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Chapter 1

Introduction

1.1 Spintronics

The electron, discovered in 1897 by J. J. Thomson [1], plays a central role in solid
state physics. Electrons possess a finite charge and are responsible for carrying elec-
tricity in metals and semiconductors. Utilizing and manipulating electrons through
its intrinsic charge via the Coulomb and Lorentz forces form the basis of almost all
electronic devices. Since the beginning of the Digital Revolution in the latter part of
the 20th century, the roadmap of the semiconductor industry, in terms of the pro-
cessing speed and transistor size, has been laid out by Moore’s Law [2]. According
to this law, the number of transistors in an integrated circuit is expected to be dou-
bled approximately every two years. Although this prediction has been remarkably
accurate over the past decades, it is soon going to converge to a fundamental limit
as the size of a transistor approaches the dimensions of atoms. Even before hitting
this fundamental limit, the reduction of the channel length in the transistor to a few
nanometres is expected to substantially affect its performance owing to undesirable
quantum tunnelling effects, leakage currents and heat dissipation.

Arguably, the most promising alternative to the conventional charge-based elec-
tronics is presented by the field of spin-based electronics or spintronics [3]. In addition
to the charge degree of freedom, the electron also possesses an intrinsic spin angular
momentum, which is quantized [4–7]. Spintronics utilizes this spin degree of free-
dom of the electron for realizing a new generation of non-volatile devices with faster
data processing speeds, lower electrical power consumption and increased integra-
tion densities [8].

The discovery of the giant magnetoresistance (GMR) effect in 1988 [9, 10] marks
the beginning of intensive research and development activities in the field of spin-
tronics. The GMR effect was demonstrated in artificial multilayers of alternating
iron (Fe) and chromium (Cr) thin films. Depending on the relative magnetization
orientation of the alternating Fe layers (aligned parallel or anti-parallel), the electri-
cal resistance of the multilayer stack could be altered by several tens of percent. This
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effect could be explained with the two-spin channel conduction model, originally
formulated by N. F. Mott [11, 12] and later verified experimentally in Ni alloys [13].
Since a larger resistance modulation could be achieved by utilizing the GMR effect
as compared to the anisotropic magnetoresistance (AMR) in ferromagnets [14, 15],
GMR read heads were implemented in magnetic hard disks within just a few years
from its discovery. This revolutionized the information storage technology, resulting
in increased storage capacities and faster operation times. Another magnetoresis-
tance effect, similar to the GMR effect, is called the tunnelling magnetoresistance
(TMR) [16], which utilizes a tunnel barrier instead of a non-magnetic metal as the
spacer layer between the two ferromagnets. Although the TMR effect was discov-
ered earlier than the GMR, poor quality of the tunnel barriers limited the resistance
modulation in magnetic tunnel junctions (MTJs) to only a few percent. With the ad-
vent of crystalline magnesium oxide (MgO) tunnel barriers, TMR ratios of greater
than 200% [17, 18] were achieved and MTJs replaced GMR read heads in magnetic
hard disks. The TMR effect has also been utilized in realizing non-volatile mag-
netic random access memories (MRAMs), which are envisioned as the successor to
the dynamic random access memories [19, 20]. MRAMs, based on the spin transfer
torque (STT), can be read and written electrically [21] and are already available com-
mercially. A new generation of MRAMs utilizing spin orbit torque (SOT) [22, 23] is
currently under development [24] and at the forefront of spintronics research.

Apart from the memory applications, extensive research has also been conducted
in the realization of a spin-transistor [25], the analogue of a field effect transistor
(FET) in electronic circuits. The spin-FET would serve as the basic logic component
of the spintronic circuit and together with spintronic memory elements and intercon-
nects, a fully spin-based microprocessor can be realized. This is often considered as
the holy grail of spintronics research [26, 27]. However, there are several challenges
to be overcome before spintronics can fully replace charge-based electronics in the
future. A major hurdle in the way is finding a material with a long spin relaxation
time as well as a significant spin-orbit coupling which allows the manipulation of the
spin current in the channel. However, these are contradictory requirements since a
large spin-orbit coupling would inherently lead to a smaller spin relaxation time and
cause the loss of spin information even before the manipulation can be performed
[3]. Moreover, efficient ways of electrically generating and detecting spin currents
are desirable for various spintronic applications. Therefore, the three main pillars
of spintronics research are the generation, manipulation and detection of spin cur-
rents in an efficient manner which are preferably compatible with the conventional
semiconductor processing technologies. The research presented in this thesis aims
at addressing these three important issues.
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1.2 Motivation and outline

This thesis consists of research which is important not only for the fundamental un-
derstanding of various spin-dependent phenomena in nanodevices but also highly
relevant for realizing efficient spintronic circuitry for future applications. This PhD
project started off with the goal of studying spin transport in curved nanoarchitec-
tures. The role of the channel geometry was investigated as a way to control the spin
and charge transport properties in the channel. While the research on the curved
nanoarchitectures was in progress, an unprecedented feature was observed in the
Hanle spin precession measurements in non-local spin valves with a flat metallic
channel. A curiosity-driven approach to this observation led to the discovery and
demonstration of the anisotropy in the thermoelectric coefficients of a ferromagnet.
This effect, originating from the spin-orbit coupling in the ferromagnet, combines
the charge, spin and heat transport, which can be highly relevant for future spin
caloritronic applications [28]. The non-local spin valve measurement technique was
then utilized to explore the temperature dependence of the spin-mixing conductance
[29–32], a fundamentally important physical quantity governing the transfer of spin
angular momentum across the interface of a normal metal and a magnetic insulator.

The later part of the PhD project focussed on the spin-charge conversion utilizing
the spin-orbit effects in a ferromagnet [33, 34]. With the rapidly developing interest
in magnetic insulators for spintronic applications [35–37], electrical spin injection
and detection techniques in such systems are highly desirable for their integration
in solid state devices. An efficient and controllable way of electrical spin injection
and detection in a magnetic insulator, using a common ferromagnetic metal, was
demonstrated. Thereafter, the focus shifted on the efficient control of the magnon
spins in a magnetic insulator via magnetic gating, which can, in principle, lead to a
magnon transistor operation [38–41].

The research presented in this thesis has therefore explored new directions in
spintronics utilizing different spin-orbit effects, the curved geometry of nanoarchi-
tectures, magnon spin transport and magnetothermoelectrics for new spintronic func-
tionalities encompassing the injection, detection and manipulation of spin informa-
tion.

A brief overview of the chapters in this thesis is given below:

• Chapter 2 introduces the basic physical concepts behind spin injection and de-
tection in non-magnetic metals using ferromagnets, one-dimensional model of
diffusive spin transport in a homogeneous channel and the Hanle effect in the
context of non-local spin valves.



1

4 1. Introduction

This chapter also describes briefly the different spin-orbit effects in non-magnetic
heavy metals and in ferromagnetic metals, which are relevant for the research
presented in this thesis.

This is followed by a description of the thermoelectric effects such as the Peltier
effect, the Seebeck effect and the anomalous Nernst effect.

Finally, a brief introduction to magnon spintronics and non-local magnon trans-
port in a magnetic insulator is presented.

• Chapter 3 describes the experimental techniques employed for the research
presented in this thesis. It includes the description of the device fabrication
methods, the experimental setup and the electrical measurements.

• Chapter 4 elucidates the role of magnetothermoelectric effects in lateral non-
local spin valves leading to anisotropic line shapes in Hanle spin precession
experiments. Such anisotropic line shapes typically correspond to anisotropic
spin relaxation times in the spin transport channel. However, it is shown in
this chapter that the anisotropic thermoelectric coefficients of the ferromagnetic
electrodes can also lead to such anisotropic Hanle line shapes.

• Chapter 5 demonstrates the first non-local spin transport measurements in
curved metallic nanochannels. It is shown that by controlling the channel ge-
ometry, one can independently tune the charge and the spin transport prop-
erties in the nanochannel. A theoretical model is developed for diffusive spin
transport in channels with inhomogeneous charge and spin transport proper-
ties and this model is validated by the experimental results.

• Chapter 6 investigates the temperature dependence of the effective spin-mixing
conductance and the real part of the spin-mixing conductance for an interface
between a normal metal and a magnetic insulator. This is done through non-
local spin valve measurements using aluminium as the normal metal, which
eliminates the spurious effects that might be present while extracting the spin-
mixing conductance using normal metals with high spin-orbit coupling or close
to the Stoner criterion (eg. platinum).

• Chapter 7 presents a novel mechanism of electrical spin injection and detec-
tion via the anomalous Hall effect in a ferromagnetic metal (permalloy). This
new mechanism, the anomalous spin Hall effect, is utilized to inject and detect
magnon spin accumulation in a magnetic insulator (yttrium iron garnet). It is
shown that the spin injection and detection efficiency of permalloy is compa-
rable to that of platinum.
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• Chapter 8 follows up on the work presented in chapter 7 by demonstrating effi-
cient injection and detection of out-of-plane spins utilizing the anomalous spin
Hall effect. Unlike the spin Hall effect, the anomalous spin Hall effect presents
the advantage of controlling the spin direction by manipulating the magnetiza-
tion orientation of the ferromagnetic metal. A second mechanism of detecting
the out-of-plane spins is also discussed, which leads to an unexpected sign re-
versal of the non-local signal in the first harmonic response.

• Chapter 9 presents an overview of the ongoing research activities and the initial
results related to using a permalloy strip for the modulation of magnon spin
transport in yttrium iron garnet (YIG). This magnetic gating effect essentially
arises due to the transmission of magnons from YIG into Py depending on their
relative magnetization orientations. A modulation in the magnon spin signal
of up to 18% is achieved, opening up the possibility of using this prototype
device for magnon transistor applications.
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Chapter 2

Concepts

Abstract

This chapter introduces the basic physical concepts behind the research presented in this
thesis. Firstly, the various methods of electrical spin injection are presented. Then,
the concept of lateral non-local spin valves is introduced along with the theory of 1-
dimensional diffusive spin transport and the Hanle effect. This is followed by a descrip-
tion of three different types of thermoelectric effects, which play a role in some of the
research described in this thesis. Finally, the concepts related to magnon spin transport
in a magnetic insulator are discussed.
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2.1 Electrical spin injection

Spin injection and detection are fundamental requirements for spintronic devices.
Electrical spin injection and detection offer a definite technological advantage for
the implementation and integration of spintronic functionalities in solid state de-
vices over other spin injection techniques such as optical spin injection [1–3], spin
pumping by ferromagnetic resonance [4, 5] and thermal spin injection [6, 7]. This
section describes the electrical spin injection techniques used for the research pre-
sented in this thesis.

2.1.1 Spin injection from a ferromagnet into a non-magnetic mate-
rial

The most common method of electrical spin injection is by driving a charge current
across a junction of a ferromagnet (FM) and a non-magnetic material (NM) [2, 8–10].
Due to the exchange interaction in a FM, the energy states for the spin-up (↑) and
the spin-down (↓) electrons are shifted with respect to each other by the exchange
energy (Eex) [11]. This causes a difference in the density of states at the Fermi energy
(EF) for the two spin sub-bands, as depicted in the simplified energy band structure
of a transition metal FM in Fig. 2.1(a). Therefore, the conduction electrons in the FM
are spin-polarized. This also implies that the electrical conductivities for the spin-up
electrons (σ↑) and the spin-down electrons (σ↓) are different in a FM. The spin con-
ductivity polarization of the FM is defined as αF =

σ↑−σ↓
σ , where, σ = σ↑ + σ↓, is

the total charge conductivity of the FM. On the contrary, the conductivities for both
the spin species are the same in a NM. Therefore, when a current (I) flows across
the FM/NM junction, the abrupt change in the conductivities at the interface leads
to the build-up of a non-equilibrium spin accumulation (µs = µ↑ − µ↓), which de-
cays exponentially with distance from the interface in both the materials. The length
scale of this decay is determined by the spin relaxation lengths in the respective ma-
terials (λF and λN), as illustrated in Fig. 2.1(b). The electrochemical potentials for
the spin-up (µ↑) and the spin-down (µ↓) electrons are continuous across the trans-
parent FM/NM interface. However, the difference in the spin conductivity polar-
ization in the FM and the NM leads to the splitting of the electrochemical potential,
µ = 1

σ (σ↑µ↑ + σ↓µ↓), by an amount ∆µ [as depicted in Fig. 2.1(b)] [12]. A second FM
electrode can be used to electrically detect the spin accumulation in the NM, which
will be discussed in Sec. 2.2 on non-local spin valves.

2.1.2 Spin injection via spin-orbit effects

Since the past decade, the spintronics community has been increasingly utilizing
a number of relativistic spin-orbit coupling phenomena for the electrical injection
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Figure 2.1: (a) A simplified electronic band structure schematic of 3d transition metal ferro-
magnets (Ni, Fe, Co, permalloy). The two spin sub-bands for the 3d-electrons are shifted by
the exchange energy (Eex), resulting in a difference in the density of states for the two spin
species at the Fermi energy (EF). (b) Schematic of the spatial variation of the electrochemi-
cal potentials for the spin-up (µ↑) and the spin-down (µ↓) electrons when a current (I) flows
across the FM/NM interface. The spin accumulation at the interface decays exponentially at
a length scale determined by the corresponding spin relaxation lengths (λF and λN) in the two
materials.

and detection of spin currents [13]. Spin-orbit effects in materials with high spin-
orbit coupling are utilized to generate pure spin currents transverse to the direction
of the charge current. The reciprocal effects make the electrical detection of pure
spin currents possible due to the generation of a charge current in the transverse
direction. The main advantages of these methods over the conventional electrical
spin injection technique using a FM is scalability and the possibility to inject and
detect spin currents in magnetic insulators [14, 15]. Moreover, since the direction of
the spin current is transverse to that of the charge current, the spin-orbit effects also
play a vital role in spin-torque applications [16].

The spin Hall effect

The spin Hall effect (SHE), first predicted in 1971 by D’yakonov and Perel [17], refers
to the conversion of a charge current (IC) into a pure spin current (IS) in the trans-
verse direction due to the spin-orbit coupling in the material. A schematic of the
SHE is shown in Fig. 2.2(a). The resulting spin accumulation at the edges of the ma-
terial can be used for electrical spin injection. In the reciprocal process, known as
the inverse spin Hall effect (ISHE), a pure spin current generates a transverse charge
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Figure 2.2: Spin-orbit effects for electrical spin injection and detection. A charge current (IC)
generates a pure spin current (IS) in the transverse direction via the spin Hall effect (SHE)
(a). The reciprocal effect, called the inverse spin Hall effect (ISHE), is utilized for the electrical
detection of pure spin currents (b). In a ferromagnetic metal, a charge current results in a
transverse spin-polarized current ISP, perpendicular to the magnetization (M ) direction, via
the anomalous Hall effect (AHE), resulting in a spin accumulation at the edges (c).

current, as shown in Fig. 2.2(b). The ISHE is used for the electrical detection of pure
spin currents. The first experimental observations of the SHE and the ISHE were
only made recently [18–21], after almost three decades from the initial prediction by
D’yakonov and Perel. The efficiency of the spin-charge conversion in the SHE and
the ISHE is governed by the spin Hall angle (θSH), which is dependent on the mate-
rial. The charge and the spin current densities ( ~JC and ~JS, respectively) are related to
each other via θSH according to the following expressions [22]:

~JS =
~
2e
θSH

[
~JC × ŝ

]
, (2.1)

~JC =
2e

~
θSH

[
~JS × ŝ

]
, (2.2)

where, ŝ is a unit vector along the spin polarization direction, ~ is the reduced
Planck’s constant and e is the electron charge. Materials with large spin Hall an-
gles such as platinum, tantalum, tungsten and other 5d and 4d transition metals [23]
are often used for electrical spin injection and detection via the SHE and the ISHE,
respectively.

The anomalous Hall effect

In ferromagnets, when the magnetization (M ) is perpendicular to the charge current
(IC), a spin-polarized current (ISP) flows in the transverse direction, resulting in a
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Hall voltage, as depicted in Fig. 2.2(c). This phenomenon, known as the anomalous
Hall effect (AHE), was first discovered by Hall [24], almost a century earlier than
the observation of the SHE. The effect was called ‘anomalous’ to distinguish it from
the ordinary Hall effect, since the Hall voltage in a ferromagnet comprises of two
different contributions [25, 26]. The Hall resistivity (ρxy) in a ferromagnet can be
expressed empirically as [27]:

ρxy = R0Bz +R1Mz. (2.3)

The first term, proportional to the external magnetic field (Bz), represents the ordi-
nary Hall effect, while the second term, proportional to the magnetization of the fer-
romagnet (Mz), represents the anomalous Hall effect. The coefficients R0 and R1 are
known as the ordinary Hall and the anomalous Hall coefficients, respectively. Since
the charge carriers in a ferromagnet are spin polarized, the anomalous Hall voltage
is accompanied with a spin accumulation at the transverse edges [Fig. 2.2(c)]. Re-
cently, it was theoretically proposed that this spin accumulation associated with the
AHE can be utilized for the generation of spin-transfer torques [28]. In Chapters 7
and 8 of this thesis, the spin accumulation generated by the AHE of a ferromagnet
(permalloy), has been utilized for spin injection into a magnetic insulator [29, 30].
This effect has been called the anomalous spin Hall effect (ASHE) to distinguish it
from the spin Hall effect (SHE). Unlike the SHE, the ASHE depends on the mag-
netization orientation of the ferromagnet and the spin polarization can be tuned by
manipulating the magnetization direction.

2.2 Non-local spin valves

Non-local spin valve (NLSV) devices are important for studying pure spin transport
in metals, semiconductors and two-dimensional materials [9, 10, 31–33]. The charge
current and the spin current paths are spatially separated in the non-local geome-
try. This allows the unambiguous study of spin transport properties (spin relaxation
length and spin relaxation time) in a material, free from any charge related effects
such as the anisotropic magnetoresistance [34] and the anomalous Hall effect [25].

A schematic of the NLSV geometry is shown in Fig. 2.3(a). A typical NLSV de-
vice consist of two ferromagnetic (FM) electrodes, which are used to electrically inject
and detect a spin accumulation in a non-magnetic (NM) channel. A charge current
is sourced between the FM injector (FM1) and the left of the NM channel, generat-
ing a non-equilibrium spin accumulation (µs = µ↑ − µ↓) in the NM just below the
injector, as described in Sec. 2.1.1. This non-equilibrium spin accumulation decays
exponentially with distance from the injection point, as depicted in Fig. 2.3(b). Note
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Figure 2.3: (a) Schematic of a non-local spin valve (NLSV) geometry. A charge current (I)
is sourced between the ferromagnetic injector (FM1) and the left of the non-magnetic (NM)
channel, generating a non-equilibrium spin accumulation in the NM. A ferromagnetic detec-
tor (FM2), placed at a distance L from the injector, is used to measure a non-local voltage (V )
that depends on the magnitude and the direction of the spin accumulation at the FM2/NM
interface. (b) Schematic representation of the spatial variation of the induced non-equilibrium
spin accumulation in the NM. (c) A non-local spin valve measurement in which the non-local
resistance (RNL = V/I) is plotted as a function of an external magnetic field (B). B is used to
switch the magnetization orientations of the injector and the detector electrodes from parallel
to anti-parallel configurations (and vice versa), corresponding to the two distinct states RP

NL

and RAP
NL.

that while a spin current flows both to the left and the right from the injection point,
the charge current is only restricted to the left. The second FM electrode (FM2) de-
tects the projection of the spin accumulation parallel to its magnetization direction,
at a distance L from the injection point. Therefore, by switching the relative magne-
tization orientations of the injector and the detector electrodes in either parallel (P)
or anti-parallel (AP) configurations, the electrochemical potentials corresponding to
the spin-up (µ↑) and the spin-down (µ↓) electrons at the detector can be measured.
This corresponds to the two distinct states (RP

NL and RAP
NL) shown in the NLSV mea-

surement in Fig. 2.3(c). In the NLSV measurements, an external magnetic field B

is swept in order to switch the magnetizations of the FM electrodes and the cor-
responding non-local resistance (RNL = V/I) is measured. The spin accumulation
signal is defined as Rs = RP

NL −RAP
NL, which is proportional to the spin accumulation

(µs) in the NM at the detector electrode. Note that the non-zero baseline resistance
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[RB = (RP
NL +RAP

NL)/2] arises due to a combination of thermoelectric effects described
in Chapter 4 [35].

2.2.1 1-dimensional diffusive spin transport

According to the theory of one-dimensional diffusive spin transport for transparent
FM/NM interfaces, the spin accumulation signal can be expressed as [36]:

Rs =
4α2

F

(1− α2
F)2
RN

(
RF

RN

)2
e−L/λN

1− e−2L/λN
, (2.4)

where, αF is the bulk spin polarization of the ferromagnet (defined in Sec. 2.1.1), L is
the injector-detector separation. RN and RF are the spin resistances of the NM and
the FM, respectively, defined as:

RN = ρNλN/wNtN, (2.5)

RF = ρFλF/wNwF, (2.6)

where, λN(F), ρN(F), wN(F) and tN are the spin relaxation length, electrical resistivity,
width and thickness of the NM (FM), respectively. Eq. 2.4 is used to extract the spin
relaxation length in a NM material from the dependence of the spin accumulation
signal on the injector-detector separation, as shown in Fig. 2.4(a). Note that this
theory is only valid for a spin transport channel with homogeneous spin and charge
transport properties. In Chapter 5, a generalized equation for spin transport in an
inhomogeneous channel is formulated, based on Eq. 2.4.

2.2.2 Hanle spin precession measurements

The Hanle spin precession measurement is a powerful technique to characterize spin
transport in a given material [31]. Unlike the NLSV measurements, which require
several devices with varying channel lengths for the extraction of λN, Hanle mea-
surements can be used to extract the spin relaxation time (τN), the diffusion con-
stant (D) and λN from a single NLSV device. In Hanle measurements, an external
magnetic field is applied perpendicular to the direction of the spin accumulation in
the NM. This leads to spin precession and dephasing, which causes a decrease in
the non-local resistance with the increasing magnitude of the perpendicular field, as
shown in Fig. 2.4(b). When the magnitude of the magnetic field is further increased,
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(a) (b)

Figure 2.4: (a) Dependence of the spin accumulation signal (Rs) on the injector-detector sep-
aration (L). The solid line represents Eq. 2.4, which is used to fit the experimental data (sym-
bols) and extract the spin relaxation length (λN). (b) An out-of-plane magnetic field (Bz) is
used for the Hanle spin precession measurement. At Bz = 0, the injector and the detector
can be configured in the parallel (black) or the anti-parallel (red) state. As the magnitude of
Bz is increased, spins in the NM start to precess and the magnitude of the non-local resistance
(RNL) decreases. Upon further increasingBz , the magnetizations of the FM injector and detec-
tor aligns parallel toBz in the out-of-plane direction, resulting in the saturation ofRNL. Eq. is
used to fit the Hanle data and extract the spin relaxation time (τN), the diffusion constant (D)
and λN in the NM.

the magnetizations of the FM injector and detector are pulled away from the easy-
axis direction to align parallel to this external field. In this situation, the spin accu-
mulation direction is also aligned parallel to the external field and no spin precession
occurs. Thus, at high fields, the non-local resistance saturates at its initial value (zero
field) corresponding to the parallel configuration. In the case of anisotropic spin
relaxation [37–39], the saturated value of the non-local resistance can be different
from the zero-field value, leading to anisotropic Hanle line shapes in Chapter 4. It
is discussed how such anisotropic Hanle line shapes can also result from anisotropic
magnetothermoelectric effects [40], rather than the commonly attributed anisotropic
spin relaxation.

The perpendicular magnetic field ( ~B) causes the spins injected in the NM to pre-
cess at a Larmor frequency, ~ωL = gµB ~B/~, where g ≈ 2 is the Landé g-factor, µB is
the Bohr magneton and ~ is the reduced Planck’s constant. The dynamics of the spin
accumulation during the diffusive spin transport is described by the Bloch equation
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[41]:

d~µs

dt
= D∇~µs −

~µs

τN
+ ~ωL × ~µs. (2.7)

The three terms on the right hand side of Eq. 2.7 represent spin diffusion, spin
relaxation and spin precession, respectively. The spin relaxation length is expressed
as λN =

√
DτN. Contrary to the simpler case of a transparent interface (Eq. 2.4),

solving this Bloch equation in the semi-transparent FM/NM regime, with a finite
interface resistance RI, one obtains [40, 42, 43]:

RNL(Bz) =

2R̃N

[
PI

1−P 2
I

(
RI

R̃N

)
+ αF

1−α2
F

(
RF

R̃N

)]2(Re[λ̃Ne
−L/λ̃N ]

Re[λ̃N]

)
[
1 + 2

1−P 2
I

(
RI

R̃N

)
+ 2

1−α2
F

(
RF

R̃N

)]2
−
(

Re[λ̃Ne
−L/λ̃N ]

Re[λ̃N]

)2 , (2.8)

with,

λ̃N =
λN√

1 + iωLτN
, (2.9)

and
R̃N = RNRe

[
λ̃N/λN

]
. (2.10)

λ̃N and R̃N are the effective spin relaxation length and the effective spin resistance
of the NM channel in the presence of spin precession. RI and PI are the FM/NM
interface resistance and the spin polarization across the interface, respectively. When
the tilting of the magnetizations of the FM injector and the detector due toBz is taken
into account, the non-local resistance is expressed as:

RP(AP)
NL (Bz, θ) = ±RNL(Bz) cos2 θ + |RNL(Bz = 0)| sin2 θ, (2.11)

where, θ is the angle between the FM magnetization and the in-plane easy axis of
the FM electrodes. The ‘+’ and the ‘−’ signs correspond to the P and the AP mag-
netization configurations of the injector and the detector, respectively. RNL(Bz) and
RNL(Bz = 0) are obtained from Eq. 2.8. Eq. 2.11 is used to fit the Hanle measurement
data shown in Fig. 2.4(b) and obtain the spin transport parameters.

2.3 Thermoelectric effects

A gradient in the electrical potential in an electrical conductor leads to the flow of
a charge current, determined by the electrical conductivity (σ). Similarly, a thermal
gradient leads to the flow of a heat current, determined by the thermal conductivity
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(κ). In most materials, heat transport occurs via lattice vibrations or phonons [44].
However, in metals, the large number of free electrons also participate in (and can
dominate) the conduction of heat currents. Therefore, the electrical and the thermal
conductivities in a metal are related by the Wiedemann-Franz law:

κ = σL0T, (2.12)

where, L0 and T are the Lorentz number and the temperature, respectively. The
interaction between charge and heat currents leads to different thermoelectric effects
[45], discussed in the following sections.

2.3.1 The Seebeck effect

The Seebeck effect [46] refers to the generation of an electric field due to a temper-
ature gradient at the junction of two dissimilar electrical conductors, schematically
depicted in Fig. 2.5(a). The Seebeck coefficient (S), also known as the thermopower
of a material, determines the magnitude of the electric field generated due to a tem-
perature gradient in that material, defined as ∇V = −S∇T . The Seebeck effect is
thus used in thermocouples for the accurate measurement of temperatures, down to
milli-Kelvin [47, 48].

The underlying physics behind the Seebeck effect is based on the energy de-
pendence of the electrical conductivity (σ). According to the Einstein relation, σ =

e2N(E)D(E), where N(E) and D(E) are the electron density of states and the diffu-
sion constant, respectively. Due to the higher temperature at the hot end of the metal,
the average energy per electron is higher than that at the cold end. The diffusion of
the electrons from the hot end to the cold end leads to a net flow of energy within
the metal, i.e. thermal conduction via the electrons. When the electrical conductiv-
ity of the electrons with higher energy is different from that of the electrons with
lower energy, a net flow of charge takes place between the hot and the cold ends. An
electric field builds up to oppose any further diffusion of charge in the equilibrium
state, which leads to a voltage difference. This phenomenon is known as the Seebeck
effect.

In Fig. 2.5(a), when the junction between the two metals (A and B) is at a different
temperature (T1) as compared to the reference temperature (T0) at the other ends, the
voltage V measured by the voltmeter is expressed as V = SA(T1−T0)−SB(T1−T0) =

(SA − SB)(T1 − T0), where SA and SB are the Seebeck coefficients of metals A and B,
respectively.
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Figure 2.5: Schematic illustration of different thermoelectric effects. When the junction be-
tween two materials with different thermoelectric coefficients are heated (or cooled), an elec-
trical potential (V ) is generated proportional to the temperature difference via the Seebeck
effect (a). The reciprocal effect is known as the Peltier effect (b), in which a charge current IC

flowing across the junction between the two materials causes the junction to cool down (top)
or heat up (bottom) with respect to the reference temperature. The heating/cooling process
can be reversed by changing the direction of IC. (c) In a ferromagnetic metal, when a temper-
ature gradient (∆T ) is applied perpendicular to its magnetization (M ) direction, a transverse
electrical potential is generated via the anomalous Nernst effect.

2.3.2 The Peltier effect

The Peltier effect is the reciprocal of the Seebeck effect. It refers to the cooling or heat-
ing of the junction between two dissimilar materials when a charge current flows
across this junction. The cooling or the heating process can be reversed by chang-
ing the direction of the charge current (IC), as depicted in Fig. 2.5(b). The increase
(heating) or decrease (cooling) of the temperature at the junction is expressed as
∆T ∝ (ΠA − ΠB)IC, which is linear in the current IC. Here ΠA(B) is the material
dependent Peltier coefficient. A relation between the Seebeck and the Peltier coeffi-
cients is derived from Onsager’s reciprocity theorem [49, 50]:

Π = ST, (2.13)

where, T is the reference temperature. Eq. 2.13 is known as the Thomson-Onsager
relation.

2.3.3 The anomalous Nernst effect

The anomalous Nernst effect is the thermoelectric analogue of the anomalous Hall ef-
fect. In ferromagnetic materials, when a temperature gradient is applied perpendic-
ular to the magnetization direction, a transverse electric field is generated, as shown
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in Fig. 2.5(c). This phenomenon is known as the anomalous Nernst effect (ANE) [51].
The magnitude of this effect is determined by the anomalous Nernst coefficient (RN)
and governed by the following equation [52]:

~∇V = −RNS(m̂× ~∇T ), (2.14)

where, ~∇V is the resulting voltage gradient due to the temperature gradient (~∇T ) via
the ANE, m̂ is a unit vector along the magnetization direction and S is the Seebeck
coefficient. The reciprocal of the ANE is called the anomalous Ettingshausen effect.

2.4 Spin transport in a magnetic insulators

Magnon spintronics is a rapidly emerging field which utilizes spin waves or magnons
in magnetic insulators for carrying spin information [14]. Unlike in conventional
spintronics (electron-based), the spin transport in magnetic insulators does not in-
volve the motion of free electrons and is therefore, free of Ohmic losses. However,
for the efficient generation and detection of magnon spin currents, an interface with
electron-spin systems is often required. The following sections give a brief overview
on the topics related to magnon spintronics which has been covered in this thesis.

2.4.1 Magnons

A magnon is a quasiparticle representing a quantized spin wave [44]. It is associated
with a spin of 1~ and obeys Bose-Einstein statistics (boson). Magnons are analogous
to phonons or quantized lattice vibrations. The Heisenberg spin chain, with all the
atomic spins aligned parallel to each other, represents the magnetic ground state of
a ferromagnet [Fig. 2.6(a)]. The exchange interaction between the ith and jth atoms
with spins ~Si and ~Sj determines this alignment and is described by the Heisenberg
Hamiltonian [11, 44]:

Ĥ = −
∑
i<j

J (~ri,j) ~Si · ~Sj , (2.15)

where, J (~ri,j) is the exchange integral. For ferromagnets, J > 0 implies that it
is energetically favourable for the spins to align parallel to each other. The ideal
situation depicted in Fig. 2.6(a) is true only at T = 0 K. At higher temperatures,
thermal fluctuations lead to the generation of magnons and the system enters an
excited state. According to the Bloch law [53], the number of spin waves or magnons
in the system scales with (T/TC)3/2 for T < TC, where TC is the Curie temperature
of the ferromagnet. Each magnon corresponds to the flipping of one spin in the
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Figure 2.6: (a) In the ground state of a ferromagnet, all the spins are aligned parallel to each
other. The lowest energy excitation above the ground state of the ferromagnet is a spin wave,
as depicted from the side view (b) and the top view (c). The spins precess on the surface of
the cone, thus generating a wave motion with a wavelength λ along the spin chain .

spin chain shown in Fig. 2.6(a), such that the net spin of the system is reduced by
1~. However, the energy cost associated with one flipped spin (localized) is greater
than the distributed loss of angular momentum via precession of the spins about the
quantization axis with a constant frequency and a fixed phase difference between
the neighbouring spins, as depicted in Figs. 2.6(b) and (c). Thus, the lowest energy
excitation of the magnetic ground state of a ferromagnet is a spin wave or a magnon.

