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Chapter 2

Concepts of spin transport across a magnetic
insulator|metal interface

Abstract

In this chapter the basic physical concepts needed to understand the work presented in this
thesis are explained. Starting from a general introduction to spin transport, including
the two-channel model, the following sections focus on the yttrium iron garnet|platinum
system and the phenomena which are observed in the presented experiments. First, some
important material properties of yttrium iron garnet are discussed. Thereafter, the Stoner-
Wohlfahrt model, which is used to describe the out-of-plane magnetization direction of
the yttrium iron garnet, is explained. Next is the spin-Hall effect, an important feature
observed in platinum, followed by the main phenomena described in this thesis, which are
spin pumping, spin-Hall magnetoresistance and the spin-Seebeck effect.

2.1 Spin transport

Three fundamental properties of electrons are their mass, charge and spin. In
conventional electronics, the charge of electrons is used to transport informa-

tion and store data. In the past decades also the spin of electrons is shown to be a
useful property for these purposes, promising smaller devices, more efficient trans-
port of data and non-volatile data storage [1]. This spin-based electronics is shortly
called spintronics, and a lot of research is going on in this field to further discover the
possibilities of this type of devices, heading towards a new generation electronics.
A very clear example of an already in use spin-based device is a magnetic random
access memory, where the reading and writing of data is based on the Giant Mag-
netoresistance effect (GMR), a spintronics-effect for which in 2007 a Nobelprize in
Physics was assigned [2, 3].

Unlike the charge of electrons, the electron-spin can relax by interactions with
the environment. So for designing spin transport based devices, one should provide
a channel with the possibility for the electrons to maintain their spin information.
Important parameters describing the lifetime and length over which spin informa-
tion is preserved are the spin relaxation time and length, respectively. Typical spin
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relaxation lengths in metals are in the order of one nm up to a few hundred nm [4],
indicating the need for nanoscale devices. Besides diffusive transport of spin infor-
mation by conduction electrons, it has been shown that spin information can also be
transported through magnetic insulators, by diffusion of non-equilibrium magnons,
which are spin-wave excitations in magnetically ordered materials. The distance
over which spin information can be transported by this type of spin-waves has been
experimentally shown to be at least 40 µm, with a magnon-relaxation length around
10 µm [5].

2.1.1 Two-channel model

In 1993, Valet and Fert derived a model to describe collinear spin-dependent elec-
trical transport in ferromagnetic|non-magnetic metal multilayers [6]. This model is
based on diffusive transport, where the electrical transport of the majority and mi-
nority spins (often called spin-up and spin-down, respectively) are treated indepen-
dently. The model can be used for systems where the length over which the spin
information is preserved is much longer than the electron mean free path. Interest-
ingly, Cornelissen et al. [5] showed that the diffusion model can also, to some extent,
be used to described magnon-diffusion through a ferrimagnetic insulator.

Like Ohm’s law, the diffusion equation for electrical transport, the current den-
sity carried by the spin-up and spin-down electrons (J↑ and J↓, respectively) can be
described by

J↑,↓ = −σ↑,↓
e
∇µ↑,↓, (2.1)

where σ↑,↓ is the spin-dependent conductivity and µ↑,↓ the electrochemical potential
of the spin-up and spin-down electrons, respectively. Defining the conductivity of
the material as σ = σ↑+σ↓ and the conductivity polarization as P = (σ↑−σ↓)/(σ↑+

σ↓) one can find

σ↑,↓ =
σ

2
(1± P ). (2.2)

A spin-current, Js = J↑ − J↓, can be created in a non-magnetic material from
spin accumulation at the interface of a ferromagnetic and this non-magnetic mate-
rial. For a fully metallic system, this spin accumulation can be created by a charge-
current sent through the stack. As the conductivity in the ferromagnetic layer is spin-
dependent, a charge-current through this layer will become spin-polarized. Reach-
ing the interface with the non-magnetic material, this spin-polarized current has to
be converted to a non-polarized current, leading to accumulation of spins at the in-
terface and relaxation of the spin polarized current into the non-magnetic material.
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In case of a ferromagnetic insulator|non-magnetic metal system, such as the YIG|Pt
system studied in this thesis, a spin accumulation at the interface can be created by
the spin-Hall effect or alternatively by spin pumping (these effects are described in
detail in sections 2.4 and 2.5, respectively). Also in these not fully-metallic systems
the spin accumulation will diffuse and relax into the non-magnetic material.

The diffusion of a spin accumulation (defined by µs = µ↑−µ↓) in a non-magnetic
metal can be described by the Valet-Fert equation:

~∇2µs =
µs
λ2
, (2.3)

with λ being the spin relaxation length of the material. A general 1D-solution to this
equation is given by

µs = Ae−z/λ +Bez/λ, (2.4)

where z is the distance normal to the interface at which the spin accumulation was
created. A and B are determined by defining the boundary conditions of the system,
taking into account that the electrochemical potential of each spin channel should be
continuous at the interface.

