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Chapter 1

Introduction

1.1 Spintronics

Today’s technology-oriented world with billions of daily-use electronic devices including com-
puters and mobile phones could never have been realized without the availability of small
and cheap information storage devices. Interestingly, these devices including the modern
hard drives, utilize not the charge of the electron but its intrinsic angular momentum called
the electron spin. The famous demonstration of the potential of spintronics to be used in
electronic devices was done by A. Fert [1] and P. Grünberg [2] in 1988 by the discovery of
the Giant Magneto Resistance (GMR) effect and they were rewarded with the Nobel Prize in
Physics in 2007 for their discovery. The GMR effect, the working principle for read-out in
today’s hard drives, makes it possible to read out the magnetic state of a tiny magnetic do-
main, as a change in the electrical resistance depending on the relative magnetic alignment of
magnetic domains. Every tiny magnetic domain therefore will act as a distinct binary (1/0)
magnetic state. Together with the successful downscaling of the size of a stable bit, hard disks
can be packed with areal densities reaching up to 128 GBit/cm2 dramatically lowering the
cost down to $0.032 per gigabyte till now.

Over the last two decades in the field of spintronics, different methods have been investi-
gated to use the electron’s spin degree of freedom for storage, transport and manipulation of
information. For example, in the spin-valves, a typical spintronics device with two magnetic
layers for information storage, the GMR effect is used to read the magnetic states. Spin transfer
torque (STT) [3, 4] is used to manipulate the spin information. Spintronic devices, including
spin-valves, are mostly based on the flow of spin-polarized charge currents. Undoubtedly,
spintronics has uncovered many fundamental questions in pursuit of its goal to control elec-
tronic spin currents and their interaction with magnetic order in metals. Several spin-related
phenomena including spin transfer torque in magnetic layers [3, 4], spin pumping driven by
magnetization precession [5, 6] and thermally induced spin currents [7–9] are being currently
used to manipulate spin currents in metallic systems. However, spin currents in magnetic
metals carried by moving electrons are limited by spin relaxation and Joule heating.



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel

1

2 1. Introduction

1.2 Magnon Spintronics: A new approach towards dis-
sipationless spin electronics

Magnon spintronics is the field of spintronics in which the spin currents are carried by magnons
instead of moving charge carriers. Magnons are the quanta of collective spin-wave excitations
in magnetic materials. Magnons are charge current free and, therefore, less subject to dissi-
pation caused by scattering with impurities on the atomic level. This renders magnons a
promising information carrier alternative compared to electric (spin) currents. Spintronics in
magnetic insulators is fundamentally different from that in metals and gives rise to quan-
tum many-body phenomena that lie beyond the paradigm of single-electron spintronics [10].
Magnon spintronics promises to find ways to exploit magnonic spin currents for novel energy-
harvesting and power-conserving spintronics technologies that are urgently needed for to-
morrow’s information society [11].

Magnon spintronics came into focus by two recent discoveries that demonstrate the con-
version between charge currents carried by itinerant electrons and magnonic spin currents
at an interface between a normal metal and a magnetic insulator. This conversion can be
driven thermally [12] or electrically [13], and opens the possibility for integrating electron and
magnon spintronics. In the long term, these breakthroughs may lead to novel device concepts
that exploit magnons for spin transport with minimal dissipation over much longer distances
than the spin relaxation lengths.

1.3 Motivation and Outline
The research presented in this thesis focusses on the growth of complex magnetic materials
with unique magnetic properties and experimental investigation of fundamental spintronic
phenomena in these magnetic insulators with magnetic orders varying from collinear to non-
collinear chiral spin structures. The usage of non-collinear magnetic insulators for spintronic
devices opens up not only the possibility to study and control pure spin currents but also
their interaction with non-collinear nano-magnetic spin structures like helices and skyrmions.
We study different spintronic effects including spin Hall magnetoresistance (SMR) and spin-
caloritronics effects like spin Seebeck effect (SSE) by using a metal|insulator bilayer nanoscale
device configuration. In these bilayer devices a Pt metal electrode, with large spin-orbit cou-
pling, is used to electrically inject or detect spin currents. The magnetic insulators including
prototype yttrium iron garnet - Y3Fe5O12 (a room-temperature collinear magnetic insulator),
cobalt chromate - CoCr2O4 (a non-collinear magnet) and copper oxoselenite - Cu2OSeO3 (a
chiral magnet) are investigated in these bilayer devices. Moreover, some investigations have
been carried out by replacing Pt metal by Au on top of a magnetic insulator.

This thesis consists of the following chapters, of which a brief overview is given below:

• Chapter 2 introduces the fundamental concepts needed to understand the work pre-
sented in the following chapters. Firstly, a general introduction into spin transport is
given including the (inverse) spin Hall effect, which is the most important feature for
the interconversion of charge currents and pure spin-currents by using Pt as metallic
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1.3. Motivation and Outline 3

electrode. Further, two main spintronic effects presented in this thesis are introduced:
SSE and SMR. Thereafter, important material properties of different magnetic insulators
are discussed, followed by the Dzyaloshinskii-Moriya interaction, which can be used to
describe the magnetization behavior in chiral magnetic insulators. Moreover, we briefly
introduce the low-dimensional antiferromagnets with the ongoing discussion about the
possibility of their use in spintronic devices. The final part of this chapter is based on
the device fabrication and measurement methods which are used for the experiments
presented in this thesis.

• Chapter 3 shows the investigation of the SSE in a single crystal Yttrium iron garnet
(YIG)|Pt bilayer system. By using the inverse spin Hall effect, the spin currents carried
by magnons in a magnetic insulator can be electrically detected. Here, the magnons are
excited by creating a thermal gradient with an external heater on top of Pt. Magnetic
field dependence of the SSE is measured at room temperature for several devices pre-
pared with different mechanical treatment conditions for YIG surface, showing a strong
dependence of the signal on the interface condition of the Pt|YIG bilayer system.

• Chapter 4 manifests the SMR and SSE in a non-collinear magnetic insulator CoCr2O4|Pt
device and shows their behavior in different magnetic states of CoCr2O4 (CCO). We
were the first group to experimentally demonstrate these effects in a non-collinear spiral
magnetic insulator. Both effects were simultaneously detected at different temperatures
(5 K - 300 K), in different applied magnetic fields (0 T - 7 T). Finally, also a comparison
has been made between CCO|Pt and YIG |Pt systems, showing a large influence on
the measured SMR and SSE signals, depending on the magnetic order of the magnetic
insulator.

• Chapter 5 continues on the investigation of the SMR and SSE in a non-collinear magnetic
insulator, focusing on a magnetic system without inversion center Cu2OSeO3 (CSO).
Angular dependence of these effects has been measured in a single crystal CSO|Pt bi-
layer device, in different magnetic fields (B≤8 T) and temperatures (T≤70 K). By this
work it has been shown for the first time that the SMR and SSE are not only sensi-
tive to the magnetization direction but also locally sensitive to the angles of magnetic
moment constructing nanomagnetic spin structures; depending on the angle of these
helical spirals, the SMR signal changes from positive to negative values. Furthermore,
theoretical simulations have been shown indicating a good qualitative agreement with
the experimental observations.

• Chapter 6 presents a study of the depth dependence of the current-induced magnetic
fields including the Oersted and dipolar fields in a thin-film YIG|Au device, by using
low energy muon spectroscopy (LEμSR). The measurements are done at different muon
implantation energies, allowing us to probe muons at different depths from the YIG|Au
interface. Furthermore, a model to quantify the dipolar field close to the interface is
presented. Finally, the limits on the spatial resolution and the sensitivity of LEμSR
are discussed to provide guidance for a future experiment designed to probe spin Hall
effects with muons.
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4 1. Introduction

• Chapter 7 describes the method used to grow single crystals of CSO used for the SMR
and SSE study presented in Chapter 5. Furthermore, the single crystal x-ray diffraction
analysis is provided including the analysis of the absolute structures for both enan-
tiomers of CSO. Finally, the ferromagnetic resonance data with presence of higher har-
monic modes is shown, confirming the excellent quality of grown single crystals.
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Chapter 2

Concepts of spin transport in metal|magnetic
insulator heterostructures

Abstract

In this chapter the basic physical concepts needed to understand the work presented in the
upcoming chapters on spin transport in magnetic insulators are explained. Spin trans-
port mechanisms including the spin Hall magnetoresistance are discussed. Thereafter,
the concepts of the spin-mixing conductance, which is important to define the quality of
interface, and the spin Seebeck effect are discussed. A variety of novel magnetic insulators
are discussed which can be used to investigate the spin transport. Next, the fabrication
and measurement techniques, used to perform the spin transport experiments presented
in this thesis, are introduced. The fabrication part includes detailed information about
different steps used for patterning device structures with electron-beam lithography fol-
lowed by sputtering. The measurement techniques part includes the working principle
of lock-in detection used to measure the electrical signals and a detailed scheme of the
measurement setup used for this work.

2.1 Spin transport in normal metal|magnetic insulator
heterostructures

Spintronics (electronics with the electron’s spin) is a rapidly growing research area with a
huge potential to overcome the problems of the continuous miniaturization faced by silicon-
based electronics. One of the famous applications of spintronics is in the magnetic random
access memories, based on the giant magnetoresistance, where reading and writing of the
data is done by exploiting the spin-polarized currents without any direct spin manipulation.
However, the ongoing miniaturization of these devices is limited by the generation of Joule
heating associated with a net charge flow. Therefore, pure spin currents (a flow of spin angular
momentum without net charge flow) are needed for further developments.

A novel approach is to use magnetic insulators instead of metals, referred as ’magnon
spintronics’ [1]. The advantage of using insulators is the absence of moving charges and thus
the spin information (spin current) is carried only by spin-wave excitations (magnons) [2, 3].
These spin currents in magnetic insulators can be excited thermally [4] or electrically [2]. It
has been shown recently that the spin information can be transported up to tens of millimeters
in magnetic insulators [5]. The most commonly used device structures consist of bilayers
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8 2. Concepts of spin transport in metal|magnetic insulator heterostructures

of a normal metal with strong spin-orbit coupling and a ferromagnetic insulator. In these
structures, by taking advantage of the large spin-orbit coupling (SOC), a NM metal is used to
convert charge (spin) currents to transverse spin (charge) currents by the (inverse) spin Hall
effect. By using this bilayer device configuration, it has been shown recently that magnons can
be excited and detected fully electrically carrying a spin information that can be transported
over macroscopic distances through a magnetic insulator, by diffusion of non-equilibrium
magnons [3]. The experimentally observed length scales over which the spin information can
be transported are shown to be at least 40 μm, with an effective magnon spin diffusion length
around 10 μm [3].

2.2 Pure spin currents

In the spintronic devices consisting of multilayers of ferromagnetic and non-magnetic metals,
the spin-dependent electrical transport is often described by the two spin channel model [6].
In this model, where magnetization is considered to be collinear, the electrical transport of
majority and minority spins (often named as spin-up and spin-down, respectively) are treated
independently. Therefore, the electric charge current density Jc can be written as sum of spin-
up (J↑) and spin-down (J↓) charge current densities propagating in same direction,

Jc = J↑ + J↓, (2.1)

whereas, the spin current Js is defined as the difference of spin-up and spin-down charge
current densities as follows:

Js =
�/2

e
J↑ +

−�/2

e
J↓ =

�

2e
(J↑ − J↓), (2.2)

Here, J↑ is defined as positive spin current. The prefactor �/2e, used here and sometimes in
literature, reflects the fact that J↑ and J↓ are considered as the flow of charge carriers, whereas
Js is defined as a flow of angular momentum.

Using Eqs. 2.1 and 2.2 we can distinguish three different scenarios, as is schematically
shown in Fig. 2.1:

1. pure charge currents: when both spin-up and spin-down current densities are equal
and propagate in same direction, the situation corresponds to a net charge current flow
without any flow of angular momentum and can be defined as pure charge current. The
situation is valid for paramagnetic metals with negligible spin-orbit coupling.

2. spin-polarized currents: when J↑ �= J↓, both charge and spin information are trans-
ported through the material and the current is called spin-polarized. The situation can
be observed in ferromagnetic metals.

3. pure spin currents: when both spin-up and spin-down current densities are equal and
propagate in opposite directions. It leads to the flow of angular momentum alone with-
out flow of net charge current. This flow of angular momentum is known as a pure spin
current.
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(a)

Jc

=
Jc

=

+
Js

J

J

J

J
=

Js

J

J

(b) (c)Pure charge current Spin-polarized current Pure spin current

Figure 2.1: Three different types of currents. (a) Pure charge current in which an equal number
of spin-up and spin-down electrons propagate in the same direction with current densities J↑
and J↓, respectively. This results in the propagation of a pure charge current without any
net flow of angular momentum. (b) When J↑ and J↓ propagate in the same direction with
different number of spin-up and spin-down electrons, this leads to a transport of both, spin
and charge represented as Jc and Js, respectively. This situation represents the propagation
of a spin-polarized current. (c) Assuming a situation where the number of spin-up and spin-
down electrons are equal but propagate in opposite directions. This situation leads to the flow
of a pure spin current in which a net transport of spin alone occurs, without any net charge
current contribution. Figure adapted from Ref. [7].

In magnetic insulators having no free electrons, a spin current Js is carried by quasipar-
ticles known as magnons. Magnons can be excited in a magnetically ordered material by the
collective precessional motion of electronic spins. The ground state of a ferromagnetic insula-
tor can be imagined as all the “net” spins being aligned parallel to the applied field direction,
as shown in Fig. 2.2(a). The excited state of this magnetic system would then be obtained by
flipping one spin, as shown in Fig. 2.2(b). However, due to strong exchange interactions, the
excited state obtained by flipping the spin is not energetically favorable and the net spin re-
duction is distributed over the whole systems, resulting in a collective spin-wave excitation,
as shown in Fig. 2.2(c). These collective spin-wave excitations (known as magnons) carry Js

with spin-polarization along the average magnetization direction of the magnetic material.
When a ferromagnetic metal (F) is connected with a non-magnetic metal (NM) and a

charge current is sent through this F|NM bilayer system, in the bulk of the magnet F, the
current is spin-polarized (J↑ �= J↓), whereas in the bulk of NM material the current is unpo-
larized (J↑ = J↓). The conversion from spin-polarized to unpolarized charge current happens
at the F|NM interface via spin relaxation which results into a spin-accumulation at the inter-
face. The spin accumulation is μs = μ↑ − μ↓, where μ↑ and μ↓ are the chemical potentials for
spin-up and spin-down electrons. μs decays exponentially with the distance away from the
interface and can be described by using the Valet-Fret equation from spin diffusion [6]:

∇2μs =
μs

λ2
, (2.3)
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10 2. Concepts of spin transport in metal|magnetic insulator heterostructures

(a) Magnetic ground state 

(b) Excited state (higher energy)

(c) Excited state (lower energy)
Js

Figure 2.2: A simple illustration of a ferromagnet. (a) Ground state: All spins are aligned.
(b) Excited state: one spin is flipped, (c) to minimize the energy, the net spin reduction is
distributed over the whole system by a collective rotation (precession) of all spins around
their equilibrium, resulting a magnon carrying a spin current Js.

where λ represents the spin relaxation length of the material. Like in fully metallic systems, in
the magnetic insulator|non-magnetic metal systems, a spin accumulation can also be created.
In these not fully metallic systems, the spin accumulation can be created at the interface. The
spin accumulations in these systems also diffuse and relax in the non-magnetic metal. The
spin accumulations can be electrically generated by the spin Hall effect and detected by the
inverse spin Hall effect (both effects are discussed in detail in section 2.3 below.)

2.3 Generation (detection) of spin currents by (inverse)
spin Hall effect

As discussed above, pure charge currents can be found in paramagnetic metals, but the pre-
diction of generation of pure spin currents in a paramagnetic metal by the spin Hall effect
started a new paradigm for spintronics. The SHE is in analogy with the ordinary Hall effect
in which a voltage difference is generated transverse to the electric current in a metal when
a magnetic field is applied. However, the SHE is a purely spin-based phenomenon which is
conceptually more related to the anomalous Hall effect (AHE). In AHE, the relativistic spin-
orbit interaction generates an asymmetric deflection of the charge carriers depending on their
spin direction [8] in a ferromagnetic metal. Like the AHE, the SHE is also caused by spin-orbit
interaction and can be observed in heavy paramagnetic metals with strong spin-orbit interac-
tion - an interaction of a particle with its motion. The idea of the SHE was predicted firstly by
Dyakonov and Perel in 1971 [9] and rediscovered later by Hirsch in 1999 [10]. Almost 30 years
later after its prediction the SHE was experimentally observed [11].

In the SHE, an electrical current Jc is sent through a metal with strong spin-orbit interac-
tion. This interaction leads to an asymmetric scattering of spin-up and spin-down electrons,
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Jc Js

(a) (b)

Jc

drift

Jc
Js

Figure 2.3: (a) Schematic illustration of the spin Hall effect, where an initial charge current
Jc results in a transverse spin current Js. The electrons moving initially along the index
finger direction with a spin-polarization σ pointing along the thumb direction drift towards
the direction of middle finger, leading to a spin accumulation at the interface. The situation of
the right-hand rule is defined here for a metal like Pt with a positive spin Hall angle, however
for a metal like Ta with a negative spin Hall angle the drift direction will be opposite [22].
(b) Illustration of the inverse spin Hall effect, where an injected spin current Js generates a
charge current Jc.

resulting in a net spin current Js transverse to the charge current direction [11–13], as shown
in Fig. 2.3(a). The reciprocal effect known as the inverse spin Hall effect is based on the same
principle: the initial pure spin current results in a transverse charge current due to spin-orbit
coupling (Fig. 2.3(b)). As explained above, the efficiency of the charge to spin current intercon-
version depends on the spin-orbit interaction and, therefore, it is specific for each material and
parametrized by a dimensionless quantity known as spin Hall angle θSH [14]. The magnitude
and sign of the generated spin current are defined as follows:

�Js = θSH�σ × �Jc, (2.4)
�Jc = θSH�σ × �Js, (2.5)

where �σ represents the spin-polarization direction. The scattering mechanisms resulting in the
SHE in paramagnetic metals or in the AHE in ferromagnetic metals are divided into extrinsic
mechanisms, named skew scattering [15] and side-jump scattering [16] and intrinsic effects [8,
17, 18], which are related to the electronics band structure of the metal itself [19]. It has been
reported that for 4d and 5d transition metals (e.g. Pt and Ta) intrinsic scattering mechanisms
dominate over the extrinsic ones [20, 21].

Among the several possibilities to create spin currents, the SHE has gained a distinct place
in the field of magnon spintronics, since its first observation a decade ago [11, 12] together with
its reciprocal effect, the ISHE. Moreover, the interplay of both phenomena, SHE and ISHE,
forms the basis for the spin Hall magnetoresistance discussed in section 2.4. Considering
the extensive focus of current research, recently, several groups have combined their research
efforts and suggested a right-hand rule to define the positive spin Hall angle (see Fig. 2.3) [22],
for consistency of future work.
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12 2. Concepts of spin transport in metal|magnetic insulator heterostructures
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MFM

NM

MFM

Js

(b) (c)(a)

Js
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JcJs
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yz
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Figure 2.4: (a) Schematic illustration of the three main steps constituting the SMR in a FM|NM
system. (a) Creation of the spin accumulation: A charge current sent through the NM creates a
spin current by SHE resulting in the spin accumulation at the FM|NM interface. (b) Interaction
between the itinerant spins in the NM and localized spins in the insulating FM: the spin-
polarized electrons lose angular momentum when it is perpendicular to M by the spin-transfer
torque effect, resulting in a spin current injected into the FM. (c) The spins arriving at the
interface are fully reflected back in a NM when parallel to M resulting in an additional charge
current by ISHE.

2.4 Spin Hall magnetoresistance

The spin Hall magnetoresistance (SMR) is a spin current driven magnetoresistance effect. The
effect originates from the transport of spin current across a magnetic insulator|metal interface.
The metal, such as Pt, has strong spin-orbit coupling resulting a finite spin Hall angle.

The SMR was discovered in 2012 in a prototype ferrimagnetic insulator YIG|Pt system,
both in our group [23, 24] and by Nakayama et al. [25]. Its origin was theoretically explained
by Chen et al. in 2013 [26]. In the same year the SMR was reported in the YIG|Pt [27, 28]
and YIG|Ta [29] systems by several other groups. Recently the SMR has been reported in
more complex systems like CoFe2O4|Pt [30] and by our group in CoCr2O4|Pt (Chapter 4) and
Cu2OSeO3|Pt (Chapter 5).

In the SMR both SHE and the ISHE act in a concerted manner. When an in-plane current
flows through a resistive NM bar with strong spin-obit coupling, electrons with spins of op-
posite polarities accumulate at the opposite surfaces of the bar by the SHE, as shown in Fig.
2.4(a). In the plain NM bar, this spin accumulation is not visible because it will be followed
by a spin current back flow in NM. Both spin currents have the same spin orientation and
propagate in opposite directions, resulting in zero net contribution from the spin current to
the electrical resistance (Fig. 2.4(a)).

When a NM metal is in close vicinity of a FM layer, the interplay of SHE and ISHE be-
comes visible due to the spin-torque effect (discussed in section 2.5). The spin accumulation
due to SHE at the FM|NM interface can be partially absorbed or fully reflected, depending
on the interface magnetization �M of the FM. When μs ⊥ M , the electron spins arriving at
the Pt|CSO interface are partially absorbed (see Fig. 2.4(b)), thereby increasing the resistance.
When μs ‖ M , spins will be fully reflected. The reflected spin currents generate an extra
charge current via the ISHE (see Fig. 2.4(c)), thereby reducing the resistance. Therefore by
rotating the magnetization of FM, a change in the resistance of NM due to SMR can be mea-
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sured. In a planar Hall-bar geometry of a NM contact, the change in the resistance by the
SMR can be measured not only along the current (longitudinal) direction but also transverse
to the applied current direction. When M makes an angle with μs, this additionally gener-
ated charge current also has a component pointing in the transverse direction resulting in a
change in the transverse resistance. This change in the transverse resistance has a maximum
modulation between two configurations for α = 45o or 135o - known as the transverse SMR
response. In contrast, the longitudinal resistance establishes the maximum modulation be-
tween two configurations for α = 0o or 90o. In this thesis, we focused on the transverse SMR
response. The SMR signal in the longitudinal and transverse configurations can be described
as follows:

ρtrans = Δρ1mxmy +Δρ2mz, (2.6)

ρlong = ρ+Δρ0 +Δρ1(1−m2
y), (2.7)

here ρtrans and ρlong represent the transverse and the longitudinal resistivity, respectively. ρ

is the electrical resistivity of NM. mx, my , mz are the components of the magnetization of
FM in the x̂, ŷ, and ẑ directions, respectively. Δρ0, Δρ1 and Δρ2 are different changes in the
resistivity defined as follows [26]:

Δρ0
ρ

= −θ2SH
2λ

t
tanh

t

2λ
, (2.8)

Δρ1
ρ

= θ2SH
λ

t
Re

(
2λG↑↓ tanh2 t

2λ

σ + 2λG↑↓ coth t
λ

)
, (2.9)

Δρ2
ρ

= −θ2SH
λ

t
Im

(
2λG↑↓ tanh2 t

2λ

σ + 2λG↑↓ coth t
λ

)
. (2.10)

Here λ, t, θSH, σ, and G↑↓ represent the spin relaxation length, thickness, spin Hall angle,
bulk conductivity of the NM layer and the spin mixing conductance of the FM|NM interface,
respectively. Note that for out-of-plane magnetic field configurations the ordinary Hall effect
will be also taken into account in Eq. 2.6 [31].