Magnons can be distinguished based on their frequencies (or wavelengths) and
the magnetic interaction governing them [54]. Exchange magnons have frequencies
in the THz regime and are governed by the exchange interaction. These magnons
are also known as thermal magnons since their energies are in the order of kBT . Ex-
change magnons can either be coherently excited by the parametric pumping tech-
nique [55] or incoherently excited via thermal [7] or electrical [29, 56] means. At the
other end of the energy spectrum are dipolar magnons, which are governed by mag-
netic dipole interaction. These are long-wavelength magnons with frequencies in
the GHz regime. Conventionally, dipolar or magnetostatic magnons are coherently
excited by inductive microwave technique in which an alternating Oersted field in-
duces precession of the magnetization in the magnetic material [14]. The research
described in this thesis only involves exchange magnons.
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2.4.2 The spin-mixing conductance

The spin-mixing conductance (G↑↓) plays a central role in the transfer of spin angular
momentum across the interface of a ferromagnet (FM) and a normal metal (NM) [57–
59]. The concept of the spin-mixing conductance is utilized in spin transfer torque
[60–62], spin pumping [4, 63], spin Hall magnetoresistance (SMR) [64, 65] and spin
Seebeck experiments [7]. In these experiments, G↑↓ acts as an interfacial parameter
which determines the amount of spin angular momentum transferred between the
spin accumulation (~µs) in the NM and the magnetization ( ~M ) of the FM in the non-
collinear case. The torque (~τ ) exerted by ~µs on ~M is expressed as [58, 66, 67]:

~τ =
~
e

[Grm̂× (~µs × m̂) +Gi (~µs × m̂)] , (2.16)

where, Gr and Gi, expressed in the units of S/m2, are the real and the imaginary
parts of G↑↓ (G↑↓ = Gr + iGi), respectively and m̂ is a unit vector pointing along the
direction of ~M . In eq. 2.16, Gr is associated with an in-plane (Slonczewski) torque,
which acts perpendicular to ~M in the plane spanned by both ~µs and ~M . The other
type of torque, associated with Gi, is known as field-like torque since it acts like an
effective magnetic field along ~µs which causes ~M to precess about it. It should be
noted that Gr plays the dominant role in spin transfer torque and spin pumping
studies. Moreover, since Gi is over than an order of magnitude smaller than Gr [68],
it is often not taken into account in SMR studies.

The effective spin-mixing conductance

Recent studies on the spin Peltier effect [69], spin sinking [70] and non-local magnon
transport in magnetic insulators [56] necessitate the transfer of spin angular momen-
tum across the NM/FM interface in the collinear case (~µs ‖ ~M ), which is governed
by the effective spin-mixing conductance (Gs). Introducing the contribution of Gs

in Eq. 2.16, the spin current density (~js) flowing across the NM/FM interface can be
expressed as [70]:

~js = Grm̂× (~µs × m̂) +Gi (~µs × m̂) +Gs~µs, (2.17)

where, ~js is directed perpendicular to the NM/FM interface. The magnitude of
Gs is determined by the thermal fluctuation in ~M via thermal magnons. As dis-
cussed in Sec. 2.4.1, the number of the thermal magnons (in equilibrium) scales with
(T/TC)3/2 (Bloch law). Therefore, at non-zero temperatures, the presence of these
thermal magnons in the FM makes the transfer of spin angular momentum across
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the NM/FM interface possible even when ~µs ‖ ~M , since ~µs can couple to the per-
pendicular components of ~M generated due to the thermal fluctuations [71–73]. The
following equation expresses Gs in terms of G↑↓ [73]:

Gs =
3ζ(3/2)

2πsΛ3
G↑↓, (2.18)

where, ζ(3/2) = 2.6124 is the Riemann zeta function calculated at 3/2, s = S/a3 is the
spin density with total spin S in a unit cell of volume a3 and Λ =

√
4πJs/kBT is the

thermal de Broglie wavelength for magnons, with Js being the material-dependent
spin wave stiffness constant. From Eq. 2.18, Gs is expected to scale with T 3/2. The
temperature dependence of Gs has been experimentally probed in Chapter 6 of this
thesis.

2.4.3 Electrical injection and detection of magnons

Long distance diffusive transport of exchange magnons has recently been demon-
strated in a ferrimagnetic insulator, yttrium iron garnet(Y3Fe5O12, YIG) [56]. This
was achieved in a non-local geometry in which two platinum (Pt) electrodes were
used to electrically generate and detect magnons in the underlying YIG film via
the spin Hall and the inverse spin Hall effects, respectively. The schematic of this
experimental geometry is depicted in Fig. 2.7(a). A charge current (Iac), sourced
through the Pt injector, generates a spin accumulation at the Pt/YIG interface via the
spin Hall effect. Thermal magnons in the YIG can either be created or annihilated
via spin-flip scattering process at the Pt/YIG interface, as depicted in the insets of
Fig. 2.7(a). The magnon creation (annihilation) results in a non-equilibrium magnon
accumulation (depletion), which is characterized by the magnon chemical poten-
tial (µm) [73]. The non-equilibrium magnon accumulation (depletion) decays over a
length scale characterized by the magnon spin relaxation length (λm) and drives a
magnon spin current within the YIG.

At the detector electrode, the excess magnons in the YIG are annihilated via spin-
flip scattering process, resulting in a spin accumulation at the bottom of the Pt de-
tector. This generates a spin current in the Pt detector, perpendicular to the Pt/YIG
interface, which is converted into a measurable electrical voltage signal (V ) via the
inverse spin Hall effect. By measuring the non-local resistance, RNL = V/Iac, as a
function of the injector-detector separation (L), λm can be extracted using the follow-
ing equation [56]:

RNL =
CeL/λm

λm[1− e2L/λm ]
, (2.19)
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Figure 2.7: (a) Experimental geometry for non-local magnon transport in a magnetic insulator
(YIG) using platinum (Pt) electrodes for the electrical generation and detection of magnons via
the spin Hall and the inverse spin Hall effects, respectively. (b) Thermal injection of magnons
via the spin Seebeck effect, where the Joule heating in the Pt injector acts as the heat source.
This results in a radial temperature gradient in the YIG. The colour scale represents regions of
magnon depletion and magnon accumulation. (c) The magnon chemical potential (µm) along
the temperature gradient. The positive (negative) value of µm represent magnon accumulation
(depletion) at the cold (hot) end, characterized by a negative spin Seebeck coefficient.

where, C takes into account all the distance-independent parameters such as the
effective spin-mixing conductance at the Pt/YIG interface and the magnon spin con-
ductivity in the YIG. Using Eq. 2.19, a magnon spin relaxation length of ≈ 10 µm
was reported [56] for a 200 nm thick YIG film.

2.4.4 Thermal magnon injection via the spin Seebeck effect

Besides the electrical injection technique discussed in the previous section, magnons
can also be injected by the application of a temperature gradient via the spin Seebeck
effect [7, 74, 75]. The spin Seebeck effect (SSE) refers to the generation of a spin
current due to a temperature gradient in a material. In a magnetic insulator, the
magnon density scales with the temperature, obeying the Bloch law (Sec. 2.4.1). A
temperature gradient (~∇T ) within the magnetic insulator will therefore result in a
difference in the magnon density in the cold and the hot regions. This will lead to
the diffusion of magnons from the hot to the cold parts and eventually result in the
build-up of a non-equilibrium magnon accumulation (depletion) in the cold (hot)
part, characterized by a positive (negative) magnon chemical potential (µm). This
phenomenon is schematically depicted in Figs. 2.7(b) and (c).
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In the non-local experimental geometry shown in Fig. 2.7(a), the charge current
flowing through the Pt injector causes Joule heating. Thus, the Pt injector acts like
a heater which generates a radial temperature gradient in the YIG, as depicted in
Fig. 2.7(b). Magnons generated via the SSE due to this temperature gradient con-
tribute to the total magnon spin current flowing within the YIG, expressed as [73, 76]:

~Jm = −σm

[
Sm~∇T + ~∇µm

]
, (2.20)

where, σm and Sm are the magnon spin conductivity and the bulk magnon spin See-
beck coefficient, respectively. In Eq. 2.20, the total magnon current ( ~Jm) comprises
of the thermally excited magnon current (−σmSm~∇T ) and the diffusive magnon cur-
rent (−σm~∇µm). This magnon spin current is non-locally detected by the Pt detector,
following the same electrical detection technique as discussed in the previous sec-
tion.

References

[1] G. Lampel, “Nuclear Dynamic Polarization by Optical Electronic Saturation and
Optical Pumping in Semiconductors,” Phys. Rev. Lett. 20, pp. 491–493, Mar. 1968.
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Chapter 3

Experimental methods

Abstract

This chapter summarizes the experimental methods used for the research presented in this
thesis. The first part of this chapter focuses on the different device fabrication techniques
which have been used. This is followed by a description of the experimental setups in
which the electrical measurements were performed. Finally, a brief description of the a.c.
lock-in measurement technique is provided.



3

34 3. Experimental methods

3.1 Device fabrication techniques

All the devices studied in the research presented in this thesis were fabricated in
multi-step lithography, material deposition and resist lift-off techniques. Each cycle
of the device fabrication process consists of the following steps:

1. Substrate cleaning: This is the first step involved in the device fabrication pro-
cess and usually carried out only at the beginning of the first cycle. Two dif-
ferent substrates were used for the devices discussed in this thesis: (i) 300 nm
thick thermally oxidized SiO2 films on Si wafers and (ii) 210 nm thick single-
crystal yttrium iron garnet (Y3Fe5O12, YIG) thin films grown on gadolinium
gallium garnet (Gd3Ga5O12, GGG) wafers by liquid-phase epitaxy. Both type
of the substrates were obtained commercially. Any polymer resist and organic
residues were removed from the substrates by subjecting them to ultrasonica-
tion in warm acetone for 1-2 minutes in an ultrasonic bath. The substrates were
then successively rinsed with isopropyl alcohol (IPA), ethanol and DI water.
Finally, the cleaned substrates were blow dried with a nitrogen gun and then
placed on a hot plate at 180◦ C for 30 seconds.

2. Spin coating resist: The samples were coated with a photoresist or an EBL
resist (depending on the lithography technique to be used) in a spin coater.
This was followed by a baking procedure on a hot plate at 180◦ C for 90 seconds
to remove the solvent.

3. Lithography: Two different lithography techniques, deep-UV and electron beam,
were used to transfer pre-defined structures onto the sample. The deep-UV
optical lithography technique was used for creating the larger structures, e.g.
bond pads and big contact leads, in most of the spin valve devices on the Si
wafers, while the electron beam lithography technique was used for all other
smaller device structures. Both of these techniques are discussed in the follow-
ing sections.

4. Development: In order to dissolve the exposed part of the resist, the sam-
ples were treated with an organic solvent for 45-60 seconds, depending on the
lithography technique used. To prevent over-development of the resist, the
samples were immediately rinsed with IPA for 30 seconds to stop the develop-
ment process and then spin-dried.

5. Metal deposition: The metal deposition process was carried out using either
the electron beam evaporation or the sputter deposition technique, both of
which are discussed in the following sections. In order to create a clean and
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Figure 3.1: A schematic representation of a device fabrication process cycle.

transparent interface between the ferromagnet (injector/detector) and the spin
transport channel in the spin valve devices, an in situ Ar-ion milling step was
carried out just before the deposition of the channel material.

6. Lift-off: The unexposed resist layer, along with the deposited metal film on
top of it, were removed by immersing the samples in an organic solvent (de-
pending on the type of the resist). In some cases, gentle ultrasonication was
used to ensure a complete lift-off. The samples were then rinsed with IPA and
blow dried with nitrogen.

A typical cycle of the device fabrication process is schematically depicted in Fig.
3.1. A real example of a fabricated device is shown in Fig. 3.2. The Ti/Au bonding
pads and the big contact leads were patterned using the deep-UV lithography tech-
nique and can be clearly seen in the optical image in Fig. 3.2(a). A zoomed-in optical
image of the central part of the device structure is shown in Fig. 3.2(b). The structures
in this image were defined by the electron beam lithography technique. Although
the smaller contact leads are distinctly visible in this optical image [Fig. 3.2(b)], the
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Optical Optical SEM200 µm 15 µm 300 nm
(a) (b) (c)

Figure 3.2: A typical example of a device structure. (a) An optical image of the bond pads
and the big contact leads defined by the deep-UV lithography technique. (b) A zoomed-in
image of the central part of the device structure which was patterned using the electron beam
lithography technique. The individual non-local spin valve devices (in the centre) are barely
visible under the optical microscope. (c) A scanning electron microscope image of one of the
non-local spin valve devices.

individual non-local spin valve devices can be clearly seen only under the high mag-
nification offered by the scanning electron microscope (SEM). An SEM image of one
such non-local spin valve device is shown in Fig. 3.2(c).

3.1.1 Deep-UV lithography

The deep-UV lithography technique is faster than the electron beam lithography
technique and therefore, useful for patterning the big structures in the devices with
dimensions ranging from a few micrometres to a few hundreds of micrometers. For
most of the non-local spin valve devices discussed in this thesis, which were fabri-
cated on the SiO2/Si substrates, the bonding pads and the big contact leads were
patterned using the EVG 620 deep-UV mask aligner system. A resolution of up to
1 µm can be achieved using this system. For the deep-UV lithography, the substrates
were spin coated with the photoresist ZEP 520 in anisole at 3000 rotations per minute
(RPM) for 1 minute and then baked on a hot plate at 180◦ C for 90 seconds. This re-
sulted in a photoresist thickness of about 300 nm. A chromium-coated glass mask
was used for transferring the patterns onto the photoresist during the deep-UV ex-
posure. The photoresist was then developed in n-amyl acetate for 60 seconds to
dissolve the exposed regions, followed by a rinse in IPA. After the metal deposition,
the lift-off process was carried out in PRS-3000 solvent at 90◦ C for about 20 minutes.
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3.1.2 Electron beam lithography

The electron beam lithography (EBL) offers the advantage of achieving feature sizes
in the order of 10 nm, limited by the thickness and the type of the resist used. Un-
like in optical lithography techniques, no pre-defined mask is required in EBL. An
accelerated beam of electrons is used to selectively expose the desired regions of the
resist with the help of a beam blanker. The Raith e-Line 150 EBL system was used
to fabricate the devices discussed in this thesis. A positive EBL resist, poly- methyl
methacrylate (PMMA) with a molecular mass of 950K and dissolved in ethyl lactate,
was spin coated at 4000 RPM for 1 minute on the samples, followed by a baking step
for 90 seconds at 180◦ C. Two different concentrations of the PMMA, 3% and 4%,
were used, resulting in the resist thickness of about 160 nm and 270 nm, respectively.
The 3% PMMA resist was used for patterning the smaller structures with feature
sizes ranging from 50 nm to 100 nm. For larger feature sizes, the 4% PMMA resist
was used. Note that in order to prevent charging in the highly insulating YIG/GGG
substrates, a water-based conducting polymer, aquaSAVE-53za, was spin-coated at
4000 RPM for 1 minute on top of the PMMA layer. An acceleration voltage of 30 kV
and an area dose of 450 µC/cm2 was used for the e-beam exposure. Different aper-
ture sizes, ranging from 10 µm to 120 µm, were used depending on the size of the
structure to be written with the e-beam. After the exposure, the PMMA resist was
developed in a mixture of methyl isobutyl ketone (MIBK):IPA (1:3 volume ratio)
for 30 seconds followed by a rinse in IPA for another 30 seconds. In case of the
YIG/GGG substrates, the conductive polymer (aquaSAVE) film was removed prior
to the development of PMMA by dipping the sample in DI water for 1 minute. Af-
ter the deposition step, the lift-off process was carried out in acetone at 50◦ C for
7-10 minutes.

3.1.3 Focussed ion beam etching

The curved channel geometry in the devices discussed in Chapter 5 was realized
by using SiO2/Si substrates with trenches, which served as templates for control-
ling the channel geometry. These trenches in the SiO2/Si substrates were created
by the focussed ion beam etching (FIB) technique at IFW Dresden, Germany. A
beam of gallium ions under an acceleration voltage of 30 kV and a beam current
of 40 pA was used to mill trenches of different geometries in the substrate. By con-
trolling the milling time, trenches of different heights were created. SEM images of
the cross-section of four different trenches are shown in Fig. 3.3. All these trenches
were created using the same acceleration voltage and the beam current but differ-
ent milling times of 100 seconds [Fig. 3.3(a)], 110 seconds [Fig. 3.3(b)], 120 seconds
[Fig. 3.3(c)] and 150 seconds [Fig. 3.3(d)], resulting in trench heights (h) of 232 nm,
268 nm, 276 nm and 372 nm, respectively.
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Figure 3.3: Scanning electron microscope images of the cross-sections of the trenches, cre-
ated by the focussed ion beam etching technique, in the SiO2/Si substrate. Different milling
times of 100 seconds (a), 110 seconds (b), 120 seconds (c) and 150 seconds (d) were used to
create these trenches, resulting in trench heights (h) of 232 nm, 268 nm, 276 nm and 372 nm,
respectively.

3.1.4 Physical vapour deposition

Two different types of physical vapour deposition techniques, electron beam evap-
oration and sputter deposition, were used to deposit the metallic thin films on the
substrates.

The ferromagnetic electrodes and the spin transport channel in all the non-local
spin valve devices discussed in this thesis were fabricated using the e-beam evap-
oration technique in the Temescal FC-2000 system. The Ti/Au bond pads and big
contact leads were also deposited by e-beam evaporation. The thin films were evap-
orated at a rate of 1− 3 Å/s and at a base pressure below 2× 10−6 Torr.

The sputter deposition technique was used to deposit the permalloy and the plat-
inum thin films on the YIG substrates for the magnon transport devices, resulting in
a cleaner metal/YIG interface as compared to e-beam evaporation. A Kurt J. Lesker
sputtering system with a base pressure of 5×10−8 mbar was used to deposit the thin
films by d.c. sputtering in an Ar+ plasma at an argon pressure of 3− 4× 10−3 mbar.
Deposition rates of 0.60 nm/s and 0.67 nm/s were used for the permalloy and the
platinum films, respectively.
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3.2 Measurement setups

After the fabrication of the devices, the samples were glued on top of a 22 or 44 pin
chip carrier. Electrical connections between the pins of the chip carrier and the bond
pads on the sample were made manually using a West Bond wedge wire-bonding
machine with AlSi (Al 99%, Si 1%) wires. The chip carrier was then mounted in the
measurement setup.

Two different types of measurement setups were used for the study presented
in this thesis. The spin valve devices on the SiO2/Si substrates were measured in
a liquid helium flow cryostat with a temperature controller and an electromagnet.
A turbo pump was used to maintain a vacuum with pressures below 10−6 mbar
within the cryostat. The magnon transport devices and the spin valves on the YIG
substrates were measured in a variable temperature insert (VTI) with a supercon-
ducting magnet. The sample space in the VTI was maintained under a low vacuum
atmosphere with a pressure of around 10−2 mbar. A stepper motor connected to the
sample holder allowed the rotation of the sample in the out-of-plane or the in-plane
directions with respect to the magnetic field within the VTI.

The general schematic of the measurement setup is shown in Fig. 3.4. The chip
carrier, mounted on the sample holder within the cryostat (or VTI), was connected
to a switch box consisting of pi-filters with 3 dB attenuation at 1 kHz. These filters
essentially consist of a 1 kΩ resistor in series with an inductor and two capacitors
connected in parallel to a common ground (see Fig. 3.4). These filters help in reduc-
ing pick up noise and protect the devices against damage caused by high frequency
spikes. Using the 3-way switches in the switch box, the device can either be con-
nected to the common ground or kept in ‘float’ condition or be connected to the
IV-Meetkast for the measurements via shielded LEMO cables. The IV-Meetkast is a
home-built measurement box which is galvanically isolated from the other equip-
ments and consists of an alternating current source and voltage pre-amplifiers with
gains of up to 104. It is connected to a SR830 lock-in amplifier from Stanford Research
Systems using BNC cables. A sinusoidal alternating voltage is produced as the out-
put of the lock-in amplifier at a particular frequency (up to 100 kHz), which acts as
the reference for generating the alternating current output from the IV-measurement
box. The principle of lock-in measurements is described in the next section. A com-
puter script (LabView or Python) is used to control the equipments and record the
measured data.

3.3 Lock-in measurement technique

The standard a.c. lock-in measurement technique was used for all the measurements
described in this thesis. The main advantage of this phase-sensitive measurement
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Figure 3.4: A general schematic of the measurement setup consisting of a lock-in amplifier, an
IV-Meetkast (home-built measurement box with current source and voltage pre-amplifiers), a
switch box with pi-filters, a flow cryostat or a variable temperature insert (VTI) in which the
chip carrier with the sample is mounted and a magnet (an electromagnet or a superconducting
magnet). A computer was used to control the lock-in amplifier, the magnetic power supply,
the temperature controller and the stepper motor for sample rotation and to record the mea-
surement data.

technique is that small voltage signals in the order of nano-Volts can be measured
even in a relatively noisy background. Moreover, signals which scale non-linearly
with the excitation current, e.g. Joule heating, can also be measured separately by
locking-in to the respective harmonic of the excitation frequency.

The excitation current applied to the device can be expressed as I(t) =
√

2I0 sin(ωt+

φ), where I0 is the rms amplitude of the excitation current, ω = 2πf , with f being
the applied lock-in frequency and φ being the applied phase. The voltage response
coming from the device, as a result of this excitation current, can be expanded and
expressed as a sum of higher order terms as

V (t) = I(t)R1 + I2(t)R2 + I3(t)R3 + ..., (3.1)
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where, Rn corresponds to the nth order response. The lock-in amplifier multiplies
this voltage response with the reference signal and integrates it over time such that
the nth harmonic response of the lock-in voltage is

V nf =
2

τ

∫ τ

0

sin(nωs+ φ)V (s)ds, (3.2)

where, τ is the time constant of the lock-in. Using Eqs. 3.1 and 3.2, the 1st, 2nd and
the 3rd harmonic responses of the lock-in voltage can be written as

V 1f = I0R1 +
3

2
I3
0R3 for φ = 0◦, (3.3)

V 2f =
1√
2
I2
0R2 for φ = −90◦, (3.4)

V 3f = −1

2
I3
0R3 for φ = 0◦. (3.5)

Note that the 1st harmonic resistance, R1f = V 1f/I0, is essentially equal to the first
order response (R1) in the low bias regime. However, to explicitly rule out the con-
tribution of higher order non-linear effects in the 1st harmonic resistance, it is useful
to also measure the 3rd harmonic resistance and check that it is negligible (within the
noise floor of the measurements). The 2nd harmonic resistance scales quadratically
with the excitation current and generally related to the Joule heating effects. The
even harmonics should be measured with a phase shift of φ = −90◦.
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Chapter 4

Anisotropic Hanle line shape via
magnetothermoelectric phenomena

Abstract

We observe anisotropic Hanle lineshape with unequal in-plane and out-of-plane non-local
signals for spin precession measurements carried out on lateral metallic spin valves with
transparent interfaces. The conventional interpretation for this anisotropy corresponds
to unequal spin relaxation times for in-plane and out-of-plane spin orientations as for
the case of 2D materials like graphene, but it is unexpected in a polycrystalline metal-
lic channel. Systematic measurements as a function of temperature and channel length,
combined with both analytical and numerical thermoelectric transport models, demon-
strate that the anisotropy in the Hanle lineshape is magneto-thermal in origin, caused
by the anisotropic modulation of the Peltier and Seebeck coefficients of the ferromagnetic
electrodes. Our results call for the consideration of such magnetothermoelectric effects in
the study of anisotropic spin relaxation.

Published as:
K. S. Das, F. K. Dejene, B. J. van Wees and I. J. Vera-Marun

Phys. Rev. B 94, 180403(R) (2016).
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4.1 Introduction

Electrical spin injection and detection in non-local lateral spin valves have been used
extensively to study pure spin currents in non-magnetic (NM) materials [1–8]. Hanle
measurements allow the manipulation of the spin accumulation in the NM materials
via a perpendicular magnetic field, which induces spin precession as the carriers
diffuse along the NM channel. From these experiments, we can extract the spin
transport parameters of the channel, like the spin relaxation length and time, and
hence get an insight about the nature of spin-orbit interaction (SOI) causing spin
relaxation. This is particularly relevant for 2D materials like graphene, where the
SOI acting along the in-plane and out-of-the plane directions can differ and lead
to anisotropic spin relaxation, manifested by different signals for the in-plane and
out-of-plane spin configurations in the Hanle experiments [9, 10]. In contrast, for
polycrystalline films, spin relaxation is expected to be isotropic [11].

In this work we use metallic non-local spin valves (NLSVs), with aluminium (Al)
as the NM material, to study spin precession as a function of temperature. Per-
malloy (Ni80Fe20, Py) has been used as the ferromagnetic (FM) electrodes to inject a
spin-polarized current into Al across a transparent interface and to non-locally detect
the non-equilibrium spin accumulation in Al at a distance L from the injector. This
model system with transparent FM/NM interfaces has been thoroughly studied via
spin valve measurements. But curiously, corresponding spin precession studies in
such systems are scarce. Only recently a few groups have demonstrated spin pre-
cession in NLSVs with transparent FM/NM interfaces [12, 13], with the NM channel
being either silver or copper. More importantly, these few experiments have been
done only at low temperatures (T ≤ 10 K), with no reports on Hanle measurements
at room temperature for transparent FM/NM interfaces.

We demonstrate, through non-local spin precession experiments on Py/Al NLSVs
with transparent interfaces, an anomalous Hanle lineshape for T > 150 K, in which
the in-plane and out-of-plane spin signals are unequal. This anisotropic Hanle line-
shape generally indicates different spin relaxation rates for spins aligned parallel
and perpendicular to the plane of the NM channel [9, 10]. However, anisotropic spin
relaxation in a polycrystalline metallic film has not been observed in the literature
and is unexpected, especially being stronger at higher temperatures. Such a tem-
perature dependence of the anisotropy is indicative of a thermoelectric origin. With
the help of analytical and numerical thermoelectric transport models, we ascribe the
anisotropy in the Hanle measurements to a change in the baseline resistance [14] due
to the anisotropy in the Seebeck and Peltier coefficients of the FM. The results evi-
dence how an apparent anisotropic spin precession can develop in an isotropic NM
channel, via the coexistence of spin and heat currents and spin-orbit coupling in the
FM.
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4.2 Experimental details

Py/Al NLSVs with transparent interfaces (interface resistance < 10−15 Ω.m2) and
varying injector-detector separations (L) were prepared on top of a 300 nm thick
SiO2 layer on a Si substrate. The device preparation is described in detail in the sup-
porting information and follows Refs. [6, 13, 14]. Fig. 4.1(a) shows an SEM image
of a representative NLSV along with the electrical connections for spin-valve and
Hanle measurements. A low frequency (13 Hz) alternating current (I = 400 µA) was
applied between the injector (Py1) and the left end of the Al channel. The first har-
monic response of the corresponding non-local signal (RNL = VNL/I) was measured
between the detector (Py2) and the right end of the Al channel by standard lock-in
technique.

4.3 Results and discussion

The NLSVs were first characterized via spin-valve measurements as shown in Fig. 4.1(b).
An external magnetic field (By) was swept along the main axis of the FMs to orient
their magnetization in either parallel (P) or anti-parallel (AP) configurations, cor-
responding to distinct levels RP

NL and RAP
NL in the non-local response. From these

measurements we extracted the spin accumulation signal in the Al channel, RS =

RP
NL − RAP

NL, and the baseline resistance, RB = (RP
NL + RAP

NL)/2 (which later will be
used to interpret the spin precession measurements). The spin accumulation created
at the injector junction decays exponentially in the Al channel with a characteristic
spin relaxation length, λAl. Fig. 4.1(c) shows the dependence of RS on the injector-
detector separation (L), from which λAl can be extracted using the standard spin
diffusion formalism for transparent contacts [15–17]. We extracted λAl to be 663 nm
at 4.2 K and 383 nm at 300 K. A systematic study of the temperature dependence of
λAl revealed its monotonic decrease with increasing T , with an opposite behaviour
for the resistivity of the channel (ρAl), as shown in Fig. 4.1(d). These results are con-
sistent with Elliott-Yafet spin relaxation mechanism dominated by electron-phonon
interaction in bulk metal [8, 11, 18], in which the spin relaxation length is propor-
tional to the electron mean free path.

Next, we perform Hanle spin precession measurements, in which a perpendicu-
lar magnetic field (Bz) induces the spins injected into the Al channel to precess at a
Larmor frequency ωL = gµBBz/~, where g ≈ 2 is the g-factor in Al, µB is the Bohr
magneton and ~ is the reduced Planck constant. As shown in Fig. 4.2(a-d), Hanle
measurements can be performed with the magnetizations of the FMs initially aligned
in-plane (at Bz = 0) and set either parallel (P) or anti-parallel (AP) with respect to
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Figure 4.1: (a) An SEM image of a representative NLSV along with the electrical connec-
tions for spin-valve and Hanle measurements. Py1 and Py2 act as spin injector and detector,
respectively, separated by a distance L. (b) Spin-valve measurement on a device with L =
700 nm at T = 4.2 K. The parallel (RP

NL) and anti-parallel (RAP
NL) states are shown along with

the baseline resistance (RB) and the spin accumulation signal (RS). (c) Dependence of RS on
L, used to extract the spin relaxation length in Al (λAl), by fitting the data (black squares) with
a spin diffusion model (red line) as described in the text. The error bars correspond to the
noise (standard deviation) in the spin-valve curves when quantifying RP

NL and RAP
NL signals.

(d) Temperature dependence of λAl and the resistivity of the Al channel (ρAl).

each other. The Larmor precession and the resulting spin dephasing, lead to a de-
crease (increase) in the signal RNL with increasing |Bz| for the P (AP) configuration,
eventually intersecting the AP (P) curve for an average spin rotation of π/2. After
the intersection of the P and AP curves, they bend upwards with increasing |Bz| and
finally saturate for |Bz| ≥ 0.9 T. This happens because the magnetization of Py starts
to rotate out-of-plane and finally aligns with Bz for |Bz| ≥ 0.9 T. The rotation of
Py’s magnetization with Bz can be checked from the anisotropic magnetoresistance
(AMR) measurements of the Py wire, described in the supporting information and
follows Refs. [3, 19]. Thus, for |Bz| ≥ 0.9 T, the spins are injected (and detected) in
the out-of-plane (z) direction and there should be no precession caused by Bz. For



4

4.3. Results and discussion 47

(a) (b)

(c) (d)

Figure 4.2: Hanle measurements in a NLSV withL = 700 nm at different temperatures: (a) T =
300 K, (b) T = 200 K, (c) T = 80 K and (d) T = 4.2 K. The initial magnetic configuration of the FM
contacts at Bz = 0 is in-plane and either parallel (RP,‖

NL , black squares) or anti-parallel (RAP,‖
NL ,

red circles), whereas for |Bz| > 0.9 T it is out-of-plane and parallel (RP,⊥
NL ) . The anisotropy

(δanis) in the non-local signal (RNL) between spins oriented in-plane (y) and out-of-plane (z) is
observed at 300 K and 200 K, but it is absent at 80 K and 4.2 K. The solid lines are fits to the
Hanle data (see text).

isotropic spin relaxation and parallel orientation of the magnetizations, the signal
R

P,‖
NL for spins injected in-plane at Bz = 0 should be equal to the signal RP,⊥

NL when
spins are injected out-of-plane at |Bz| ≥ 0.9 T. We indeed observe that RP,‖

NL = RP,⊥
NL

for the Hanle data at 80 K and 4.2 K (Fig. 4.2(c) and (d)). These Hanle data were fit-
ted with an analytical expression obtained by solving the Bloch equation considering
spin precession, diffusion and relaxation for transparent contacts [13, 20] and taking
into account the out-of-plane rotation of the Py magnetization [3]. From the fitting,
we obtained λAl to be 688 nm at 4.2 K and 544 nm at 80 K, which are comparable to
the values obtained from the spin-valve measurements (Fig. 4.1(d)).