Considering a magnetic insulator|normal metal system, one can find the spin-
current pumped into the metal layer from the magnetic insulator|normal metal inter-
face, by solving Eq. (2.4). For z = 0, µs is equal to µ0; the initial spin accumulation at
the interface and thus a source of spin-currents. For z = t, where t is the thickness of
the metallic layer, it must hold that dµs/dz = 0, assuming there are no other sources
of spin-current than the interface of interest. Using these boundary conditions, Eq.
(2.4) can be solved, finding A and B. The spin-current density Js in the normal metal
layer can then be calculated by Eq. (2.1). In case the normal metal is a non-magnetic
material (such as Pt) it is given that σ↑ = σ↓, and the derived spin-current density as
a function of z results in

Js =
µ0

2e(1 + e−2t/λ)

σ

λ
(e−z/λ − e−2t/λez/λ). (2.5)

From this solution, the spin-current at the interface can be calculated (z = 0)
as well as the average spin-current over the whole thickness of the material (〈Js〉 =
1
t

∫ t
0
Js(z)dz), which is for example used to calculate the inverse spin-Hall effect volt-

age from spin pumping in chapter 4.

2.2 Ferrimagnetic insulator: Yttrium Iron Garnet

Although yttrium iron garnet (Y3Fe5O12, YIG) has been discovered already in 1956
[7, 8], and found its application in filters and tunable oscillators [9], recently it got re-
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Figure 2.1: Magnetic field dependence of the magnetization M of the used 200-nm-thick
YIG films, normalized by the saturation magnetization Ms, at room temperature. (a) In-plane
magnetization behavior, measured by VSM, showing the small coercive field (less than 0.1mT)
of the films (b) Out-of-plane magnetization behavior, measured by SQUID.

newed interest proving to be a very suitable material for spintronics and magnonics
research [10]. Having a Curie-temperature of 560K [11], YIG is a room-temperature
ferrimagnetic electrical insulating material. Besides, YIG also possesses a very low
magnetic damping, predicting long lifetimes of magnetic excitations. This combi-
nation of properties makes YIG to a very interesting material for magnonics related
research and promising for new microwave applications [12, 13].

The presence of a net magnetic moment in YIG is caused by the Fe3+ ions occu-
pying different lattice sites: Of each formula unit, three Fe3+ ions are positioned on
tetrahedral sites and the remaining two on octrahedral sites. Through the oxygen
ions, each pair of Fe3+ ions is anti-ferromagnetically coupled (one from each site),
leaving one of the Fe3+ ions on the tetrahedral site uncompensated, resulting in a
net magnetic moment [14].

YIG can be grown by different techniques, such as liquid phase epitaxy (LPE)
[15], pulsed laser deposition (PLD) [16] or by sputtering [17]. The results presented
in this thesis are performed on LPE-grown single-crystal YIG (111) films having a
thickness of 200 nm,1 or 210 nm (only used for the results presented in chapter 9).2

The substrate used for the film growth is non-magnetic single-crystal (111) Gadolin-
ium gallium garnet (Gd3Ga5O12, GGG), because of its very small lattice mismatch
compared to YIG. The grown YIG-films have a surface roughness of 0.4 nm, mea-
sured by atomic-force microscopy.

To characterize the magnetization properties of the YIG films, they have been

1These YIG films are provided by J. Ben Youssef, from the Laboratoire de Magnetisme de Bretagne
CNRS in Brest.

2These YIG films are bought at the company Matesy GmbH.
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measured by using a vibrating sample magnetometer (VSM) for in-plane magne-
tization measurements [Fig. 2.1(a)] and a superconducting quantum interference
device (SQUID) for out-of-plane magnetization measurements [Fig. 2.1(b)].3 From
these measurements, and by repeating the in-plane VSM measurements along two
other crystallographic axes, we find the magnetization of the YIG films being in the
film plane, showing an easy-plane anisotropy with a very low coercive field: smaller
than 0.1 mT. The saturation magnetization is µ0Ms = 0.176 T, corresponding to the
value obtained for bulk YIG [10, 18].

Further characterization of the YIG films has been done by carrying out ferro-
magnetic resonance (FMR) measurements: The YIG magnetization is brought into
resonance by microwave excitation, using a nonresonant 50 Ω microstrip reflection
line. By measuring the reflected power as a function of magnetic field (or microwave
frequency), the magnetization resonance is observed as a dip in reflected power. By
measuring the dependence of the resonance frequency as a function of resonance
magnetic field, as well as recording the corresponding linewidth of the observed
peaks the gyromagnetic ratio γ = 1.80× 1011 rad T−1s−1, the Lande factor g = 2.046

and the intrinsic Gilbert damping parameter α ≈ 2× 10−4 are determined [19].

2.3 Stoner-Wohlfahrt model for magnetization switch-
ing

External magnetic fields can be used to control magnetization states in magnetic ma-
terials. In general, magnetic domains in magnetic systems do not all align instantly
to any applied magnetic field direction, but each domain keeps it original magnetiza-
tion direction, up to a certain magnetic field strength is applied. Due to the complex-
ity of such many-domain systems, it is hard to fully microscopically describe and
explain their behavior and development. The Stoner-Wohlfahrt model describes the
magnetization behavior of a single magnetic moment under influence of an external
magnetic field and can be used for a macrospin approach of a magnetic system [20].
Despite the simplicity of the model, for many uniformly magnetized materials it
provides a correct overall picture of the magnetization behavior. Also for the exper-
iments described in this thesis, the magnetization behavior of the YIG as calculated
by the Stoner-Wohlfahrt model is sufficient to explain the observed features.

