity for Si and YIG substrates.

In most situations, it is not recommended to subtract two signals directly from
two samples, especially when the substrates have different thermal conductivity as
indicated in Table 4.1. Moreover, the temperature gradient in the NiCu layer also
varies, which leads to distinct signal values. However, in our current setup, we
have met sufficient conditions to perform this operation. Firstly, the heat capacity
of the heat sink is large enough to assume that its temperature will not change.
Secondly, the sample size is the same, including width, length, distance between
two probes, and thickness, which ensures that the contact area with the heater is

fixed. Furthermore, since the thickness is the same, we assume that the thermal
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conductivity of the NiCu layer is also the same. Most importantly, the heater pro-
vides heat at the same power, which fixes the temperature gradient via the same
power of heat flow and thermal conductivity. With these conditions, we infer that

Visu e can be obtained directly from Vy ;5 — V.

4.4 Spin Nernst Effect Measurement

As mentioned, there are few experiment research on spin Nernst effect since the
signal is very small comparing with SMR. From the formula eq.2.18, spin Hall
angle plays an important rule in the signal, which represent the ISHE process.
With the large spin Hall angle which is comparable to heavy metals, we expect a

clear observation of SNE and high efficiency of heat-to-spin conversion in NiCu.

4.4.1 Experiment Setup

In order to measure SNE, the sample holder is designed quite delicately, as shown
in Fig.4.8. Heater and heat sink are located at a copper block. The former is sepa-
rated from the block, while the latter is in contact with it. This makes it harder to
dissipate heat from the heater, and easier for the heat sink to dissipate the heat. To
realize the in-plane temperature gradient, a long strip sample is bridged on heater
and heat sink. In addition, capping on two end which contact to heater and sample
are necessary to reduce the out-of-plane temperature gradient. This uncontrollable

heat flow cause extra signal. A silica pad and thermal grease with high thermal
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conductivity are applied to enhance the contact and thermal conduction.

"
=

AR ) D
T RY N \
AR REEN I SR VR,

Figure 4.8: Sample holder used in SNITP measurement

Noise is the most difficult problem to solve in the process of experiment. Usu-
ally, the noise level is about 0.1V for 2 probe contacted with sample which is
much smaller than the MR signals we have measured. Light also gives noise,
while being stable and low. However, these noise has a great influence on the SNE
measurement. Recent research on Ta, W [10] and PT [11] has shown their result
that the signal they measured has a level about 10nV to 0.5V, which is same or
ever smaller then the noise. This makes it indistinguishable between signal and
noise. Additionally, we also found other source of noise while doing experiment.
In our experimental equipment, chiller cool down the electromagnet when it op-
erating, creating ground shaking when the compressor start up. To make matters
worse, air flow has a large influence on thermal transport measurement. It makes

the temperature gradient unstable, which also affect the thermal voltage.

In [10], the author did not mention how they solve noise problem. But the
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SNE signal in W (Fig.2.10) is so large that the noise does not affect. It isn’t lucky
as W that signal in Ta is too low to distinguish. On the contrary, [11] measure
Pt/YIG (Fig.2.11) in a cryostat giving vacuum environment. Comparing with two
results, we see that although Pt has smaller signal than W, the SNE signal is ob-
served clearly. Thus, isolated environment can solve the noise problem during the

measurement.

There is no vacuum chamber which is small enough to fit the electromagnet
in our experimental equipment. Instead, we use a cylinder made from aluminum
foil by handmade. This also build an isolated environment. The performance of

signal become better when applying in-plane field.

4.4.2 Pt/ YIG

The measurement of SNITV is structurally similar to that of SMR. The only dif-
ference is the way how spin current is generated. Scanning field along z, y, and
z direction to obtain the thermal voltage difference is an appropriate method to
observe spin Nernst effect in Pt. On the other hand, sweeping angle doesn’t work

well, causing by the movement which affect thermal equilibrium.

The SNITV behavior with magnetic field scan for Pt(3 nm)/YIG sample is
shown in Fig.4.9. Some of the features in SMR result also appears: saturation at
specific field, curves contacting at low field, and the plateau in y direction curve.

The only difference is that the curve is upside down, which implies 0sp, (0sy —
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Osn), or Seebeck coefficient S is negative, which can be seen from eq.2.18.

(a) (b)
z oy oz ZHZ 5
ZHX |£ Hy |_< -10.508} Hy |
X X )4
—VvT
(V) S 10512}
I \Vr gl
/ >
Pt (3 nm -10.516} .
YIG Hx
h VT b | ) . . .
10.520 =50 0 500
H (Oe)

Figure 4.9: (a) Schematic diagram for thermal electric measurement in field scan method

(b)Field dependence SNITP in Pt (3 nm)/YIG

In Fig.4.9, only symmetric part of signal be shown. Referring the SMR result,
the curves have symmetric feature. Since the signal only depend on whether the
magnetic moment parallel to direction of spin or not. It is equal under +y- and —y-
direction field. Similar structure to SNITP measurement, we expect that the SNE
signal is also symmetric. However, from the raw data in Fig.4.10, there is only
the anti-symmetric feature, which is similar to SSE measurement result (Fig.4.7).
We assume that the signal contain not only SNE but also a large part of SSE. We
separate the symmetric part which represent SNITP from raw data by a simple
process

Vo = 5 (Ve () + Via(~H) (44

and the anti-symmetric part which represent SSE

1

‘/asym = 5(‘/:/‘aw,i(H) - M"aw,d(_H)) (45)
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where V,.q., ;(H) and V4, 4( H ) represent the curve with increasing and decreasing

field scan, respectively.
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Figure 4.10: (a) Raw Data, (b) Symmetric, and (c) Asymmetric Part of Data

Even though we try to reduce the out-of-plane temperature by a capping, it

cannot be completely eliminated. In Fig.4.11, we see that in our measurement

setup, out-of-plane temperature gradient present at both ends of the sample with

opposite direction. If we measure the transverse voltage under x direction field,

we may find the SSE signal which is opposite in two terminals. This makes anti-

symmetric signal appear when measure the SNITP in z direction field if there

is miss alignment for the probe. On the other hand, despite the inhomogeneous

out-of-plane temperature gradient, the SSE signal is also measured under the y
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direction field. Thus, separating the symmetric signal is an important process in

SNE analysis.

fim
FM
aEm s
- F

Figure 4.11: Schematic Diagram of Heat Flow.