At higher temperatures (T ≥ 150 K), we notice a significant difference between
R

P,‖
NL and RP,⊥

NL , leading to anisotropic Hanle lineshapes as shown in Figs. 4.2(a) and
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(b). Such Hanle lineshapes have been hitherto associated with anisotropic spin re-
laxation [9, 10], in which the NM channel has different spin relaxation times for the
in-plane and out-of-plane spin directions. For isotropic and polycrystalline metallic
films, as is the case for our 50 nm thick Al channel, the transverse and longitudi-
nal spin relaxation times are expected to be equal [11]. Moreover, by increasing the
temperature we expect any anisotropy to decrease due to the thermal disorder in the
system. Hence we rule out anisotropic spin relaxation in our system and investigate
other causes for the observed Hanle lineshapes. Further checks were performed to
rule out: (i) the role of interfacial roughness and magnetic impurities by probing the
presence of inverted Hanle response [21, 22] in the spin-valve measurements at high
in-plane fields (By), (ii) non-linear effects by measuring higher harmonics and at dif-
ferent current densities, (iii) current inhomogeneity at the contacts and (iv) frequency
dependence. For details of these further checks, see the supporting information.

We quantify the anisotropy in the Hanle measurements by the parameter δanis =

RP,⊥
NL −R

P,‖
NL , as shown in Figs. 4.2(a) and (b). We note that concurrent to this anisotropy

we also observe a smaller asymmetry with the sign ofBz, δasym = RP,⊥
NL (Bz < −0.9 T)−

RP,⊥
NL (Bz > 0.9 T), as shown in Fig. 4.2(a). Since δasym � δanis we focus the discussion

below on the anisotropy (δanis).

A marked non-linear increase with temperature is observed on both the anisotropy
δanis (extracted from Hanle measurements), and the baseline resistance RB (obtained
from spin-valve measurements) in the measurements summarized in Fig. 4.3(a-b).
We interpret these observations as an indication for a common thermal origin for
both effects. Note that these trends are inconsistent with an effect purely related
to spin currents, as λAl decreases at higher T (Fig. 4.1(d)). Furthermore, the trends
are also inconsistent with the trivial effect of AMR on local charge currents, because
the AMR has also an opposite trend with temperature (Fig. 4.3(c)). We remark that
the origin of RB in NLSVs has been identified as thermoelectric in nature [14]. It
is driven by the interplay of Peltier cooling and heating at the injector junction, in
which a charge current across the junction results in a temperature difference, and
the Seebeck effect at the detector junction, which acts as a nanoscale thermocou-
ple to electrically detect the non-local heat currents. Here, we hypothesize that the
anisotropy δanis is also thermoelectric in nature, in particular given the striking obser-
vation of an almost constant ratio δanis/RB ≈ 2% independent of L and T , as shown
in Fig. 4.3(d).

To further understand the origin of the anisotropy δanis, we must note that |Bz|
modulates the magnetization direction of Py, which together with Al forms ther-
moelectric junctions. Similarly as the electrical resistance of Py gets modulated due
to AMR, we consider here a modulation in the Seebeck (S) and Peltier (Π) coeffi-
cients as a function of the angle between the magnetization and the heat current, i.e.



4

4.3. Results and discussion 49

(a) (b)

(c) (d)

Figure 4.3: Temperature (T ) dependence of: (a) The anisotropy (δanis) extracted from Hanle
measurements for different channel lengths (L), (b) The baseline resistance (RB) extracted
from spin-valve measurements, and (c) Anisotropic magnetoresistance (AMR) of Py. (d) A
constant ratio δanis/RB ≈ 2% is observed, independent of L and T .

anisotropic thermoelectric transport due to spin-orbit interaction in the FM [23–26].
To test this hypothesis, we develop a thermoelectric model to estimate RB in our
NLSVs, and relate its corresponding magnetothermoelectric effect to δanis.

The Peltier effect at the injector junction results in a temperature difference (∆T ),
with respect to the reference temperature (T ), equal to

∆T = Q̇Rth = (ΠAl −ΠPy)IRth, (4.1)

where Q̇ is the rate of Peltier heating for a current (I) from Al into Py, ΠAl(Py) is
the Peltier coefficient of Al (Py), and Rth is the total thermal resistance at the Py/Al
junction. In analogy to the standard spin diffusion formalism used to calculate spin
resistance RS [15, 27], we implement an analytical heat diffusion model that allows
us to calculate Rth [28] as described in the supporting information. Common to
both models, such a resistance is dependent on the corresponding conductivity and
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the characteristic decay length of the corresponding accumulation. For the thermal
model, we consider the thermal conductivity κ and a thermal transfer length LT

given by the non-conserved heat current along the metal channel due to the heat flow
into the SiO2/Si substrate [28, 29], which leads to LT ≈ 900 nm in the Al channel at
300 K. The total thermal resistance experienced at the injector junction is Rth ≈ 8.8×
105 K/W, which is dominated by the higher κ of the Al channel. From Eq. 4.1, the
temperature difference at the injector was found to be ∆T ≈ 1.7 K, which is in good
agreement with the temperature profile of the device area as shown in Fig. 4.4(a)
(simulated by 3-dimensional finite element modelling, described later in the text). A
non-local Seebeck signal Vth is generated due to ∆T at a distance L from the injector,
given by

Vth = (SAl − SPy)∆Te−L/LT . (4.2)

The modelled thermal signal (Vth/I) is shown as a function of L in Fig. 4.4(b), to-
gether with the experimental baseline resistance (RB). The agreement confirms the
thermoelectric origin of the latter, with RB ≈ Vth/I . The measured first harmonic
response shown in Figs. 4.3 and 4.4 is in the linear regime accounting only for the
Peltier heating/cooling and therefore excludes Joule heating. Without having used
any fitting parameters, our analytical model is accurate within a factor of 2 of the
experimentally obtained results. This model disregards lateral heat spreading in the
narrow channel and hence serves as an upper estimate of RB [28, 29] (see supporting
information). Furthermore, considering the Thomson-Onsager relation Π = ST and
a linear temperature dependence of the Seebeck coefficient, we predict a non-linear
dependence of RB, which is also substantiated by the measurements in Fig. 4.3(b).

We address next our central hypothesis that the anisotropy in the Hanle measure-
ments (δanis) emerges via the anisotropy in the thermoelectric coefficients of Py. To
account for these magnetothermoelectric effects [23, 25], we relate the isotropic (RB)
and the anisotropic (δanis) thermoelectric signals, since from Eqs. 4.1 and 4.2 and the
Thomson-Onsager relation, we find that Vth ∝ ΠPy.SPy ∝ Π2

Py. This allows us to ex-
plain the ratio δanis/RB ≈ 2%, observed in Fig. 4.3d, by considering an anisotropy in
the thermoelectric coefficients of Py (ΠPy, SPy) of approximately 1%. This direct ex-
traction of the anisotropy, ∆ΠPy/ΠPy ≈ 1%, allows us to successfully model both the
channel length (L) and temperature (T ) dependence of the thermoelectric signals, as
shown in Fig. 4.4(b-d). Our observation of 1% anisotropic magnetothermopower in
Py is in agreement with previous studies on Ni nanowires which put a limit of upto
10% [23, 25].

For completeness, we consider a different anisotropic effect: the modulation in
the thermal conductivity of Py, and hence on Rth, as a consequence of AMR and the
Wiedemann-Franz law. Taking the measured AMR = 2% at room temperature as
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Figure 4.4: (a) The temperature difference (∆T ) in the device area, simulated by 3-
dimensional finite element modelling (3D-FEM), is shown as a colour map. Comparison be-
tween the measured data (black squares), the analytical model (red dashed lines) and 3D-FEM
(blue solid lines) is presented for the dependence of the: (b) Baseline resistance (RB) and (c)
Anisotropy (δanis) on the channel length (L) at 300 K. (d) Temperature dependence of δanis, ob-
tained experimentally and through the analytical model, for a fixed channel length of 700 nm.

an upper limit [26], we obtain an anisotropy which is lower by an order of magni-
tude than the measured one, and therefore cannot account for the observations. The
negligible modulation via this effect is understood by the dominant role of the Al
channel (which has no AMR) in determining the total Rth.

Finally, an accurate 3-dimensional finite element model (3D-FEM) was developed
incorporating the physics of both the anisotropy of the thermoelectric coefficients
and of AMR. It is seen in Fig. 4.4(b)-(c) that the 3D-FEM shows a good agreement
with the data. A detailed description of the model is included in the supporting in-
formation. Having established the thermal origin of the baseline resistance and the
anisotropy, we use this 3D-FEM to explore the asymmetry (δasym) observed in the
Hanle measurement at 300 K. A finite component of the heat current in the Py bar at
the detector junction flowing along the length of the Al channel, combined with the
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Py magnetization pointing in the out-of-plane direction, generates a transversal volt-
age along the main axis of the Py bar due to the the anomalous Nernst effect [24, 30].
This transversal voltage gives rise to the asymmetry observed in the Hanle mea-
surements. We successfully account for δasym by considering an anomalous Nernst
coefficient of Py equal to 0.06, a factor of two smaller than obtained earlier in Py/Cu
spin valves [24].

4.4 Conclusions

The magnetothermoelectric effects here described are general phenomena in Hanle
experiments. Note that the use of tunnel interfaces in previous studies [3, 9, 10] en-
hances the spin signal by about 100 times, but from our thermal model that would
only amount to an enhancement of the thermoelectric response by a factor of 1. This
allows us to understand why the anisotropic signatures have not been identified
in previous studies, as the thermoelectric response would only be a modulation of
approximately 1% relative to the spin dependent Hanle signal in those studies. In
this work, with transparent contacts and at room temperature, the spin signals are
comparable to the thermoelectric effects, making the latter relevant for correct inter-
pretation of the spin-dependent signals.
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4.5 Supporting information

4.5.1 Device fabrication

The Py/Al non-local spin valves (NLSVs) used in this study were prepared by con-
ventional electron beam lithography (EBL), e-beam evaporation and lift-off tech-
niques. A silicon wafer with 300 nm thick thermally oxidized layer on top was used
as the substrate. In the first EBL step, the ferromagnets with different widths (70 nm
and 90 nm) in order to obtain different coercive magnetic fields, were patterned and
followed by the deposition of 20 nm thick Py. In the next step, the 100 nm wide Al
channel was patterned and 50 nm thick Al was deposited. In-situ ion-milling, per-
formed just before the deposition of Al, ensured clean, transparent interface between
Py/Al. Top Ti/Au contacts were fabricated in the final EBL step. We measured 11
samples with varying injector-detector separation (L) prepared in the same batch.
The electrical resistivities of the Al and Py wires were measured to be 7.6×10−8 Ω.m
(1.15×10−7 Ω.m) and 3.35×10−7 Ω.m (4.76×10−7 Ω.m) at 4.2 K (300 K), respectively.
The contact resistances of the Py/Al junctions were accurately measured by the 4-
probe method where the current was sourced between one end of the Al channel and
one end of the ferromagnet wire, while the voltage was measured between the other
end of the Al channel and the other end of the same ferromagnet wire, and found
to be less than 10−15 Ω.m2 with a negative sign, thus confirming their transparent
nature [13].

4.5.2 Anisotropic magnetoresistance measurements

Anisotropic magnetoresistance (AMR) measurements were carried out on the Py
wires to probe the variation of their electrical resistance (RPy, measured in four-
terminal configuration) with the out-of-plane magnetic field (Bz), as shown in Fig. 4.5(a).
From this AMR curve, we can extract the angle (θ) between the magnetization and
the current (I) direction as a function ofBz by using the expression [3, 19],RPy(Bz) =

R⊥Py + [R
‖
Py − R⊥Py] cos2 θ(Bz), where R‖Py (R⊥Py) is the resistance of the Py wire when

its magnetization is oriented in-plane (out-of-plane), parallel (perpendicular) to the
direction of I . The sine of θ, plotted in Fig. 4.5(b), shows that for |Bz| ≥ 0.9 T the
magnetization of Py is completely aligned with Bz.

4.5.3 Hanle data fitting

The Hanle data was fitted with an analytical expression taking into consideration
the transparent nature of the contacts [13, 20] and the out-of-plane rotation of the Py
magnetization [3]:
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(a) (b)

FM

Bz M
θ I

Figure 4.5: AMR measurement of Py (a) Anisotropic magnetoresistance curve for a Py wire.
The inset shows a schematic for the out-of-plane rotation of the Py magnetization (M ) due to
Bz. (b) Sine of the angle (θ) between M and the current (I) in Py, extracted from the measure-
ment in (a).

RP(AP)
NL (Bz, θ) = ±RNL(Bz) cos2 θ + |RNL(Bz = 0)| sin2 θ, (4.3)

where, θ is the angle between the Py magnetization and the plane of the Py film.
The expression for RNL(Bz) is obtained by solving the Bloch equation considering
spin precession, diffusion and relaxation for transparent contacts, explicitly men-
tioned elsewhere [13, 20]. Using Eq. 4.3 to fit the Hanle data obtained at low temper-
atures (4.2 K and 80 K), where the anisotropy in the Hanle line-shape is absent, we
extracted values for the spin relaxation length in Al (λAl) which are in close agree-
ment with those obtained from the spin-valve measurements (see main text). How-
ever, the Hanle data with the anisotropic line-shapes (T > 150 K) cannot be fitted
by using Eq. 4.3. After the origin of this anisotropy was established, we modified
Eq. 4.3 by adding a term to account for the anisotropic Hanle line-shape, as shown
below:

RP(AP)
NL (Bz, θ) = ±RNL(Bz) cos2 θ + |RNL(Bz = 0)| sin2 θ +RB(1 +

δanis

RB
sin2 θ), (4.4)

with RB and δanis the baseline resistance and the anisotropy, respectively. The
extra term on the R.H.S. of Eq. 4.4 includes the baseline resistance and its modulation
due to the anisotropic magnetothermoelectric effects described in the main text.
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(a) (b) (c) (d)

Figure 4.6: Hanle measurements for different spacings between the ferromagnets. Hanle
data at T = 300 K (top panels) and T = 4.2 K (bottom panels) for NLSVs with different
injector-detector spacings: (a) L = 400 nm, (b) L = 550 nm, (c) L = 700 nm and (d) L =

900 nm.

4.5.4 Extended Hanle dataset

For the purpose of completeness, we show in Fig. 4.6 the Hanle curves with different
injector-detector separations (L) as discussed in the main text. Hanle measurements
at the two extreme temperatures, 4.2 K and 300 K are shown, where we observe the
temperature dependence of the anisotropy, consistent with Fig. 2 of the main text.

4.5.5 Analytical heat diffusion model

We use a simplistic thermal transport model [28] for giving us a physical insight
into the origin of the anisotropy in the Hanle measurements (δanis) and attribute
it to the anisotropic modulation of the baseline resistance (RB) via the anisotropic
magnetothermoelectric effects as discussed in the main text. This model considers
one-dimensional diffusive heat transport in the metal channels (Al and Py) with a
point (Peltier) heat source at the Py/Al injector junction. The heat flow in the metal
channels is non-conserved since it flows into the SiO2/Si substrate acting as a heat
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reservoir. The thermal transfer length (LT, M) in a metallic channel (M = Al, Py), de-
scribed as the average distance over which the heat flows in that channel, is given
by [29]

LT, M =
√
κMtMtox/κox, (4.5)

with κM (κox) and tM (κox) the thermal conductivity and the thickness of the
metallic channel (SiO2), respectively. Using the material parameters listed in Ta-
ble 4.1, we calculated the thermal transfer lengths in Al and Py to be 870 nm and
270 nm, respectively, at 300 K. These lengths being larger than the dimensions of the
Py/Al junctions, support our model assumption of treating the Py/Al junctions as
point contacts. In analogy to the spin resistance described in diffusive spin transport
models [15], the thermal resistance Rth, M of the metal channel can now be calculated
as

Rth, M =
LT, M

2κMwMtM
, (4.6)

where,wM is the width of the metal channel. Using Eq. 4.6, we calculatedRth, Al ≈
1.1 × 106 K/W and Rth, Py ≈ 4.3 × 106 K/W. The total thermal resistance Rth at
the Peltier junction is then expressed as Rth = Rth, Al ‖ Rth, Py ≈ 8.8 × 105 K/W,
which is clearly dominated by the Al channel with a higher thermal conductivity.
This simplistic analytical model does not use any fitting parameters and serves as an
upper estimate of the thermal resistance since it does not take into consideration the
lateral heat spreading in the metallic channels and neglects the finite widths of the
Py/Al junctions, treating them as point contacts.

4.5.6 Three-dimensional finite element simulation (3D-FEM)

Using a 3D-FEM, we calculated the spin signal RS = RP
NL − RAP

NL, the baseline resis-
tanceRB = (RP

NL +RAP
NL)/2 and the observed anisotropy δanis due to magnetothermo-

electric effects for devices with transparent contact properties. The gradients in the
spin-dependent electrochemical potential ~∇V↑,↓ and temperature ~∇T are related to
the respective charge ~J↑,↓ and heat current ~Q as[24]

~J↑,↓ = −σ↑,↓~∇V↑,↓ − σ↑,↓S↑,↓~∇T (4.7a)
~Q = −σ↑,↓Π↑,↓~∇V↑,↓ − κ~∇T (4.7b)

where σ↑,↓ = σ
2 (1 ± Pσ) is the spin-dependent electrical conductivity described in

terms of the spin-polarization Pσ = (σ↑ − σ↓)/σ of the electrical conductivity σ

and the spin-up σ↑ and spin-down σ↓ conductivities, Π↑,↓ = S↑,↓T0 is the spin-
dependent Peltier coefficient related to the spin-dependent Seebeck coefficient S↑,↓
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via the Thomson-Onsager relation and κ is the thermal conductivity. In magnetic
metals, these transport coefficients are tensors that encompass anisotropy.

To include the anisotropic magnetoresistance (AMR), anisotropic thermoresis-
tance (ATR), anisotropic magnetothermopower (AMTP) and the anomalous Nernst
effect (ANE) we use anisotropic transport coefficients [24, 31] that depend on the
relative orientation of the unit magnetization vector m̂ pointing in the direction of
the magnetization of the ferromagnet with that of ~J and/or ~Q. For m̂ making an-
gles θ with the x- and φ with the z-axis, the expression for the anisotropic transport
coefficients are:

σij = σ⊥ (δij −RAMRm̂im̂j) , (4.8a)

Sij = S⊥ (δij − SAMTPm̂im̂j) + S

(
δij −RANE

∑
k

εijkm̂k

)
, (4.8b)

κij = κ⊥ (δij −RATMRm̂im̂j) and (4.8c)

Πij = SijT0. (4.8d)

Here i, j = x, y, z define the components of m̂ along the principal axes, δij and εijk
are the Kronecker delta and Levi-Civita symbols, respectively. Eq. 4.8a describes the
anisotropic magnetoresistance effect with RAMR = (R‖ − R⊥)/R‖ being the exper-
imentally determined AMR ratio. Using the Wiedemann-Franz relation κ ∝ σ, the
anisotropic thermoresistance (ATR) ratio RATMR in Eq. 4.8c is set to RAMR in Eq. 4.8a.
While the first term in Eq. 4.8b represents the anisotropic magneto thermopower
(AMTP), the second term describes the anomalous-Nernst effect [24]. Thermal trans-
port through the 300 nm thick SiO2 to the bottom of the Si substrate, that is set as a
thermal sink, is also included. We do not take the whole thickness tsub = 0.5 mm of
the Si/SiO2 substrate but model the Si substrate as a 20 µm cube with a thermal con-
ductivity κSi = 80 Wm−1K−1, taken from Ref. [32]. The input material parameters
for the 3D-FEM are shown in Table 4.1.

Our simulation procedure is as follows. First, we obtain Pσ by matching the
model to the measured spin signals for the injector-detector distance of 400 nm. Here
setting λAl to the spin-diffusion length values obtained from the 1D spin-diffusion
model (see main text) and λPy = 5 nm, at room temperature, we obtain Pσ =

0.28, in good agreement with earlier reports in similar spin transport measurement
configurations[2, 13]. The calculated baseline resistance RB of 22 mΩ is lower than
the measured value of 32 mΩ, which indicates to the fact that the κSi used in the
simulation might be larger than in our devices. Next we keep both λPy and Pσ con-
stant and calculate, for instance, the distance and angle dependence of RS, RB and
δanis. To accurately describe the observed anisotropy and asymmetry in RB we use
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Table 4.1: Material parameters for the 1D analytical and 3D numerical simulations. The elec-
trical conductivity σ is obtained from four-terminal resistance measurements and κ is cal-
culated from the measured σ using the Wiedemann-Franz (WF) relation κ = L0σT0, where
L0 = 2.44 × 10−8 WΩK−2 and T0 are the Lorenz number and the reference temperature, re-
spectively. The temperature (T ) dependent S of Al and Py are calculated by interpolating the
known values at room temperature via the expression[14] S = S0 ·T/T0. This approximation,
following from Mott’s relation for S, does not however include magnon and phonon drag
contributions.

Material [thickness] σ [106 S/m] S [µV/K] κ [W/(mK)] λs [nm]
Al (50 nm) 8.73 -1.5 64 383
Ni80Fe20 (20 nm) 2.1 -18 15.5 5
Au (120 nm) from Ref.33 27 1.6 80 -
SiO2 (300 nm) 1e-18 1e-12 1.2 -
Si (0.5 mm) from Refs.32, 34 0.01 -100 80 1000

the experimentally obtained anisotropic magnetoresistance ratio RAMR = 0.02. Fol-
lowing WF relation, the anisotropic thermoresistance (ATR) ratio RATMR is set equal
to RAMR = 0.02. By varying SAMTP, that describe the anisotropy in RB, and the RANE,
that quantifies asymmetry due to the anomalous Nernst effect, we can fully quan-
tify the observed anisotropy in RB at room temperature for all measured distances.
We note that both the anisotropy and asymmetry in the baseline resistance are not
caused by the conventional AMR effect, but instead by the anisotropy in the Seebeck
(Peltier) coefficients. In Fig. 4.7, we present some results from the 3D-FEM simula-
tion.

4.5.7 Additional experiments and modelling

Higher harmonic measurement and current density dependence

Several checks were performed to rule out spurious effects contributing to the anisotropy
in the Hanle line-shape. First, we perform higher harmonic detection using the lock-
in technique and measure the third harmonic and second harmonic responses of the
Hanle measurements at T = 300 K with an alternating current (ac) I of 0.4 mA at
frequency f = 13 Hz, as shown in Figs. 4.8(a) and (b) respectively. The feature-
less third harmonic response, occurring at 3f , serves as a clear proof of the absence
of non-linear contributions in the first harmonic signal above the noise level in our
measurements. The second harmonic response, occurring at 2f , represents the con-
tribution from Joule heating and shows a negligible modulation as compared to the
linear Peltier effect detected in the first harmonic signal. Next, we repeat the Hanle
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(a) (b) (c)

(d) (e)

Figure 4.7: Three-dimensional finite element modelling (3D-FEM). (a) Numerical simula-
tion results (solid line) showing the injector-detector distance (L) dependence of RS at 300 K
plotted along with the measured data (black circles). The product αPyλPy, which is the ad-
justable fitting parameter, is indicated. The correspondingRB calculated from the 3D-FEM for
different L values at 300 K is shown in (b) along with its anisotropy δanis in (c) and asymmetry
δasym in (d). Dependence ofRB on the angle (θ) between the magnetization direction of Py and
the y-axis is plotted in (e) at 300K and for L = 700 nm, with AMTP = 1%, AMR = ATR = 2%
and anomalous Nernst coefficient RN = 0.06. The 3D-FEM model more accurately describes
the observed anisotropy and asymmetry inRB as well as the measured spin signals for a range
of temperatures and distances.

measurements at two different current densities (I = 0.2 mA and 0.4 mA) and show
the first harmonic signal in Fig. 4.8(c). The non-local response (RNL = VNL/I) in both
cases are the same and this further confirms that the measurements are carried out
in the linear response regime.

Experimental check for inverted Hanle

We also probed the effect local magnetostatic fields caused by interfacial roughness
[21] and magnetic impurities [22] that might result in the anisotropic Hanle line-
shape. The experimental signature of the presence of these local magnetostatic fields
is the inverted Hanle signal. In order to detect it, we applied high magnetic fields
(±1.1 T) parallel to the interface (By) in the spin-valve measurement configuration.
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(a) (b)

(c) (d)

Figure 4.8: Additional measurements to rule out spurious effects. (a) The third harmonic,
and (b) the second harmonic responses at T = 300 K with injection current I = 0.4 mA for
a NLSV with L = 400 nm. The featureless third harmonic response excludes the presence of
non-linear effects in the first harmonic signal of the Hanle measurements. The modulation in
the second harmonic response due to Joule heating is almost negligible compared to the Peltier
effect in the first harmonic. (c) Hanle measurements (first harmonic response) at two different
current densities I , 0.2 mA (red symbols) and 0.4 mA (black symbols) on the same NLSV with
L = 400 nm and at T = 300 K. The corresponding non-local signals (RNL = VNL/I) are the
same and confirm that the measurements are carried out in the linear response regime. (d)
The absence of inverted Hanle demonstrated by carrying out the spin-valve measurements
using high in-plane magnetic fields (Bz). This rules out the role of local magnetostatic fields
arising from interfacial roughness.

The absence of any inverted Hanle line-shape (see Fig. 4.8(d)) even at these high
magnetic fields confirms the absence of local magnetostatic fields due to interfacial
roughness.

Modelling the effect of current inhomogeneity at the contacts

The transparent nature of the Py/Al contacts in our devices calls for the evalua-
tion of the current inhomogeneity present at the contacts. Any contribution to the
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Figure 4.9: Modelling the effect of current inhomogeneity (a) 2D contour plot of the charge
voltage depicted as equipotential lines of different colours for a device with L = 400 nm. The
magnitude of the current density is represented by the size of the red arrows, which becomes
negligible at a distance of 100 nm from the centre of the injector contact. (b) Contribution
of the current inhomogeneity to the baseline resistance (RB,Inhom) along the green dashed line
shown in Fig. (a) at the middle of the Al strip. RB,Inhom becomes less than the noise limit of our
measurements (0.02 mΩ) at a distance of 100 nm from the centre of the injection contact.

baseline resistance due to current inhomogeneity decays exponentially by the factor
≈ e−πL/w [14], where w is the width of the Al channel. For all our measurements,
L/w ≥ 4, and hence the contribution due to current inhomogeneity is negligible.
To further check this expectation, we have modelled the role of the current inhomo-
geneity using our 3D-FEM. In Fig. 4.9(a), we show a 2D contour plot of the charge
voltage depicted as equipotential lines with different colours. The red arrows depict
the charge current density (J) with the size of the arrows being proportional to the
magnitude of J . In Fig. 4.9(b), we plot the contribution of the current inhomogeneity
to the baseline resistance (RB,Inhom) along the green dashed line shown in Fig. 4.9(a)
at the middle of the Al strip. We can clearly conclude from these simulations that the
effect of current inhomogeneity in our devices is negligible for distances larger than
100 nm from the centre of the injector contact and its contribution to the baseline
resistance is below the noise level (0.02 mΩ) of our measurements.

Characterization of a finite offset in the baseline resistance at finite a.c. frequency

We characterized a finite offset in the baseline resistance (RB) due to the capacitive re-
sponse of the ac lock-in measurement by studying the frequency dependence. Hanle
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(a) (b)

Figure 4.10: Frequency (f ) dependence of the Hanle measurements for a device with L =

400 nm at T = 300 K (top panels) and T = 4.2 K (bottom panels) for (a) f = 13 Hz and
(b) f = 7 Hz. The small offset (≈ 1 mΩ) in the baseline resistance at Bz = 0 (RB,0) is due to
capacitive coupling intrinsic to ac lock-in measurements and as can be seen from the figures,
such an offset is independent of the temperature.

measurements for a device with the smallest channel length (L = 400 nm) for two
different frequencies of the injection current (f = 13 Hz and 7 Hz) and at both 300 K
and 4.2 K are shown in Fig. 4.10. Any capacitive contribution to RB must decrease
at lower frequency, in complete agreement with the data shown in Fig. 4.10, which
shows a decrease of ≈ 1 mΩ when f is reduced from 13 Hz to 7 Hz.

Most importantly, this decrease is independent of the temperature, therefore such
a contribution cannot explain the temperature dependence of neither RB nor δanis.
This small offset of ≈ 1 mΩ in RB is more than one order of magnitude lower than
the RB at room temperature, which is the focus of our analysis of the thermoelectric
response. Such a small offset has therefore no significant influence in neither the
analysis of the data nor on the conclusions of our results. On the other hand, by
extrapolating to the case of 0 Hz (dc), the baseline at 4.2 K approaches zero within
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0.5 mΩ, in closer agreement with the expectation for the thermoelectric response.

References

[1] M. Johnson and R. H. Silsbee, “Interfacial charge-spin coupling: Injection and
detection of spin magnetization in metals,” Phys. Rev. Lett. 55, pp. 1790–1793,
Oct. 1985.

[2] F. J. Jedema, A. T. Filip, and B. J. van Wees, “Electrical spin injection and ac-
cumulation at room temperature in an all-metal mesoscopic spin valve,” Na-
ture 410, pp. 345–348, Mar. 2001.

[3] F. J. Jedema, H. B. Heersche, A. T. Filip, J. J. A. Baselmans, and B. J. van Wees,
“Electrical detection of spin precession in a metallic mesoscopic spin valve,”
Nature 416, pp. 713–716, Apr. 2002.

[4] F. J. Jedema, M. S. Nijboer, A. T. Filip, and B. J. van Wees, “Spin injection
and spin accumulation in all-metal mesoscopic spin valves,” Phys. Rev. B 67,
p. 085319, Feb. 2003.

[5] S. O. Valenzuela and M. Tinkham, “Spin-polarized tunneling in room-
temperature mesoscopic spin valves,” Appl. Phys. Lett. 85, pp. 5914–5916, Dec.
2004.

[6] T. Kimura and Y. Otani, “Large Spin Accumulation in a Permalloy-Silver Lateral
Spin Valve,” Phys. Rev. Lett. 99, p. 196604, Nov. 2007.

[7] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, “Elec-
tronic spin transport and spin precession in single graphene layers at room tem-
perature,” Nature 448, pp. 571–574, Aug. 2007.

[8] T. Kimura, T. Sato, and Y. Otani, “Temperature Evolution of Spin Relaxation in
a NiFe/Cu Lateral Spin Valve,” Phys. Rev. Lett. 100, p. 066602, Feb. 2008.

[9] N. Tombros, S. Tanabe, A. Veligura, C. Jozsa, M. Popinciuc, H. T. Jonkman, and
B. J. van Wees, “Anisotropic Spin Relaxation in Graphene,” Phys. Rev. Lett. 101,
p. 046601, July 2008.
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induced spin relaxation in Hanle spin precession measurements,” Phys. Rev.
B 86, p. 235408, Dec. 2012.

[28] I. J. Vera-Marun, J. J. v. d. Berg, F. K. Dejene, and B. J. van Wees, “Direct electronic
measurement of Peltier cooling and heating in graphene,” Nature Communica-
tions 7, p. 11525, May 2016.

[29] M.-H. Bae, Z.-Y. Ong, D. Estrada, and E. Pop, “Imaging, Simulation, and Elec-
trostatic Control of Power Dissipation in Graphene Devices,” Nano Lett. 10,
pp. 4787–4793, Dec. 2010.

[30] S. Hu and T. Kimura, “Anomalous Nernst-Ettingshausen effect in nonlocal
spin valve measurement under high-bias current injection,” Phys. Rev. B 87,
p. 014424, Jan. 2013.

[31] A. Slachter, F. L. Bakker, J.-P. Adam, and B. J. van Wees, “Thermally driven
spin injection from a ferromagnet into a non-magnetic metal,” Nature Physics 6,
pp. 879–882, Nov. 2010.

[32] M. Asheghi, K. Kurabayashi, R. Kasnavi, and K. E. Goodson, “Thermal conduc-
tion in doped single-crystal silicon films,” Journal of Applied Physics 91, pp. 5079–
5088, Mar. 2002.

[33] F. L. Bakker, J. Flipse, and B. J. van Wees, “Nanoscale temperature sensing using
the Seebeck effect,” Journal of Applied Physics 111, p. 084306, Apr. 2012.

[34] Y. Ohishi, J. Xie, Y. Miyazaki, Y. Aikebaier, H. Muta, K. Kurosaki, S. Yamanaka,
N. Uchida, and T. Tada, “Thermoelectric properties of heavily boron- and
phosphorus-doped silicon,” Jpn. J. Appl. Phys. 54, p. 071301, June 2015.