To explain the Stoner-Wohlfahrt model we assume we are dealing with a fer-
romagnet having uniaxial magnetic anisotropy. This means that there is a certain
magnetization direction which is energetically favored compared to others. Mag-
netic materials can also have other types of anisotropy, where for example multiple

3VSM measurements have been performed by J. Ben Youssef in the Laboratoire de Magntisme de
Bretagne in Brest. SQUID measurements are performed in our own lab.
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anisotropy axes exist, or a whole magnetization plane can be energetically favored
(easy-plane anisotropy). Furthermore, also the shape and size of a magnetic material
can induce anisotropy. For all types of anisotropy, to align the magnetization to an
externally applied field, a magnetic field larger than the anisotropy field Hk has to
be applied, reaching the saturation magnetization Ms.

The YIG system used in the experiments described in this thesis experiences easy-
plane anisotropy with a very low coercive field [see also paragraph 2.2]. Therefore,
to align the magnetization of the YIG in-plane, in any direction, only a small external
field has to be applied. The out-of-plane magnetization behavior can be described
by a 2D system possessing uniaxial anisotropy, where the in-plane magnetization
direction is the easy-axis and the out-of-plane magnetization direction is the hard-
axis. Therefore the Stoner-Wohlfarth model for uniaxial magnetic anisotropy can
very well predict the out-of-plane magnetization behavior of YIG.

Let us have a look at a ferromagnetic system possessing a single uniform mag-
netization M , subjected to two competing alignment forces: The anisotropy char-
acterized by K and the external magnetic field H (normalized as h = H/Hk, with
Hk = 2K/Ms). The total energy of this system is given by [21]:

E = K sin2(θ)−MsH cos(θ − φ). (2.6)

The first term in Eq. (2.6) describes the anisotropic energy, where K also includes
demagnetization energy due to shape anisotropy. The second term is the Zeeman
energy. θ is the angle between M (normalized as m = M/Ms) and the anisotropy
axis and φ is the angle betweenH and the anisotropy axis, as is defined in Fig. 2.2(a).
Examples of the energy landscape obtained from Eq. 2.6 for some values of h are
shown in the insets of Fig. 2.2(b). For each value of h, there are one or two minima
in energy, which point the equilibrium magnetization directions of the system. The
positions of these minima can be calculated by finding ∂E/∂θ = 0 and ∂2E/∂θ2 > 0.

Once having calculated all minima in energy a curve as shown in Fig. 2.2(b) can
be obtained. This particular curve is calculated for φ = 60◦, where the ŷ-axis shows
the component of m along the easy-axis. Following the energy landscape [insets
Fig. 2.2(b)] while sweeping h from large positive to large negative values (and vice
versa) one can see the evolution of the local minima and find that switching of the
magnetic state occurs when the blue pointed (red pointed) minimum disappears.
More examples of such hysteresis loops can be found Refs. [20, 21]. Note that in
these references (and generally) on the ŷ-axis the component of m parallel to h is
plotted, rather than the component parallel to the easy-axis as in Fig. 2.2(b).

For various fixed angles φ the magnetization direction as a function of h is cal-
culated. Results of these calculations are shown in Fig. 2.3. Fig. 2.3(a) shows the
calculated θ values, whereas Figs. 2.3(b) and (c) show the corresponding component
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Figure 2.2: (a) 2D schematic defining the angles used by the Stoner-Wohlfarth model. H is
the applied field and M is the magnetization of the studied material. For YIG, the easy-axis in
this figure describes the in-plane magnetization direction (YIG has an easy-plane) and θ and
φ both define out-of-plane angles. (b) An example of a result of the Stoner-Wohlfahrt model,
for φ = 60◦. For each h = H/Hk the energy of the system is calculated as a function of θ (the
insets show results of this calculation for some values of h). The minimum energy is picked
from each curve as a possible equilibrium situation resulting in the blue and red curve. For
some h two minima exist, the favoured magnetization state will depend on the field sweep
direction: when increasing the field from large negative values, the red pointed minima will
be favoured, until the red pointed minimum disappears, switching the system to the blue
minima (which occurs in this plot near h = 0.5). Decreasing the field from large values of h
will result in magnetization states following the blue curve.

of m along the easy-axis (in-plane) and the hard-axis (out-of-plane) of the system,
respectively. From these figures it is clearly observed that when applying h in a
fixed direction (φ is constant), increasing the magnitude of h results in θ increasing
towards φ. Obviously, to let M exactly follow the applied field in any arbitrary di-
rection, one just has to apply a field much larger than Hk (h� 1): the magnetization
then will align with H .