Till now the SMR is considered as an interface effect [26, 30, 32] and can be used to deter-
mine the magnetization direction of the magnetic layer, without the need to send the charge
current through this magnetic layer itself. The magnitude of the spin transfer torque, STT and
therefore, the SMR depends on the quality of the FM|NM interface, described by the spin-
mixing conductance. A higher spin-mixing conductance results in a large STT resulting in
more absorption of the spin current at the interface (when μs ⊥ M ) and therefore a larger
change in the NM resistance - a higher SMR signal. The spin-mixing conductance is explained
in detail in section 2.5.

2.5 Spin-mixing conductance at the insulator|metal in-
terface

Both for the SMR and SSE (discussed in the next section), the interaction between the spins
of the itinerant electrons in a metallic layer NM and the localized moments in a magnetic



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel

2

14 2. Concepts of spin transport in metal|magnetic insulator heterostructures

layer FM is essential. This interaction is parametrized by the spin-mixing conductance at the
interface defined as G↑↓ = Gr + iGi, where Gr and Gi represent its real and imaginary parts.
The magnitude of G↑↓ is observed to be very sensitive to the interface quality. It describes
the transfer of angular momentum across the interface; a higher G↑↓ means more spins can be
injected from the NM to the FM layer which results in a higher spin transfer torque [26, 33]:

τSTT = Grm×μs ×m+Giμi ×m, (2.11)

where τSTT is the spin transfer torque acting on FM, m = (mi,mj ,mk)
T is the normalized

unit vector of the magnetization direction and μs is the spin accumulation at the FM|NM in-
terface with a specific spin-polarization direction [7, 31]. The real part Gr of the spin mixing
conductance is linked to the in-plane magnetic field torque [34, 35] and is accessible from
experiments like spin pumping [2, 36–38]. The imaginary part Gi is related to the spin pre-
cession and interpreted as an effective field acting on the magnetization, and is therefore also
referred as effective field torque and thus can be either positive or negative [39]. The SMR al-
lows to quantify both Gr and Gi experimentally in FM|NM heterostructures. From Eqs. (2.6)
and (2.10) it can be seen that by tuning the magnetization of FM layer (in such a way that
the product mxmy vanishes), the imaginary part Gi can be exclusively detected. It has been
observed that Gi is almost an order of magnitude smaller than Gr [39], as shown in a YIG|Pt
system with Gr = (7± 3)× 1014Ω−1m−2 and Gi = (5± 3)× 1013Ω−1m−2 [24]. Therefore, in
most experiments only Gr is taken into account.

2.6 Spin-caloritronic effect: spin Seebeck effect

Recovery of waste heat as electricity is traditionally the main concern of thermoelectricity, and
thermoelectric materials are the only option for harvesting relatively small temperature gradi-
ents, where most of the energy wasted as heat is available [40]. Conventional thermoelectrics
occur via the Seebeck effect which turns a temperature difference into a voltage. However, the
spin Seebeck effect is a new approach discovered in 2008 [41] - the spin analogy of the Seebeck
effect. The conventional Seebeck effect, discovered in 1821, generates an electric voltage �ΔV

as a result of a temperature gradient �∇T in a conductor, which can drive an electric current in
a closed circuit, along �∇T [42]. The voltage that builds up due to this effect is gauged by the
Seebeck coefficient S =

�ΔV
�∇T

. The origin of the Seebeck effect is that the electrons’ conductivity
is energy dependent. When a conductor is heated from one side, the electrons on the hot side
are more energetic and therefore have greater velocities than those in the cold side of the con-
ductor. Due to this difference in the energies of electrons at different sides, a net diffusion of
electrons occurs from hot end towards the cold end. This diffusion causes a charge imbalance
between two sides, resulting in a voltage build-up between two ends [43]. The widely used
thermocouples are based on the principle of the Seebeck effect.

Unlike the conventional thermoelectric effect (e.g. Seebeck effect) where the charge of elec-
trons couples to the heat, the field of spin caloritronics focuses on the study of mechanisms
based on coupling of electronic spin with heat. There are several mechanisms recently dis-
covered in the field of spin caloritronics including the spin Seebeck (SSE) and spin-dependent
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Seebeck (SdSE) effects which involve the generation of spin currents by applying a thermal
gradient. In both effects, the FM|NM bilayer heterostructures are utilized to generate and de-
tect spin currents. Although the SSE is very different from the SdSE that is driven by the spins
of itinerant (or tunnelling) electrons, and it results in a change in the charge Seebeck coefficient
by changing the magnetization configuration [44, 45].

A bulk ferromagnetic metal fundamentally acts as a thermocouple in which two parallel
spin-channels, with spin-dependent Seebeck coefficients, act as its two legs. When a tempera-
ture gradient is applied across this ferromagnet, under a closed circuit condition, the classical
thermoelectric effect causes a charge current to circulate though this metal parallel to the ther-
mal gradient. As the thermopower of this ferromagnetic metal is spin-dependent, the charge
current will be accompanied by a spin current. The SdSE cannot be observed in insulators as
it requires the presence of conduction electrons. In contrast to SdSE, which can occur in a bulk
ferromagnetic metal, the SSE is a two-step process that requires an interface between a mag-
netic insulator (FM) and a normal metal (NM). In the first step of the SSE, a pure spin current
is generated by exciting magnons with an applied thermal gradient across a magnetic insula-
tor. In the second step of the SSE, the spin current is injected across the NM|FM interface into
the NM contact. The injected spin current is measured as an-open circuit voltage in NM by
the ISHE. Hence, the SSE utilizes the collective spin degree of freedom of a magnetic insulator
as a route to new physical phenomena that convert waste heat into useful spin currents that
flow with minimal dissipation.

In a magnetic insulator at a finite temperature the spins are not statically aligned along
the average magnetization direction but due to thermal excitation they are randomly rotated.
When a thermal gradient is applied across this insulator, it leads to stronger thermal exci-
tations on the hot side compared to the cold side. This difference in the spin excitation on
both ends excites magnons which can transport spin along the temperature gradient direc-
tion. These thermally excited magnons can be detected electrically in the SSE. These magnons
carry a spin current which can be transferred at the interface into a normal metal NM. The
adjacent NM will act as a sink for magnons, resulting in a pure spin current injection into the
NM. The spin-polarization direction of the injected spin current depends on the direction of
thermal gradient, reversing the thermal gradient direction will also invert the sign of the spin-
polarization. This spin current is detected electrically by the ISHE (explained in section 2.3).

In the beginning, only metallic FM|NM bilayers were used to study the SdSE. However,
recently after the discovery of the SSE, the insulating FM have attracted much attention. These
FM systems, like the yttrium iron garnet (YIG), with a long-range magnetic order, enable the
propagation of magnetic excitations carrying spin currents, but at the same time are electri-
cally insulating. Therefore, the insulating FM|NM heterostructure provides a clean separation
of spin and charge currents, as the charge currents are restricted to the conductive NM layer,
while the spin currents can propagate in both insulating FM and NM layers. The large po-
tential for applications of magnon spintronics is illustrated by the spin Seebeck effect which
already has some distinct advantages over the ordinary Seebeck effect, owing to the ease of
device fabrication, scalability, and efficiency near room temperature. This is demonstrated,
for example, in the device-concept of spin-thermoelectric coating [40, 46].

The SSE is till now explained as a bulk effect in which thermal magnons play an important
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FM

M

NM

T

EISHE Figure 2.5: (a) Illustration of the spin See-
beck effect in a ferromagnetic insulator - nor-
mal metal (FM|NM) system, where a ther-
mal gradient ΔT excites thermal magnons
in FM. These magnons will transfer the an-
gular momentum at the interface by polariz-
ing the electrons in a NM close to the inter-
face. These spin-polarized electrons will be
detected electrically by the inverse spin Hall
effect in a NM.

role [47–49]. The microscopic origin of the SSE was theoretically explained firstly by Xiao et
al [50]. Using earlier work by Sanders and Walton [51], they explained that in SSE the injected
spin current in the adjacent NM by thermal spin pumping is caused by the difference in tem-
perature at the FM|NM interface between the magnons in FM and electrons in the NM contact.
In their theoretical model they assumed the electron-temperature being equal to the phonon-
temperature, obtaining Js ∝ ΔTme, where Js is the injected spin current density into a NM
and ΔTme is the temperature difference between the magnons and electrons at the FM|NM
interface. Later on, Hoffman et al. reformulated the theory of Xiao et al. by considering the
Landau-Lifshitz-Gilbert equation. However, recent experiments by Kehlberger et al. [48] show
that the theoretical interpretation of the SSE by Xiao et al. is not sufficient to explain their ob-
served SSE signal as a function of YIG thickness in a YIG|Pt system. Moreover, non-local SSE
signals observed recently by Cornelissen et al. also cannot be explained by this theory. To
explain their work, a different theoretical interpretation of the SSE proposed by Rezende et
al. [52] was used. According to this theoretical model, the SSE results from the bulk magnon
spin currents created by the temperature gradient across the thickness of the ferromagnetic
insulator. Further research is still going on to find the possible coexistence of the interface as
well as bulk effect [53].

2.7 Magnetic insulators

Spintronics in magnetic insulators, like the yttrium iron garnet (YIG) with a long-range mag-
netic order, enable the propagation of magnetic excitations carrying the spin currents. At the
same time, they are electrically insulating, providing a clean separation of spin and charge
currents, as the charge currents are restricted to the conductive metallic electrodes. Many
spintronic phenomena have already been demonstrated in magnetic insulators including the
spin Hall magnetoresistance (SMR) [23, 24, 54], spin Seebeck effect (SSE) [4, 41, 55], spin-Peltier
effect [56], spin-pumping [57, 58] and spin-transfer torque [1, 59, 60].

These effects have been investigated mostly in the prototype YIG which is a room-temperature
magnetic insulator with low magnetic damping [61]. However, magnetic insulators come in a
large variety of magnetic order which can offer improved efficiency and new functionality for



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel

2

2.7. Magnetic insulators 17

spin transport. As recently reported by Kirihara et al. [40], the efficiency of a thermoelectric
device based on the SSE can be ten times improved compared to a conventional thermoelec-
tric by making use of Ni0.2Zn0.3Fe2.5O4 magnetic layers coated on a flexible plastic sheet. A
spray-coating method known as ’ferrite plating’ is used offering favorable features for ther-
moelectric applications.

The potential of new magnetic materials became more clearer after the discovery of a sign
change as a function of magnetic field in the SSE signal observed in a Gd iron garnet (GIG) [62].
This shows that an unexpected behavior that leads to novel functionality may be found by
considering new magnetic materials. Apart from garnets, the frustrated non-collinear and
chiral magnetic insulators can be interesting for spin transport study due to their enriched
magnetic phase diagrams [63–65].

2.7.1 Non-collinear magnetic insulators

In non-collinear frustrated magnets, the second nearest neighbor magnetic interactions are
of the same order as those for the first one, generating geometric frustration that favors spin
canting. This spin canting leads to various spin-spiral orders, like proper screw, cycloidal,
longitudinal-conical and transverse-conical spiral. An example of such a non-collinear frus-
trated magnet is CoCr2O4 (CCO), discussed in chapter 4.

To understand frustrated magnetism we can consider the Hamiltonian for a simple situa-
tion with a quasi-one dimensional spin chain which can be written as follows:

H =
∑
n

J1Sn.Sn+1 + J2Sn.Sn+2, (2.12)

where J1 and J2 are the first and second nearest neighbour interactions. The nearest neigh-
bor interaction prefers a (anti-) ferromagnetic ground state, determined by the sign of J1, and
competes with the next nearest neighbor antiferromagnetic interaction J2. When J1 is suffi-
ciently strong (|J1| < 4J2), the ground state will be collinear (anti-) ferromagnetic as in case
of the prototype YIG. Otherwise, the ground state will be a spiral state Sn = (cos qn, sin qn)

with a wave vector q = arccos(− J1
4J2

) [66]. This mechanism is responsible for spiral ordering
for materials like CoCr2O4 discussed in chapter 4.

J1 J2

Figure 2.6: (a) Structure illustration of magnetic spiral ordering in the chain of the quasi-1D
magnet with J1 and J2 the first and second nearest neighbor interactions, respectively.
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Figure 2.7: (a) Structure of the
spin-chain compound SrCuO2. (b)
adapted from Ref. [71], shows the
thermal conductivities, κa and κc of
SrCuO2 along a and c axes, respec-
tively. Closed (open) symbols rep-
resent c-axis ( a-axis) data, circles
(diamonds) corresponding to sam-
ples with different purity, 4N (2N).

2.7.2 Non-centrosymmetric magnetic insulators

The non-centrosymmetric magnetic systems with no inversion center are of a great interest
due to presence of variety of non-collinear spin states including spiral, helical and skyrmionic
magnetic states. In these magnetic systems the relativistic Dzyaloshinskii-Moriya (DM) in-
teraction plays an important role. The DM interaction is an antisymmetric exchange which
favors a spin canting of otherwise (anti)parallel aligned magnetic moments and its strength
is proportional to the spin-orbit coupling constant. This DM interaction result in a twist of
the initially ferromagnetic spin arrangement, leading to the formation of non-collinear incom-
mensurate (chiral) helical structures [67–70]. The most famous example of such a magnetic
insulator Cu2OSeO3, the first magnetic insulator in which the skyrmion lattice phase is ob-
served, discussed in chapters 5 and 7.

2.7.3 Low-dimensional magnetic systems

Apart from three-dimensional magnets, the quasi-one-dimensional magnetic insulators such
as SrCuO2, Sr2CuO3 and (Sr,Ca,La)14Cu24O4 can be potential candidates to improve the ef-
ficiency of spin caloritronic effects like SSE. The magnonic spin-heat currents can be orders
of magnitude larger in these low-dimensional systems compared to that in three-dimensional
bulk materials due to the fact that the low dimensionality suppresses decay channels by lim-
iting the scattering phase space. Moreover, the crystal anisotropy of the heat conductivity in
these materials can be used to tune the phononic contribution to the heat flow with respect to
the magnonic contribution. An example of such a system is SrCuO2, which is a layered mate-
rial. Each layer is separated by non-magnetic strontium atoms and the magnonic heat trans-
port can only occur in the ac-plane containing Cu-O-Cu spin-chains (see Fig. 2.7(a)). These
Cu-O-Cu chains have strong superexchange interaction within the chain and almost 10 times
weaker between the chains. SrCuO2 crystals have shown very large anisotropy in the heat
conductivity with almost ballistic heat transport along the chains, as shown in Fig. 2.7(b).
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2.8 Device fabrication and measurement techniques
This section describes the techniques used to fabricate devices studied in this thesis. The de-

vices are fabricated from crystals as well as thin films. For both films and crystals the same
device fabrication procedure is used, apart from the starting step of surface preparation. The
Cu2OSeO3 (CSO) single crystals and CoCr2O4 (CCO) are grown in our lab, the growth pro-
cedure for CSO is summarized in chapter 7. Exceptions are YIG single crystals described in
chapter 3 which are not grown in our lab but are bought from Crystal Systems Corporation,
Hokuto, Yamanashi, Japan. The starting point for device fabrication of crystals (CSO and YIG)
is getting a reasonably flat surface along the required crystallographic plane, by first orienting
the crystal by single-crystal x-ray diffraction and lapping away a part of the crystal with a
diamond saw cutter. After getting a surface (approximately 4 × 4 mm2), the crystals (CSO,
CCO) were polished with different polishing particles (sizes down to 40 nm) to achieve mini-
mum surface roughness (< 2 nm) in our lab. For thin films no polishing was required. Further
processing steps of the devices are done in NanoLabNL clean room facility in Groningen and
described in the following sections.

2.8.1 Electron-beam lithography

To pattern the device structures of the Hall-bars on different magnetic surfaces, electron beam
lithography is carried out. In this technique a polymer mask is spin-coated on the sample
and exposed to high-energy electrons (30 kV) in a required pattern. The exposed areas of the
polymer become soluble in a solution of MIBK (4-Methyl-2-pentanone) and IPA (2-propanol)
(1:3) due to breakage of polymer chains during the e-beam exposure.

The Hall-bar device patterns were defined using three e-beam lithography steps, each fol-
lowed by a standard deposition and lift-off procedure described below. The first step produces
a marker pattern, used to align the subsequent steps. The second step defines the Hall-bar
structure, deposited by DC sputter deposition technique. The third step defines metallic leads
and bonding pads also deposited by the sputtering technique.

Each e-beam lithography step consists of the following subsequent procedures (schemati-
cally shown in Fig. 2.8).

1. Cleaning substrates: First, all samples (crystals or films) were cleaned by submerging
them in a beaker containing warm acetone (48◦C) and, when required, using low-power
ultrasonication. The samples were rinsed by IPA and dried by blowing nitrogen. Ex-
ceptions are the CCO films used for experiments discussed in chapter 4, which are also
annealed at 200◦C for 60minutes in an O2 atmosphere before further processing.

2. Resist spinning The positive e-beam photoresist PMMA (polymethyl methacrylate)
with 950k molecular weight resins in 3 % ethyl lactate solvent is used, resulting in
0.15 μm thickness of the resist layer. The photoresist is spun on the sample at a rate of
4000 rpm for 60 seconds followed by baking on a hotplate at 180◦C for 90 seconds. All
magnetic substrates used in this study are insulators, therefore, a water soluble conduc-
tive polymer (aquaSave-53za) is spun on top of a PMMA layer at 6000 rpm for 120 sec-
onds.
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Figure 2.8: Schematic illustration of the deposition procedure for patterning Hall-bar device
structures with EBL. (1) Cleaning substrate, (2) resist spinning, (3) e-beam exposure, (4) devel-
opment (5) deposition, (6) lift-off.

3. E-beam exposure: The exposure is performed in a Raith e-line electron-beam system
with a base pressure of < 1 × 10−5 mbar. The device pattern with multiple layers is
drawn in the e-line software with flexibility of desired layer to be exposed. The first step
of EBL, which is patterning the cross-shaped markers, is used to align the structures in
the subsequent EBL steps. Area dose of 450μC/cm2 with an acceleration voltage of
30 kV is used. A writefield of 2.4 × 2.4 mm2combined with an aperture size of 60 μm
to 120 μm is used.

Exposure of e-beam to certain areas will break the polymer chains in that region, making
it soluble in a (1:3) solution of MIBK and IPA.

4. Development: For developing the exposed structures, the aquaSave-53za layer is re-
moved by rinsing the sample in deionized water for 30 seconds. Afterwards the sample
is immersed in a (1:3) solution of MIBK:IPA for 30 seconds with a consecutive step of
rinsing in IPA for another 30 seconds.

By using the development procedure mentioned above, the exposed PMMA areas will
be dissolved, leaving a PMMA mask with the required pattern for metallic electrode
deposition. The development of the sample is checked under an optical microscope
before further processing.

5. Deposition: The desired material is deposited on the sample with dc-sputtering in an
Ar+ plasma at an argon pressure of 3.3 × 103 mbar.

6. Lift-off: To remove the PPMA and unnecessary material sputtered on top, the sample
is placed in a beaker containing warm acetone for 15 minutes. To assist this process,
a pipette is used to stir the hot acetone and the beaker is additionally placed in an
ultrasonic bath at low power when necessary.

After deposition of all layers by following the procedure described above, the device is
finalized by gluing it on a 12-pin PPMS chip carrier by using a little drop of G-varnish.
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Afterwards, the contact pads on the sample are bonded to the chip carrier by AlSi wires
which provide easy contacting of the device to the measurement setup. Exceptions are
devices made on crystals (discussed in chapter 3 and chapter 5) where Pt wires are used
to make contacts.

2.8.2 Lock-in detection

Most of the electrical measurements are performed by using the lock-in detection tech-
nique. Using this technique, the first, second or higher order responses of a system, by sending
AC current through it, can be separated. Generally, any generated voltage can be expressed
as the sum of first, second and higher order responses to an applied current as

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) + · · · , (2.13)

where Rn represent the n-th order resistance response. For I(t) =
√
2Io sinωt, with angular

frequency ω and rms value I0, Rn are obtained by measuring the different frequency compo-
nents (1ω, 2ω, · · · ) with a lock-in amplifier, making use of the orthogonality of sinusoidal har-
monic functions. To extract different frequency components, the output voltage signal from
the device and the reference input signal (a sine wave function) are multiplied and integrated
over time. When two signals with different frequencies are multiplied and integrated over
many periods, the output will result in zero signal. However, when both sine wave functions
are in-phase and have the same frequency, the output will be a nonzero signal. Therefore,
the lock-in detection technique enables to separately extract different harmonic signals with
reduced noise. The reduced noise in this technique is resulting from the fact that the mea-
surement is only sensitive to a very narrow range of frequencies where the central frequency
can be freely selected, giving a much better signal to noise ratio than in DC measurement
techniques.

The detected n-th harmonic response at a set phase φ can be written as

Vn(t) =

√
2

T

∫ t

t−T

sin (nωs+ φ)V (s)ds. (2.14)

By solving Eq. (4.2) for an input voltage V from device, different harmonic voltage signals can
be obtained which can be separately measured by the lock-in amplifiers (Vn). By considering
only first and second harmonic voltage signals, the first and second order resistance responses
can be defined by using Eq. (7.2) and Eq. (4.2) as follows:

V1 = I0R1

V2 = I20R2/
√
2

for
φ = 0o

φ = −90o (2.15)

Note that V1 (V2) does not purely scale linearly (quadratically) with I0 as shown in Eq. 4.3.
A third (fourth) order current dependence can also be present in the measured V1 (V2). Nev-
ertheless, the higher harmonic response till fourth harmonic signal is checked and observed
to be negligible compared to the first and second harmonic voltage response, thus they are
mostly neglected in this thesis.
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Figure 2.9: PPMS measurement setup picture including the PPMS chamber controller, PPMS
chamber and a sample stick containing a rotator.

2.8.3 Measurement Setup
Most of the electrical measurements described in this thesis are done in the Quantum Design
’Physical Properties Measurement system’ (PPMS), shown in Fig. 2.9. Exceptions are the mea-
surements described in chapter 6. After the device fabrication the sample is mounted on a chip
carrier, as described in section 2.8 and placed in the sample puck connector of the PPMS stick.
The PPMS system can be configured up to 9 T fields with a superconducting magnet. The
sample can be cooled down up to 4 K. The PPMS rotator stick is connected with the stepper
motor, such that the magnetic field varies in the plane of the sample.