5

Chapter 5

Independent geometrical control of spin and
charge resistances in curved spintronics

Abstract

Spintronic devices operating with pure spin currents represent a new paradigm in na-
noelectronics, with higher energy efficiency and lower dissipation as compared to charge
currents. This technology, however, will be viable only if the amount of spin current dif-
fusing in a nanochannel can be tuned on demand while guaranteeing electrical compati-
bility with other device elements, to which it should be integrated in high-density three-
dimensional architectures. Here, we address these two crucial milestones and demonstrate
that pure spin currents can effectively propagate in metallic nanochannels with a three-
dimensional curved geometry. Remarkably, the geometric design of the nanochannels can
be used to reach an independent tuning of spin transport and charge transport character-
istics. These results put the foundation for the design of efficient pure spin current based
electronics, which can be integrated in complex three-dimensional architectures.
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5.1 Introduction

A number of next-generation electronic devices, including memory elements and
transistor circuits, rely on spin currents. Pure spin currents [1–7] transfer only spin
angular momentum and therefore have the additional advantage that the electronic
devices can operate with low power dissipation. A pure spin current can be gen-
erated using the coupling between charge and spin transport across the interface
of a ferromagnet with a contiguous paramagnetic nanochannel. The efficiency of
the spin injection across this interface can be optimized by improving the interface
quality and the device structure. The propagation of the pure spin current along
the nanochannel is instead related to its spin relaxation length. In conventional met-
als and small-gap semiconductors, the dominant spin relaxation mechanism corre-
sponds to the so-called Elliot-Yafet mechanism [4, 8, 9], which dictates that the spin
relaxation length is strictly locked to the resistivity of the metallic paramagnet. This,
in turn, severely compromises the applicability of pure spin currents to technolog-
ically relevant modern electronics, which necessitates the individual matching of
spin and charge resistances in order to achieve efficient coupling of spin and charge
degrees of freedom [8, 10, 11].

Here, by using a combination of experimental investigations and theoretical anal-
ysis, we show that spin and charge resistances can be independently tuned in metal-
lic nanochannels. Importantly, this is realised even in the absence of any external
electric or magnetic gating [12, 13], and it is totally different in nature to the spin-
charge separation phenomenon in Tomonaga-Luttinger liquids [14, 15]. Our strategy
relies on the possibility to grow metallic nanochannels with a strongly inhomoge-
neous nanometer-scale thickness, t. The size-dependent resistivity, ρ, of the metallic
channels [16] yields a different local behaviour for the sheet resistance ρ/t and the
spin relaxation length λ ∝ 1/ρ [c.f. Fig. 5.1(a-c)]. As a result, an appropriate en-
gineering of the nanochannel thickness allows to design nanochannels where one
can achieve independent tuning of spin resistance without affecting the total charge
resistance, and vice versa. This capability allows for the design of an element with si-
multaneous matching of spin resistance to a spin-based circuit, e.g. for efficient spin
injection [8, 10, 11], and matching of charge resistance to a charge-based circuit, e.g.
for efficient power transfer.

As a proof of concept, we demonstrate modulation of spin currents and of charge
currents in lateral non-local spin valves [1] with ultrathin metallic channels directly
grown on curved templates [c.f. Fig. 5.1(d,e)], thereby allowing us to achieve efficient
spin current propagation in three-dimensional nanoarchitectures. This is of imme-
diate relevance when considering a practical implementation of spintronics. On one
hand, transport of pure spin currents in non-local spin valves is at the heart of multi-
ple proposals of spintronic architectures [17, 18]. On one hand, transport of pure spin
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Figure 5.1: Concept of geometrical control of spin current and curved device architecture. (a-
b) Schematics of two different spin transport channels, each composed of three elements in
series. The elements of the channel in (a) are identical, representing a homogeneous channel,
resulting in a total charge resistance R0 and a spin current Is. The channel in (b) is inhomoge-
neous, with components having different thicknesses and resistivities (ρ), and still with a total
charge resistance R0. However, its spin resistance is differently modulated with the thick-
ness, resulting in a different spin current as compared to the homogeneous channel in (a). (c)
Distinct role of channel thickness (t) on the modulation of sheet resistance ρ/t and of the spin
relaxation length (λ), leading to distinct scaling of charge and spin resistances. (d-e) Transmis-
sion electron microscope (TEM) cross-sections of Al channels grown on trenches of different
geometries, characterized by the trench height (A) and the full width at half maximum. Top-
view of an Al channel grown across a trench is shown in the scanning electron microscope
(SEM) image in the inset of panel (e). (f) SEM image of a spin valve device with a curved Al
channel across a trench. The electrical connections for non-local spin valve measurements are
also depicted.

currents in non-local spin valves is at the heart of multiple proposals of spintronic
architectures [17, 18]. On the other hand, implementation of such architectures will
require a three-dimensional integration between spin-based circuits layers [19], ide-
ally with the realisation of vertical flow of spin information via 3D channels [20–22].

5.2 Non-local spin transport experiments in curved nano-
channels

Curved templates were created in the form of trenches in a silicon dioxide substrate.
Increasing the height of the trenches (A) led to channels with increasing curvature,
allowing us to systematically explore the effect of channel geometry. The measure-
ments are shown in Fig. 5.2(a), where the spin valve signal (∆RNL) is given by the dif-
ference of the non-local resistance between parallel and anti-parallel configurations.
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The resulting modulation of ∆RNL with A is plotted in Fig. 5.2(b). ∆RNL is maxi-
mum for the reference spin valves with A = 0 and shows little change for trenches
with A < 50 nm, limited by device to device variation. However, for increasing
trench heights above ≈ 100 nm we observe a strong decrease in ∆RNL, until it is
fully suppressed for the trench with A = 270 nm. On the other hand, the measured
four-probe charge resistance of the curved channel between the injector and detec-
tor electrodes exhibited an opposite trend, as observed in Fig. 5.2(c). Here, a steep
increase in resistance (R) is seen for trenches with height greater than ≈ 100 nm. A
similar behaviour was observed at room temperature [see Supplementary Note 1;
Supplementary Figs. 1 and 2].

The contrasting behaviours of both the spin valve signal and charge resistance
offer direct evidence of the effect of the curved geometry introduced by the trench.
We have first checked that both the strong suppression of ∆RNL and the steep in-
crease of R with increasing A cannot be explained just by considering the increase in
the channel length due to the curved geometry. To properly describe both of these
behaviours we have therefore developed a theoretical model which is applicable to
devices, where the local channel geometry explicitly impacts on both charge and
spin transport properties. Here the key ingredient is the consideration of the dom-
inant Elliot-Yafet spin relaxation mechanism. The main outcome of this approach
is depicted by the dotted lines in Fig. 5.2(b-c), where quantitative agreement with
the experimental results is achieved. In the following discussion we introduce this
theoretical model.

To develop an accurate description of the channel we rely on the knowledge of
its geometry from TEM imaging (Fig. 5.1). We observe how at the steep walls of the
trench the film thickness was reduced, relative to its nominal thickness. This varia-
tion in thickness is determined by the e-beam evaporation technique used to grow
the film, where nominal thickness is only achieved when the Al beam impinges on
the substrate at normal incidence. With this direct evidence of thickness inhomo-
geneity, we have incorporated it in our description of the curved channel by mod-
elling the trench profile as a Gaussian bump with FWHM of ≈ 100 nm, as shown
in Fig. 5.3(a). The resulting thickness of the Al channel in the local surface normal
direction n̂ then becomes intrinsically inhomogeneous [see the Methods Section].

5.3 Model for spin transport in inhomogeneous curved
channels

A proper modelling of the charge and spin transport properties therefore requires
to explicitly consider the thickness dependence of the resistivity [16]. We do so by
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Figure 5.2: Non-local spin valve signal and channel resistance measurements and modelling.
(a) Spin valve measurements at T = 4.2 K for devices with different channel geometries.
The black arrow indicates the direction of increasing trench height, A. The spin signal ∆RNL

decreases with increasing A. (b) ∆RNL as a function of A. The experimental data and the
modelling result are shown as solid spheres and dotted line, respectively. The shaded region
in grey represents the uncertainty due to device to device variation. (c) Experimental data and
modelling results for the charge resistance (R) of the channel, for different A.

employing the Mayadas-Shatzkes (MS) model [23], which accounts for the increase
of electrical resistivity of the thin channel due to electron scattering at grain bound-
aries. Assuming that the thickness in the local surface normal of the Al channel
corresponds to the smallest dimension between grain boundaries, the MS model
provides us with a functional form of the resistivity as a function of the thickness,
reading:

ρ0

ρ(t)
= 3

[
1

3
− α

2
+ α2 − α3 log

(
1 +

1

α

)]
, (5.1)

where ρ0 is the resistivity of bulk Al, and α = λe C/[t(1−C)] can be determined from
the knowledge of the electronic mean free path, λe, and the empirical reflectivity co-
efficient, C. We estimate the latter by using the value of the room-temperature mean
free path λe = 18.9 nm and bulk Al resistivity ρ0 = 2.65 × 10−8 Ω m [24], and our
experimental average resistivity at room temperature for reference Al channels of
nominal thickness, ρ(t0) = 8.9×10−8 Ω m. We thereby obtain a reflectivity coefficient
C ' 0.82. For the reference devices, we got a device to device statistical variance of
≈ 2 Ω, of the same size as the symbol for A = 0 in Fig. 5.2(c). A statistical variance
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in the reflectivity coefficient of ±0.04 allows us to account for this device to device
variation. Considering the scattering related to grain boundaries to be temperature
independent, the obtained reflectivity coefficient can be further used to model the
thickness dependent resistivity at low temperature, which we calibrate using our ex-
perimental average resistivity for reference channels at 4.2 K, ρ(t0) = 5.6×10−8 Ω m.
The values of resistivities considered above are consistent with the range of values
observed for thin Al films in previous studies [25]. The ensuing behaviour of the
charge resistance as a function of the trench height fits nicely with our experimental
results [c.f. Fig. 5.2(c)].

The spin valve signal is determined by the spin relaxation length and resistivity
of the channel, which are both intrinsically inhomogeneous. This intrinsic inhomo-
geneity impedes the calculation of the spin signal using the simple analytical frame-
work originally introduced by Takahashi and Maekawa for homogeneous channels
[26]. For this reason, we have thereby extended the model by fully taking into ac-
count the inhomogeneity of the spin relaxation length along the channel [see Sup-
plementary Notes 2 and 3]. With this approach, we find a closed expression for the
spin accumulation signal in the ohmic contact regime, which reads:

∆RNL =
4p2

F

(1− p2
F)2

R2
F

RN

e
−
∫L′
0

1
λN(s′)ds

′

1− e−2
∫L′
0

1
λN(s′)ds

′
, (5.2)

where, w is the channel width, L′ is the distance between injector and detector along
the arclength ŝ, λN is the equal spin relaxation length at the injector and detector,
RN = ρNλN/wt, RF is the resistance of the ferromagnetic electrode with length λF

(λF being the corresponding spin relaxation length), and pF is the current polariza-
tion of the ferromagnetic electrodes. The latter two quantities can be obtained from
the spin signal in reference flat devices. Therefore, the knowledge of the local be-
haviour of the spin relaxation length allows us to obtain ∆RNL as a function of the
trench height. For the case of a homogeneous channel, the integral in the expo-
nents simplify to L/λN and Eq. 5.2 reproduces the usual theory [26]. By considering
the same statistical variance in the reflectivity coefficient, C, derived from the charge
transport above, we find a striking agreement between the theoretical results and the
experimental spin valve data, as shown in Fig. 5.2(b). The latter serves as experimen-
tal validation of our generalized diffusive spin transport model for inhomogeneous
channels here presented. This in turn allows us to identify the dominant physical
properties controlling spin transport in three dimensional architectures, where inho-
mogeneity is directly controlled by the local geometry.
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Figure 5.3: Geometry-induced tuning of charge resistance and spin resistance. (a) The trench
geometry is modelled as a Gaussian bump and the profile of the Al channel across the trench
is mapped out. The trench height (A) and the unit vector ŝ along the arc length of the Al film,
perpendicular to the local surface normal n̂, have been illustrated. (b) Calculated variation of
the spin relaxation length in Al along s at 4.2 K. (c-d) 2D colour maps illustrating the modu-
lation of charge resistance (c) and spin resistance (d) with the channel geometry, considering
a template in the form of a Gaussian bump with height A and full width at half maximum
2
√

2 log 2σ as that in (a). Both the charge (R) and the spin (∆RNL) resistances have been nor-
malized by the respective values for a reference flat channel. A contour line representing
R/Rref = 3.0 (thick black) in panel (c) has been projected onto panel (d), and a contour line
representing ∆RNL/∆R

ref
NL = 0.5 (thick blue) in panel (d) has been projected onto panel (c).

(e) 3D plot of the contour line for ∆RNL/∆R
ref
NL = 0.5 mapped onto the values of R/Rref from

panel (c). (f) A similar 3D plot of the contour line representing R/Rref = 3.0 mapped onto the
values of ∆RNL/∆R

ref
NL from panel (d). These results highlight the independent tuning of spin

resistance for a constant charge resistance, and vice versa, via nanoscale design of the template
geometry.
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5.4 Independent geometrical control of spin and charge
resistances

The analytical expression obtained in Eq. 5.2 allows us to interrogate in an efficient
manner a broader phase space of geometrical variations of curved templates, e.g. as
the Gaussian bumps described in Fig. 5.3(a-b). The resulting 2D maps for charge
resistance and spin resistance, due to the exploration of the phase space of Gaussian
bump height A and full width at half maximum 2

√
2 log 2σ, are shown in Fig. 5.3(c-

d). A key observation is the distinct scaling of the charge resistance and the spin
resistance due to geometric control, evidenced by the different contour lines in both
2D maps. We highlight this difference by mapping a contour line from each 2D map
into the other, resulting in 3D plots shown in Fig. 5.3(e-f). Here, we observe the direct
tuning of spin resistance independent of the charge resistance, and vice versa, via the
nanoscale design of the template geometry. This hitherto unexplored approach to
control the ratio of spin resistance to charge resistance, even within a single material
system, has the potential to aid in the design of future circuits based on pure spin
currents [8].

Our curved-template approach enables control of the ratio of spin resistance to
charge resistance in individual nanochannels, while allowing the fabrication of a
spintronic architecture via a single deposition of the channel material. For flat homo-
geneous nanochannels the need of multiple deposition steps for each desired thick-
ness would rapidly lead to an impractical fabrication process. Therefore, it is relevant
to consider how simply tuning the length in flat homogeneous nanochannels, which
is practical via lithography, compares with curved inhomogeneous nanochannels at
the same nominal thickness. For a flat nanochannel to achieve a charge resistance
R/Rref = 3.0, its length must be increased to 3 times that of a reference channel,
which leads to a spin resistance [26] of only ∆RNL/∆R

ref
NL = 0.17. This is signifi-

cantly lower than the value of up to 0.52 obtained in Fig. 5.3(f), and is one example
of the general advantage offered by curved inhomogeneous channels for efficient in-
dividual control of spin and charge resistances [see Supplementary Notes 4 and 5;
Supplementary Figs. 3 and 4]. Spatial inhomogeneity below the characteristic length
scale for spin transport, FWHM . λ, combined with control of thickness down to
the characteristic length scale for charge transport, t . λe, has been a hitherto un-
recognised physical approach to enable such an efficient control within the context
of Elliot-Yafet spin relaxation [4, 8, 9].

5.5 Conclusions
Using lateral non-local spin valves, we have demonstrated that an appropriate ge-
ometric design of metallic nanochannels yields spin resistance changes at constant
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electrical resistance and vice versa. Although spatially inhomogeneous nanochannels
can be created in planar structures [27], our approach, using three-dimensional nanoar-
chitectures with a designed curved profile, intrinsically provides the necessary con-
trol to achieve the independent tuning of spin and charge resistances. Recent works
have explored technologically relevant curvilinear nanoarchitectures that transport
vertically domain walls for magnetologic applications [20, 21]. Others have used
curved templates pre-structured via self-assembly of nanostructures, which allows
the nanoscale tuning of microstructure, thickness, and magnetic anisotropy of the
deposited magnetic curved films [28]. Geometrical effects can trigger new function-
alities both in semiconducting [29–33] and superconducting [34] low-dimensional
systems. The all-geometrical control of pure spin currents demonstrated in this work
can thus inaugurate the search for novel effects in spintronic devices using other ul-
trathin curved materials like semiconductors and superconductors.

5.6 Methods

5.6.1 Sample fabrication

To create the trenches we used focused ion beam (FIB) etching. The geometry of the
trenches was controlled by varying the FIB milling times, leading to different height
and curvatures, as shown in Fig. 5.1(d-e). In order to categorize the different trench
geometries we use the trench height, A, extracted from transmission electron micro-
scope images. Each sample consists of two lateral spin valve devices: one device
with the spin transport channel across the trench, resulting in a curved device, and
another on the flat part of the substrate, serving as a reference device. The spin valve
devices were prepared by multi-step e-beam lithography, e-beam evaporation of ma-
terials and resist lift-off techniques, as described in Ref.25. Permalloy (Ni80Fe20, Py)
nanowires, with a thickness of 20 nm, were used as the ferromagnetic electrodes.
Injector and detector Py electrodes were designed with different widths (80 nm and
100 nm) to achieve different coercive fields. The injector-detector in-plane separa-
tion (L) was 500 nm for all the devices, except for the one with the largest trench
height (A = 270 nm) which had a separation of 700 nm. For the spin transport
channel we used an aluminium (Al) nanowire, with a width of 100 nm and a nom-
inal thickness of 50 nm. The Al channel was evaporated following a short in-situ
ion milling step to remove surface oxide and resist contamination from the Py elec-
trodes, resulting in Al/Py ohmic contacts with a resistance-area product lower than
10−15 Ω.m2. Fig. 5.1(f) shows a scanning electron microscope image of one of the
fabricated curved spin valve devices.
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5.6.2 Electrical characterization

All electrical measurements were performed with the sample in a high vacuum envi-
ronment, within a liquid helium cryostat. The electrical resistance of the Al channel
was measured by the four-probe method, with the current applied between the two
ends of the Al channel and the voltage drop measured between the injector and
the detector electrodes. For the non-local spin valve measurements, the electrical
connections are schematically shown in Fig. 5.1(f). Here, an alternating current (I)
source, with a magnitude of 400 µA and frequency of 13 Hz, was connected between
the injector electrode and the left end of the Al channel. The non-local voltage (V )
at detector electrode, with reference to the right end of the Al channel, was mea-
sured by a phase sensitive lock-in technique. A magnetic field was applied along
the length of the Py wires during these measurements to configure the injector and
detector electrodes in a parallel (P) or an anti-parallel (AP) state, corresponding to
two distinct levels of the non-local resistance (RNL = V/I). The spin valve signal
is then given by ∆RNL = RP

NL − RAP
NL. The non-local spin valve measurements were

carried out at room temperature and at 4.2 K to study spin transport in channels with
increasing curvature.

5.6.3 Modelling

We model the profile of the trenches created in the silicon dioxide substrates with a
Gaussian profile h(x) = Ae−x

2/(2σ2) where the x coordinate is measured with respect
to the maximum trench height position. We next assume that the top surface of the
evaporated Al film assumes the same profile with hT(x) = t0 + h(x), and t0 the
nominal thickness. With this, the total volume of the evaporated Al channel does
not depend on the geometry of the trench, and it is given by t0Lw where w is the
channel width, and L the distance in the x̂ coordinate between injector and detector.
In order to subsequently derive the local thickness profile, we write the line element

ds2 =

[
1 +

(
dh(x)

dx

)2
]
dx2,

which allows to express the arclength measured from the injector electrode as

s(x) =

∫ x

−L/2

√
1 +

(
dh(x′)

dx′

)2

. (5.3)

The channel length between injector and detector is given by L′ ≡ s(L/2). Further-
more, the local thickness profile can be obtained by requiring∫ L′

0

t(s)ds ≡ t0L
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This relation is satisfied for a local thickness profile, which, in terms of the x coordi-
nate can be expressed as

t(x) =
t0√

1 +

(
∂h(x)

∂x

)2

The equation above combined with Eq. 5.3 correspond to the parametric equations
for the local thickness t(s). This, in turn, allows to find the local behaviour of the
resistivity using Eq. 5.1. The total charge resistance of the Al channel can be then
calculated by using R =

∫ L′
0
ρ(s)/[t(s)w]ds.

To obtain the inhomogeneous profile of the spin relaxation length, we use the
fact that the latter can be expressed as λ =

√
τsD, where D is the diffusion coefficient

and τs is the spin relaxation time. Using the Einstein relation, D = 1/(ρ e2NAl),
with NAl the density of states in the channel at the Fermi level, we can therefore
predict the thickness dependence of the diffusion constant. Moreover, the Elliot-
Yafet mechanism predicts a scaling of the spin relaxation time, τs ∝ τp ∝ 1/ρ, where
τp is the momentum relaxation time. These considerations yield λ ∝ ρ−1, and allow
to consider the ansatz for the thickness dependence of the spin relaxation length
λ(t) = λ0ρ0/ρ(t), whose functional form is uniquely determined by Eq. 5.1, while the
unknown λ0 is fixed by requiring the spin relaxation length at the nominal thickness
to be equal to that measured in reference devices, λ0 = 660 nm at 4.2 K [25]. The
ensuing spin relaxation length along the curved Al channel is shown in Fig. 5.3(b),
with a behaviour that is clearly inverse to that of the resistivity.
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5.7 Supporting information

5.7.1 Room temperature measurements

Besides the spin valve measurements at 4.2 K shown in the main text, we have
also performed measurements at room temperature (298 K). A direct comparison
between both sets of measurements is shown in Supplementary Fig. 5.4(a-b). The
behaviour at both temperatures is consistent, with ∆RNL being maximum for the ref-
erence spin valves with A = 0 and showing a significant decrease for trench heights
above ≈ 100 nm. Although the variation with trench height is similar for both tem-
peratures, it is visible that the spin valve signal at room temperature is lower than
at 4.2 K, see Supplementary Fig. 5.4(c). We note that this change is driven by the
decrease in spin relaxation length with increasing temperature. The latter was mea-
sured for the reference 50 nm thick flat devices to be λ = 380 nm at room tempera-
ture, whereas it was 660 nm at 4.2 K, as mentioned in the main text [25].

(a) (b) (c)

(d)

Figure 5.4: Measurements at both room temperature and at 4.2 K. (a-b) Non-local spin valve
measurements at (a) T = 4.2 K, and (b) T = 298 K for spin valves with different curvatures
of the Al channel, corresponding to different trench heights (A). The black arrows represent
the increasing direction of A. The spin valve signal ∆RNL decreases with increasing A. (c)
∆RNL as a function of A, with A = 0 representing the reference flat devices. (d) The charge
resistance (R) of the Al channel between the injector and detector electrodes plotted against
A.

A similar response at both temperatures was also observed for the four-probe
charge resistance (R) of the curved channel between the injector and detector elec-
trodes, showing a steep increase in resistance for trenches with height greater than
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≈ 100 nm, as observed in Supplementary Fig. 5.4(d). We note that our theoreti-
cal modelling captures well the measured charge resistances of our samples at both
temperatures, using a unique reflectivity coefficient C = 0.82±0.04, which allows to
correctly predict the charge resistances of the reference flat devices. We emphasize
that the fact that the charge resistances of the flat devices at both room temperature
and low temperature are within this reflectivity coefficient variance provides addi-
tional evidence of the temperature independence of the reflectivity coefficient.

The agreement between our calculations and the experimental spin resistances
for both flat and trench devices, both at low temperature and room temperature,
validates our modelling of the Elliot-Yafet mechanism within the condition λ ∝ 1/ρ.
In particular, the relation is better modelled to couple spin and momentum relax-
ation rates for discrete scattering mechanisms, with possibly separate scaling factors
for phonon and temperature-independent scatterers [35]. In practice, these scaling
factors are observed to be similar. More importantly, at low temperature our model is
certainly valid as phonon scattering is suppressed. The observation of a good agree-
ment also at room temperature is a consequence of the ultrathin nature of our nano-
channels, where grain (surface) boundary scattering is a dominant mechanism. The
comparison between the theory analysis and the experimental results for both the
charge and spin resistance at room temperature is shown in Supplementary Fig. 5.5.

Figure 5.5: Room temperature measurements and modelling. The spin signal (a) and the
charge resistance (b) as a function of the trench height A at room temperature. The experi-
mental data and the theory results are shown as points and lines, respectively. The shaded
region represents the uncertainty due to device-to-device variation.

5.7.2 Pure spin currents in inhomogeneous metallic channels

The description of spin and charge transport in a thin metallic channel with a spa-
tially varying electrical conductivity can be derived starting out from the continuity
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equations for charge and spin in the steady state:

∇ · (j↑ + j↓) = 0

∇ · (j↑ − j↓) = −eδn↑
τ↑↓

+ e
δn↓
τ↓↑

,

where τσσ′ is the scattering time of an electron from spin state σ to σ′, and δnσ is
the carrier density deviation from equilibrium in the σ spin channel. The electrical
current in each spin channel can be related, as usual, to the gradient of the electro-
chemical potential via jσ = −(σσ/e)∇µσ , with σσ the local electrical conductivity.
Using the detailed balancing relation between the scattering times and the density
of states in each spin sub-band N↑/τ↑↓ = N↓/τ↓↑, we obtain the following two equa-
tions for the electrochemical potentials:

∇ · [σ↑(s)∇µ↑(s) + σ↓(s)∇µ↓(s)] ≡ 0 (5.4)

∇2 (µ↑(s)− µ↓(s)) +
∇σ↑(s)
σ↑(s)

· ∇µ↑(s)−
∇σ↓(s)
σ↓(s)

· ∇µ↓(s) ≡

1

λ2(s)
(µ↑(s)− µ↓(s)) (5.5)

In the equations above we introduced the spin relaxation length λ, which, as the
electrical conductivity, depends on the channel coordinate s. Eqs. 5.4,5.5 generalize
the equations for an homogeneous channel reported in Ref.26, and can be generally
solved by resorting to numerical methods. However, for a nonmagnetic channel
where σ↓(s) ≡ σ↑(s) and considering a pure spin current j↓(s) + j↑(s) ≡ 0 , it is
possible to analytically express the local behaviour of the electrochemical potentials
assuming that spin relaxation is dominated by the Elliot-Yafet mechanism. Since in
this situation λ(s) ∝ σ(s) [see the main text], Eq. 5.5 is transformed as

∇2 (µ↑(s)− µ↓(s)) +
∇λ(s)

λ(s)
· ∇ (µ↑(s)− µ↓(s)) ≡

1

λ2(s)
(µ↑(s)− µ↓(s)) ,

which is satisfied for

(µ↑(s)− µ↓(s)) ≡ e
±
∫ s 1

λ(s′)
ds′

.

As detailed in the next section, this knowledge of the local behaviour of the electro-
chemical potential allows to express the spin accumulation signal in a non-local spin
valve as in Eq. 2 of the main text.
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5.7.3 Spin accumulation signal

In order to derive the expression for the spin-dependent voltage in our inhomoge-
neous non-local spin valves, we start out by considering that when the bias current I
flows from the ferromagnetic injector at s ≡ 0 to the “left” side of the normal channel
(s < 0), the solution for the electrochemical potentials in the inhomogeneous normal
channel can be written as

µN
β (s) =

eI

σN
0 AN

s+ β

a1 e

s

λ0 + a2 e

s

λ0
−

∫ L

0

1

λ(s′)
ds′
 s ≤ 0

µN
β (s) = β

a1 e
−

∫ s

0

1

λ(s′)
ds′

+ a2 e

∫ s

0

1

λ(s′)
ds′ −

∫ L

0

1

λ(s′)
ds′
 0 ≤ s ≤ L

µN
β (s) = β

a1 e
−
s− L
λ0

−

∫ L

0

1

λ(s′)
ds′

+ a2 e
−
s− L
λ0

 s ≥ L

In the equations above, λ0 and σN
0 are respectively the constant spin relaxation length

and the electrical conductivity in the two homogeneous regions exterior to the fer-
romagnetic injector and detector, which, for simplicity, are taken to be equal in mag-
nitudes. Moreover, I is the charge current flowing from the injector to the left end
of the normal channel, and L is the actual distance among the two ferromagnets.
Finally the index β = ±1 indicates the two spin channels, and AN is the channel
cross-sectional area.

In the ferromagnetic electrodes, the thickness is much larger than the spin relax-
ation length, and thus the solutions close to the interface take the forms of vertical
transport along the z direction: µF1,F2

β = µF1,F2 + β(σFb1,2/σ
F
β) exp (−z/λF). Here,

µF1 = (eI/σFAF)z + eV1 describes the charge current flow in the ferromagnetic in-
jector, with AF the corresponding cross section and σF = σF

↑ + σF
↓ the total electrical

conductivity, while µF2 = eV2 is the constant potential drop which changes sign
when the injector and detector magnetizations change from parallel to antiparallel.

To proceed further, we treat the interfacial currents across the junctions assum-
ing transparent metallic contacts, and thereby require the continuity of the spin-
dependent electrochemical potentials. With this assumption, the six equations for
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the two potential drops and the four parameters a1,2, b1,2 explicitly read:

pFI ≡ 2 a1

eRN
+

2 b1
eRF

eV1 +
2βb1

(1 + βpF)
≡ β

a1 + a2e
−

∫ L

0

1

λ(s′)
ds′


0 ≡ 2 a2

eRN
+

2 b2
eRF

eV2 +
2βb2

(1 + βpF)
≡ β

a1e
−

∫ L

0

1

λ(s′)
ds′

+ a2


In the equations above we have introduced the current polarization pF of the in-
jector and detector electrodes, the resistance of the ferromagnetic electrodes over
the spin relaxation length distance, and the resistance of the normal channel RN =

λ0/(σ
N
0 AN), which is a constant in the Elliot-Yafet framework. Solving the equations

for the spin-dependent voltage, and assumingRF � RN, we thereby obtain:

V2

I
= ± 2p2

F(
1− p2

F

)2 R2
F

RN
× e

−

∫ L

0

1

λ(s′)
ds′

1− e
−2

∫ L

0

1

λ(s′)
ds′

.

5.7.4 Effect of changing the total thickness and/or the channel length
of a flat homogeneous channel

In the main part of the manuscript, we have shown the possibility to achieve an in-
dependent tuning of the spin and charge resistances utilizing the curved geometry
of a nanochannel. This has been done by comparing the spin and charge resistances
of an Al nanochannel deposited on a trench substrate with respect to the resistances
of a conventional flat nanochannel with fixed total length and width. In this section
we show that, although an independent tuning of spin and charge resistances can
be also achieved in conventional geometries assuming the length of the nanochan-
nel can be varied at wish, this approach is inefficient. As we will show below, the
advantage of using curved nanochannels relies on the fact that the inhomogeneous
behaviour of the resistance generally yields larger spin signals.
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To start with, let us consider a conventional flat nanochannel. In the remainder,
and for simplicity, we will always assume that the width of the nanochannel is kept
constant while the other structural parameters can be independently tuned. The
spin accumulation signal for metallic contacts is generally given by the well-known
formula of Takahashi and Maekawa [26] that reads:

∆RNL =
4p2

F(
1− p2

F

)2 R2
F

RN

e−
L
λ

1− e−
2L
λ

, (5.6)

where, pF is the equal current polarizations of the ferromagnetic injector and the de-
tector and L is the distance between the injector and the detector. Moreover, RN

(RF) is the resistance of the Al channel (ferromagnetic injector and the detector) with
a cross-sectional area AN (AF) and length equal to one spin relaxation length λ (λF).
Therefore, RN = ρλ/(wt), where w, t and ρ are the width, thickness and resistivity
of the nanochannel, respectively. When allowing for arbitrary changes in the thick-
ness of the channel, the value of RN changes not only via the thickness but also via
the corresponding changes in the resistivity and consequently in the spin relaxation
length.