The Stoner-Wohlfahrt model can be used to describe the YIG magnetization be-
havior as observed by the experiments described in chapter 7; an external field was
applied in the out-of-plane direction, which is equivalent to φ = 90◦ in Fig. 2.3. As
in those experiments the detected signal is sensitive to the in-plane component ofM ,
the measured signal resembles the shape of the black curve in Fig. 2.3(c). Neverthe-
less, experimentally it can be hard to apply exact angles and only being 2◦ off from
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Figure 2.3: For various applied field directions with respect to the easy axis (φ) the equilib-
rium magnetization direction is calculated as a function of h = H/Hk. Shown are the traces
sweeping h from 0 to positive values, assuming θ = 0◦ as initial direction of M . (a) Shows
a plot of the resulting θ, (b) taking only the component of M along the easy-axis (cos(θ)) and
(c) the component of M along the hard-axis (sin(θ)) of the studied material. Note that the
sharp kink in the black curves for φ = 90◦ totally disappears when only being a few degrees
off (the red curves show φ = 88◦). The black and red curves in (b) resemble the out-of-plane
experiments described in chapter 7 and the black curve plotted in (c) is measured for YIG as
is shown in Fig. 2.1(b).

the exact out-of-plane direction already gives a visible change to the magnetization
curve [red vs. black curves in Fig. 2.3]. Especially near h = 1 the sharp kink in
the black curve is smoothened, which is also directly observed in the experiments.
For the SMR experiments described in chapter 7, a small deviation from φ = 90◦

was intended, to control the initial in-plane magnetization direction, resulting in
smoothened curves near the saturation field.

2.4 Spin-Hall effect

In analogy to the ordinary Hall effect, and, more closely related, the anomalous Hall
effect [see appendix A], D’yakonov and Perel predicted in 1971 that there should
exist a similar spin-orbit effect which could orient electron spins in a charge-current
carrying sample [22]. Years later, in 1999, Hirsch separately developed the same
idea and named this phenomenon, the generation of a pure spin-current from an
injected charge-current, the spin-Hall effect (SHE) [23]. More than 30 years after the
first prediction of the existence of the SHE, finally also experimentally the effect was
observed [24, 25]. After this, many more experimental and theoretical publications
followed reporting SHE related phenomena in many different semiconductors, as
well as in metals [26, 27].

The spin-Hall effect is a relativistic effect caused by spin-orbit interactions, which
are interactions of the spin of a particle and its motion. By these interactions, the
moving magnetic moments experience a force, due to the presence of an applied
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electric field, and the electrons gain momentum transverse to their initial flow di-
rection. The direction of the gained momentum depends on the magnetic moment
of the electrons and is thus opposite for spin-up electrons compared to spin-down
electrons. So, when starting with a pure charge-current ~Je flowing through a ma-
terial, the spin-orbit interactions cause an accumulation of spin-up electrons at one
side of the material, and accumulated spin-down electrons on the other side. As the
number of spin-up and spin-down electrons in the initial charge-current is equal, the
deflection of electrons does not result in a net potential difference, but only gives a
net spin-current ~Js between opposite interfaces [see Fig. 2.4(a)]. Here the vector ~Js
defines the direction and magnitude of the spin-current flow. The magnitude and
sign of the created spin-current is defined by the spin-Hall angle θSH of the material
as is given by

~Js = θSH~σ × ~Je, (2.7)

where ~σ is the spin polarization direction. Note that electrons in the initial charge-
current can have any polarization direction, and therefore electrons will accumu-
late at all sides of the material [Fig. 2.4(a) only shows the spin-current direction of
interest]. The reciprocal effect, called the inverse spin-Hall effect (ISHE), is based
on the same principle, only starting from an initial pure spin-current, which results
in a transverse charge-current as a result of the present spin-orbit interactions [Fig.
2.4(b)]:

~Je = θSH~σ × ~Js. (2.8)

The SHE (and ISHE) can have different origin, encountering intrinsic and/or ex-
trinsic contributions [29, 30]. The intrinsic SHE is caused by the electronic band

Js

Je

(a)

Je
Jsσ

(b)

Figure 2.4: Schematic drawing of (a) the spin-Hall effect, where an initial charge-current
results in a transverse spin-current and (b) the inverse spin-Hall effect: a spin-current gener-
ates a transverse charge-current. Both effect are a result of the finite spin-orbit coupling in a
material. The deflection of electrons from the initial flow direction in Pt is given by the right-
hand-rule [28]: the thumb points in the spin polarization (angular momentum) direction, the
index finger points the initial flow direction, resulting in the middle finger pointing the direc-
tion of deflection. For metals with an opposite sign of the spin-Hall angle as compared to Pt
(for example tantalum), the direction of deflection is opposite.
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structure of the material itself, whereas the extrinsic SHE is caused by scattering on
impurities and other defects in the crystal lattice, resulting in skew scattering and
side jump events. For 4d and 5d transition metals, such as Pt and Ta, it has been
reported that intrinsic mechanisms dominate over extrinsic ones [31, 32].

Nowadays, the ISHE ans SHE are widely used for generation and detection of
pure spin-currents. Especially Pt and Ta have been shown to be suitable for this pur-
pose because of their relatively high spin-orbit interaction and opposite sign of the
spin-Hall angle, with respect to each other [33, 34]. Unfortunately in many works re-
lated to the (I)SHE the authors do not carefully report the sign of their signal, which
makes it hard to determine the absolute sign of the observed effects. Recently, four
different research groups put their results together and determined the sign of in-
verse spin-Hall voltages and suggested a right-hand-rule to define the positive spin-
Hall angle [see Fig. 2.4], such that future research can be reported more consistently
regarding the sign of observed signals [28].

