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Chapter 1

Introduction

The first descriptions of magnets, around 2500 years ago, show that they were dis-
covered when a magnet attracted a piece of metal [1]. Now, we know that the mag-
netic field lines (Ørsted field) cause an interaction with the spins in the metal. This
interaction is determined by the characteristics of both materials and the resulting
force allows to make use of them, enabling a few of the greatest technological revo-
lutions in history:

The first revolution aided by magnetism was performed over two millennia ago
by simply making a thin needle out of ferromagnetic (FM) material, in which a posi-
tive exchange interaction between the magnetic moments aligns their direction par-
allel to each other. A rotation degree of freedom allows the magnetization to point
towards the magnetic North of the earth by reducing the energy via the reduced
field lines. Subsequently, the needle acts as the compass as we know it and travel-
ling became a much less hazardous undertaking, a major step towards globalization.

The second revolution took place in West-Europe by the coupling of magnetism
and electricity as described by Ørsted [2] [3] right after the initial industrial revolu-
tion. This led to the Maxwell equations and turned coal powered heat into mechan-
ical energy via steam resulting in the electrification and further industrialization.

A more recent revolution in which magnets were involved took place in the in-
formation technology. Data can be stored by adjusting the magnetization direction
of a magnetic layer that can be read out later [4]. An optimized version of this tech-
nique is the giant magnetoresistance (GMR) [5, 6]. Here, the resistance of a metallic
magnetic multilayer depends on the relative directions of magnetization in two FM
layers. The magnetization of one of the FM layers is easily adjustable and thereby
information can be stored in the system. The second FM layer, however, is more dif-
ficult to change as it experiences magnetic pinning by an antiferromagnetic (AFM)
layer. The AFM is a class of magnets that behaves differently than the FM in the
sense that it does not produce any Ørsted field. This was exactly the characteristic
needed in GMR as it allows to pin the direction of one of these FM layers irrespec-
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tively of the applied magnetic field. The pinning occurs from the exchange bias
which is the direct interaction of adjacent magnetic moments at the interface. The
lack of spontaneous magnetization makes these AFMs having little interaction with
external probes, resulting in their ’stubborn’ nature.

Although AFMs do not repel or attract a piece of metal and neither one could
switch its magnetization nor polarize electron spins, this stubborn material was
known to posses some magnetic properties. A magnetic field could induce some
magnetization in AFMs depending on the strength and direction of the magnetic
field [7]. A consequence is that these systems cannot be described by an unexcited
macrospin model nor validated by the magnetization. It was Louis Néel who first
came up with an explanation for this behaviour in 1937 [8]. He reasoned the ex-
istance of two interacting sublattices which would cancel out their Ørsted field by
having the two sublattice polarizations in opposite direction with respect to each
other at the lowest energetic state. In the previous years, Néel tried to prove the
hypothesis that the sign of the exchange interaction, for which the positive and neg-
ative exchange interaction results in either parallel or antiparallel alignment of the
magnetic moments respectively, depends on the distance between the respective ions
[9]. The idea originated from successful research on a local molecular field acting in
ferrimagnets resulting in multiple sublattices, albeit with a net magnetic field. It
turned out to be an oversimplified representation as negative interactions usually
result from superexchange as proposed by Kramer [10]. This framework of theory
allowed to interpret the small susceptibility response, identifying the AFM ordering
[11]. In the light of applications, AFMs have been assessed in the past as ’interesting
but useless’ since its AFM order makes it difficult to interact with it [12]. For his
contribution to the field of AFM, Néel was awarded the Nobel prize in 1970.

Halfway the 20th century, however, scientists proved the possibility to interact
with magnets with alternating magnetic fields [7, 13] and neutron scattering [14].
AFMs responded to these field, showing that there were excitations in the magnetic
lattices, or magnons, which carry spin, explained by the two-sublattice theory of
Néel [11] and Keffer and Kittel [15]. Further, AFMs responded to strain by domain
movement. The different magnetic domains can be imaged with techniques such as
inelastic neutron scattering [16, 17], second harmonic generation [18] and birefrin-
gent effects [19]. Nonetheless, the magnetic order of AFMs remained difficult to be
read out and this did not result in any active applications other than its non-active
role in GMR. An active role of an AFM layer could replace the current electronic
systems by spintronics. Instead of transporting electrons, one would be transporting
spins.
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With the discovery of the possibility to interact with a magnetic sublattice in FMs
by making use of the adjacent paramagnetic heavy metal Pt [20–22], AFMs rapidly
became of major interest by the spintronic community. In the Pt, a spin current is
induced by the spin Hall effect (SHE) [23], creating a spin accumulation which in-
teracts with the magnet. In combination with the so-called inverse SHE (ISHE) [24]
this technique is called spin Hall magnetoresistance (SMR) which is quadratic in
magnetization. Now, there was room for AFMs to come into play, allowing inter-
action with their magnetic sublattices. However, these claims were also met with
scepticism, with same arguments as before; one would not be able to interact with
the AFM as the length scale of the interaction was not small enough to enable the
interaction with each sublattice individually.

1.1 Motivation and outline

AFMs are candidates for an active role in spintronics. The lack of an Ørsted field
diminishes interaction between magnetic device components, allows for their minia-
turization and can thereby result in a device density of a factor 100 larger than estab-
lished with FM devices [25]. Furthermore, the eigenfrequencies are typically in the
order of THz [13, 14], about 3 orders of magnitude higher than the eigenfrequencies
of FMs. This allows for high information processing speeds of possible AFM devices.

AFMs are crystalline materials whose basic unit cells (the atomic arrangements
that repeats periodically to form a crystal) consist of at least two sublattices whose
magnetization vectors (caused by the unpaired electron spins of the atoms present)
are equal in magnitude but of opposite direction to each other, therefore giving rise
to vanishing net magnetization.

Before chapters in this work were pubblished, SMR, the method to interact with
and read out the magnetic order, had been employed on SrMnO3 [26]. No AFM or-
der was observed in this article. This raised the question whether the length scale
of the interaction of the electron spin in the Pt with the magnetic moments is greater
than the magnetic unit cell. If that is be the case, it is not expected that the electron
interacts with individual magnetic moments. Later, the SMR technique has been
employed on AFMSFM bilayers [27–29]. For certain thicknesses and temperatures,
the signal shifted by 90°. As Ref. [27] points out, it was not fully clear how the
spin transfer torque could be exerted on the FM, but Ref. [28] attributed it to the
difference in magnetic moment directions in the AFM and FM materials. SMR on
Cu2OSeO3, showed that individual magnetic lattices could be read out [30], which
opened op the possibility to investigate AFMs with SMR.
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The ability to interact solely with AFM order might lead to further understanding
of AFM systems. SMR would allow us to track the average rotation of all magnetic
moments in the system as a function of parameters such as the magnetic field and
the temperature. This will reveal characteristics such as the magnetic anisotropy
and exchange interactions. It might even allow AFMs to play a more active role as
a reading and writing device by detecting or changing the direction of both of these
sublattices in future studies.

Magnons are the magnetic excitation quasiparticle representation of the magnetic
sublattices. The magnon modes of AFMs are typically degenerate and posses op-
posite spins, cancelling out in the absence of (weak) magnetization. When all the
magnon modes are degenerate, magnon spin currents would vanish in AFMs [31].
However, a magnetic field can bring an imbalance in the magnon mode populations.
With this imbalance, a temperature gradient results in finite spin currents. This could
be one step towards spintronics, ideally to go to a full spin system without conver-
sion of spin to charge current.

The goal of this thesis is therefore to measure spin currents through AFMs. The
application of the ISHE in thin heavy metal films opens up the opportunity to in-
vestigate magnetic properties of AFMs. Firstly, this allows to monitor exchange
interactions, magnetic anisotropies and to distinguish FM from AFM responses or
even both responses within one sample. Secondly, spin currents are sent through the
sample in non-local geometries, studying the long distance spin transport through
AFMs.

This thesis is organized as follows:

• Chapter 2 provides an overview of the theoretical background necessary for under-
standing AFM spintronics. The knowledge of various concepts and techniques are the
starting point for the studied effects in this thesis. Some of the discussed techniques are
the SMR, spin Seebeck effect SSE and electrical injection and detection of magnons. It
further covers the origins of AFM, how to model the equilibrium state and the charac-
teristics of the excited states, or magnons.

• Chapter 3 reveals the experimental methods employed in the thesis. For the creation
of spin currents, thin films of Pt are deposited on the various studied magnets. The
required device fabrication techniques, including polishing and the different steps used
for patterning the device structures by electron-beam lithography, followed by the de-
scription of the used deposition techniques: electron-beam evaporation and sputtering
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are described. Further, some basics regarding the measurement setup and the harmon-
ics of the obtained signals are explained.

• Chapter 4 discusses the observation of resistance changes in a PtSAFM bilayer un-
der influence of a magnetic field. Changes in the Néel vector in the bulk easy-plane
AFM NiO are responsible for this observed SMR. The size of the signal reveals the
role of magnetic anisotropy and moving domain walls in bulk NiO. The temperature
dependence of the signal follows the size of the magnetic order, influenced by magnetic
fluctuations.

• Chapter 5 explores the complex AFM DyFeO3. The magnet has a wide range of appeal-
ing characteristics such as two different magnetic ions with large magnetic moments,
a weak ferromagnetic moment, spin-reorientation transitions, strong magnetostriction
and multiferroicity including a large linear magnetoelectric effect. Further, the Dy
magnetic moments with large anisotropy and a large magnetic moment influence both
SMR and SSE of the material directly and indirectly via the exchange interaction with
the four AFM Fe sublattices. Although the AFM Fe sublattices govern the shape and
the sign of the SMR, the Dy determines the magnitude of the signal. At low tempera-
tures, the SSE field dependence originates from their interaction.

• Chapter 6 explores long distance transport of spin currents using a non-local geometry
(with two Pt strips acting as injector and detector) on the previously studied NiO. SSE
signals are obtained at low temperatures and its magnetic field dependence is modelled
considering the magnon density of various magnon modes and the influence of the field
on their dispersion. This captures the splitting of the magnon modes by the magnetic
field and highlights the importance of dipole-dipole interactions and cubic magnetic
anisotropy at low temperatures.

• Chapter 7 further investigates the non-local geometry on various thicknesses of thin
NiO films, grown on conventional ferrimagnetic Y3Fe5O12 (YIG). The NiO is capable
of electrical and thermal spin transport, which is observed both in the local and the
non-local geometry. The transmissivity of NiO for all spin transport declines below
the NiO Néel temperature. However, the SSE signal shows a remarkable upturn at
low temperatures. This behaviour is also obtained non-locally similar to the observed
SSE in bulk NiO discussed in chapter 6. Moreover, the thermal signal does not show
a dependence on the NiO thickness as opposed to the electrically injected magnons
which are damped out at these temperatures. This shows that the low temperature
signals originate from the NiO thin film.
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Chapter 2

Theoretical background

2.1 Abstract

This chapter describes the theoretical concepts needed to understand the work pre-
sented in this thesis. Firstly, the subject material of this thesis is discussed: antifer-
romagnets (AFMs) that form due to exchange interactions (Sec. 2.2). Further, there
are preferential directions of the magnetic lattices and an external magnetic field af-
fects the energy of the system. This allows a basic description of the direction of
magnetic sublattices as a function of the magnetic field (Sec. 2.3). The technique to
observe field-induced changes in these equilibrium state is the spin Hall magnetore-
sistance (SMR), covered in Sec. 2.4. The angular rotation of a magnetic field in the
surface plane will result in a different sign of the SMR for AFMs than for ferromag-
nets (FMs). The possible excitations of the magnetic sublattices (Sec. 2.5) can result
in spin currents (Sec. 2.6).
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2.2 Exchange interactions and magnetic order

Magnets are materials in which the atoms carry a non-zero magnetic moment caused
by the orbital motion and spin of electrons. The long range magnetic order in a mate-
rial is highly determined by the relatively short-ranged magnetic interactions known
as the exchange interaction and can be direct or indirect. The theory of the exchange
interaction is based on the balance between the relevant energies of electrons in a
material: electrostatic repulsion and kinetic energy. The latter is reduced if the elec-
trons are able to exist in a larger space. If the electron is confined to a box of size L,
the kinetic energy is proportional to L�2. When there is sufficient overlap between
atomic orbitals of the atoms, their electrons are able to hop between the atoms i.e.
can be distributed within both orbitals to further reduce their kinetic energy. This
occurs at the expense of the Coulomb energy because the electrons come closer to-
gether. The exchange interaction of two electrons can cause their spins to become
coupled and this can lead to a (direct) exchange interaction as will be explained in
the following two sections. When the unit cell consists of at least two different ions
which share electrons, but its magnetic ion orbitals do not overlap, magnetic order
can be established by the indirect exchange interaction through the orbitals of a third
ion. For an antiferromagnet (AFM), the exchange interaction is most often caused by
the so-called indirect superexchange [1]. An example which will be studied in Sec.
2.2.2 is MnO. Since Mn2� has an unpaired electron it is magnetic while the oxygen is
non-magnetic. The resulting magnetic order is discussed in Sec. 2.2.3. Additional ef-
fects such as the Dzyaloshinskii-Moriya Interaction (DMI) are briefly discussed and
some examples for magnetic order are given.

2.2.1 Direct exchange interaction

The direct exchange interaction is a quantum mechanical phenomenon between (iden-
tical) particles. When interchanging two identical electrons A and B at locations
r1 and r2 they form a joint state. This is a product of both states and should not
be affected by the exchange interaction as it cannot be checked that the system has
changed without the possibility of labeling these particles. The wave function has a
spatial part and a time part. Only one of them can be antisymmetric so that the prod-
uct is antisymmetric. The obvious choice of mathematically describing the space part
of this state is ψB�r1�ψA�r2�. However, this state is altered by the exchange interac-
tion and does not obey this symmetry rule. The linear combinations of these states

ψS �
ψA�r1�ψB�r2� � ψA�r2�ψB�r1�º

2
(2.1)
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Figure 2.1: Illustration of two Mn ions in a crystal lattice with one unpaired electron, leading
to either a (a) direct or (b) indirect exchange interaction by the implementation of an O ion
with overlap between the bonds of the ions. All possible configurations that do not violate
Pauli’s exclusion principle and antisymmetry constraints are sketched.

ψT �
ψA�r1�ψB�r2� � ψA�r2�ψB�r1�º

2
(2.2)

obey the symmetry and antisymmetry relations, respectively. Electrons which have
both the same spin and spatial state do not exist by these rules since for fermions,
their joint spatial wave function is antisymmetric and φA�r1�φB�r2��φA�r2�φB�r1�º

2
� 0

leading to the Pauli exclusion principle.

In the Heisenberg model, the spin-dependent term in the Hamiltonian can be
written as

H � �
1

2
Q
i,j

Ji,jSi �Sj. (2.3)

with Ji,j being the magnetic coupling constant and Si and Sj being the spin oper-
ators of two neighbouring ions. Considering two atomic orbitals with two electron
spins in total results in six possible spin states, depicted in Fig. 2.1 a). In states 1 and
2, the spin directions are parallel whereas in the other states they are antiparallel.
When the two electrons are in the same atom (state 5 and 6), they gain a potential
energy U. Electrons are not allowed to be both in the same atom and spin state as
stated by the Pauli exclusion principle.

With sufficient overlap between the atomic orbitals of the atoms, the electrons
are allowed to hop between the atoms with a finite probability, causing a hopping
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energy t. In this case, states with a doubly occupied atom can be converted into a
state with only single occupied atoms and vice versa due to hopping of a single elec-
tron. With tA0, states 1 and 2 would lead to a situation in which the electrons would
be in the same state, i.e. in the same atom with the same spin direction. Since this
is not allowed, these excitations do not occur. Spin states 3-6, however, allow such
hopping events.

If the electrons are effectively free to move between the atoms (tAAU), there is a
mixture of these antiparallel states. This causes the probability for antiparallel (3 - 6)
states to be higher than parallel states (1 & 2) in the case of large overlap. When there
is no overlap between the atomic orbital of the electrons, no hopping of electrons be-
tween the atoms is allowed. In this case (t@@U), states 3 and 4 will not be able to
convert into state 4 and 5 and there is no mixture of these states possible making the
parallel states (1 & 2) to be dominant over the antiparallel states (3 - 6). In the case of
an AFM with an antiparallel configuration, J@0, while a ferromagnet (FM) will have
JA0.

Most magnetic materials in the world are AFMs [2], which is an indication of the
scope of the unexploited possibilities still lying ahead. Most often, however, this is
caused by so-called indirect exchange interaction.

2.2.2 Indirect exchange interaction: superexchange

When there is no direct overlap between atomic orbitals of magnetic ions, an or-
dered state can still be formed by the indirect exchange interaction. The same work-
ing principle holds as for the direct exchange interaction; there is a reduction of the
kinetic energy of electrons by de-localizing them over a combination of orbitals. Su-
perexchange, mediated by a non-magnetic ion, causes exchange interaction at larger
distance than the short-ranged direct exchange interaction. Take for instance the
AFM MnO with Mn2�-O2� bonds as suggested by Kramer [3] and detailed by An-
derson [4]. As shown in Fig. 2.1 b), the system has ground states which can be both
FM (d) and AFM (a). The FM ground state has a small probability since there is little
overlap because the FM excited states violate the Pauli exclusion principle within a
single atom and are prohibited. Therefore, the electrons are confined close to their
respective atoms and the corresponding energy is large. The AFM ground states
have excited states which do not violate this principle and therefore the different
AFM states mix and the electrons spread out over the atoms. Therefore, this AFM
kinetic part of the exchange integral is dominating over the FM Coulomb repulsion
part. The AFM part of the exchange interactions depends on the amount of overlap.
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Thus when the bond angle deviates from 180X, the overlap reduces and the FM ex-
change interaction part plays a larger role. These subtleties affect the magnetic order
as described in the following section.

2.2.3 Magnetic order

An magnetically ordered crystal can have multiple sublattices. These can be deter-
mined firstly by categorizing the site sublattices possessing the same environment,
then categorizing the different kinds of cations entering each site sublattice. Finally,
one can determine the magnetic sublattices by categorizing the different orientations
of the magnetic moments associated with each cation in the cationic sublattice in the
low-energy state [5]. These magnetic sublattices can form various structures. In the
simplest picture, the interaction between sublattices is described by

U � �
1

2

N

Q
i,j

Ki,jmi �mj , (2.4)

with Ki being the exchange interaction between the sublattices and K A 0 in a
collinear FM results in a parallel alignment without considering magnetic domains.
mi and mj are the magnetizations of two sublattices with indices i and j, respec-
tively, similar to the interaction between individual spins, shown in Eq. (2.3). In an
AFM, the magnetic sublattices are aligned in such a way that net magnetization can-
cels out or is small compared to the magnetizations of the sublattices. The simplest
AFMs consists of two magnetic sublattices which are aligned antiparallel due to the
exchange interaction withK @ 0. Spin-orbit interaction can play a large role inducing
frustration in the (anti)parallel alignment, causing a DMI with a Hamiltonian given
by

HDMI �D �mA �mB (2.5)

where the DMI parameterD is allowed to be non-zero when the crystal field has no
inversion symmetry. This part of the Hamiltonian becomes negative when the spins
are perpendicular such that the cross product is antiparallel to D. A finite D, which
often occurs in AFMs, results in frustration in the system: even without applied
magnetic field and at low temperatures, the magnetic sublattices tilt away from the
lowest energy state dictated the exchange interaction in Eq. (2.4). In the case of an
AFM, the magnetic sublattices tilt away from their antiparallel alignment, forming
a net magnetic moment known as weak ferromagnetic moment (WFM). This is the
case for DyFeO3, investigated in Ch. 5.

Another form of frustration can occur in AFMs with for instance a hexagonal or
triangular unit cell for which the lowest energy condition of Eq. (2.4) cannot be met.
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Due to the unit cell shape, there is no solution with all neighbouring magnetic mo-
ments to align antiparallel. Therefore, the magnetic moments will align at angles
of 360X/3=120X. FMs gain Zeeman energy when the magnetic moments align par-
allel to the external magnetic field. For AFMs the Zeeman energy is smaller since
the exchange energy counteracts the rotation of the magnetic moments towards the
magnetic field direction. Some small canting takes place, especially when there is
non-zero WFM, resulting in the Zeeman energy of

HZeeman � �gµBΣjmjH (2.6)

with g being the Landé g-factor, µB the Bohr magneton and H the external mag-
netic field. Magnetization in AFMs can be induced by magnetic fields, canting the
magnetic moments towards the magnetic field as to enlarge its Zeeman energy. Note
that a large Zeeman energy lowers the total energy of the system. How the magnetic
sublattices react on a magnetic field is described with a toy model in Sec. 2.3.

In FMs, the most favourable configuration for the magnetic moments is to align
parallel (to a magnetic field) as to gain in Zeeman energy. However, one has to
consider the energy needed to create the external magnetic field lines, causing a B-
field. To reduce the resulting energy u �

1
2
B2

µ0
with µ0 being the permeability of

vacuum, there is formation of domains which size and shape are a function of the
shape of the crystal and the net magnetic moment. In AFMs, the interaction between
domains is weak and only local due to the lack of magnetic field lines. Domains will
still arise when their (magnetoelastic) energy is equal.

2.3 Equilibrium antiferromagnetic response to a mag-
netic field

In this section, the influence of a magnetic field on an AFM will be described. In an
equilibrium situation, the magnetic lattices in an AFM will rotate towards the mag-
netic field direction, gaining Zeeman energy. To properly model this response, the
exchange interactions, Zeeman energy and magnetic anisotropies have to be consid-
ered. Magnetic anisotropy is the dependence of magnetic material properties on the
direction of the magnetization. Considering the magnetic order of an AFM in con-
stant magnetic field, the magnetic anisotropy is determined by the structure. Out of
the scope of this subsection is the magnetoelastic anisotropy and since stray fields
do not play a large role, we can ignore shape anisotropy.
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2.3.1 Equilibrium sublattice magnetization state model

In such a simplified equilibrium state system, we can study the influence of a mag-
netic field on the magnetic sublattices. A well known effect of AFM is the spin-flop
transition. This term is best known for a first-order transition in easy-axis AFMs
(an AFM for which the lowest energy for the magnetic moment directions is par-
allel or antiparallel to one crystallographic direction) with a magnetic field along
the magnetic easy axis. In general, transitions can be of both first and second order
depending on if the transition from (anti)parallel to perpendicular alignment un-
der magnetic field happens discontinuously or continuously, respectively. However,
people generally refer to the spin-flopped state when the magnetic moments align
perpendicular to the magnetic field, even though no first order spin-flop transition
has occurred. Using a toy model for the magnetic anisotropy, the required magnetic
field strength of a spin-flop transition can be determined as well as the canting an-
gles of the magnetic sublattices as a function of the magnetic field. To show some
of the sublattices in this first order spin-flop transition or second order transitions,
some examples are given with this toy model using different parameters.

2.3.2 Spin reorientations in an easy-axis antiferromagnet

x

ŷ

ẑ m
A

m
B

H

aA

ŷ
aB

a

Figure 2.2: Def-
inition of the
angles αA and αB
of the magnetic
sublattices and α

of the magnetic
field within the
ŷ-ẑ plane.

The easy-axis anisotropy model used in the
following section is

Uan �K1 sin�αi�2
�K2 sin�αi�4

� ... (2.7)

with αi the angle between mi and the mag-
netic easy axis as defined in Fig. 2.2 with
i=A,B. When applying a magnetic field H
with angle αH , the magnetic sublattices will
rotate to minimize the total energy consist-
ing of the exchange interaction (Eq. 2.4),
Zeeman (Eq. (2.6)) and anisotropy energy (Eq. (2.7)) described by

Utot � AmA �mB �H�mA �mB� �K1�sin2 αA � sin2 αB� (2.8)

This is a simple model in which we neglect the magnetic anisotropy parallel to the
magnetic easy axis, the demagnetization field and the effects of elevated tempera-
tures. It includes an easy-axis anisotropy of Eq. (2.7) to the second power.

In the case of K � K1 � K2 A 0, there are some well known, intuitive ground
states for the easy-axis anisotropy for the cases of magnetic fields H SS (H SSẑ) and
perpendicular to the easy axis HÙ (H Ù ẑ), with ẑ being the easy axis, resulting in
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Figure 2.3: Ground states of the uniaxial magnetic anisotropy with magnetic field a)-c) along
and d),e) perpendicular to the easy axis. (a) No change for the sublattices when H SS

@ H
SS
sf (b)

Spin-flop situation with H
SS
sf @ H SS

@ H
SS
spinflip for which mA,B Ù H SS with a small canting

angle. (c) Spin-flip situation with H SS
AH

SS
spinflip, for which αSS=0 and the magnetic lattices are

aligned parallel to H SS. (d) By applying an increasing HÙ, αÙ increases continuously. (e) The
spin flip state when HÙ

AHÙ

spinflip.

αA � αB [6]. This allows us we define the canting angles αSS and αÙ of the sublattice
magnetization towards the applied magnetic field H SS and HÙ, respectively. These
angles can be calculated in equilibrium using δUtot

δαA,B
= 0, or δmi

δt
� γimi �H � 0 with

γ being the gyromagnetic ratio. The angles are given by

cos�αSS� � H SS mi

2A m2
i �K

(2.9)

sin�αÙ� � HÙ mi

2A m2
i �K

(2.10)

Figure 2.3 shows solutions for the directions of the magnetic sublattices mA,B

with a magnetic field (a-c) H SS and (d,e) HÙ. A small magnetic field H SS
@ H

SS
sf , with

H
SS
sf being the required field strength H SS for a spin flop to occur, does not altermA,B

because this model is only valid for T � 0. In reality, the magnetization of the sublat-
tices is a function of temperature due to thermal fluctuations of the magnetic lattices.
The change of size of the sublattice magnetization with a small applied magnetic
field H SS

@H
SS
sf is neglected, see Fig. 2.3 a).

By increasing H SS,the energy of the system changes as can be seen in Fig. 2.4.
When H SS

�Hsf the energy surpasses the value �Am2
i �K and a first-order spin-flop

transition takes place. In the spin-flop phase, the magnetic sublattices align (roughly)
perpendicular to the applied magnetic field. This is the lowest energy state because
the magnetic lattices also rotate towards the magnet field direction and thereby gain
Zeeman energy.
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Figure 2.4: Energy Utot
as a function of the mag-
netic field strength. When
the energy equals �A m2

i �

K, the spin-flop transition
takes place. The energy is
calculated from Eq. (2.8) us-
ing the spin-flop conditions
αA � 180X � αB and K @

Ami.