After placing the sample in PPMS, it is connected to the measurement setup via a home-
built switchbox, used to specify the input current and output voltage contacts. For the input
current a home-built VI-IV meetkast (’measurement box’) is used. The meetkast consists of
a voltage-controllable current source which is used to generate the AC current sent to the
sample at a frequency set by the lock-in amplifier. The meetkast also contains a voltage pre-
amplifier with adjustable gain and bandwidth, used to pre-amplify the output voltage signals
from the sample. Moreover, the measurement setup contains one or more Stanford Research
Systems SR830 lock-in amplifiers, which filter the first, second or higher harmonic voltage
signals from the pre-amplified output voltage signal. A picture of the measurement setup
including a simplified connection scheme for the electrical detection is shown in Fig. 2.10.
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Figure 2.10: (top left) Optical image of a typical device with a Hall-bar structure. (bottom
left) A switchbox to connect the sample with desired electronics. (right) Measurement setup
picture, illustrating the scheme of the lock-in detection technique: The first lock-in amplifier is
set to a required frequency (f = 17 Hz), generating an AC voltage (at 1) which is sent to VI-IV
meetkast where it is converted to an AC current (at 2) of desired amplitude. This current is
sent to the sample via the switchbox, from another set of contacts (at 3) of the switchbox the
voltage generated by the sample is detected and pre-amplified. Afterwards, the generated
voltage is sent to the lock-in amplifiers (at 4) to separate the first, second and higher harmonic
voltages.
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Chapter 3

Spin Seebeck effect in a single crystal YIG|Pt
system

Abstract

We have investigated the influence of the interface quality on the spin Seebeck effect (SSE)
of the bilayer system yttrium iron garnet (YIG) − platinum (Pt). The magnitude and
shape of the SSE is strongly influenced by mechanical treatment of the YIG single crystal
surface. We observe that the saturation magnetic field (HSSE

sat ) for the SSE signal increases
from 55.3 mT to 72.8 mT with mechanical treatment. The change in the magnitude of
HSSE

sat can be attributed to the presence of a perpendicular magnetic anisotropy due to the
treatment induced surface strain or shape anisotropy in the Pt/YIG system. Our results
show that the SSE is a powerful tool to investigate magnetic anisotropy at the interface.

3.1 Introduction

The discovery of the spin Seebeck effect (SSE) [1] in insulators triggered the modern
era of the field of spin caloritronics [2]. In insulators, instead of moving charges,
only spin excitations (magnons) drive the non-equilibrium spin currents. In the spin
Seebeck effect, spin currents are thermally excited in a ferromagnet FM and detected
in a normal metal NM deposited on the FM. The bilayer NM/FM system in the SSE
provides the opportunity to separately tune the properties of both layers to optimize
the magnitude and magnetic field dependence of the SSE effect. The platinum (Pt)
and yttrium iron garnet (YIG) bilayer system has attracted considerable attention for
studying the spin Seebeck effect [1, 3–5] and for other spin dependent transport ex-
periments [1, 6–13]. Platinum (Pt) has a large inverse spin Hall response [14] whereas
YIG is an ideal ferromagnetic insulator due to low magnetic damping [2, 6, 15] and
a large band gap [16] at room temperature.

The origin of the spin Seebeck effect is commonly explained by the difference in
the magnon temperature in the FM and the phonon temperature in the NM, ΔTmp

[17, 18]. When the temperature gradient ∇T is applied across the NM/FM system, it
creates a ΔTmp based on the thermal conductivities of the magnon and the phonon
subsystems [17]. This ΔTmp induces a spin current density at the interface which
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is detected in the normal metal Pt by the inverse spin Hall effect (ISHE). The ISHE
signal depends on a scaling parameter, the interfacial SSE coefficient Ls, related to
how efficiently the spin current density can be created across the interface under a
certain ΔTmp. The resulting spin Seebeck signal scales linearly with the length of the
NM (lPt), therefore for the Pt/YIG system

VISHE ∝ lPt . Ls . ∇T (3.1)

The scaling parameter Ls is proportional to the real part of the spin mixing con-
ductance g↑↓r at the interface. The spin mixing conductance g↑↓r and therefore the SSE
are very sensitive to the interface quality [19]. In recent years substantial effort has
been made to improve the spin mixing conductance on thin films of YIG [19, 20] and
bulk crystals [16, 21]. Unlike thin films, bulk crystals need an extra surface polishing
step for the device fabrication, due to the initial surface roughness. The polishing
of the crystal surface can influence the spin mixing conductance in several ways.
Apart from changing the surface roughness, mechanical polishing can change the
magnetic structures at the interface by inducing a small perpendicular anisotropy at
the surface layer of the YIG crystal [22–24]. However, the effect of polishing on the
spin Seebeck effect (SSE) has not yet been systematically studied. In this chapter, we
report the effect of mechanical surface treatment of the YIG single crystals on the SSE
effect. This systematic study reveals the surface sensitivity of the SSE and indicates
new ways of surface modification for improved thermoelectric efficiency.

3.2 Experimental technique

In this study, we use the longitudinal configuration [3] for the spin Seebeck effect
where the temperature gradient is applied across a NM/FM interface and parallel to
the spin current direction Js. In Fig. 3.1(a), we illustrate schematically the device con-
figuration for measuring the SSE used in this study. The sample consists of a single
crystal YIG slab and a Pt film sputtered on a (111) surface of the YIG crystal. When
an out-of-plane (along z-axis) temperature gradient is applied to the Pt/YIG stack,
magnons are thermally excited. Magnons inject a spin current along the z-axis and
polarize the spins in the Pt film close to the interface parallel to the magnetization
of the YIG crystal, as illustrated in Fig. 3.1(b). Due to the strong spin-orbit coupling
in the Pt film, the spin polarization σ is converted to a voltage signal VISHE. The sin-
gle crystals of YIG with the same purity were used in all measurements which were
purchased from Crystal Systems Corporation, Hokuto, Yamanashi, Japan. These YIG
crystals were grown by the floating zone method along the (111) direction. A dia-
mond saw was used to cut the crystals. The YIG crystals were cleaned ultrasonically
first in acetone and then ethanol baths.
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Figure 3.1: (a) Device configuration of the longitudinal SSE where ∇T represents the tem-
perature gradient across the Pt/YIG system. (b) Detection of spin current by the ISHE. The
orange arrows indicate the spin polarization σ at the interface of the Pt/YIG system. M, JS

and EISHE represent the magnetization of YIG, spatial direction of the thermally generated
spin current, and electric field induced by the ISHE, respectively. θ represents the angle be-
tween the external magnetic field H in the xy plane and the x-axis. (c) AFM height image of a
single crystal YIG surface (20 x 20 μm2) for sample S1. (d) a comparison between the magnetic
field dependence of VISHE at ΔT = 3.6 K for sample S1 and the magnetization M of the YIG
crystal.

Three different types of surfaces were prepared for samples S1 - S3 by the follow-
ing treatments:

• For S1: the YIG crystals were grinded with abrasive grinding papers (SiC P1200
- SiC P4000) at 150 rpm for 1h. After grinding, diamond particles were used
with a sequence of 9 μm, 3 μm and 1 μm at 300 rpm for 30 mins, respectively.
To remove the surface strain or surface damage due to diamond particles [22–
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24], colloidal silica OPS (oxide polishing suspension) with a particle size of 40
nm was used, which can give mechanical as well as chemical polishing. To
remove the residuals of polishing particles, samples were heated at 200 ◦C for
1h at ambient conditions. Then crystals were cleaned by acetone and ethanol
in an ultrasonic bath before depositing the Pt layer on top.

• For S2: grinding, polishing and cleaning of the samples were done in the same
way as described for S1. However, the colloidal silica OPS was not used for
sample S2. Thus, the strained or damaged surface layer due to diamond pol-
ishing was retained.

• For S3: no mechanical polishing was done to obtain flat surfaces as done for
samples S1 and S2. After cleaning in the same way as done for samples S1 and
S2, Pt was deposited on the unpolished YIG crystal surface.

Table 3.1: Surface treatment, surface roughness, and orientation of the YIG crystals for differ-
ent samples.

Samples Polishing Roughness Orientation

S1 Silica < 3 nm (111)
S2 diamond ≥ 12 nm (111)
S3 no > 300 nm (111)

The surface treatments are summarized in Table 3.1. The measurements of the
spin Seebeck effect (SSE) were performed in the following way. The samples were
magnetized in the xy plane of the YIG crystal by an external magnetic field H, as
shown in Fig. 3.1. To excite magnons an external heater generates a temperature
gradient ∇T across the Pt/YIG stack where the temperature of heat sink is denoted
as T. The thickness of the YIG (Pt bar) is 3 mm (15 nm) for all samples. Regarding the
lateral dimension of the Pt bar, the length (width) varies from 5 mm to 3 mm (2.5 mm
to 1.5 mm) with all samples having ratios 2:1. The surface of the YIG crystals was
analyzed by atomic force microscopy (AFM) before deposition of the Pt film on top.
The observed spin Seebeck signals show a small offset which we removed. The field
at which 95% of the SSE signal saturates is defined as HSSE

sat . The magnetization M
of the YIG crystal with a dimension of 2 mm x 1 mm was measured with a SQUID
(Superconducting QUantum Interference Device) magnetometer.

3.3 Results and discussion

Fig. 3.1(c) shows the AFM height image of sample S1 with a surface roughness
smaller than 3 nm. A distinct VISHE signal appears and saturates around ∼ 55.3
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Figure 3.2: (a) AFM height image of a single crystal YIG surface for sample S2 (20 x 20 μm2).
(b) Comparison between the H dependence of VISHE at ΔT = 3.6 K in sample S2 and the mag-
netization M of the YIG crystal. (c) Temperature dependence of HSSE

sat . The inset shows HSSE
sat as

a function of T ε where ε = 2. (d) VISHE as a function of the external magnetic field direction θ

in the Pt/YIG system at a fixed magnetic field 80 mT.

mT, which is close to the field required to saturate the magnetization of the YIG
crystal, as illustrated in Fig. 3.1(d). Similarly, the YIG surface of sample S2 was an-
alyzed by AFM. Fig. 3.2(a) shows that sample S2 has a surface roughness ∼ 12 nm
with strip-like trenches at the surface. A clear spin Seebeck response has been ob-
served for sample S2 by changing the applied magnetic field H. The signal saturates
at relatively higher values of H (∼ 66.1 mT) compared to the magnetization of YIG
as shown in Fig. 3.2b. In addition, we checked the magnetic field dependence of
the spin Seebeck response at low temperatures for sample S2, the temperature de-
pendence of the HSSE

sat is given in Fig. 3.2(c). As the YIG crystal is a 3D isotropic
ferrimagnet, the temperature dependence of the magnetic order parameter obeys a
T 2 universality scaling [25]. To understand the temperature dependence of HSSE

sat ,
we fitted HSSE

sat at low temperatures by assuming Tc = 553 K as shown in the inset of
Fig. 3.2(c). The temperature dependence of HSSE

sat closely obeys the T 2 universality
behavior of the order parameter of the YIG crystal with exponent ε = 2. It suggests
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that the HSSE
sat directly depends on the order parameter of the YIG crystal. To confirm

further the origin of the observed signal, H is rotated in the xy plane. The VISHE sig-
nal follows the expected sinusoidal dependence for a spin Seebeck signal, as shown
in Fig. 3.2(d).

Unlike the samples S1 and S2, sample S3 has a very large surface roughness (>
300 nm) as shown in Fig. 3.3(a). Nevertheless, a clear spin Seebeck signal was ob-
served as shown in Fig 3.3(b).

(a) (b)

350 nm

200 

100 

0

Figure 3.3: (a) AFM height image of the YIG surface for sample S3 (20 x 20 μm2) and (b) a com-
parison between the H dependence of VISHE at ΔT = 7.5 K in sample S3 and the magnetization
M of the YIG crystal.

From equation 3.1, it follows that the inverse spin Hall voltage VISHE is propor-
tional to the applied temperature gradient ∇T and the length of the Pt bar lPt. VISHE

increases by reducing the thickness of the Pt film tPt, for both the spin pumping
[26] and the SSE [27] experiments. Therefore to compare samples with different Pt
thickness we can define a parameter C as follows [26–28]:

C =
1

tanh[
tPt

2λPt
] ρPt

lPt

tPt

VISHE

∇T
(3.2)

Here, ∇T is defined as the temperature difference across the Pt/YIG stack nor-
malized with the thickness of the YIG crystal, ρPt is the resistivity of Pt and λPt is the
spin diffusion length of Pt. In these experiments, unlike ρPt, λPt cannot be measured
directly, therefore we assumed that it remains constant for different samples. Note
that for all samples discussed here tPt > 2 λPt (where λPt = 1.5 nm [12, 13]) so the

tanh[
tPt

2λPt
] term is approximately equal to 1 leading to VISHE ∝ 1/tPt. Moreover, the

C parameter is independent of the YIG thickness when the thickness is larger than
the magnon mean free path and therefore it can be used as an indicator of changes
in other parameters related to the interfacial mechanisms of the SSE.
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Table 3.2: Comparison of the resistance R of the Pt film, the C parameter and the HSSE
sat for the

SSE response in bulk single crystals and thin films

Bulk crystals Thin films

S1 S2 S3 Ref. [3] Ref. [13]

R (Ω) 33.8 52.2 119 - -
C (10−8V Ω−1 K−1) 0.917 1.369 0.043 0.554 1.105

HSSE
sat (mT) 55.3 66.1 72.8 40 2.5

The resistance of the Pt film varies between the samples S1-S3, nevertheless all
samples have similar resistance within an order of magnitude as shown in Table 3.2.
The observed change in the resistance is correlated with the roughness of the crystals,
although we do not observe the same scaling for the SSE response. For example, the
resistance of sample S2 is 50% higher than that of sample S1 whereas the SSE signal
for sample S2 is only 30% higher than for sample S1. Furthermore the resistance of
sample S3 is almost four times bigger than sample S1, however the SSE response
actually follows the opposite trend, as it is actually more than an order of magnitude
lower for S3 than the response for the samples S1 and S2. Therefore, we establish
that the dominant mechanism relevant for the observed differences in the SSE signal
is not the resistivity of the NM films but the quality of the NM/FM interface. Sample
S1 gives a C parameter that is comparable to the value reported for thin films and
bulk crystals as shown in Table 3.2. However, sample S2 shows 30% bigger and
sample S3 shows more than an order of magnitude smaller value of the C parameter
than sample S1. The observed variation in the value of the C parameter indicates
the importance of mechanical treatment induced surface effects that we will discuss
below.

Based on the experimental conditions listed in Table 3.1 and the results sum-
marised in Table 3.2, we propose a possible mechanism for our observations. Fig. 3.4(a-
c) schematically illustrates possible interface morphologies and the surface magne-
tization for the NM/FM system, for different interface conditions between the NM
film and the FM crystal. Fig. 3.4(a) represents the case for a NM film deposited on an
atomically flat FM crystal. Here, the case for sample S1 corresponds to Fig. 3.4(a).
Fig. 3.4(b) depicts a situation for a NM deposited on a flat FM crystal but hav-
ing a small perpendicular anisotropy at the surface. The situation represented in
Fig. 3.4(b) corresponds to the case for sample S2. The surface of the YIG crystal for
sample S2 contains trenches due to polishing of the YIG crystal with coarse diamond
particles as shown in Fig. 3.2(a). The trenches at the interface can induce strain or
shape anisotropy resulting in a perpendicular anisotropy at the interface. The pres-
ence of a small perpendicular anisotropy at the interface would increase the HSSE

sat
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Figure 3.4: (a-c) A schematic illustration of the interface morphologies of the NM/FM system
for different surface treatments of the FM where orange arrows represent ∇T : (a) An atomi-
cally flat interface, (b) an interface with a perpendicular anisotropy and (c) a rough interface.
(d) Comparison between the magnitude of the C parameter and (e) comparison between the
line profile of the SSE signal as a function of H for all samples.

compared to the bulk magnetization of the YIG crystal, which has been clearly ob-
served for sample S2 (see Fig. 3.2(b)).

In addition, the magnitude of the SSE signal can also change if the mechanical
polishing changes the atomic termination for the density of Fe atoms that are in direct
contact with the Pt metal. If the density of Fe atoms at the surface is larger than the
bulk of the YIG, the observed SSE signal would be larger [16, 21]. The increase in
the SSE signal for sample S2 compared to sample S1 can be attributed to different
chemical termination due to polishing with coarse diamond particles. Fig. 3.4(c)
shows the case for a rough interface between the NM and the FM crystal which
corresponds to the situation for sample S3. In case of sample S3, the lack of further
mechanical treatment after cutting with a diamond saw leaves a very rough surface
of the YIG crystal. The HSSE

sat is around 72.8 mT for sample S3 as shown in Fig. 3.3(b).
The increase in the value of HSSE

sat for sample S3 compared to the magnetization of
YIG can be due to a non-uniform magnetization at the interface resulting from high
surface roughness of the YIG crystal.
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Fig. 3.4(d) gives a comparison of the magnitude of the SSE signal in terms of the
C parameter (as defined in equation 3.2) for samples with different mechanical treat-
ments. The observed signal for sample S3 is smallest compared to other samples.
This can be explained due to the increase of surface roughness [7, 16] resulting in the
small spin mixing conductance at the interface. The sample S1 has the lowest surface
roughness, however the SSE signal observed for sample S2 is the largest compared
to the samples S1 and S3 as shown in Fig. 3.4(d). Therefore, for the largest roughness
of sample S3 we see a relation between roughness and the SSE signal, but not for the
samples S1 and S2. Hence, the roughness is not the only parameter and this might
be related to the more abrasive nature of the diamond particles leaving a different
chemical termination at the interface.

To compare the line profile of the VISHE signal, in Fig. 3.4(e) the signals are nor-
malized by their value at H = 90 mT, where they reach saturation. Fig. 3.4(e) shows
that the line profile of the SSE signal changes when moving from soft silica to coarse
diamond particle polishing. For the samples S1 and S2 the VISHE is very small at zero
applied field compared to the value measured at 90 mT. However, for sample S3 the
VISHE is almost 64% of the value measured at H = 90 mT. The value of HSSE

sat is high-
est for sample S3 with the largest surface roughness and lowest for sample S1 with
the smallest surface roughness. Therefore, HSSE

sat directly correlates with the rough-
ness of sample. The large deviation in the magnitude of the SSE signal and HSSE

sat in
the YIG crystals with different surface treatments emphasizes the surface sensitivity
of the spin Seebeck effect. Our results indicate that not only the surface roughness
but actual atomic structures and chemical termination at the interface also play an
important role in the SSE.

3.4 Conclusions

In conclusion, we have shown a strong dependence of the spin Seebeck signal on the
interface condition of the Pt/YIG bilayer system. We observed a change of 18 mT in
the saturation field of the SSE signal by changing the type of polishing. Furthermore
we observe the change in the magnitude of the SSE signal for different samples. No
definite relation has been found between the SSE response and the sample rough-
ness. However, we observe a direct correlation between the HSSE

sat and the roughness
of sample, as the former increases by moving from soft toward coarse particle pol-
ishing. To understand the origin of the magnitude and change in the saturation field
HSSE

sat for the observed SSE signal, due to different types of surface treatments, the
crystal surfaces need to be investigated further in detail.
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Chapter 4

Spin-Hall magnetoresistance and spin Seebeck
effect in multiferroic CoCr2O4 films

Abstract

We report on the spin Hall magnetoresistance (SMR) and spin Seebeck effect (SSE) in
multiferroic CoCr2O4 (CCO) spinel thin films with Pt contacts. We observe a large
enhancement of both signals below the spin-spiral (Ts = 28K) and the spin lock-in
(Tlock−in = 14K) transitions. The SMR and SSE responses in the spin lock-in phase are
one order of magnitude larger than those observed at the ferrimagnetic transition tem-
perature (Tc = 94K), which indicates that the interaction between spins at the Pt|CCO
interface is more efficient in the non-collinear magnetic state. At T > Tc, magnetic
field-induced SMR and SSE signals are observed, which can be explained by a high inter-
face susceptibility. Our results show that the spin transport at the Pt|CCO interface is
sensitive to the magnetic phases but cannot be explained solely by the bulk magnetization.

4.1 Introduction

Ferro (ferri) magnetic insulators (FMI) with normal metallic (NM) contacts that sup-
port the spin Hall effect (SHE) and its inverse (ISHE) open new functionalities in the
field of spintronics. The SHE refers to a charge current that induces a transverse spin
current, which can be injected to actuate a metallic or insulating ferromagnet. The
ISHE converts a spin current pumped out of a ferromagnet into a transverse charge
current in the normal metal. These concepts have been confirmed by many experi-
ments on FMI|NM bilayers of a magnetic insulator (usually yttrium iron garnet) and
a heavy normal metal (usually platinum), for example spin-pumping by ferromag-
netic resonance [1–4], the spin Seebeck effect (SSE) [5–8], the spin Peltier effect [9]
and the spin Hall magnetoresistance (SMR) [10–15]. In the SMR, both SHE and the
ISHE act in a concerted manner to allow electrical detection of the FMI magnetiza-
tion direction. The SSE refers to the conversion of thermal excitations of the magnetic
order parameter (spin waves or magnons) into a spin current pumped into NM and
detected by the ISHE. The SSE and the SMR have been investigated until now only
for a limited number of insulating ferrimagnets (garnets and spinels) with collinear
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magnetizations and recently, in an antiferromagnetic insulator [16]. However, mag-
netic insulators come in a large variety of magnetic orders. Especially fascinating
are non-collinear magnets with competing magnetic interactions (spin frustration)
induced by competing next-nearest neighbor exchange. Alternatively, the spin-orbit
coupling, such as the Moriya-Dzyaloshinskii interaction, favors complex spiral con-
figurations and skyrmion order. While the coupling of non-collinear magnetizations
with spin, charge and heat transport is currently one of the hottest subjects in mag-
netism, its role in the SMR and SSE appears to have not been studied yet.

Non-collinear magnetism emerges when the second-nearest neighbor magnetic
interactions are of the same order as the first one, generating geometrical frustra-
tion that favors spin canting. Various spin-spiral orders, like proper screw, cycloidal,
longitudinal-conical and transverse-conical spiral, have been observed. The cycloidal
and the transverse-conical spiral orders break the inversion symmetry and induce a
spontaneous electrical polarization, making these spiral magnetic systems multifer-
roic [17–21]. Here, we focus on non-collinear and multiferroic CoCr2O4 (CCO) thin
films, reporting to the best of our knowledge the first experimental observation of the
SMR and the SSE in the Pt|CCO system for a wide range of temperatures including
the ferrimagnetic and the spin-spiral phases.