2.5 Spin pumping

The generation of pure spin-currents by magnetization dynamics is called spin pump-
ing. Initially, this effect was only detected as an enhancement in the magnetization
damping [35], explained theoretically by Tserkovnyak et al. [36] in 2002. Later, in
2006, spin pumping was also electrically detected [37], leading towards new possi-
bilities for designing spintronic devices. Nowadays, spin pumping is an important
tool to generate pure spin-currents from ferromagnetic insulating materials into an
adjacent normal metal [10, 15, 38–40]. Especially high spin-orbit coupling metals,
such as platinum, are of interest as they can directly convert spin-currents into a
measurable electric current via the inverse spin-Hall effect [41–44].

The process of spin pumping is initiated when the magnetization ~M of a mag-
netic material is brought into precession (for example by microwave radiation [15]).
This magnetization precession is well described by the Landau, Lifshitz, Gilbert
(LLG)-equation [45, 46]:

d ~M

dt
= −γ ~M × ~Heff +

α

Ms

~M × d ~M

dt
. (2.9)

The first term describes the precessional motion of the magnetization around an
effective magnetic field ~Heff (including external, demagnetization and anisotropy
fields), with γ being the gyromagnetic ratio. The second term gives the damping
of the magnetization towards the direction of the magnetic field, called the Gilbert
damping term. Here α is the Gilbert damping parameter, including all possible dis-
sipation processes of the magnetization precession, and Ms is the saturation mag-
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PtYIG 

(a)

M

dM
 dt

M × dM

        
dt

Heff

M

(b)

σdc

σac

Js

Figure 2.5: (a) Magnetization precession around an effective magnetic field Heff , showing
the precession direction along d ~M

dt
(blue arrow) and the damping term ~M × d ~M

dt
(red arrow)

as given bij the LLG-equation, Eq. (2.9) (b) schematic representation of the spin pumping pro-
cess. Starting from the magnetization of YIG being in resonance, energy from the Pt-electron
system is absorbed which causes damping of the magnetization precession. This absorption
of magnetic moments at the interface is equivalent to the generation of a spin-current into the
Pt layer, depicted by the red-coloured electron-spin (neglecting the contribution of Gi). The
polarization direction of the injected spins is along the damping term ~M × d ~M

dt
, and therefore

includes an ac component. The dc component of the injected angular momentum σdc is the
component of Js which is usually only being detected.

netization. Fig. 2.5(a) schematically shows the direction of both terms in the LLG-
equation: The magnetization precesses around ~Heff in the direction pointed by the
blue arrow. Additionally, the damping term tries to align ~M with ~Heff as depicted
by the red arrow. The magnitude of this damping is given by α, which in YIG is
intrinsically very small (see section 2.2), however external processes such as spin
pumping can increase the damping [47].

Once a precessing magnet is connected to a conducting material, energy will be
dissipated into this material, resulting in an increase of α. In a magnetic insula-
tor|normal metal system as used in the experiments described in this thesis, the dis-
sipation of energy originates from interactions between magnetic moments in the
insulator and conduction electron spins in the metal [48], resulting in a spin-current
pumped into the normal metal. The magnitude of this spin-current depends on the
quality of the magnet|normal metal interface which is quantified by the parameter
called ’spin-mixing conductance’, G↑↓ = Gr + iGi (also described in section 2.6.1)
and relates to the spin-current ~Js injected normal to the interface by [36]:

| ~Js|~σ =
~
e

(Gr ~m×
d~m

dt
+Gi

d~m

dt
), (2.10)

with ~m being a unit vector pointing in the direction of the magnetization and ~σ defin-
ing the spin polarization direction of the injected spin-current. This equation is also
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valid for systems consisting of a conducting magnetic layer, however there the spin
pumping mechanism is also based on spin diffusion rather than only exchange in-
teraction at the interface.

The imaginary part of the spin-mixing conductance (Gi) results in spins pumped
in the direction of the precessional motion and is usually neglected, as it is shown to
be an order of magnitude smaller thanGr [49]. TheGr-term results in spins pointing
in the direction of the Gilbert damping term, having a dc component parallel to
the average magnetization direction and and ac component normal to it. Almost
all published experimental results only show the detection of the dc component of
the pumped spin-current [as is schematically drawn in Fig. 2.5(b)]. Nevertheless,
recently Hahn et al. [50] and Wei et al. [51] showed how to detect the ac component
and found it to be more than one order of magnitude larger than the corresponding
dc component, which was also predicted by theory [52]. These results emphasize
the potential of ferromagnet|normal metal systems to be used as efficient sources of
pure spin-currents, also in the GHz frequency range.

2.6 Spin-Hall magnetoresistance

By using an electrical insulating ferromagnet such as YIG for investigation of spin-
tronic phenomena, it is possible to study pure spin-related phenomena, as no charge
currents can flow through the insulator. One phenomenon discovered by this ap-
proach is called the spin-Hall magnetoresistance (SMR). In 2012, SMR was discov-
ered in a YIG|Pt system, both in our group [49, 53] and by Nakayama et al. [54], and
theoretically explained by Chen et al. [55] in 2013. In the same year several other
groups also reported the observation of the SMR in a YIG|Pt system [56, 57] as well
as in a YIG|Ta system [58]. Recently the SMR was also reported to be observed in
CoFe2O4|Pt [59] and CoCr2O4|Pt systems [60].