U

AFM

spin flop

Hsf

-A m ²-Ki

to
t

When further increasing the magnetic field strength toH SS
AH

SS
spinflip, the canting

angle reaches 90X. In this fully aligned, FM-like state, the Zeeman energy has fully
overcome the exchange energy. The spin flip transition is usually a second-order
phase transition as the angle gradually rotates towards the magnetic field direction.
WhenK is large, this phase can be initiated without an intermediate spin-flop phase.
When H Ù z, there is a gradual increase of αÙ up to 90X. Even though these states
are intuitive and well studied [6], these examples are specific and only deal with the
cases of H SSz and H Ù z. In Subsec. 2.3.5 some cases are studied which are more
general than the ones discussed here.

2.3.3 Spin reorientations in an easy-plane antiferromagnet

In the case of an easy-plane AFM such as NiO, a material extensively studied in
this thesis, the spin reorientations are slightly more subtle than with an easy-axis
anisotropy. To model an easy-plane AFM, a negative anisotropy parameter (K @ 0)
is used in the model described in Eq. (2.8). In the case of a magnetic field along the
magnetic hard ẑ axis (that is the axis perpendicular to the magnetic easy plane), the
canting angle is described by

cos�αÙ� � HÙ mi

2A m2
i �K

(2.11)

while a magnetic field within the magnetic easy-plane but perpendicular to the mag-
netic easy axis x̂ cants the moments as

cos�αSS� � H SS mi

2A m2
i

. (2.12)

The angles in some limits of magnetic field strengths are indicated in Fig. 2.5. At
the small magnetic field strength limit, the states are similar to that of a spin-flopped
state in an easy-axis AFM. However, no actual spin-flop transition has taken place.
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Figure 2.5: Ground states of the easy-plane magnetic anisotropy withmA andmB initially to-
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x-y plane. (a) The perpendicular magnetic field results in a small canting angle αÙ towards
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When applying the magnetic field along x̂, a transition resembling a spin flop does
take place.

Using a magnetic field, the magnetic sublattice direction can be altered taking
into account the magnetic anisotropy. For a clear mathematical description, we in-
troduce the most important parameter in the world of AFMs: the so-called Néel
vector.

2.3.4 Néel vector

Since in AFMs there is a competition between the relatively large exchange interac-
tion and small Zeeman energy determining the direction of the magnetic moments,
the canting angles described in Eqs. (2.12) and (2.11) are typically small. For Cr2O3

with an exchange interaction expressed in Tesla of 245 T, the canting angle around the
critical spin-flop field is 1.5X [7]. For NiO, the exchange interaction is 968.4 T [8–11].
The angles αSS and αÙ are big enough for the Zeeman energy to match the anisotropy
energy (B �mi � K). However, the angles are assumed to be too small for the net
magnetic moment to match the sublattice magnetization (m � mA �mB @@ mi).
Therefore, we can introduce an important parameter for AFMs; the Néel vector

n �mA �mB (2.13)
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for which we thus assume n AA m. This makes it possible to create a model based
on solely the Néel vector n instead of modelling both mA and mB . Further, the
Néel vector is the order parameter for AFMs. When there is DMI, the termmA �mB

cannot be considered antiparallel and a weak magnetic moment is created. In the
case of large frustration as in triangular lattices, this assumption is not valid either.

2.3.5 First- and second-order transitions

In this section, we will further investigate the spin reorientation transitions in the
easy-axis anisotropy model, taking into account the fourth-order term of Eq. (2.7) as
well as the rotation angle for the easy-plane model. In the last section, we will come
to the conclusion that the Néel vector is the leading parameter we have to take into
account since n Q m. The free energy model is based on the work of Gäfvert et al.
[12]. Since the two sublattices are nearly parallel, our free energy is assumed to be
determined by the term �n �H�2 and can be expressed in terms of the Néel vector
angle (φ) and the magnetic field angle α with the magnetic easy axes and magnetic
field strength H . The model includes the change in energy when the magnetic mo-
ments cant away from their antiparallel directions with angle ψ due to an applied
magnetic field. This exchange energy is expressed in terms of cos�2ψ� � �2 cos2�ψ�
as cos2�φ � α� with sin�ψ�� sin�ψA,B � α� in linear approximation.

The modelled energy of an easy-axis AFM, including magnetic anisotropies, is
expressed by

Uea � C0 cos2 �αH � φ� �K1 sin2 �φ� �K2 sin4 �φ�. (2.14)

Here, C0 might be slightly different from Hmi but can be modeled by the exper-
imentally obtained susceptibility as C0 � �χÙ � χÕ�. Two kinds of transitions are
discussed and compared; the first-order spin-flop transition and the second-order
transition within the easy-axis anisotropy model.

Figure 2.6 a) shows the lowest energy angle of the Néel vector, φ, as a function of
the magnetic field strength slightly away from the magnetic easy axis (α=1X). Choos-
ing a small offset avoids problems created by the flat local energy landscape. This
order of magnitude of experimental misalignments angle is still a conservative esti-
mate for a real experiment. Moreover, finite temperatures give a destabilizing effect.
When comparing the 90X rotation of φ for different values of K2, it is observed that
the negative values of K2 show an abrupt spin reorientation while the large positive
values of K2 show a more gradual rotation.
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The Néel vector angle as a function of the direction of the magnetic field direc-
tion α, is plotted in Fig. (2.6 b) ) and shows that with negative K2 values, the Néel
vector is in a perpendicular orientation with respect to the magnetic easy axis at fi-
nite angles. For positive K2 values, the Néel vector is not perpendicular to the easy
axis and would need a larger magnetic field strength than the available µ0H �K1 to
reach φ �90X. The behaviour around finite α is interesting for us as it is the region
where the spin-flop transition is the most clear and can be best compared with the
second-order transition.

When investigating the corresponding landscape with K2~C0 �0.3, it is observed
that the global energy minimum corresponds to small canting angles of the Néel
vector direction φ. The global energy minimum gradually shifts towards higher φ
values when increasing the magnetic field strength.

Figure 2.6 c) shows a different situation with K2 � �0.1. When increasing the
magnetic field strength, the local minimum is still at φ � 0X, although the global
minimum is at φ � 90X. However, no transition will occur until µ0H � K1. At this
point, the Néel angle φ rotates 90X in a first-order transition. This is a classic example
of the spin-flop transition with a critical magnetic field Hsf .

A spin-flop transition can affect the system for a long time, even if the magnetic
field strength is reduced again such thatH @ Hsf . Although there are two local min-
ima, the system will not fall back to the initial local minimum unless the temperature
causes instability. When the derivative δUea

δφ
becomes positive around 90X, the sys-

tem can return to its initial state with the Néel vector along the magnetic easy axis,
which is associated with another first-order transition. A rotation of the magnetic
field when the system is in a spin-flop state does not necessarily result in a transition
into the global minimum. The system can remain in the spin-flop state for a range of
angles.

Reference [13] used an equation for calculating the transitions including the easy-
axis single ion anisotropic energy instead of the fourth power of the magnetic anisotropy
used in Eq. (2.7). The model takes into account the change in magnetic anisotropy
when the Néel vector rotates away from the easy axis. Including this alteration, the
theoretical model also finds second-order transitions under influence of a magnetic
field with different choices of its parameters. One could argue whether this is still
an spin-flop transition as it is of second order and has different characteristics like
previously discussed.

For the easy-plane anisotropy, the Néel vector rotates as a function of the mag-
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Figure 2.6: Minimal energy solutions for canting angle φ of the Néel vector as a function of
(a) the magnetic field strength µ0H and (b) the magnetic field angle α with different values
for parameter K2. (a) Abrupt transitions for the minimal energy solutions with negative K2

values. It becomes more and more gradual with higher positive K2 values. (b) The angle of
the Néel vector φ � 90X at α � 0 for negative values of K2, while for positive values of K2,
φ is lower. (c) The corresponding energy landscape for K2 � 0.3 with α=1 shows that the
values of the energy minimum (Y) varies with magnetic field strengths. The corresponding
canting angle φ gradually increases with increasing magnetic field strength as shown by the
black curved arrow (`), indicating a second-order spin reorientation. (d) For a negative value
(example given is for K2 � �0.1). However, the local energy minimum is at φ=0 at least until
µ0H C 0.95C0. At this magnetic field strength, the local minimum is slightly higher in energy
than the local minimum at φ � 90X. At finite temperatures, the system could transition into
the global lowest energy state at φ � 90X in a sudden, first-order transition as indicated with
the dashed arrow (`).

netic field direction. The changes in energy is modelled as

Uep � C0 cos2 �α � φ� �K sin2 �3φ�. (2.15)

Figure 2.7 a) shows that with an anisotropy parameter K @ 0.01C0, the Néel vec-
tor more or less remains perpendicular to the direction of the magnetic field (α � φ).
When 0.01Hmi @ K @ 0.1Hmi, there is a deviation from this linear relation. At
K A 0.105C0, φ becomes more unstable at �90X. This is also reflected in the energy at
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Figure 2.7: (a) Minimal energy solutions for the angle of the canting of the Néel vector φ as a
function of the magnetic field direction α and with different values of the parameter K2. (b)
The free energy as a function of the direction of the Néel vector.

these angles, as the energy develops a local minimum, as can be seen in Fig. 2.7 b).

2.4 Spin Hall magnetoresistance

The SMR is based on conversion of charge and spin currents in a paramagnetic heavy
metal (HM) together with the tunable transfer of spin angular momentum at the
interface with an adjacent magnetic material. A charge current in a HM wire such
as Pt causes electrons to deflect depending on their spin direction due to the spin
Hall effect (SHE) as shown in Fig. 2.8 a). The origin of this relativistic effect lies in
the interaction between an electron spin and its motion; spin-orbit coupling. Under
an electric field, the electron gains transverse momentum [14] by skew scattering
[15, 16] and side jump scattering [17]. The ratio of these effects determines the sign
of the spin Hall angle θSH. The charge current Je results in a SHE-induced spin
current JSHEs as depicted in Fig. 2.9 a) and formulated by

JSHEs � �θSH

Òh
2e
Je �µs (2.16)

with µs being the spin accumulation and JSHEs and Je is the spin and charge current
density, respectively.

When the charge current is confined in a thin HM layer on top of a magnetic in-
sulator (MI), the electron spins accumulate at the MISHM interface where they can
interact with the magnetic moments of the MI upon reflection. The perpendicular
components of the accumulated spins are absorbed, affecting µs as depicted in Fig.
2.9 b). A reflected electron spin is deflected by the ISHE and transformed into a
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Figure 2.8: a) The SHE converts a charge cur-
rent in a paramagnetic HM into a spin cur-
rent by spin-orbit coupling as described by Eq.
(2.16). a) Sending a charge current through a
wire results in a radial deflection of the electron
spins and a spin accumulation at the edges. b)
The ISHE converts the spin current back into
a charge current as described in Eq. (2.17).
In absence of external interaction, the accumu-
lated electron spins are reflected away from the
edges of the wire and are deflected towards Je
without additional scattering events.

Je

a)

b)

charge current as

JISHEe � θSH
2eÒh Js �µs. (2.17)

Both effects are symmetric with respect to magnetization reversal, which indicates
that this technique should also be applicable for observing the AFM order.

The magnetic state of the material defines the spin angular momentum transfer
by

ejs � Grm̂ � �m̂ �µs� �Gi�m̂ �µs�. (2.18)

Here, js is the spin current density, m̂ is the sublattice magnetization, µs is the spin
accumulation and Gr and Gi is the real and imaginary part of the spin-mixing con-
ductance discussed in the following paragraph. Thereby, the resistance of the spin-
Hall material is modified via the conversion of charge and spin currents [18].

The interaction efficiency is governed by the spin-mixing conductance per unit
area between the metal layer and the magnet G�� � Gr � iGi and consists of a real
and imaginary part, respectively. The real part deals with the transfer of spin angu-
lar momentum across the interface, causing a spin transfer torque that acts on the
magnetic moments of the insulator, depending on the relative orientation of the in-
coming spins and the individual magnetic moments of the insulator.

The injection of spin angular momentum occurs via the spin-flip mechanism, for
which the electron spin direction is reversed. The average spin angular momentum
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Figure 2.9: SMR in a PtSFM hybrid system. (a) A charge current through the heavy metal
Pt leads to a deflection of the electrons as a function of their electron spin direction by the
SHE. When confined in a thin Pt film on top of a (ferro) magnetic insulator, the relevant spin
current along ẑ results in a spin accumulation at the PtSFM interface. (b) The component of the
spin accumulation perpendicular to the magnetic moments in the magnet µSS is absorbed by a
spin-flip (Umklapp) scattering event. The absorption depends on the relative orientation of the
magnetizationM and µ and therefore on the magnetic field angle α. The parallel component
of this spin accumulation is unaffected and reflected back into the HM. (c) The remaining spin
accumulation has changed size and direction. This causes a deflection of the electron by the
ISHE Js � µSS; with an angle α with respect to ŷ.

is conserved and the change in spin Òh is transferred into the MI. The efficiency de-
pends on the direction of the magnetic moments in the magnet and are maximal
when the magnetic moments are perpendicular to µs. At finite temperatures, the
magnetic excitations, or magnons, lower the average (sublattice) magnetization. A
component perpendicular to the average magnetization direction is created which
can also couple to µs, creating or annihilating magnons as described in Sec. 2.6.5.
However, this lowers the total transfer of angular momentum at a given magnetic
field direction. Thereby, the SMR becomes a function of the (size of the) order pa-
rameter.

The imaginary part ofG (Gi) can be interpreted as an effective exchange field act-
ing on the spin accumulation. The electron spin precesses around the effective field
and acquires a component perpendicular to the surface. One could distinguish these
different contributions using their symmetries in different geometries, and typically
Gr Q Gi.

The net result is that the direction of electrons and therefore the resistance is al-
tered by the spin absorption, as a function of the magnetic state of the adjacent insu-
lator. Here, we assume that the spin accumulation is not large enough to affect the
magnetic moments in the magnet such that it changes the average direction of the
magnetic moments, induces magnetic textures or create a spin superfluid state [19].
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This non-equilibrium proximity effect, therefore, is a method to read off the direc-
tion of the magnetic moments when influenced by parameters such as an external
magnetic field, or the temperature as described by Eq. (2.40).

2.4.1 Spin Hall magnetoresistance in ferromagnets

In FMs, the affected longitudinal and transverse electrical resistivities of Pt, ρL and
ρT respectively, can be expressed as [20]

ρL � ρ �∆ρ0 �∆ρ1 @ 1 �m2
y A (2.19)

ρT � ∆ρ1 @mxmy A �∆ρ2 @mz A �∆ρHallHz (2.20)

with mi and Hi being the magnetization vector and applied magnetic field compo-
nents in the i-direction, respectively. ∆ρHallHz is the change in resistivity caused by
the ordinary Hall effect with an out-of-plane (OOP) component of the magnetic field.
∆ρ0, ∆ρ1 and ∆ρ2 are resistivity changes defined as [20]

∆ρ0

ρ
� �θ2

SH

2λ

dN
tanh

dN
2λ

(2.21)

∆ρ1

ρ
� θ2

SH

λ

dN
Re

�� 2λG�� tanh2 dN
2λ

σ � 2λG�� coth dN
λ

�� (2.22)

∆ρ2

ρ
� θ2

SH

λ

dN
Im

�� 2λG�� tanh2 dN
2λ

σ � 2λG�� coth dN
λ

�� (2.23)

with λ, dN , σ and θSH being the spin relaxation length, thickness, bulk conductivity
and the spin Hall angle in the HM, respectively. SMR has proven to be a powerful
tool to investigate the magnetic ordering in magnetic materials such as collinear fer-
rimagnetics [20–23], noncollinear ferrimagnetics [24, 25] and spin spirals [26, 27].

2.4.2 Spin Hall magnetoresistance in antiferromagnets

AFMs, however, have no net magnetization, which was the reason to believe [28] that
the interaction of σs with one sublattice would be cancelled by the interaction with
the other, opposite aligned, sublattice. However, in Cu2OSeO3, when the cone angle
of individual magnetic moments exceeded 45X with respect to the average magneti-
zation, the sign of the signal with a certain in-plane magnetic field changed [27]. If
the electron spins would interact with the magnetization, which is the average of the
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magnetic moments in a unit volume, the sign would not change.

It was predicted by Cheng et al. [29] that it would be possible to observe spin
pumping in AFMs. This were the case if one would treat the spin transfer torque
on the two sublattices as completely independent, resulting in a finite spin transfer
torque [29]

τm � �
a3

e�Grn � �n �σ� (2.24)

similar to Eq. (2.18) for FMs. Here, n is the Néel vector, a is the unit cell size, � is
the volume of the system, Vs is the voltage of the spin current, Gr is the real part of
the spin mixing conductance and σ is the spin polarization. When these torques act
independently on each sublattice one could rewrite Eqs. (2.19) and (2.20) in terms of
the Néel vector instead of the independent sublattice magnetizations.

The equations regarding the read-out of the magnetization as described in Eqs.
(2.19) and (2.20), can be rewritten for the read-out of the Néel order in AFMs by [30]

ρL � ρ �∆ρ0 �∆ρ1 @ 1 � n2
y A (2.25)

ρT � ∆ρ1 @ nxny A �∆ρHallHz (2.26)

The rewriting of these equations is described in Ch. 4. Reference [31] measured
a positive SMR of Pt on SrMnO and according to Ref. [32], the interface magnetic
susceptibility is sampled rather than a ground state spin texture. Another possibility
is that the magnet is in a paramagnetic state since the temperature exceeds the Néel
temperature of a bulk system.

AFMs have only recently been investigated using this technique [30, 33–35]. In
the example for Nio, shown in Fig. 2.10, all processes are similar to the processes in
Fig. 2.9. The difference is that the magnetic sublattices mA and mB are aligned per-
pendicular to the magnetization. A 90X shift in the angular dependence compared
to FMs is observed. This is equivalent to a negative SMR and such an angular shift
is a strong indication for having AFM material. The leading parameter for AFMs is
therefore the Néel vector rather than the magnetization for FMs [30]. This indicates
that the interaction between the electron spins and the magnetic moments is of a
shorter length scale than the distance between the magnetic sublattices.

One of the spurious effects which can occur during these kind of measurements
is the anomalous Hall effect. This occurs when the magnet itself becomes conduct-
ing or when the magnet imprints a net magnetization into the heavy metal layer [35].
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Figure 2.10: SMR of Pt on an AFM is governed by the same physics as in a FM system shown in
Fig. 2.9. (a) The accumulated spins at the HMSAFM interface interact with the AFM magnetic
moments. This is an example with NiO as AFM, for which the two sublattices are FM layers
in the plane of the interface. (b) The size of the absorption of the perpendicular component
of the spin accumulation µSS is given by sinα. (c) The ISHE causes a deflection of the electron
spin which is determined by µÙ which size is given by sin�90°�α) in AFMs instead of sin�α�

in FMs. Figure adapted from Ref. [30].

The latter will have zero net effect in case of a compensated AFM, but for uncom-
pensated interface cuts this can still come into play. Since SMR is a surface sensitive
technique, ’loose’ canted moments at the interface could lead to FM-like SMR [24].
The changes in the resistance due to an uncompensated interface which is still cou-
pled to the bulk Néel vector can be expressed as ∆ρ2 @ nz A, in analogy to the term
∆ρ2 @ mz A in Eq. (2.20). Such a component would only be observable in case of
symmetry breaking due to the interface and would result in a different reaction to
a magnetic field as compared to the bulk. One would not observe such a compo-
nent in case the size of the domains is smaller than the Pt, since effects of different
domains will cancel out. One could express the interaction with loose magnetic mo-
ments with small coupling to the Néel vector as the imaginary component of the
Néel vector [36]. Further, magnetocrystalline anisotropy might affect the SMR signal
[37].

2.4.3 Easy-axis and easy-plane magnetic anisotropy models

The previous subsection gave the hypothesis of SMR signals being observable in
AFMs. This allows us to continue the thought experiment with the toy models show-
ing the influence of different magnetic anisotropies on the SMR. We assume that the
magnetic moments are tightly pinned to the Néel vector and there are no further
spurious effects. The models of both easy-axis and easy-plane magnetic anisotropies
have given the Néel vector directions as a function of the magnetic field direction
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(see Figs. 2.6, and 2.7). These are converted into their transverse SMR responses
shown in Fig. 2.11 using Eq. (4.14). For small values of K2, it can be hard to distin-
guish whether the transition is of first or second order by the SMR response as the
SMR for K�0.01 might not be distinguishable. Still, the transition with K2 � �0.01 is
of first order and with K2 C 0 is of second order.
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Figure 2.11: The converted Néel angle to the transverse SMR signal as a function of the mag-
netic field direction. (a) For the easy-axis magnetic anisotropy, it is shown that the first-order
transitions with K2 � �0.1 has a smaller FWHM and is slower to the maximum than the
second-order transitions with K2 � 0.1. b) For the easy-plane anisotropy, the sinusoidal SMR
signal is altered due to the three in-plane easy axes. The corresponding Néel angles are shown
in Figs. 2.6 and 2.7 for the easy-axis and easy-plane magnetic anisotropy, respectively.

Equilibrium sublattice magnetization solutions are influenced by thermal fluctu-
ations of the magnetic lattice at elevated temperatures. Although the spin waves can
be excluded as a good approximation, in complex systems such as in DyFeO3 they
play a substantial role as discussed in Ch. 5. But even in a ’model’ AFM as NiO, the
observed variation in the signal as a function of the temperature is described well by
its Néel vector size.

2.4.4 Frustrated antiferromagnets outlook

There are AFM cases, negative exchange interactions occur with multiple magnetic
moments. Triangular lattice AFMs are neat examples. Here, there is no way of ar-
ranging the preferred 180° angle between all nearest neighbour interactions, leading
to frustration.

Figure 2.12 shows some examples of lowest energy states in triangular AFM sys-
tems with different unit cells. Despite their similarities, these systems can, in the-
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ory, be distinguishable from each other by SMR. In the limit of large magnetic field
strengths, and small exchange interactions and anisotropy energies, all of these SMR
shapes will be large and sinusoidal with a positive SMR. However, in the limit of
small magnetic field strength and large exchange interaction and anisotropy ener-
gies, the magnetic moments do not rotate coherently with the magnetic field direc-
tion. Instead, the magnetic field will only result in minor changes in their direction.
In this limit, the shapes of their SMR curves are as shown in Fig. 2.12d-f) for the
systems shown in Fig. 2.12a-c), respectively. In reality, the signal magnitude might
be small as compared to large magnetic field strength measurements and averaging
of a lot of measurements might be required to obtain such curves. The physics at
intermediate magnetic field strengths is somewhat more complicated to model and
left for further investigation as this is just an example of the scope and the possibili-
ties still unexploited.
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Figure 2.12: a-c) Examples of lowest energy states in triangular lattice AFMs. d-f) The ac-
companying SMR as a function of the magnetic field direction in the approximation of a low
magnetic field strength and large exchange interactions and anisotropy. Each sublattice con-
tribution is given a separate colour, and the obtained SMR will be the curve marked with
’mean’. The mean of f) is not shown as it will be well–nigh a flat line.

2.5 Excited states

A HMSMIbilayercanbeusedtoreadoutthemagneticequilibriumstate, asshownintheprevioussection.Inaddition, thisbilayercaninjectanddetecttheexcitedstatesinthemagnet.Sucheigenstatesofthemagneticsublattices, ormagnons, areoneofthemainfocuspointsinspintronicsandtheycanbeusedforlong�
distancespintransportininsulators�38�.ThissectiondiscussesthebasicsoftheexcitedstatesandshowshowspinscanbecarriedbymagnonsinAFMs.
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Coherent magnetization dynamics is the precessional motion of magnetic mo-
ments due to effective magnetic fields acting on them. The precession of the mag-
netic moment is described by the torque T which is the rate of change in the angular
momentum L given by

T �
d

dt
L (2.27)

The effective magnetic fieldHeff acts on the angular momentum delivering a torque

T �m �Heff (2.28)

with the magnetic moment being related to the angular momentum via the gyro-
magnetic ratio γ) as

m � �γL. (2.29)

The derivative is
d

dt
m � �γ

d

dt
L � �γT (2.30)

leading to the Landau-Lifschitz equation

d

dt
m � �γm �Heff . (2.31)

Gilbert et al. introduced an intrinsic dissipative (time dependent) term to include
magnetic damping. The term arises from non-conserving spin-orbit coupling in the
magnet [39]. By considering multiple sublattices, the combination of these terms
(together forming the LLG equation) for each sublattice reads

dmi

dt
� �γmi �Heff �

αSmiSmi �
dmi

dt
(2.32)

where α is the Gilbert damping parameter, mi is the size of the sublattice magne-
tization and mi is the sublattice magnetization vector. Heff could contain both an
equilibrium effective magnetic field, but also an AC component. One could further
consider the spin transfer torque as

τ � �
γÒhµ0

2� SmiSmi � �mi � Is� (2.33)

when subjecting the magnet to large spin current Is (this current points along the
spin polarization direction instead of the spin flow direction). When this terms acts
antiparallel to the damping, this could lead to auto-oscillations [40] or magnetization
reversal [41]. In the equilibrium-state assumption we assumed that µs is too small
to affect the order parameter. In the case of inducing external spin into the magnet,
this term comes into play.
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2.5.1 Antiferromagnetic magnons

To understand the magnetic dynamics, one has to solve the LLG equation (Eq. (2.32))
for each of the sublattices. The energy depends on exchange interactions which are
altered with the magnetic field. This is introduced in the LLG equation as an effective
magnetic field. In the most simple models, one can use K A 0 for the easy-axis, and
K @ 0 for the easy-plane magnetic anisotropy. Similarly to precession in FMs, the
magnon spin precesses around the applied magnetic field in most modes. In AFMs,
however, the magnon spin direction is not solely defined by the magnetization. The
magnetic excitations are modelled and differences in canting angles of the two sub-
lattices away from the average sublattice magnetization directions are animated for
specific magnetic field directions in the next paragraphs.