CCO is one of the rare multiferroic materials with linear magnetoelectric cou-
pling [22, 23]. It has a normal spinel structure with three sublattices. The Co2+

ions are located exclusively in the tetrahedral sites (forming one sublattice) while
Cr3+ ions reside in the octahedral sites (in two sublattices). The Cr3+ ions form
a pyrochlore lattice with magnetic geometrical frustration [24, 25]. Bulk CCO ex-
hibits long-range collinear ferrimagnetic order below Tc = 93K − 95K [24, 26,
27], with an easy axis of magnetization along the [001] direction, as illustrated in
Fig. 4.1(a) and (c). At Ts = 28K, the ferrimagnetic long-range order adopts an ad-
ditional short-range spiral order as illustrated in Fig. 4.1(b) and (c), which is known
as the spin-spiral phase transition. The conical spiral has 48o, 71o and 28o cone an-
gles with the [001] direction for the Co-, Cr I- and Cr II- sublattices, respectively.
Below Ts, magnetic spin-spirals move the oxygen atoms off-center due to the in-
verse Dzyaloshinskii-Moriya interaction [26, 28], which results in the appearance of
a spontaneous electrical polarization. At Tlock−in = 14K, the spin-spiral becomes
commensurate with the lattice by the spin-lattice coupling, which is known as the
spin lock-in transition.

Here, we report a systematic study of the SMR and the SSE in the Pt|CCO bilayers
from low to room temperature (T = 5K−300K). At each temperature, we record the
dependence on the angle of an in-plane applied magnetic field. We observe strong
effects of the CCO magnetic order with largest signals in the spin lock-in phase at
T < 14K.
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Figure 4.1: (a,b) Impression of the types of magnetic order in CCO. (a) Ferrimagnetic state for
Ts < T < Tc and (b) transverse conical spiral state for T < Ts with an electrical polarization
P. Here, Tc and Ts are the Curie transition temperature to a collinear ferrimagnetic phase and
that the spin-spiral transition temperature, respectively. (c) The temperature dependence of
the zero field cooled magnetization of the CCO target powder used for the film deposition for
different applied magnetic fields. Tlock−in is the spin lock-in magnetic transition temperature.
(d) Device configuration for the transverse resistance (planar Hall effect) measurement of the
Pt film on top of CCO.

4.2 Sample growth and characteristics

30 nm-thick CCO films were grown on (001) MgO substrates by pulsed laser deposi-
tion (PLD). Sintered ceramic CCO targets [29] were ablated with a KrF excimer laser
light with a wavelength of 248 nm and a repetition frequency of 0.5Hz. During the
deposition, the MgO substrates were kept at 500 oC in oxygen plasma atmosphere,
having a base pressure of 0.01mbar. Afterwards, the films were cooled down, with
5 oC per minute in 0.5 bar O2 atmosphere. Before further device fabrication, the films
were annealed at 200 oC for 60min in an O2 atmosphere. The crystal structure of the
CCO films was determined by x-ray diffraction (XRD), where the rocking curves
show high crystalline quality with a Full Width at Half Maximum (FWHM) below
0.03o.

The magnetization of the CCO films was measured by a SQUID magnetometer.
The films show an in-plane magnetic anisotropy with a coercive field Hc around 2 T.
For temperatures below 50K, the magnetic transitions are hard to detect due to a
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Figure 4.2: In-plane magnetization
of a CCO film on a MgO substrate
in a magnetic field of 0.01 T after
cooling in 1 T.

large paramagnetic substrate background compared to the small magnetic moment
of the thin film (see section 5.6). Nevertheless, SQUID measurements [30, 31] and
x-ray resonance magnetic scattering both indicate the same magnetic transitions in
thin films as reported for bulk CCO. In order to demonstrate the magnetic transi-
tions in CCO, we measured the temperature dependence of the magnetization of
bulk CCO targets used for the film deposition. Fig. 4.1(c) shows the magnetization
of the CCO targets with the same transitions as reported in literature [32]. We carried
out transport experiments on Hall-bar structures patterned by electron beam lithog-
raphy onto which a 4 nm-thick Pt film was deposited by DC sputtering, as shown in
Fig. 4.1(d).

4.2.1 CoCr2O4 film magnetization

The temperature-dependent magnetization of the CCO film in Fig. 4.2 as measured
by SQUID magnetometry is evidence for a phase transition at Tc = 94K to collinear
ferrimagnet order, but the spin-spiral and spin lock-in transitions are not visible, be-
cause of the small magnetization of a thin film as explained above. The apparent
increase in the magnetization below 20 K is probably caused by paramagnetic impu-
rities in the substrate.

4.3 Measurement techniques

SMR and SSE have been measured simultaneously by lock-in detection [33]. Us-
ing two Stanford SR-830 Lock-in amplifiers, the first and second harmonic voltage
response were recorded separately. To minimize the background voltage, we used
the transverse instead of the longitudinal configuration, as schematically shown in
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Fig.4.1(d), which is also referred to as “planar Hall” voltage. The SMR signal scales
linearly with the applied current and therefore it is detected in the first order re-
sponse of the Pt resistance [33]. The current-induced SSE scales quadratically with
the applied current and therefore it is detected in the second order resistance re-
sponse. The angular dependence of the SMR and the SSE were studied by rotating
an external magnetic field in the plane of the film [34] that above Tc induces a mag-
netization or (if large enough) aligns the direction of the CCO magnetization below
Tc. The in-plane angle α of the magnetic field is defined relative to the current di-
rection along the y-axis as indicated in Fig. 4.1(d). All experiments were carried out
in a quantum design PPMS system, at magnetic fields B ≥ 2T and for temperatures
from 5 to 300K.

4.3.1 Lock-in detection

All measurements shown above, are carried out using a lock-in detection technique [33]
with I ≤ 5mA AC bias in the Pt film. The generated voltage can be expanded as

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) + · · · , (4.1)

where Rn represents the n-th order response. For I(t) =
√
2Io sinωt, with angular

frequency ω and rms value I0, the harmonic response coefficients Rn are obtained by
measuring the different frequency components (1ω, 2ω, · · · ) with a lock-in amplifier.
The detected n-th harmonic response at a set phase φ can be written as

Vn(t) =

√
2

T

∫ t

t−T

sin (nωs+ φ)V (s)ds. (4.2)

Focussing on the first and second order response, we define the output voltage of
the lock-in amplifier for the first and second harmonic responses by using Eq. (7.2)
and Eq. (4.2) as:

V1 = I0R1

V2 = I20R2/
√
2

for
φ = 0o

φ = −90o (4.3)

The SMR and the SSE signals appear in the first and second harmonic responses in
Eq. (4.3), respectively.

In the linear response regime at currents I ≤ 2mA, the SMR scales linearly and
the SSE scales quadratically with the applied current as shown in Fig. 4.3(a,b). How-
ever, at I > 2mA, the SMR (SSE) does no longer depend linearly (quadratically) on
the current I . The results for the SMR are gathered in the linear regime. At T > Ts the
SSE signal decreases rapidly and we record the SSE also at the high current I = 5mA,
as shown in Fig. 4.3(c).
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(a)

(c)

(b)
Figure 4.3: (a) Dependence of the
second harmonic response V2 on I2

due to the SSE, generated by cur-
rent induced heating and (b) de-
pendence of first harmonic contri-
bution V1(2α) , due to the SMR, by
an AC current I sent through the
Pt Hall-bar in a magnetic field of
4 T. The SMR scales linearly and the
SSE scales quadratically with cur-
rent I in the linear regime (I ≤
2mA). (c) The angular dependence
of second harmonic response, R2,
for I = 5mA, H = 4 T at T =

140K and 240K.

4.4 Results and discussion

4.4.1 Spin-Hall magnetoresistance in Pt|CoCr2O4

Owing to the SHE, an AC current through the Pt Hall-bar creates an ac spin accu-
mulation at the Pt|CCO interface that can be partially absorbed or fully reflected,
depending on the interface magnetization 	M of the FMI (see Fig. 4.4(a) and (b)).
The reflected spin currents generate an extra charge current via the ISHE, thereby
reducing the resistance. While the longitudinal resistance establishes the maximum
modulation between these two configurations with α = 0o or 90o, the planar Hall
effect vanishes. In contrast, when α = 45o, the ISHE is maximal [35], as sketched in
Fig. 4.4(c). The additional emf (electromotive force) scales with the applied current
and is therefore detected by the first harmonic transverse resistance R1 [33], defined
as V1/I , where V1 is first harmonic signal of the lock-in amplifier generated by the
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applied AC current of amplitude I (see section 4.3.1 for more details).
The α dependence of the first harmonic response R1 at 5 K in Fig. 4.4(d) shows

on top of the expected SMR an ordinary Hall effect (OHE) generated by a magnetic
field component normal to the film due to a slight misalignment of the sample by an
angle β. The OHE voltage has a sin (α+ φ) angular dependence, where the phase φ

is governed by the sample tilt direction. A prefactor of 0.7μV at a current of 2mA
in a magnetic field 6 T corresponds to a tilt of β < 2o. The ordinary Hall voltage
of Pt|CCO is nearly temperature-independent and scales linearly with the applied
current and magnetic field, as expected. After subtracting the OHE from R1, the
anticipated sin 2α dependence associated to the SMR remains [10], as illustrated in
Fig. 4.4(d). The SMR signal, Rampl

1(2α), is defined as the amplitude of the sin 2α compo-
nent and plotted in Fig. 4.4(e), (f) and (g) as a function of temperature in magnetic
fields of 6 T, 4 T and 2 T, respectively. Exchanging the current and voltage probes in
the Hall bar in field of 6 T leads to identical SMR profiles, confirming that the inter-
face magnetization is parallel to the applied field. The SMR of CCO and yttrium iron
garnet (YIG) are compared in section 4.4.3.

Below the collinear ferrimagnetic transition temperature Tc = 94K, the SMR
signal increases with decreasing temperature. The inset of Fig. 4.4(e) recorded at
a magnetic field of 6 T shows a distinct change of slope at the spin-spiral transi-
tion temperature to a non-collinear magnetic phase, Ts = 28K. At T < Ts, the
SMR signal is more than one order of magnitude larger than the signal observed at
Tc. A further decrease in temperature below the spin lock-in transition temperature,
Tlock−in = 14K, doubles the SMR compared to Ts. This observation indicates that
the exchange interaction between metal and magnet in the Pt|CCO system is more
efficient in the non-collinear spiral phase than in the collinear ferrimagnetic phase.
The maximum SMR signal is observed in the spin lock-in phase, when the period of
the spin-spiral becomes commensurate with the lattice. Below Tc, R1 = A1T

−1 (see
Fig. 4.5(a)) gives an excellent fit, where A1 scales linearly with the applied magnetic
field, as shown in Fig. 4.5(b). A1 should be proportional to the interface spin-mixing
conductance that describes the ability of the ferromagnet to absorb or emit trans-
verse polarized spin currents. When the interface magnetization vanishes, therefore,
so does A1. Above Tc, all magnetization is generated by the applied magnetic field
and A1 is a measure of the interface paramagnetic susceptibility. For a magnetic in-
terface, we anticipate a bilinear A1(B), with a large slope at low magnetic fields that
reflects the expulsion of magnetic domain walls. The extrapolation of the high-field
data should lead to a finite cut-off at zero magnetic fields (as in studies of the anoma-
lous Hall effect). However, the extrapolation of A1(B) does not lead to a statistically
significant A1(0). In the present, we therefore cannot confirm whether the observed
SMR signals reflect the paramagnetic susceptibility of a non-magnetic interface or a
spontaneous interface magnetization texture.
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(a)

(c)
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Pt
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(e)
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Jc
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Figure 4.4: (a-c) Illustration of the SMR in Pt|CCO bilayers. A charge current I induces a
spin current and thereby spin accumulation at the Pt|CCO interface by virtue of the SHE. (a)
This spin accumulation is absorbed as a spin transfer torque when the magnetization �M is
perpendicular to the current-induced spin polarization in Pt. (b) When �M is parallel to the
spin accumulation, the spin current is reflected back into Pt, where it generates an additional
charge current, Jrefl by the ISHE. (c) When �M is at an angle α to Jc, the component of the spin
accumulation perpendicular to �M is absorbed and the parallel component is reflected, leading
to an extra charge current component normal to Jc that is detected in the Hall configuration.
(d) The angular dependence of the 1st harmonic response in the transverse configuration,
R1 = V1/I , for I = 2mA at 5 K in an applied magnetic field of 6 T. The sin(α+ φ) and sin 2α

curves illustrate the additive contributions from the ordinary Hall effect and the SMR. (e), (f)
and (g) show the temperature dependence of the SMR, Rampl

1(2α) for Jc = 2mA at 6 T, 4 T and 2 T,
respectively. Here, Rampl

1(2α) is the amplitude of the sin 2α component from the SMR. Tc, Ts and
Tlock−in are the ferrimagnetic, spin-spiral and spin lock-in magnetic transition temperatures,
respectively. The inset in (e) is a zoomed-in image of the SMR signal below Ts and Tlock−in at
6 T.
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In order to shed more light on the T -dependence for T < Tc, we compare the SMR
with the bulk magnetization, as shown in Fig. 4.1(c). The Tc, Ts and Tlock−in tran-
sition temperatures established from the SMR closely correspond to the transition
temperatures observed in the bulk magnetization. In the spin-spiral and spin lock-in
phases, the bulk magnetization does not depend much on temperature, as shown in
Fig. 4.1(c), in stark contrast to the SMR below Ts (Fig. 4.4(e)). According to present
understanding, the SMR does not directly reflect the bulk magnetization. Theoreti-
cally, it is generated by the modulation of the spin current at the NM|FMI interface
by the magnetization direction [35] and it is roughly proportional to the density of
parallel and/or antiparallel-oriented magnetic moments at the interface [36]. The
SMR enhancement below Ts thus reflects an increased (anti)ferromagnetic order of
the magnetic moments at the interface. The induced interface magnetization can be
generated by either Co ions, contributing to the ferrimagnetic component, or Cr ions
responsible for the cycloidal component of the spin-spiral. The ferrimagnetic com-
ponent saturates around 28K, therefore we cannot explain the enhanced SMR below
28K. However, neutron scattering experiments show that the spiral component be-
low Ts = 28K strongly depends on temperature [24], similarly to the SMR signal.
We therefore venture that the development of the spiral order should be explained
by a strongly temperature-dependent ordering of Cr ions that does not contribute to
the global magnetization. This implies that by a simple transport experiment we can
distinguish ferrimagnetic from cycloidal components of the interface magnetization.

We observe a finite SMR in the paramagnetic phase for T > Tc complement-
ing reports on spin pumping [37] and the spin Seebeck effect[8] in the paramagnetic
state. In CCO the magnetic susceptibility, for T > Tc, follows a Curie-Weiss law with
a negative Curie-Weiss temperature θCW = −550K, which is evidence for antiferro-
magnetic correlations. The high ratio |θCW | /Tc ≈ 6 indicates a significant magnetic
frustration due to competing sublattice exchange interactions in CCO [32], resulting
in short range order above Tc. The SMR signal above Tc increases with tempera-
ture until it saturates to a constant value around room temperature, as shown in
Fig. 4.4(e-g). The SMR signal for T > Tc provides evidence for an unusual interface
magnetic susceptibility of our films. We fitted the SMR signals with the Curie-Weiss
law, but a single fitting parameter A2 does not capture the contributions from the
molecular fields. Much unlike the bulk magnetic susceptibility, the SMR signal is
suppressed at Tc which can be taken care of by introducing an additional param-
eter A3, as shown in Fig. 4.5(a). Both fitting parameters A2 and A3 scale linearly
with the applied magnetic field, as shown in Fig. 4.5(c) and (d). These results sup-
port our conclusion drawn earlier that the SMR signal cannot be solely explained by
the bulk magnetization of CCO, even in the paramagnetic phase. The temperature-
independent background modelled by A3 and the negative sign of A2 remain unex-
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(a) (b)

(c)

(d)

Figure 4.5: (a) shows the temperature dependence of R
ampl
1(2α) in a magnetic field of 6 T for

I = 2mA. The red curve shows the fit with the Curie law at low temperatures below Tc and
the green curve shows the fit in the high temperature range above Tc with the Curie-Weiss
law (for θCW = −550K). (b), (c) and (d) show the field dependence of the fitting parameters
A1, A2 and A3, respectively.

plained, but indicate that the short-range order reported for bulk CCO above Tc is
importantly modified at the interface with Pt.

4.4.2 Spin Seebeck effect in Pt|CoCr2O4

We now discuss the SSE signal observed in the second harmonic response with the
lock-in detection technique as described in Ref. 33. The SSE is caused by the Joule
heating of the Pt Hall-bar, generating a heat current into the ferromagnet which is
absorbed by magnons. This heat current is associated with a spin current polar-
ized along the magnetization direction, which can be detected electrically by the
ISHE, as sketched in Fig. 4.6(a). The second harmonic response is R2 =

√
2V2/I

2,
where V2 is the second harmonic signal of the lock-in amplifier at a phase set at
φ = −90o [33]. The observed second harmonic response of the transverse resistance
obeys the sinα angular dependence anticipated for the SSE, as shown in Fig. 4.6(b)
We define the amplitude of the Rampl

2 = R2/ cosα for each temperature and mag-
netic field strength. The SSE signal for Pt|CCO has the same sign as for Pt|YIG (see
section 4.4.3). Fig. 4.6(c), (d) and (e) show the temperature dependence of Rampl

2 in
magnetic fields of 6 T, 4 T and 2 T, respectively.

In the collinear ferrimagnetic state at T < Tc, the SSE response increases with
decreasing temperature. Fig. 4.6(c) gives evidence of a large SSE enhancement below
the spin-spiral transition temperature Ts and again below Tlock−in.
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The SSE signal below Ts is five times larger than the signal observed at Tc. The
inset of Fig. 4.6(c) illustrates that the SSE at T < Tlock−in increases by an order of
magnitude from T = 80K. Moreover below Ts = 28K, the SSE signal scales linearly
with the applied magnetic field. The SSE is too noisy to provide as clear evidence for
phase transitions at Tc, Ts and Tlock−in as the SMR signals do.

Conventional thermoelectric effects become small with decreasing temperatures,
so what causes the observed remarkable enhancement at low temperatures? We can
understand the temperature dependence of the SSE signal by considering the contri-
butions from different magnetic sublattices [38, 39]. CCO is a collinear ferrimagnet
above Ts, with three sublattices associated with Co and oppositely polarized Cr I and
Cr II ion moments [24], but without any magnetization compensation below Tc. The
magnetic sublattices contribute to the SSE by correlated thermal fluctuations. The
coupled sublattices have acoustic (ferromagnetic) and optical (antiferromagnetic)
modes. The fundamental ferromagnetic modes govern the low energy excitations
that are probed by ferromagnetic resonance and Brillouin light scattering. The opti-
cal modes are shifted to higher energy by the exchange interaction. In the collinear
ferrimagnetic state close to Tc, the magnetic order and exchange interaction is still
weak. The ferromagnetic mode then only slightly dominates the optical modes that
are still substantially excited. The acoustic and optical modes contribute to the SSE
with different sign and close to Tc they cancel to a large extent. By decreasing the
temperature, the exchange splitting of the optical modes increases and therefore,
they become increasingly depleted. The suppression of the thermal pumping of the
optical modes therefore leads to an apparent enhancement of the spin Seebeck ef-
fect at lower temperature. This mechanism explains [40] the low temperature sign
change of the SSE of the ferrimagnetic insulator Gd3Fe5O5 (GdIG) [39] as well as the
apparent suppression of the SSE in YIG at temperatures above 300 K [41].

In contrast to collinear magnetic order, the magnetization texture of a spin spi-
ral is sensitively modulated by an external magnetic field [42], which might be re-
flected in the observed magnetic field dependence of the SSE below Ts, as shown in
Fig. 4.6(c-e). The increase of the SSE with applied magnetic field below Ts should
persist until the Co2+ and Cr3+ momenta of 3μB/ion are fully aligned. No signs
of magnetization saturation were observed at magnetic fields up to 30 T [32], so it
would be interesting to find out whether also the spin Seebeck effect can be enhanced
by applying high magnetic fields.
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(d)
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Figure 4.6: (a) Spin Seebeck effect in Pt|CCO. A thermal gradient creates magnons at the
interface by absorption of a spin current from Pt with polarization �σ‖ �M , where �M is the
CCO interface magnetization. The spin current generates an electromotive force �EISHE by the
ISHE. (b) The angular dependence of the second harmonic response, R2 =

√
2V2/I

2 at 5K, for
I = 2mA in an applied magnetic field of 6 T. (c), (d) and (e) show the temperature dependence
of Rampl

2 at 6 T, 4 T and 2 T for I = 2mA, respectively. The inset of (c) emphasizes the
enhancement of the SSE signal below the spin spiral (Ts) and spin lock-in (Tlock−in) transition
temperatures in a magnetic field of 6 T. (f) Temperature dependence of Rampl

2 in the non-linear
current regime (I = 5 mA), with inset showing the magnetic field dependence of Rampl

2 at
T = 130K.
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The observed correlation between the SMR and SSE suggests that the spin-mixing
conductance, i.e., the transport measure of the exchange interaction between ferro-
magnet and normal metal, does play an important role. Other factors, such as the
magnetization damping and the magnon transport to the interface that is affected
by the magnon-phonon interaction [43], may contribute to the observed enhance-
ment in the SSE below Ts. A quantitative description of the SSE can be approached
by atomistic spin simulations that take into account the full spin wave spectrum as-
sociated to the three sublattices with different cone angles, chirality, and damping
parameters, as well the spin mixing conductances of the interface to Pt [40].

Above Tc the SSE cannot be established at small heating current levels (I =

2 mA), as shown in Fig. 4.6(c). However, at a larger current (I = 5mA) in a magnetic
field of 4 T, a finite SSE signal is detected above Tc and up to room temperature, see
Fig. 4.6(f). At these current levels, the SSE voltage � I2 and Tlock−in is shifted to
lower temperature by 4K due to sample heating. The SSE still scales linearly with
the applied magnetic field as shown for T = 130K in the inset of Fig. 4.6(f). The
presence of the SSE above Tc can be explained by the large longitudinal magnetic
susceptibility of CCO films that is responsible for the SMR response as well [37].

4.4.3 SMR and the SSE in Pt|CoCr2O4 vs. Pt|YIG

To compare the SMR and the SSE response in Pt|CCO system to that of Pt|YIG,
the angular dependence of Pt|YIG system is also systematically studied at different
temperatures. A 4 nm-thick Pt Hall-bar was deposited on a 4×4mm2 YIG film by DC
sputtering [33]. The Pt Hall-bar has a length of 500μm and a width of 50μm, with
side contacts of 10μm width. A 200 nm-thick monocrystalline YIG film is used. The
YIG film is grown by liquid phase epitaxy on a (111) Gd3Ga5O12 (GGG) substrate.
We observe the same sign of the SMR signals for Pt|CCO and Pt|YIG, as expected. A
change of the sign of SSE has been observed in a compensated ferrimagnet [39] but
for both Pt|YIG and Pt|CCO system the sign remains normal for all temperatures
(5− 300K).