The presence of SMR is explained by the simultaneous occurrence of both the
SHE and the ISHE, clarifying the choice of a high spin-orbit coupling material such
as Pt as the detector. The mechanism of SMR can be explained in three subsequent
steps, as is schematically shown in Fig. 2.6:

1. A charge-current sent through the Pt strip will generate a transverse spin-
current by the SHE towards the YIG|Pt interface.

2. At the YIG|Pt interface the polarized electrons in Pt will interact with the mag-
netic moments in YIG via the spin-mixing conductance, losing part of their
angular momentum. The amount of transferred angular momentum is depen-
dent on the relative orientation between the spin polarization ~σ of the electrons
and the magnetization direction ~M of the YIG: For the perpendicular alignment
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Figure 2.6: Schematic representation of the three subsequent steps involved in the mechanism
of SMR: 1. From the SHE a spin-current is created towards the YIG|Pt interface; 2. Interaction
of the polarized spins in the Pt and the magnetic moments in the YIG: The component of ~σ
parallel (or anti-parallel) to ~M is reflected, while the perpendicular component is absorbed by
the YIG; 3. The reflected spin-current results in additional charge-current in the system, via
the ISHE.

most angular momentum will be absorbed (resulting in a torque acting on ~M ,
which is accompanied by a reversal of the spin polarization direction of the
incoming spins), whereas for the parallel situation the angular momentum of
the electrons will hardly be changed (they are reflected at the interface, with-
out flipping their spin direction, as also would happen if no YIG was present).
In general, the component of ~σ perpendicular to ~M will be absorbed (result-
ing in a spinflip) and the component of ~σ (anti-)parallel to ~M will be reflected
(without flipping its spin).

3. Electrons which are reflected from the YIG|Pt interface in the parallel case keep
their spin polarization direction, resulting in a net spin-current flow back into
the Pt. As described above, the polarization direction of the reflected spin-
current is determined by the angle between the incident spin polarization and
~M . Having a spin-current in a high spin-orbit coupling material such as Pt

will result in an electrically detectable charge-current, via the ISHE. This addi-
tional charge-current is added to the initially sent charge-current, resulting in
a change of the measured voltage and thus a changed Pt resistance.4

Thus, interestingly, by using the SMR signal it is possible to determine the mag-
netization direction of the magnetic layer, without having to send a charge-current
through this layer itself.

The magnitude of the SMR signal is dependent on the quality of the YIG|Pt inter-
face, described by the spin-mixing conductance. A higher spin-mixing conductance

4Additionally the electrons of which the angular momentum is absorbed at the YIG|Pt interface, in the
perpendicular case flip their spin polarization direction, resulting in a net spin-current flow back into the
Pt having opposite spin polarization. Via the ISHE, this leads to a charge-current resulting in an additional
change of the measured voltage on top of the signal caused by the reflected parallel spins.
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results in more absorption of angular momentum at the interface in the situation
where ~M and ~σ are perpendicular, generating a higher SMR signal. The spin-mixing
conductance parameter is discussed in more detail in section 2.6.1.

The effects of SMR are present both in the longitudinal resistance (along the cur-
rent direction), as well as for the transverse (or Hall-) configuration and can be de-
scribed by the following equations [49, 55]

ρT = ∆ρ1mxmy + ∆ρ2mz, (2.11)

ρL = ρ+ ∆ρ0 + ∆ρ1(1−m2
y), (2.12)

where ρT and ρL are the transverse and longitudinal resistivity, respectively. ρ is
the electrical resistivity of the metallic layer. mx, my and mz are the components of
the magnetization in the x̂-, ŷ- and ẑ-direction, respectively. ∆ρ0, ∆ρ1 and ∆ρ2 are
resistivity changes as defined below [55]

∆ρ0
ρ

= −θ2SH
2λ

dN
tanh

dN
2λ

(2.13)

∆ρ1
ρ

= θ2SH
λ

dN
Re

(
2λG↑↓ tanh2 dN

2λ

σ + 2λG↑↓ coth dN
λ

)
(2.14)

∆ρ2
ρ

= −θ2SH
λ

dN
Im

(
2λG↑↓ tanh2 dN

2λ

σ + 2λG↑↓ coth dN
λ

)
(2.15)

where θSH , λ, dN , σ andG↑↓ are the spin-Hall angle, spin relaxation length, thickness
and bulk conductivity of the metallic layer and the spin-mixing conductance of the
metal|insulator interface (for example YIG|Pt), respectively.

Note that when applying out-of-plane magnetic fields, the conventional Hall ef-
fect will be also present in the transverse configuration, which should be taken into
account in Eq. (2.11). More details and experimental results on this can be found in
chapter 7.

2.6.1 Spin-mixing conductance at the insulator|metal interface

For the SMR (but also for spin pumping and related effects) to be present, the inter-
action between electron spins in the magnetic layer and those in the normal metal is
essential. This interaction is governed by the spin-mixing conductance at the inter-
face, composed of a real part and an imaginary part (G↑↓ = Gr + iGi). G↑↓ is rel-
evant for transport between non-collinear spin polarization and magnetization and
describes how an incident spin-current is reflected at a magnetic|non-magnetic inter-
face [61, 62]. Consequently it describes the transfer of angular momentum through
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the interface; a higher spin-mixing conductance means that more spin angular mo-
mentum can be transferred from the Pt layer into the magnetic YIG layer (and vice
versa). The magnitude of G↑↓ is very sensitive to the quality of the interface: Differ-
ent deposition methods can give a factor 7 difference in observed SMR signals (for
e-beam evaporation versus dc sputtering) [53], as well as surface treatment before
deposition can significantly increase G↑↓ [63].