Considering an easy-axis AFM with a magnetic field confined to the magnetic
easy ẑ axis, there are two types of magnons as shown in Figs. 2.13 a) and c). Their
precession is clockwise (anticlockwise) for mode I (II). Further, the canting angle αA
A αB (αA @ αB) of mode I (II). Therefore, the two sublattice magnetizations mA and
mB do not fully cancel out, and there is a small net magnon spin m which average
is along ẑ and opposite for the modes. For a magnetic moment pair, the net magnon
spin is only a fraction of a full Òh, and the full spin is distributed over multiple mag-
netic moments.

For the easy-plane AFM, mode I and II exist as well. The modes do not show cir-
cular precession around one of the magnetic easy-axis, but due to the magnetic hard
axis, the precession is elliptical with the long axis within the magnetic easy plane
[11]. By applying a relatively small magnetic field within the magnetic easy axis, the
modes become unstable and the magnetic moments align perpendicular to the field.

By applying a magnetic field along the magnetic easy axis, the difference in cant-
ing angles S αA - αB S is either decreased in mode I (Fig. 2.13 b) ) or increased in mode
II (Fig. 2.13 d ). As shown in Fig. 2.16, this has an opposite linear effect on the energy
of these modes. When the applied field H A Hsf , these two modes collapse into one
spin flop mode III (see Fig. 2.14 a) ). This mode is somewhat similar to the mode
with the magnon spin precessing around an axis perpendicular to the magnetic easy
axis, mode IV. The pulsating mode V has a magnon spin which does not precess, but
its size fluctuates as shown in Fig. 2.14 c).

These modes III, IV and V are in nature similar in the magnetic easy-plane anisotropy
AFMs, with a magnetic field perpendicular to the magnetic easy axis; either along
the magnetic hard ẑ axis (mode III) or within the magnetic easy plane along ŷ (mode
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Figure 2.13: Precession modes I and II with a easy-axis magnetic anisotropy and a magnetic
field along the magnetic easy ẑ axis. (a) Mode I has canting angles αA A αB and the mag-
netic sublattices rotate clockwise around ẑ. (c) The degenerate mode II has αA @ αB with an
anticlockwise rotation. The difference in αA and αB creates a net magnetic moment m with
corresponding rotation direction and the time averaged magnetization can be pointing along
�ẑ. An applied magnetic field breaks the degeneracy and alters the canting angles of these two
modes. b),d) With increasing applied magnetic field, the difference SαA � αB S becomes smaller
for mode I (see b) mode I’) while it becomes larger for mode II (see d) mode II’). At magnetic
fields larger than Hsf , these modes are transformed into mode III, the spin-flop mode shown
in Fig. 2.14. The angles αA and αB , and thereforem are exaggerated in these figures.

IV and V). Figure 2.15 shows these easy-plane anisotropy modes with a magnetic
easy-axis along x̂ and a magnetic field along ŷ.

The frequencies of the modes as indicated in Fig. 2.16 are given by the equations
[6]

ωI�II� � γ� 1

mi

º
KA �K2 �H� (2.34)

ωIII � γ

¿ÁÁÀH2
2A�K � 2A��K � 2A� �

2AK�mi�2
(2.35)
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Figure 2.14: Precession modes III, IV and V in an easy-axis anisotropy. (a) With applied mag-
netic fieldH SS

A Hsf , mode I and II converge into mode III, the spin flop mode. The precession
mode in spin flop phase is clockwise formB and anti-clockwise formA as seen along ŷ, caus-
ingm to rotate clockwise around ẑ. This precession mode coincides with the precession mode
of the easy-plane anisotropy with a magnetic field normal to this basal plane. With a magnetic
field perpendicular to the easy axis, the rotation of the sublattices around ẑ can be either such
that the maximum deviation towards ŷ (b) coincides, or (c) is cancelled by a deviation in mini-
mal ŷ direction. b) When the sum of the deviation of both sublattices towards ŷ is constant,m
makes precessions around ŷ, similar to the spin flop case although with different parameters.
(c) When αA=αB and the sum of the deviation towards ŷ is not constant, m is entered in a
pulsating mode, alternating betweenm� andm��.

ωIV � γ

¾
K~m2

i �2A �K� �H2
2A �K

2A �K
(2.36)

ωV � γ

¾
K~m2

i �2A �K� �H2
�K

2A �K
. (2.37)

The energy dependence of these modes as a function of the magnetic field strength
is shown in Fig. 2.16. The frequencies of modes I and II are initially a linear function
of the magnetic field. At C Hsf , they collapse into a single mode III due to the spin-
flop transition. The other two modes deal with a magnetic field perpendicular to the
magnetic easy axis. These modes exist in the easy-plane anisotropy, although due to
the magnetic anisotropies these modes differ in energy. Mode III, with a field along
the magnetic easy plane, has a linear magnetic field dependence without offset. This
mode becomes degenerate with the mode corresponding to the magnetic field being
along the magnetic hard axis at large magnetic fields. When the direction of the ap-
plied magnetic field is in between ẑ and ŷ, the energy of the modes is modified as
shown in Fig. 2.16 c).
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Figure 2.15: Precession modes III, IV and V with an easy-plane anisotropy. (a) The precession
of a net magnetic moment around ẑ is aided by an applied magnetic field along the mag-
netic hard ẑ axis. This precession mode coincides with the precession mode of the easy-axis
anisotropy in the spin flop phase with a magnetic field normal to this basal plane. Precession
mode (b) IV and (c) V coincide with the respective modes in easy-plane anisotropies withHSS.
All these modes have different parameters determine αA and αB and the frequencies than
their easy-axis versions.

Further sublattice interactions are not taken into account here, but get into the
equation by considering an effective magnetic field for the different sublattices. AFMs
such as NiO have FM planes and magnetic dipole-dipole interactions as well as mag-
netic cubic anisotropy. Therefore, these terms have to be considered when dealing
with low temperatures for which small perturbations of the dispersion have a larger
influence on the magnon occupation.

The energies of these modes are typically in the THz regime and larger than the
thermal energy KbT . Therefore, the magnetic field dependence has a large effect on
which mode is occupied. In this respect, it is noteworthy that the easy-plane ωIV ex-
tends to low energies, even without applied magnetic field. For easy-axis anisotropy
AFMs, only ωIII is within the KbT regime around the spin-flop transition. The mag-
netic field required for ωV to get within this regime is usually out of reach for con-
stant supercurrent magnets.
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Figure 2.16: Eigenfrequencies for the (a) easy-axis and (b) easy -plane anisotropy with typical
values for the parameters K, A and mi. The equations are given in Eqs. (2.34), (2.35), (2.36)
and (2.37).The frequency indicated with ωi match the precession modes shown in Figs. 2.13,
2.14 and 2.15. (c) Eigenfrequencies for the easy-axis anisotropy as a function of a magnetic
field at various angles away from the magnetic easy axis. At 90°, ωI has transformed into
mode ωIV . Figure adapted from Ref. [6].

2.5.2 Magnon populations

Magnons are quasiparticles and its full-integer spin of one classifies them as bosons.
Therefore, the magnon distribution function obeys the Bose-Einstein statistics read-
ing

f�ε� � 1

exp � ε�µm
kBT

� � 1
. (2.38)

Here, ε � Òhω�q� is the energy of a magnon. Further, kB is the Boltzmann constant,
T is the temperature which is assumed to be equal to the phonon energy and µm
is the magnon chemical potential representing the energy cost of adding a magnon.
This also holds if the thermalization of magnons is faster than the decay of their
number. At thermal equilibrium, the magnon chemical potential is zero. The amount
of magnons is not conserved and can be modified using for instance the temperature.
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The corresponding magnon density therefore is given by

nα,β � S
ª

0
g�E�f�E�dE. (2.39)

with g(E) being the density of states as a function of the energy for two degenerate
magnon modes α and β with opposite magnon spin derection. Due to the degen-
eracy of the modes the magnon numbers will be equal if not disturbed by magnetic
fields or external magnon injection.

The magnons in FMs reduce the total magnetization and thereby the magnetic
order which is described by the Bloch law

M�T � �M�0� �1 � � T
Tcr

�3~2� (2.40)

withM�0� being the spontaneous magnetization at T � 0 and Tcr being the material-
dependent critical temperature. Magnetic sublattices of AFMs are affected in a sim-
ilar fashion by their magnons, resulting in a reduced magnetic order parameter N
with associated Néel temperature TN , the magnetic ordering temperature for AFMs.
Above these critical temperatures, the thermal energy is large enough to break the
magnetic order and the magnetic materials become paramagnets. Magnons hereby
affect the equilibrium state SMR measurements. As shown in Ch. 4, the SMR mag-
nitude of NiO seems to follow its own order parameter as a function of the temper-
ature.

When there is a large amount of external excitation of magnons, the thermaliza-
tion leads to non-linear effects [42]. Extensive excitation finally leads to Bose-Einstein
condensation which is observed in the AFM TlCuCl3 [43] and by Demokritov et al.
in YIG at room temperature [44].

The low order Hamiltonian in Eq. (2.8) can be rewritten in terms of Bogoliubov
quasiparticles as

HAF �Q
q

�ωα�q�α̂†
qα̂q � ωβ�q�β̂†

q β̂q�. (2.41)

Here, the operators α and β carry the spin �Òhẑ and describe the two magnons, from
now on referred to as α and β. The dispersion of these magnons is given by ωα�β�.

For NiO specifically, the dispersion has been measured by Hutchings et al. [8] us-
ing neutron diffraction. The resolution of this technique is fairly low and can there-
fore not discriminate between different modes. A model for this two sublattice AFM
dispersion has been introduced by Rezende et al. [11], considering the exchange
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Figure 2.17: Dispersion of magnons in NiO (a) as modelled by Rezende et al. [11] using mag-
netic anisotropie, exchange interaction and Zeeman interaction. The dispersion of the α and β
mode are split without any applied magnetic field due to the dispersion. At temperatures be-
low the activation energy of the αmode, this would result in a non-zero net magnon spin. The
inset shows the full range of q-values. (b) Zero-q point of the magnon dispersion as a function
of a magnetic field along [110] when including dipole-dipole interactions and magnetic cubic
anisotropy. Figure adapted from Milano et al. [45].

interaction, magnetic anisotropies and the Zeeman interaction as main parameters
defining the low energy dispersion. There are two modes which are degenerate at
higher energies but diverge at low energy described by

ω2
α,β~γ2

� �He �Hep �
Hha

2
�2
�

1

4
H2
ha �H

2
�H2

eγ
2
k

��H2
eH

2
haγ

2
k � 4H2��He �Hep �

Hha

2
�2
�H2

eγ
2
k�� 1

2

(2.42)

with γk � cos� 1
2
kal�, He � 968.4 T, Hha � 635 mT and Hep � 11 mT being the struc-

ture factor, exchange interaction and the hard- and easy-axis anisotropy, respectively
[8–11]. The dispersion is shown in Fig. 2.17 a), and seems to agree with Hutchsings
et al. near q � 1. This model comprises of to modes having opposite magnon spin.
Therefore, when the population of one mode is higher than the other, this leads to
an imbalance in magnon spins.

The resolution is improved by focusing on the low-energetic magnons with the
energy of a few KbT using Raman and Brillouin spectroscopies [10, 46], revealing
five more modes. By taking into account magnetic dipole-dipole interactions and
magnetic cubic anisotropy, the model showed multiple low-energy modes, resulting
in an eight-sublattice model that also reflected the field dependence of the modes
[45]. The obtained q � 0 values of the dispersion as a function of magnetic field are
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shown in Fig. 2.17 b) for different domains.

Further, Milano et al. calculated for each of these modes the deflection of the mag-
netic moments due to excitations of the magnetic sublattices. These are shown in Fig.
2.18 as their projection on a plane to which their equilibrium position is normal to.
The model of having α and β magnons with either clockwise or anticlockwise pre-
cession appears to be a too simple representation of the modes in NiO. However,
considering the magnetic dipole-dipole interactions and magnetic cubic anisotropy
further complicates the easy-plane precession model shown in Fig. 2.13.

2.5.3 Magnon-magnon interactions

The magnon-magnon interactions can be described by a Hamiltonian with a higher
order than the equilibrium state Hamiltonian in Eq. (2.41). It contains terms as

Vq1,q2,q3,q4 α̂
†
q1 α̂

†
q2 α̂q3 α̂q3 . (2.43)

The whole Hamiltonian is rather lengthy but can be represented with a diagram
as shown in Fig. 2.19 [47]. In terms of energy transfer, the interactions between
magnons within the same magnon mode, process (A), have limited impact on the
magnon transfer. Process (B) does result in transfer of energy between these modes
and thereby causes the temperatures to be equal (Tα = Tβ). Both processes (A) and
(B) in this diagram conserve the sum of the magnon spins of the α and β magnon
modes (n � nα � nβ) while processes (C) do not.

The magnon conversion of α into β and its reversed process turn out to be equiv-
alent. These processes conserve the total momentum within the magnet and, there-
fore, an imbalance in the different magnon spins is unaffected by these processes.
Furthermore, an increase on magnon chemical potential of one mode will lead to an
equivalent increase in the other since the scattering amplitude for both processes are
equal.

The intrinsic Gilbert damping, not described by these processes, scatters these
magnon modes. The resulting slow decay affects n and is equally strong for the two
modes. This allows the description of separate magnon chemical potentials µα and
µβ and an own magnon channel for each mode which can describe separately the
magnon transport in FMs as done in Sec. 2.6. The interaction causes the magnon
chemical potentials of the modes to be equal: µA � µB . The description as µA � �µB
according to Refs. [47, 48] is equivalent, but also includes the magnon spin direc-
tion in the definition of µm. The following section discusses the causes of non-zero
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Figure 2.18: Eigenmodes of the low energetic magnons in NiO. The lines represent the projec-
tion of the magnetic moments on the plane which is spanned by [111] and [110] (perpendicular
to its magnetic easy axis) due to the precession. This figure is acquired by personal interaction
with Milano and is a non-published result from their study on these modes [46].
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(A)

(B)

(C)

Figure 2.19: Diagrams of the exchange-induced inelastic magnon-magnon scatterings. The
magnon number is conserved in magnon scattering processes (A) and (B), whereas it is
changed in (C). The momentum, or net magnon polarization, is conserved during all pro-
cesses. Fig adapted from [47]

(magnon) chemical potentials and the resulting (spin) currents for general cases and
specifically for AFMs.

2.6 Spin currents

2.6.1 Introduction

Thermoelectric effects have been investigated since the discovery of the Seebeck ef-
fect in 1821 by Thomas Seebeck [49]. The coupling of charge and heat has potential
for retrieving energy from waste heat and caused extensive investigation onwards.
However, these techniques currently are mostly used for the temperature determina-
tion since the figure of merit is typically too small for applications [50]. The Seebeck
effect arises in conductors under influence of a temperature gradient for which heat-
ing causes a broadening of the electron energy according to the Fermi-Dirac distribu-
tion. Energetically elevated electrons in the hot part of the conductor flow towards
the cooler part due to the energy dependence of the electron conductivity σ. Since
the high energy electrons thus have a larger conductance than the low energy elec-
trons, a net charge flow Je is created which can be described by

Je � ��S©T � σ©V � (2.44)
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which scales with the Seebeck coefficient S. In this equation, the reciprocal effect
has been taken into account for generalization to open systems. Here, the charge
current results in a charge build-up leading to an electrical potential. A charge cur-
rent induced from this voltage, on its turn, can drag heat. The electrical potential
distributes linearly throughout the conductor since electrons do not dissipate.

Another degree of freedom in this system is the spin with the opportunity of
creating spin currents. In FMs, the spin-up (�) band is energetically shifted as com-
pared to the spin-down band (�) by exchange splitting. Because this creates unequal
numbers of spin up (n�) and spin down (n�) spins, this leads to FM. For electric con-
ductors, the electrons responsible for the charge current have an energy around this
Fermi energy and the conductivity σ is related to the density of electrons around
the Fermi level. The shift in energy between the bands creates a difference in their
density of states and scattering which results in a spin-dependent conductivity such
that σ� ~� σ� [51]. A spin current is thus established by an equal but opposite shift in
the Fermi energy of electrons with opposite spin [52, 53].

The influence of these spin conductivities on (spin) currents is described by the
two-current model [54–56] with corresponding charge current channels for spin up
(down) J����. These are driven by their respective gradients of the quasi chemical
potential for the spin up (down) electrons µ���� � eE���� as

J���� � �
σ����
e
©µ����. (2.45)

A net spin current can be created when σ� ~� σ� i.e. there is a finite spin conduc-
tivity polarization defined as

σP � �
σ� � σ�
σ� � σ�

. (2.46)

With a non-zero σP , a charge current induced by a heat gradient is dominated by
one of the spin states and a net spin current Js � σPJc is generated.

In AFM conductors, a charge current can be achieved as in other Seebeck materi-
als, by the combination of Je � J� � J�. However, both the population of spins and
conductivities for the two spin states are usually equal (n� � n� and σ� � σ�) such
that σP � 0, and a spin current cannot be achieved solely by applying a temperature
gradient. A magnetic field can create a similar shift in the energy of the spin states as
in FMs. This would result in an imbalance in the spin population (n� ~� n�). However,
the impact on their spin conductivities might be different from FMs. The large effect
in FMs is largely contributed to the scattering in the 3d bands of FMs such as Fe, Co
or Ni [57].
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2.6.2 Spin Seebeck effect in ferromagnets

Similar to the Seebeck effect, the SSE relies on heat gradients to move the respective
particles. The SSE, however, concerns the flow of dissipating magnon spins instead
of electrons. An early description of the SSE by Xiao et al. [58] determines different
temperatures for magnons (Tm) and phonons (Tph). This description allows for the
heating of the magnons while the interactions with the lattice are small enough to
be neglected. Meanwhile the interaction between the electron and the phonons is
assumed sufficiently strong to make the electron temperature (Te) match the phonon
temperature (Te � Tph). However, measurements showed an initial increase in signal
with increasing thicknesses of the magnetic insulator, up to the micrometer length
scale after which the signal is constant with increasing thickness [59, 60]. This indi-
cated that the SSE is not solely an interface effect since the magnon-phonon relax-
ation length is expected to be short [61].

Magnons scatter with other magnons and with phonons, resulting in a decay
along the propagation direction which can be described by the Gilbert damping.
The magnon-magnon scattering has a significant effect on the energy release, but
has little effect on the long life of the magnon spin. The magnon spins, therefore,
have a long relaxation length and can accumulate at boundaries in certain magnetic
systems.

However, it could be that there is both bulk SSE and interface SSE. Such a de-
scription asks for the introduction of an additional parameter; the magnon chemical
potential µm acting as a magnon potential with a similar role as σ©V in the Seebeck
effect. This quantity parametrizes a long-living non-equilibrium magnon state that
can be realized when the non-spin-conserving interactions are much weaker than the
spin-conserving scattering processes [48]. According to the Bloch law (Eq. (2.40)), a
higher magnon density is the result of an increase in temperature. A temperature
gradient thus results in diffusion of magnons from the warm to the cold part. In an
open circuit, this process is balanced by the build-up of non-zero chemical poten-
tials [62]. The magnons thermalize rather quickly with the phonons and, therefore,
their temperatures are assumed to be the same (Tm � Tph). Thereby, one can distin-
guish two magnon currents; the thermally driven Jm,q � �σmSS©T and the diffusive
magnon current Jm,d � �σm©µm combining to the total magnon spin current [63]

Jm,total � ��SS©T � σm©µm� (2.47)

with σm being the magnon conductivity. In this formulation, the magnon current re-
sembles the spin current in a conducting conductor as described in Eq. (2.44). These
magnon chemical potentials can be observed by Pt films and the size of this effect
depends on the spin Seebeck coefficient SS , estimated in YIG to be 4.5µV/K [64].
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Comparing this with the Seebeck effect with coefficients of two orders of magnitude
higher, this effect is not yet expected to result in practical energy-saving applications.

2.6.3 Spin Seebeck effect in antiferromagnets

A temperature gradient in an AFM insulator will not inherently cause a spin current.
The reason is comparable to the lack of spin currents in AFM electron conductors
subject to a temperature gradient without breaking the spin occupation degeneracy
of the opposite magnon spins. The spin current channels for spin up and spin down
are equivalent and due to their opposite spin direction the respective spin currents
cancel. Therefore, it was not expected for AFM to induce a non-zero SSE [65].

Magnetic insulators transport spin by magnons which are bosons. Therefore,
the spin current does not only occur around the Fermi energy, but throughout their
whole energy spectrum. Increasing the temperature leads to the creation of magnons
with both magnon spin directions. Contrary to (semi)conductors, the change in en-
ergy of these spin carriers is not responsible for the spin current due to a resulting
change in the magnon conductivity. For the frequently used NiO, the dispersion is
almost linear and the conductivity of opposite magnon spin modes is equivalent at
moderate temperatures up to 100 K. Further, the magnons of each mode have fast
thermalization and their Fermi energy is regarded to be equal. Changing the energy
modes with opposite magnon spins by a magnetic field will therefore not necessarily
have a large effect on the conductance of a magnon.

On the other hand, an applied magnetic field does shift the energy bands (see
Fig. 2.17 b) ) which could result in a difference of the total magnon population of
opposite magnon spin modes. Since all bosons can contribute to the spin currents,
an imbalance in the population of opposite magnon spins will result in an imbalance
of these two spin current and thereby a finite net spin current. Each magnon mode
can contribute to the spin Seebeck coefficient described in Eq. (2.47). Magnons with
opposite spins will contribute with an opposite sign as [11]

SzS � S0 S dkk2

<@@@@@>
e

Òhωβk
kBT ωβkν

2
βky

ηβk�e Òhωβk
kBT � 1�2

�

e
Òhωαk
kBT ωαkν

2
αky

ηαk�e Òhωαk
kBT � 1�2

=AAAAA? (2.48)

with S0 �
Òh

6π2kBT 2 , ωµk being the magnetic field dependent frequency, while ηµk
is the magnon relaxation rate of magnon mode µ being a function of wave vector
k. Further we need the magnon group velocity νµk � δωµk~δk, the derivative of the
dispersion at the relevant momentum. This equation is valid below a large HM film
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on a AFM, so that we just have to mind the spin currents along ẑ.

These two modes lead to opposite spin currents or SS . Establishing a non-zero
Seebeck coefficient in AFMs requires an imbalance in the population of magnon
modes with opposite magnon spin. Owing to this imbalance in magnon popula-
tion, a temperature gradient induces a finite spin current as the spin current of the
highest populated magnon mode dominates over the other [66, 67]. The difference
between the two is largely independent of relaxation [47, 68].

The modes can be interpreted as having their own magnon chemical potential
distribution throughout the magnet [47, 48, 68]. The modes are coupled via inelastic
magnon-magnon scattering, allowing for energy interchange and annihilation be-
tween magnons of different modes as discussed in Sec. 2.5. This results in a slight
suppression of the spin Seebeck coefficient, but will largely leave the transport and
its magnon conductivities of both magnon modes intact in bulk easy-axis AFMs [68].
More importantly, the magnon chemical potentials µmα and µβm become strongly
coupled and will therefore be described by a single magnon chemical potential

µm � µαm � µβm. (2.49)

A gradient in this µm is therefore the driving force for spin transport through an
AFM.

A net bulk magnon spin polarization is required for spin current in a system
with a compensated interface. When the interface is uncompensated, one of these
magnon modes could have a more prominent spin-mixing conductance. This results
in a net magnon polarization in the bulk enabling spin transport even without exter-
nal spin injection or applying a magnetic field. When the interface is compensated, a
temperature gradient will not lead to a net spin transfer with a magnon flow [68, 69].
A magnetic field along the magnetic easy axis could cause non-degeneracy of the
magnon modes by Zeeman splitting as depicted in Fig. 2.16. Equation (2.38) shows
that with a thermal energy kBT in the order of the eigenfrequencies, the lowest ener-
getic magnon mode would have a larger population, resulting in a net magnon spin
polarization.

When able to describe the source of the spin current with a single magnon chem-
ical potential, it is possible to describe the decay as a function of distance as being a
function of this µm in a similar way as in FMs. Chapter 6 describes and explains the
local and non-local observation of the SSE in NiO. The spin currents obtained from
DyFeO3 are influenced by both AFM-coupled Fe3� as the non-Heisenberg coupled
Dy3� magnetic subsystem as described in Ch. 5 play a role in the obtained magnon
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spin current. The magnon depletion is expected to decay exponentially with dis-
tance in bulk magnets [64, 68] as described in Sec. 2.6.4.

2.6.4 Magnon transport

When establishing a non-zero Seebeck coefficient in an AFM, the consecutive trans-
port properties are governed by a similar mechanism as has been established in FMs.
The radial temperature gradient shown in Fig. 6.1 results in a diffusion of magnons.
The diffusion theory then implies that the magnon chemical potential depends on
the position from the injector. When the spin diffusion length is longer than the
mean free path of the magnon, the Valet-Fert equation can be used [70]

©
2µm �

µm
λ2
m

(2.50)

with λm �
º
σmτm being the magnon spin diffusion length and τm being the magnon

spin relaxation time. The gradient in the magnon chemical potential drives the spin
diffusion current as described in Eq. (2.47) jm � σm©µm. A perturbation in the
magnon chemical potential is transformed quickly into an equilibrium state. This
is the result of magnon transport throughout the magnet and results in a magnon
diffusion through the magnet.

The magnons decay and the intrinsic part is described by the intrinsic Gilbert
damping. Further scattering occurs with defects and results in the relaxation of
magnons. Their energy is absorbed by the lattice resulting in vibrations, or phonons.
This implies that angular momentum is not a conserved number. Since the non-local
resistance is a result of the angular momentum arriving along with the magnons,
this leads to a non-local resistance depending on the distance d from the injector as

Rnl �
C

λm

exp �d~λm�
exp �2d~λm� (2.51)

where C is the effectiveness of electron-to-magnon conversion and its inverse effect.
Even in the spin superfluid state, there is still decay in spin current over distance.

Spin Seebeck effect in a non-local geometry

As discussed in Sec. 2.6.4, the magnon chemical potential varies in space within the
magnet. When considering an infinitely wide Pt strip on an infinitely thick mag-
net, one only has to consider the z-component of the SSE effect/magnon chemical
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Figure 2.20: Illustration of the SSE. The current Iac heats the left Pt strip and thereby creates
a temperature gradient radially dispersed through the magnet. Near this injector the elevated
temperature results in an increased number of magnons, which diffuse to colder regions with
less magnons. The resulting magnon depletion causes a negative magnon chemical potential.
In the case of interfaces at which magnons accumulate, this leads to a positive sign of µm at
some distance from the injector. The resulting distribution of a magnon chemical potential is
indicated in this figure, in which µm is normalized. The distribution is reproduced from Ref.
[64] and the figure from Ref. [71].

potential. In a non-local geometry, the spin currents parallel to the magnetic film is
measured.