The temperature dependence of the SMR and SSE is observed to be very different
in the Pt|CCO as compared to the Pt|YIG system. In Pt|CCO, both SMR and SSE sig-
nals are enhanced at temperatures much lower than Tc, as shown in Fig. 4.4(e) and
Fig. 4.6(c) with maximal values around 5K in the spin lock-in phase. In contrast,
Pt|YIG displays conventional behavior, with both SMR and SSE larger at room tem-
perature than at low temperatures. Fig. 4.7(a) shows the temperature dependence of
the SMR signal in the Pt|YIG system at relatively large current levels of I = 2.5mA.
The SMR signal slightly increases with decreasing temperature until 150 K and de-
creases again upon cooling even more [44]. The decrease in the SMR signal in Pt|YIG
has been ascribed to a decrease in the Pt spin Hall angle with decreasing temperature
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(a) (b)

Figure 4.7: (a) Temperature dependence of the SMR and (b) the SSE in the Pt|YIG system for
2.5mA current through the Pt Hall-bar in a magnetic field of 0.1 T.

[45]. The SMR signal observed at 5 K is twice smaller than that at room temperature.
The SSE in Pt|YIG does not change much until T = 200K, while a further decrease
in temperature suppresses the SSE as shown in Fig. 4.7(b). A small increase in the
SSE is observed for T < 30K.

The ordinary Hall effect as observed in the first harmonic response of the trans-
verse resistance (as shown in Fig. 4.4(d)) is almost temperature-independent in the
Pt|CCO system and scales linearly with the applied field as expected. The ordinary
Hall effect is not observed in the Pt|YIG system because a much weaker field suffices
to saturate the YIG magnetization (Hc < 1mT). Moreover, the SMR signal observed
in the Pt|CCO (shown in Fig. 4.4(e)) is smaller than that in the Pt|YIG system, result-
ing in a relatively larger contribution of the ordinary Hall effect. The SMR response
observed at 5 K in the Pt|CCO is more than one order of magnitude smaller than the
signal observed in the Pt|YIG.

4.5 Conclusions

In conclusion, by lock-in detection we simultaneously measured the SMR and SSE
in Pt|CCO bilayers. The temperature dependence of the SMR and, though less so,
the SSE, exposes distinct anomalies at the magnetic phase transitions. A remarkable
enhancement of both SMR and SSE signals is observed at low temperatures (T < Ts).
The SMR is more than one order of magnitude larger at T < Tlock−in as compared to
the signals around Tc. We relate the observed enhancement of the SMR below Ts to
contributions from the cycloidal spiral projected onto the spin accumulation at the
Pt|CCO interface. The SSE signal also increases by a factor of two when lowering
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the temperature below Ts. The temperature dependence of the SSE does not sim-
ply reflect the bulk magnetization; instead the intricate magnetization dynamics of
coupled sublattices needs to be considered. Our results suggest that the magnons
associated with the Cr-sublattice magnetization texture play an essential role in the
SSE. We establish that the SMR and SSE are powerful instruments that complement
ferromagnetic resonance and neutron scattering techniques to analyze the magneti-
zation dynamics of complex oxides including multiferroics.
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Chapter 5

Electrical detection of spiral spin structures in
Pt|Cu2OSeO3 heterostructures

Abstract

We study the spin-Hall magnetoresistance (SMR) and spin Seebeck effect (SSE) in a
non-collinear insulating magnet-Pt heterostructure. We show that SMR can be used as
an all-electric probe of complex spin states exhibited by the chiral magnet, Cu2OSeO3,
under an applied magnetic field. The slope of the magnetic field dependence of the SMR
signal changes sign at the transition between the helical and conical spiral states and
shows another discontinuity when the conical spiral turns into a collinear ferromagnetic
state. We demonstrate that the amplitude of the SMR signal is controlled by the cone
angle, θ, and that it changes sign at θ ∼ 55◦. The angular dependence of the SMR
in the multidomain helical spiral state is markedly different from the simple sinusoidal
dependence observed in the monodomain conical spiral and ferromagnetic states. This
complex behavior is explained within the framework of the SMR theory initially developed
for collinear magnets. The SSE displays unconventional behavior where not only the
magnitude but also the phase of the angular dependence of the SSE varies with the applied
magnetic field.

5.1 Introduction

The coupling of magnetization to spin, charge, and heat currents in insulating magnet-
metal heterostructures is intensively studied in the context of energy-efficient spin-
tronic applications [1–3]. This coupling gives rise to a number of phenomena playing
a fundamental role in the field of spintronics, such as spin-transfer torque [2, 4, 5],
spin pumping [6, 7], spin-Hall magnetoresistance (SMR) [8–10], and spin Seebeck ef-
fect (SSE) [11–13]. These effects, in particular SMR and SSE, can in principle be used
to probe the magnetization of an insulating magnetic layer by purely electric mea-
surements [14, 15]. Studies thus far have mainly focused on materials with simple
collinear magnetic orders, and the attempts to study non-collinear magnets did not
provide detailed information on their magnetic structures [14–16]. Apart from SMR,
the SSE also has been recently used to identify the spin-flop transition in antiferro-
magnets [17, 18]. Magnetic states with non-collinear and even non-coplanar spins,
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varying at a length scale of tens of nanometers, are found in chiral magnets, whose
crystal lattice lacks inversion symmetry. These complex spin structures are usually
studied by sophisticated methods, e.g., spin-polarized neutron scattering [19, 20],
muon spectroscopy [21], or Lorentz transmission electron microscopy [22]. The mea-
surements of transport in magnet|metal heterostructures probe the magnetization
distribution at the interface and thus provide ‘holographic’ information about three-
dimensional magnetic orders. Here we show that with some prior knowledge about
magnetic states, the SMR measurements can be an effective tool for all-electric detec-
tion and study of complex spin textures.

In this chapter, we report a systematic study of the excitation and detection of
spin currents in the spin spiral magnet Cu2OSeO3 using the SMR and SSE. Cu2OSeO3

(CSO) belongs to the family of cubic chiral magnets [23], including MnSi, Fe0.5Co0.5Si,
and FeGe, in which magnetic skyrmions have been found recently [24]. Unlike the
itinerant magnet MnSi, CSO is a large band gap Mott insulator [25]. Yet the magnetic
phase diagram of CSO, showing a variety of non-collinear spin states (see Fig. 5.1(a)),
is similar to those of other cubic chiral magnets. At low applied magnetic fields CSO
is in an incommensurate helical spiral state with a long period of ∼50 nm [22] stabi-
lized by the relativistic Dzyaloshinskii-Moriya interaction [26]. In this multidomain
state the spiral wave vector Q can be oriented along any of the three equivalent direc-
tions: [100], [010] or [001] [20]. Above the critical field, Hc1, a transition into a conical
spiral state occurs, in which Q ‖ H . As the field increases, the cone angle θ becomes
smaller. Eventually, θ becomes zero at the second critical field, Hc2, which marks
the transition to the field-induced collinear ferrimagnetic (FM) state. The evolution
of the magnetic structure of CSO under an increasing magnetic field is depicted in
Figs. 5.1(b-g). Here, we investigated these magnetic structures of CSO electrically by
using the SMR and SSE.

The underlying physics of the SMR and SSE phenomena hinges on the conver-
sion between charge and transverse spin currents – the spin Hall effect (SHE) and its
inverse (ISHE) [27–29]. In the SMR, both the SHE and ISHE play a concerted role,
whereas in the SSE, thermal gradients across an interface result in a magnonic spin
current, detected electrically by the ISHE. The SMR is an interface effect [14, 30, 31],
whereas the SSE is explained as a bulk effect in which thermal magnons play an
important role [32–34]. These effects are used here as a pathway for the electrical de-
tection of non-collinear nanomagnetic spin textures like spirals and helices in a CSO
magnet.
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Figure 5.1: (a) A schematic illustration of the magnetic phase diagram of CSO as a function
of applied magnetic field at 5 K. Here Hc1 and Hc2 represent the fields at which the magnetic
transitions occur. At Hc1, the helical state with three magnetic domains converts to a single-
domain conical state oriented along H . At Hc2, conical to collinear ferrimagnetic transition
occurs. (b-g) Transformation of different magnetic spin structures present in CSO under an
increasing applied magnetic field. The transformation is from (b,c) helical to (d-f) conical and
then to (g) the FM state. Here, round brackets ( ) and square brackets [ ] indicate the planes
and directions of the unit cell, respectively.

5.2 Experimental procedure

High quality CSO single crystals were grown by a chemical vapor transport method
[35] with typical sizes of 20-50 mm3. The crystal structure was characterized by
a Bruker D8 Venture single crystal x-ray diffractometer. The magnetization of the
crystals was measured by a SQUID magnetometer. Before device fabrication, the
crystal surfaces were oriented along the (111) surface and polished to obtain the
smallest surface roughness (see Appendix 5.5.1).

Two devices (S1 and S2) on two individually polished (111) crystal surfaces (di-
mensions ≈ 4mm × 4mm × 2mm) were prepared. The Hall-bar device patterns
were defined using three e-beam lithography steps, each followed by a standard
deposition and a lift-off procedure. The first step produces a Ti/Au (5/40 nm)
marker pattern, used to align the subsequent steps. The second step defines the
platinum Hall-bar structure (5 nm), deposited by DC sputtering. The third step de-
fines Ti/Au (5/80 nm) leads and bonding pads also deposited by DC sputtering in
an Ar+ plasma at an argon pressure of 3.3 × 103 mbar, and the thickness in each step
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Figure 5.2: (a) Optical image showing the Hall-bar structure with 5 nm-thick Pt deposited on
a CSO crystal. (b) Angular dependence of the SMR signal, RSMR, measured by contacting the
Hall-bar structure as marked in (a). The solid line shows a sin(2α) fit. In this plot the signals
caused by the ordinary Hall effect have been subtracted. (c) Temperature dependence of the
SMR signal Rampl

SMR at several magnetic field strengths. Data are acquired for device S1.

is measured by atomic force microscopy.
All measurements were carried out in the transverse configuration, as marked

in Fig. 5.2(a), by using two Stanford SR-830 lock-in amplifiers set at a reference fre-
quency of 17 Hz (see Appendix 5.5.1). The lock-in amplifiers are used to measure
the first and second harmonic signals. The same lock-in amplifiers are used to check
third and fourth harmonic signals, at selected field and temperature regions. The
current (ranged from 1 to 4 mA) was sent to the sample using a custom-built cur-
rent source, and the response signal was recorded using a custom-built pre-amplifier
(gain 102-103), before sending it back to the lock-in amplifier. All measurements were
performed in a quantum design Physical Properties Measurement System (PPMS).
The sample was rotated in the superconducting magnet of the PPMS with the step-
per motor, such that the magnetic field varies in the plane of the sample as shown in
Fig 5.2(a) with an optical microscope image of the device.

5.3 Results and discussion

5.3.1 Spin-Hall magnetoresistance

When a charge current I is sent through a Pt strip, the SHE generates a transverse
spin current. This spin current results in a spin accumulation μs at the Pt|CSO inter-
face. This spin accumulation μs can be absorbed or reflected at the interface depend-
ing on the direction of the magnetization M of CSO. When μs ⊥ M , the electron
spins arriving at the Pt|CSO interface will be partially absorbed, and when μs ‖ M ,
spins will be fully reflected. The reflected spins generate an additional charge cur-
rent by the ISHE. When M makes an angle with μs, this additionally generated
charge current also has a component pointing in the transverse direction resulting in
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the transverse SMR response. Therefore, we expect to observe a dependence of the
transverse Pt resistance on α, the angle between the applied current and the in-plane
external magnetic field H that orients M . We perform all transport measurements
as a function of α, by rotating the device in a fixed field H . Because the change in the
SMR voltage scales linearly with I , it can be detected by the first harmonic voltage
response of the lock-in amplifier. Here, the SMR signal is shown after subtraction of
an additional signal due to the ordinary Hall effect (see Appendix 5.5.2 for details).
The result of such a measurement is shown in Figs. 5.2(b) and 5.3(a). It clearly shows
the sin(2α) angular dependence expected for the collinear FM state [30]. We mea-
sured the angular dependence of the SMR at different temperatures in the FM state
(H > Hc2) and observed a maximum SMR response around 5 K (see Fig. 5.2(c)). In
order to explore the SMR response in different magnetic states of CSO, we set the
temperature to 5 K and measured the angular dependence of the SMR for different
external magnetic field strengths.

The angular dependence of the SMR in the conical spiral state is close to the
sin(2α) dependence observed at high fields and shows the presence of higher har-
monics close to the transition to the helical state (see Figs. 5.3(b,c)). The most promi-
nent feature is the change of the sign of the amplitude of the SMR, Rampl

SMR, in the con-
ical spiral phase (cf. Fig. 5.3(a) with Figs. 5.3(b,c)): Rampl

SMR increases with field from
a negative value at Hc1 to a positive value at Hc2. It changes sign at μ0H ∼ 60 mT
(see Fig. 5.3(e)). In the helical state, amplitude Rampl

SMR is negative: it equals zero in
zero field and decreases with applied field. The angular dependence of the SMR in
the helical state has sharp discontinuities and deviates strongly from the sinusoidal
dependence (see Fig. 5.3(d)).

This observed behavior can be understood as follows. For collinear magnets [30],
RSMR ∝ mx my , where mx and my are the in-plane components of the magneti-
zation unit vector m, parallel and orthogonal to the current direction, respectively.
Since the spin relaxation length λ ∼ 2 nm in Pt is much smaller than the spiral
period ∼ 50 nm in CSO, this expression is valid locally for CSO. The SMR for the
non-collinear magnet is obtained by averaging mxmy over the interface:

RSMR ∝ 〈mxmy〉 (5.1)

In the conical spiral phase

m = cos θe3 + sin θ(e1 cosQ · x+ e2 sinQ · x) (5.2)

where e1, e2 and e3 are three mutually orthogonal unit vectors and θ is the cone
angle. In the conical spiral state, both e3 and Q are parallel to the applied magnetic
field, H . Using equation (5.2), we obtain
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Figure 5.3: (a-d) Angular dependence of the SMR (RSMR) at 5 K in different magnetic states
of CSO. RSMR in (a) the collinear ferrimagnetic, (b,c) conical, and (d) helical magnetic states
of CSO. The black and red data points show the trace and retrace measurements, respectively,
showing hysteresis at low applied magnetic fields. The solid curves fit to the data using the
conical spiral ansatz (equation 5.2) (see Appendix 5.5.3 for details). The data are centered
around zero and acquired for device S2. A more detailed evolution of the SMR signal can
be found in Fig. 5.8. (e) Field dependence of the SMR signal, Rampl

SMR for the various magnetic
orders which develop in CSO with increasing magnetic field. Here, Q represents the propaga-
tion wave vector, and the magnetic field H is applied in the (111) plane parallel to the Pt|CSO
interface. The transition between the different magnetic states of the CSO crystal is marked
by vertical lines. The red line is the calculated amplitude of the SMR.

〈mxmy〉 = 1

4
sin 2α(3 cos2 θ − 1) (5.3)
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which explains the (nearly) sinusoidal α dependence of SMR in the conical spiral

state. In addition, cos θ = H
Hc2

(see Appendix 5.5.3), so that Rampl
SMR ∝ 3

(
H
Hc2

)2
− 1

increases with the magnetic field and changes sign at H = Hc2√
3

, in good agreement
with the experimental observations. The negative RSMR close to Hc1 follows from
the fact that for θ ∼ 90◦ spins in the conical spiral are nearly orthogonal to the mag-
netic field direction. Furthermore RSMR remains constant for H > Hc2, as in the
collinear phase θ = 0, regardless of the applied field strength.

The spin structure of the helical spiral state is more complex because of the de-
formation of the helix in an applied magnetic field and the presence of domains with
different orientations of Q. The angular and field dependence of the observed SMR
can be qualitatively understood using equation (5.2), in which e3 and Q are not nec-
essarily parallel to the field direction. Their orientations and the angle θ in each do-
main are found by numerical minimization of energy for a given applied field H (see
Appendix 5.5.3). We then added the contributions of the three domains. The result
(blue line in Fig. 5.3), fits well the angular dependence of the observed SMR. Also
the magnetic field dependence of the SMR in the helical state is qualitatively similar
to our experimental observations: RSMR = 0 at zero field due to cancellation of the
contributions of the three domains (see Fig. 5.8(i)). It is negative at nonzero fields
because θ is close to 90◦, and it decreases with the applied magnetic field because of
the reorientation of e3 and Q.

5.3.2 Spin Seebeck effect

In addition to the linear response of the SMR, the SSE due to Joule heating (for which
ΔT ∝ I2) is also observed in the second harmonic response. In the SSE, thermally
excited magnons spin polarize the electrons close to the interface, which is detected
electrically by the ISHE (shown schematically in Fig. 5.4(c). As the generated spin ac-
cumulation is polarized along M , the SSE/ISHE signal shows a cos(α) dependence
by rotating M , with a full 360◦ period. The SSE signal is shown in Fig. 5.4(a) in
which an additional nonzero phase ϕ appears resulting in a cos (α+ ϕ) periodicity
with an amplitude Rampl

SSE . Both the amplitude Rampl
SSE and phase ϕ vary with H (see

Fig. 5.4(b)).
The appearance of a nonzero ϕ in the angular dependence of the SSE signal sug-

gests that the bulk magnetization of CSO is not fully aligned along H . When the
magnetization is fully aligned along H (which ideally would be the case for the
collinear ferrimagnetic state), we expect ϕ = 0◦. Fig. 5.4(d) shows that Rampl

SSE in-
creases with decreasing temperature and is observed to have maximum around 5 K
(see Appendix 5.5.4 for a plausible explanation). Fig. 5.4(e) shows the field depen-
dence of Rampl

SSE at 5 K. The amplitude Rampl
SSE is zero for μ0H = 0 T due to the absence
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Figure 5.4: (a,b) Angular dependence of the SSE signal (RSSE) in the Pt|CSO in different ap-
plied magnetic field strengths. The solid lines show the cos (α+ ϕ) fits. (c) A schematic il-
lustration of the SSE measured in the second harmonic response. The SSE is created by a
current-induced thermal gradient ∇T across the Pt|CSO interface, generating magnons into
the CSO crystal. The magnons create a spin accumulation close to the interface along the mag-
netization M of CSO. This spin accumulation is detected electrically by ISHE, resulting the
SSE signal. (d) Temperature dependence of the SSE signal, Rampl

SSE for different applied mag-
netic field strengths. (e) Amplitude Rampl

SSE and (f) phase ϕ of the SSE signal as a function of
applied magnetic field at 5 K, respectively. The shown data are acquired for device S1 and for
device S2 summarized in Fig. 5.10.

of net magnetization in the helical spiral state. Rampl
SSE grows much faster with the ap-

plied field in the helical phase than in the conical phase (see Fig. 5.4(e)), which may
be attributed to the fact that the wave vector of the helical spiral has a component
normal to the interface (along the [111] direction), resulting in cancellation of the SSE
signal sensitive to the in-plane component of the magnetization. Rampl

SSE continues to
grow with the field in the ferrimagnetic state, reaching the saturation at μ0H = 4 T

and has the same sign as reported in the literature [15] (see Appendix 5.5.4 for de-
tails). Still, the weak field dependence of Rampl

SSE in the conical spiral phase is puzzling
in view of the nearly linear dependence of the average magnetization on H . Another
puzzle is the field dependence of the phase ϕ, which is ∼ 90◦ at low fields, decreases
with increasing field and ∼ 5◦ in the field of 1 T (see Fig. 5.4(f)).

5.4 Conclusion

In conclusion, we demonstrated that the SMR can be used for electric detection of
transitions between complex spin states, such as the helical spiral and conical spi-
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ral phases of CSO. This technique was proved to be sensitive to the orientation of
the spiral wave vector and to the magnitude of the cone angle. Our observation of
the nonsinusoidal angular dependence of the SMR in the multidomain helical spi-
ral state and of the sign reversal of the SMR amplitude in the conical spiral state
opens opportunities for developing novel spintronic devices based on this magne-
toresistance effect. The observed complex angular and magnetic field dependence
of the SMR is described remarkably well by our simple model of CSO. The SSE also
shows strong sensitivity to changes in magnetic ordering of CSO, although its origin
remains unclear. It will be interesting to apply these techniques to the detection of
even more complex spin textures, such as the skyrmion crystal. Since the skyrmion
crystal phase in bulk materials only appears at elevated temperatures, the SMR de-
tection of the skyrmion crystal requires a substantial lowering of the noise level. A
technique, with which one can observe nanosized objects by measuring electric cur-
rents, would be indispensable for utilizing skyrmions and other topological defects
as information carriers in next generation spintronics devices.

5.5 Appendix

5.5.1 Sample characteristics and measurement technique

In this section we provide additional information on the material properties and the
device fabrication of the Pt|CSO heterostructure. Firstly, the crystals were oriented
with a single crystal x-ray diffractometer by focusing the x-ray beam on one corner.
The Bruker Apex II software was used to rotate the goniometer such that the crystals
were aligned along the [111] direction by using the orientation matrix obtained by
collecting a dataset over a limited angular range. Some part of the crystals along
the (111) plane was lapped away and then the (111) surfaces were polished in the
following manner.

The crystals were first slightly grinded with abrasive grinding papers (SiC P1200
- SiC P4000) by hand. After grinding, diamond particles were used with a sequence
of 9 μm, 3 μm and 1 μm at 200 rpm (starting from slower speed of 100 rpm) for
15 minutes, respectively. After each polishing step the crystals were cleaned with
ethanol and acetone. As a final polishing step, the surfaces were polished with col-
loidal silica OPS (oxide polishing suspension) with a particle size of 40 nm for 15 min.
After polishing with silica particles, the crystals were quickly rinsed in water before
drying. Then the crystals were cleaned with acetone and ethanol in an ultrasonic
bath. We investigated two devices, S1 and S2, fabricated in the same way but on two
individually polished crystal surfaces.