The absorption of spin angular momentum by a magnetic layer results in a torque
on ~M , given by [55, 64]

~τstt ∝ Gr ~m× ~µs × ~m+Gi~µs × ~m (2.16)

where ~m is a unit vector defining the magnetization direction, and ~µs is the spin ac-
cumulation at the interface having a certain polarization direction. The contribution
of Gi can be seen as an effective magnetic field acting on the magnetization, and is
therefore sometimes referred to as the ’effective-field’ torque. Gr is associated with
the ’in-plane’ or ’Slonczewski’ torque and results in an in-plane torque perpendicu-
lar to ~M .

For most experiments the imaginary part of the spin-mixing conductance Gi is
not taken into account, because it is usually an order of magnitude smaller than
Gr [65]. From Eqs. (2.11) and (2.15) it can be seen that the SMR offers the unique
possibility to exclusively detect the effect of Gi by tuning ~M such that the product
mxmy vanishes. ρT then only depends on ∆ρ2, which scales with the imaginary part
of G↑↓ (= Gi). By using this method, for the YIG|Pt system, we have determined
Gr = (7 ± 3) × 1014 Ω−1m−2 and Gi = (5 ± 3) × 1013 Ω−1m−2 as is described in
chapter 7 and in Ref. [49].

Recently, another component of the spin-mixing conductance has been reported,
named the spin-sink conductance Gs, having a magnitude about 15-20% of Gr at
room temperature [66, 67]. Gs can be interpreted as an effective spin-mixing con-
ductance that quantifies spin-absorption effects when ~M and ~µs are aligned (anti-
)parallel. For understanding of SMR and other described effects in this thesis, Gs is
not taken into account.

2.6.2 Possible magnetic proximity effect in platinum on YIG

There has been (and still is) some discussion about the true origin of the SMR. Huang
et al. argue the signal is caused by magnetic proximity effects in the Pt strip, resulting
in induced magnetic moments in the metallic layer, causing for example anisotropic
magnetoresistance (AMR) signals [68]. The AMR being the origin of the observed
signals can be easily checked by performing out-of-plane magnetization measure-
ments, as for this case the predicted behavior of the AMR and SMR is different
(where it is equal for the in-plane magnetization) [54].
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Figure 2.7: Schematics of out-of-plane measurements which can be used to distinguish AMR
and SMR. (a) Sweeping ~M from a direction along ~Je towards the ẑ-direction, results in (b)
a non-changing SMR signal and a changing AMR signal, when measuring the resistance of
the Pt strip along x̂. (c) Sweeping ~M from a direction perpendicular to ~Je (which is along ~σ)
towards the ẑ-direction results in (d) full oscillation of the SMR signal, and no AMR signal.

The AMR is determined by the angle between the applied charge-current ~Je and
the magnetization direction ~M [69], whereas the SMR depends on the angle between
the polarization ~σ of the induced spin accumulation at the interface and the mag-
netization direction ~M of the underlying magnetic material. By sweeping the mag-
netization of the YIG in the film plane, the angle dependence of AMR and SMR is
equal, making them indistinguishable. However, for an out-of-plane magnetic field
sweep, the presence of either one of them could be excluded, as is shown in Fig. 2.7.
When sweeping the magnetic field as depicted in Fig. 2.7(a), in the x̂/ẑ-plane, one
would detect a change in resistance caused by AMR, as the angle between ~Je and ~M

(AMR) is changing, whereas the angle between ~σ and ~M (SMR) remains constant,
resulting in expected signals as depicted in Fig. 2.7(b). For the magnetic field sweep
in the ŷ/ẑ-plane, as drawn in Fig. 2.7(c), the opposite situation is true and one would
expect only to detect changes in resistance caused by SMR as is shown in Fig. 2.7(d).
Nakayama et al. studied the angle-dependence of the SMR signal for both in-plane
and out-of-plane magnetic fields, showing the consistency of the theoretical descrip-
tion of SMR with the obtained experimental results, excluding AMR being the origin
of the observed signals [54].

Another step to exclude (or prove) the presence of magnetic proximity effects in
Pt on YIG is made by performing x-ray magnetic circular dichroism (XMCD) mea-
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surements, by which magnetic moments can be directly detected. Two research-
groups separately performed these measurements, which resulted in opposing con-
clusions: The XMCD results by Geprägs et al. [70] show no measurable magnetic
moments in the Pt layer, whereas Lu et al. [71] report the presence of peaks in the
XMCD spectrum, which would indicate magnetic proximity in Pt on YIG.

Following the developments on detecting possible magnetic proximity effects,
Kuschel et al. published experimental results on x-ray resonant magnetization re-
flectivity (XRMR) measurements of Pt|NiFe2O4 and Pt|Fe bilayers [72]. They show a
high sensitivity for interface spin polarization using XRMR as compared to XMCD,
and therefore continue using this technique to investigate the interface character-
istics of a Pt|YIG system. First experimental results on Pt|YIG have been obtained
[73], however the resolution of this preliminary data is not yet sufficient to exlude a
magnetic proximity effect and further experiments are needed.