When considering a Pt strip on a magnetic film and substrate, there might be a
non-uniform µm produced by the heat gradient as shown in Fig. 6.1. An example is
the interface of YIG and its frequently used substrate GGG. A temperature gradient
extending in the GGG leads to magnon accumulation at the interface [62]. Non-local
SSE measurements show a negative magnon chemical potential close to the injector
while this turns positive at some distance from it. The distance depends on the thick-
ness of the YIG and the spin-mixing conductance of the Pt/YIG interface [72]. This
observation is subscribed to the accumulation of magnons at the interface and a sub-
sequent deflection towards the detector. The magnon relaxation length will alter the
dimension of these effects. The region where magnons are excited by the SSE is de-
localized and therefore the elapsed path of an observed spin cannot be determined
exactly. Especially for a bilayer NiO/YIG magnet described in Ch. 7 the different
source locations of spin injection can give valuable information. A more localized
injection method is similar to the injection by SMR and described in the following
section.
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2.6.5 Electrical injection of magnons

An applied magnetic field creates a magnon spin polarization in AFMs and a driv-
ing force in terms of a non-zero µm can be generated by a temperature gradient, as
shown in Sec. 2.6.3. Even without a magnetic field, a magnon polarization can be
realized by the electrical injection of spins [47] or AC magnetic field driving reso-
nantly one of the magnon modes [48]. Creating the imbalance costs energy which
can be described by the magnon chemical potential µelm � �δU~δ�nα � nβ��B�0 [48];
the energy cost of increasing (decreasing) the magnon spin number nα�nβ�.

The current through the Pt strip induces a spin accumulation as discussed in Sec.
2.4. In SMR, only the ability to torque the magnetic moments is relevant. Next to a
spin transfer torque, the spin polarized electrons scatter with the localized orbitals
of the magnet via the interfacial exchange interaction. At non-zero temperatures,
thermal excitations generate magnetic excitations which cause a finite component of
the magnetic moments perpendicular to the sublattice directionsmi - as described in
Sec. 2.5. The spin accumulation couples to this component and enables the transfer
of spin angular momentum into the magnet.

While SMR depends on the applied torque on the average sublattice magnetiza-
tions (or the Néel vector in the case of AFMs), in the case of electrical injection of
magnons, only the small deviations of the magnetic moments from its average di-
rections is relevant since this increases or decreases the canting angle with respect
to their average directions [38, 73, 74]. The transfer of spin angular momentum cou-
pling to this perpendicular component is thus largest when µsSSmi. However, the
total transfer of spin angular momentum is about one order of magnitude lower
compared to that of SMR when considering the total spin transfer torque [61, 75].

The introduction of a spin by µs in the magnet creates or annihilates an exci-
tation in the system. A magnon is created (annihilated) with a spin of Òh parallel
(antiparallel) to µs with the spin-flip scattering mechanism. To the lowest order this
transforms the AFM system as

Hsf � Q
qkk�

� �V αqkk� ĉ†
q�Òhα̂k�α̂

†
k���V

�α
qkk� ĉq�Òhα̂†

k�α̂k���V
β
qkk� ĉ

†
q�Òhβ̂k�β̂

†
k���V

�β
qkk� ĉq�Òhβ̂†

k�β̂k���
(2.52)

with ĉ†
q�Òh (ĉq�Òh) being the operator which create (annihilate) an α magnon with

momentum q and angular momentum �Òh. On the other hand, ĉ†
q�Òh (ĉq�Òh) are the

magnon creation (annihilation) operators addressing the β mode and concern the
opposite spin of �Òh. The scattering amplitude of these spin-flip processes are given
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by V αqkk� (V βqkk� ) for mode α (β). These depend on the overlap between the Pt elec-
tron and localized moments in the AFM. The corresponding amplitudes for recipro-
cal processes, the complex conjugates, are indicated by an asterisk (*) symbol. These
four possible processes are animated in Fig. 2.21.
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Figure 2.21: a),d)The creation and b),c) annihilation of magnons. The creation of a magnon
occurs via an electron spin in Pt carrying half a spin (Òh~2) arriving at the interface via the
SHE. This spin is flipped and a full spin (Òh) is transferred into the magnet. Depending on the
direction of the spin, either the a) α or d) β mode is addressed. The annihilation occurs via the
reciprocal effect when an b) α or c) β magnon arrives at the interface and annihilating while
creating a spin accumulation in the Pt.

The injection of up spins (corresponding to the α magnon spin direction) both
creates α magnons and annihilates β magnons. Therefore, the magnon chemical po-
tentials are both directly altered in opposite manner. Small local differences can arise
between the two magnon chemical potentials, but because of interactions between
the modes, these changes are quickly reduced and balance µαm � µβm is restored.

Figure 2.22 shows the decay of both magnon chemical potentials as a function
of distance. These are equal in size in the case of compensated AFM layer at the
interface, using the description of the two magnon chemical potentials having an
opposite sign.The magnons propagate through the magnet according to a diffusive-
relaxation model described in Sec. 2.6.4. If they reach the detector, the created spin
accumulation will lead to a voltage via the ISHE and an electrical signal is obtained.
The µm thus drives the spin current and can be detected via the same processes de-
scribed by Eq. (2.52).
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Figure 2.22: The decay of the magnon chemical potentials of two magnon modes with op-
posite spins subjected to electrical spin injection. Figure reproduced from [47] following the
definition of the magnon chemical potentials having opposite sign. The injected spin direc-
tion corresponds to the α magnon spin direction. Therefore, α magnons are created while β
magnons are annihilated resulting in a positive µα and a negative µβ near the detector. Both
of them decay as a function of the distance. When the AFM layer at the interface is uncom-
pensated this leads to a slightly more effective injection of one mode although this deviation
has fast decay.

Electrical injection in a non-local geometry

To approximate one dimensional transport, we use the non-local geometry with elec-
trical injection as demonstrated with YIG [38]. The legitimation of this approxi-
mation requires that the length of the Pt strips L AAd, the distance between them.
One could further argue that the thickness of the films remain smaller than their de-
cay length although there a some unknown such as the directionality of the injected
magnons and boundary conditions for magnons.

In this geometry, the injected spins are measured over a magnetic separation of
distance d while SMR measures the resistance as a function of spin injection creating
a change in the spin accumulation. The direction of the spins carried by magnons in
FMs is fixed solely by the magnetization direction. The creation or annihilation of a
magnon at the interface depends on the relative direction of µPts and M leading to
an effectiveness as V � µPts M.
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In AFMs, this might not be directly the case. First of all, the magnon spin di-
rection is linked to both the magnetic field direction and the Néel vector and due
to the small Zeeman energy, the magnetic anisotropy plays a larger role. Secondly,
there are multiple magnon modes which have different magnon spin directions, as
explained in Sec. 2.6.4. Therefore, AFMs might obey the symmetry V � µPt

s n al-
though this might be further complicated when considering all the different kinds of
possible magnon modes shown in Fig. 2.18.
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netic magnons,” Journal of Applied Physics 126, p. 151101, 2019.
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Chapter 3

Experimental methods

3.1 Abstract

While Ch. 2 discussed the theoretical background to understand the research per-
formed in this thesis, this methods chapter discusses the way the samples were fab-
ricated and how the measurements are performed. For the creation of spin currents,
thin films of Pt are deposited on the various studied magnets. This part of the device
fabrication has been previously employed and described in the Physics of Nanodevices
(FND) group [1–4] and carried out in the clean room Groningen of the NanoLabNL
consortium. The best way to learn these methods is by a daily supervisor or dis-
cussions with people, but in written form this could still be of interest for beginning
PhDs and students who are just beginning their research or as an inspiration for
other groups working in similar fields. The magnetic properties of the magnetic in-
sulators studied in this thesis are described in their respective chapters.

Relevant information is provided in Sec. 3.2 regarding the work performed on
the samples in Groningen such as establishing the crystallographic direction and
the device fabrication techniques, including polishing and the different steps used
for patterning the device structures by electron-beam lithography, followed by the
description of the used deposition techniques: electron-beam evaporation and sput-
tering. Further, Sec. 3.3 discusses some basics regarding the measurement technique
including the harmonics of the obtained measurement signals.
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3.2 Sample fabrication

The magnetic crystals studied in this thesis are of different origin. Many magnetic
applications work with thin films. Even though SMR is a surface effect, we preferred
to work with bulk materials for these first explorative studies. Substrate induced
strain, defects and atomic substitution are interesting effects to study, but our goal
was initially to prove the effectiveness of the SMR and SSE in AFMs. A secondary
goal was to characterize these materials both for gaining knowledge about these ma-
terials and to affirm and relate the acquired data to data acquired with other meth-
ods. Therefore, we chose to perform measurements mostly on bulk AFMs.

Chapter 7 is the exception as the goal was to measure the transmissivity of thin
AFM films as well as the effects of exchange bias and disorder. These spin cur-
rents will be affected by controlling the AFM order by the exchange bias of the ad-
jacent YIG layer. These 260 nm thick YIG samples are commercially obtained from
Matesy GmbH and the Unisersité de Bretagne Occidentale in Brest, France. The YIG
is grown on GGG substrates with a crystallographic orientation of (111) by liquid
phase epitaxy [5]. The NiO thin films in Ch. 7 were grown by Olga Kuschel and
Andreas Alexander and the XRR images are performed by Olga Kuschel in the same
group of Joachim Wollschläger in Osnabrück University. TEM images are performed
by Inga Ennen in the group of Timo Kuschel in Bielefeld University. The fabrication
steps in Groningen are described below.

• X-ray diffraction or x-ray reflectivity: For a proper surface cut, the crystallo-
graphic directions for DyFeO3 have been determined via single-crystal X-ray
diffraction and, thereafter these direction are marked onto the crystal. The thin
films of NiO of the NiOSYIG samples were investigated by X-ray reflectivity in
order to determine their exact thicknesses as discussed in Ch. 7.

• Polishing: After the crystallographic axes determination, the crystal was cut
by a diamond powdered wire and afterwards glued on a polishing device in
order to align the axes to the polished surface. The first polishing step is per-
formed by hand with sandpaper of degreasing grain sizes once the right di-
mensions have been established. To further reach the required nm RMS rough-
ness the particle size has to be lowered, a DP-Lubricant with diamond pow-
der of subsequently smaller sizes is used on MD-Largo and then a MD-DAC
cloth. The later step is performed with the suspension OP-AN with AlOx par-
ticles of 20 nm on a MD-Chem cloth, after which the suspension is thoroughly
washed away with water as to get rid of any particles on the surface. There-
after, the sample is washed and checked with a microscope for any leftover
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particles, cracks or other inhomogeneities. A surface roughness of sub-nm has
been reached with this technique.

An effort has been made to automate the last part of the polishing process.
The Struers polishing apparatus can be programmed and to fit in, the crys-
tal was mounted in a cylinder of resin. However, when measuring SMR to
analyze the spin-mixing conductance, the signal was a few orders of magni-
tude smaller than by using the technique described above. It could be that the
resin, being softer than the crystal, attached to the surface, thereby, lowering
the spin-mixing conductance.

• Electron-beam lithography: In the NanoLabNL, the electron-beam lithogra-
phy (EBL) was performed which consisted of the following steps.

Magnet Magnet

Magnet Magnet Magnet

MagnetMagnet Magnet

Magnet Magnet Magnet

Magnet
PMMA
aquaSAVE

PMMA
aquaSAVE

PMMA PMMA

Ti/Au

1) 2) 3)

4) 5) 6)
Ti/Au

Figure 3.1

1. Sample cleaning: After the polishing, performed outside of the clean-
room in a dusty environment, the substrate has to be cleaned. Firstly, the
sample is submerged in a beaker containing acetone of 48X, after which it
was rinsed with IPA a blow dried with nitrogen to avoid stains. In case of
a large amount of dust or polishing particles, sonication was used at low
power.

2. Resist spinning: At ambient conditions, the adsorption of molecules can
cause a lowered spin-mixing conductance at a PtSmagnet interface. There-
fore, the sample is heated on a hotplate at 180X C for 90 s. Right after
the bake, a layer of positive resist containing 4% PMMA of 950 K (poly-
methyl methacrylate) dissolved in ethylactate is spin coated at 4000 RPM.
The PMMA is sensitive to an electron beam causing the polymer chains to
become shorter. While the long chains do not dissolve in the development
solution, the exposed area containing the shorter chains has enlarged sol-
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ubility. A second heating step of 90 s at 180X removes the solvent, leaving
behind a 270 nm thick PMMA layer.
To avoid electrons to accumulate at the surface of the insulating magnets
during an exposure, an additional, conductive layer is spin coated on top
of the PMMA. The insulating layer dissipates the electrostatic charges and
is either aquaSAVE-53za bought from the Mitsubishi Chemical Corpora-
tion or Electra 92 from Allresist GmbH. Both of these products are water
soluble, contrary to the PMMA layer, and can therefore easily be washed
off after the exposure without damage to the PMMA layer. Similar to the
PMMA layer, the conductive layer is spin coated at 4000 RPM for 90 s.

3. Exposure: Following the design of the resprective EBL step, a focused
beam of electrons is scanned at the designated areas of the PMMA cov-
ered surface. To correlate the placement of the sample to the design, con-
secutive placement steps are to be followed. Firstly, the corners of the
sample are located and marked by the 3-point correction method. Before
the exposure, a focus, write field and aperture alignment procedure is ex-
ecuted to ensure a proper focus and overlap between the layers. Since
most of the samples were cut by hand, the thicknesses of the samples can
vary. In some cases, the z-coordinate had to be adjusted to remain within
the focus range adjustable by the magnets.

There are three EBL steps in order to optimize both the placement of dif-
ferent layers as well as providing a clean interface between the layers.

(a) Markers and big contact leads: To avoid shifts between the steps,
markers have to be placed. As a method to avoid exposing the sur-
face while checking the proper location, the corners of the sample are
flagged and correlated into the design. Then, the areas containing the
markers and contact leads are exposed with an acceleration voltage of
30 kV and a dose of 400µC m�2 in a Raith e-Line EBL system. These
large areas are exposed with an aperture of 60µm using a write field
of 1000µm by 1000µm.
In case of a large total area written with multiple structures, the con-
tact pads were written in a larger aperture size of 120µm to reduce
the writing time.

(b) Pt Hall bar or strips: The aperture of the smallest strip structure is
chosen to be 10µm with a so-called write field of 100µm by 100µm.
The large Hall bar structures do not require such small aperture and
the same parameters as for EBL step (a) is used.
The 3-points correction method is used on the medium sized markers
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while the smallest markers are aligned by a single image to ensure
proper overlap between the layers within the range of ten nm.

(c) Small contact leads: In case of the non-local device geometry, a final
step is performed where small leads are written. This has to be per-
formed with a higher accuracy than can be achieved in EBL step (a)
and thus requires the same settings as the Pt strips in EBL step (b).
After this step, the exposed area is visible by microscope.

4. Development: Since the sample is covered by a water-soluble conductive
layer, the sample is first submerged into a H2O beaker for 30 s and blow
dried with nitrogen. The development is done by a mixture of isapropanol
(IPA) and methylisobutylketon (MIBK) with a ratio of 3:1. The exposed
polymer chains are dissolved into the mixture while the unexposed parts
remain intact. The sample is rinsed in a beaker of pure IPA to stop the
development and blow dried with nitrogen.

5. Deposition: The contacts are deposited from TiSAu by electron beam evap-
oration in a Temescal FC-2000 (TFC) at a base pressure of 10�4 Pa. The Ti
increases the adhesion and has the side effect of lowering the pressure in
the ultra-high vacuum system even before removing the shutter. A rate of
1Å/s is used for the Ti deposition. The Au has a low melting point and
good conductivity properties and is deposited at a rate of 1Å/s for the
first 5 nm after which the rate is ramped up to 3 Å/s with a final thick-
ness of 75 nm. To ensure a proper conductivity at the small interface with
Pt strips, an argon etch was performed for the small contact leads in the
non-local geometry.
The Pt is deposited by sputtering in a Kurt J. Lesker (KJL) sputter machine
at a pressure of 3 10�1 Pa argon atmosphere. The rate is around 2 nm/s
with a deposition time of 5 s and a power of 100 W. For some NiO devices,
an argon etch is performed before the sputtering in the load lock at 200 W
for 10 s. This improved the spin-mixing conductance by a factor of two as
shown in Ch. 4. The evaporation method results in directional coverage
on top of the PMMA and the magnet. The sputtering is unidirectional and
therefore also covers the sides of the PMMA layer.

6. Lift-off: The remaining unexposed PMMA layer including the deposited
material on top is removed by dissolving the PMMA layer in acetone of
48XC. In case of the coverage of Pt on the sides of the PMMA, the PMMA
is less exposed to the acetone which can make the lift-of procedure more
lengthy. Turbulence can be created by flushing with a pipet near the sam-
ple. Some mild sonication can also be used to get rid of metallic parts at
unexposed areas.
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• Gluing and bonding: When the sample is patterned, the sample has to be
mounted on a chip carrier. Silver paste ensures a conductive connection to the
chip carrier which has the upside for grounding the sample and using it as a
back gate. The down side comes into play when re-using the sample as the sil-
ver particles can land on the top which are hard to get rid off. Therefore, most
of the times, resin is used.
For connecting the contacts to the measurement setup, wire bonding is per-
formed on the contact pads. The wire, Al0.99Si0.01, is melted by sonication near
the tip and can therefore be easily connected to the metal contact pads on one
end and the chip carrier contact on the other end.

• Mounting into the cryostat: The chip carrier is mounted on a dipstick equipped
with measurement wires and with an in-plane rotation degree of freedom. The
dipstick is placed in a variable temperature insert (VTI) of a superconducting
magnet cryostat which can produce magnetic fields up to µ0H � 7 T and tem-
peratures in the range of [2 K�300 K]. The helium flow is regulated by either an
adaptive needle valve and in a later, optimised state of the cryostat, the vari-
able pressure is regulated by a needle valve connecting the pump. To counter
the cooling effect and allow fast temperature control, the heater of the heat
exchanger is controlled by means of a proportional-integral-derivative (PID)
feedback current. The inserted helium is heated to the required temperature.

3.3 Measurement setup

This section describes the measurement methods used to perform the work pre-
sented in this thesis. The working principle of the lock-in detection technique is
explained, followed by a description of the measurement setups used for the exper-
iments presented in this thesis.

The usage of four different Stanford research SR 830 lock-in amplifiers allows us
to obtain both first and second harmonic responses of both the transverse and lon-
gitudinal probes in case of a Hall bar or both the local and the non-local probes in
case of a non-local geometry. With the lock-in technique, the obtained AC signals are
processed in order to optimize the signal-to-noise ratio.

A ’master’ lock-in amplifier provides an AC voltage with angular frequency ω to
a homebuilt so-called IV meetkast which turns the voltage into a current with the
same frequency ω

I�t� �º2I0 sin�ωt�. (3.1)
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This current is lead through the sample via a switch box including a π-filter to di-
minish high-frequency components in the current and to protect the sample from
current peaks. The signal has the form of an output voltage

V �t� � R1I�t� �R2I�t�2
�R3I�t�3

�R4I�t�4
�R5I�t�5

� ... (3.2)

with RnI�t�n being the nth order response. This voltage is amplified by the IV
meetkast with a factor as high as possible to increase the signal-to-noise ratio. When
a considerable background signal is present, which is the case og a longitudinal SMR
measurement, the amplification factor needs to be reduced which lowers this signal-
to-noise ratio.

The amplified signal is connected to one of the lock-in amplifiers where it is con-
nected to the reference voltage frequency and phase of the ’master’ lock-in amplifier,
connected via the TTL port. The voltage component of frequency ω is the linear re-
sponse and attributed to SMR in the local measurements and to electrically injected
magnons in the case of a non-local measurement. The 2ω response of the signal volt-
age is related to heat effects and attributed to the SSE. For the purpose of measuring
one of these effects, only the relevant frequency response is recorded and all the
other frequencies are singled out from the output signal. The input signal and the
reference signal are multiplied, resulting in a DC and AC voltage. The DC voltage
is correlated to the reference and output voltage and is extracted by time averaging,
the nth harmonic signal is obtained as

V nf �

º
2

T
S

T

0
sin�nωt � φ�V �t�dt (3.3)

This could also be achieved by low-pass filtering the output signal.

In case of non-linear responses, for instance when the current bias is large, the
nth-order response becomes a linear combination of Vnf which are

V 1f
� R1I0 �

3

2
R3I

3
0 �

5

2
R5I

5
0 � ... (3.4)

V 2f
�

1º
2
R2I

2
0 �

º
2R4I

4
0 � ... (3.5)

V nf � �
1

2
R3I

3
0 �

4

5
R5I

5
0 � .... (3.6)

For the even orders, a phase shift of -90X is used. In this thesis, it is assumed that
the higher order harmonics responses are considerably smaller than the first two,
and are thus not taken into account. The same applies for the DC component of the
current.
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Chapter 4

Negative spin Hall magnetoresistance of Pt on
the bulk easy-plane antiferromagnet NiO

4.1 Abstract

We report on spin Hall magnetoresistance (SMR) measurements of Pt Hall bars on
the antiferromagnetic NiO(111) single crystal. An SMR with a sign opposite to that
of conventional SMR is observed over a wide range of temperatures and magnetic
fields. The negative sign of the SMR can be explained by the alignment of magnetic
moments being almost perpendicular to the external magnetic field within the easy
plane (111) of the antiferromagnet. This correlation of magnetic moment alignment
and external magnetic field direction is realized just by the easy-plane nature of the
material without the need of any exchange coupling to an additional ferromagnet.
The SMR signal strength decreases with increasing temperature, primarily due to the
decrease in Néel order due to fluctuations. An increasing magnetic field increases the
SMR signal strength as there are fewer domains and the magnetic moments are more
strongly manipulated at high magnetic fields. The SMR is saturated at an applied
magnetic field of 6 T resulting in a spin-mixing conductance of � 1014 Ω�1m�2, which
is comparable to that of Pt on insulating ferrimagnets such as yttrium iron garnet.
An argon plasma treatment doubles the spin-mixing conductance.

Published as G. R. Hoogeboom, A. Aqeel, T. Kuschel, T. T. M. Palstra, and B. J. van Wees, Negative spin
Hall magnetoresistance of Pt on the bulk easy-plane antiferromagnet NiO, Appl. Phys. Lett. 111, 052409 (2017)
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4.2 Introduction

Antiferromagnets (AFMs) are mostly known for their exchange bias pinning effect
on adjacent ferromagnetic (FM) layers. Owing to the robustness against magnetic
perturbations of easy-axis AFMs, this coupling allows for giant- [1, 2] and tunnel [3]
magnetoresistance devices. More recently, metallic AFM moments have been manip-
ulated and read out by applied spin polarized charge currents [4]. Insulating AFMs
can have spin waves carrying spin angular momentum [5–7] which switch ultrafast
[8] and act as efficient spin-current transmitter,[6, 9] thus, playing an important role
in spintronic applications [10].

Injection and detection of spin angular momentum in insulating magnets can be
done by the combination of the spin Hall effect (SHE) [11] and the inverse spin Hall
effect (ISHE) [12] in normal metals (NMs). Rotating the magnetic moments in the ad-
jacent magnet by an applied magnetic field can change the interaction of the Pt spins
with the magnet. This leads to spin Hall magnetoresistance (SMR) [13–15] which
enables the study of various magnetic systems. In collinear ferrimagnets[13–15], the
magnetic moments align collinear to the external magnetic field, resulting in pos-
itive SMR contributions. A reversed angular modulation, or negative SMR signal
has been observed when the average canting angle between the magnetic moments
and the external magnetic field exceeds 45X in canted magnetic systems[16] and spin
spirals[17]. The localized spins of bulk AFM´s in an easy plane are nearly perpen-
dicular to the applied magnetic field [18]. The perpendicular alignment is expected
to create a negative SMR due to the 90X angle shift, but this effect has not yet been
studied in detail.

Spin-transfer measurements through insulating AFMs have been studied with
stacked Pt/NiO/YIG devices. Magnons are created in YIG (yttrium iron garnet,
Y3Fe5O12) by ferromagnetic resonance[19, 20] or the spin Seebeck effect[21, 22], prop-
agate through the NiO layer and are detected in Pt by the ISHE. For NiO layers
thicker than �5 nm, the transmitted spin current decreased rapidly with thickness.
The sign of the SMR signal in these Pt/NiO/YIG stacks is observed to be positive at
room temperature and becomes negative at low temperatures [23, 24]. The authors
explain this domination of the positive SMR at room temperature by spin currents
injected at the Pt/NiO interface, transmitted through NiO, and partly reflected when
entering the YIG. At low temperatures, the spin currents towards and from the YIG
are suppressed due to the vanishing spin transmittance in NiO, and thus, the to-
tal signal is dominated by the negative SMR from NiO. For the Pt/NiO/YIG sam-
ples, the NiO magnetic moments are indirectly aligned perpendicular to the mag-
netic field via an exchange coupling with YIG, which is saturated at 0.06 mT [23, 24].
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In this chapter, SMR signals are obtained from Pt/NiO heterostructures by direct
manipulation of the AFM spins in the magnetic easy plane with an applied magnetic
field and without the need of any exchange coupling to an additional ferro- or fer-
rimagnet. The surface of the studied NiO bulk single crystal has a (111) cut, so that
the Pt/NiO interface has an easy plane of the NiO magnet. A strong magnetic field
will align the moments perpendicular to the magnetic field direction due to Zeeman
energy reduction, aside from contributions due to magnetic anisotropy or domain
formation by magnetostriction. Therefore, by rotating the magnetic field, the mag-
netic moments follow the rotation with almost a 90X angle shift within this magnetic
easy plane [18].

4.3 NiO

Figure 4.1 (a) shows the atomic face centered cubic unit cell of NiO. There are su-
perexchange interactions between Ni2� ions mediated by O2� ions. These superex-
change interactions are both in 90X and 180X directions. The interaction strength are
different; J1=-50 K and J2=85 K [25], causing the Ni2� magnetic moments to align an-
tiparallel. Anisotropies [26] finally cause the spins to lie in @112 A directions [27].