We now aim to compare how the scaling of charge and spin resistances evolve
with geometry for the case of a flat homogeneous channel, where we only change
the thickness of the whole channel and/or the length of the channel between the
injector and the detector electrodes. We again use the Elliot-Yafet framework, λ(t) ∝
ρ(t)−1, that implies ρ(t)λ(t) = const. With this, we can define a reference resistance
R0

N = ρ0λ0/(wt0), where ρ0 and λ0 are the resistivity and spin relaxation length at
a reference thickness t0, respectively. We next employ this in the expression for the
spin signal and rewrite it as

∆RNL

R0
N

=
4p2

F(
1− p2

F

)2 (RF

R0
N

)2
t

t0

e−
L
λ

1− e−
2L
λ

. (5.7)

Henceforth, it follows that the equation above provides us with the functional form
of the spin signal for a nanochannel with varying thickness and length. Since, as
mentioned above, the spin relaxation length is also thickness dependent, we over-
come this additional structural parameter dependence as follows. First we notice
that the total charge resistance of a flat homogeneous channel of length L is simply
given by R = ρL/(tw), from which we can read off the ratio between the length L

and the spin relaxation length λ as

L

λ
=

R

RN
=

R

R0
N

t

t0
. (5.8)
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As a final result, we can express the spin signal in the form

∆RNL

R0
N

=M2 t

t0

e
− R

R0
N

t
t0

1− e
−2 R

R0
N

t
t0

, (5.9)

where, we have introduced the factorM2 that depends on the properties of the fer-
romagnetic injector and detector and the reference resistance R0

N. Eq. 5.9 implies
that for a fixed nanochannel charge resistance R, the spin signal can be modified by
changing the thickness or alternatively the channel length.

Figure 5.6: Spin signal for a flat homogeneous channel. (a) Spin signal ∆RNL/R0
N in units of

the parameterM2 plotted as a function of t/t0 for a flat homogeneous nanochannel for two
different values of the charge resistance R/Rref = 1 (solid blue line) R/Rref = 3 (dashed red
line). (b) Modulation of the spin signal in a flat homogeneous channel as a function of t/t0,
when the total charge resistance of the channel is 3 times of that of a reference flat channel.

We therefore consider a reference channel length, thickness and spin relaxation
length of 500 nm, 50 nm and 660 nm, respectively (exactly the same parameters as
the reference devices in the main text). Next, we plot the corresponding behaviour
of the spin signal in Supplementary Fig. 5.6(a), using Eq. 5.9, for two distinct cases.
First, corresponding to the case when the total charge resistance of the flat channel
is equal to the reference charge resistance, i.e. R = Rref = 0.76R0

N. Second, for the
case when the total charge resistance of the channel is now made 3 times that of the
reference resistance, i.e. R = 3Rref = 2.27R0

N, where it is apparent the spin signal is
suppressed for an equal thickness.

A direct comparison of the spin signal in flat homogeneous channels for the two
cases considered above is shown in Supplementary Fig. 5.6(b). Here we observe that,
although full tuning of both thickness and length in flat homogeneous channels can
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lead to control of spin resistance (at a fixed charge resistance), the obtained spin
resistance values are strictly lower than those from curved inhomogeneous nano-
channels. This is evident by comparison with the result shown in Fig. 3(d) in the
main text.

Furthermore, our curved-template approach enables controlling the ratio of spin
resistance to charge resistance in individual nanochannels, while allowing the fabri-
cation of a spintronic architecture via a single deposition step of the channel material.
On the other hand, for an spintronic architecture based on flat homogeneous nano-
channels, the need of multiple deposition steps for each desired thickness rapidly
scales to a fabrication process impractical to implement.

Therefore, it is relevant to consider how tuning only the length in flat homo-
geneous nanochannels compares with curved inhomogeneous nanochannels, at the
same nominal thickness. At t = t0, to tune the charge resistance to R = 3Rref, the
length of a flat nanochannel has to be increased to 3 times that of the reference chan-
nel. This results in a spin resistance of only 0.17 times that of a reference channel, as
indicated by the vertical dotted line in Fig. 5.6(b). On the other hand, we find that
for the same nominal thickness and R = 3Rref condition, a curved inhomogeneous
nanochannel leads to a spin signal of up to 0.52 times that of a reference channel (see
Fig. 3(d) in the main text). This is a clear example of the advantage offered by curved
inhomogeneous channels towards an efficient tuning the ratio of spin resistance to
charge resistance.

5.7.5 Generalized advantage of a curved inhomogeneous nanochan-
nel

We next investigate the corresponding change of the spin signal in a curved nanochan-
nel where, as before, we assume to vary the total arclength and thickness of the non-
magnetic material. We recall that the functional form of the spin signal derived in
the main part of the manuscript for a curved inhomogeneous nanochannel reads

∆RNL =
4p2

F

(1− p2
F)2

R2
F

RN

e−
∫L′
0

λ−1
N (s)ds

1− e−2
∫L′
0

λ−1
N (s)ds

, (5.10)

where, RN = ρNλN/(wt), as explained in the main text. The thickness and the re-
sistivity of the channel on the left of the injector and on the right of the detector are
assumed to be constant and given by t and ρN, respectively. Moreover, λN is the
spin relaxation length corresponding to the resistivity ρN. Using simple algebra, the
equation above can be recast in the following form:

∆RNL

R0
N

=M2 t

t0

e−
∫L
0
λ−1

N (s)ds

1− e−2
∫L
0
λ−1

N (s)ds
. (5.11)
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Figure 5.7: Dependence of the curved factor K on the curved channel geometry. Behaviour of
the K factor for a Gaussian bump with height A and full width at half maximum 2

√
2 log 2σ,

for injector-detector separation L = 500 nm (a) and L = 700 nm (b).

To obtain the behaviour of the spin signal for a fixed charge resistance, we need
to introduce the total charge resistance of the curved channel, that simply reads

R =

∫ L

0

ρN(s)

wt(s)
ds. (5.12)

It is also straightforward to show that in the Elliot-Yafet mechanism the ratio be-
tween the total charge resistance and the characteristic reference spin resistance R0

N
can be expressed as

R

R0
N

=

∫ L

0

1

λN(s)

t0
t(s)

ds. (5.13)

This equation can be used in order to write∫ L

0

1

λN(s)
ds =

R

R0
N

∫ L
0
λN(s)−1ds∫ L

0
λN(s)−1 × t0/t(s)ds

, (5.14)

which can be simplified as ∫ L

0

1

λN(s)
ds = K R

R0
N

t

t0
, (5.15)

where, we have introduced the curved factor

K =

1

L

∫ L

0

λ0

λN(s)

t0
t
ds

1

L

∫ L

0

λ0

λN(s)

t0
t(s)

ds

. (5.16)
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Clearly, for a conventional flat channel, the curved factor K reduces to one. More-
over, we can express the generic form of the spin signal simply as

∆RNL

R0
N

=M2 t

t0

e
−K R

R0
N

t
t0

1− e
−2K R

R0
N

t
t0

. (5.17)

Eq. 5.17 allows us to directly compare the spin signal of a flat channel with a given
charge resistance and thickness to that of an inhomogeneous channel with the same
total charge resistance. Clearly, whenever the curved factor K < 1, there is a gain in
the spin signal even though the charge resistance is the same. Fig. 5.7 shows that this
is indeed the case. Therefore, the advantage of using the inhomogeneity of a curved
channel is a generic gain in the spin signal with respect to the flat channel case.
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Chapter 6

Temperature dependence of the
effective spin-mixing conductance probed with
lateral non-local spin valves

Abstract

We report the temperature dependence of the effective spin-mixing conductance between
a normal metal (aluminium, Al) and a magnetic insulator (Y3Fe5O12, YIG). Non-local
spin valve devices, using Al as the spin transport channel, were fabricated on top of YIG
and SiO2 substrates. By comparing the spin relaxation lengths in the Al channel on the
two different substrates, we calculate the effective spin-mixing conductance (Gs) to be
3.3× 1012 Ω−1m−2 at 293 K for the Al/YIG interface. A decrease of up to 84% in Gs is
observed when the temperature (T ) is decreased from 293 K to 4.2 K, withGs scaling with
(T/Tc)

3/2. The real part of the spin-mixing conductance (Gr ≈ 5.7 × 1013 Ω−1m−2),
calculated from the experimentally obtainedGs, is found to be approximately independent
of the temperature. We evidence a hitherto unrecognized underestimation of Gr extracted
from the modulation of the spin signal by rotating the magnetization direction of YIG
with respect to the spin accumulation direction in the Al channel, which is found to be 50
times smaller than the calculated value.

Published as:
K. S. Das, F. K. Dejene, B. J. van Wees, and I. J. Vera-Marun

Appl. Phys. Lett. 114, 072405 (2019).
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6.1 Introduction

The transfer of spin information between a normal metal (NM) and a magnetic in-
sulator (MI) is the crux of electrical injection and detection of spins in the rapidly
emerging fields of magnon spintronics [1] and antiferromagnetic spintronics [2, 3].
The spin current flowing through the NM/MI interface is governed by the spin-
mixing conductance [4–7], G↑↓, which plays a crucial role in spin transfer torque [8–
10], spin pumping [11, 12], spin Hall magnetoresistance (SMR) [13, 14] and spin See-
beck experiments [15]. In these experiments, the spin-mixing conductance (G↑↓ =

Gr +iGi), composed of a real (Gr) and an imaginary part (Gi), determines the transfer
of spin angular momentum between the spin accumulation (~µs) in the NM and the
magnetization ( ~M ) of the MI in the non-collinear case. However, recent experiments
on the spin Peltier effect [16], spin sinking [17] and non-local magnon transport
in magnetic insulators [18, 19] necessitate the transfer of spin angular momentum
through the NM/MI interface also in the collinear case (~µs ‖ ~M ). This is taken into
account by the effective spin-mixing conductance (Gs) concept, according to which
the transfer of spin angular momentum across the NM/MI interface can occur, irre-
spective of the mutual orientation between ~µs and ~M , via local thermal fluctuations
of the equilibrium magnetization (thermal magnons [20]) in the MI. The spin current
density (~js) through the NM/MI interface can, therefore, be expressed as [17, 21, 22]:

~js = Grm̂× (~µs × m̂) +Gi (~µs × m̂) +Gs~µs, (6.1)

where, m̂ is a unit vector pointing along the direction of ~M . While Gr and Gi have
been extensively studied in spin torque and SMR experiments [23–25], direct exper-
imental studies on the temperature dependence of Gs are lacking.

In this letter, we report the first systematic study of Gs versus temperature (T )
for a NM/MI interface. For this, we utilize the lateral non-local spin valve (NLSV)
geometry, which provides an alternative way to study the spin-mixing conductance
using pure spin currents in a NM with low spin-orbit coupling (SOC) [17, 26, 27]. A
low SOC of the NM in the NLSV technique also ensures that the spin-mixing conduc-
tance is not overestimated due to spurious proximity effects in NMs with high SOC
or close to the Stoner criterion, such as Pt [28–30]. We exclusively address the tem-
perature dependence of Gs for the aluminium (Al)/Y3Fe5O12 (YIG) interface, which
is obtained by comparing the spin relaxation length (λN) in similar Al channels on a
magnetic YIG substrate and a non-magnetic SiO2 substrate, as a function of temper-
ature. Gs decreases by about 84% when the temperature is decreased from 293 K to
4.2 K and scales with (T/Tc)

3/2, where Tc = 560 K is the Curie temperature of YIG,
consistent with theoretical predictions [19, 31–33]. The real part of the spin-mixing
conductance (Gr) is then calculated from the experimentally obtained values of Gs
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Figure 6.1: (a) Schematic illustration of the experimental geometry. The spin accumulation
(~µs), injected into the Al channel by the Py injector, has an additional relaxation pathway into
the (insulating) magnetic YIG substrate due to local thermal fluctuations of the equilibrium
YIG magnetization ( ~M ) or thermal magnons. (b) SEM image of a representative NLSV device
along with the illustration of the electrical connections for the NLSV measurements. An alter-
nating current (I) was sourced from the left Py strip (injector) to the left end of the Al channel
and the non-local voltage (VNL) was measured across the right Py strip (detector) with refer-
ence to the right end of the Al channel. An external magnetic field (B) was swept along the
y-axis in the non-local spin valve (NLSV) measurements. In the rotation measurements, B
was applied at different angles (θ) with respect to the y-axis in the xy-plane. (c) NLSV mea-
surements at T = 293 K for an Al channel length (L) of 300 nm on the YIG substrate (red) and
on the SiO2 substrate (black).

and compared with the modulation of the spin signal in rotation experiments, where
the magnetization direction of YIG ( ~M ) is rotated with respect to ~µs.

6.2 Experimental details

The NLSVs with Al spin transport channel were fabricated on top of YIG and SiO2

thin films in multiple steps using electron beam lithography (EBL), electron beam
evaporation of the metallic layers and resist lift-off technique, following the pro-
cedure described in Ref. 34. The 210 nm thick YIG film on Gd3Ga5O12 substrate
and the 300 nm thick SiO2 film on Si substrate were obtained commercially from
Matesy GmbH and Silicon Quest International, respectively. Permalloy (Ni80Fe20,
Py) has been used as the ferromagnetic electrodes for injecting and detecting a non-
equilibrium spin accumulation in the Al channel. A 3 nm thick Ti underlayer was
deposited prior to the evaporation of the 20 nm thick Py electrodes. The Ti under-
layer prevents direct injection and detection of spins in the YIG substrate via the
anomalous spin Hall effect in Py [35, 36]. In-situ Ar+ ion milling for 20 seconds
at an Ar gas pressure of 4 × 10−5 Torr was performed, prior to the evaporation of
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(a) (b) (c)

Figure 6.2: (a) The spin signal (Rs) plotted as a function of the Al channel length (L) for NLSV
devices on YIG (red circles) and SiO2 (black square) substrates at 293 K. The solid lines repre-
sent the fits to the spin diffusion model (Eq. 6.2). (b) The effective spin relaxation length in the
Al channel (λN) extracted at different temperatures (T ). λN is smaller on the YIG substrate as
compared to the SiO2 substrate. (c) The electrical conductivity (σN) of the Al channels on the
YIG and the SiO2 substrates as a function of temperature. The close match between the two
conductivities suggests similar quality of the Al film grown on both substrates.

the 55 nm thick Al channel, ensuring a transparent and clean Py/Al interface. A
schematic of the device geometry is depicted in Fig. 6.1(a) and a scanning electron
microscope (SEM) image of a representative device is shown in Fig. 6.1(b). A low
frequency (13 Hz) alternating current source (I) with an r.m.s. amplitude of 400 µA
was connected between the left Py strip (injector) and the left end of the Al channel.
The non-local voltage (VNL) due to the non-equilibrium spin accumulation in the Al
channel was measured between the right Py strip (detector) and the right end of the
Al channel using a standard lock-in technique. The measurements were carried out
under a low vacuum atmosphere in a variable temperature insert, placed within a
superconducting magnet.

6.3 Results and discussion

In the NLSV measurements, an external magnetic field (B) was swept along the y-
axis and the corresponding non-local resistance (RNL = VNL/I) was measured. In
Fig. 6.1(c), NLSV measurements for an Al channel length (L) of 300 nm at T = 293 K
are shown for two devices, one on YIG (red) and another on SiO2 (black). The spin
signal, Rs = RP

NL − RAP
NL, is defined as the difference in the two distinct states corre-

sponding to the parallel (RP
NL) and the anti-parallel (RAP

NL) alignment of the Py elec-
trodes’ magnetizations. The Rs was measured as a function of the separation (L) be-
tween the injector and the detector electrodes for several devices fabricated on YIG
and SiO2 substrates, as shown in Fig. 6.2(a). To determine the spin relaxation length
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(λN) in the Al channels on YIG (λN, YIG) and SiO2 (λN, SiO2
) substrates, the experimen-

tal data in Fig. 6.2(a) were fitted with the spin diffusion model [37] for transparent
contacts:

Rs =
4α2

F

(1− α2
F)2
RN

(
RF

RN

)2
e−L/λN

1− e−2L/λN
, (6.2)

where, αF is the bulk spin polarization of Py,RN = ρNλN/wNtN andRF = ρFλF/wNwF

are the spin resistances of Al and Py, respectively. λN(F), ρN(F), wN(F) and tN are the
spin relaxation length, electrical resistivity, width and thickness of Al (Py), respec-
tively. At room temperature, λN, YIG = (276 ± 30) nm and λN, SiO2

= (468 ± 20) nm
were extracted, with αFλF = (0.84± 0.05) nm.

The NLSV measurements were carried out at different temperatures, enabling
the extraction of λN, YIG and λN, SiO2

, as shown in Fig. 6.2(b). From this temperature
dependence, it is obvious that λN, YIG is lower than λN, SiO2

throughout the temper-
ature range of 4.2 K to 293 K. The corresponding electrical conductivities of the Al
channel (σN) on the two different substrates were also measured by the four-probe
technique as a function of T , as shown in Fig. 6.2(c). The similar values of σN for the
Al channels on both YIG and the SiO2 substrates suggests that there is no significant
difference in the structure and quality of the Al films between the two substrates.
Therefore, considering the dominant Elliott-Yafet spin relaxation mechanism in Al
[? ], differences in the spin relaxation rate within the Al channels cannot account for
the difference in the effective spin relaxation lengths between the two substrates.

The smaller values of λN, YIG as compared to λN, SiO2
suggest that there is an ad-

ditional spin relaxation mechanism for the spin accumulation in the Al channel on
the magnetic YIG substrate. This is expected via additional spin-flip scattering at the
Al/YIG interface, mediated by thermal magnons in YIG and governed by the effec-
tive spin-mixing conductance (Gs). As described in Ref. 17, λN, YIG and λN, SiO2

are
related to Gs as

1

λ2
N, YIG

=
1

λ2
N, SiO2

+
1

λ2
r
, (6.3)

where, λr = 2Gs/(tAlσN). Using the extracted values of λN from Fig. 6.2(b) and
the measured values of σN for the devices on YIG from Fig. 6.2(c), we calculate Gs =

3.3×1012 Ω−1m−2 at 293 K. At 4.2 K,Gs decreases by about 84% to 5.4×1011 Ω−1m−2.

The temperature dependence of Gs is shown in Fig. 6.3(a). Since the concept
of the effective spin-mixing conductance is based on the thermal fluctuation of the
magnetization (thermal magnons), Gs is expected to scale as (T/Tc)

3/2, where Tc is
the Curie temperature of the magnetic insulator [6, 19, 31, 32]. Using Tc = 560 K
for YIG, we fit the experimental data to C(T/Tc)

3/2, which is depicted as the solid
line in Fig. 6.3(a). The temperature independent prefactor, C, was found to be 8.6 ×
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(a) (b)

Figure 6.3: (a) Temperature dependence of the effective spin-mixing conductance (black sym-
bols). Gs scales with the temperature as (T/Tc)

3/2 (solid line). (b) The real part of the spin-
mixing conductance (Gr) is calculated from Eq. 6.4 by using the experimentally obtained val-
ues of Gs. Gr (≈ 5.7 × 1013 Ω−1m−2) is essentially found to be constant (dashed line) for
T > 100 K.

1012 Ω−1m−2. The agreement with the experimental data confirms the expected scal-
ing of Gs with temperature. Note that the deviation from the (T/Tc)

3/2 scaling at
lower temperatures could be in part due to slightly different quality of the Al film on
the YIG substrate. Nevertheless, the small difference of ≈ 10% in the electrical con-
ductivities of the Al channel on the two different substrates at T < 100 K in Fig. 6.2(c)
cannot account for the differences in λN. On the other hand, we note that quantum
magnetization fluctuations [38, 39] in YIG can also play a role at low T , leading to an
enhanced Gs.

Next, we investigate the temperature dependence of the real part of the spin-
mixing conductance (Gr). For this, we first calculate Gr from the experimentally
obtained Gs, using the following expression [19]:

Gs =
3ζ(3/2)

2πsΛ3
Gr, (6.4)

where ζ(3/2) = 2.6124 is the Riemann zeta function calculated at 3/2, s = S/a3 is the
spin density with total spin S = 10 in a unit cell of volume a3 = 1.896 nm3, and Λ =√

4πDs/kBT is the thermal de Broglie wavelength for magnons, with Ds = 8.458 ×
10−40 Jm2 being the spin wave stiffness constant for YIG [19, 40]. The temperature
dependence of the calculated Gr is shown in Fig. 6.3(b). Keeping in mind that Eq. 6.4
is not valid in the limits of T → Tc and T → 0, we ignore the data points below 100 K.
Above this temperature, Gr is almost constant at ≈ 5.7 × 1013 Ω−1m−2, represented
by the dashed line in Fig. 6.3(b). This is consistent with Ref.25, where Gr was found
to be T -independent. Moreover, the magnitude of Gr is comparable with previously
reported values for Al/YIG [17] and Pt/YIG [19, 41] interfaces.
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(a) (b) (c)

Figure 6.4: (a) NLSV measurement for a device on the YIG substrate with L = 300 nm at
150 K. (b) Rotation measurement for the same device with B = 20 mT applied at different
angles (θ) with respect to the y-axis. The black and the red symbols correspond to the average
of ten rotation measurements carried out with the magnetization of the Py electrodes in the
parallel (P) and the anti-parallel (AP) configurations, respectively. (c) The spin signal (Rs =

RP
NL − RAP

NL) exhibits a periodic modulation of magnitude ∆Rs when the angle θ between the
magnetization direction in YIG ( ~M ) and the spin accumulation direction in Al (~µs) is changed.
The black symbols represent the experimental data at 150 K, while the red line is the numerical
modelling result corresponding to Gr = 1× 1012 Ω−1m−2.

An alternative approach for extracting Gr from the NLSVs fabricated on the YIG
substrate, is by the rotation of the sample with respect to a low magnetic field in the
xy-plane. We have also followed this method, described in Refs.17, 26. In the rotation
experiments, the angle θ between the magnetization direction in YIG ( ~M ) and the
spin accumulation direction in Al (~µs) is changed, which results in the modulation
of the spin signal in the Al channel due to the transfer of spin angular momentum
across the Al/YIG interface, as described in Eq. 6.1, dominated by the Gr term. First,
the NLSV measurement for a device with L = 300 nm was carried out at 150 K, as
shown in Fig. 6.4(a). In the next step,B = 20 mT was applied in the xy-plane and the
sample was rotated, with the magnetization orientations of the Py electrodes set in
the parallel (P) or the anti-parallel (AP) configuration. For improving the signal-to-
noise ratio, ten measurements were performed for each of the configurations (P and
AP). The average of these measurements is shown in Fig. 6.4(b). The smallness of the
modulation in RP

NL and RAP
NL, with respect to the total spin signal (Rs = RP

NL − RAP
NL),

is evident in this figure. Rs, extracted from Fig. 6.4(b), is plotted as a function of θ in
Fig. 6.4(c). Rs exhibits a periodic modulation with the maxima at θ = 0◦ and minima
at θ = ±90◦, consistent with the behaviour predicted in Eq. 6.1. The modulation in

theRs, defined as (R0◦
s −R

±90◦
s )

R0◦
s

= ∆Rs
R0◦

s
, was found to be 2.8%. A similar modulation of

2.9% was reported in Ref26 for an NLSV with a Cu channel on YIG with L = 570 nm
at the same temperature.

Gr is estimated from the rotation measurements using 3D finite element mod-
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elling, as described in Ref. 17. From the modelled curve for the spin signal modu-
lation, shown as the red line in Fig. 6.4(c), we extract Gr = 1 × 1012 Ω−1m−2. This
value is comparable to that reported in Ref. 26, within a factor of 2, for an evapo-
rated Cu channel on YIG. However, this value is more than 50 times smaller than
our estimated value from Eq. 6.4, and also that reported in Ref. 17 for a sputtered
Al channel on YIG. One reason behind the small magnitude of Gr extracted from the
rotation measurements can be attributed to the thin film deposition technique used.
In Ref. 14, it was shown that the SMR signal for a sputtered Pt film on YIG is about
an order of magnitude larger than that for an evaporated Pt film. Moreover, during
the fabrication of our NLSVs, an Ar+ ion milling step is carried out prior to the evap-
oration of the NM channel for ensuring a clean interface between the NM and the
ferromagnetic injector and detector electrodes [17, 26]. Consequently, this also leads
to the milling of the YIG surface on which the NM is deposited, resulting in the
formation of an ≈ 2 nm thick amorphous YIG layer at the interface [42]. Since an ex-
ternal magnetic field of 20 mT is not sufficient to completely align the magnetization
direction within this amorphous layer parallel to the field direction [43], the resulting
modulation in the spin signal will be smaller. This might lead to the underestima-
tion of Gr. Note that since the effect of Gs does not depend on the magnetization
orientation of YIG (Eq. 6.1), the milling does not affect the estimation of Gs. Our
observations are consistent with a similarly small value of Gr ≈ 4 × 1011 Ω−1m−2

reported in Ref. 26 for the Cu/YIG interface, where the Cu channel was evaporated
following a similar Ar+ ion milling step. Using the reported values of λN = 522 nm
(680 nm) on YIG (SiO2) substrate for the 100 nm thick Cu channel at 150 K in Ref.26,
we extract Gs = 2 × 1012 Ω−1m−2, which is 5 times larger than their reported Gr

extracted from rotation measurements.

6.4 Conclusions

In summary, we have studied the temperature dependence of Gs and Gr using the
non-local spin valve technique for the Al/YIG interface. From NLSV measurements,
we extracted Gs to be 3.3 × 1012 Ω−1m−2 at 293 K, which decreases by about 84%

at 4.2 K, approximately obeying the (T/Tc)
3/2 law. While Gr remains almost con-

stant with the temperature, the value extracted from the modulation of the spin
signal (1 × 1012 Ω−1m−2) was around 50 times smaller than the calculated value
(5.7 × 1013 Ω−1m−2). The lower estimate of Gr from the rotation experiment can be
attributed to the formation of an amorphous YIG layer at the interface due to Ar+

ion milling prior to the evaporation of the Al channel, a consideration missing in the
literature so far.
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Chapter 7

Spin injection and detection via the anomalous
spin Hall effect of a ferromagnetic metal

Abstract

We report a novel spin injection and detection mechanism via the anomalous Hall effect
in a ferromagnetic metal. The anomalous spin Hall effect (ASHE) refers to the transverse
spin current generated within the ferromagnet. We utilize the ASHE and its reciprocal
effect to electrically inject and detect magnons in a magnetic insulator (yttrium iron gar-
net) in a non-local geometry. Our experiments reveal that permalloy has a comparable
spin injection and detection efficiency to that of platinum, owing to the ASHE. We also
demonstrate the tunability of the ASHE via the orientation of the permalloy magnetiza-
tion, thus creating new possibilities for spintronic applications.
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7.1 Introduction

In non-magnetic metals with high spin-orbit coupling, a charge current generates a
transverse spin current via the spin Hall effect (SHE) [1, 2]. This type of spin cur-
rent generation perpendicular to a charge current has a significant technological rel-
evance for spin transfer torque devices [3, 4] and also for the electrical injection of
magnons (quantized spin waves) in magnetic insulators [5–7]. The electrical injec-
tion and detection of magnons offer a distinct technological advantage for the inte-
gration of magnon spintronics into solid state devices, over other magnon generation
mechanisms such as spin pumping by radiofrequency fields [8] or the spin Seebeck
effect due to a temperature gradient [9]. In this regard Platinum (Pt), a normal metal
with a large spin-orbit coupling, is the most commonly used material for the elec-
trical generation (and detection) of magnons via SHE. Recent studies showed that
ferromagnets can also be utilized for electrical detection of magnons via the inverse
spin Hall effect (ISHE) [10–13]. In particular, Tian et. al. [13] reported that ISHE in a
ferromagnetic cobalt was independent of its magnetization direction.

In a ferromagnetic metal the presence of the magnetization order parameter leads
to the anomalous Hall effect (AHE) [14]. Here, we report a novel mechanism of spin
current generation in a ferromagnet related to the AHE as described in theory [15].
The AHE generates a transverse electric potential, mutually orthogonal to the ap-
plied charge current (I) in a FM and its magnetization (M ) direction. Due to a finite
spin polarization in a FM, we expect that AHE can also result in a transverse spin ac-
cumulation. We call this effect the anomalous spin Hall effect (ASHE) in a ferromag-
net. In addition to this new ASHE, the regular SHE due to the spin-orbit coupling in
the ferromagnetic material will also be present and contribute to a spin accumulation
perpendicular to I . The spin accumulation due to SHE in the FM will be indepen-
dent of M , since the inverse process (ISHE) in a FM was shown to be independent of
its magnetization by Tian et. al. [13]. To demonstrate this mechanism we realize for
the first time non-local magnon transport in a ferrimagnetic insulator, yttrium iron
garnet(Y3Fe5O12, YIG), with all-electrical injection and detection using a ferromag-
netic metal, permalloy (Ni80Fe20, Py). The insulating spin transport channel (YIG)
facilitates our observation of ASHE due to the lack of any parallel conducting path.
Our experimental geometry is depicted in Fig. 7.1(a). A charge current (I) sourced
through a Py strip will result in a transverse spin accumulation. Given the presence
of both a large spin-orbit coupling and a magnetization order parameter, we con-
sider two contributions to the spin accumulation at the Py/YIG interface: i) SHE,
which is independent of the Py magnetization (MPy) [13] and ii) ASHE, which is
maximized when MPy is perpendicular to the direction of I . This spin accumulation
at the Py/YIG interface will generate magnons in the YIG by the transfer of angular
momentum across the interface. Following the non-local magnon transport and its



7

7.2. Experimental details 105

MYIG

YIG
Magnons

MPy
Py/Pt

I V

Py

+-(a)

1µm

I V
Py

V
Pt+

-

+

-

(c)

YIG
Py

I MPy

φ
B, MYIG

θ

(b)

x
y

z

Figure 7.1: (a) Schematic diagram of the experimental geometry. A charge current (I) through
the Py injector generates a transverse spin accumulation at the Py/YIG interface via the ASHE
and SHE, which excites magnons in YIG by the transfer of angular momentum. The reciprocal
processes generate a non-local electrical voltage (V ) at the detector. (b) Optical image of the
device along with the illustration of the electrical connections. An alternating current (I) is
sourced across the middle Py (injector) strip and the non-local voltages (VPy and VPt), gener-
ated across the left Py (detector) strip and the reference Pt (detector) strip on the right, are
simultaneously measured. (c) An external in-plane magnetic field (B) is applied at an an-
gle (θ) with respect to the direction of I . The coercive field of our YIG film being very small
(≈ 1 mT), the YIG magnetization (MYIG) is parallel to B, while the Py magnetization (MPy)
makes an angle (φ) with respect to I .

conversion into a pure spin current at the Py detector, there are reciprocal processes
(ISHE and a magnetization-dependent inverse ASHE) that will generate an electri-
cal voltage (V ). Using a reference Pt detector, we directly compare the detection
efficiencies of Py and Pt. Our experiments reveal that the detection efficiency of Py
is comparable (10% higher) to that of Pt when the contribution due to ASHE in the
Py is tuned to its maximum value.

7.2 Experimental details

The 210 nm thick YIG film used in this study was grown on GGG (Gd3Ga5O12) sub-
strate by liquid-phase epitaxy. Electron beam lithography was used to pattern the
devices, which consist of two Py strips and one reference Pt strip, as shown in the
optical image in Fig. 7.1(b). The Py and Pt strips were deposited by d.c. sputtering in
Ar+ plasma. The Ti/Au leads and bonding pads were deposited by e-beam evapora-
tion. The thicknesses of the Py and the Pt strips are 13 nm and 7 nm respectively, with
widths of 200 nm. The electrical conductivities of the Py and Pt strips were measured
to be 1.64×106 S/m and 4.71×106 S/m, respectively. The middle Py strip is used as
the injector and the left Py strip and right Pt strip act as detectors. Both the Py and
Pt detectors have the same geometry and are located 500 nm (centre-to-centre) away
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from the middle Py injector. The electrical connections for the non-local magnon
transport experiment are shown schematically in Fig. 7.1(b). An alternating current,
with an amplitude of 350 µA and frequency of 11 Hz, is applied to the middle Py
strip (injector). The non-local voltage across the left Py detector (VPy) and across the
reference Pt detector (VPt) are simultaneously recorded by a phase-sensitive lock-in
detection technique. The linear signal corresponding to the electrical injection and
detection is measured as the first harmonic (1f ) response of the non-local voltage
[6], while the thermally generated magnons due to Joule heating at the injector are
detected as a Spin Seebeck signal, measured as the second harmonic (2f ) response.
For all our experiments, we normalize the detected non-local voltage (V 1(2)f) by the
injection current (I) for the first harmonic response (R1f

NL = V 1f/I) and by I2 for the
second harmonic response (R2f

NL = V 2f/I2). All measurements have been conducted
under a low vacuum atmosphere at room temperature.