To obtain the spin Nernst angle, we choose the voltage difference in black and

red curves in 4.9 (b) and divide by the Seebeck voltage, which has

AVxx  Vix —Vix 3
= =1.64 x 10 4.6
VZy Vi . (4.6)

Choosing spin Hall angle 055 = 0.018, spin diffusion length Ag¢ = 1.5nm, spin
mixing conductance G| = 4 x 10MQ~'cm ™2 [28]. Take into €q.2.18, we have
the value of spin Nernst angle 62, = —18.0%, which is consistent with the result

from [11].

Consistency indicate that the measuring system and the data analyze method
is adaptable for SNE measurement. Under this definition of spin Nernst angle, the
result is obtained by measuring voltage difference under the temperature gradient
directly. However, heat flow create thermal voltage in metals. The phenomena is
known as Seebeck effect. This voltage induce spin current by SHE, which gives

additional signal. To estimate the efficiency of heat-to-spin conversion only from
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heat flow, the spin Nernst angle is redefined as

AVxx

Z
VXX

=0Osy(O0sg — Osn)— Re
SH( SH SN)dN oc + 2/\SGT¢ COth %

2 d
Ag { 2>\SGT¢ tanh ﬁ } @)
which subtract the unintentional E field contribution induced by Seebeck effect.

Under this definition, the value of spin Nernst angle is 05y = —16.1% being little

different from the previous definition.

4.4.3 NiCu/YIG

Finally, the SNE measurement result for NiCu(10nm)/YIG sample is shown in
Fig.4.12. We can see some feature similar to SMR result, including the plateau
and negative field dependent voltage. As mentioned, the ratio may fixed in large
field, which do not affect the result in spin Nernst angle. The only question is what
the voltage difference. It is not clear whether the signal with field in z direction
will exceed that with y as field getting larger. In Fig.4.13, we see that two curve
contact together in large field. This means that the spin Nernst angle is zero under

the first definition, referring the eq.2.18.

Let’s recap. The strong spin-orbit coupling is confirmed, so there must be at
least a spin current generated by heat flow in Nig,Cu,,. Coupled with its own spin
fluctuation to enhance the spin current. So the result of 0 is completely different

from what we expected.

Comparing the Seebeck voltage with Pt, the Nig,Cu,, has higher efficiency of

heat-to-charge conversion. Under same temperature gradient, Pt and Nig,Cu,, has
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Figure 4.12: (a) Schematic diagram for thermal electric measurement in field scan method

(b)Field dependence SNITP in Nig,Cu,, (10 nm)/YIG

Seebeck voltage of -10.5 ©V and 119.0 pV, respectively. Thus the unintentional
E field contribution has a great influence. Taking into the definition from eq.4.7,
the spin Nernst angle is 12%. Different from Pt, spin Nernst angle of Nig,Cu,, has
a same sign with spin Hall angle. Its value is also comparable with that of heavy

metal, indicating the high efficiency of heat-to-spin conversion.

112.6

-6000 -3000 0 3000 6000
H (Oe)

Figure 4.13: Field dependence SNITP in Nig,Cu,,/YIG under large field
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Chapter 5 Summary

The use of pure spin current as a means of transmitting information has gained

considerable attention in recent years.

In this thesis, we investigate the properties of Nig,Cu,, alloy as a potential
candidate for spintronic applications. By employing the inverse spin Hall effect,
it has been confirmed that the NiCu alloy has an extremely large spin-to-charge
conversion with spin Hall angle of s = 11% in the ferromagnetic states, which

is comparable with heavy metals.

To measure the spin current generated by the spin Nernst effect, we first mea-
sure the spin Hall magnetoresistance using a Nig,Cu,,/YIG heterostructure to con-
firm the conversion of charge to spin. We obtain a spin Hall angle of sy = 12%,
which is consistent with previous study. Next, we measure the spin Nernst induced
thermal voltage to obtain the spin Nernst angle. We develop an experimental appa-
ratus that provides an in-plane temperature gradient and a method to separate the
spin Nernst effect signal from raw data. We also solve the noise problem, resulting
in higher resolution. The spin Nernst angle is determined to be fgny = 12%, which
is consistent with the 65y measured by SMR and SSE measurement. At the same
time, heat to charge conversion is known to have high efficiency through ther-

mal voltage measurement. Therefore, our result indicates a large inter-conversion
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property between heat, spin and charge in Nig,Cu,, alloy.

S (uV/K) Osu Osn
Pt -0.93 0.018 -0.16
Nig,Cu,, -11.43 0.12%,0.14* | 0.12

Table 5.1: Conversion efficiency of Pt and Nig,Cu,,. The absolute Seebeck coefficient is

obtained from the relative Seebeck coefficient subtracted from the Cu Seebeck coefficient

[31]. The spin Hall angle with superscript * and *x is obtained from SMR and SSE+ISHE,

respectively.

While this result is promising, further verification is needed to confirm.

Nonetheless, our experimental setup and techniques provide a framework for in-

vestigating the spin Nernst effect in other materials and for advancing the field of

spintronics.
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