Below the Néel temperature of 523 K, the total interaction cause the spins to have
their preferential orientation in one of the {111} planes. These interactions are in-
dicated in Fig. 4.2 including the vectors normal to these planes. Magnetostriction
creates rhombohedral distortions in the diagonal @111A directions and causes do-
main formation [18].The twin domain structure can be partially removed by apply-
ing pressure along the [111] axes [28]. The dispersion does not differ mutch between
different directions [29] and only at really low temperatures, differences might be
in the order of the significance. When the Zeeman energy is of the order of the
anisotropy energy, we are thereby able to manipulate the Néel vector direction by an
in-plane (IP) rotating magnetic field.

4.4 Spin Hall magnetoresistance in antiferromagnets

In a NM with large spin-orbit coupling, the electrons deflect in a direction depend-
ing on their spin orientation, resulting in a spin current perpendicular to the charge
current direction - known as SHE. Since NiO is an insulator, a vertical spin polarized
charge current in the NM results in a spin accumulation at the interface, which is
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Figure 4.1: (a) Atomic unit cell of the NiO crystal. The blue and white balls represent Ni2� and
O2� ions and the green planes indicate the (111) planes in which the moments are aligned. (b)
Heterostructure of the upper (111) planes of the NiO and the Pt layer where the SHE converts
lateral charge current Je to vertical spin current. (c) The spin accumulation is decomposed into
two components: a collinear componentµSS which is reflected back into Pt and a perpendicular
component µÙ which is transferred to the NiO. Here, the angle α of the magnetic field B is
defined with respect to the direction of Je. (d) The spin current from the reflected collinear
component is converted back into a charge current J’e by the ISHE.

shown in Fig. 4.1(b). However, the spin angular momentum can be transferred to
NiO when the magnetic moments of NiO are perpendicularly aligned to the accu-
mulated spins. Figure 4.1(c) shows the spin transfer of perpendicular (µÙ) and the
reflection of collinear (µSS) components of the spin accumulation.

The ISHE converts the reflected collinear component into charge current as shown
in Fig. 4.1(d). The spin transfer depends on the microscopic interaction of the spin
accumulation with the NiO and can reduce the back-flow of the spin current depend-
ing on the direction of the magnetic moments of NiO at the interface. The changes in
reflected spin current and, thus, in the resistivity of the NM, can be measured both
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Figure 4.2: Illustration of {111}
planes and the vectors normal to
these planes. There are eight pos-
sible {111} directions, and therefore
the planes are the dual polyhedron of
the cube unit cell shown in Fig. 4.1 a)
known as an octahedron. The sample
is cut with a {111} surface and dur-
ing a measurement, a magnetic field
is roteted within that plane.
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longitudinally and transversally.

Resulting changes in the longitudinal and transverse SMR (ρL and ρT , respec-
tively) depend on the interactions with the magnetic moments and must be similar
to the regular ferromagnetic SMR equations[14, 15]:

ρL � ρ �∆ρ0 �∆ρ1 @ 1 �m2
A (4.1)

ρT � ∆ρ1 @mxmy A �∆ρHallBz (4.2)

with ρ being the electrical resistivity of Pt, ∆ρHallBz describes the change in resistiv-
ity caused by the ordinary Hall effect with an out-of-plane component of the mag-
netic field Bz . mx and my are the x- and y components of the magnetic lattices. ∆ρ0

and ∆ρ1 are resistivity changes defined as[15]

∆ρ0

ρ
� �θ2

SH

2λ

dN
tanh

dN
2λ

(4.3)

∆ρ1

ρ
� θ2

SH

λ

dN
Re� 2λG�� tanh2 dN

2λ

σ � 2λG�� coth dN
λ

� (4.4)

where λ, dN , σ and θSH are the spin relaxation length, thickness, bulk conductivity
and the spin Hall angle in the NM, respectively. G�� is the spin-mixing conductance
of the NM/(A)FM interface.

In antiferromagnets, the spin transfer through the interface is given by [6]

Js �
Gr
4π

n �µ � n �
Gi
4π
µ � n (4.5)

where n is the Néel vector and Gr and Gi are the real and imaginary components of
the spin-mixing conductanceG��, respectively. The first part of Eq. 4.5 containingGr
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is governed by Umklapp reflections and the second part containing Gi is associated
with specular reflections similar to the ferrimagnetic case [6, 30].

Due to the quadratic dependence of equations 6.2 and 5.2 on m, resistivity changes
are equal for the two sublattices with rotation of the magnetic field. AFMs can be
described by the Néel vector n � �mA �mB�~2 instead of the total magnetic mo-
ment m � �mA �mB�~2. Using the exchange approximation n AA m, we obtain
n2

� n2
�m2

�m2
A�m

2
B for the SMR description. Still, a small canting of the moments

lowers the Zeeman energy and aligns the NiO magnetic moments almost perpendic-
ular to the applied in-plane magnetic field. Therefore, the magnetic field couples to
the resulting, but quite small total magnetic moment. The magnetic moment direc-
tions of mA and mB and, thus, the Néel vector n are following the magnetic field
with about 90X angle shift.

In AFMs, the m2
y part in Eq. 6.2 must be described by both sublattices and there-

fore becomes
m2
A,y �m

2
B,y (4.6)

Which allows us to describe this by the order parameter of AFMs, the Néel vector
according to

n2
y � �mA,y �mB,y�2

�m2
A,y �mA,ymB,y �m

2
B,y �mA,ymB,y (4.7)

, by substitutionmy by ny : and since the magnetic sublattices are equal but opposite,
mA,y � �mB,y and we get

n2
y � 2m2

A,y � 2m2
B,y � 2�m2

A,y �m
2
B,y� (4.8)

For Eq. 2.20, the mxny part can be rewritten for the AFM case as

nxny � �mA,x�mB,x��mA,y �mB,y� �mA,xmA,y �mB,xmB,y �mA,xmB,y �mB,xmA,y

(4.9)
By another substitution of mA � �mB

nxny � 2�mA,xmA,y �mB,xmB,y� (4.10)

Which then agrees with the magnetization if the sublatiice magnetizations are dealt
with seperately

mxmy �mA,xmA,y �mB,xmB,y (4.11)

Lastly, the term ∆ρ2 @ mz A is rewritten for the AFM sublattices using the same
substitution:

mA,z �mB,z �mA,z �mA,z � 0 (4.12)
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So with equal and opposite sublattices, the ∆ρ2 term vanishes. This would not apply
when the interface does not have an equal amount of magnetic moments of both
sublattices which could lead to a stronger interaction with one of the sublattices.
Overall, Eq. 2.19 and 2.20 are rewritten for AFMs as [31]

ρL � ρ �∆ρ0 �∆ρ1 @ 1 � n2
y A (4.13)

ρT � ∆ρ1 @ nxny A �∆ρHallHz (4.14)

4.5 Experimental method
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Figure 4.3: Characterization of the samples. (a) Atomic force microscopy data giving the
height profile and roughness of the sample. (b) Optical microscope image of the Pt Hall bar
with Ti/Au contacts on top of the NiO(111) crystal. Black lines indicate the connections for
the voltage measurements in the longitudinal (Vxx) and transverse (Vxy) configuration. (c) X-
ray diffraction measurement with data (black dots) and fit (red line) confirming the reflection
peak is at an angle corresponding to (111) crystallographic surfaces. (d) SQUID measurement
showing an almost linear dependence of magnetic moment to an applied magnetic field and
overlapping graphs for the two samples.

To investigate the effect of Ar-sputtering on the spin-mixing conductance be-
tween the Pt and NiO we etched one of two used bulk single NiO crystals. The
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two crystals investigated are black colored due to vacancies with the dimensions of
5 � 5 � 1 mm3. For the device fabrication, the crystals are polished along the (111)
surface in the line of the technique described by Aqeel et al [32]. The crystals have
been grinded (SiC P4000) and polished (diamond 6 µm and 3 µm, silica 0.04 µm,
AlOx 0.02 µm). To remove residuals of polishing, the samples are rinsed (hot water,
ethanol), blow dried, rinsed again (propanol), and annealed at 200XC. The peak-to-
peak surface roughness is 0.24 nm as determined by atomic force microscopy shown
in Fig. 4.3(a).

A Pt Hall bar with a 100�1000 µm2 main bar and four, longitudinally 753 µm sep-
arated, 100� 20 µm2 Pt side contacts was patterned by e-beam lithography as can be
seen in Fig. 4.3(b). The 5 nm thick Pt is sputtered at a base pressure of 2.5�10�7 mbar
and a sputter pressure of 4.9�10�7 mbar. The etched sample was given an additional
15 second argon plasma exposure at 200 W. The effect on the roughness could not
been checked as the etching occurred in situ before sputtering the Pt Hall bar.

The crystallographic (111) surfaces are confirmed by x-ray diffraction with a crys-
tallographic data [33] based fit as can be seen in Fig. 4.3(c) for the unetched sample.
The magnetic moment is nearly a linear function of the magnetic field as is shown
by the SQUID measurements in Fig. 4.3(d). The effect of etching on the magnetic
moment is negligible; the SQUID curves of the samples overlap as the etching was
done on a relatively small area and affects only the top atomic layers.

The electrical connections for the longitudinal and transverse measurements are
indicated in Fig. 4.3(b). An AC current source of 1mA was used with a low fre-
quency of 17.777 Hz. The SMR signals were separated from any heating effects by
measuring the first harmonic signal using the lock-in technique [34].

4.6 Results and discussion

Figure 4.4(a) shows the relative change of resistivity and the according change of
resistance (0.25 � 10�3 and 124 mΩ for 8 T, respectively) of the longitudinal SMR
at room temperature. The resistivity is minimal when the accumulated spins and
the magnetic moments are colinear since the interface electrons are deflected by the
ISHE into the direction of the current at the corresponding field angles, 0X and 180X.
At other field angles, there is a spin current into the NiO which decreases the spin
accumulation and increases the resistivity as sinα.

Futhermore, the spin transfer alters the spin direction of the accumulated elec-
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Figure 4.4: SMR signals in the (a) longitudinal and (b) transversal geometry, performed at
300K on the unetched sample. The right axes show the change in resistance Rα � R0 with
Rα th angular dependent and R0 the constant resistance; R0,xx=460 Ω and R0,xy=0.685 Ω for
the longitudinal and transverse geometry, respectively. The left axes show the relative change
in resistivity, where ∆ρxx

ρ
( ∆ρxy

ρ
) is Rα,xx�R0,xx

R0,xx
(Rα,xy�R0,xy

R0,xx~7.53
) in the longitudinal (transverse)

direction and 7.53 is the geometric conversion factor.

trons. This affects the direction of the ISHE mediated electron deflection, creating
transverse deflection and more scattering of electrons in the longitudinal geometry.
Since the change in spin direction is a function of its relative direction with the NiO
magnetic moments, this also leads to an increase in resistance as sinα. The combi-
nation of the two angular dependencies cause the observed modulation of the resis-
tance Rα,xx � sin2 α in the longitudinal geometry.

In FMs however, the longitudinal resistivity is maximal when the magnetic field
and the spin accumulation are perpendicular since the magnetic moments coher-
ently follow the applied magnetic field. Therefore, a phase shift of 90X arises in the
angular dependence of the SMR of an AFM as compared to a FM. The cos2 α angular
dependent SMR of a FM [13] changes into cos2�α � 90X� � sin2 α � 1 � cos2 α for an
AFM. The modulation has changed from a positive to a negative cos2 α, giving rea-
son to call it a negative SMR.

Since a transverse deflection creates a voltage difference in the transverse ge-
ometry as � cosα, the angular dependence in the transverse geometry is Rα,xy �

� cosα�sinα � � 1
2

sin 2α. The relative changes in resistivity and resistance (0.24�10�3

and 15 mΩ for 8 T, respectively) are measured as shown in Fig. 4.4(b). These trans-
verse results agree with the longitudinal relative change of resistivity taken the ge-
ometric conversion factor of 7.53 into account, which is the ratio between length
and width of the main Hall bar segment. The peak to peak changes of the angular
dependent resistivity parts in Eqs. (6.2) and (5.2) match up to an average factor of
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(c)

Figure 4.5: The relative SMR signal changes (black, left axis) and the transverse Hall con-
tribution within this signal (blue, right axis) as a function of the magnetic field strength on
the (a) unetched and (b) etched sample at 5 K. (c) The relative SMR signal as a function of
temperature for the etched sample performed at 4 T with black lines as fits.

0.95 � 0.06. This means that for both the transverse and the longitudinal case, ∆ρ1 is
equal and there is no difference in spread as a result of domain formation, anisotropy
or spin-mixing conductance. For the etched sample however, this ratio is 0.85� 0.02.
This is most likely due to a local variation in spin-mixing conductance, creating a
difference in the signal size between the longitudinal and transverse SMR measure-
ments.

Besides the SMR signal, there is also a 360X period Hall contribution in the trans-
verse geometry which originates from a slight misalignment of the sample resulting
in a small out-of-plane component of the magnetic field. A fit shows that the signal
is one order of magnitude lower than the SMR signal, as can be seen in Fig. 4.5(a-c).
The Hall component of both samples increases linearly with magnetic field strength
as expected. The Hall contribution is 2.11 � 0.01 times higher in the etched sample,
caused by a larger misalignment angle.

Figures 4.5(a) and 4.5(b) show relative signal strengths for the unetched and
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etched samples which increase with magnetic field strength and start to saturate
around 6 T. The low SMR signal at low magnetic fields is attributed to the multido-
main state of the single crystal under these conditions. A strong magnetic field could
magnetoelastically increase the size of the domain with surface in the easy plane re-
sulting in a higher SMR. The minimal magnetic field required for domain movement
is about 0.24 T [18], while the transition to a single domain state occurs at fields of
about 2.5 T in well oriented crystal [18, 35]. In the obtained results there is a signif-
icant increase in SMR signal starting from 0.25 T, although the saturation magnetic
field does not match the 2.5 T reported. Patterning the NiO samples with Pt and
Ti/Au contact leads might cause pinning of domain walls, what can be responsible
for the higher fields needed for saturation [18].

Follow-up research has been performed on thin films of NiO by Fischer et al. [36]
which are more subject to distortions, defects and pinning of domain walls. The
large magnetoelastic coupling in NiO can lead to strain release effects [37]. Fischer
et al. [36] applied this in a model to calculate the effect of the magnetic field on the
magnetic domain structure. Their data for a thin film does not saturate up to 18 T and
showed the monodomainization field to be significantly higher than the µ0H � 4.1T

derived for the bulk sample considered in this chapter.

The SMR signal in Figs. 4.5(a) and 4.5(b) seems to decrease when increasing the
magnetic fields further than 6T. A minor effect of the magnetic field could be the
reorientation of the sublattices as described by [38]. During this proposed sublattice
reorientation, a gain in Zeeman energy is established by one of the sublattice to ro-
rate 60 X and go from one easy axis to one closer towards the magnetic field direction.
When the magnetic sublattices are 60X off of the magnetic field direction instead of
90X, the signal is expected to reduce with a factor of cos 2 � 60X~ cos 2 � 90X=0.5. In case
of these kind of spin reorientations, the signal would show a reduction of the sig-
nal from 6 T. However, a quadratic increase has been observed up to 18 T, indicating
that the effect of pinning of domain walls is larger than the proposed reorientation.
Moreover this explanation would suggest that the exchange of 968 T is overcome
with magnetic fields two orders smaller than that, making it unlikely that these tran-
sitions occur at the proposed field strength.

A more plausible explanation at the given field strengths is the Hanle magne-
toresistance [39]. Similar to the anomalous Hall effect, the (effective) field will make
a magnetic moment precess around it. The spin accumulation is thereby reduced
when the (effective) magnetic field and the spin accumulation are perpendicular.
The lowering of the spin accumulation will be responsible for an increased resistance
since it is converted back into a charge current via the ISHE. This is thus an intrinsic
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effect of paramagnetic heavy materials and will occur regardless of the presence of
a magnetic material. The field strength alters the signal strength quadratically while
the field direction has the same symmetry as SMR of ferromagnets and thereby it
reduces the total signal. Since field strength alters the signal strength quadratically.
When the SMR is saturated, the Hanle SMR could reduce the total signal.

The background resistivity increases linearly with increasing temperature as ex-
pected for a metal. The relative SMR signal strength (Fig. 4.5(c)), however, decreases
with temperature for the etched sample and is fitted with � �TN �T �0.7. This expres-
sion for the square of the order parameter, depending on � �TN �T �0.35, is obtained
by a mean-field-like approach, including small fluctuations around the average mag-
netization [40]. The obtained parameter of the Néel temperatures are 551 � 16 K and
531 � 25 K for the longitudinal and transverse SMR signals, respectively, and com-
pare relatively well to the established value of 523 K.

The spin-mixing conductance is � 1014 Ω�1m�2 as calculated from Eq. 4.4 for
the unetched sample with λ, dN and θ assumed being constants of 1.1 nm, 5 nm
and 0.08 respectively [14]. All fabrication steps of both samples are the same, except
for the argon plasma treatment. Therefore, the magnitude of the SMR signal must
originate from an enhancement of the spin-mixing conductance by a factor of two.
So the etching significantly increases the interface transparancy. These spin-mixing
conductance results are comparable to the SMR results of heterostructures with fer-
rimagnets such as Pt/YIG [41]. Recently, an increase of the spin-mixing conductance
after an etch step is observed in Pt/YIG systems as well, where it is further improved
by an annealing step [42].

Based on the bulk exchange coupling, the spin-mixing conductance is expected
to be smaller than that of ferromagnets. A possible explanation for the high spin-
mixing conductance in NiO is a lowered surface exchange coupling compared to the
bulk [7]. The results agree with the theoretical prediction of increased spin-mixing
conductance due to interface disorder [6]. The change in spin-mixing conductance
due to the argon plasma treatment supports this theory as it affects the surface.

An attempt to detect SMR in Pt/AFM bilayers has already been reported by Han
et al., where the SMR of Pt on bulk AFM SrMnO3 had positive sign [43]. Taking our
results into account, their study performed above the Néel temperature of SrMnO3 is
an evidence that the SMR signals observed there are not due to an antiferromagnetic
alignment but rather due to spin canting with respect to the magnetic field direction.
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4.7 conclusion

In summary, SMR for Pt/NiO(bulk) heterostructures with a (111) oriented surface
has been studied. Negative longitudinal SMR is observed at fields higher than 0.25 T
without the need of exchange coupling to an additional ferromagnet. The sign of the
SMR indicates that the applied magnetic field couples perpendicular to the mag-
netic moments. The SMR signal increases by decreasing the temperature which is
attributed to the lowering of the Néel order and its spatial fluctuations. The relative
change of resistivity in the transverse geometry agrees with the longitudinal geome-
try in the sample without argon plasma treatment and followsRα,xy � �

1
2

sin 2α and
Rα,xx � sin2 α angular dependence, respectively.

A maximum SMR signal is observed around 6 T with a corresponding spin-
mixing conductance of � 1014 Ω�1m�2 which is comparable to that of YIG. SMR
proves to be an effective technique to investigate and manipulate the magnetic prop-
erties of AFMs. The simultaneous electrical injection and detection of spin currents,
while having control over the magnetic moment directions, opens up the possibility
of ultrafast and lossless AFM transport devices.

4.8 Outlook

Using a thin NiO layer, a torque applied by the spin accumulation in Pt could alter
the magnetic state of the NiO. This process could be interpreted as the writing part
of a memory resist. Reading of the state before and after this high curernt, the Pt
resistance has been observed to have changed [44]. Although these changes in resis-
tance have been shown to be typically in the order of 0.001 percent and maximally
in the order of 1 percent of the total resistance, this could potentially lead to working
memristor type of devices. By using metallic materials with higher spin Hall angle,
the resistance changes might increase. There are some concerns however, with these
devices, for instance deployed by Churkova et al. [45]. The writing, accompanied
with large charge currents, irriverrsably alter the Pt. Especially at the corners where
the current density is largest, these effects were visible by SEM. The corresponding
saw-tooth signals are contributed to thermoresistive heating combined with in-plane
symmetry breaking.

One of the unexplored but interesting effects in antiferromagnets and specifi-
cally in NiO is the ability to manipulate magnetic moments and the domains by
strain. This might be a method to manipulate the SMR size as a function of the field
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Figure 4.6: Relative transverse SMR amplitudes as a function of the magnetic field strength
for strained (Ì and Y) and non-strained (É) samples. The measurements were performed
using the injector bar of non-local device geometries. All bulk NiO samples show similar
trend in the field dependence. The straining could not be quantified and might be too little
for significant effects to show up within the fairly large differences between the data points as
compared to the data points in Fig. 4.5.

strength and could therefore have the application of requiring less strong magnetic
fields for the maximum signals. One method could be to investigate the effect of
strain by growing a thin film of NiO on substrates with adjustable unit cell sizes
by stoichiometry or via piezoelectricity. The method tried here is to strain the bulk
crystal by applying a unquantified amount of pressure using a metal sheet with a
hole to cover the sample except for the device itself. The sample is placed on a half
circle to apply a loading as to bend the sample along the surface plane. Ideal would
be to have a range of well determined strain as a parameter, but the required equip-
ment does not fit in the measurement set-up. Therefore, it is chosen to have a small
test with an undefined amount of strain as shown in Fig. 4.6 and compared these
SMR signals with an unstrained sample. The strain is chosen such that the amount
of magnetic T domains might be reduced and the magnetic planes lie in the surface
(111) plane. The signals, however, show no significant difference in magnetic field
dependence as compared to an unstrained sample. Perhaps the amount of strain is
too less to have any effect, or the magnetoelastic effect itself is too small to be ob-
served with these kind of measurements. Since this could be a helpfull tool to lower
the field required for large signals (next to the exchange bias), I would encourage
future researchers to further investigate such effects.
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Chapter 5

Magnetic order of Dy3� and Fe3� moments in
antiferromagnetic DyFeO3 probed by spin Hall
magnetoresistance and spin Seebeck effect

5.1 Abstract

This chapter reports on spin Hall magnetoresistance (SMR) and spin Seebeck effect
(SSE) in single crystal of the rare-earth antiferromagnet DyFeO3 with a thin Pt film
contact. The angular shape and symmetry of the SMR at elevated temperatures re-
flect the antiferromagnetic order of the Fe3� moments as governed by the Zeeman
energy, the magnetocrystalline anisotropy and the Dzyaloshinskii-Moriya interac-
tion. We interpret the observed linear dependence of the signal on the magnetic field
strength as evidence for field-induced order of the Dy3� moments up to room tem-
perature. At and below the Morin temperature of 50 K, the SMR monitors the spin-
reorientation phase transition of Fe3� spins. Below 23 K, additional features emerge
that persist below 4 K, the ordering temperature of the Dy3� magnetic sublattice. We
conclude that the combination of SMR and SSE is a simple and efficient tool to study
spin reorientation phase transitions and sublattice magnetizations.

Manuscript (except Appx. 5.C) submitted for publication and available on arXiv [1]
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5.2 Introduction

Antiferromagnets (AFMs) form an abundant class of materials that offer many ad-
vantages over ferromagnets (FMs) for applications in high-density magnetic log-
ics and data storage devices. AFMs support high-frequency dynamics in the THz
regime that allows faster writing of magnetic bits compared to FMs. The absence
of magnetic stray fields minimizes on-chip cross-talk and allows downsizing de-
vices that are robust against magnetic perturbations [2]. On the other hand, most
magnetic detection methods observe only the FM order. Recent developments in the
detection [3] and manipulation [4–6] of the AFM order reveal its many opportunities.

The AFM DyFeO3 (DFO) belongs to a family of rare-earth transition metal oxides
called orthoferrites that display many unusual phenomena such as weak ferromag-
netism (WFM), spin-reorientation transitions, strong magnetostriction, multiferroic-
ity including a large linear magnetoelectric effect [7]. Their magnetic properties are
governed by the spin and orbital momenta of 4f rare-earth ions coupled to the mag-
netic moment of 3d transition metal ions.

The magnetization of dielectrics can be detected electrically by the spin Hall mag-
netoresistance (SMR) in heavy metal contacts with a large spin Hall angle such as Pt
[8]. This phenomenon is sensitive to FM, but also AFM spin order [3, 9–11]. With a Pt
contact, information about the AFM order can be also retrieved by the spin Seebeck
effect (SSE) under a temperature gradient [12–14].

Here, we track the field-dependence of the coupled Dy3� and Fe3� magnetic order
as a function of temperature by both SMR and SSE. A sufficiently strong magnetic
field in the ab plane of DFO forces the Néel vector to follow a complex path out of the
ab plane. A theoretical spin model explains the observations in terms of Fe3� spin
rotations that are governed by the competition between the magnetic anisotropy,
Zeeman energy, and Dzyaloshinskii-Moriya interaction (DMI). The Dy3� moments
are disordered at room temperature but nevertheless affect the magnitude of the
SMR. At the so-called Morin phase transition at � 50 K the Fe3� spins rotate by 90X,
causing a step-like anomaly in the SMR. At even lower temperatures, we observe
two separate features tentatively assigned to the re-orientation of Fe3� spins in an
applied magnetic field and to the ordering of Dy3� orbital moments. Below 23 K, the
SMR signal is � 1%, 1-2 orders of magnitude larger than reported for other materials
[3, 8]. Both Fe3� and Dy3� moments appear to contribute to the SSE; a magnetic field
orders the Dy3� moments and suppresses the Fe3� contribution. The complex SMR
and SSE is evidence of a coupling between the Fe3� and Dy3� magnetic subsystems.
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This chapter is organized as follows. In Sec. 5.3 we review the magnetic and
multiferroic properties of DFO. The theory of the magnetic probing methods are dis-
cussed in Sec. 5.4 with Subsec. 6.3.3 the SMR and Subsec. 5.4.2 the SSE. In Subsec.
5.5.1, the fabrication, characterization and measurement techniques are explained.
Further, a model including the DMI, Zeeman energy and magnetic anisotropy is de-
scribed in Subsec. 5.5.2. The SMR results at elevated temperatures including the
model fits as well as SMR and SSE results at low temperatures are described and
discussed in Sec. 5.6.

5.3 Magnetic and multiferroic properties of DyFeO3

DFO is a perovskite with an orthorhombic (D16
2h - Pbnm) crystallographic structure.