To measure the SMR and SSE simultaneously, we used a lock-in detection tech-
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I

V
a b

I

V S
S

E

Figure 5.5: (a) Current dependence of the first harmonic contribution VSMR due to spin-Hall
magnetoresistance, where I is the AC current sent through the Pt Hall-bar. (b) Second har-
monic signal VSSE due to the spin Seebeck effect as a function of I2, generated by current
induced heating. Here, the solid lines indicate the linear fits.

nique [8]. By using this technique, we measured the SMR as first and the SSE as
second order responses of the Pt|CSO system by sending an applied AC current
(I ≤ 4 mA) through the Pt Hall-bar. The output voltage signal can be written as the
sum of the first, second and higher order responses of I as follows:

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) +R4I
4(t) + · · · , (5.4)

To measure the first and second order resistance response, we measured the in-
dividual harmonic voltages by using lock-in amplifiers. When considering only first
and second harmonic voltage signals, the first and second order resistance responses
are defined as follows:

R1 = V1

I0

R2 =
√
2V2

I2
0

for
φ = 0o

φ = −90o (5.5)

As the SSE is measured as second order resistance response, we defined here V2 =

VSSE and R2 = RSSE. To check the contribution from the higher harmonic responses,
we also measured third and fourth harmonic signals at I = 4 mA in different ap-
plied magnetic fields. We observed these signals to be negligible compared to the
detected first and second harmonic signals. Therefore these higher harmonic signals
do not have to be taken into account for the calculation of the first and second or-
der response of the system [8]. In the linear response regime I < 2 mA, the SMR
scales linearly and the SSE scales quadratically with the applied current as shown in
Fig. 5.5(a,b). However, at I ≥ 2 mA, the SSE no longer follows the expected quadratic
trend. Nevertheless, we measured the SMR and SSE also by sending higher currents
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Figure 5.6: (a) The angular dependence of the first order resistance response in the transverse
configuration, R1 = V1/I , for I = 4 mA at 5 K in an applied magnetic field of 400 mT. The
Rampl

SMR sin(2α) and Rampl
HE sin(α + η) curves illustrate the additive contributions from the ex-

pected SMR and an additional ordinary Hall effect signals. (b) The additional contribution in
the first order resistance response RH due to ordinary Hall effect scales linearly with the ap-
plied current. (c) RH, as expected for the Hall effect, scales linearly with the applied magnetic
field.

till I = 4 mA. We observed a similar trend in the magnitude and phase change of the
SSE at different currents (see Fig. 5.10(g,h)).

The angular dependence of the SMR and the SSE were studied by rotating an
externally applied magnetic field in the xy plane of the CSO crystal [36]. The in-
plane angle α of the magnetic field is defined relative to the applied current direction
(x-axis) through the Pt Hall-bar, as indicated in Fig. 5.2(a).

5.5.2 First harmonic response in Pt on the Cu2OSeO3 crystal

Here we discuss on the identification of different contributions in the first har-
monic response and the method adopted to separate the desired SMR contribution.
We also discuss the influence of the applied magnetic field on the magnitude and the
line shape of the angular dependence of the SMR signal, as an addition to the first
part of the main text. The first order resistance response is determined by measuring
the first harmonic voltage transverse to the applied current direction on the Hall-bar
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Figure 5.7: The SMR signal as a function of ex-
ternal magnetic field for devices S1 (I = 2 mA)
and S2 (I = 1 mA, 4 mA).

structure, as described above. An example of such a measurement is shown by the
red circles in Fig. 5.6(a).

For the SMR the measured Pt resistance depends on the direction of average mag-
netization M of CSO, as explained in the main text. Apart from the expected SMR,
an additional signal due to the ordinary Hall effect (HE) is obserevd in R1, which
is generated by a magnetic field component normal to the (111) plane of the CSO
crystal due to a slight misalignment of the sample by an angle estimated to be ∼ 2◦

and ∼ 4◦ for S1 and S2, respectively. The HE voltage has a sin(α + η) angular de-
pendence, where the phase η is governed by the sample tilt direction. The ordinary
Hall voltage of Pt|CSO scales linearly with the applied current and magnetic field
strength, as expected (see Fig. 5.6(b,c)).

Our results for both devices S1 and S2 are reconcilable, despite the fact that the
magnitude of the signals for device S2 is almost twice higher (see Fig. 5.7), indicat-
ing that by optimizing the contact properties the signals could be enhanced further.
Fig. 5.8 shows the summarized data of the SMR as a function of angle α acquired
for device S2 at 5 K. As explained in the main text, the SMR signal in the ferrimag-
netic phase (μ0H = 120 mT) has a sin(2α) dependence (see Fig. 5.8(a)). When the
field is reduced below the ferrimagnetic transition, the amplitude of the SMR signal
decreases (see Fig. 5.8(b,c)) with the same sign. At μ0H < 60 mT, the SMR sig-
nal reverses its sign in the conical magnetic state of CSO (see Fig. 5.8(d)), a further
decrease in magnetic field results in an increase of the amplitude of the SMR sig-
nal (see Fig. 5.8(e,f)). At the magnetic transition from the conical to the helical state
of CSO, the line shape of the SMR signal starts to deviate from a sin(2α) function
(see Fig. 5.8(f,g)) and does not follow sin(2α) dependence in the helical phase (see
Fig. 5.8(h)). The SMR signal fully disappears at μ0H = 0 T (see Fig. 5.8(i)).
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Figure 5.8: (a-i) Change in the SMR signal RSMR in Pt|CSO system by decreasing the applied
magnetic field at current I = 1 mA, through the Pt Hall-bar at 5 K. The SMR signal (a) in the
ferrimagnetic state of CSO, (b-f) in the conical magnetic state of CSO and (g-i) in the helical
magnetic state of CSO. The data shown here are centered around zero and acquired for device
S2.

5.5.3 Continuum model for the SMR effect in Pt|Cu2OSeO3

We describe magnetic states of Cu2OSeO3 by the continuum model [26],

ε =
J

2a

∑
i

∂im · ∂im+
D

a2
m ·∇×m− μ0μm ·H

+
K1

a3

∑
i

m4
i +K2a

∑
i

∂2
i m · ∂2

i m, (5.6)

where the first term describes the FM exchange interaction, the second term is the
Lifshitz invariant resulting from the Dzyaloshinskii-Moriya interaction and the third
term is the Zeeman energy. The last two terms are the magnetic and spatial anisotropies
allowed by the P213 symmetry of the crystal lattice, a is the lattice constant and
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Figure 5.9: (a-d) Angular dependence of the SMR (RSMR) at 5 K in different magnetic states
of CSO. RSMR in (a) the collinear ferrimagnetic, (b) conical and (c,d) helical magnetic states
of CSO. The black and red data points show the trace and retrace measurements, respectively,
showing hysteresis at low applied magnetic fields. The data are centred around zero and
acquired for device S1. The solid curves are model fits to the data. (e) Field dependence of
the SMR signal, Rampl

SMR for the various magnetic orders which develop in CSO with increasing
magnetic field. Here, Q represents the propagation wave vector and the magnetic field H is
applied in the (111) plane parallel to the Pt|CSO interface. The transition between the different
magnetic states of the CSO crystal is marked by vertical lines. The data acquired for device S2
are presented in Fig. 5.3.

∂i =
∂
∂ri

, i = x, y, z.

Substituting equation 5.2 into the expression for the energy density equation (5.6),
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we obtain

ε =

(
JQ2

2a
+

D

a2
e3 ·Q

)
sin2 θ − μ0μ cos θe3 ·H +

K1

a3(
A(θ) +B(θ)

∑
i

e43i

)
+

1

2
K2a sin

2 θQ2

∑
i

(
Q2 − e23iQ

2
i

)
(5.7)

where A(θ) = 3 sin2 θ
(
1
8 sin

2 θ + cos2 θ
)

and B(θ) = 3
8 sin

4 θ − 3 sin2 θ cos2 θ + cos4 θ.
We neglect the exchange anisotropy, K3

a

∑
i(∂imi)

2, in equation (5.6), which reduces
to K3

2 sin2 θ
(
Q2 − (Q · e3)2

)
. Since e3 is (nearly) parallel to Q at all applied fields,

this term has little effect on the magnetic state.
We first discuss the conical spiral state, in which e3 ‖ Q ‖ H . Neglecting the

relatively small anisotropy terms, we obtain Qa = D
J by minimizing ε with respect to

Q, while the minimization with respect to θ gives cos θ = H
Hc2

, where μ0μHc2 = D2

J .
The anisotropy terms are crucial for stabilization of the helical state. Due to the

second term in equation (S3), e3 and Q are nearly parallel in the helical state. Then
both anisotropic terms are, essentially, equivalent to K ′a

∑
i Q

4
i , which for K ′ < 0

favors the [100], [010] and [001] directions of the spiral wave vector. In an applied
magnetic field the wave vector Q, minimizing the energy of each domain, deviates
from the corresponding crystallographic axis. K ′ determines the critical field, Hc1,
at which the transition from the helical to conical spiral state occurs.

The observed vanishing of the SMR signal in zero field is explained as follows. In
the domain α (α = 1, 2, 3), 〈mxmy〉 = 1

2 (e
(α)
3 ·x̂)(e(α)3 ·ŷ)(3 cos2 θ(α)−1), where x̂ and ŷ

are the unit vectors in the x and y directions. In zero field, cos θ(α) = 0 in all domains
and e

(1)
3 = (1, 0, 0), e(2)3 = (0, 1, 0) and e

(3)
3 = (0, 0, 1). Adding the contributions of all

three domains and assuming that they have the same volume, we obtain :
− 1

6

∑
α(e

(α)
3 · x̂)(e(α)3 · ŷ) = − 1

6 (x̂ · ŷ) = 0.
Blue lines in figures 3a-d are the angular dependence of the SMR in different

magnetic states of CSO obtained by numerical minimization of the energy (S3) with
respect to Q and e3, for K1 = 0 and K2 = 0.07J . To reproduce the angular depen-
dence of the multidomain helical state (Fig. 5.3(d)), we used two assumptions: (1)
the three domains with different orientations of the spiral wave vector Q have the
same volume (dark blue line) and (2) the domain with the lowest energy for a given
H occupies the whole sample (light blue line). Red line Fig. 5.3(e) shows the mag-
netic field dependence calculated for the same set of parameters. The model captures
nicely all the essence of the data and correctly gives the value of the field at which
the amplitude of the SMR changes sign. The calculated amplitude of the SMR at low
fields is, however, smaller than that observed in our experiment.
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5.5.4 Second harmonic response in Pt|Cu2OSeO3

As shown in Fig. 5.4(d), the SSE increases by decreasing the temperature below
Tc, with a maximum signal observed at 5 K. The temperature dependence of the
SSE resembles closely the temperature dependence observed in a frustrated mag-
netic system [15] and therefore can be explained in a similar way, by considering
different sublattices. The associated acoustic (ferromagnetic) and optical (antiferro-
magnetic) modes of different sublattices do not contribute to the SSE with the same
sign and cancel to a large extent for temperatures close to Tc. By decreasing tem-
perature below Tc, the exchange splitting of the optical modes increases and they
become increasingly depleted. The suppression of the thermal pumping of the opti-
cal modes in the Pt|CSO sample thus leads to an apparent enhancement of the SSE
at lower temperatures. This mechanism explains the low-temperature sign change
of the SSE of the ferrimagnetic insulator Gd3Fe5O12 (GdIG) [37]. It also accounts for
the apparent suppression of the SSE in YIG at temperatures above 300 K [38] and
the enhancement in the SSE at low temperatures T < Tc in a non-collinear magnetic
insulator, CoCr2O4 [15]. A full theoretical modeling and interpretation is possible
by considering the atomistic spin models although this is beyond the scope of this
work.

As shown in Fig. 5.4(b,f) for device S1 and in Fig. 5.10 for device S2, the SSE
detected as the second harmonic response changes phase as well as magnitude upon
decreasing the applied magnetic field (see Fig. 5.10) and at μ0H = 1 T the phase ϕ is
observed to be around 5◦. When the magnetic field is reduced further, the phase ϕ

significantly increases and reaches a value around 75◦ at the transition to the helical
phase for μ0H = 30 mT (see Fig. 5.10(e,h)). VSSE fully disappears in a magnetic
field of 0 T as shown in Fig. 5.10(f). For both devices S1 and S2, a similar value of
phase ϕ is observed in the angular dependence of VSSE in different magnetic fields.
Fig. 5.10(g,h) shows the amplitude and phase of the angular dependence of the SSE,
acquired from device S2 as a function of field H at I = 1 mA (in the linear regime,
where VSSE scales linearly with I2) and at I = 4 mA (in the nonlinear regime). For
both current values, a similar trend in the amplitude Rampl

SSE and phase ϕ is observed.
The amplitude Rampl

SSE increases by increasing H and starts to saturate around μ0H =

4 T (see Fig. 5.10(g)). Rampl
SSE is more than four times larger at 4 T field than the signal

observed at the conical to ferrimagnetic transition (μ0H = 94 mT). The phase ϕ

decreases by increasing the magnetic field and ϕ ≈ 0 for μ0H > 1 T (see Fig. 5.10(h)).
It would be of great interest to develop a theoretical model and interpretation of the
observed SSE signal. However, this is outside the scope of this work, where we
provide a detailed summary of our experimental findings of the SSE in the Pt|CSO.
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Figure 5.10: (a-f) Angular dependence of the SSE response VSSE in the Pt|CSO sample, due to
current-induced heating, in different magnetic states of CSO. VSSE in (a-c) the ferrimagnetic,
(d) conical, and (e,f) in helical magnetic states of CSO. The data are centered around zero (g)
Magnetic field dependence of the amplitude of second harmonic response Rampl

SSE . (h) Magnetic
field dependence of the phase ϕ appearing in the angular dependence of VSSE for different
applied currents. The presented data are acquired from device S2.
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Chapter 6

Probing current-induced magnetic fields in
Au|YIG heterostructures with LEμSR

Abstract

We investigated the depth dependence of current-induced magnetic fields in a bilayer
of a normal metal (Au) and a ferrimagnetic insulator (Yttrium Iron Garnet - YIG) by
using low energy muon spin spectroscopy (LE-μSR). This allows us to explore how these
fields vary from the Au surface down to the buried Au|YIG interface, which is relevant
to study physics like the spin-Hall effect. We observed a maximum shift of 0.4 G in the
internal field of muons at the surface of Au film which is in close agreement with the
value expected for Oersted fields. As muons are implanted closer to the Au|YIG interface
the shift is strongly suppressed, which we attribute to the dipolar fields present at the
Au|YIG interface. Combining our measurements with modeling, we show that dipolar
fields caused by the finite roughness of the Au|YIG interface consistently explains our
observations. Our results, therefore, gauge the limits on the spatial resolution and the
sensitivity of LE-μSR to the roughness of the buried magnetic interfaces, a prerequisite
for future studies addressing current induced fields caused by the spin accumulations due
to the spin-Hall effect.

6.1 Introduction

Recently the exciting field of spintronics has been transformed by new concepts to
manipulate the spin transport taking place at the interfaces between magnetic and
non-magnetic materials [1, 2]. Therefore, it is important to understand the spatial
distribution of spin accumulation in different devices. The spin accumulations at
these interfaces have been mostly created electrically by the spin-Hall effect (SHE)
by sending a charge current through normal metal (NM) with strong spin-orbit cou-
pling [3–5] on top of the magnetic insulators like YIG. These electrically created spin
accumulations are usually detected by an indirect method called spin-Hall magne-
toresistance effect in which the resistance of the NM changes with the magnetization
of the underlying YIG [6]. In these electrical measurements used to probe SHE, the
ever-present background contributions like Oersted fields (the magnetic fields gen-
erated by current flowing through a metal) and dipolar fields (the inhomogeneous
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magnetic fields arising from the roughness of a magnetic surface) cannot be disen-
tangled. Any technique that would aim to estimate these background contributions
needs to be spin and magnetic field sensitive along with spatial resolution.

Muon spin spectroscopy is widely used as a magnetic spin microprobe to in-
vestigate superconductivity[7, 8], magnetism [9, 10] and many other fields [11]. In
addition, low-energy muon spin rotation spectroscopy (LE-μSR) provides an oppor-
tunity to tune the energy of the muons (1 - 30 keV) to perform depth resolved internal
field measurements in range of 1 - 200 nm [11–13]. Due to the combination of sen-
sitivity [10] and the spatial resolution [11], LE-μSR has been applied successfully to
obtain the depth-resolved profile of the local magnetization in various thin films and
heterostructures [14, 15].

All these successful applications of LE-μSR motivate the study of its limits and ca-
pabilities in order to gauge the possibility of using such a technique for other sources
of current-induced fields, e.g., due to the spin accumulation by SHE, Oersted fields
or magnetization induced via proximity at buried interfaces. To explore this, we
considered here a Au|YIG test structure. In this structure, due to the small spin-Hall
angle of Au we expect negligible contribution from SHE, which allows us to quantify
other current-induced contributions, such as ever-present Oersted fields and dipolar
fields due to finite interface roughness. We report here the quantitative study of the
depth distribution of magnetic fields in the Au|YIG system with LE-μSR [16, 17].

6.2 Device fabrication and measurement technique

Fig. 6.1(a) shows the device configuration used to quantify the current-induced mag-
netic field distribution at different depths in the Au|YIG heterostructure. The YIG
has a thickness of 240 nm grown by liquid phase epitaxy on 0.5 mm-thick (111)
Gadolinium Gallium Garnet (GGG) monocrystalline substrate. In any NM|YIG sys-
tem, there would be two main contributions to a current-induced magnetic fields:
one would be the spin accumulation due to SHE (see Fig. 6.1(b)) and other due to
Oersted fields (see Fig. 6.1(c)). Note that for the Au metal (used here) we expect a
spin diffusion length of 35 nm [18] which would make it compatible with depth-
resolved studies of spin accumulation using LE-μSR. Nevertheless, for the specific
case of SHE, the small spin-Hall angle makes the expected signals two orders of
magnitude smaller than the Oersted fields, therefore in the current study we focus
on quantifying the latter.

All measurements were performed at the LE-μSR spectrometers at the Paul Scher-
rer Institute, Villigen, Switzerland. The measurements were done at pressure ≤ 10−9 mbar
in a cold finger cryostat. In these measurements, 100% spin polarized positive muons
are implanted into the Au|YIG sample, with their spin polarization direction at an
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Figure 6.1: (a) Device configuration for probing current-induced magnetic fields at Au|YIG
interface with muons. (b) Schematic illustration of spatial directions of electrically created
spin accumulation created by spin-Hall effect and (c) Oersted magnetic fields B with respect
to muon beam μ+. Here, Jc, M and B0 represent the applied dc-current, magnetization of
the YIG film and the applied magnetic field.

angle of 45o in the yz-plane (see Fig. 6.1). The implanted muons have a short life-
time of 2.2 μs after which they decay by emitting a positron, preferentially in the
direction of the muon spin at the time of decay. The reference measurements at dif-
ferent temperatures show no significant temperature dependent spin depolarization
of muons. The measurements reported here are done using the transverse field ge-
ometry, where the applied magnetic field (B0 = 100 G) is perpendicular to the initial
spin direction of the implanted muons (shown in Fig. 6.1). The decay positrons are
detected using appropriately positioned detectors, to the left and right of the sample,
relative to the incoming muons. The asymmetry, A(t), the difference of the detected
positrons in the left and right detectors normalized by their sum is proportional to
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the time evolution of the muon spin polarization, which provides information re-
garding the local magnetic properties at the muon stopping site.

The measurements are performed at different implantation energies and applied
currents. By varying the energy of the muons, they can be implanted at different
depths in the Au metal. The obtained μSR spectra were analysed using the MUSRFIT
software [19]. We find that the collected spectra at all implantation energies and
applied currents fit best to Eq. 6.1.

A(t) = A0e
−λt cos(ωt+ φ). (6.1)

Here ω = γB, γ being the muon gyromagnetic ratio, which reflects that the muons
experience a Lorentzian field distribution with an average field B and width λ and φ

is the angle between the direction of the initial spin polarisation of the muon (at t=0)
and the direction of positron emission. The Larmor frequency ω provides the infor-
mation about the internal field at the muon site and the damping λ gives information
about the inhomogeneity of the internal field at the muon site.

6.3 Results

The results of the fit parameters from Eq. 6.1 are shown in Fig. 6.2. For the damp-
ing λ we do not observe any trend versus current therefore in Fig. 6.2(a) we show
λ only for zero current. Contrary to λ, there is a clear current dependence of the
field shift ΔB. This dependence of ΔB is clearly larger at lower energies and grad-
ually decreases until it fully disappears at higher energies (E ≈ 12 keV), as shown
in Fig. 6.2(b). When muons are implanted closer to the interface, ΔB almost disap-
pears. The internal field at the muon site is also measured at zero current density
to rule out other magnetic field induced effects like proximity effects consistent with
current understanding of the NM|YIG films [20]. A clearer observation of the current
dependence of ΔB for different energies is shown in Fig. 6.2(c): ΔB varies linearly
with the applied current closer to the surface of the Au film at E = 6.4 keV and
almost vanishes closer to the interface at E = 17.5 keV.

To interpret the data, we can model the expected field shifts due to current-
induced fields as:

ΔBλ′(E) =
1∫ z=d

z=0
P (E,z)
λ′(z) dz

∫ z=d

z=0

P (E, z)

λ′(z)
B(z)dz. (6.2)

where B(z), P (E, z) and λ′(z) represent the current-induced Oersted fields, muon
stopping profile and damping due to inhomogeneous fields close to Au|YIG inter-
face. The Oersted fields for a uniform current density J through Au film can be
calculated using B = −μ0Jz

′x̂ for z′ = z − tAu/2, where tAu and z are the thickness
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Figure 6.2: (a) and (b)
shows the observed
damping λ and field
B0 + ΔB as a function of
the implantation energy
E of muons at different
values of applied current
(I = -1.8 A to 1.8 A) in the
Au|YIG bilayer system,
respectively. Here, B0

represents the applied
field. (c) Shift in the
internal field ΔB at muon
site as a function of the
applied current I through
the Au film at energies
E = 6.4 keV, 17.5 keV

of the Au film and the distance from the surface of Au towards the Au|YIG interface,
respectively. We simulated the muon stopping profiles P (E, z) by using the Trim.SP
Monte Carlo program [19], as shown in Fig. 6.3(a). To get a clear relation between the
muon implantation energy and the depth, we relate each energy to the peak position
zmax of the muon distribution profile, as shown in the inset of Fig. 6.3(a).

The presence of any additional inhomogeneous field at the muon site can lead to
the precession of muon spins at different frequencies and gives rise to the damping
of the muon signal which we include in Eq. 6.2 by a parameter λ′(z). This damp-
ing which we include as λ′(z) can prevent us from observing expected field shift
ΔB. The observed damping λ(E) (shown in Fig. 6.2(a)) increases by a factor of two
closer to the Au|YIG interface, also suggests the presence of these inhomogeneous
fields Bλ′ closer to the interface. This inhomogeniety in the field Bλ′ is given by the
expression Bλ′ = λ′(z)/2πγ.

