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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.
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