It consists of alternating Fe3� and Dy3� ab planes, in which the Fe ions are located
inside O2� octahedrons (Fig. 5.1a)). The large Dy3� magnetic moments (J � 15~2)
order at a low temperature, TDy

N � 4 K. The high Néel temperature TFe
N � 645 K in-

dicates strong inter- and intra-plane AFM Heisenberg superexchange between the
Fe3� magnetic moments (S � 5~2). The AFM order of the Fe moments is of the G-
type with Néel vector G (anti)parallel to the crystallographic a axis (Γ4 symmetry
[15]). The broken inversion symmetry enables a DMI [16, 17] that in the Γ4-phase
causes a WFM mWFMYc by the small (� 0.5X) canting of the Fe spins [15].

A first-order Morin transition from the WFM Γ4-phase to the purely AFM Γ1-
phase occurs when lowering the temperature below 50 K. At this transition, the di-
rection of the magnetic easy axis abruptly changes from the a- to the b-direction. A
magnetic field higher than a critical magnetic field, Hcr, along the c axis re-orients
the Néel vector back to the a axis and recovers the Γ4-phase. Below TDy

N , the Dy3�

moments form a noncollinear Ising-like AFM order with Ising axes rotated by �33X

from the b axis [18] that corresponds to a G�

aA
�

b state in Bertaut’s notation [19]. The
simultaneous presence of ordered Fe and Dy magnetic moments breaks inversion
symmetry and, under an applied magnetic field, induces an electric polarization [20]
by exchange striction that couples the Fe and Dy magnetic sublattices [7, 21]. Higher
magnetic fields destroy the AFM order of the Dy3� moments and thereby the electric
polarization [22].

Spins in this material can be controlled by light through the inverse Faraday ef-
fect [4], as well as by temperature and magnetic field. Re-orientation of the Fe mo-
ments has been studied by magnetometry [23], Faraday rotation [24], Mössbauer
spectroscopy [25] and neutron scattering measurements [22]. The Morin transition
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z
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Figure 5.1: (a) DFO crystal unit cell. The blue, red and white spheres represent Dy3�, Fe3�

and O2� ions, respectively. (b) Optical image of the Pt Hall bar on top of the bulk DFO crystal.
The lines indicate voltage probes, AC source and angle α of the external magnetic field H. In
the two devices, the crystallographic directions a and b are rotated by 45X in the xy plane, the
reference frame of the Hall bar.

at 50 K causes large changes in the specific heat [26] and entropy [27].

5.4 Probing methods

5.4.1 Spin Hall magnetoresistance

The SMR is caused by the spin-charge conversion in a thin heavy metal layer in con-
tact with a magnet [28]. The spin Hall effect induces a spin current transverse to an
applied charge current and thereby an electron spin accumulation at surfaces and in-
terfaces. Upon reflection at the interface to a magnetic insulator, electrons experience
an exchange interaction that depends on the angle between their spin polarization
and that of the interface magnetic moments, while the latter can be controlled by
an applied magnetic field. The reflected spin current is transformed back into an
observable charge current by the inverse spin Hall effect. The interface exchange
interaction is parameterized by the complex spin mixing conductance. The result is
a modulation of the charge transport that depends on the orientation of the applied
current and the interface magnetic order. In a Hall bar geometry, this affects the lon-
gitudinal resistance and causes a planar Hall effect, i.e. a Hall voltage even when the
magnetic field lies in the transport plane.
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SMR is a powerful tool to investigate the magnetic ordering at the interface of
collinear [8, 28–30] and noncollinear ferrimagnets [31, 32] as well as spin spirals
[33, 34]. Recently, a “negative” SMR has been discovered for AFMs [3, 9–11], i.e. an
SMR with a 90X phase shift of the angular dependence as compared to FMs, which
shows that the AFM Néel vector G tends to align itself normal to the applied mag-
netic field. The observable in AFMs is therefore the Néel vector rather than the net
magnetization [3].

The longitudinal and transverse electrical resistivities ρL and ρT of Pt on an AFM
read [3]

ρL � ρ �∆ρ0 �∆ρ1�1 �G2
y� (5.1)

ρT � ∆ρ1GxGy �∆ρ2mz �∆ρHallHz (5.2)

with Gi and Hi with i > �x, y, z� as the Cartesian components of the (unit) Néel
and the applied magnetic field vectors, respectively. mz is the out-of-plane (OOP)
component of the unit vector in the direction of the WFM magnetization. ∆ρ0 is
an angle-independent interface correction to the bulk resistivity ρ. ∆ρHallHz is the
ordinary Hall resistivity of Pt in the presence of an OOP component of the mag-
netic field. ∆ρ1 �∆ρ2� is proportional to the real (imaginary) part of the interface
spin-mixing conductance. ∆ρ2 is a resistance induced by the effective WFM field,
believed to be small in most circumstances.

The interface Dy3� moments can contribute to the SMR when ordered. Below
TDy

N , the Dy3� moments are AFM aligned with Néel vector GDy. Above TDy
N and in

sufficiently large applied magnetic fields, the Dy3� moments contribute to the SMR
in Eqs. (6.2,5.2) after replacing the Néel vector GDy by the (nearly perpendicular)
magnetization mDy. Disregarding magnetic anisotropy and DMI for the moment,
the spin mixing conductance term ∆ρ1m

Dy
x mDy

y phase-shifts the SMR by 90X rela-
tive to the pure AFM contribution. The term ∆ρ2mz changes sign with mz and its
contribution � Hz cannot be distinguished from the ordinary Hall effect ∆ρHallHz

in Pt. We remove a linear magnetic field dependence from the OOP SMR measure-
ments. Residual non-linear effects from ∆ρ2mz may persist, but should be small in
the Γ4 phase. A finite ∆ρ2mz has been reported in conducting AFMs [35], but we do
not observe a significant contribution down to 60 K.

5.4.2 Spin Seebeck effect

A heat current in a FM excites a spin current that in insulators is carried mainly by
magnons, the quanta of the spin wave excitations of the magnetic order. We can
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generate a temperature bias simply by the Joule heating of a charge current in a
metal contact. A magnon flow jm can also be generated by a gradient of a magnon
accumulation or chemical potential µm [36]. Therefore

jm � �σm�©µm � SS©T � (5.3)

with σm as the magnon spin conductivity and SS the spin Seebeck coefficient. Ther-
mal magnons can typically diffuse over several µm [37–39], which implies that the
SSE mainly probes bulk rather than interface magnetic properties. The magnons in
simple AFMs typically come in degenerate pairs with opposite polarization that split
under an applied magnetic field [12, 40]. The associated imbalance of the magnon
populations cause a non-zero spin Seebeck effect [14]. Paramagnets display a field-
induced SSE effect [39] for the same reason, so aligned Dy3� moments can contribute
to an SSE in DFO. A magnon accumulation at the interface to Pt injects a spin current
js that can be observed as an inverse spin Hall effect voltage VISHE � ρθSH�js �σ�,
where θSH is the spin Hall angle and σ is the spin polarization. The SMR and SSE
can be measured simultaneously by a lock-in technique [41].

5.5 Methods

5.5.1 Fabrication, characterization and measurements

We confirmed the crystallographic direction of our single crystal by X-ray diffraction
before sawing it into slices along the ab plane and polishing them. Two devices were
fabricated on different slices of the materials using a three step electron beam lithog-
raphy process; markers were created to align the devices along two different crys-
tallographic directions. After fabrication of an 8 nm thick Pt Hall bar, 50 nm Ti/Au
contact pads were deposited.

The angular dependence of the magnetoresistance below 50 K is complex and
hysteretic. Phase changes are associated by internal strains that can cause cracks in
the bulk crystal. We therefore carried out magnetic field sweeps at low temperatures
very slowly, with a waiting time of 60 seconds between each field step. The response
was measured with a 1 mA (100µA) AC current through the Pt Hall bar in device 1
(device 2) with a frequency of 7.777 Hz. The first and second harmonic transverse
and longitudinal lock-in voltages as measured with a superconducting magnet in a
cryostat with variable temperature insert are the SMR and SSE effects, respectively.

Below the transition temperature, the Morin transition is induced by a magnetic
field along the c axis that rotates the Néel vector from a to b. For device 1, this does
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Figure 5.2: Néel vector, G � �Ga,Gb,Gc� with SGS � 1, calculated as a function of the magnetic
field in the ab plane. The angle α > ��90X,90X� as defined in Fig. 5.1(b) is coded by the colored
bar. G �α� minimizes the free energy Eq. (5.4), for Kb � 0.15 K per Fe ion and H � 6 T (other
parameters are given in the text). (b) The transverse SMR (arbitrary units) due to the magnetic
Fe sublattice for H � 6 T, i.e. the G �α� from panel (a) (thick red line), and for H � 2 T (thin
blue line).

not change the transverse resistance since GFe
x G

Fe
y � 0 when the Néel vector is in

either the x- or y-direction. On the other hand, device 2 is optimized for the obser-
vation of the Morin transition, because, as discussed below, the transverse resistance
should be maximally positive when GYb and maximally negative when GYa.

5.5.2 Modelling the spin Hall magnetoresistance of PtSDyFeO3

The orientation of the Néel vector G of the Fe sublattice at temperatures well above
TDy

N is governed by several competing interactions: (a) the magnetic anisotropy,
which above the Morin transition favors GYa, (b) the Zeeman energy that favors
G Ù H since the transverse magnetic susceptibility of an AFM is higher than the
longitudinal one, and (c) the coupling of the WFM moment, mWFMYa, to the applied
magnetic field. This competition can be described phenomenologically by the free
energy density

f �
Kb

2
G2
b �

Kc

2
G2
c �

χÙ

2
��G �H�2

�H2� �mWFMGcHa, (5.4)

with the first two terms describing the second-order magnetic anisotropy with mag-
netic easy, intermediate and hard axes along the a, b and c crystallographic direc-
tions, respectively (Kc A Kb A Ka � 0), χÙ is the transverse magnetic susceptibil-
ity, and the mWFM is the weak ferromagnetic moment along the a axis, induced by
GYc. SGS � 1, because the longitudinal susceptibility of the Fe spins is very small for
T P TFe

N . The magnetic field H is chosen parallel to the ab plane, but G can have an
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OOP componentGc x 0 since the third term in Eq.(5.4) couplesGc linearly toHa. For
the SMR at 250 K, we may disregard higher-order magnetic anisotropies that become
important near the Morin transition.

At weak magnetic fields, the magnetic anisotropy pins the Néel vector to the a
axis. When the Zeeman energy becomes comparable with the anisotropy energy,
the rotation of the magnetic field vector in the ab plane gives rise to a concomitant
rotation of G. In the absence of magnetic anisotropy, the canting of the magnetic mo-
ments leads to G Ù H for any magnetic field orientation due to the Zeeman energy
rendering a sinusoidal SMR, but magnetic anisotropy can distort the angular depen-
dence. This behavior is further complicated by the WFM: for strong magnetic fields
along the a axis, the Néel vector tilts away from the ab plane towards the c axis, since
the c-component of G induces a WFM moment parallel to the applied magnetic field
[25, 42]. By contrast, Gb does not give rise to a weak FM moment, so the Néel vector
returns into the ab plane when we rotate the magnetic field away from the a axis.
The equilibrium Néel vector minimizes the free energy Eq. (5.4) under the constraintSGS � 1 as a function of strength and orientation of the magnetic field with in-plane
(IP) angle α (see Fig. 5.1b)).

We adopt a weak magnetization parameters mWFM � 0.133µB per Fe3� ion in-
duced either by GYc along the a axis [43] or by GYa along the c axis [44]. The
transverse magnetic susceptibility can be estimated using the Heisenberg model
with an Fe-Fe exchange constant J1 � 4.23 meV for Y3Fe5O12 [45] , which leads to
χÙ � µ

2
B~�3J1�, which does not depend strongly on the rare-earth ion. Kc governs

the critical field when applied along the a axis with µ0Hcr � 9.3 T at T � 270 K [25]
that fully rotates G from the a to the c direction. Kc can then be estimated using
Kc � mWFMHcr � χÙH

2
cr. Kb is the only free temperature-dependent parameter that

we fit to the field-dependent SMR. All other constants are taken to be independent
of temperature. A typical calculated dependence of G �α� and the corresponding
contribution of the Fe spins to the SMR is shown in Fig. 5.2 (see below for a more
detailed discussion).

Ordered rare-earth ions can also contribute to the SMR and SSE. The spectrum
of the lowest-energy 6H15~2 multiplet of the Dy3� ion (4f9 electronic configuration)
consists of a Kramers doublet separated by ∆ � 52 cm�1 �� 75 K� from the first ex-
cited state [46]. At low temperatures, kBT P ∆, the Dy moments behave as Ising
spins tilted by an angle �φDy away from the a axis in the ab plane (φDy � 57X). At
high temperatures, kBT Q ∆, they can be described as anisotropic Heisenberg spins
with paramagnetic susceptibilities, χDy

Õ
�χDy

Ù � for a magnetic field parallel (perpen-
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Figure 5.3: Calculated angular dependence of the transverse a) SMR (ρSMR
T ) and b) local SSE

(ρSSET ) as contributed by paramagnetic Dy3� moments polarized by an applied field H �

6 T. The curve at 10 K (blue line) is calculated numerically using Eq. 5.5. The 250 K curve
(amplified by a factor 100, red line) is obtained analytically from Eq. (5.6). Both SMR and SSE
grow with decreasing temperature and associated increasing Dy3� magnetization.

dicular) to the local spin-quantization axis (χDy
Õ

A χDy
Ù ) [47].

For kBT Q ∆, the SMR resulting from the contributions of the four Dy sublattices
(four Dy sites in the crystallographic unit cell of DFO) is

RSMR
T � �A �H2 sin�2α� � 2Hg1Gc sinα�

� 2BHg2Gc sinα, (5.5)

where the first term originates from the interaction of Dy spins with the applied
magnetic field and the other two terms result from the exchange field induced by
Fe spins on Dy sites (for a more detailed discussion of the effective magnetic field
acting on Dy spins and the expressions for A and B in terms of the magnetic suscep-
tibilities of the Dy ions see Appx. 5.B). It can be inferred form Fig. 5.2 a) that Gc is
approximately proportional to cosα. Therefore, all terms in Eq. 5.5 give the sin�2α�
dependence of the transverse SMR at high temperatures (thick red line in Fig. 5.3 a)).
Equation (5.5) should be added to the SMR caused by the iron sublattice with an un-
kown weight that is governed by the mixing conductance of the Dy sublattice. We
may conclude however that an additional sin�2α� should not strongly change the
shape of the SMR in Figure 5.2b).

At low temperatures, , T P ∆~kB, the Dy moments behave as Ising spins. A ro-
tation of the magnetic field in the ab plane modulates the projection of the effective
magnetic field on the local spin-quantization axes of the four Dy sublattices, which
affects the angular dependence of the SMR. Since the paramagnetic model Eq. (5.5)
cannot be used anymore, we compute the Dy contribution to the SMR � mxmy nu-
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merically for the rare-earth Hamiltonian

H
�i�
Dy � gJµB�J �HDy� � K

2
�J � ẑi�2, i � 1,2,3,4, (5.6)

with J as the Dy total angular momentum, gJ � 4~3 the Landé factor, K � ∆~7 the
anisotropy parameter, which is known to reasonably describe the low-energy excited
states of Dy ions and ẑi are the local easy axes rotated by �57X, for the Dy sublattices
1 and 3, and �57X, for the sublattices 2 and 4, away from the a axis. The magnetic field
HDy acting on Dy spins is the sum of the applied field and the exchange field from
Fe spins: Hex � g1Gzâ � g2Gzb̂, where the �~� is for the sublattices 1,3 and 2,4, re-
spectively. We neglect the c component of the exchange field, since the Dy magnetic
moment along the c is small and does not affect the SMR. Using the Hamiltonian
Eq. (5.6), we calculate the average a and b components of the magnetic moments of
the 4 Dy sublattices at a temperature T and the resulting contributions to SMR. The
angular dependence of the SMR due to Dy spins is plotted in Fig. 5.3 a).

The calculations recover the sin�2α� angular dependence of the SMR from Eq. (5.5)
at high temperatures. At 10 K (blue line) the SMR curve becomes strongly deformed:
The angular dependence of the SMR shows peaks and dips at the effective field di-
rections orthogonal to the quantization axis ẑi of the i-th rare-earth sublattice.

For long magnon relaxation time, the SSE generated a spin current that is as-
sumed to be proportional to the bulk magnetization and can therefore provide ad-
ditional information. We focus here on the low temperature regime because we did
not observe an SSE at elevated temperature, which is an indication that the Dy mag-
netization plays an important role.

A net magnetization of rare-earth moments affects the SSE signals in gadolinium
iron [48] and gadolinium gallium [39] garnets. We assume that the SSE is dominated
by a spin current from the bulk that is proportional to the total magnetization mDy

b

of the four Dy sublattices that we calculated for the Hamiltonian Eq. (5.6) at 10 K as
function of the angle α of the applied magnetic field. The model predicts peaks at
magnetic field directions aligned with the Ising-spin axes of the Dy moments, i.e. in
between those canted by �33°, which enhances the magnetization. The contribution
from the Fe sublattice to the SSE is expected to depend as cosα on the external mag-
netic field direction [49]. The ratio of the Fe and Dy contributions to SSE is unknown.
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Figure 5.4: (a) Transverse SMR (symbols) measured as a function of IP magnetic field angle α
and strength (indicated at the top). The measurements are done on device 1 with a current of
1 mA at 250 K and the error bar ∆α indicates a systematic error due to a possible misalignment
of the magnetic field direction as compared to the crystallographic axes. The lines are fits
obtained by adjustingKb in the free energy model Eq. (5.4). (b) The IP (φ) and OOP (θ) canting
angles of the Néel vector with respect to b as a function of the IP magnetic field direction
from the fits. (c) The maximal signal change ∆RTr during a magnetic field rotation depends
linearily on the magnetic field strength and (d) shows a power-law temperature dependence,
∆RTr~R0 � T γN . Inset: the same data and fits in a log-log plot showing that the exponents at
the high and low temperature region are different. R0 is the sheet resistance obtained from the
base resistance of the corresponding longitudinal measurements adjusted by the geometrical
factor length/width of the Hall bar. These measurements are carried out at 4 T.

5.6 Results

The SMR was measured by rotating an IP magnetic field of various strengths. Tem-
perature drift and noise swamped the small signal in the longitudinal resistance as
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discussed in Appx. 5.A. Figure 5.4 a) shows the measured resistance of device 1 at
250 K in the transverse (planar Hall) configuration using the left contacts in Fig. 5.1
b). The results for the right Hall contacts (not shown) are very similar.

The (negative) sign of the SMR agrees with our Fe sublattice model, suggesting
that it is caused by the AFM ordered Fe spins with Néel vector G normal to the ap-
plied magnetic field. However, G cannot be strictly normal to the magnetic field,
because the SMR is not proportional to sin �2α�, as observed for example in NiO [3].
The strongly non-sinusoidal angular dependence of the SMR is evidence for a non-
trivial path traced by the Néel vector in an applied magnetic field as predicted by
the model Eq. (5.4).

Figure 5.2 a) shows the dependence of the three components Ga, Gb and Gc of
the Néel vector on the IP orientation angle α of the magnetic field, for µ0H � 6 T. The
value of α > ��90X,90X� is indicated by the color code side bar. When α � 0 �HYa�,
the magnetic field causes a tilt of G away from the easy a axis towards the hard c

axis since the Néel vector parallel to the c axis induces a magnetization along the a
axis. The excursion of G from the ab plane effectively reduces the role of the IP mag-
netic anisotropy, which leads to a large rotation of the Néel vector in the ab plane
for small α (at nearly constant Gc). As explained above, this rotation is driven by
the Zeeman energy of the AFM ordered Fe spins (the third term in Eq.(5.4)), which
favors G Ù H and competes with the magnetic anisotropy that favors GYa (the first
term in Eq.(5.4)). This behavior is similar to the spin-flop transition for a magnetic
field applied along the magnetic easy axis, except that G does not become fully or-
thogonal to the magnetic field. As the magnetic field vector rotates away from the a
axis, Gc and SGbS decrease, and at α � �90X, G is parallel to the a axis.

The sensitivity of G to small α gives rise to an abrupt change of the transverse
SMR that is proportional to GaGb close to α � 0 (thick red line Fig. 5.2b). The calcu-
lated and observed SMR scans agree well for T � 250 K and µ0H � 6 T. Surprisingly,
the shape of the experimental curves is practically the same at all magnetic field
strengths, i.e. the SMR jumps at α � 0 even at weak fields, while the calculation
approach the geometrical sin�2α� dependence (thin blue line in Fig. 5.2b) calculated
for µ0H � 2 T). The fits of the observed SMR for all magnetic fields require a strongly
field-dependent IP anisotropy parameter Kb that is very small in the zero field limit:
Kb � �6 � 8� �10�6

��3.20 � 0.02� �10�3 �H~T� 2 K (see Fig. 5.4a). At present we cannot
explain this behavior. The Dy3� moments should not play an important role in this
regime unless a Pt induced anisotropy at the DFO/Pt interface modifies their mag-
netism (see below).
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The exchange coupling between the rare-earth and transition-metal magnetic
subsystems is reflected by the second term in Eq.(5.5) of the Dy3� contribution to
the SMR that is proportional to Gc, i.e. the AFM order of the Fe spins. Since, Gc
is a smooth function at α � 0, it cannot be hold responsible for the large zero-field
magnetoresistance. The angular SMR appears to be dominated by the Néel vector G
of the Fe moments, in contrast to SmFeO3, in which the Sm-ions determine not only
the amplitude but also the sign of the SMR [50].

The linear increase of the SMR with magnetic field strength (see Fig. 5.4c)) can
partly be explained by the growth of the maximum IP rotation angle, φ, of the Néel
vector with magnetic field. However, deviations from the linear dependence are
then expected close to the critical value, Ha � 9 T, at which the re-orientation transi-
tion from GYa to GYc in HYa is complete [25]. Nevertheless, the SMR signal shows
no sign of saturation at µ0Ha � 6 T and T � 250 K. The µ0H of Dy becomes of the
order of kBT at a magnetic field strength of 37 T, indicating contributions from the
paramagnetic rare earth spins remains linear in the applied field strengths.

Further evidence for rare earth contributions at higher temperatures is the Curie-
like power-law temperature dependence of the SMR (see Fig. 5.4d)) SMR � T γ , with
γ � �1.24 � 0.04 at low temperatures and γ � �1.67 � 0.02 at high temperatures. We
have not been able to identify the mechanism for the step observed between 135 K
and 150 K that has to our knowledge not been reported elsewhere either. For compar-
ison, in the AFM NiO, γ is positive and the SMR signal grows quadratically with the
AFM order parameter [3]. At temperatures well below the Néel transition TFe

N � 645

K, the Fe based magnetic order is nearly temperature independent. The strong mag-
netic field and temperature dependence therefore suggest important contributions
from polarized Dy3� moments even at room temperature.

The puzzling strong magnetic field-dependence of Kb from the data fit might
indicate a different coupling between the rare earth and transition metal magnetic
subsystems at the interface and in the bulk. It can be justified by the following sym-
metry argument. The generators of the Pbnm space group of the DFO crystal are
three (glide) mirror planes: m̃a, m̃b and mc, i.e. a mirror reflection combined with
a shift along a direction parallel to the mirror plane. mc is broken at the interface
normal to the c axis. In the absence of mc, the rare earth order parameters A�

a and G�

b

transform to Gb that describes the AFM order of Fe spins, which allows for a linear
coupling between the rare earth and Fe spins at the interface. Since Gb strongly de-
pends on α at α � 0, the same may hold for the rare earth moments at the interface.
The SMR is very surface sensitive and could be strongly affected by this coupling.
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Next, we turn to the SMR at temperatures below the Morin transition at mag-
netic fields around the re-entrant field, Hcr. Figure 5.5(a) shows the transverse SMR
of device 1 in an OOP magnetic field, while the data for longitudinal resistance are
deferred to Appx. 5.A, shown in Fig. 5.9 (a). We subtracted a linear field dependent
contribution from the OOP data that is caused by the ordinary Hall effect in Pt.

The zero-field resistance of device 1 should not change under the Morin transi-
tion when the Néel vector direction switches from a to b nor should it be affected
by weak magnetic fields HYc (µ0Hcr @ 0.1 T near 50 K [22]) that return the system
to GYa. Indeed, we do not see any weak-field anomaly of the SMR near 50 K in
Fig. 5.5a). However, below 23 K, a negative SMR proportional to the applied field
appears. The linear field-dependence ends abruptly with a positive step-like discon-
tinuity (see Fig. 5.5a)). No resistance offset has been observed between the zero-field
Γ1 and the high-field Γ4 phases. After substraction of the strictly linear ordinary Hall
effect contribution, the SMR feature is an even function of Hc. The magnetic phase
transition at 23 K appears to be unrelated to the Morin transition and has not been
reported previously.

The Morin transition is clearly observed in the OOP and IP SMR of device 2,
in which the crystallographic axes are azimuthally rotated by 45X relative to the Hall
bar as shown in Fig. 5.1b). Here, an SMR signal is expected for both magnetic phases
and the 90X rotation of the Néel vector from a to b should change its sign from pos-
itive for the AFM Γ1 phase (G Õ b) to negative for the WFM Γ4 phase (G Õ a), forSHcS A Hcr. The Γ1 phase can also be suppressed by an IP field H Õ ŷ � b̂ � â that
rotates the Néel vector towards b̂ to lower the Zeeman energy. The drop in the Hall
resistance observed in device 2 below 48 K for the OOP (Fig. 5.5 b)) and IP (Fig. 5.5 c))
field directions can therefore be ascribed to the Morin transition with a temperature-
dependent Hcr. The SMR steps are negative, as expected.

At even lower temperatures the model appears to break down since we observe
hysteretic behavior in the field-dependence of the SMR signal at low magnetic fields
for both the OOP and IP directions. These features come up below 23 K, so appear
to have the same origin as the anomalies in device 1. For the OOP direction, the
low-field anomalies in device 2 are peaks while they are step-like in device 1. Wang
et al.[22] did not observed a hysteresis in the Fe3� magnetic sublattice and suggested
that observed hysteretic behaviour [7, 51] is an evidence for long-range to short-
range Dy3� magnetic order. The SMR might witness an ordering of Dy3� moments
at the interface at a higher temperature than in the bulk that cannot be detected by
other measurements.