There are several mechanisms that can cause these inhomogeneous magnetic
fields (therefore λ′(z)) close to the interface which can influence the expected mag-
netic field shifts including nuclear hyperfine fields [21–23], the dipolar fields from
magnetic domains [24] or the interface roughness [25, 26]. The nuclear hyperfine
fields are not relevant here as they are too small in Au, typically 0.02 μs−1. We re-
mark that the magnetic domains can be formed by anisotropy but for these films the
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Figure 6.3: (a) The current-induced magnetic field as a function of depth z, where z is the dis-
tance from the surface of Au towards the interface. P (E, z) shows the probability distribution
of the stopping depth of muons as a function of z at different implantation energies E vary-
ing from 6 keV to 18 keV. The inset of (a) shows the depth zmax of the peak maxima for each
probability distribution P (E, z) shown in (a) versus E. It provides a scale (zmax = 3.455×E)
to translate from E to depth z for (b) and (c), where z = zmax. (b) Comparison of observed
field shifts ΔB with the calculated shifts ΔBo, ΔBλ and ΔBλ′ at different implantation ener-
gies of muons. Here, ΔBo, ΔBλ and ΔBλ′ represent the field shifts including only the muon
depth distribution profiles, the effect of observed damping λ shown in Fig. 2(a) and the effect
of estimated damping λ′ due to the dipolar fields, respectively. (c) Comparison between the
field Bλ calculated by considering the observed λ and the dipolar field Bλ′ (using Eq. 6.3) as
a function of distance z.

anisotropy is not relevant and the thickness of YIG film is still small enough to ne-
glect also the interfacial anisotropy, recently reported in thicker YIG films [27]. More-
over, the coercivity of the YIG film is around 2 G, therefore in these experiments the
film is fully saturated and we can ignore the effect of magnetic domain boundaries.
However, the inhomogeneous magnetic fields arising from finite interface roughness
can dramatically influence the dynamics of expected magnetic fields at the magnetic
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interface of multilayer systems [26]. The magnitude of these inhomogeneous dipo-
lar fields scales with the roughness amplitude h and decays with distance z from the
interface on a length scale of the lateral roughness η [26, 28]. Fig. 6.4(c) shows the
sketch of the dipolar fields near the Au|YIG interface with a finite roughness. The
dipolar fields [26] can be estimated as follows:

Bλ′(z) = μ0Ms
h

2

∞∑
n=1

qn
sin( 14qnη)

1
4ηqn

sin( 12qnh)
1
2qnh

exp(−qnz). (6.3)

Here qn = 2πn
η and Ms is the saturation magnetization of YIG. For this model of

the sinusoidal interface profile, lateral period η = 20 nm and roughness amplitude
h = 1 nm are estimated from the atomic force microscope image of the YIG surface
shown in Fig. 6.4(a,b). Fig. 6.3(c) shows the dipolar fields Bλ′ estimated by Eq.6.3.

To find the effect of these dipolar fields on the observed field shifts ΔB, we cal-
culated damping λ′ associated with the dipolar fields Bλ′ and used it in Eq. 6.2.
Fig. 6.3(b) shows a good agreement between the field shifts ΔBλ′ estimated by in-
cluding dipolar fields and the measured field shifts ΔB, both vanishing closer to the
Au|YIG interface. Therefore, we achieved a consistent picture by taking into account
the damping λ′ due to the dipolar fields resulting from the finite surface roughness.

To check whether the assumption of presence of the inhomogeneous fields ΔBλ′

close to the interface is correct, we can estimate these fields by using the observed
damping λ(E) (Fig. 6.2(a)). The estimated Bλ is around 0.3 G, which is in the same
order as expected current-induced fields at the interface (cf. Fig. 6.2(c) to 6.2(c)).
However, these Bλ fields are much smaller than the inhomogeneous fields Bλ′ esti-
mated for the dipolar fields at the interface, which can be understood from the fact
that Bλ are also convoluted from the muon profile P (E, z), in reality the dipolar
fields can be much larger than these estimated values. Fig. 6.3(b) shows that the es-
timated inhomogeneous fields ΔBλ by using λ(E) result in preferential reduction of
the shift around 30% close to the interface. To further confirm if the assumption of the
inhomogeneous fields Bλ′ at the interface is correct, we can calculate the field shifts
without the damping λ′ by considering it to be depth independent (i.e. λ′(z) = 1).
Fig. 6.3(b) shows that the field shifts (ΔBo) without considering the effect of damp-
ing is around 0.2 G at the interface, much larger than the value around 0 G observed
close to the interface. Therefore, it confirms that the assumption of dipolar fields
at the interface is in good agreement with experimental observations, as shown in
Fig. 6.3(b).
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Figure 6.4: (a) Atomic force microscope image (500×500 nm2) and (b) a representative cross-
sectional height profile of the YIG surface, prior to the Au metal deposition. (c) Illustration of
inhomogeneous dipolar fields near the Au|YIG interface with finite roughness, sketched for a
sinusoidal interface profile with a lateral period η. Here M and B represent the magnetization
of YIG and the current-induced field, respectively.

6.4 Conclusions

In conclusion we have established that LE-μSR can indeed work for resolving the
background signals present due to interface roughness and Oersted fields which are
a universal feature in experiments done to probe SHE, with proper magnitude, dis-
tance dependence and sign. In the current measurements, we obtained a field reso-
lution below 0.1 G. We have to gauge the viability of the SHE by making sure that
the induced spin-accumulations creates the magnetic field of this order which now
would depend on the specific parameters of the material. Moreover, the depth varia-
tion in the local magnetic field from SHE is on the scale of 10 nm which is compatible
to the resolution of LE-μSR, confirming the suitability of the technique to these mea-
surements. Hence, our results establish a point of reference and a guide for future
experiments aiming to probe SHE with muons.
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Chapter 7

Growth of non-centrosymmetric Cu2OSeO3

single crystals

Abstract

We have grown Cu2OSeO3 single crystals with a new vapor transport technique using
SeCl4 as a transport agent. We are able to grow Cu2OSeO3 crystals of maximum size
8 mm × 7 mm × 4 mm with a transport duration of around three weeks. We found
this new technique more efficient and simple compared to the commonly used growth
technique reported in literature. The Cu2OSeO3 crystals have a very high quality and the
absolute structures can be fully determined by simple single crystal x-ray diffraction. We
observe crystals with both left-handed and right-handed chiralities.

7.1 Introduction

Noncentrosymmetric magnetic materials have attracted considerable attention re-
cently in the field of magnetoelectric materials (ME). In these materials the absence
of an inversion center can lead to novel behavior such as multiferroics or novel mag-
netic textures like skyrmions. The most well studied chiral systems are MnSi [1, 2],
Mn1−xFexGe [3], FeGe [4] and a semiconducting Fe1−xCoxSi [5]. In these chiral
magnets, the principal magnetic phases are a helical phase, a single domain coni-
cal phase and a skyrmion state (known as the A-phase) which appears in a small
magnetic field-temperature (B-T) pocket close to transition temperature TN. In the
chiral atomic framework of this crystal family, the orbital motion of localized elec-
trons also takes helical paths. The neighboring spins of localized electrons are cou-
pled by the relativistic spin-orbit interaction called the Dzyaloshinskii-Moriya (DM)
interaction [6, 7]. As the sign of the DM interaction is determined by the chemical
composition, it emphasizes that the magnetic chirality is intrinsically dependent on
the lattice handedness. It has been shown experimentally in Mn1−xFexGe crystals
that the skyrmion helicity is directly correlated with the crystal helicity [3].

Cu2OSeO3 is one of the most important members of the chiral group with the
P213 chiral cubic crystal structure. It is the first insulator in which the skyrmion
lattice has been observed [8, 9] with a very similar B-T phase diagram to those of
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other related members of this chiral group. The insulating behavior of Cu2OSeO3

makes the study of the decisive role of crystal helicity especially more interesting by
excluding other contributions caused by conduction electrons. To understand the
unique magnetic structure of Cu2OSeO3, several different techniques have been em-
ployed including muon spin rotation spectroscopy [10], Lorentz transmission elec-
tron microscopy [9], AC susceptibility measurements [11], Terahertz Electron Spin
Resonance [12] and time-resolved magneto-optics [13]. Recently, generation of spin
currents has been studied in Cu2OSeO3 by a spin-pumping experiment [14].

Considering the large interest in the magnetic properties of Cu2OSeO3, it is im-
portant to look for new, efficient and fast growth techniques. Conventionally, Cu2OSeO3

is grown by the vapor transport method with HCl gas as transport agent. With this
growth method only one helicity has been reported [15], but the other helicity has not
been reported yet to the best of our knowledge. It is known that the structural and
magnetic chiralities for Cu2OSeO3 crystals are directly correlated [15]. Therefore, to
obtain both magnetic chiralities, it is needed to improve the growth techniques not
only to increase the growth rate but also to get crystals with both chiralities. Here,
we report a new and efficient way for the growth of Cu2OSeO3 single crystals with
SeCl4 as transport agent. We observe very high quality crystal growth having both
chiralities with this new transport agent. The crystal structure of Cu2OSeO3 crys-
tals has been studied before [16–18] with different diffraction techniques. Here, we
use single crystal x-ray diffraction (XRD) to establish the absolute structures for both
handednesses. This confirms the good quality of the crystals.

7.2 Synthesis and experimental methods

Single crystals of Cu2OSeO3 were grown by the standard chemical vapor transport
method. The novelty of our growth method is the use of selenium tetrachloride
(SeCl4) as a transport agent. Previously, SeCl4 was mainly used to grow molybde-
num and tungsten diselenides. In the literature Cu2OSeO3 is usually grown with
HCl gas [19]. Here, we report the growth of chiral magnets with SeCl4 as trans-
port agent which is new and different from those used in the literature [20]. For
growth, transparent quartz ampoules (30 mm inside diameter, 30 cm length) were
used. They were first carefully cleaned with ethanol, acetone, 10% HF, and demi
water and dried overnight at 200 ◦C before the charge was introduced. SeCl4 is very
hygroscopic; therefore, it was weighed and introduced into the transport tubes in a
glove box under a nitrogen atmosphere. Mixtures of high-purity CuO (Alfa-Aldrich,
99.995 %) and SeO2 (Alfa-Aldrich, 99.999%) powders in a molar ratio of 2:1 were
sealed in an evacuated quartz ampoule with 0.54 g of SeCl4 (Alfa-Aldrich, 99.5%).
After a few minutes of degassing, the part of the ampoule containing the chemi-
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cals was immersed into liquid nitrogen, subsequently evacuated and sealed after the
chemicals had cooled below their evaporation temperatures. The ampoule was then
placed horizontally into a tubular three-zone furnace having 18 cm - long zones sep-
arated by a distance of 3 cm. The temperature of the furnace was raised gradually
by 50 ◦C/h to 600 ◦C. To get rid of unwanted nucleation centers, a reverse tempera-
ture gradient was applied by adjusting the temperature of the source zone (Thot) to
610 ◦C and the deposition zone (Tcold) to 660 ◦C for 24h. Afterwards, Thot and Tcold

were adjusted to 610 ◦C and 570 ◦C, respectively, for growth. These furnaces were
regulated by a PID electronic regulator (SHINKO) with ±0.5 ◦C temperature stability
at 500-650 ◦C. After two weeks, shiny crystals could be seen at the deposition zone.
After four weeks, the ampoules were quenched at the source zone so that all gas va-
pors quickly condensed at the source zone. The extreme hygroscopic nature of SeCl4

Table 7.1: Growth conditions for Cu2OSeO3 with CVT growth method for different transport
agents (TA).

TA Thot (◦C) Tcold (◦C) growth duration
(d)

max. size of
crystals (mm3)

HCl [19] 620 580 49 130-150
SeCl4 610 570 23 210-224

resulted in the presence of water in the ampoules, in spite of all precautions taken.
The presence of water can create the vapor phase of hydrogen chloride (HCl) and a
chalcogen oxichloride (SeOCl), thus making the analysis of the transport mechanism
more complex. However, we observed that the presence of moisture slows down the
transport process. This transport method with SeCl4 resulted in reasonably big and
thick crystals. To compare the efficiency of the growth method, we also synthesized
the crystals with HCl gas as transport agent as reported in the literature [19]. The
growth conditions are summarized in Table 7.1. The crystal structure of Cu2OSeO3
crystals is investigated with a D8 Venture single crystal x-ray diffractometer (XRD).
The crystal quality is checked with precision scans of XRD for full sphere approxi-
mation.

7.3 Results

Table 7.2 shows the parameters used to establish the absolute structure of Cu2OSeO3

single crystals. Cu2OSeO3 crystals display the P213 space group and the ions occupy
the Wyckoff positions that are summarized in Table 7.3. The precision scans of XRD
for full sphere approximation show the high quality of Cu2OSeO3 single crystals
without any twinning.
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Table 7.2: Crystallographic data and structure refinement for Cu2OSeO3 single crystals.

Temperature 100 K
crystal system cubic
space group P213

wavelength 0.7107 A◦

unit cell dimension a 8.9446 A◦

θ range for data collection 3.147◦ - 32.25◦

Limiting indices -13 ≤ h ≤ 13
-11 ≤ k ≤ 11
-13 ≤ l ≤ 13

Reflections collected / unique 0.0367
Final R indices [I > 2σ(I)] 0.0312
Absolute structure parameter -0.01(2)

The chirality of the crystals was characterized with the Flack parameter analy-
sis. The Flack parameter is defined as the ratio between two opposite-handed do-
mains for non-centrosymmetric crystals giving rise to a resonant contribution in the
x-ray scattering amplitudes. A Flack parameter equal to zero corresponds to a sin-
gle domain of the chiral structure (enantiopure) and a Flack parameter equal to 1
represents a single domain structure but with opposite chirality. The absolute struc-
tures are solved by calculating the atomic coordinates during refinement of the Flack
parameter x by using the twin model for intensities of hkl reflections as follows:

Icalc
hkl = (1-x) | Fhkl |2 +x | F-h-k-l |2 (7.1)

Here, | Fhkl | and | F-h-k-l | represent the structure factors. The dual-space SHELXL
method was used for the structure determination. The full sphere of Bragg reflec-
tions was used for refinement. Results of least square refinement give a Flack x of
0.013(17) indicating two absolute structures having opposite chirality. The deviation
factor is defined as:

R1 = Σ | Fobs − Fcalc | /ΣFobs (7.2)

The standard deviation R1 was found to be 0.0217, which shows that the scattering
strictly follows the Flack conditions. We measured eleven crystals to resolve the ab-
solute structure, in which we found seven right-handed and four left-handed enan-
tiomers. The atomic coordinates for absolute structures for left-handed and right-
handed enantiomers of Cu2OSeO3 are summarized in Table 7.3.
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Table 7.3: Atomic coordinates and Wyckoff positions (WF) for Cu2OSeO3 for both handed-
ness.

Right-
handed

Left-
handed

WP x y z x y z
Cu (1) 4a 0.88589(3) 0.88589(3) 0.88589(3) 0.11404(4) 0.11404(4) 0.11404(4)
Cu (2) 12b 0.13439(3) 0.12108(3) 0.87247(3) 0.86549(4) 0.87895(4) 0.12754(4)
Se (1) 4a 0.45963(3) 0.45963(3) 0.45963(3) 0.54031(4) 0.54031(4) 0.54031(4)
Se (2) 4a 0.21201(3) 0.21201(3) 0.21201(3) 0.78802(4) 0.78802(4) 0.78802(4)
O (1) 4a 0.01031(3) 0.01031(3) 0.01031(3) 0.98974(3) 0.98974(4) 0.98974(3)
O (2) 12b 0.76232(2) 0.76232(2) 0.76232(2) 0.23730(3) 0.23730(4) 0.23730(3)
O (3) 4a 0.27029(2) 0.48318(2) 0.46954(2) 0.72971(3) 0.51663(4) 0.53014(3)
O (4) 12b 0.27257(2) 0.18681(2) 0.03276(2) 0.72786(3) 0.81329(4) 0.96738(3)

7.4 Discussion

7.4.1 Chemical vapor transport

The vapor transport technique [19] commonly used for the growth of Cu2OSeO3 sin-
gle crystals is relatively slow and complex due to the use of HCl gas as transport
agent. However, the method reported in this paper is very simple and easy due to
the use of a solid transport agent SeCl4, and it was also found to be relatively fast.
A disadvantage of SeCl4 as a transport agent could be the strong silica attack and its
strong hygroscopic nature which can be easily settled by using the transport agent
in an inert and dry atmosphere. SeCl4 has been frequently used in the past as an
efficient transport agent for the growth of diselenides such as WSe2 and MoSe2 [20–
22]. Like SeCl4, TeCl4 can also be an efficient transport agent. TeCl4 is more sta-
ble and less hygroscopic than SeCl4 which makes it a more suitable transport agent
than SeCl4 for vapor transport growth. However, TeCl4 can dope the crystals and,
therefore, SeCl4 is more suitable for growth of undoped Cu2OSeO3 crystals. The
decomposition of SeCl4 will give a mixture of selenium and dichlorine that can re-
sult in possible gaseous oxygen compounds during transport for SeCl4 can be SeO2,
SeOCl2 and SeO. Chlorine resulting from the decomposition of SeCl4 is probably
playing the efficient role in the transport but the role of the selenium is not very clear
in the transport. In case of presence of water, the transport would be more compli-
cated by also involving HCl vapors for the transport. We observed a clear decrease
in the deposition rate by exposing the SeCl4 transport agent to air.
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[111]

Left-handed Right-handed

(a) (b)

Figure 7.1: The two chiral crystal structures of Cu2OSeO3 where blue (green) spheres rep-
resent Cu1 (Cu2) atoms and orange spheres represent non-magnetic Se atoms. The non-
magnetic Se atoms are represented by orange spheres. The top views are along the body
diagonal of the cube (along [111] axis). (a) left-handed and (b) right-handed crystals.

7.4.2 Absolute structure determination

The absolute structures were solved for eleven crystals, grown with SeCl4 as trans-
port agent. During refinement the Goodness of Fit (GooF) was found to be 0.9-1.03,
the scale factor K was 0.95-1.0 and the standard deviation R1 was found to be 0.2-0.5,
which confirmed the high quality of those crystals. Seven out of eleven analyzed
crystals showed the same helicity and the other four crystals showed the opposite.
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The helicity can be defined from the Wyckoff position of magnetic ions. In the case
of Cu2OSeO3, Cu(1) and Cu(2) ions are located at 4a and 12b Wyckoff position as
shown in Table 7.3. The 4a Wyckoff positions of Cu(1) in Cu2OSeO3 are (x,x,x),
(0.5+x,0.5x,x), (x,0.5+x,0.5x) and (0.5x,x,0.5+x) where x ≈ 0.136 or x ≈ 1 - 0.136 = 0.863
corresponding to two enantiomers. The crystals having Cu(1) at x = 0.863 are defined
as the right-handed enantiomer and others with x = 0.136 as the left-handed enan-
tiomer as shown in Table 7.3. The structure of Cu2OSeO3 with the same set of coordi-
nates for the right-handed crystals shown in Table 7.3 is also defined as right-handed
in Ref. [15]. There, the crystals are defined as right-handed on the basis of similarity
of the 4a Wyckoff position of Cu(1) ion in Cu2OSeO3 and Mn in MnSi (right-handed).

The crystal helicity can also be defined by considering the closeness of the struc-
tural symmetry of the P213 space group with the absolute structure of P4132 as
proposed by Ref. [23]. The P4132 space group contains only right-handed screw
axes 41. Therefore, the right-handed crystals of the P213 space group can be easily
distinguished by comparison. The same approach is also mentioned for B20 struc-
tures [24]. The set of coordinates determined with this definition for right-handed
crystals is found to be consistent with the obtained absolute structure for the right-
handed crystals as shown in Table 7.3.

7.4.3 Broadband helimagnon resonance measurements

Experimental investigation of magnetic resonances1 confirmed the high quality of
the Cu2OSeO3 single crystals grown by the method described above. The measure-
ments were performed at 5 K using a broadband spectroscopy technique based on
vector network analysis (VNA).

The magnon resonances were excited and detected in different magnetic phases
of Cu2OSeO3 by measuring the complex transmission S21 with a VNA between two
ports, as a function of frequency f. To remove the background contributions, the
normalized transmission is defined as

δS21(f,H0) =
S21(f,H0 + δH0)− S21(f,H0 − δH0)

S21(f,H0)
(7.3)

where H0 is the external static applied magnetic field and δH0 is the sweeping incre-
ment. Such a measurement is shown in Fig. 7.2. Fig. 7.2 shows the real part of the
complex transmission Re(δS21) defined in equation 7.3 as a function of frequency f
and H0 at 5 K. The contrast in Re(δS21) is attributed to the excitation and detection of
magnetic resonances at a certain frequency. Three distinctive sets of helimagnon res-
onances are identified (indicated in Fig. 7.2). In addition to the previously observed

1For detailed information see Experimental observation of quantized helimagnon resonances in the chiral
magnetic insulator Cu2OSeO3 by M. Weiler, A. Aqeel, M. Mostovoy, A. O. Leonov, S. Geprägs, R. Gross, H.
Huebl, T. T. M. Palstra, & S. T. B. Goennenwein, to be submitted.
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Figure 7.2: Colorcoded ReδS21 (as defined in equation 7.3) spectra recorded as a function of
f and H0 at T = 5 K for three different orientations of the external magnetic field H0, swept
from positive to negative values. Contrast in δS21 corresponds to the detection of magnon
resonances and the dotted lines correspond to the resonance frequencies.

resonances in the literature [25, 26] at frequencies f < 6 GHz, helimagnon resonances
were also detected at higher frequencies (middle and top row in Fig 7.2) in grown
Cu2OSeO3 crystals. Linewidth analysis suggests a magnetic damping α ≤ 0.003

which is substantially larger than the damping of yttrium iron garnet. Nevertheless,
the damping of Cu2OSeO3 is comparable to the record value recently reported in
a metallic ferromagnetic CoFe alloy at room temperature [27]. The low damping in
high quality single crystals of Cu2OSeO3 in different magnetic phases opens the pos-
sibility to excite quantized helimagnons with exciting perspectives for spintronics in
chiral magnets.
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7.5 Conclusions

In conclusion, we have demonstrated a simple route that allows the growth of Cu2OSeO3

single crystals in a relatively short duration. The XRD analysis shows high qual-
ity single crystals. We observed both right-handed and left-handed enantiomers of
Cu2OSeO3 and the absolute structure was fully determined by the Flack parame-
ter analysis of the refined XRD pattern. The growth of crystals with both left- and
right-handed structural chiralities can be useful to understand the coupling between
structural and magnetic chiralities. The understanding of the coupling is important
to control the magnetic textures such as skyrmions for spintronics applications.
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Summary

Controlling the generation, propagation and detection of pure spin currents car-
ried by magnons is the essence of the field of magnon spintronics. In this thesis,
I investigate pure spin currents generated in a normal metal and the spin currents
carried by thermally generated magnons in magnetic insulators. I investigate
these spintronic phenomena in the prototype yttrium iron garnet (YIG)|platinum
(Pt) bilayer system (chapter 3) and in different non-collinear magnetic insulator|Pt
bilayer systems (chapters 4, 5). The spin currents are driven by both charge cur-
rents and temperature gradients. I also study the growth of non-collinear mag-
netic insulators (chapter 7). Moreover, I investigate the role of ever-present back-
ground contributions in these spintronic experiments by a magnetic probe based
on a muon spectroscopy technique (chapter 6).