7.3 Results and discussion

An external in-plane magnetic field (B) is applied at an angle θ with respect to the
direction of the strips (and I), as shown in Fig. 7.1(c). The coercive field of our YIG
film is approximately 1 mT [16] and any B greater than this value will cause the YIG
magnetization (MYIG) to align parallel to B. On the other hand, the Py strips have
a shape anisotropy, which leads to a higher saturation field and to the Py magneti-
zation (MPy) fully aligning along B only above 50 mT. In general, for B < 50 mT,
MPy makes an angle φ ( 6= θ) with respect to I . The experimental data is presented
in Figs. 7.2(a-d). The non-local resistance, corresponding to the electrical generation
and detection of the magnons, is measured as a function of the angle θ by the Py
detector [R1f

NL(Py)] and the Pt detector [R1f
NL(Pt)], as shown in Figs. 7.2(a) and 7.2(b),

respectively. R1f
NL(Py) and R1f

NL(Pt) exhibit lineshapes resembling that of sin2 θ [6].
The angular dependence measurements are performed for different magnitudes of
B. The amplitudes of both R1f

NL(Py) and R1f
NL(Pt) increase with B and saturate above

B ≈ 50 mT. This behaviour is confirmed in the B-sweep measurements at θ = 90o,
shown in Figs. 7.2(c) and 7.2(d) for the Py and the Pt detectors, respectively.

The B-dependence of R1f
NL(Py) and R1f

NL(Pt) follows from the rotation of MPy. At
low B, MPy is aligned along the easy axis of the Py strips (y-axis, see definition
of axes in Fig. 7.1(c)), such that φ = 0o independently of θ. In this regime, when
MPy ‖ I , there is no contribution from the ASHE. However, we still measure a finite
amplitude of R1f

NL(Py) and R1f
NL(Pt), which we attribute to the magnons generated

due to the SHE in Py, which is independent of MPy [13]. This contribution due to
SHE, denoted as RSHE in Figs. 7.2(a) and 7.2(b), remains approximately constant for
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(a) (b)

(c) (d)

Figure 7.2: Non-local resistance (R1f
NL) as a function of angle θ for different magnetic fields

(B), measured by the Py detector (a) and by the reference Pt detector. (b). Dependence of
R1f

NL on B at a fixed angle, θ = 90o, measured by the Py detector (c) and the Pt detector (d).
The black and the red curves represent trace and retrace of B in the magnetic field sweep
measurements, respectively.

low B. As B is further increased above 10 mT, MPy begins to tilt from the easy axis
(φ 6= 0o), leading to a finite contribution towards magnon generation due to the
ASHE. This contribution will be maximum when MPy ⊥ I , i.e. φ = ±90o, which
corresponds to MPy aligned along the hard axis of the Py strips (x-axis). The hard
axis orientation ofMPy is achieved forB ≈ 50 mT, above whichR1f

NL(Py) andR1f
NL(Pt)

are saturated. Thus in this regime, both ASHE and SHE contribute, quantified as
RASHE+SHE in Figs. 7.2(a) and 7.2(b).

We also measure the second harmonic response R2f
NL for both the Py and Pt de-

tectors, as well as the anisotropic resistance (AMR) of the Py strips, as shown in
Figs. 7.3(a) and 7.3(b), respectively. The thermally generated magnons due to Joule
heating at the Py injector produce the R2f

NL signal at the detector, via the spin See-
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Figure 7.3: (a) The second harmonic response of the non-local resistance (R2f
NL) as a function

of B, for θ = 90o. R2f
NL measured by both the Pt and the Py detectors shows a sharp switch

around B = 0, corresponding to the switching of MYIG. The additional feature, only for the
case of the Py detector, is due to the hard axis alignment ofMPy. (b) AMR measurement of the
Py injector, exhibiting the saturation of MPy along the hard axis at B ≈ 50 mT. (c) Schematic
representation of MPy with respect to I for two different magnetic fields (5 mT and 200 mT).
(d) The relative detection efficiency of Py over Pt (η(Py/Pt)), as a function of B, for θ = 90o.

beck effect [6]. Thus R2f
NL is independent of the magnetization of the injector. In

Fig. 7.3(a), R2f
NL measured by the Pt detector exhibits a sharp switch around 0 mT,

corresponding to the switching of MYIG. A similar sharp switch is observed in the
R2f

NL measured by the Py detector, only now it is followed by a gradual hard axis
saturation of MPy, up to B ≈ 50 mT. Thus from R2f

NL(Py), we can clearly identify
the separate behaviour of MYIG and MPy, suggesting the lack of any strong coupling
between the two. Additional experiments also ruled out the effect of interfacial ex-
change interaction between the YIG and the Py (see supporting information). The
hard axis saturation of MPy is unambiguously confirmed from the AMR measure-
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ment presented in Fig. 7.3(b), in which the local resistance (2-probe) of the Py injec-
tor is measured as a function of B for θ = 90o. It clearly shows that B ≈ 50 mT is
required to align MPy ⊥ I , which corresponds accurately with the non-local data in
Figs. 7.2 and 7.3(a). The orientations of MPy and MYIG with respect to I in the Py
injector, for two different magnetic field strengths, are illustrated in Fig. 7.3(c). These
observations strongly support our hypothesis of two different contributions: ASHE
and SHE.

We now directly compare the magnon detection efficiencies of Py and Pt in the
same device. Since the spin resistance of the medium (YIG) is much larger than the
spin resistances of the injector and detectors [17], the measured non-local resistance
can be expressed as a product of the injection efficiency (ηI) of the injector and detec-
tion efficiency (ηD) of the detector. ηI is the ratio of the spin accumulation created at
the injector/YIG interface to the charge current sourced through the injector, whereas
ηD is the ratio of the measured non-local voltage in the detector to the spin cur-
rent flowing across the YIG/detector interface. Thus, R1f

NL(Py) ∝ ηI(Py)ηD(Py) and
R1f

NL(Pt) ∝ ηI(Py)ηD(Pt), since we use the same Py injector in both cases. The relative
detection efficiency of Py to Pt can be then expressed as η(Py/Pt) = R1f

NL(Py)/R1f
NL(Pt) =

ηD(Py)/ηD(Pt). In the lack of any theoretical study on ASHE, we phenomenologically
express the dependence of the non-local resistance by updating Eq. 3 of Ref. [10]:

ηD(Py) ∝ (θ
Py
SH + θ

Py
ASH)

λPy

tPyσPy
tanh(

tPy

2λPy
), (7.1)

where, θPy
SH is the spin Hall angle in Py, θPy

ASH is the anomalous spin Hall angle,
accounting for the spin-charge conversion in Py via the ASHE, λPy, σPy and tPy being
the spin relaxation length, electrical conductivity and the thickness of the Py strip,
respectively. Considering λPy = 2.5 nm [10] and tPy = 13 nm, tanh(

tPy

2λPy
) ≈ 1. ηD(Pt)

can be expressed similarly as relation 7.1, with the absence of the anomalous spin
Hall angle in Pt. Considering λPt = 1.5 nm [17] and tPt = 7 nm, tanh( tPt

2λPt
) ≈ 1. For

accurately comparing the detection efficiencies of Py and Pt (considering that θ(A)SH,
λ and σ are material specific properties), we account for the difference in their thick-
nesses and redefine η(Py/Pt) = [R1f

NL(Py) · tPy]/[R1f
NL(Pt) · tPt]. The ratio η(Py/Pt) is

thus directly derived from the experimental data and normalized only by the thick-
nesses of the Py and Pt strips. In Fig. 7.3(d), η(Py/Pt) is plotted against B. The de-
tection efficiency of Py exceeds that of Pt [(η(Py/Pt) ≥ 1)] in the SHE+ASHE regime,
where the ASHE in Py is maximized. In the SHE only regime, the detection efficiency
of Py is about 55% that of Pt. These observations show that the SHE and ASHE con-
tributions in Py have the same polarity as the SHE in Pt. Note that since the electrical
injection and detection are linear processes, the injection efficiency is equivalent to
the detection efficiency. We therefore demonstrate an efficient and tunable magnon
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injection and detection process in Py by manipulating MPy, switching on and off the
contribution from the ASHE.

(a) (b)

(c) (d)

Figure 7.4: The modelled R1f
NL(Py) and R1f

NL(Pt) from Eqs. 7.2 and 7.3 are plotted against θ in
(a) and (b), respectively. The magnetic field dependence of R1f

NL(Py) and R1f
NL(Pt) is modelled

in (c) and (d), respectively. The simulated results exhibit an excellent agreement with the
experimental data in Fig. 7.2.

The SHE will generate a spin accumulation in Py perpendicular to I , along the
x-axis. The component of this spin accumulation parallel to MYIG will result in the
generation of magnons in YIG. Thus the magnon generation due to the SHE will
follow a sin θ dependence [6] and will be independent ofMPy [13]. On the other hand,
the contribution due to the AHE is two-fold and proportional to sinφ · cos(θ − φ).
The first term sinφ corresponds to the magnitude of the spin accumulation due to
ASHE, controlled by the orthogonality between I andMPy, whereas the second term
cos(θ−φ) corresponds to the projection of the spin accumulation due to ASHE (along
MPy) on MYIG. The corresponding reciprocal processes will occur in the Py detector
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to generate R1f
NL(Py). In the Pt detector, the spin to charge conversion will occur only

via the ISHE and follow a sin θ dependence. R1f
NL(Py) and R1f

NL(Pt) can therefore be
expressed as:

R1f
NL(Py) = [a sin θ + b sinφ cos(θ − φ)]2, (7.2)

R1f
NL(Pt) = c sin θ[a sin θ + b sinφ cos(θ − φ)], (7.3)

where the coefficients a, b and c can be expressed as a ∝ GPyθ
Py
SHλPy

tPyσPy
, b ∝ GPyθ

Py
ASHλPy

tPyσPy
and

c ∝ GPtθ
Pt
SHλPt

tPtσPt
, where GPy(Pt) represent the effective spin mixing conductance for the

Py(Pt)/YIG interface. Considering the case of φ = 0o and θ = 90o (lowB) and equat-
ing Eq. 7.2 to R1f

NL(Py) obtained from Fig. 7.2(a), we calculate a = 0.61 mΩ1/2. For
φ = 90o and θ = 90o (high B), and substituting the value of a in Eq. 7.2, we calculate
b = 0.78 mΩ1/2. Using these values of a and b and Eq. 7.3, we find c = 2.58 mΩ1/2.
Next, for simulating the angular dependence measurements, we first consider the
two extreme cases: i) the high B regime (B ≈ ∞), where MPy is always aligned
parallel to MYIG, such that φ = θ and ii) the low B regime (B ≈ 0), where MPy is
always aligned parallel to I , such that φ = 0o. Substituting the values of the coef-
ficients calculated above in Eqs. 7.2 and 7.3, we model the angular dependence of
R1f

NL(Py) and R1f
NL(Pt), as shown in Figs. 7.4(a) and (b), respectively. For the interme-

diate regime of B (0 < B < ∞), we use the Stoner-Wohlfart model [18] to calculate
the dependence of φ on θ for different values of B, assuming a simple uniaxial shape
anisotropy forMPy, in order to simulate the angular dependence for different magni-
tudes ofB. For modelling theB-sweep measurements, we extract the dependence of
φ on B from the AMR measurement in Fig. 7.3(b), following the expression [19, 20]
RPy(B) = RPy(φ = 90o) + [RPy(φ = 0o) − RPy(φ = 90o)] cos2 φ(B). The modelled
results for the B-sweep measurements, using the same coefficients, are shown in
Fig. 7.4(c) and (d) for the Py and the Pt detectors, respectively. All the modelled re-
sults exhibit an excellent agreement with the experimental data both in terms of line-
shapes and magnitudes of the non-local resistances. Finally, we can approximately
calculate the ratio [GPy · θ

Py
SH]/[GPt · θPt

SH] ≈ (a
tPyσPy

λPy
)/(c tPtσPt

λPt
) = 0.09. Additionally, we

can estimate the ratio of the magnetization-dependent anomalous spin Hall angle to
the magnetization-independent spin Hall angle in Py, θPy

ASH/θ
Py
SH ≈ b/a = 1.28.

7.4 Conclusions

In this study, we have demonstrated a new spin injection and detection mechanism
via the ASHE in Py, which can be tuned by an external magnetic field via manipula-
tion of MPy. We also found a finite contribution to the spin accumulation generated
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at the Py/YIG interface due to the SHE, independent of MPy. This spin accumu-
lation along the x-axis is non-trivial, since one would expect the spins to dephase
under the influence of the exchange field of MPy which is oriented along the y-axis
at low magnitudes of B. Following a previous report of ISHE in Co being unaffected
by its magnetization [13], we conjecture that in Py (with lower magnetization) such
dephasing is similarly negligible. Future efforts could look at the possible role of the
spin mixing conductance and its nature when the concept is applied to the interface
between two magnetic materials [21, 22]. Our work opens up the usage of ferro-
magnets as efficient and tunable sources of perpendicular spin current injection by
electrical means.
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7.5 Supporting information

7.5.1 Ruling out the effect of interfacial exchange interaction be-
tween YIG and Permalloy

The role of any relevant interfacial exchange interaction between the YIG film and
the Py strips has been carefully investigated. With the support of the following ex-
periments and observations, we confirm the absence of strong coupling between the
Py and the YIG magnetizations and that their magnetizations (MPy and MPy) can
move freely at the interface.

1. The most striking feature of our experimental data that rules out the presence
of textures due to strong interfacial coupling between MPy and MYIG, is the
angular dependence measurements presented in Fig. 2(a-b) of the main text.
We observe smooth curves even at low magnetic fields, which would other-
wise be distorted in the presence of interfacial exchange interaction. To further
investigate the effect of any interfacial exchange interaction, we carried out ad-
ditional experiments by aligning the YIG and the Py magnetizations parallel
(P) and anti-parallel (AP) with respect to each other before proceeding with
the angular dependence measurements. The presence of strong exchange in-
teraction would lead in the P-alignment case to an initial state where there is
no texture to a state with 180◦ rotation of the magnetic order from the YIG to
the Py (like a domain wall). Whereas the AP-alignment case would lead to an
opposite scenario, with a 180◦ texture getting unwinded as one proceeds with
the angular dependence measurements. This would lead to a different angular
dependence and magnitude of the signal for the P and the AP cases. Moreover,
the trace and retrace of these curves should also exhibit significant differences
in the presence of magnetic textures. However, we do not observe any signif-
icant difference between the two states and the traces and retraces within our
experimental accuracy. In Fig. 7.5, the first harmonic signals measured by the
Py and the Pt detectors at a field of 10 mT, less than the coercive field of our
Py wires (evident from the AMR data in Fig. 7.7), are presented. The smooth
shape of these curves can therefore result only due to the free rotation of the
YIG magnetization.

2. A strong interfacial exchange interaction, should affect the magnetization ori-
entation of both the Py and the YIG. On the YIG side, a magnetic texture would
result in distortion of the spin Seebeck curve (second harmonic data shown in
Fig. 7.6) measured by the Pt detector as well. However, we see a sharp switch
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(a) (b)

Figure 7.5: Non-local resistance (R1f
NL) as a function of angle θ, along which a magnetic field

B = 10 mT is applied with respect to the current (I) through the Py injector, measured by the
Py detector (a) and by the reference Pt detector (b). Before the measurements were started,
MPy and MYIG were either aligned parallel (P) or anti-parallel (AP) with respect to each other.
Both the trace and retrace curves are shown for each of the configurations.

Figure 7.6: The second harmonic response (spin Seebeck signal) of the non-local resistance
(R2f

NL) as a function of B, for θ = 90◦. R2f
NL measured by both the Pt and the Py detectors show

a sharp switch around B = 0, corresponding to the switching of MYIG.

in the spin Seebeck signal at low magnetic field, corresponding to the switch-
ing of the YIG magnetization. The second harmonic response measured by
the Py detector also exhibits this sharp switching at the same magnetic field,
followed by a slow hard axis saturation, which would not be the case in the
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presence of inhomogeneous textures of the magnetization. Note that the hys-
teresis in the magnetic field sweep curves is mostly due to the hysteresis in the
superconducting magnet used for these experiments.

3. On the Py side, any effect of an interfacial exchange interaction on its magneti-
zation should decay within a length scale of about 5 nm, given by the magnetic
exchange length in Py. This is about 40% of the thickness of the Py film. There-
fore, any magnetic texture present in the Py should also affect the anisotropic
magnetoresistance (AMR) measurement of the Py wire. However, in Fig. 7.7
we see a smooth AMR curve of the Py wire without any signature of magnetic
texture. Note that the hysteresis is again due to the hysteresis in the supercon-
ducting magnet.

Figure 7.7: Anisotropic magnetoresistance (AMR) measurement of the Py injector, exhibiting
the saturation of MPy along the hard axis at B ≈ 50 mT.

4. Furthermore, just by taking into account the shape anisotropy of the Py wire
and the corresponding AMR data, we are able to model the experimental data
accurately in Fig. 4 of the main text. Thus all the features of the experimental
data can be modelled just by the shape anisotropy of the Py wire, which would
be highly unlikely in the presence of a relevant interfacial exchange interaction.

5. In addition to the in-plane measurements, we have carried out out-of-plane
magnetic field sweeps and measured the second harmonic response of the non-
local resistance (R2f

NL) across the Py detector and the Pt detector. For these
out-of-plane measurements, R2f

NL measured by the Py detector is dominated
by the anomalous Nernst effect (ANE), resulting from an in-plane heat flow in
combination with the out-of-plane orientation of MPy. In contrast, the Pt de-
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(a) (b)

Figure 7.8: The second harmonic response of the non-local resistance (R2f
NL), measured by the

Py detector (a) and by the reference Pt detector (b), as a function of an out-of-plane magnetic
field applied at different angles (indicated in the legend) along the xz-plane with respect to
the x-axis. R2f

NL measured by the Py detector is dominated by the anomalous Nernst effect
(ANE) and increases as MPy goes out-of-plane. In contrast, R2f

NL measured by the Pt detector
is sensitive only to the spin Seebeck effect (SSE) and decreases as MYIG goes out-of-plane.

tector is only sensitive to the spin Seebeck effect and dependent on MYIG. With
these measurements, we can separately study the magnetization behaviour
of the YIG film and the Py strips, which saturate at different magnetic fields
(≈ 200 mT for the YIG film and ≈ 550 mT for the Py strips). This clearly
demonstrates the lack of any strong interfacial exchange interaction between
the two. These out-of-plane magnetic field sweep experiments are shown in
Fig. 7.8 for different angles along the xz-plane with respect to the x-axis. For
the Py detector, asMPy goes out-of-plane, ANE starts to dominate and an over-
all increase in the signal is observed till MPy gets completely saturated in the
out-of-plane direction (along the z-axis). For the Pt detector, in the absence of
the ANE, we can clearly observe the decrease in the spin Seebeck effect (SSE) as
MYIG goes out-of-plane. From these out-of-plane experiments, we can clearly
identify the separate magnetization behaviour of YIG and Py.

Therefore, via five different methods we conclude that MPy and MYIG behave
in an uncoupled manner. We do not observe any signature of interfacial ex-
change interaction that is strong enough to couple the magnetizations of YIG
and Py at the interface, leading to inhomogeneous textures in the two magnetic
materials. Note that such an interfacial exchange interaction would require a
coherent coupling between MPy and MYIG. The absence of such a strong in-
terfacial exchange interaction is not in contradiction with our observation of
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transport-driven spin transfer between the magnons in the YIG and electrons
in the Py since the latter requires conservation of spin angular momenta via
an exchange between the electron spins in the Py and the magnon spins in
the YIG and does not necessarily require an exchange interaction between the
magnetizations of the two materials.
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Chapter 8

Efficient injection and detection of
out-of-plane spins via the anomalous spin Hall
effect in permalloy nanowires

Abstract

We report a novel mechanism for the electrical injection and detection of out-of-plane spin
accumulation via the anomalous spin Hall effect (ASHE), where the direction of the spin
accumulation can be controlled by manipulating the magnetization of the ferromagnet.
This mechanism is distinct from the spin Hall effect (SHE), where the spin accumulation
is created along a fixed direction parallel to an interface. We demonstrate this unique
property of the ASHE in nanowires made of permalloy (Py), to inject and detect out-of-
plane spin accumulation in a magnetic insulator, yttrium iron garnet (YIG). We show
that the efficiency for the injection/detection of out-of-plane spins can be up to 50% of
that of in-plane spins. We further report the possibility to detect spin currents parallel
to the Py/YIG interface for spins fully oriented in the out-of-plane direction, resulting in
a sign reversal of the non-local magnon spin signal. The new mechanisms that we have
demonstrated are highly relevant for spin torque devices and applications.

Published as:
K. S. Das, F. K. Dejene, B. J. van Wees and I. J. Vera-Marun

Nano Letters 18 (9), 5633–5639 (2018).
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8.1 Introduction

Electrical injection and detection of spin currents plays an essential role for the tech-
nological implementation of spintronics. The conventional way of electrical spin
injection is by driving a spin-polarized current from a ferromagnet into a normal
metal [1]. This method, however, is limited in the scalability and direction of the
injected spin current, which is parallel to the charge current, and has motivated the
study of alternative methods based on the spin Hall effect (SHE) present in heavy
non-magnetic metals [2, 3]. The SHE generates a spin current perpendicular to a
charge current, which is particularly significant for spin torque applications [4–8]
and for spin injection into magnetic insulators [9–11].

However, the spin direction of the spin accumulation generated via the SHE is
fixed, parallel to the interface, depending only on the direction of the charge current
through the heavy non-magnetic metal [Fig. 8.1(a)]. Alternatively, the anomalous
Hall effect [12] in ferromagnetic metals can be used as a tunable source of transverse
spin current, as has been theoretically predicted [13–15] and recently demonstrated
experimentally [16–19]. We call this phenomenon the anomalous spin Hall effect
(ASHE), which generates a spin accumulation oriented parallel to the ferromagnet’s
magnetization [Fig. 8.1(b) - 8.1(d)]. In principle, the ASHE provides a novel way
of electrically injecting and detecting a spin accumulation with out-of-plane compo-
nents, which can be controlled by manipulating the ferromagnet’s magnetization.

Here, we experimentally demonstrate the versatility of the ASHE for electrically
injecting and detecting spin accumulation oriented in arbitrary directions, parallel to
the ferromagnet’s magnetization, in a proof-of-concept device geometry. We utilize
the ASHE in a nanowire made of a ferromagnetic metal, permalloy (Ni80Fe20, Py),
to inject a magnon spin accumulation in a magnetic insulator, yttrium iron garnet
(Y3Fe5O12, YIG). The injected magnon spins are electrically detected at a second Py
nanowire. This non-local geometry, shown in Fig. 8.2(a), and the insulating prop-
erty of the YIG film ensure that we exclusively address spin-dependent effects, free
from magnetoresistance due to the magnetization of the Py nanowire (MPy). More-
over, the YIG film serves as a selector of the spin components from the Py injector,
since only the spin component parallel to the YIG magnetization (MYIG) will result
in the generation of magnon spin accumulation in the YIG film [9]. We apply an
external magnetic field (B) at different out-of-plane angles for the distinct manipu-
lation of the magnetizations MPy and MYIG. Therefore, we control both the direction
of the injected and detected spin accumulation generated by the ASHE (parallel to
MPy), and the efficiency of the magnon injection and detection process (via the pro-
jection of MPy on MYIG). Furthermore, we detect a finite non-local signal with a
negative sign when both MPy and MYIG are oriented fully perpendicular to the sam-
ple (xy) plane. We attribute this to a second mechanism of generation and detection
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Figure 8.1: Schematic illustration of: (a) the spin Hall effect (SHE) in a metal with high spin-
orbit coupling, (b-d) the anomalous spin Hall effect (ASHE) in a ferromagnetic metal for three
different orientations of the ferromagnet’s magnetization (M) and a fixed charge current (I).
The magnitude and the direction of the spin current generated due to the ASHE is given by
M × I, with the spin accumulation direction parallel to M. Spin accumulation with both in-
plane and out-of-plane components is generated at the bottom interface when M tilts out of
the plane, as shown in (c). The contribution of the out-of-plane component of the spin accu-
mulation at the bottom interface is given by sin θ cos θ and reaches a maximum of 50% when
θ = 45◦, compared to the contribution of the in-plane spin component at the bottom interface
when θ = 0◦. Spin accumulation exclusively oriented perpendicular to the top/bottom inter-
face is achieved at the edges when M is oriented completely in the out-of-plane direction, as
shown in (d). The dashed arrows indicate the directions of the spin current.

of horizontal spin currents, parallel to the Py/YIG interface. The efficiency of this
injection/detection mechanism is maximum when the spins are fully oriented in the
out-of-plane direction. Besides its possible use for magnon transistor and magnon-
based logic operations [20–22], this model system is also highly relevant for spin
torque applications [4–8].
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8.2 Experimental details

The devices were patterned using electron beam lithography on a 210 nm thick YIG
film, grown on a GGG (Gd3Ga5O12) substrate by liquid-phase epitaxy. A scanning
electron microscope (SEM) image of a representative device is shown in Fig. 8.2(b).
The devices consist of two Py nanowires (left and middle) and one Pt nanowire
(right) with thicknesses of 9 nm (Py) and 7 nm (Pt), respectively. The Py and the
Pt nanowires were deposited by d.c. sputtering in Ar+ plasma. Electron beam evap-
oration was used to deposit the Ti/Au leads and bonding pads following the final
lithography step (see Supporting Information section 4 for additional details on de-
vice fabrication). The middle Py nanowire is used as the spin injector, while the
outer Py and Pt nanowires are used as detectors. The width of the middle Py injec-
tor is 200 nm and that of the outer Py and Pt detectors is 400 nm. The edge-to-edge
distance between the injector and the detectors is 500 nm. The electrical connections
are also depicted in Fig. 8.2(b). An alternating current (I), with an rms amplitude
of 310µA and frequency of 5.5 Hz, is sourced through the middle Py injector. The
non-local voltages across the left Py detector (VPy) and the right Pt detector (VPt) are
simultaneously recorded by a phase-sensitive lock-in detection technique. The first
harmonic response (1f ) of the non-local voltage corresponds to the linear-regime
electrical spin injection and detection via the (A)SHE and their reciprocal processes.
The second harmonic (2f ) response, driven by Joule heating at the injector and pro-
portional to I2, corresponds to the thermally generated magnons near the injector
via the spin Seebeck effect (SSE) [9, 23] which travel to the detector. At the Py detec-
tor, a lateral temperature gradient along the x-axis also contributes to an electrical
signal via the anomalous Nernst effect (ANE) [24, 25]. The non-local voltage [V 1(2)f]
measured across the detectors has been normalized by the injection current (I) for
the first harmonic response (R1f

NL = V 1f/I) and by I2 for the second harmonic re-
sponse (R2f

NL = V 2f/I2). The experiments have been conducted in a low vacuum
atmosphere at 293 K.

8.3 Results and Discussion

To explore the injection/detection of out-of-plane spins, we performed magnetic
field (B) sweeps within the xz-plane, at different angles φ with respect to the x-axis
[see Fig. 8.2(a)]. The first harmonic responses (R1f

NL) measured by the Py and the Pt
detectors are plotted as a function of B in Figs. 8.2(c) and 8.2(d), respectively. R1f

NL
comprises of magnon spin injection and detection due to two different mechanisms:
(i) SHE (independent of MPy) and (ii) ASHE (maximum contribution when MPy is
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Figure 8.2: (a) Schematic illustration of the experimental geometry. The ASHE and its recip-
rocal effect in Py are used to inject and detect magnons in the YIG film. An external magnetic
field (B) is applied in the xz-plane, at an angle φ with respect to the x-axis, to manipulate the
magnetizations of Py (MPy) and YIG (MYIG). (b) SEM image of a representative device illus-
trating the electrical connections. An alternating current (I) is sourced through the injector
(middle Py nanowire). The corresponding non-local voltages across the left Py detector (VPy)
and the right Pt detector (VPt) are measured simultaneously. (c-d) The first harmonic response
of the non-local resistance (R1f

NL) is plotted as a function of B applied at different angles (φ),
measured by the Py detector (c) and the Pt detector (d). Symbols represent experimental data,
while solid black lines are modelled curves following Eq. 8.1 and Eq. 8.2 for the Py and the Pt
detectors, respectively.

perpendicular to I) [16]. The SHE results in a constant spin accumulation oriented
along the x-axis at the bottom interface of the injector, which leads to a maximum
magnon spin injection when MYIG is also oriented parallel to the x-axis. Since the YIG
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film has a small in-plane coercivity of less than 1 mT, MYIG will be oriented along the
x-axis at low magnetic fields. This gives rise to a signal of 0.35 mΩ at the Py detector
[Fig. 8.2(c)] and 1.30 mΩ at the Pt detector [Fig. 8.2(d)] for B ∼ 0. At such low fields
MPy is oriented along the Py nanowire (y-axis) due to shape anisotropy, thus only the
SHE contributes to the magnon injection and detection processes. The ASHE starts
to contribute when MPy has a component oriented perpendicular to I, and becomes
maximum when MPy is parallel to the x-axis [see Fig. 8.1(b)]. Therefore, the maxi-
mum non-local signal is attained for φ = 0o when B > 50 mT, corresponding to MPy

oriented along the x-axis [16].

As the angle φ is increased, the z-components of MPy (Mz
Py) and MYIG (Mz

YIG) in-
crease, while the x-components (Mx

Py and Mx
YIG) decrease. The schematic shown in

Fig. 8.1(c) depicts the case when MPy is oriented at an angle θ with respect to the
positive x-axis, such that 0◦ < θ < 90◦. The contribution of the out-of-plane spin
component to the spin accumulation at the bottom interface is given by sin θ cos θ

and reaches a maximum of 50% when θ = 45◦, compared to that of the in-plane spin
component (given by cos2θ) when θ = 0◦. When MPy is oriented fully perpendicular
to the bottom interface [Fig. 8.1(d)], spin accumulation with only out-of-plane com-
ponents are created at the left and right edges of the Py nanowire. In this case, the
spin injection and detection efficiency through the bottom interface is expected to be
zero.

However, when B is applied almost perpendicular to the plane of the sample
(φ = 89o) the first harmonic response R1f

NL measured by the Py detector changes
sign and becomes negative. This result cannot be explained within the standard
framework of (SHE driven) transport dominated by in-plane spins, where a van-
ishing signal is expected [9–11]. We therefore argue that such a negative signal can
only be understood by the injection/detection mechanism of spin currents parallel
to the x-axis via the ASHE, the efficiency of which is maximized for spins oriented
fully along the z-axis [see Fig. 8.1(d)]. This is consistent with R1f

NL measured by the
Pt detector, which is zero, as expected from the lack of the ASHE detection in the
Pt nanowire. Furthermore, we have unambiguously established the linearity (see
Supporting Information section 7 on the absence of any third harmonic response)
and the reciprocity (see Supporting Information section 8 for measurements using
a Pt injector and a Py detector) of the non-local signal. Thus, a spin accumulation
with an exclusively out-of-plane component can only be injected and detected via
the ASHE and, in our sample geometry, results in a distinct negative polarity of the
non-local signal.

Further understanding is achieved by studying the second harmonic response
measured by the Py and Pt detectors, shown in Figs. 8.3(a) and 8.3(b), respectively.
The temperature gradient generated due to Joule heating at the injector drives the
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(c) (d)
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Figure 8.3: (a) The second harmonic response of the non-local resistance (R2f
NL) measured by

the Py detector has two contributions: the anomalous Nernst effect (ANE) (proportional to
Mz

Py) and the spin Seebeck effect (SSE) (proportional to Mx
YIG). (b) The R2f

NL measured by the
Pt detector is only due to the SSE, which decreases asMz

YIG increases. Mz
Py (c) andMz

YIG (d) are
plotted against B for the different out-of-plane angles (φ). The magnetizations are extracted
from the Stoner-Wohlfarth model, by fitting the second harmonic responses (discussed in the
Supporting Information).

spin Seebeck effect (SSE), and the generated magnons are detected by the Pt nanowire
via the inverse spin Hall effect (ISHE) and by the Py detector as a combination of
the ISHE and the inverse ASHE. In addition to these spin detection processes, at
the Py detector the ANE also contributes to R2f

NL. Starting with the case φ = 0o,
when MPy is oriented along the x-axis, only the SSE contributes to R2f

NL measured
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by the Py detector, with a negligible ANE contribution due to the small tempera-
ture gradient along the z-axis within the Py detector. However, when φ 6= 0o and
the z-component of MPy increases, the ANE starts to dominate and is maximized for
φ = 90o, whereas the contribution due to the SSE goes down as the x-component of
MYIG decreases. We therefore consider ANE ∝ Mz

Py and SSE ∝ Mx
YIG, and employ

the Stoner-–Wohlfarth model [26] to extract from R2f
NL the magnetization behaviour

of the Py nanowire and the YIG film (see Supporting Information section 1). From
these second harmonic measurements, we conclude the absence of any significant
interfacial exchange interaction, which if present, would lead to effective exchange
fields below 1 mT (see Supporting Information section 5), in agreement with our pre-
vious experimental results [16]. The extractedMz

Py andMz
YIG are plotted as a function

of B for different angles φ in Figs. 8.3(c) and 8.3(d), respectively. The different mech-
anisms contributing to the second harmonic response have been summarized in the
Supporting Information section 9.