Another unexpected feature is a linear negative magnetoresistance with increas-
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ing magnetic field strength at SHy S A Hcr for the IP configuration (see Fig. 5.5c)) that
might be caused by a canting of GFe towards c byHa A 1.6T [25]. A misalignment of
the crystallographic axes could also affect the SMR more significantly for high mag-
netic fields. However, neither of these mechanisms explain the IP magnetic field de-
pendence and the peaks and low magnetic field features in the OOP measurements
of both devices below 23 K (Fig. 5.5a) and 5.5b)). Since their signs and shapes vary,
we can exclude a paramagnetic OOP canting of the Dy3� orbital moments. The Dy3�

orbital moments are locked to the Ising axis in the ab plane and the magnetization is
one order of magnitude larger in this plane than along the c direction [7]. This might
explain the IP SMR features in terms of an IP field and temperature dependent order
of the Dy3� moments.

The 90X spin reorientation at the Morin transition maximizes the Fe3� contribu-
tion to the SMR. The increase of the IP signal amplitude by one order of magnitude
upon lowering the temperature, see Fig. 5.5(c) is therefore unexpected. The signals
become as large as 1%, one order of magnitude larger than the SMR signals of Pt on
Y3Fe5O12 [8, 28–30] and a factor four larger than that of α-Fe2O3 [52]. Ordered Dy3�

magnetic moments appear to be responsible for the anomalous signals below 23 K.
They interact with the Fe sublattice by the exchange interaction, as observed before
in the multiferroic phase at temperatures exceeding TDy

N under a 0.5 T magnetic field
[22]. A contribution of Dy3� moments to the magnetization has also been observed
in terms of an upturn of the magnetization and hyperfine field below 23 K [53].

The SMR steps in device 1 around TDy
N � 4 K at which the Dy moments order

spontaneoulsy, are similar to those at higher temperature, which supports the hy-
pothesis that the latter are also related to Dy3� order. Device 2 shows an increased
Hcr matching those in device 1 at these temperatures. Both devices show no non-
linear antisymmetric field dependence, indicating that the Dy3� ordering above 4 K
is field-induced. Li et al. [51] observed jumps in the thermal conductivity around 4 T
and attributed these to a spin reorientation of the Fe sublattice. However, no further
transitions are observed up to 6 T as it is shown in Appendix 5.A, so we cannot con-
firm such an Fe3� transition.

The magnetic field and temperature of the occurrences of SMR steps at spin tran-
sitions and of SMR anomalies are collected in Fig. 5.6, including the peaks in the
OOP measurements of device 2, using the same markers as in Fig. 5.5. The data on
the Morin transition agrees with previous observations [22, 25]. The Morin point for
both IP an OOP configurations is around 50 K, whereas the transition ascribed to an
ordering of the Dy3� moments occur around 23 K. Upon lowering the temperature,
the transitions associated to the Dy3� and Fe3� moments approach each other and
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d1 OOP Dy
d2 OOP Fe
d2 OOP Dy
d2 IP     Fe

[25] Mössbauer 
[22] neutron 
[22] M(T)       

Fe:GxAyFz

Dy:GxAy

Figure 5.6: Critical magnetic fields Hcr of the observed transitions in the transverse resistance
as a function of temperature. Symbols correspond to Fig. 5.5, where they denote the step
functions that trace the Morin transition in device 2. É indicates IP and YOOP magnetic field
directions. The latter symbol describes the peaks at lower temperatures as well. The OOP Hcr

of the low magnetic field features are shown for device 1 (Ë) and device 2 (Ì). The features
for the IP magnetic field directions are less pronounced and not shown. The lines show a fit
by the equation Hc � �TM � T �γ , which is used to extract the ordering temperatures of 50 K
(23 K) and γ of 0.399 (0.9) for the É (Ë) data. Further data is from Refs. [22, 25], obtained by
Mössbauer spectrometry (Ì), neutron scattering (N) and magnetometry (É).

merge below TDy
N , which is another indication of a strong inter-sublattice exchange

interaction.

Figure 5.7 summarizes the observed IP SSE data of device 1 at 10 K. The angular
dependence of the resistance at small fields shows the cosα dependence, indicating
that the magnon spin current jm injected into Pt is constant with angle. The ampli-
tude initially increases linearly with field, but decreases again for H A 0.5 T. The SSE
signal of a uniaxial AFM has cosα dependence for an IP rotating magnetic field [49].
The SSE is small at angles for which our model for the Dy3� contribution in Fig. 5.3b)
predicts a peak. However, we do not observe the expected Dy3�-induced SSE contri-
bution due to the Dy3� magnetization shown in Fig. 5.3. On the contrary, an increase
in Dy3� magnetization appears to suppress the SSE signal. These results suggest



5

100 5. Magnetic order of Dy3� and Fe3� moments in antiferromagnetic DyFeO3

 0.1T

 0.2T

 0.3T

 0.4T

 0.5T

 0.75T

 1T

 2T

0

0

0

0

0

0

 

0

0

R
T
 (

V
 A

-2
)

-135 -90 -45 0 45 90 135

10

α

Figure 5.7: The SSE, i.e. the detected voltage in the transverse Hall probe divided by the
squared current of device 1 at 10 K as a function of the magnetic field strength and direction α.
At weak fields, the SSE shows a cosα dependence as expected for the Fe3� magnetic sublattice.
This amplitude initially increases with the magnetic field strength but decreases again and
flattens for H A 0.5 T.

that the angular dependence of the SSE is governed not so much by the ordering of
the Dy spins, but by their effect on the frequencies of the antiferromagnons in the
Fe magnetic subsystem. The ordering of Dy spins leads to a hardening of the AFM
resonance modes [54]. The applied magnetic field suppresses the Dy spin ordering
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and results in a substantial decrease of the spin gap [54] , which affects the thermal
magnon flux and, hence, the SSE. Nonlocal signals have been observed as shown in
Appx. 5.C. At room temperature, the SSE signal does not rise above the noise level
of 0.18 V A�2.

5.7 Conclusion

We studied the rare earth ferrite DFO by measuring the transverse electric resistance
in Pt film contacts as function of temperature and applied magnetic field strength
and direction. Results are interpreted in terms of SMR and SSE for magnetic con-
figurations that minimize a magnetic free energy model with magnetic anisotropies,
Zeeman energy and DMI. The Néel vector appears to slowly rotate OOP and dis-
plays jumps under IP rotating magnetic fields. Magnetic field-strength dependences
indicate that Fe3� spins are responsible for the symmetry of the SMR, but that the
Dy3� orbital moments affect the amplitude. The first order Morin transition occurs
at 50 K and phase transitions are observed at lower temperatures. Additional sharp
features emerge below 23 K at critical fields below that of the Morin transition. These
observed features cannot be understood by the Fe3� Néel vector driven SMR. Rather,
they suggest a magnetic field-induced ordering of Dy3� established by the compe-
tition between applied magnetic and exchange fields with Fe3�. This hypothesis is
supported by the similar SMR features at the spontaneous Dy3� moment ordering
temperature TDy

N . A Dy3� order above TDy
N also appears to suppress the SSE contri-

butions from the Fe sublattice.

Concluding, we report simultaneous manipulation and monitoring of the order-
ing of both transition metal and rare earth magnetic sublattices and their interactions
as a function of temperature and magnetic field in the complex magnetic material
DFO.
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5.A Appendix A: Longitudinal and 2 K spin Hall mag-
netoresistance

The modulation of the longitudinal Pt resistance as a function of magnetic field are
shown in Fig. 5.9 for comparison with the transverse SMR. The longitudinal sig-
nals are affected by a background contact resistance that is sensitive to temperature
changes. The SMR signals are therefore more distorted by a small temperature drift
than the transverse measurements. Moreover, the background resistance suffer from
increased noise.

1

Figure 5.8: Transverse resistance of device 2 at 2 K as a function of the OOP magnetic field up
to 6 T. The resistance increases continuously with magnetic field strength above 2 T.

The OOP resistance changes of device 1 are one order of magnitude larger than
those of device 2 and dominated by hysteretic effects. The signal amplitudes of OOP
and IP configurations for device 2 are similar. The measurement time of one data
point below 0.2 T is smaller than at larger fields, influencing the shape of the graphs.
Device 2 shows hysteretic features at low magnetic fields and below 23 K, for both IP
and OOP magnetic fields that are similar to the transverse SMR features discussed
in the main text.

Results of a field sweep up to 6 T are shown in Fig. 5.8. The resulting continuous
curve does not show transitions on top of those discussed in the text, without evi-
dence for a phase transition at 4 T and 2 K [51, 55].
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5.B Appendix B: Exchange interaction

The Pbnm crystal symmetry allows an exchange coupling between the Dy3� mo-
ments and G-type AFM ordered Fe spins. The coupling of the 4 (individual) Dy
spins in the unit cell with the Fe spins is described as

EDy�Fe � �g1Gc �ma
1 �m

a
2 �m

a
3 �m

a
4�

� g2Gc �ma
1 �m

a
2 �m

a
3 �m

a
4�

� g3Ga �mc
1 �m

c
2 �m

c
3 �m

c
4�

� g4Gb �mc
1 �m

c
2 �m

c
3 �m

c
4� , (5.7)

where the indices 1,2,3,4 label the rare-earth ions in the unit cell. The exchange field
from Fe ions is estimated to be � 2 T at low temperatures [46].

For kBT Q ∆, the magnetization of the Dy sublattice mÕ � χDy
Õ
HÕ and mÙ �

χDy
Ù HÙ for field components parallel and perpendicular to the local anisotropy axis

andH �

¼
H2

Õ
�H2

Ù . We assume that the transverse SMR caused by the paramagnetic

Dy3� moments polarized by the applied field is proportional tomxmy [10, 33, 56, 57].
Adding the contributions of the four Dy sites in the crystallographic unit cell of DFO
and the exchange field from the Fe spins acting on the Dy spins as described in the
main text, we obtain Eq. 5.5 with A � ��χDy

Õ
� χDy

Ù �2
� �χDy

Õ
� χDy

Ù �2 cos�4φDy�� ~2
and B � sin�2φDy� ��χDy

Õ
�2
� �χDy

Õ
�2
� �χDy

Õ
� χDy

Õ
�2 cos�2φDy��. The coupling con-

stants g3 and g4 do not appear in the expression for SMR since the latter does not
depend on the c-component of Dy spins. Moreover, the c-component is very small
at low temperatures, since the easy axes of Dy ions lie in the ab plane. Both g1 and
g2 lead to (nearly) the same angular dependence of SMR.

5.C Appendix C: Nonlocal spin transport in DyFeO3

This appendix shows some preliminary results of spin transport in DFO over dis-
tances of several µ m, which interpretation is at an early stage. There are some in-
dications that the exchange interaction between Fe3� and Dy3� affects spin current.
This allows for a non-local SSE with magnetic fields perpendicular to the surface
plane.

Spin transport within ferromagnetic insulators has been achieved over distances
of several µm in YIG [37] and NiFe2O4 [58]. By applying a magnetic field, these
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soft ferromagnets form a single domain, and the magnetization direction can be con-
trolled. As stated in Sec. 6.2, AFMs are of interest for spin transport applications be-
cause of their high frequency dynamics and for downsizing device structures. How-
ever, the magnetic moments of AFMs require non-trivial setup constrictions (large
magnetic fields, exchange coupling to other materials, Neel order torque through
charge current pulses, etc.) to be manipulated.

The magnetic field dependence in Ch. 4 shows the multi domain nature of NiO.
Chapter 6 shows that heat-induced spin transport can be observed in NiO in a non-
local geometry. However, increasing the distance between the Pt injector and the
detector strips increases the spread in the data as a function of the magnetic field di-
rection. The many domains are a probable reason for this spread in the data. Firstly,
the domain walls could act as a barrier to the magnons, resulting in magnon accu-
mulations and inhomogeneities in the chemical potential of magnons. The second
influence of domains on spin transport could lie in the difference of their effect on
the rotation of the pseudo-spin.

DFO, on the other hand, contains a DMI-induced WFM, and by applying a mag-
netic field towards ĉ, a single domain state can be obtained with moderate magnetic
field strengths. Electrically injected long distance spin transport has been observed
in the WFM α-Fe2O3 when the Néel vector aligns with the accumulated spin at the
PtSAFM interface [59]. The thermally generated spin transport has been observed
by applying a magnetic field normal to the Pt wires and (anti)parallel to the spin
accumulation, creating a nonzero spin Seebeck coefficient S. The electrically and
thermally injected spin currents result in nonlocal resistances R1ω and R2ω , respec-
tively, and are given by [59]

R1ω � Gn�n � b̂�2
�Gm�m � b̂�2 (5.8)

R2ω � Sn�n � b̂� � Sm�m � b̂� (5.9)

where Gn and Gm are the spin conductances of the AFM.

The terms containing n � b̂ describe AFM magnon modes with spins (anti)parallel
to the Néel vector which do not require a magnetic field to exist. The geometry re-
quires this term to be maximal when nSŜb. Examples of these magnons in easy-axis
AFMs are given in Fig. 2.13 a) and 2.13 c). These magnon modes are generally de-
generate and have opposite magnon spin. Thermally generated magnon currents
described by n � b̂ generally have two equally contributing magnon modes such that
no spin current is produced and resulting in a Sn that is negligible. Electrically in-
jected spin current can address one of these magnon modes, creating an imbalance
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in µα and µβ and creating a finite spin current. As shown in Ref. [60], the magnon-
magnon scattering that do not conserve the number of magnons (see Fig. 2.19 c) ),
significantly lower the relaxation length of this imbalance-induced spin current (see
Fig. 2.22).

The terms containing m � b̂ describe spin current from Dy3� and Fe3� magnon
modes that are influenced by a magnetic field. Examples are given in Fig. 2.14,
and because of the DMI-induced WFM, these modes are more pronounced in the Γ4

phase than in the AFM Γ1 phase. The magnon modes in Figs. 2.13 a) and 2.13 c) can
be influenced as well, which is shown in Figs. 2.13 b) and 2.13 d). A magnetic field
lifts the degeneracy of the magnon modes, creating an imbalance in the magnon spin
population and giving rise to non-zero spin current (Ref. [14] or Ch. 6).

Next to these two mechanisms, I’d like to propose an additional term compara-
ble to m � b̂. The imbalance of µα and µβ can be achieved by an exchange bias (Ref.
[61] or Ch. 7). We therefore introduce the term mex � b̂ that represents the influence
of any interaction on the magnon modes towards b. Furthermore, if its is possible
to apply exchange interaction that differ for different sublattices, the degeneracy of
the magnon modes with opposite spin can be lifted, allowing for finite spin currents
with magnon spins along the exchange directions. In DFO, this term could become
nonzero by the exchange between Fe3� and the Dy3� magnetic moments of � 2 T [46]
at low temperatures, given by Eq. (5.7) in Appx. 5.B.

Figure 5.10 a) shows the device geometry in top view in absence of an applied
magnetic field. As confirmed in Sec. 5.6, the Morin transition results in a rotation
of the Néel vector from â towards b̂ by lowering the temperature below 50 K. Fol-
lowing Eq. (5.8), nSŜb allows for nonlocal electrical spin transport. The Néel vector
can be returned towards â by applying a critical magnetic field µ0Hcr, as shown in
Fig. 5.10 b). Eq. (5.8) indicates that the ∆R1ω

NL goes to zero with this condition. The
direction of the applied magnetic fields in the measurements is along ĉ, so all terms
containingm � b̂ in Eqs. (5.8) and (5.9) vanish.

In Fig. 5.10 c), the electrically injected nonlocal spin transport is shown as a first
harmonic resistance as a function of the magnetic field strength µ0Hc in c direction.
A peak in the signal is shown at low magnetic field strengths, indicative for magnon
transport. To determine the peak height as a function of d, the measurements are
fitted by a Lorentzian µoHc dependence, although we have no physical argument
for this shape.

Figure 5.10 d) shows an exponential dependence of the peak height on d. The
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Figure 5.10: a) Top view illustration of the non-local geometry including the Pt strips, their
seperation d and the electrical connections generating current I which causes spins to accu-
mulate at the PtSDFO interface which direction is indicated by the arrows. Also depicted are
the two magnetic sublatticesmA andmB , the magnon spin current Jm, the crystallographic
directions and the magnetic field B. Without applied magnetic field, the Néel vector aligns
parallel to the spin accumulation, allowing an electrically injected spin current to flow from
the injector to the detector. b) With an applied magnetic field Bc A µ0Hc, the magnetic lattices
rotate by 90° and no electrically injected spin transport is possible. c) As a function of the out-
of-plane magnetic field strength, the non-local signal shows an initial fast decay by increasing
the magnetic field at 15 K. This magnetic field strength at which this occurs is smaller than the
critical field of the first-order Morin transition. d) The peak magnitud height ∆R1ω

NL in the
measurements decreases exponentially for increasing distances d. The red line is a fit using
Eq. (5.10).

data can be fitted by a one-dimensional spin diffusion equation given by

RNL �
C

λ

exp�d~λ�
1 � rmexp�2d~λ� (5.10)

with λ being the relaxation length and C being a prefactor proportional to the in-
jected magnon density and the magnon diffusion constant [37]. From the fit, we
obtain a magnon relaxation length λ � 6 � 4µm, which is comparable to that in YIG
[37] and α-Fe2O3 [59].

The critical OOP field µ0Hcr for the Fe3� phase transition to occur at 15 K is
0.45 T, as shown in Fig. 5.6. However, the full width half maximum (FWHM) of
the Lorentzian fits are only slightly above 0.1 T, and this discrepancy may be caused
by the effects of Dy3�. Firstly, the change in Dy3� magnetic order decrease of the
spin gap by applying a magnetic field [54] which could lower the spin transport.
Further, magnetoelectric effects, as a result of the Dy3� ordering, could influence the
obtained voltage. To investigate the role of Dy3� on the signals, we check the effect
of grounding and temperature.
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Figure 5.11: a) Non-local signals of electrically injected magnons at 15 K shows to depent
on the grounding, indicating the signal contains a magnetoelectric response component. By
averaging the measurements from both illustrated grounding configurations , this magneto-
electric contribution in the signal is reduced. b) The averaged signal shows a peak and a
background contribution for all measured temperatures. c) The height of the peak, the largest
signal including the background, and the background itself are shown as a function of the
temperature. The peak height slightly decreases with increasing temperature, but this effect is
larger for the background. d) Non-local detection of thermally generated spin current. Similar
to the electrical signal, there is a peak with a FWHM of about 0.1 T. Further, there is a symmet-
ric decrease with increasing magnetic field strength. Offsets have been substracted such that
R2ω
NL�Hc � 1 T� � 0.

Figure 5.11 a) shows two measurements as a function of µ0Hc, performed at 15 K.
These measurements differ in the way the are grounded, as illustrated, and show a
considerably different magnetic field dependence. It is assumed that the different
grounding methods result in opposite magnetoelectric contribution, and by aver-
aging these two measurements it could be possible to reduce the magnetoelectric
contribution in the signal. The resulting magnetic field dependence is shown in Fig.
5.11 b) for different temperatures. The signals show a peak and a background signal.
It is expected that this transport is a function of the direction of the Néel vector of
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the Fe3� magnetic lattice. Because the critical field is temperature dependent (see
Fig. 5.6), we expected some temperature dependence of the signal. However, the
width of the peak does not seem to depend on the temperature.

To indicate the temperature dependence of the signals, they are fitted with a
Lorentzian, an offset and a quadratic term. The magnitudes of the peak, the highest
signal size and a background using fitting parameters of the offset and the quadratic
term are shown in Fig. 5.11 c). The background signal has a larger decrease with
increasing temperature than the peak size. The peak size, however, does not vanish
at TC23 K, the temperature below which the SMR features attributed to Dy3� order
are observed. If the ordering of Dy3� would be mean reason for the peak, the peaks
are expected to vanish above 23 K.

To investigate the role of the exchange termmex on spin transport, thermal mea-
surements are performed at 15 K. Nonzero signals are obtained for some of the de-
vices, which have been shown in Fig. 5.11 d). Since the magnetic field is applied
along ĉ, the terms containing m � b̂ in Eqs. (5.8) and (5.9) become zero. However, the
nonzero, symmetric signal, which decreases with increasing magnetic field strength,
indicates that there could be an exchange interaction causing the finite spin current
towards the detector. Additionally, peaks are observed which is similar to the peaks
in th electrically injected magnon signal. To the best of our knowledge, this is the first
time that a finite Sn term is observed and that SSE-induced spin current is observed
with an OOP external magnetic field.
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S. Geprägs, M. Opel, S. Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goennenwein, and
E. Saitoh, “Spin Hall Magnetoresistance Induced by a Nonequilibrium Proximity Effect,”
Physical Review Letters 110, p. 206601, 2013.

[9] J. Fischer, O. Gomonay, R. Schlitz, K. Ganzhorn, N. Vlietstra, M. Althammer, H. Huebl,
M. Opel, R. Gross, S. T. B. Goennenwein, and S. Geprägs, “Spin Hall magnetoresistance
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gin of the spin Seebeck effect in compensated ferrimagnets,” Nature Communications 7,
p. 10452, 2016.

[49] W. Yuan, Q. Zhu, T. Su, Y. Yao, W. Xing, Y. Chen, Y. Ma, X. Lin, J. Shi, R. Shindou, X. C.
Xie, and W. Han, “Experimental signatures of spin superfluid ground state in canted
antiferromagnet Cr2O3 via nonlocal spin transport,” Science Advances 4, p. 1098, 2018.

[50] T. Hajiri, L. Baldrati, R. Lebrun, M. Filianina, A. Ross, N. Tanahashi, M. Kuroda, W. L.
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Chapter 6

Nonlocal spin Seebeck effect in the bulk
easy-plane antiferromagnet NiO

6.1 Abstract

We report the observation of magnon spin currents generated by the spin Seebeck
effect (SSE) in a bulk single crystal of the easy-plane antiferromagnet NiO. A mag-
netic field induces a non degeneracy and thereby an imbalance in the population
of magnon modes with opposite spins. A temperature gradient then gives rise to a
nonzero magnon spin current. This SSE is measured in both a local and a nonlocal
geometry at 5 K in bulk NiO. The magnetic field dependence of the obtained signal
is modeled by magnetic field splitting of the low-energy magnon modes, affecting
the spin Seebeck coefficient. The relevant magnon modes at this temperature are
linked to cubic anisotropy and magnetic dipole-dipole interactions. The nonlocal
signal deviates from the expected quadratic Joule heating by saturating at a current
from around 75µA in the injector. The magnon chemical potential does not decay
exponentially with distance and inhomogeneities may be the result of local magnon
accumulations.

Published as G. R. Hoogeboom, B. J. van Wees, Nonlocal spin Seebeck effect in the bulk easy-plane antifer-
romagnet NiO, Phys. Rev. B 102, 214415 (2020)
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6.2 Introduction

Magnon spintronics is a field where spin currents are carried by magnons that exist
in tunable magnets for information processing [1]. Generation of spin currents in
magnets is feasible by using the spin Hall effect (SHE) in a metal injector strip cre-
ating the magnons which travel through the magnetic material to be subsequently
detected at a second detecting strip [2]. Antiferromagnets (AFMs) do not possess
stray fields and can therefore be exploited over a wide range of parameters such as
external magnetic field and device size. Recently, this nonlocal technique has effec-
tively been employed for the uniaxial AFMs α-Fe2O3 [3], MnPS3 [4], and Cr2O3 [5].
Despite their potential for spin transport by both magnons and spin superfluidity
[6], this geometry has not been employed for easy-plane antiferromagnets like NiO.

Magnons are quasi-particles carrying spin angular momentum which enables the
transfer of spins in (insulating) magnets as waves of spin rotations of the magnetic
moments. An easy-axis antiferromagnet has left-handed (α) and right-handed (β)
magnon modes in which energies are equal but spins are opposite. Magnon inter-
conversion is expected to equal the respective magnon chemical potentials µαm �

µβm � µm, the deviation from the equilibrium magnon population. Magnon injection
then creates a finite µm which drives the transport of magnon spins, following the
regular discussion for magnon transport [7]. This description is equivalent to that
in Refs. [8, 9], where µα and µβ are regarded as equal but opposite as resulting in
opposite spin currents. Magnon spins can be injected at the interface with a param-
agnetic heavy metal using the SHE or in the bulk magnet.

In the first method, α (β) magnons are created (annihilated) if the accumulated
spin direction at the interface is parallel to an α-magnon spin resulting in an increase
(decrease) in the magnon chemical potential µm. In the latter method, heating by the
injector sets up a thermal magnon current of both modes, which diffuses from the
hot region to the cold region, the spin Seebeck effect (SSE). In a ferromagnet (FM)
this leads to finite spin currents even without an applied magnetic field since there
is one kind of magnon whose polarity is determined solely by the magnetization. In
AFMs, however, there is no inherent population imbalance between the modes when
they are degenerate. These modes carry equal but opposite spin currents and no net
spin current arises due to a thermal gradient, so there is no SSE in the absence of a
magnetic field. The degeneracy of these magnon modes is lifted by a magnetic field,
creating an imbalance in their population and thereby net magnon spin currents can
be created [10, 11].

The different modes are coupled via inelastic magnon-magnon scattering, al-
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lowing for energy interchange between different modes and magnon relaxation.
This results in a slight suppression of the spin Seebeck coefficient but will largely
leave the transport and its magnon conductivities of both magnon modes intact
[12]. The magnon depletion is expected to decay exponentially with distance in bulk
magnets[12, 13]. Accumulation of magnons at interfaces can be observed as a sign
change in µm [13].

In this chapter, the nonlocal observation of the spin Seebeck effect in an easy-
plane AFM shows that there is an imbalance between populations of the magnon
modes with opposite spins. This results in a net spin current driven by the tem-
perature gradient. The transport of magnons does not require such an imbalance.
However, no electrically injected magnon spin currents, which rely on a significant
spin transmission by an exchange interaction between the Pt and the NiO, have been
observed. The SSE-generated spin currents have been generated at 5 K in bulk NiO
containing multiple domains. There is no need of arranging the magnetic domains
by the exchange interaction with a FM layer, in contrast to Ref. [14] where a FM
seed layer is required to obtain a SSE signal from a 200-nm-thick NiO layer. The
SSE amplitude as a function of the magnetic field strength is modeled by magnon
mode splitting, creating the imbalance in the magnon population of the modes. The
magnon chemical potential shows some local variation and shows an increase in
noise by increasing the distance from the injector.