The electron can be considered as a particle, with charge and magnetic character
“spin”. It behaves as a tiny magnet with an intrinsic magnetic moment. The mo-
tion of an electron (charge current) is thus automatically accompanied with the flow
of angular momentum, i.e., a spin current. In paramagnetic metals, the number of
electrons with spin pointing in one direction, “spin-up” electrons, is equal to the
number of electrons with spins pointing in the opposite direction, “spin-down” elec-
trons. Hence, these charge currents do not carry a net spin current. However, in
ferromagnetic (ferrimagnetic) materials, the majority of electron spins point in one
direction making the material magnetic. Therefore, a charge current in a magnetic
material effectively transports a spin current. This spin current can be injected into
an adjacent non-magnetic metal in close proximity. The main complexity of working
with spin currents is that these injected spin currents can decay over short distances
of the order of hundreds of nanometers due to interactions with their environment.
The relation between charge and spin current transport has led to spin-based elec-
tronics - known as spintronics. The recent developments in the field of spintronics
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have shown that pure spin currents can be generated transverse to a charge current.
This effect is known as the spin-Hall effect (SHE). In the SHE, a moving electron in
a paramagnetic metal is deflected from its initial trajectory (along the charge current
flow direction) due to the spin-orbit interaction (an interaction of a particle’s spin
momentum with its orbital momentum). The deflection direction is opposite for
spin-up electrons and spin-down electrons. Therefore, when a charge current flows
in materials with strong spin-orbit coupling (heavy metals like Pt) the electrons with
opposite spins deflect in different directions, resulting in a spin current transverse to
the charge current direction. The inverse of this effect (ISHE) also exists in which a
spin current converts to a transverse charge current.

Spin currents can also flow in magnetic insulators carried by magnetic excitations
known as magnons. The relation between spin currents in metals and spin currents
carried by magnons in insulators has led to a new research field - known as “magnon
spintronics”. In this thesis, the transfer of spin currents across the metal|magnetic
interfaces is investigated by two effects: spin-Hall magnetoresistance (SMR) and
spin-Seebeck effect (SSE). In the SSE, a temperature gradient is applied over a non-
magnetic NM|ferromagnetic FM stack which generates thermal magnons (magnetic
excitations) in the FM layer. These magnons carry a spin current with spin polar-
ization along the average magnetization direction of the FM layer. This spin current
carried by thermal magnons transfers into the adjacent NM layer and converts into
a charge current by the ISHE - known as the SSE signal. As the spin current goes
from the FM to NM layer through the interface, the quality of the interface plays an
important role.

The first experiment (chapter 3) investigates the role of the interface quality in
the SSE. In this experiment, a collinear magnetic insulator yttrium iron garnet (YIG)
is investigated. In this system all magnetic moments can be easily aligned along the
applied magnetic field direction (with magnetic field strength of few millitesla). Be-
fore sputtering the Pt layers on top of YIG films, different YIG surfaces are prepared
by polishing with coarse or soft polishing particles of different sizes. The creation
of a temperature gradient over these Pt|YIG stacks is achieved by using external
heaters. Interestingly, the SSE signal observed in the NM layer depends on the sur-
face roughness of the YIG layer and the type of polishing (i.e, coarse or soft polishing
particles). A second experiment is the simultaneous detection of the SMR and SSE in
the NM|FM stacks. In the SMR, the resistance of the NM layer changes depending
on the magnetization direction of the FM layer underneath. In this effect, the SHE
and ISHE both play a concerted role. This effect is measured by rotating the NM|FM
stack in a magnetic field and measuring the resistance of the NM layer along (or
transverse to) the applied current direction. Importantly, this effect is sensitive to the
surface magnetization of the magnetic layer and provides the possibility to electri-
cally detect the magnetization direction of this insulating layer. The charge current
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sent through the NM layer creates a thermal gradient across the NM|FM stack due to
Joule heating. This thermal gradient will create the SSE which can be separated from
the SMR signal by a technique called lock-in detection. The principle is that the SMR
scales linearly with the applied current while the SSE scales quadratically. By si-
multaneously, but separately, measuring the SMR and SSE in a single measurement,
detailed information about the surface and bulk magnetization of the magnetic layer
can be determined. This experiment is performed on the Pt|YIG stack (chapter 4)
by measuring the SMR and SSE simultaneously. In the literature, mostly the pro-
totype YIG collinear magnet has been investigated. However, magnetic insulators
exhibit a large variety of magnetic orders, varying from collinear magnetic states in
which all magnetic moments align along one axis to non-collinear states with mag-
netic moments aligned in complex spin arrangements. In non-collinear magnetic
insulators, usually a large magnetic field of several Tesla is needed to align all mag-
netic moments along the applied field. In such magnetic systems, the competing
magnetic interactions (spin frustration) do not favor a parallel arrangement of mag-
netic moments, resulting a complex arrangement, such as triangles or spirals. An
example of such a system is CoCr2O4 (CCO) (discussed in chapter 4) in which at low
temperatures the spin frustration leads to a conical spiral arrangement of magnetic
moments. Even a magnetic field of 30 T is not sufficient to fully align all magnetic
moments along the applied field direction. To study the sensitivity of the SMR and
SSE towards the surface and bulk magnetization of a magnetic insulator, I performed
experiments on the Pt|CCO bilayer system (chapter 4). I observe that the SMR and
SSE both show large anomalies at the magnetic transitions where the collinear mag-
netization of the CCO films transforms to the conical spiral state. The large changes
in the SMR and SSE signals are related to the non-collinear magnetization of the insu-
lating CCO magnetic layer. This experiment establishes that both the SMR and SSE
are powerful tools that complement ferromagnetic resonance and neutron scattering
techniques to analyze the magnetization dynamics of complex oxides like CCO.

The third investigation in my thesis is similar to the second one in which the SMR
and SSE are simultaneously detected. In this study a chiral non-collinear magnetic
insulator is used. In chiral magnets the Dzyaloshinskii-Moriya (DM) interaction can
lead to a non-collinear magnetic order. In these magnetic systems, the DM inter-
actions twist an initially collinear arrangement of magnetic moments to a certain
handedness. This leads to the formation of chiral spin arrangements. The advantage
of using such magnetic systems is their rich phase diagrams in which different mag-
netic states like helical, conical, skyrmions and collinear magnetic states (co-)exist at
different temperatures and applied magnetic fields. For this purpose, we investigate
the chiral magnetic insulator Cu2OSeO3 (CSO)|Pt bilayer system (chapter 5). I ob-
serve that the SMR can be used as an all-electric detection tool for different magnetic
transitions of CSO, such as the helical and conical spiral magnetic states. The results
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show the SMR to be sensitive to the orientation of the spiral wave vector and to the
magnitude of the cone angle between the applied magnetic field direction and the
magnetic moments in the spiral. Large discontinuities and anomalies in the SMR
are observed when the magnetic order of the CSO changes from a single magnetic
domain state to a multidomain state. The SSE generated due to Joule heating also
shows strong sensitivity to changes in magnetic ordering of CSO. In the future per-
spective, it would be interesting to apply these techniques (SMR and SSE) to the
detection of even more complex spin textures, such as the skyrmion crystal in these
chiral magnets.

The fourth investigation described in this thesis (chapter 6) deals with the de-
termination of the ever-present background contributions in these spintronic experi-
ments. I used a muon spectroscopy technique (LEμSR) for this purpose. The LEμSR
is a magnetic probe and is sensitive to small magnetic fields of the order of 0.1 mT.
This technique can be used to detect the current-induced fields, e.g., due to the spins
created by the SHE, Oersted fields or due to proximity effects at buried interfaces. In
this experiment, a Au|YIG bilayer system is used to study the depth resolved mag-
netic fields in this system. I observe that the LEμSR can be used to resolve the small
magnetic fields of the order of 0.04 mT associated with background signals present
due to the interface roughness and Oersted fields.

In the last chapter of this thesis (chapter 7) a new method for growth of large sin-
gle crystals of the chiral magnetic insulator CSO is demonstrated. I find that with this
method both left- and right-handed crystals of CSO can be grown. The crystals have
excellent quality gauged by single crystal x-ray diffraction and verified by observ-
ing the presence of higher harmonic modes in ferromagnetic resonance data. The
same crystals have been used in this thesis for the spintronic experiments described
in chapter 5.

Considerable experimental efforts have been made already on magnon spintronic
effects in collinear magnetic insulators. The experiments in this thesis provide un-
derstanding of spintronic phenomena related to the generation and detection of spin
currents in non-collinear magnetic insulators with complex magnetic spin structures,
like helices and skyrmions. Additionally, a new route to grow high quality single
crystals of non-collinear magnets is described along with the spin transport exper-
iments on these crystals. These investigations lead to new insights regarding the
sensitivity of the SMR towards the surface magnetization and the cone angle of the
spiral spin structures. The combination of these results and the improved under-
standing of the physics involved in spin transport in non-collinear spin structures
leads to new possibilities to electrically detect and manipulate nanomagnetic struc-
tures, such as domain walls and skyrmions. A technique like SMR, with which one
can observe nanosized objects by measuring electric currents, would be indispens-
able for utilizing skyrmions and other topological defects as information carriers in
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the next generation spintronics devices.



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel

Samenvatting

Het beheersen van de generatie, de verspreiding en de detectie van pure spin-
stromen is de essentie van het onderzoeksgebied van magnonspintronica. In dit
proefschrift onderzoek ik pure spinstromen die worden opgewekt in een normaal
metaal en spinstromen die getransporteerd worden door thermisch gegenereerde
magnonen in magnetische isolatoren. Ik onderzoek deze spintronische fenome-
nen in verschillende systemen: een tweelaags systeem bestaande uit een laag yttri-
umijzergranaat (YIG) en een laag platina (Pt) (Hoofdstuk 3) en verschillende non-
collineaire magnetische tweelaagse isolator|PT-systemen (Hoofdstuk 4, 5). Spin-
stromen worden gedreven door zowel de ladingstroom en temperatuurgradinten.
Ik bestudeer ook de groei van de niet-collineaire magnetische isolatoren (Hoofd-
stuk 7). Bovendien onderzoek ik de rol van de altijd aanwezige achtergrondbij-
dragen in deze spintronische experimenten door gebruik te maken van een mag-
netische sensor op basis van een muonspectroscopietechniek (Hoofdstuk 6).

Het elektron kan worden beschouwd als een deeltje met lading en de magnetis-
che eigenschap ”spin”. Het gedraagt zich als een kleine magneet met een intrin-
siek magnetisch moment. De stroom elektronen (laadstroom) gaat dus automatisch
samen met een stroom van spins, d.w.z. een spinstroom. In paramagnetische met-
alen is het aantal elektronen met spin in een bepaalde richting (bijvoorbeeld ”spin-
up” elektronen) gelijk aan het aantal elektronen met spin in de tegengestelde richt-
ing (”spin-down” elektronen). Hierdoor transporteren deze laadstromen geen netto
spinstroom. In ferromagnetische (ferrimagnetische) materialen wijzen de meeste
elektronspins in n richting, wat het materiaal magnetisch maakt. Daardoor draagt
een laadstroom in een magnetisch materiaal tegelijkertijd een spinstroom. Deze
spinstroom kan worden genjecteerd in een direct aangrenzend niet-magnetisch metaal.
Het meest complexe aspect van het werken met spinstromen is dat deze genjecteerde
spinstromen door interactie met hun omgeving kunnen vervallen over zeer korte af-
standen (in de orde van enkele honderden nanometers). De relatie tussen laad- en
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spinstroomtransport heeft geleid tot op spin-gebaseerde elektronica, beter bekend
als spintronica. Recente ontwikkelingen op het gebied van de spintronica laten zien
dat pure spinstromen loodrecht op een laadstroom kunnen worden gegenereerd.

Dit effect staat bekend als het spin-Hall-effect (SHE). In het SHE wordt een be-
wegend elektron in een paramagnetisch metaal afgebogen van zijn oorspronkelijke
baan (langs de stroomrichting van de laadstroom) door de spin-baaninteractie (een
interactie van de spin (intrinsieke impulsmoment) met zijn baanimpulsmoment). De
afbuigingsrichting is tegengesteld voor elektronen met spin up en spin down. Wan-
neer er in materialen met een sterke spin-baankoppeling (zoals zware metalen als Pt)
een laadstroom stroomt, buigen hierdoor de elektronen met tegengestelde spins in
verschillende richtingen af, wat resulteert een spinstroom loodrecht op de richting
van de laadstroom. Het omgekeerde effect bestaat ook (ISHE), waarin een spin-
stroom wordt omgezet in een laadstroom die er loodrecht op staat.

Spinstromen kunnen ook door magnetische isolatoren stromen, waarin de spin-
stroom getransporteerd wordt door magnetische excitaties bekend als magnonen.
De relatie tussen spinstromen in metalen en spinstromen in isolatoren heeft geleid tot
een nieuw onderzoeksgebied, bekend als ”magnonspintronica”. In dit proefschrift
wordt de overdracht van spinstromen over het grensvlak van metaal|magnetische
isolator onderzocht door twee effecten: het spin-Hall-magneetweerstandseffect (SMR)
en het spin-Seebeckeffect (SSE). In het SSE wordt een temperatuurgradint aange-
bracht over een niet-magnetisch (NM)- ferromagnetische (FM) stapeling die thermis-
che magnonen genereert in de FM-laag. Deze magnonen dragen een spinstroom met
spin die gepolariseerd is langs de gemiddelde magnetisatierichting van de FM-laag.
Vervolgens wordt deze spinstroom overgedragen aan de aangrenzende NM-laag en
door het ISHE omzet in een laadstroom - bekend als het SSE-signaal. Omdat de spin-
stroom van de FM-laag naar de NM-laag gaat via het grensvlak, speelt de kwaliteit
van het grensvlak een belangrijke rol.

Het eerste experiment (hoofdstuk 3) onderzoekt de rol van de kwaliteit van het
grensvlak bij het SSE. In dit experiment werd een collineaire magnetische isola-
tor yttriumijzergranaat (YIG) onderzocht. In dit systeem kunnen alle magnetische
momenten gemakkelijk worden uitgelijnd in de richting van een aangebracht mag-
netisch veld (met magnetische veldsterkte van enkele millitesla).

Voordat de Pt-lagen op de YIG films werden aangebracht, werden verschillende
oppervlakken van YIG voorbereid door deze te polijsten met grove of zachte polijst-
deeltjes van verschillende grootte. Het aanbrengen van een temperatuurgradint over
de Pt|YIG stapelingen wordt gedaan door externe verwarmingselementen. Interes-
sant is dat het SSE-signaal (dat waargenomen wordt in de NM-laag) afhangt van de
oppervlakteruwheid van de YIG-laag en het type polijstmateriaal (d.w.z., grove of
zachte polijstdeeltjes).

Een tweede experiment omvat het gelijktijdig detecteren van de SMR- en SSE-
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signalen in de NM|FM stapelingen. Bij SMR verandert de weerstand van de NM-laag
afhankelijk van de magnetisatierichting van de FM-laag eronder. In dit effect spelen
het SHE en het ISHE beide een rol. Dit effect wordt gemeten door het NM|FM-
systeem te draaien in een magnetisch veld, terwijl de weerstand van de NM-laag
parallel aan (of loodrecht op) de aangebrachte stroomrichting gemeten wordt. Belan-
grijk is dat dit effect gevoelig is voor de oppervlaktemagnetisatie van de magnetis-
che laag, wat het mogelijk maakt om de magnetisatierichting van deze isolerende
laag elektrisch te detecteren. Door Jouleopwarming als gevolg van de laadstroom
die door de NM-laag gezonden wordt, ontstaat in het NM|FM-systeem een temper-
atuurgradint. Deze gradint leidt tot een SSE-signaal dat van het SMR-signaal kan
worden gescheiden door middel van een techniek genaamd Lock-Indetectie. Dit is
mogelijk doordat het SMR-signaal lineair schaalt met de aangelegde stroom, terwijl
het SSE-signaal kwadratisch schaalt. Door gelijktijdig (maar los van elkaar) het SMR-
signaal en het SSE-signaal te meten, wordt gedetailleerde informatie verkregen over
de magnetisatie van het oppervlak en van de bulk van de magnetische laag. Dit
experiment werd uitgevoerd op de Pt|YIG stapeling (hoofdstuk 4).

In de literatuur is vooral de collineaire magneet YIG onderzocht. Echter, mag-
netische isolatoren vertonen een grote verscheidenheid aan magnetische ordenin-
gen, varirend van collineaire magnetische toestanden, waarin alle magnetische mo-
menten uitlijnen langs n as, tot niet-collineaire toestanden, met magnetische mo-
menten in complexe spinordeningen. In niet-collineaire magnetische isolatoren is
meestal een groot magnetisch veld van verscheidene Tesla nodig om alle magnetis-
che momenten uit te lijnen langs het aangelegde veld. In zulke magneetsystemen lei-
den de concurrerende magnetische interacties (spinfrustratie) tot complexe ordenin-
gen, zoals driehoeken of spiralen, omdat een parallelle rangschikking van magnetis-
che momenten energetisch ongunstiger is. Een voorbeeld van een dergelijk systeem
is CoCr2O4 (CCO) (besproken in hoofdstuk 4) waarin bij lage temperaturen de spin-
frustratie leidt een conische spiraalordening van magnetische momenten. Zelfs een
magnetisch veld van 30T is niet voldoende om alle magnetische momenten volledig
in de aangelegde veldrichting te laten wijzen. Om de gevoeligheid van het SMR en
het SSE voor de magnetisatie van het oppervlak en de bulk van een magnetische
isolator, heb ik experimenten uitgevoerd op het systeem bestaande uit een laag Pt en
een laag CCO (hoofdstuk 4). Ik heb waargenomen dat de SMR en SSE beide grote
onregelmatigheden tonen bij de magnetische overgangen waar de collineaire mag-
netisatie van de CCO-laag verandert in de conische spiraaltoestand. De grote veran-
deringen in de SMR- en SSE-signalen hebben betrekking op de niet-collineaire mag-
netisatie van de magnetisch isolerende CCO-laag. Dit experiment stelt dat metingen
aan zowel het SMR en het SSE krachtige gereedschappen zijn die technieken als fer-
romagnetische resonantie en neutronenverstrooiing aanvullen om de magnetisatie
dynamica van complexe oxides als CCO te analyseren.
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Het derde onderzoek in mijn proefschrift is vergelijkbaar met het tweede waarin
de SMR en SSE gelijktijdig gedetecteerd worden. In deze studie wordt een chirale
niet-collineaire magnetische isolator gebruikt in plaats van een collineaire magneet.
In chirale magneten kan de Dzyaloshinskii-Moriya interactie (DM) leiden tot een
niet-collineaire magnetische ordering. In zulke magnetische systemen twist de DM-
interactie de aanvankelijk collineaire rangschikking van magnetische momenten om
een zekere chiraliteit. Dit leidt tot de vorming van chirale rotatieordeningen. Het
voordeel van dergelijke magnetische systemen is hun rijke fasediagram, waarin ver-
schillende magnetische toestanden, zoals spiraalvormige, conische, skyrmionische
en collineaire toestanden, (soms tegelijkertijd) bestaan bij verschillende tempera-
turen en aangelegde magnetische velden. Hiertoe onderzoeken we het tweelaagse
systeem bestaande uit de chirale magnetische isolator Cu2OSeO3 (CSO) en Pt (hoofd-
stuk 5). Ik neem waar dat het SMR kan worden gebruikt voor de volledig elek-
trische detectie van verschillende magnetische overgangen van CSO, zoals de spi-
raalvormige en conische spiraaltoestanden. De resultaten tonen dat het SMR gevoelig
is voor de orintatie van de golfvector van de spiraal en de grootte van de kegel-
hoek tussen de magnetische veldrichting en de magnetische momenten in de spi-
raal. Grote discontinuteiten en afwijkingen worden waargenomen in het SMR wan-
neer de magnetische orde van CSO verandert van een toestand met een enkel mag-
netisch domein naar een multidomeintoestand. De SSE, die gegenereerd wordt door
jouleopwarming, toont ook sterke gevoeligheid voor veranderingen in de magnetis-
che ordening van CSO. In de toekomst zou het interessant zijn om deze technieken
(SMR en SSE) toe te passen voor detectie van nog complexere rotatietexturen, zoals
het skyrmionkristal in deze chirale magneten. Het vierde onderzoek dat in dit proef-
schrift (hoofdstuk 6) beschreven wordt, houdt zich bezig met de bepaling van de al-
tijd aanwezige achtergrondbijdragen in deze spintronische experimenten. Hier ge-
bruik ik een muonspectroscopietechniek (LEμSR) voor dit doel. De (LEμSR) is een
magnetische sonde en gevoelig voor kleine magnetische velden in de orde van 0,1
mT. Deze techniek kan worden gebruikt om door stroom genduceerde velden te de-
tecteren, bijvoorbeeld velden die veroorzaakt worden door de spins in het SHE, Oer-
stedvelden of velden als gevolg van nabijheidseffecten op verborgen grensvlakken.
In dit experiment wordt een Au|YIG dubbellaag gebruikt om hierin de diepteafhanke-
lijke magnetische velden te bestuderen. Ik vond dat de (LEμSR) kan worden ge-
bruikt om de kleine magnetische velden in de orde van 0,04 mT waar te nemen
die in verband staan met de achtergrondsignalen die aanwezig zijn vanwege de
grensvlakruwheid en Oerstedvelden.

In het laatste hoofdstuk van dit proefschrift (hoofdstuk 7) wordt een nieuwe
methode voor de groei van grote eenkristallen van de chirale magnetische isola-
tor CSO gedemonstreerd. Ik heb ontdekt dat met deze methode zowel links- als
rechtshandige kristallen van CSO verkregen kunnen worden. De kristallen hebben
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een uitstekende kwaliteit, gemeten door eenkristalrntgendiffractie en geverifieerd
door het waarnemen van de aanwezigheid van hogere harmonische modi in de fer-
romagnetische resonantiedata. Diezelfde kristallen zijn in dit proefschrift gebruikt
voor de spintronische experimenten beschreven in hoofdstuk 5. Uitgebreid onder-
zoek naar de magnonspintronische effecten van collineaire magnetische isolatoren is
reeds gepubliceerd. De experimenten in dit proefschrift bieden begrip van spintro-
nische verschijnselen die in verband staan met de opwekking en detectie van spin-
stromen in niet-collineaire magnetische isolatoren met complexe magnetische spin-
structuren, zoals helices en skyrmions. Daarnaast is er een nieuwe route naar het
groeien van hoogwaardige eenkristallen van niet-collineaire magneten beschreven
samen met spintransportexperimenten in deze kristallen. Dit onderzoek leidt tot
nieuwe inzichten met betrekking tot de gevoeligheid van het SMR voor de magneti-
satie van het oppervlak en de kegelhoek van spinspiralen. De combinatie van deze
resultaten en het verbeterde begrip van de gerelateerde natuurkunde van spintrans-
port in niet-collineare spinstructuren leidt tot nieuwe mogelijkheden om nanomag-
netische structuren, zoals domeinwanden en skyrmionen, elektrisch te detecteren en
te manipuleren. Een techniek zoals SMR, waarmee men nano-objecten kan waarne-
men door het meten van elektrische stromen, zou onmisbaar zijn voor het gebruik
van skyrmionen en andere topologische defecten als informatiedragers in de vol-
gende generatie van spintronica.
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