We use the extracted magnetization behaviour of the Py nanowires and the YIG
film to model the first harmonic response via the following expressions,

R1f
NL(Py) = [aMx

YIG + bMx
Py(MYIG ·MPy)]2 − [ηbMz

Py(MYIG ·MPy)]2, (8.1)

R1f
NL(Pt) = cMx

YIG[aMx
YIG + bMx

Py(MYIG ·MPy)], (8.2)

where, (MYIG ·MPy) = (Mx
YIGM

x
Py +My

YIGM
y
Py +Mz

YIGM
z
Py), with MYIG and MPy being

unitary vectors. The coefficients a, b and c can be expressed as a ∝ GPyθ
Py
SHλPy

tPyσPy
, b ∝

GPyθ
Py
ASHλPy

tPyσPy
and c ∝ GPtθ

Pt
SHλPt

tPtσPt
[16]. Here,GPy(Pt), θ

Py(Pt)
SH , λPy(Pt), tPy(Pt) and σPy(Pt) represent

the effective spin mixing conductance for the Py(Pt)/YIG interface, the spin Hall
angle, the spin relaxation length, the thickness and the charge conductivity of the
Py (Pt) nanowire, respectively. θPy

ASH is the anomalous spin Hall angle of Py. For the
simulations, we use a = 0.58 (mΩ)1/2, b = 0.72 (mΩ)1/2 and c = 2.37 (mΩ)1/2, which
are extracted by fitting the experimental data at φ = 0o. This fitting procedure leads
to an uncertainty below 10% in determining the values of these parameters, which
are consistent with the previously reported values [16].

The first part of Eq. 8.1, within the first set of square brackets, accounts for the
spin current directed perpendicular to the Py/YIG interface, as depicted in Fig. 8.4(a).
The term with the coefficient a is related to the (constant) spin accumulation along
the x-axis due to the SHE in Py, which is independent of MPy. This term only de-
pends on Mx

YIG since the generation of magnons is proportional to the projection of
MYIG on the spin accumulation direction. The term with the coefficient b is related to
the ASHE in Py, which is maximized when MPy is parallel to the x-axis. The ASHE
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Figure 8.4: (a) Mechanism for spin current injection and detection along the −z and the +z

directions, respectively, resulting in a positive non-local signal (VNL). This mechanism has
the maximum contribution to VNL for in-plane spins. (b) Mechanism for spin current injec-
tion and the detection along the x direction, parallel to the Py/YIG interface, resulting in a
negative VNL. This mechanism has the maximum contribution to VNL for out-of-plane spins.
The individual contribution of the two different mechanisms to the non-local resistance (RNL)
measured by the Py detector, following Eq. 8.1, has been plotted in (c) for the injection and
detection of vertical spin current, and in (d) for the injection and detection of horizontal spin
current.

generates a spin accumulation parallel to MPy, thus the magnon generation is also
proportional to the projection of MPy on MYIG. This term includes both the in-plane
and the out-of-plane components of the spin accumulation. Since the injection and
detection processes are reciprocal, the term within the square brackets is squared.

The second part of Eq. 8.1, within the second set of square brackets and preceded
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by a negative sign, accounts for the spin current parallel to the Py/YIG interface, as
depicted in Fig. 8.4(b). The contribution of this part to the magnon injection and de-
tection processes is maximum for out-of-plane spins. It is clear from the symmetry
of the ASHE and our measurement geometry that the detection of such in-plane spin
currents, with spins oriented in the out-of-plane direction, will result in a negative
non-local signal measured by the Py detector [Figs. 8.4(a) and 8.4(b)]. Moreover, the
parameter η tells us the efficiency of detecting spin currents parallel to the interface
for out-of-plane spins as compared to that of detecting spin currents perpendicular to
the interface for in-plane spins. By fitting the experimental data, we obtain η = 61%.
Note that the detection of the spin current parallel to the interface is achieved exclu-
sively via the ASHE. This is evident in the lack of a negative signal while using the
Pt nanowire as a detector, where the only detection mechanism is via the ISHE. Thus
the Pt nanowire is only sensitive to the spin current perpendicular to the Pt/YIG
interface for in-plane spins. Eq. 8.2 describes the spin injection by the Py injector
(following Eq. 8.1) and the detection via the ISHE in the Pt nanowire.

The simulated curves, following Eq. 8.1 and Eq. 8.2, are shown as solid black lines
in Figs. 8.2(c) and 8.2(d), respectively. This modelling for all tilt angles (φ) employs
the same values for the parameters a, b and c as those extracted from the in-plane
measurements at φ = 0◦. The satisfactory agreement with the experimental data,
both in terms of magnitude and lineshape, demonstrates that our model captures
the dominant physics of the out-of-plane spin injection and detection processes. To
achieve further insight, we separate the modelled contributions of the spin current
perpendicular to the interface and the spin current parallel to the interface to the non-
local signal at the Py detector, following Eq. 8.1. The results, shown in Figs. 8.4(c)
and 8.4(d), present in an explicit manner the contribution of the two different mech-
anisms of detecting the spin current oriented along the z-axis and that along the
x-axis, respectively, with increasing φ.

Note that, although we understand the different symmetries of the injection/detection
mechanisms depicted in Figs. 8.4(a) and 8.4(b), we do not fully understand why
these mechanisms have comparable efficiencies, given the specific cross sections of
the nanowires. Although at φ = 89o, an equal and opposite out-of-plane spin ac-
cumulation is generated at the two lateral edges of the Py injector [Fig. 8.1(d)], we
can still measure a finite signal with the Py detector. This is because the contribu-
tion from the closest edges of the injector and the detector is expected to dominate
the non-local signal in this case (see Supporting Information section 10). The minor
disagreement between model and experiment, observed at intermediate values of B,
can be attributed either to the extraction method of the magnetization behaviour of
the Py nanowires and the YIG film, shown in Figs. 8.3(c) and 8.3(d), or could hint
to a subtle effect not present in our description. To explore the latter, we have con-
sidered a second set of fitting curves with a non-constant b parameter, motivated by
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recent studies on spin rotation symmetry and dephasing [27]. The apparent varia-
tion of the spin injection and detection processes due to a tilted MPy is of only up
to ∼ 20% (see Supporting Information section 2). Note that another possible mecha-
nism for the injection of out-of-plane spins is the anisotropic magnetoresistance (the
planar Hall effect) [13]. However, the expected contribution of the planar Hall effect
is inconsistent with our experimental observations and it does not affect our quan-
titative analysis of the ASHE microscopic parameters nor our main conclusions (see
Supporting Information section 6). Finally, control experiments and modelling with
a different architecture using a Pt injector and a Pt detector have been performed,
confirming the absence of injection and detection of out-of-plane spins via the SHE
alone (see Supporting Information section 3).

8.4 Conclusions

The present demonstration of electrical injection and detection of spin accumulation
in arbitrary directions is highly desirable in spintronics. We envision that the use of
out-of-plane spins within transverse spin currents, in a common ferromagnetic metal
like permalloy, has the potential to impact spintronic-based technologies like spin-
transfer-torque memories [4–8] and logic devices [20–22]. Further remains both on
the fundamental understanding, and on the possible implications for previous SHE
studies, where the control of spin transport efficiency and directionality enabled by
the ASHE [16–19] has not been hitherto considered.
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8.5 Supporting information

8.5.1 Determination of the Py and the YIG magnetization orienta-
tions

In this section, we will discuss the procedure for determining the orientation of MPy

and MYIG.

A magnetic field B is applied at an angle φ with respect to the x-axis, as shown
in Fig. 8.5(a). For every field-sweep curve, we sweep the magnitude of B in both
positive and negative directions. The applied B has both in-plane and out-of-plane
components with respect to the plane of the YIG film. The sample is aligned in such
a way that B is in the xz-plane. Therefore, we can simply express B as

B = (Bx, 0, Bz) = (B cosφ, 0, B sinφ) (8.3)

where φ is the angle between B and x-axis. The orientation of MPy and MYIG does
not only depend on B but also the saturation magnetization (Ms

Py and Ms
YIG) and the

shape of the magnets.

Firstly, we write the magnetization of the Py as

MPy = (M x
Py,M

y
Py,M

z
Py), (8.4)

and we define the angle between MPy and three coordinate axes, θi, as

cos θi =
M i

Py

M s
Py
, (8.5)

where i = x, y, z.

In order to find out MPy under a given B, we can write down the magnetism-
related energy density εm for Py

εm
Py = EZeeman

Py + Eani
Py (8.6)

where the first term is the Zeeman energy term

EZeeman
Py = −MPy · B, (8.7)

and the second term is the anisotropy term

Eani
Py =

∑
i=x,y,z

K i
Py sin2 θi, (8.8)



8

8.5. Supporting information 133

where K i
Py is the anisotropy constant of Py along three axes. Due to the shape of Py

bar, MPy mostly like to align in the plane of the film and along the bar, i.e. y-axis.
This translates to a relation of |Kz

Py| > |Kx
Py| > |K

y
Py|. To determine the orientation

of MPy, we can find out the energy minimum by ∂εm/∂θi = 0 and ∂2εm/∂2θi > 0.
When εm reaches its minimum, we obtain

cos θx =
MPyB

x

2 (K
y
Py −Kx

Py)
, (8.9)

cos θz =
MPyB

z

2 (K
y
Py −Kz

Py)
, (8.10)

cos2 θy = 1− cos2 θx − cos2 θz, (8.11)

which tells us the orientation of MPy. Eqs. 8.9, 8.10 and 8.11 hold with increasing the
field B until it reaches the critical magnetic field Bc, where cos2 θy = 0. For B > Bc,
the magnetization of Py lies in the xz-plane, namely My

Py = 0. Larger tilting angle
φ corresponds to larger Bc. In the regime where B > Bc, the magnetization of Py
becomes MPy = (M x

Py, 0,M
z
Py) and cos θy = 0. Doing the same procedure of finding

the minimum of εm for Py, we can obtain the relation of θx as

M s
Py B

x sin θx −M s
Py B

z cos θx = 2 (Kz
Py −Kx

Py) sin θx cos θx, (8.12)

from which we can model the magnetization behaviour of Py in the large field regime
(B > Bc). Combined with the solution of Eqs. 8.9, 8.10 and 8.11 for B < Bc, we get
the behaviour of MPy in the full field range. Here, we give two examples of the
modelled MPy for φ = 27 ◦, 67 ◦ as shown in Fig. 8.5(b).

Secondly, the orientation of MYIG is also related to B, the saturation magnetization
(Ms

YIG) and the shape of the magnet, i.e. the 210-nm-thick YIG thin film in our case.
We define the angle between MYIG and three coordinate axes, γi, as

cos γi =
M i

YIG

M s
YIG

(8.13)

where i = x, y, z. Since the YIG thin film is a very soft magnet with significant
in-plane shape anisotropy, i.e. the in-plane coercive field is ∼ 0.6 mT and the out-
of-plane coercive field is ∼ 200 mT. We assume it has an isotropic easy plane and
an out-of-plane hard axis. We also assume that MYIG lies in the same plane as B, i.e.
xz-plane. Therefore, we can write down the MYIG as

MYIG = (M x
YIG, 0,M

z
YIG), (8.14)
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(a) (b) (c)
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Figure 8.5: (a) Schematic illustration of the measured device in a xyz-coordinate system. The
YIG film lies in the xy-plane. The Py nanowires are aligned along the y-axis. An external
magnetic field B is applied in the xz-plane at an angle of φwith respect to the x-axis. Modelled
results for the normalized magnetization components along x-, y- and z-axes as a function of
magnetic field B for (b) Py (Mx

Py, My
Py and Mz

Py) and (c) YIG (Mx
YIG, My

YIG and Mz
YIG). Here, we

show the examples under the condition of φ = 27 ◦ (solid lines), 67 ◦ (dashed lines). For Py, we
use the following parameters: Ms

Py = 5.2× 105 [A/m], Kz
Py = −160 [kJ/m3], Ky

Py ≈ 0 [kJ/m3]
and Kx

Py = −10 [kJ/m3]. For YIG, we use: Ms
YIG = 2.1× 105 [A/m], Kz

YIG = −17 [kJ/m3] and
Ky

YIG = Kx
YIG = −1 [kJ/m3].

which gives rise to the similar situation for the Py magnetization when B > Bc.
In order to find out the orientation of the magnetization under an external magnetic
field B, we can write down the magnetism-related energy density εm

YIG for YIG. Doing
the minimizing procedure for εm

YIG, we obtain the formula with the same form as
Eq. 8.12 for YIG as

M s
YIG B

x sin γx −M s
YIG B

z cos γx = 2 (Kz
YIG −Kx

YIG) sin γx cos γx, (8.15)

based on which we model the magnetization behaviour of YIG. In Fig. 8.5(c), we give
two examples of the modelled MYIG for φ = 27 ◦, 67 ◦.

We compare the modelled MPy and MYIG with the measured second harmonic
non-local resistance detected by the Py and the Pt detectors, as shown in Fig. 8.6.
Note that, we have not considered any interfacial exchange interaction between the
Py nanowires and the YIG thin film in modelling the magnetization behaviours. The
excellent agreement between the experimental data and the modelled magnetization
curves with values of saturation magnetization close to that reported in literature,
confirms the absence of any significant interfacial exchange interaction.

Because of the very small in-plane coercive field of our YIG film (< 1 mT), any
component of the external magnetic field (B) along the x-axis, will rapidly switch



8

8.5. Supporting information 135

(a) (b)

Figure 8.6: Normalized second harmonic non-local resistance as a function of the magnetic
field strength B with different tilting angles φ for (a) the Py and (b) the Pt detector. In (a), we
have subtracted the spin Seebeck contribution from the measured signals and we attribute the
field-dependent response shown here to only the anomalous Nernst effect of the Py detector,
which scales with Mz

Py. In (b), where the detector is a Pt nanowire, the field-dependent be-
haviour is only due to the spin Seebeck effect of YIG, which is proportional to the Mx

YIG. The
symbols represent the measured second harmonic data, while the dashed black lines represent
the modelled results based on the magnetization behaviour of the Py nanowire and the YIG
film, as shown in Fig. 8.5. The dotted black line in (b) represents the modelling consideration
at φ = 89 ◦, corresponding to MYIG oriented along the y-axis for small values of B.

MYIG along the x-axis. Since there is always a finite component of B along the x-axis,
except at φ = 89 ◦, MYIG is aligned with the x-axis at small magnitudes of B. This
results in the finite R1f

NL ≈ 0.35 mΩ measured by the Py detector and R1f
NL ≈ 1.30 mΩ

measured by the Pt detector due to the SHE in the Py injector, as described in the
main text. However, at φ = 89 ◦, there is hardly any component of B along the x-axis
and therefore, no preferential direction of MYIG induced by B. Since the R1f

NL signal
in this case is 0, it implies that MYIG is oriented along the y-axis. Therefore, this
condition was considered in the modelling for φ = 89 ◦, as is depicted by the dotted
black line in Fig. 8.6(b).

8.5.2 Modelling the first harmonic non-local resistance with an angle-
dependent b-parameter

As discussed in the main text, we obtain a satisfactory agreement between our mod-
elled results (following Eqs. 1 and 2 of the main text) and the experimental data,
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(a) (b) (c)

Figure 8.7: The first harmonic response of the non-local resistance (R1f
NL) is plotted as a func-

tion of B applied at different angles (φ) in the xz-plane, measured by the Py detector (a) and
the Pt detector (b). The symbols represent the experimental data, while the solid black lines
represent the modelled curves considering a dependence of the parameter b on φ, as shown in
(c).

successfully capturing the physics behind the injection and detection of spin accu-
mulation with out-of-plane components. The modelled results in the main text con-
sider a fixed b-parameter, obtained by fitting the in-plane magnetic field sweep data
(φ = 0◦). Here, we present another set of modelling results by considering a depen-
dence of the b-parameter on φ. The modelled curves, along with the experimental
data, are shown in Figs. 8.7(a) and 8.7(b) for the Py detector and the Pt detector, re-
spectively. We obtain an excellent agreement between the model and the measured
data at all magnetic field regimes, both for the Py and the Pt detectors. Here, we
have used b as a fitting parameter for obtaining the modelled results. Interestingly,
we observe a systematic decrease in b from 0.72 (mΩ)1/2 for φ = 0◦ to 0.54 (mΩ)1/2

for φ = 77◦. However, for φ = 89◦, the value of b again increases to 0.72 (mΩ)1/2. At
this point we are unsure about the exact physical origin of this behaviour and further
study needs to be performed to pinpoint the actual reason. However, this does not
contradict our observations and the model presented in the main text, which accu-
rately reproduces the lineshape and the magnitude of the experimentally obtained
results in the low and high magnetic field regimes.

8.5.3 Control device with Pt injector and Pt detector

As a control experiment, we fabricated a device with a Pt injector and a Pt detector on
the same chip and with the same edge-to-edge separation of 500 nm. Magnetic field
sweep measurements were carried out at different tilt angles (φ) in the xz-plane, as
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described in the main text. The first (R1f
NL) and the second (R2f

NL) harmonic responses
of the non-local signal, measured by the Pt detector, are shown in Figs. 8.8(a) and
8.8(b), respectively. Fig. 8.8(b) shows that the magnetization behaviour of the YIG
film for this control Pt-Pt device is same as that of the Py devices. More impor-
tantly, Fig. 8.8(a) shows the absence of the modulation of the non-local signal via the
ASHE, as opposed to the Py-Py and the Py-Pt devices (discussed in the main text)
and the sign reversal at φ = 89◦ corresponding to the injection and detection of spins
oriented fully perpendicular to the Pt/YIG interface. Using the extracted magnetiza-
tion behaviour of the YIG thin film (as described in section 1), we can model the first
and the second harmonic responses of this control Pt-Pt device with the following
expressions,

R1f
NL(Pt) = [cMx

YIG]2, (8.16)

R2f
NL(Pt) = 22.7Mx

YIG, (8.17)

where, c = 2.32 (mΩ)1/2 (consistent with the value of c used for the Py injector - Pt
detector device in the main text) and the value 22.7 is the magnitude of R2f

NL(Pt) at
φ = 0◦. Given the possible uncertainties in extracting the magnetization behaviour
of the YIG thin film, we find this agreement between the modelled curves and the
experimental data excellent. Thus, this control experiment demonstrates that the
out-of-plane spin injection and detection achieved via the ASHE, is absent in the
pure SHE case.

8.5.4 Device fabrication details

The devices used in this study consist of a 210 nm thick single-crystal (111) Y3Fe5O12

(YIG) film grown on top of a 500 µm thick Gd3Ga5O12 (GGG) substrate by liquid
phase epitaxy, commercially obtained from Matesy GmbH. The Gilbert damping
parameter of the YIG thin film was determined to be α ≈ 1.4 × 10−4 from FMR
linewidth measurement data provided by Matesy GmbH. Before proceeding with
the e-beam lithography (EBL) steps for defining the device pattern, the YIG thin film
was subjected to ultrasonication in warm acetone for 1 minute, followed by rinsing
in IPA, ethanol and DI water. The devices were prepared in four EBL steps, each
followed by e-beam deposition or sputter deposition and resist lift-off steps. In the
first EBL step, the Ti/Au markers were defined. In the second and the third EBL
steps, the Py and the Pt nanowires were patterned, respectively. In the final EBL
step, Ti/Au leads and bonding pads were defined, which are 5 nm/80 nm thick and
deposited by e-beam evaporation. The Py and the Pt nanowires were deposited by
d.c. sputtering in an Ar+ plasma at an argon pressure of (3 − 4) × 10−3 mbar. No
additional YIG cleaning process was employed before sputtering the nanowires. It
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(a) (b)

Figure 8.8: (a) The first (R1f
NL) and (b) the second (R2f

NL) harmonic responses of the non-local
signal, plotted as a function of B applied at different angles (φ) in the xz-plane, for a control
device with a Pt injector and a Pt detector. The symbols represent the experimental data, while
the solid black lines represent the modelled curves following Eqs. 8.16 and 8.17.

Py
Py
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Ti/Au

YIG

Measured 
Device

Figure 8.9: An optical image of the device used in the measurements described in the main
text. The scale-bar shown in the image corresponds to a length of 20 µm.

was shown in a previous work from our research group that the sputtering process
in itself can result in a cleaner metal/YIG interface as compared to metal deposi-
tion by e-beam evaporation [28]. The magnitude of the spin Hall magnetoresistance
(SMR) signal for similarly prepared Pt/YIG devices on the same YIG thin film was
measured to be ∆ρ/ρ = (2.60± 0.09)× 10−4, expressed as the relative change in the
resistivity of the Pt nanowire [29]. This corresponds to a spin-mixing conductance of
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Figure 8.10: (a) Schematic illustration of an effective exchange field (Bex) acting on the YIG
thin film due to the Py nanowire, causing MYIG to be aligned at a different angle (α) compared
to the angle (θ) of the applied external magnetic field B. (b) Effect of the exchange field on the
lineshape of the non-local angular dependence measurements for an applied external filed of
|B| = 10 mT. The solid lines are the modelled lineshapes for different magnitudes and signs of
Bex. The normalized experimental data is shown as the black symbols, which closely follows
the modelled lineshape with |Bex| = 0− 1 mT.

1.60 ± 0.06 × 1014 S/m2 for the Pt/YIG interface. Note that the devices used in this
study are from a different batch compared to the ones used in our previous paper
[16]. An optical image of the measured device is shown in Fig. 8.9.

8.5.5 Interfacial exchange interaction between the Py nanowires and
the YIG thin film

An interfacial exchange interaction between MPy and MYIG could, in principle, lead
to the pinning of the magnetizations or possibly the formation of magnetic domains
in the regime of strong coupling between MPy and MYIG. Since there is very little
known a priori on the nature and the sign of the exchange interaction between Py
and YIG, and in the absence of any micromagnetic or theoretical studies, we have
looked into it empirically via the various experimental checks described in our pre-
vious paper [16]. Through these checks, we concluded that any interfacial exchange
interaction, if present, is weak and does not affect our measurements and their inter-
pretation.

Here, we have performed additional simulations to understand the effect of an
exchange interaction on the lineshapes of the angular dependence measurements
(in the xy-plane) [16]. We have modelled the exchange interaction due to the Py
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nanowire in the form of an effective magnetic field, Bex, aligned parallel or anti-
parallel to MPy acting on the YIG thin film, as depicted in Fig. 8.10(a). An external
magnetic field, |B| = 10 mT, is applied at an angle θ with respect to the y-axis (the
easy axis of the Py nanowire). Since B is much smaller than the saturation field of
the Py nanowire, MPy and consequently, Bex is always oriented along the y-axis. The
total magnetic field acting on the YIG thin film can be expressed as,

Btot = B + Bex = (B sin θ,B cos θ + Bex), (8.18)

where, B = (B sin θ,B cos θ) and Bex = (0,Bex). Following Eqs. 8.6 and 8.7, and con-
sidering an isotropic easy (xy) plane for MYIG, the magnetism-related energy density
for the YIG thin film can be expressed as,

εm
YIG = −MYIG sinαB sin θ −MYIG cosα(B cos θ + Bex). (8.19)

Following the minimization procedure for εm
YIG, we find,

α = tan−1(
B sin θ

B cos θ + Bex
). (8.20)

Using Eq. 8.20 and Eq. 2 of Ref.16, we can model the lineshapes of the angular de-
pendence measurements for different magnitudes and signs of Bex, as shown by the
solid lines in Fig. 8.10(b). It is evident from the modelled curves that an interfacial
exchange interaction would clearly affect the lineshape in the angular dependence
measurements. However, in our experiments, we do not see this type of distortion in
the lineshape. To explicitly show this, we have plotted the normalized experimental
data for a device with a Py injector and a Py detector, in the same graph (shown as
the black symbols). This strongly suggests that the interfacial exchange interaction
is very weak (smaller than an effective field of 1 mT), and does not affect our ex-
perimental observations and the conclusions in the angle-dependent analysis about
the relative strength of the ordinary spin Hall effect versus the anomalous spin Hall
effect [16]. Moreover, for the injection and detection of the out-of-plane spins, we are
only interested in the high magnetic field regimes. The magnitudes of the magnetic
field used in this study and the out-of-plane saturation fields of the Py nanowires
and the YIG thin film being much larger than that for the in-plane measurements
[16], any effect of an interfacial exchange interaction will be even smaller in the ex-
periments presented in this paper.
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(a) (b) (c)

Figure 8.11: Spin current components generated by the anisotropic magnetoresistance/the
planar Hall effect of the Py nanowires, as a function of B applied at different angles (φ) in the
xz-plane: (a) Qzz , (b) Qzx = Qxz , and (c) Qxx. Each component of the form Qij corresponds
to spins polarized along the i-axis, present in a spin current directed along the j-axis.

8.5.6 Spin current injection via the anisotropic magnetoresistance/the
planar Hall effect of the Py nanowires

A different mechanism for the injection of out-of-plane spins is the anisotropic mag-
netoresistance (AMR)/the planar Hall effect (PHE) [13]. This effect, however, is not
relevant when MPy is either fully collinear or fully orthogonal to the direction of the
charge current I (the y-axis), following Eq. 2 in Ref. 13. In our experimental geom-
etry, we apply the magnetic field in the xz-plane. According to our magnetization
extraction simulations, the y-component of MPy becomes zero already for fields up
to 200 mT. For the AMR/PHE to create spin currents directed towards the interface,
MPy should also have a component along the z-axis. Therefore, the effect due to this
mechanism is maximized when MPy makes an angle of 45◦ with the y-axis in the
yz-plane.

Our quantitative analysis on the injection and detection of out-of-plane spins via
the ASHE is based on the saturated regimes at high magnetic fields, where the y-
component of MPy is zero. Most importantly, for the out-of-plane case (φ ≈ 90◦),
when MPy saturates along the z-axis, the AMR/PHE has zero contribution and can-
not explain the finite and negative response observed. Furthermore, the quantitative
analysis for the in-plane spins, as per our previous work [16], is based on fully in-
plane applied magnetic fields where MPy has no component along the z-axis. There-
fore, the AMR/PHE neither affects the main interpretation of our experiments nor
our quantitative analysis of the ASHE contribution to the spin injection and detec-
tion.
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We acknowledge that the AMR/PHE can play a role when MPy has a (partial)
finite y-component. This might contribute to the small disagreement on the mag-
nitude of the response for intermediate fields and angles, and is indeed interesting
for studying the evolution of the lineshapes with the strength of the magnetic field.
To explore this idea, we explicitly calculate the spin current components due to the
AMR/PHE following Eq. 2 in Ref.13,

Qij =
−~
2e
ησAMRmimjmkEk, (8.21)

where, each component of the form Qij corresponds to spins polarized along the i-
axis, present in a spin current directed along the j-axis, mi is the component of the
magnetization along the i-axis and Ek represents the applied electric field driving
the charge current I (k = y in our experimental geometry). Therefore, the spin
current components relevant to our experimental geometry are Qzz , Qzx = Qxz and
Qxx. Using Eq. 8.21 and our modelled magnetization behaviour of the Py nanowire,
we have calculated these spin current components and plotted them in Fig. 8.11.
From this figure, it is clear that any significant contribution from the AMR/PHE is
only expected for the low field regime below 200 mT and will result in lineshapes
inconsistent with our observed response. Therefore, we are forced to conclude that
our results do not contain any dominant contribution due to the AMR/PHE. We
believe further experiments could be devised to look into detail at this low field
regime and for quantifying this potential mechanism for spin injection.

8.5.7 Measurement of the third harmonic response of the non-local
signal

Higher order effects can also contribute to the first harmonic response of the non-
local signal. In order to explicitly rule out any contribution from non-linear effects,
we have measured the third harmonic response of the non-local signal for another
Py-Py device. In this device, the edge-to-edge separation between the Py injector
and the Py detector is 300 nm. In Fig. 8.12, we have plotted both the first (1f) and the
third (3f) harmonic responses of the non-local voltage. An injection current with an
rms amplitude of 350 µA is applied through the Py injector. The 1f and the 3f signals
are simultaneously measured using two lock-in amplifiers as a function of the angle
φ at which a constant magnetic field |B| = 1 T was applied with respect to the x-axis
in the xz-plane. The 3f signal is zero within our measurement accuracy, while the
magnitude and the lineshape of the 1f signal is consistent with the magnetic field
sweep measurements presented in the main text. This clearly suggests the absence
of any non-linear effect in the first harmonic signal.
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Figure 8.12: The first harmonic response (1f, shown as the black squares) and the third har-
monic response (3f, shown as the red circles) of the non-local voltage (VNL), measured as a
function of the angle φ at which a constant magnetic field |B| = 1 T was applied with respect
to the x-axis in the xz-plane.

8.5.8 Reciprocity check in a control device with a Pt injector and a
Py detector

We have carried out non-local measurements in a control device in two configura-
tions: 1) Py injector - Pt detector, and 2) Pt injector - Py detector, for establishing
the reciprocity of the injection-detection mechanisms. An injection current with an
rms amplitude of 350 µA is used and the magnetic field is swept along the x-axis,
perpendicular to the length of the nanowires (φ = 0◦), in the measurements shown
in Figs. 8.13(a) and (b). In Fig. 8.13(a), the non-local resistance is measured across
the Pt nanowire (detector) when the Py nanowire is used as the injector. The mea-
surement is repeated after interchanging the current and the voltage contacts and
reversing the direction of the magnetic field, such that the Pt nanowire now acts
as the injector electrode. The non-local resistance measured across the Py detector
in this configuration is shown in Fig. 8.13(b). We have also performed angular de-
pendence measurements by rotating the sample in the xz-plane under a constant
magnetic field of 2 T, in both the configurations 1 and 2, as shown in Figs. 8.13(c) and
(d), respectively. These measurements clearly demonstrate the reciprocal nature of
the SHE (ASHE) and the ISHE (inverse ASHE) and confirm the reciprocity theorem
for four-terminal measurements. Moreover, these measurements also confirm the
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(a) (b)

(c) (d)

Figure 8.13: Non-local measurements with magnetic field sweep along the x-axis (φ = 0◦) for
a control device with a Py injector and a Pt detector (a), and for the same device with a Pt
injector and a Py detector (b). The black and the red arrows indicate the trace and the retrace
directions of the magnetic field sweep. Angular dependence measurements performed by
rotating the sample in the xz-plane under a constant magnetic field of 2 T are shown for the
Py injector - Pt detector configuration (c) and for the Pt injector - Py detector configuration (d).

reproducible control of the various magnetizations in our devices.

8.5.9 Different mechanisms contributing to the second harmonic
response of the non-local signal

The second harmonic (2f) signal is related to the Joule heating at the injector, which
scales with I2 and thus, shows up in the second harmonic response of the lock-in de-
tection. The 2f signal does not depend on the electrical injection of spins via the SHE
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Source of the 2f signal
Detection mechanism

Pt detector Py detector

Joule heating
at the injector

Magnons generated
in the YIG via the SSE,

creating magnon accumulation
at the detector

ISHE
(proportional to

M x
YIG)

ISHE+IASHE
(proportional to

M x
YIG)

Thermal gradient along
the x-axis at the detector

-
ANE

(proportional to
M z

Py)

Table 8.1: A summary of the different mechanisms contributing to the second harmonic (2f)
response of the non-local signal

or the ASHE in the injector, both of which scales linearly with the current. The Joule
heating at the injector leads to the generation of magnons in the YIG via the spin
Seebeck effect (SSE) [9, 29]. These magnons diffuse towards the detectors and are
converted into an electrical signal via the ISHE in the Pt detector and via the combi-
nation of ISHE and the inverse ASHE (IASHE) in the Py detector. In addition to the
detection of spins via the ISHE and the IASHE, the anomalous Nernst effect (ANE)
also contributes to the transverse charge voltage in the Py detector due to a thermal
gradient along the x-axis at the detector. Since the ISHE detection of the magnons
generated via the SSE is only proportional to M x

YIG and the ANE is only proportional
to M z

Py, we utilize the 2f response measured by the Pt detector for studying the mag-
netization orientation of the YIG thin film, whereas, the ANE contribution to the
2f response measured by the Py detector is utilized for studying the magnetization
orientation of the Py nanowires, as described in Sec. 1 of this supporting informa-
tion. We have clearly separated the contributions due to the ANE and the SSE in
the Py detector, as shown in Fig. 3(a) of the main text. The different mechanisms
contributing to the 2f signal has been summarized in Table 8.1.