In conclusion, the clear difference in angular dependence between AMR and
SMR is sufficient to exclude AMR, caused by magnetic proximity effects in Pt, as the
origin of the observed signals. Despite several reports which rename the observed
angular dependence of the Pt-resistance as ’new-MR’ [74] or ’hybrid-MR’ [75], no
mechanism has been described which can explain the observed angular dependence
of the Pt-resistance as good as the theory of SMR does. Moreover, even if magnetic
moments would be present in Pt on YIG, this still would not exclude the presence of
SMR in this system.

2.7 Spin-Seebeck effect in a magnetic insulator|metal
system

In the field of thermoelectrics the coupling between charge and heat is studied. A
very well-known thermoelectric effect is the Seebeck effect, discovered in 1821 by
Thomas Seebeck [76], where a temperature gradient over a conductor is converted
into an electrical voltage between its hot and cold end [see also appendix A]. The
voltage that builds up due to the temperature gradient is proportional to the Seebeck
coefficient (S), given by ~∇V = −S~∇T . The Seebeck effect is typically utilized to
create thermocouples, which can be used for temperature measurements.

The origin of the Seebeck effect is the energy dependence of the electrical conduc-
tivity of electrons in a material. By increasing the temperature of a material on one
side, the average energy of the electrons on the hot side becomes higher than that of
the electrons on the cold side, which results in a net flow of energy from hot to cold.
In case the electrons with higher energy experience a different electrical conductivity
than the electrons with a lower energy, a net diffusion of charge occurs, which will
result in an electric field build up opposing this diffusion process. This electric field
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SSE in a YIG|Pt system: a temperature gra-
dient results in the generation of thermal
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jacent Pt layer, resulting in a pure spin-
current injected in the Pt layer, which can
be detected via the ISHE (similar to spin
pumping).

is known as the Seebeck effect [77].
Besides the coupling between charge and heat, also the spin of electrons interacts

with heat, which is studied in the field called spin caloritronics. The spin-analogue
of the Seebeck effect is called the spin-Seebeck effect (SSE), firstly reported in 2008
[78], and describes the creation of a spin-current in the presence of a temperature
gradient [see also appendix A].

The creation of spin-currents due to the presence of a temperature gradient can
be caused by different physical mechanisms and therefore distinction is made be-
tween the spin-dependent-Seebeck effect (SdSE) and the spin-Seebeck effect (SSE)
[79]. The SdSE is described as an independent-electron effect, where the conductiv-
ities of the individual electrons as well as their Seebeck coefficients are separately
defined for the different spin-channels (spin-up and spin-down), each following the
laws of classical thermoelectrics. On the other hand, the SSE is a collective effect, de-
scribed by the collective motion of spins also named as ’spin-waves’ or ’magnons’.
These magnons also can transport heat, as well as carry angular momentum. Inter-
action between magnons and electron charge currents exists via spin pumping and
spin transfer torques.

In magnetic insulating materials such as YIG, only the SSE can exist, as the SdSE
requires the presence of conduction electrons. At finite temperatures the spins of
a material are not stationary but encounter random thermal excitations from their
average magnetization direction. By applying a temperature gradient over this ma-
terial, spins will be more strongly thermally excited at the hot side as compared to
the cold side, resulting in transport of spin information by these thermally excited
magnons.

Thermal magnons generated in YIG as a result of an applied temperature gra-
dient (the SSE) can be electrically detected similarly to the described spin pumping
effect in section 2.5, as is schematically shown in Fig. 2.8. An adjacent Pt layer will
act as a sink for magnons, resulting in the generation of a pure spin-current into this
layer. The spin polarization direction of this spin-current is dependent on the sign of
the temperature gradient: reversing the gradient will reverse the spin polarization
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direction. Via the ISHE this pure spin-current can then be electrically detected.
The first theoretical description of the microscopic origin of the SSE in YIG (and

other magnetic insulators) was given by Xiao et al. [80], based on earlier work by
Sanders and Walton [81]. Following, Hoffman et al. showed how the work of Xiao
et al. could be reformulated in terms of the LLG-equation. They explain the SSE
signal as a result of thermal spin pumping caused by the difference in temperature
at the YIG|Pt interface between magnons in the YIG and electrons in the Pt contact
(assuming the electron-temperature being equal to the phonon-temperature). Thus,
Js ∝ ∆Tme, where Js is the spin-current density injected in the Pt and ∆Tme the tem-
perature difference between the magnons and the electrons at the YIG|Pt interface.
However, recent experimental work of Kehlberger et al. [82] shows that the explana-
tion of the SSE by the theoretical description of Xiao et al. is not sufficient to explain
their YIG-thickness dependent SSE data. Furthermore, also the non-local SSE signal
as observed by Cornelissen et al. [5] cannot be explained by the model of Xiao et al..
To explain their work, another theoretical description of the SSE was used, which
relies on the bulk magnon spin-current created by the temperature gradient across
the thickness of the ferromagnetic insulator [83]. Currently, more research is going
on, where the possible coexistence of the SSE as both an interface as well as a bulk
effect is investigated [84].
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