Moreover, at φ = 0◦, when the ANE is negligible at the Py detector, we can
clearly separate the ISHE and the IASHE detection of the magnons generated via the
SSE, as shown in Fig. 8.14 and also described in Ref. 16. The sharp switch at B ≈ 0,
corresponding to the switching of MYIG, is followed by the gradual in-plane hard axis
saturation of MPy. From Fig. 8.14, we can calculate the ratio (ISHE+IASHE)/ISHE
≈ (a + b)/a ≈ 2.35, where the parameters a and b are related to the charge-to-spin
conversion factors in the Py via the SHE and the ASHE, respectively, as described
in the main text. We can now compare this ratio with the values of the parameters
a and b extracted by fitting the first harmonic (1f) data with our model. In the main
text, we have extracted a = 0.58 (mΩ)1/2 and b = 0.72 (mΩ)1/2, which gives us
(a+ b)/a ≈ 2.24. This is in excellent agreement with the ratio calculated from the 2f
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Figure 8.14: The second harmonic (2f) response measured by the Py detector at φ = 0◦, when
the contribution due to the ANE is negligible. The magnons generated via the SSE are electri-
cally detected by the Py nanowire via the combination of the ISHE and the IASHE, as shown.

data, confirming that the ISHE and IASHE mechanisms have the same contributions
for the detection of electrically and thermally generated magnons.

8.5.10 Finite non-local signal in the fully perpendicular case (φ =

89◦)

In Fig. 4(a) of the main text, the precise location where the magnons are gener-
ated/extracted at the Py/YIG interface is not important. However, in Fig. 4(b) of
the main text, particularly in the fully perpendicular case of φ = 89◦, magnons are
expected to be generated/extracted only at the two (lateral) edges of the Py injec-
tor/detector, with the edge width determined by the spin relaxation length in Py
(≈ 5 nm). Therefore, there are only two relevant locations at the injector and at the
detector contacts, as depicted in Fig. 8.15. If all the four edges (the two edges of the
injector and the two edges of the detector) equally contribute to the magnon injec-
tion/extraction process, the net signal should be zero. However, as we know from
non-local magnon transport experiments [9], for these injector-detector distances,
the signal scales inversely with the distance. Therefore, the non-local signal will be
dominated by the closest locations of the injector and the detector, which are the two
inner edges (the right edge of the injector and the left edge of the detector), as shown
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Figure 8.15: Schematic illustration depicting the dominating contribution of the inner edges
of the Py injector and the detector at φ = 89◦, leading to a finite non-local signal.

in Fig. 8.15. This leads to the finite non-local signal measured at φ = 89◦, which is
not cancelled out by the contribution from the outer edges.
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Chapter 9

Modulation of magnon spin transport in a
magnetic gate transistor

Abstract

This chapter gives an overview of recent experimental results on the modulation of non-
local magnon spin transport in a magnetic insulator (Y3Fe5O12, YIG) using a common
ferromagnetic metal (permalloy, Py) as a control gate. The magnons in YIG are electri-
cally injected and non-locally detected using two Pt electrodes. We demonstrate that a Py
electrode, placed between the Pt injector and detector, acts as a magnetic gate, resulting
in the modulation of up to 18% in the non-local magnon spin signal at the detector. By
manipulating the magnetization direction of the Py electrode with respect to that of the
YIG film, the transmission of magnons through the Py/YIG interface can be controlled via
the magnetic gating effect. The modulation is found to scale linearly with the Py width,
consistent with the dominant role of magnon absorption into the middle Py electrode.
This prototypical device opens up the possibility of using the magnetic gating effect for
magnon transistor applications.
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9.1 Introduction

Magnon-based spintronic devices are promising alternatives for charge-based elec-
tronics, with the advantage of faster data processing speeds and lower power con-
sumption [1–3]. Information, in the form of spin waves or magnons, can be transmit-
ted over a long distance in magnetic insulators [4], without the necessity of accom-
panying electron transport. Thus, magnon based devices can be used as low dissipa-
tion interconnects in spintronic circuitry. However, the modulation of magnon spin
transport would also enable the use of such devices for logic operations [5]. This has
led to a recent surge in experiments exploring the control of magnon transport via
magnon-valves [6, 7] and in the magnon transistor geometry [8].

In this chapter, we explore a proof-of-concept device geometry for demonstrat-
ing the modulation of magnon spin transport in a magnetic insulator (YIG) via the
magnetic gating effect of a ferromagnetic metal (Py). Exchange (thermal) magnons
are injected using a Pt electrode (injector) via the spin Hall effect (SHE) resulting in a
non-equilibrium magnon accumulation in the YIG film [4, 9]. A second Pt electrode
(detector) is used to electrically detect the non-equilibrium magnons via the inverse
spin Hall effect (ISHE). A middle Py strip is placed between the Pt injector and de-
tector electrodes for manipulating the magnon transport in the YIG channel via the
magnetic gating effect, schematically depicted in Fig. 9.1(a). When the Py (MPy) and
the YIG (MYIG) magnetizations are oriented parallel to each other, the transmission
of magnons from the YIG film into the Py strip is maximized. Considering a smaller
magnon mean free in Py as compared to YIG [10, 11], the transmission of magnons
into the Py would lead to a decrease in the non-equilibrium magnon density in the
YIG. This will result in the modulation of the non-local magnon spin signal mea-
sured by the Pt detector as a function of the relative orientation between MPy and
MYIG. We demonstrate that a modulation of up to 18% can be achieved in our de-
vices, which is more than an order of magnitude higher than that reported in Ref. 8
for the same YIG film thickness (210 nm).

9.2 Experimental details

Two batches of devices were fabricated using electron beam lithography on 210 nm
thick YIG (111) films, grown by liquid-phase epitaxy on GGG (Gd3Ga5O12) sub-
strates. 7 nm thick Pt strips, with widths of 200 nm, were sputtered on YIG as the in-
jector and detector electrodes. Different devices were fabricated with varying widths
(300 nm, 500 nm, 600 nm and 900 nm) of the middle Py strip, which were also de-
posited by the d.c. sputtering technique, with a constant thickness of 9 nm. A Pt-Pt
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Figure 9.1: (a) Schematic illustration of the device geometry. The magnon-valve effect is
depicted in the insets, where the transmission of magnons across the Py/YIG interface is de-
pendent on the relative orientation of the Py (MPy) and the YIG (MYIG) magnetizations. (b) An
optical image of the device is shown, along with the electrical connections for the non-local
magnon transport experiment. The distance between the Pt injector and the Pt detector is
2 µm for all the devices.

device without any middle Py strip was fabricated as a reference device. The dis-
tance between the Pt injector and detector electrodes was kept constant at 2 µm for
all the devices. An optical image of a device with a 900 nm wide middle Py strip is
shown in Fig. 9.1(b), along with the electrical connections. An alternating current (I),
with an rms amplitude of 400µA and frequency of 11 Hz, was sourced through the
Pt injector (left). The first (1f) and the second harmonic (2f) responses of the non-local
voltage (V ), corresponding to the electrically injected (via the SHE) and the thermally
injected (via the spin Seebeck effect driven by Joule heating at the injector) magnons,
were measured simultaneously, both across the Pt detector and the middle Py strip,
by a phase-sensitive lock-in detection technique. The non-local magnon spin signal
is defined as R1f

NL = V 1f/I for the electrically injected magnons and R2f
NL = V 2f/I2

for the thermally injected magnons. All the measurements were carried out at room
temperature under a low vacuum atmosphere, using a superconducting magnet.

9.3 Results and Discussion

An external magnetic field (B) was swept along the x-axis and the corresponding
R1f

NL measured, as shown in Figs. 9.2(a-c). A modulation in R1f
NL, measured by the Pt

detector in the devices with a middle Py, was observed [see Fig. 9.2(a)]. The max-
imum value of R1f

NL occurs at B = 0, when MPy is oriented along the easy axis of
the magnetic gate (y-axis), perpendicular to MYIG. Note that due to a low coercive
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(a) (b) (c)

Figure 9.2: A magnetic field (B) is swept [trace (black) and retrace (red)] along the x-axis and
the first harmonic response of the non-local magnon spin signal (R1f

NL) is measured by (a) the
Pt detector in a device with a 900 nm wide Py middle strip, (b) the 900 nm wide middle Py
detector, and (c) the Pt detector in a reference device without any middle Py strip.

field of our YIG film (< 1 mT) [12], MYIG is essentially always oriented along the
x-axis in our measurements. By changing the magnitude of B, R1f

NL was modulated,
reaching a minimum value at |B| ≈ 50 mT, corresponding to the tilting of MPy along
the in-plane hard axis direction (x-axis) of the magnetic gate. Thus, for |B| ≥ 50 mT,
when MPy and MYIG are aligned parallel to each other, R1f

NL decreases to its min-
imum value, corresponding to a modulation (∆R1f) of about 18%. Therefore, the
electrically injected magnons from the Pt injector reaching the Pt detector decrease
by 18% by reorienting the magnetic Py gate electrode.

In Fig. 9.2(b), R1f
NL measured across the middle Py strip is shown. The detection

of non-local magnon transport at the Py strip occurs via a combination of ISHE and
the inverse anomalous spin Hall effect (IASHE), resulting in a line shape consistent
with previous reports [13, 14]. A modulation of more than 210% in the R1f

NL mea-
sured by the Py detector is observed, which occurs due to the detection mechanism
being dominated only by ISHE at low B and evolving into being composed by both
IASHE and ISHE at high B. Note that this modulation in the magnon detection ef-
ficiency, within the Py electrode, is one order of magnitude larger, and of a different
nature, than the 18% modulation seen in Fig. 9.2(a) which is due to the modulation
of magnon transmission to the Pt detector.

The non-local signal measured in a reference Pt-Pt device, without any middle Py
strip, is shown in Fig. 9.2(c). R1f

NL was found to be almost constant in this reference
device, which evidences the role of the middle Py strip in the modulation of R1f

NL
in Fig. 9.2(a). Therefore, we can modulate the magnons reaching the Pt detector
using the Py gate, arguably due to a modulation of the magnon absorption in the
Py. Moreover, we can also evidence those absorbed magnons directly within the
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(a) (b)

(c) (d)

Figure 9.3: Second harmonic response of the non-local magnon spin signal (R2f
NL), measured

as a function ofB, by the Pt detector in a device with a 900 nm wide Py middle strip (a), and in
a reference device without a middle Py strip (b). Magnified regions from the graphs in (a) and
(b) are shown in (c) and (d), respectively, demonstrating the effect of the middle Py strip on
R2f

NL. The data shown in black and red represent the trace and retrace directions, respectively.

Py in Fig. 9.2(b), though the non-local signal detected by Py is dominated by the
modulation of its detection efficiency via IASHE.

The second harmonic response of the non-local magnon signal (R2f
NL) was also

measured by sweeping B along the x-axis, as shown in Figs. 9.3(a-d). The magnetic
gating effect of the middle Py strip also led to a modulation in R2f

NL measured by the
Pt detector, as depicted in Figs. 9.3(a) and (c). However, the modulation in R2f

NL was
found to be ∆R2f ≈ 3.6%, which is 5 times smaller thanR1f. Note that the second har-
monic response is related to the non-equilibrium magnons which are generated via
the spin Seebeck effect (SSE) in YIG [4, 9, 15], driven by the thermal gradient in the
vicinity of the Pt injector due to Joule heating. The transmission of these thermally
generated magnons into the middle Py strip also depends on the relative orienta-
tion of MPy and MYIG, resulting in the modulation of R2f

NL [Figs. 9.3(a) and (c)]. To
rationalize the smaller modulation in the 2f signal, as compared to the 1f signal, we
consider the role of phonons in the thermal transport relevant to the 2f experiment.
We argue that the middle Py strip also acts as a thermal short circuit, providing a
heat conduction channel parallel to the YIG, thereby enhancing the efficiency of the
thermal gradient generated from the Pt injector towards the Pt detector. This would
result in the generation of magnons over a larger lateral distance (along +x-axis) in
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(a) (b) (c)

Figure 9.4: (a) R1f
NL, measured by the Pt detector in the reference device without the mid-

dle Py strip [black(trace)-red(retrace)] and in the device with a 900 nm wide middle Py
strip[green(trace)-orange(retrace)] are plotted together, illustrating the relative modulation
(∆Rrel) and the total modulation (∆Rtot) in the non-local magnon spin signal. ∆Rrel (b) and
(∆Rtot) (c) are plotted as a function of the middle Py width (wPy). The black squares and the
red circles represent the modulations in the first and the second harmonic response of the
non-local signal, respectively, while the open and the filled symbols correspond to devices
from two different batches. The linear dependence of ∆Rrel on wPy is evident from the linear
fits (solid lines) to the data in (b).

the YIG channel via the SSE. Therefore, the net effect is a modulation in the 2f signal
which is lower than the 1f one, due to the role of phonons. Note that the total mag-
nitude of R2f

NL is reduced compared to the case of having no middle Py strip in the
reference Pt-Pt device, as shown in Figs. 9.3(b) and (d). In this reference device, there
is no modulation in R2f

NL with B.

Finally, we study the dependence of the middle Py width (wPy) on the modula-
tion of the non-local magnon spin signals. We define a relative modulation (∆Rrel)
and a total modulation (∆Rtot) of the spin signal, as depicted in Fig. 9.4(a). ∆Rrel

gives the modulation only due to the magnetization orientation dependent magnetic
gating effect, whereas, ∆Rtot gives the total modulation of the spin signal compared
to the reference device (without any middle Py strip). We find a linear dependence
of ∆Rrel on wPy for both first (1f) and second (2f) harmonic responses of the spin
signal, as shown in Fig. 9.4(b). Also, the variation in ∆Rrel between two different
batches of devices (depicted as open and filled symbols) is very small, demonstrat-
ing the reproducibility of our observations. However, when one considers ∆Rtot,
which is calculated with respect to the magnon spin signal in the reference Pt-Pt de-
vice, the modulation though exhibits an increasing trend with wPy, it is dominated
by device-to-device variation. The primary cause behind this can be the difference
in transparencies at Pt/YIG and Py/YIG interfaces amongst the different sets and
batches of devices. On the other hand, the relative modulation due to the magnetic
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gating effect filters out any geometrical or interfacial variation and exhibits a clear
linear scaling with wPy. Given the long magnon relaxation length in YIG (≈ 10 µm)
[4], we expect the decay of the magnon chemical potential between the Pt injector
and detector electrodes to be approximately linear for a separation of 2 µm in our
devices. Therefore, the linear scaling with wPy further supports the magnetization
orientation dependent magnon absorption into the middle Py gate.

9.4 Conclusions

In this study, we have demonstrated efficient modulation of non-local magnon spin
transport in a magnetic insulator using a magnetic gate in a proof-of-concept transis-
tor device geometry. We achieve a modulation of up to an order of magnitude larger
than a previously reported three-terminal magnon transistor [8] with the same YIG
thickness. Our results show a promising magnon-valve effect between Py and YIG,
which can be utilized to control the density of non-equilibrium magnons in the YIG
channel and thereby used for future magnon transistor applications.
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Summary

Today, we are living in the Information Age, which saw its onset with the Digital Revo-
lution in the latter half of the 20th century. The widespread use of digital computing
and information technology continues to significantly advance all human society in
terms of communication, healthcare, business, knowledge, transportation and on al-
most all other aspects. The fundament behind this rapid progress has been the mass
production of integrated circuits with faster and smaller transistors.

An empirical law formulated by Gordon E. Moore, the co-founder of Intel Corpo-
ration, predicts that the number of transistors in an integrated circuit and hence, the
processing power, is expected to double approximately every two years. Remark-
able breakthroughs and continuous advancements in lithography techniques and
electronic circuit design have ensured the validity of Moore’s law over the course of
almost five decades. Currently, the semiconductor industry is able to create transis-
tors with feature sizes of only a few nanometres (one billionth of a metre). At these
extremely small sizes, close to atomic dimensions, transistor performance is how-
ever adversely affected due to quantum mechanical tunnelling, leakage currents and
higher power dissipation. Therefore, it is not possible to keep on squeezing more and
more transistors into a single chip by reducing their sizes even further. To overcome
this fundamental bottleneck, physicists are developing alternative technologies by
exploring different physical phenomena.

This thesis probes into one such alternative technology, which makes use of the
intrinsic angular momentum of an electron, known as the spin. Similar to the charge,
spin is also a fundamental property of an electron. The electron spin can exist in one
of the two possible quantized states, commonly referred to as ‘up’ or ‘down’. Con-
ventional charge-based electronics utilizes the presence or the absence of a charge
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current to represent the binary ’1’ and ’0’ states for computation. Contrastingly, in
spin-based electronics or spintronics, the spin state of an electron can be used to rep-
resent the ’1’ and ’0’. Moreover, pure spin currents do not necessitate a net flow of
electrons. The major advantages of spintronics are non-volatility, reconfigurability,
higher energy efficiency and increased integration density.

The realization of a spin-field-effect transistor (spin-FET) is often considered the
holy grail in spintronics. The main challenge in its path is the effective control of
spins in terms of spin injection, manipulation and detection in nanodevices. Apart
from application in logic devices requiring transistor operations, spintronics is a
frontrunner among solid state memory devices, based on spin transfer torque (STT)
and spin orbit torque (SOT). Such devices also require the efficient generation and
detection of spin currents, via which the information stored in a magnetic bit can be
(re)written or read.

The experimental work presented in this thesis largely addresses these topics re-
lated to the efficient injection, detection and manipulation of spin currents through
innovative device architectures and novel physical phenomena. The common thread,
encompassing all the six experimental chapters in this thesis, is spin transport exper-
iments in a non-local geometry. The biggest advantage of the non-local spin trans-
port geometry is that it enables the study of pure spin currents, free from spurious
charge-related effects.

The interplay between thermoelectric effects and the magnetization direction of
a common ferromagnet is elucidated in Chapter 4. This effect is manifested as an
anomaly in the Hanle spin precession experiment carried out for a metallic non-
local spin valve. The Peltier effect refers to the increase or decrease in temperature
at the junction between two materials when electrons flow through this junction. In
the reciprocal Seebeck effect, a temperature gradient across the junction between the
two materials would lead to the generation of a thermovoltage. The magnitudes of
these effects are described by the Peltier and the Seebeck coefficients. The experi-
ments in Chapter 4 reveal that the Peltier and the Seebeck coefficients of a common
ferromagnetic metal, permalloy (Py), are dependent on its magnetization direction,
exhibiting a modulation of around 1%. This anisotropic magnetothermoelectric ef-
fect highlights the interplay between spin, charge and heat, and enables the potential
control of one of them via the other two degrees of freedom.

An alternative way to control spin and charge transport via the geometry of the
transport channel is demonstrated in Chapter 5. In a novel device architecture, the
spin transport channel in a metallic non-local spin valve is curved in the third di-
mension. Spin and charge transport experiments are carried out in channels with
varying curvatures and compared with reference devices having a flat channel. A
theoretical model is developed to study the effect of the channel geometry on the
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independent tuning of spin and charge resistances. The model, which includes the
geometrical scaling of the dominant spin relaxation mechanism, is validated by the
experimental results.

In the experiments described in Chapters 6-9, an insulating ferrimagnetic mate-
rial, yttrium iron garnet (YIG), is used. Although YIG does not allow an electric cur-
rent to exist within it at room temperature, it allows the presence of spin current via
magnons. Unlike electrons, magnons are quasiparticles, representing quantized spin
waves, which are governed by Bose-Einstein statistics. One advantage of spin trans-
port via magnons is that it does not involve the movement of electrons and hence
minimizes power dissipation due to Joule heating. Moreover, magnons in YIG can
carry spins over long distances (up to 10 µm). This is about 10 -100 times larger than
the distance that an electron can travel without losing its spin information in a metal.

The transfer of spin angular momentum between the magnons in a magnetic in-
sulator (MI) and the electron spins in a normal metal (NM) is governed by the spin-
mixing conductance. Although this quantity is fundamentally important for a better
understanding of the spin transfer process across NM/MI interfaces, it is difficult to
reliably measure it in experiments. This is because in most of the experiments, an
NM with a high spin-orbit interaction is used, which can lead to incorrect estimation
of the spin-mixing conductance. In Chapter 6, the interface between aluminium (Al)
and YIG is used to study the interaction between electron spins in Al and magnon
spins in YIG via non-local spin transport in an Al channel on top of YIG. The low
spin-orbit interaction in Al enabled the accurate extraction of the spin-mixing con-
ductance from these experiments and its study as a function of temperature.

The spin of the electron is coupled to its orbital motion via the spin-orbit interac-
tion (SOI). The SOI is a relativistic phenomenon which is responsible for spin-charge
interconversion via the spin Hall effect (SHE) and the inverse spin Hall effect (ISHE).
These effects are now commonly utilized in spintronics for the electrical injection and
detection of spin currents, in non-magnetic metals with high SOI, like platinum (Pt).
In Chapters 7 and 8, a novel spin-orbit phenomenon occurring in ferromagnetic met-
als is experimentally demonstrated. This new effect, which we call the anomalous
spin Hall effect (ASHE), is utilized for the efficient injection and detection of spin
currents using a common ferromagnetic metal (Py). The advantage of the ASHE is
that by manipulating the magnetization order parameter of the ferromagnetic metal,
the spin injection and detection efficiencies can then be tuned. Moreover, the mag-
netization directions of the spin injector and detector electrodes can also be used to
control the polarization direction of the injected and detected spins. Such a control
over the spin direction and the spin injection/detection efficiency is absent in the
case of the SHE and ISHE.
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After demonstrating ways for efficient and tunable spin injection and detection,
the final experimental chapter of this thesis (Chapter 9) focuses on the efficient ma-
nipulation of magnon spin currents in a magnetic gate transistor geometry. A mod-
ulation of up to 18% in the non-local magnon spin transport in YIG is achieved by
using a magnetic gate electrode (Py). This proof-of-concept device opens up the pos-
sibility of using the magnetic gating effect for magnon spin transistor applications.

The work presented in this thesis attempts to provide innovative solutions and
investigates new ways of tackling the main challenges in the field of spintronics,
primarily related to the efficient generation, detection and manipulation of spin cur-
rents. It forms a part of the continued collective effort by the spintronics community
with the vision of spin-based electronics providing the most comprehensive solution
for faster, cheaper and energy-efficient electronic devices of the future.



Samenvatting

Vandaag leven we in het informatietijdperk, dat zijn intrede deed tijdens de Digitale
Revolutie in de tweede helft van de 20e eeuw. Het wijdverbreide gebruik van digi-
tale gegevensverwerking en informatietechnologie blijft de menselijke samenleving
aanzienlijk verbeteren op het gebied van communicatie, gezondheidszorg, handel,
kennis, transport en in bijna alle andere aspecten. Het fundament achter deze snelle
vooruitgang is de massaproductie van geı̈ntegreerde schakelingen met snellere en
kleinere transistors.

Een empirische wet geformuleerd door Gordon E. Moore, de mede-oprichter van
Intel Corporation, voorspelt dat het aantal transistoren in een geı̈ntegreerd circuit en
als gevolg ook de verwerkingssnelheid ongeveer elke twee jaar verdubbelt. Op-
merkelijke doorbraken en voortdurende vooruitgang in lithografietechnieken en in
het ontwerp van elektronische schakelingen hebben gezorgd voor de geldigheid van
de wet van Moore in de loop van bijna 5 decennia. Op dit moment is de halfgelei-
derindustrie in staat om transistors te creëren met kenmerkgroottes van slechts enkele
nanometers (een miljardste van een meter). Bij deze extreem kleine afmetingen,
dichtbij de atomaire afmetingen, wordt de transistorprestatie negatief beı̈nvloed door
kwantummechanisch tunnelen, lekstromen en een hogere vermogensdissipatie. Daarom
is het niet mogelijk om steeds meer transistoren op een enkele chip te persen door
hun afmetingen nog verder te verkleinen. Om dit fundamentele knelpunt op te
lossen, ontwikkelen natuurkundigen alternatieve technologieën door verschillende
fysische fenomenen te onderzoeken.

Dit proefschrift onderzoekt zo een alternatieve technologie, die gebruik maakt
van het intrinsieke impulsmoment van een elektron, bekend als de spin. Net als de
lading is spin ook een fundamentele eigenschap van een elektron. De elektronenspin
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kan bestaan in een van twee mogelijke gekwantiseerde toestanden, meestal aange-
duid als ’omhoog’ of ’omlaag’. Conventionele, op lading gebaseerde elektronica ge-
bruikt de aanwezigheid of afwezigheid van een laadstroom om de binaire ’1’ en ’0’
toestanden voor berekening weer te geven. In tegenstelling tot spin-gebaseerde elek-
tronica of spintronica, kan de spintoestand van een elektron worden gebruikt om de
’1’ en ’0’ weer te geven. Bovendien vereisen zuivere spinstromen geen netto stroom
van elektronen. De belangrijkste voordelen van spintronica zijn niet-vluchtigheid,
herconfigureerbaarheid, hogere energie-efficiëntie en hogere integratiedichtheden.

De realisatie van een spin veldeffecttransistor (spin-FET) wordt vaak beschouwd
als de heilige graal in spintronica. De grootste uitdaging om dit te realiseren is de ef-
fectieve controle van spins wat betreft spin-injectie, manipulatie en detectie in nano-
apparaten. Afgezien van de toepassing in logische apparaten die transistorbew-
erkingen vereisen, is spintronica een koploper onder solid-state geheugenapparaten,
gebaseerd op spinoverdrachts-moment (STT) en spin-baan-moment (SOT). Dergeli-
jke apparaten vereisen ook de efficiënte opwekking en detectie van spinstromen,
waar de informatie die is opgeslagen in een magnetisch bit kan worden geschreven,
herschreven of gelezen.

Het experimentele werk gepresenteerd in dit proefschrift behandelt grotendeels
deze onderwerpen gerelateerd aan efficiënte injectie, detectie en manipulatie van
spinstromen via innovatieve nanostructuur en nieuwe fysische fenomenen. De rode
draad die alle zes experimentele hoofdstukken in dit proefschrift verbindt is een
spintransport-experiment in een niet-lokale geometrie. Het grootste voordeel van
de niet-lokale spintransportgeometrie is dat het de studie van zuivere spinstromen
mogelijk maakt, vrij van valse ladings-gerelateerde effecten.

Het samenspel tussen thermo-elektrische effecten en de magnetisatierichting van
een gewone ferromagneet wordt toegelicht in hoofdstuk 4. Dit effect manifesteert
zich als een anomalie in het Hanle spin precessie-experiment uitgevoerd voor een
metalen niet-lokale spinklep. Het Peltier-effect verwijst naar de toename of afname
van de temperatuur op de kruising tussen twee materialen wanneer elektronen door
deze overgang stromen. In het reciproke Seebeck-effect zou een temperatuurgradiënt
over de kruising tussen de twee materialen leiden tot het genereren van een ther-
movoltage. De omvang van deze effecten wordt beschreven door de Peltier- en
Seebeck-coëfficiënten. De experimenten in hoofdstuk 4 laten zien dat de Peltier-
en Seebeck-coëfficiënten van een veelvoorkomend ferromagnetisch metaal, permal-
loy (Py), afhankelijk zijn van de magnetisatierichting ervan, en een modulatie van
ongeveer 1% vertonen. Dit anisotrope magnetothermo-elektrische effect benadrukt
het samenspel tussen spin, lading en warmte en de mogelijkheid om een van hen te
beı̈nvloeden via de andere twee vrijheidsgraden.

Een alternatieve manier om spin- en ladingstransport te Controleren is via de
geometrie van het transportkanaal wordt gedemonstreerd in hoofdstuk 5. In een
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nieuwe nanostructuur is het spintransportkanaal in een metalen niet-lokale spinklep
gebogen in de derde dimensie. Experimenten met spin- en ladingstransport worden
uitgevoerd in kanalen met variërende krommingen en vergeleken met referentie-
apparaat met een vlak kanaal. Een theoretisch model is ontwikkeld om het effect
van de kanaalgeometrie op de onafhankelijke verandering van spin- en ladingsweer-
standen te bestuderen en wordt gevalideerd door de experimentele resultaten.

In de experimenten beschreven in Hoofdstukken 6-9, wordt een isolerend ferri-
magnetisch materiaal, yttrium ijzer granaat (YIG), gebruikt. Hoewel YIG bij kamertem-
peratuur geen elektrische stroom doorlaat, staat het de stroom van spinstroom via
magnonen toe. Anders dan elektronen, zijn magnonen quasideeltjes, die een gek-
wantiseerde spingolf voorstellen en die worden beschreven door Bose-Einstein-statistieken.
Een voordeel van spintransport via magnonen is dat het geen beweging van elektro-
nen met zich meebrengt en dus de energiedissipatie door Joule-verwarming min-
imaliseert. Bovendien kunnen magnonen in YIG spins over lange afstanden (tot
10 µm) dragen. Dit is ongeveer 10-100 keer groter dan de afstand die een elektron
kan afleggen zonder zijn fase-informatie in een metaal te verliezen.

De overdracht van het spin-impulsmoment tussen de magnonen in een magnetis-
che isolator (MI) en de elektronspins in een normaal metaal (NM) wordt bepaald
door de spin-menggeleiding. Hoewel deze hoeveelheid van fundamenteel belang
is voor een beter begrip van het spinoverdrachtsproces over NM/MI-grensvlak, is
het moeilijk om betrouwbaar te meten in experimenten. Dit komt omdat in de
meeste experimenten een NM met een hoge spin-baan-interactie wordt gebruikt, wat
kan leiden tot een onjuiste schatting van de spin-meng geleidbaarheid. In Hoofd-
stuk 6 wordt de grensvlak tussen aluminium (Al) en YIG gebruikt om de interac-
tie tussen elektronspins in Al en magnon-spins in YIG te bestuderen via niet-lokaal
spintransport in een Al-kanaal op YIG. De lage spin-baan-interactie in Al maakte de
nauwkeurige extractie van de spinmenggeleiding uit deze experimenten mogelijk
evenals de studie ervan als een functie van temperatuur.

De spin van een elektron is gekoppeld aan zijn baan beweging via de spin-baan-
interactie (SOI). De SOI is een relativistisch verschijnsel dat verantwoordelijk is voor
spin-stroom omzetting via het spin Hall-effect (SHE) en het inverse spin Hall-effect
(ISHE). Deze effecten worden nu algemeen gebruikt in spintronica voor de elek-
trische injectie en detectie van spinstromen, in niet-magnetische metalen met hoge
SOI, zoals platina (Pt). In de hoofdstukken 7 en 8 is een nieuw spin-baan fenomeen
dat voorkomt in ferromagnetische metalen experimenteel aangetoond. Dit nieuwe
effect, het afwijkend spin Hall-effect (ASHE) genoemd, wordt gebruikt voor de ef-
ficiënte injectie en detectie van spinstromen met een algemeen ferromagnetisch metaal
(Py). Het voordeel van de ASHE is dat door het manipuleren van de magnetisatie-
orde parameter van de ferromagneet, de spininjectie en detectie-efficiënties kun-
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nen worden afgestemd. Bovendien kunnen de magnetisatierichting van spininjec-
tor en detectorelektroden ook worden gebruikt om de polarisatierichting van de
geı̈njecteerde en gedetecteerde spins te regelen. Een dergelijke controle over de spin-
richting en de spininjectie/detectie-efficiëntie is afwezig in het geval van SHE en
ISHE.

Na het aantonen van manieren voor efficiënte en afstembare spininjectie en detec-
tie, richt het laatste experimentele hoofdstuk van dit proefschrift (Hoofdstuk 9) zich
op de efficiënte manipulatie van magnon-spinstromen in een magnetische poort-
transistorgeometrie. Een modulatie van maximaal 18% in de niet-lokale magnon-
spintransport in YIG wordt bereikt door een magnetische poortelektrode (Py) te
gebruiken. Dit proof-of-concept-apparaat maat het mogelijk om het magnetische
poorteffect voor magnon-spintransistortoepassingen te gebruiken.

Het werk gepresenteerd in dit proefschrift probeert innovatieve oplossingen te
bieden en nieuwe manieren te onderzoeken om de belangrijkste uitdagingen op het
gebied van spintronica aan te pakken, voornamelijk gerelateerd aan de efficiënte op-
wekking, detectie en manipulatie van spinstromen. Het vormt een onderdeel van
de voortdurende collectieve inspanning van de spintronica-gemeenschap met de
visie van spin-gebaseerde elektronica die de meest uitgebreide oplossing biedt voor
snellere, goedkopere en energie-efficiënte elektronische apparaten van de toekomst.
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