6.3 Theory

6.3.1 Magnon modes

Easy-axis antiferromagnets have magnon modes that are typically in the terahertz
regime. Easy-plane AFMs, however, have a more complex magnon dispersion, which
is extended to lower energies. When considering only the exchange and anisotropy,
a gap appears between the two modes [14]. Although NiO has a simple rock salt
structure, magnetic dipole-dipole interactions and cubic anisotropy can give rise to
multiple low-energetic precession modes, the dispersions of which depend on the
magnetic field [16]. At low temperatures (a few Kelvins), the gap from Zeeman
splitting is of the order of the thermal energy and therefore could induce a nonzero
spin Seebeck coefficient.

A magnetic field influences the spin current via the dispersion consisting of mul-
tiple modes with different magnon spin polarizations. Reference [15] treats the dis-



6

118 6. Nonlocal spin Seebeck effect in the bulk easy-plane antiferromagnet NiO

-1

NiO

μm

Jq (-   T)
Δ

Pt Pt

0

"ac

+1

Vl

Vnl

α

T
 (

K
)

40

80

120

0
0.020.01 0.03 0.04 0.05

Wave number q

0 7

10
3

0
0 1

α

β
2

4

8

6

10

12b) c)

a)

ŷ
ẑ

ŷx
B

m
e

V

m
e

V

0.1

0.2

0.35

Figure 6.1: (a) Device structure and probes on the NiO bulk crystal with the spin injector
(left Pt strip) and detector (right Pt strip) at distances d apart, ranging from 250 nm to 7µm.
An in-plane magnetic field B is applied with a clockwise angle α with the y-axis. A 100-
µA current is sent through the injector leading to Joule heating and a radial heat gradient
Jq indicated by the red arrows. A surplus of magnons on the hot side flow to the cold side,
leaving behind a negative µm. At interfaces, magnons accumulate and can contribute to µm
as observed in thin films of yttrium iron garnet (YIG) on gadolinium gallium garnet (GGG),
the distribution of which is reproduced here [13]. µm is normalized in the scale. A finite µm
results in spin transport between the Pt and the NiO via the spin mixing conductance. The
inverse spin Hall effect consequently causes a voltage locally, Vl, and nonlocally, Vnl. (b) The
magnon dispersion [Eq. (6.1)] after Ref. [15] of two modes as a function of a magnetic field
along the easy plane considering exchange and Zeeman interaction. The inset shows the full
range of the wave number q. (c) Magnon energy at the q � 0 point after Ref. [16] as a function
of a magnetic field along [110] when taking magnetic dipole-dipole interactions and cubic
anisotropy into account. This breaks the symmetry and splits the magnon energies with [211]
spin directions. The energies are given in Kelvin (black) and meV (red).

persion of the α and β modes having an offset at the zero q point even without an
applied magnetic field. The offset is said to arise from the hard-axis anisotropy and
is further influenced by the Zeeman interaction when applying a magnetic field. The



6

6.3. Theory 119

dispersion is then given by
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where γk � cos� 1
2
kal�, He=968.4 T, Hha=635 mT, and Hep � 11 mT are the structure

factor, the exchange interaction and the hard-axis and easy-plane anisotropy, respec-
tively [15, 17–19]. The offset causes an unequal population of these modes, especially
at temperatures lower than the offset temperature of the αmode. Since their magnon
spin directions are considered opposite [10], this results in a net magnon spin re-
quired for a nonzero SSE. Figure 6.1(b) shows that the offset in the dispersions as a
function of magnetic field further increases, enlarging the net magnon spin.

However, when additionally considering the symmetry breaking magnetic dipole-
dipole interactions and the cubic anisotropy as done by Milano and Grimsditch [16],
multiple low-energy modes appear which are shown in Fig. 6.1(c) for different do-
mains and the respective magnetic moment directions as a function of the magnetic
field strength. Energetically higher modes are not considered since the measure-
ments are performed at 5 K. Under the influence of a magnetic field within a @ 111 A

easy plane (along [110]), the [211] magnon modes and to a lesser extend the [112]
magnon modes split, the [112] magnon modes remain degenerate, while the [211]
modes are soft and become unstable from 0.55 T. A magnetic field thus causes an
inbalance in the occupation of these modes which have different magnon spin di-
rection. This leads to an imbalence in the magnon populations and opens up the
opportunity to investigate these magnons with the SSE.

6.3.2 Spin Seebeck effect

When there is a net magnon spin population in a magnetic material, a temperature
gradient can drive a magnon spin current Js � ��σm©µm � S©T � via the SSE. The
spin Seebeck coefficient S has a field and a temperature dependence. The flow of
magnons creates a negative magnon chemical potential µm near the injector. Bound-
ary conditions at interfaces [13], and, possibly, domain walls and defects, lead to
magnon accumulation and reflection resulting in a positive sign of µm at a distance
from the injector. Shown in Fig. 6.1(a) is the distribution of µm as a result of such
reflections at the interface of a thin film of YIG on GGG. A spin current enters a Pt
strip via a finite spin mixing conductance where it is converted to a charge current
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by the inverse spin Hall effect.

A SSE generated spin current has been observed from NiO when grown on a FM
to force the preference of one type of the many possible domains by the exchange in-
teraction which is stronger with an uncompensated ferromagnetic @111A layer. These
domains are said to have an anisotropy-induced splitting without a magnetic field
and having only one type of domain would result in a nonzero SSE [14]. Without
the seed layer of Py below the grown NiO, no SSE was observed as the spin currents
originating from different domains would cancel [14]. Signals in such systems show
hysteresis and decrease in size when decreasing the temperature, vanishing below
100 K [20].

6.3.3 Spin Hall magnetoresistance

The spin Hall magnetoresistance (SMR) is the first harmonic response and can be ob-
tained simultaneously with the second harmonic SSE with a lock-in technique [21].
The SMR of the Pt injector strip is sensitive to the magnetic moments underneath
it, even to the Néel vector in antiferromagnets [22]. The SHE deflects electrons in a
direction depending on their electron spin, resulting in the accumulation of electron
spins at the interface with NiO. The direction of these electron spins is affected by the
interaction with the magnetic moments in the NiO via the spin transfer torque. This
exchange interaction is maximal when the directions of the magnetic moments and
the accumulated electron spin are perpendicular. The electron spin is reflected back
into the Pt and subsequently deflected by the inverse spin Hall effect determined
by the electron spin. Absorption of the spin by the magnet thereby affects the path
traveled by the electrons and influences the longitudinal resistivity ρL of the Pt layer
by [22]

ρL � ρ �∆ρ0 �∆ρ1 @ 1 � n2
x A (6.2)

where @ nx A is the average of the Néel vector along x̂ just below the Pt injector. This
technique thus indicates the influence of the magnetic field on the magnetic mo-
ments; i.e., it gives information about the magnetic order and domain wall growth.

6.4 Properties of NiO

NiO is a cubic material with antiferromagnetic interaction due to superexchange
between two Ni atoms via an oxygen ion. Together with magnetic dipole-dipole
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interactions and a small cubic anisotropy this results in the spins aligning in ferro-
magnetic {111} planes which are intercoupled antiferromagnetically [23]. The mag-
netic moments themselves align along [112] within these {111} planes, although a
minor diversion can be induced by anisotropy [23] or rhombohedral distortion. Due
to magnetostriction the crystal is rhombohedrically distorted along the @111A direc-
tions and magnetic twin (T) domains are formed [24]. Within a T domain, the three
easy axes give rise to corresponding spin rotation (S) domains. By introducing a
magnetic field, the degeneracy of energetically equivalent domains is lifted, result-
ing in a redistribution of these domains by movement of the domain walls. The
direct influence on the spin rotation causes movement of the S domains. Domain
walls can influence the rotation of the Néel vector and thereby both the SMR and the
SSE.

6.5 Methods

The bulk NiO sample was commercially obtained and polished along a @111A plane
as described in Ref. [22]. Thereafter, the devices were fabricated using electron beam
lithography. No etching was performed before the sputtering of the 5-nm-thick, 20-
µm-long, and 100-nm-wide Pt strips. Three devices were fabricated with distances
between the Pt strips of 250 nm to 7µm. The electrically and thermally originated
signals are measured by obtaining the 1st and 2nd harmonic seperate but simultane-
ously with the lock-in technique [21].

6.6 Results

The SMR measurements show a sin2 α angle dependence [see Fig. 6.2(a)]. The
changes in the magnetic moments are such that they tend to align perpendicular
to the magnetic field direction, so as to maximize the negative Zeeman energy. The
signals are therefore 90° angular shifted as compared to PtSFM systems, confirming
antiferromagnetic order in the material [22]. Similar to our earlier work on this sam-
ple [22], the amplitudes of such rotation measurements initially increase quadrati-
cally as a function of the field strength and a saturation sets in which is established
around 6 T [see Fig. 6.2(b)]. This field dependence is believed to be originating from
both anisotropy and domain wall movement. As domains with the magnetic easy
plane in the @111A surface plane become more favoured over other domains, these
domains grow in size [22, 25]. The domain size at small field must be smaller than
the Pt strips size to follow the same field dependence as a Hall bar device. This
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a) b)

device 1

device 2

c) d) Method A [13]

Method B [13]  

Method C [26]

Figure 6.2: (a) Spin Hall magnetoresistance as a function of the in-plane rotation angle α,
performed at 6.3 T and 5 K. Rα is the angle-dependent resistance of the Pt strip and R0 is the
base resistance of 5.17 kΩ. (b) Amplitude of the SMR signals as a function of the magnetic
field strength, showing a similar curve as reported in [22] for both devices. (c) The locally
observed signal changes from the spin Seebeck effect as a function of the magnetic field angle
at 6.3 T. (d) The amplitude of the signal increases monotoneously with field with little offset,
modeled by the three methods described in the main text. The error bars in panels (b) and (d)
represent the fit uncertainty.

agrees well with the observed domain size of @1µm [26]. A domain wall can affect
magnon spin currents and therefore the distribution of magnon chemical potential
as well. At saturated field strengths, the magnetic moments are coherently rotated
by the magnetic field and the crystal is more or less in a single magnetic domain.

The locally measured current-induced SSE shows an angular dependence and
signal size which are similar to thote of local measurements of Pt on FMs [see Fig.
6.2(c)]. The noise of 40V A�2 is relatively large in comparison to PtSFM systems and
might be originating from domain walls that move due to the changing magnetic
field direction. There is a background signal of which the origin can be other heat-
related effects such as the spin Nernst or the Righi-Leduc effect. The size of the



6

6.6. Results 123

Figure 6.3: Local SSE using a
transverse Hall bar geometry.
The signals are obtained at a
magnetic field strength of 8 T at
5 K and 33 K. Due to the larger
surface area, the effects of do-
mains are deminished and this
graph validates the usage of a si-
nusoidal fit for the data.

signal amplitude as a function of the magnetic field strength shows on average a
monotonous increase for all three devices as shown in Fig. 6.2(d) apart from the sub-
stantial variation between measurements.

Local SSE signals have been measured by a Hall bar geometry as well [see Fig.
6.3]. The range of the rotation angle α is larger in this graph, validating the sinu-
soidal fit used in Fig. 6.2c). Further, it is shown that at higher temperatures the
signal vanishes. Up to room temperature, the measurements did not show a local or
nonloval SSE signal within the noise.

The SSE amplitude as a function of the magnetic field strength was fitted using
the contribution of the different modes by methods A and B described in Ref. [15]
and method C from Ref. [27]. The magnon dispersion from Eq. (6.1) has been used
in method B and the zero q-point value has been altered by the data of Ref. [16]
presented in Fig. 6.1(c) for methods A and C, assuming that only small q-values
play a role at the low temperature of 5 K. It is assumed that the magnons are close to
the thermodynamic equilibrium, allowing the use the Bose-Einstein distribution for
both magnon branches at a temperature of the phonon bath [12, 15]. For methods A
and B, the spin Seebeck coefficient of the splitted magnon modes is given by

SzS � S0 S dkk2

<@@@@@>
e

Òhωβk
kBT ωβkν

2
βky

ηβk�e Òhωβk
kBT � 1�2

�

e
Òhωαk
kBT ωαkν

2
αky

ηαk�e Òhωαk
kBT � 1�2

=AAAAA? (6.3)

where S0 �
Òh

6π2kBT 2 , ωµk is the field dependent frequency and ηµk is the magnon
relaxation rate of the magnon mode µ as function of the wave vector k. Further
we need the magnon group velocity νµk � δωµk~δk and the relaxation rate ηq �

1 � �1240q � 5860q3��T ~300�3 [27]. The values are numerically solved at a large set
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a) b)

Method A [13]

Method B [13]  

Method C [26]

c) d)

Figure 6.4: The nonlocally obtained SSE signals. (a) The angle-dependent resistance at 5 K and
6.3 T. The angular dependence is similar to that of Pt on FMs and is opposite to that of the local
signal. The background resistance is small in comparison to the local background resistance.
(b) The second harmonic has a negative sign at distances smaller than 500 nm, similar to in
thin ferromagnetic films, but after the sign change the signal increases monotonously with
distance. The size of the error bars increase with distance and have a large variation between
devices. (c) The signal size increases in a comparable fashion with increasing magnetic field
strength as the local signal. (d) The SSE does not increase quadratically as a function of the
current. Instead, the signal shows some current threshold behavior until 25µA and increases
with field until it is saturated around 75µA.

of field strengths whose interpolating function can be fitted to the SSE amplitude
data as a function of the field strength. Using the method described in Ref. [15] this
amounts to SzS � 7.8 x10�11 erg cm�1 K�1 for the dispersion in Eq. (6.1) (method A)
and SzS � 2.4 x10�11 erg cm�1 K�1 using the adjusted dispersion (method B) at 7 T.

Both the near linear increase and the relatively small offset in the data are not
represented by method B which instead shows a large offset and an approximately
quadratic increase with field strength. Possibly these modes disappear due to spin
reorientations when applying a field. By following the model described in Ref. [15]
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and using Eq. (6.1), the field dependence shows saturating behavior and a less sig-
nificant offset. When using the dispersion including the effects of magnetic dipole-
dipole interactions and cubic anisotropy, the SSE field dependence resembles the
data and no offset is present. At 20 K the signal has reduced to (3.2 �0.3) x 10�3

V A�2 at 1.5 T, in agreement with this explanation.

The temperature gradient is calculated using its relation with the signal size given
by [28]

VSSE � RN lλN
2eÒh θSH tanh � tN

2λN
�SzS©zT, (6.4)

where RN=5.17 kΩ, l � 20µm, tN=8 nm, λN=1.1 nm, and θSH � 0.08 are the Pt bar
resistance, the length, the thickness, the spin diffusion length and the spin Hall an-
gle, respectively [29]. Further, it is assumed that the NiO thickness Q the relaxation
length. The temperature gradient along ẑ near the injector with a current of 100µA
is calculated to be 2.50 x106 K m�1 for method C, method A gives 7.51 x105 K cm�1,
and method B results in 2.30 x103 K cm�1. This is lower compared to the calculated
average temperature gradient resulting from a similar geometry on YIG at 300 K of
1.6 x108 K cm�1 [13], which indicates an overestimation of the calculated SzS value.
On the other hand, the thermal conductivity can be different in NiO at 5 K as com-
pared to that in YIG at 300 K.

Figure 6.4(a) shows the angular dependence of a SSE signal obtained nonlocally
at the detector and is similar to that of devices on thick YIG with a strip distance in
the same range [13]. The distance dependence of the signal, shown in Fig. 6.4(b),
shows a sign change around d � 500 nm, indicating that µm turns positive. More-
over, after the sign change, the signal seems to increase with increasing distance. In
a YIG thin film on a GGG substrate, such sign changes are subscribed to boundary
conditions at the interface of the thin film and the paramagnetic substrate. The inter-
face will conduct little magnons while the heat is transported into GGG. Therefore,
the magnons accumulate and are reflected causing µm to turn positive at a certain
distance from the injector and µm goes to zero at large distances [13]. With further in-
creasing distances the signal in FMs drops according to a diffusion-relaxation model
[2]. However, single-domain bulk FMs lack these boundaries and no positive µm is
observed [8]. Recently, it is shown that the rotation of the pseudospin by a magnetic
field could result in a sign change in the case of the presence of a Dzyaloshinskii-
Moriya interaction (DMI) [30], which is not expected in NiO. The lack of a DMI also
precludes the domain wall from acting as a polarizer or a retarder as described by
Lan et al. [31], which thus cannot be a reason for a negative SSE sign in NiO.

It is not fully understood why this bulk NiO shows both a sign change as the
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following increase in signal strength with distance. The difference between FMs and
easy-axis AFMs, however, is that in AFMs there are domains present at the relevant
field strengths. The partial reflection and/or absorption of magnons at domain walls
could give a similar upturn of µm as the boundary conditions at the FMSPM inter-
face. While SS is altered by the magnetic field strength, this could affect µm such
that the region where the sign change occurs is stretched. The possibility exists that
the maximum reached after the sign change is then shifted towards further distances
such that the signal is increasing with distance in the investigated length scale. In ad-
dition to providing an explanation for the increase in µm, the magnon accumulation
at domain walls can be responsible for the large fluctuations between data points
which increase with increasing distance due to movement of domain walls creating
local variation in µm.

Figure 6.4(c) shows the magnetic field strength dependence, fitted with the same
models as are used for the local data, assuming that the SS is dominant for the change
in signal strength. Also for the nonlocal signals the approach described in Ref. [15]
using the dispersion from Ref. [16] best resembles the near-linear field dependence
without offset. The SSE signal is driven by Joule heating and therefore expected to
have a quadratic dependence on the current sent through the injector. However, af-
ter an initial increase in the current dependence, a saturation sets in around 75µA
as shown in Fig. 6.4(d). A strictly quadratic dependence is only expected when the
parameters of the system do not change. Rising temperatures due to the current
could lower the strongly temperature-dependent signal strength, leading to the sat-
uration. The temperature increase could lower the spin Seebeck coefficient of the
dependence of the magnon mode energies and their splitting by the magnetic field
strength. Furthermore, an increased heat conductivity at the elevated temperature
will create a lower temperature gradient with the same heating power. Both the field
dependence and the absence of an electrically injected signal resembles the results
reported for Cr2O3 by Yuan et al. [5]. However, they claim this spin transport is a
result of spin superfluidity.

The SSE originates from the influence of a magnetic field on the population of the
magnon modes, but these models might be influenced by the movement of domain
walls. The lacking offset in method B could be explained by the multi-domain na-
ture as the domains have opposite magnon spin polarization resulting in a smaller
net SSE. Moreover, domain walls can interact with the spin current itself, leading
to domain wall movement [32] and spin current reflection upon domain walls [33].
In thin films with multiple domain walls, the reflection damps the nonlocal signals,
but domain optimization by tuning the growth direction or by magnetic training still
leads to micrometer spin transport [34].



6

6.7. Conclusion 127

6.7 Conclusion

To conclude, we observed a spin Seebeck effect generated spin current in the bulk
easy-plane antiferromagnet NiO. This was achieved as a result of an applied mag-
netic field without the need of exchange interactions to align the magnetic domains.
The field dependence of the SSE amplitude at 5 K was modeled by the energy split-
ting of magnon modes, creating an imbalance in the magnon spin population. The
cubic anisotropy and magnetic dipole-dipole interactions have to be taken into ac-
count in order to recreate the near-linear SSE dependence on the field and the small
offset. Furthermore, the SSE signal exhibits both a sign change and then an increase
with increasing the injector distance that would not be possible without the intro-
duction of additional boundary conditions in the bulk NiO, a role that may have
been fulfilled by domain walls.

6.8 Outlook

Since the the paper version of this chapter was submitted, further developments
in the field took place. Ref. [30, 35] pointed out that there is controversy around
whether magnons in easy-plane AFMs carry magnetic momentum in general. May
this not be the case, then this has implications for some parts of the interpretation
and the model in this chapter. Furthermore, although lacking DMI, the anisotropy
in NiO could result in the rotation of the pseudo-spin. The precession frequency is
given by ÒhΩ � Òhωan � µ0HDMImnet, (6.5)

where Ω is the psuedo spin precession frequency, ωan the normalized anisotropy
frequency, mnet the net magnetization due to the DMI and HDMI is the effective
DMI field. As shown by Eq. 6.5, the magnetic field strength has little effect on this
rotation because HDMI is not a function of the magnetic field and mnet is small.
Nevertheless, the pseudospin could be rotated as a function of the distance. Different
domains could act differently on this rotation, having a different ωan. This could be
another explanation for the sign change observed in the distance dependence as well
as the increase in error bars with increasing distance. Thefefore, the main conclusion
of this chapter holds.
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schild, and M. Kläui, “Propagation Length of Antiferromagnetic Magnons Governed by
Domain Configurations,” Nano Letters 20, p. 306, 2020.

[35] A. Kamra, T. Wimmer, H. Huebl, and M. Althammer, “Antiferromagnetic magnon pseu-
dospin: Dynamics and diffusive transport,” Physical Review B 102(17), p. 174445, 2020.



7

Chapter 7

Role of NiO in the non-local spin transport
through thin NiO films on Y3Fe5O12

7.1 Abstract

In spin transport experiments with spin currents propagating through an antiferro-
magnetic (AFM) material, the antiferromagnet is mainly treated as a passive spin
conductor not generating nor adding any spin current to the system. The spin cur-
rent transmissivity of the AFM NiO is affected by magnetic fluctuations, peaking at
the Néel temperature and decreasing by lowering the temperature. In order to study
the role of the AFM in local and nonlocal spin transport experiments, we send spin
currents through NiO of various thickness placed on Y3Fe5O12. The spin currents
are injected either electrically or by thermal gradients and measured at a wide range
of temperatures and magnetic field strengths. The transmissive role is reflected in
the sign change of the local electrically injected signals and the decrease in signal
strength of all other signals by lowering the temperature. The thermally generated
signals, however, show an additional upturn below 100 K which are unaffected by
an increased NiO thickness. A change in the thermal conductivity could affect these
signals. The temperature and magnetic field dependence is similar as for bulk NiO,
indicating that NiO itself contributes to thermally induced spin currents.

Manuscript submitted for publication and available on arXiv [1]
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7.2 Introduction

The scope for using antiferromagnets (AFMs) as base for spintronic devices has been
unveiled by the possibility to inject spin angular momentum [2–5] which can be car-
ried over long distances [6–11] and by the read-out of the magnetic order [12–14].
AFM dynamics is fast compared to that of ferromagnets (FMs) due to high eigen-
frequencies [15, 16]. Further, AFMs have vanishing magnetization which increases
its robustness against magnetic perturbations and reduces the cross talk between
AFMs [17]. The manipulation of the magnetic moments thus requires relatively high
magnetic fields as compared to FMs. However, the needed magnetic field strength
to control the magnetic alignment in the AFM can be reduced by combining a thin
AFM layer with FM layers due to the exchange coupling across the interface.

Spin current has been sent efficiently normal through the AFMSFM bilayers NiOSYIG
(yttrium iron garnet, Y3Fe5O12) in a local geometry for which the relaxation length
in NiO is a few nm [2–4, 18–24]. The spin currents can be generated with electrical
means via the spin Hall effect (SHE) in Pt causing electron spins to accumulate at
the PtSNiO interface, or by a heat gradient throughout the magnet via the spin See-
beck effect (SSE). The spin current through the interface is established via a finite
spin mixing conductance and spins flowing into the Pt are converted into a charge
current by the inverse spin Hall effect (ISHE).

Spin Hall magnetoresistance (SMR) is the local combination of the SHE and the
ISHE and is sensitive to the applied spin transfer torque on the magnet. This depends
on the direction of the magnetic moments under influence of a magnetic field. Low-
ering the temperature of these devices results in a sign change in the SMR showing
that the spin current interacts with magnetic moments that are 90 ° angular shifted as
compared to room temperature. Although the magnetic moments of YIG align par-
allel to the magnetic field, those of NiO tend to align perpendicular to the magnetic
field to lower the Zeeman energy and due to exchange bias. Therefore, NiO can be
the source of this angular shifted, negative SMR [22, 24] which angular dependence
resembles bulk NiO [12, 13].

In addition to spin transfer torque which is damped out over short distances,
the spin accumulation in Pt also causes magnetic excitation in the magnetic bilayer;
magnons. These quasiparticles carry the spin angular momentum over long dis-
tances. Furthermore, the creation of magnons with Joule heating from the charge
current in Pt causes the magnons to flow from the hot towards the cold part. This
results in a negative magnon chemical potential µm near the injector and a positive
µm at some distance from it [25].
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Antiferromagnetic spin current transistors switch fast due to high eigenfrequen-
cies and have little field lines which increases its robustness against magnetic per-
turbations and reduces the cross talk between antiferromagnets (AFMs). The ma-
nipulation of the magnetic moments thus requires relatively high magnetic fields as
compared to ferromagnets. Integrating AFM thin films therefore lowers the critical
switching field. For efficient exchange coupling and applicability, thin films of the
AFM are required.

All these different sources and forms of spin current are influenced by the tem-
perature. The positive SMR indicates that the NiO spin transmissivity is high at high
temperatures. The interactions with magnetic moments in YIG dominate the effect
on the spin accumulation over those in NiO. The SSE also shows this transmissivity
effect as a peak at the Néel temperature. These observations might be explained by
magnetic fluctuations, giving the magnetic moments in NiO a component along the
YIG magnetization and allowing the transport of spins along this direction through
the AFM.

In this chapter, we investigate the temperature dependence of different spin cur-
rents through the NiOSYIG bilayers in both local and nonlocal geometry. Most obser-
vations can be explained by a decrease in spin current transmissivity of the NiO layer
below the Néel temperature. Both local and nonlocal SSE signals show damping ef-
fects while lowering the temperature. The nonlocal electrically injected magnons
pass the NiO layer twice and are therefore damped out stronger. Below 50 K, how-
ever, all SSE signals show an upturn with decreasing temperatures. The temperature
dependence of the thermal conductivity of the materials involved could change the
thermal profile at low temperature. However, the low-temperature SSE signals are
not affected by NiO thickness and therefore seem unrelated to the NiO transmis-
sivity. In addition, the increase with magnetic field strength at low temperature is
similar to that in bulk NiO, indicating that NiO itself contributes to the SSE.

7.3 Method

The YIG films of 260 nm thickness are obtained commercially and grown on a gadolin-
ium gallium garnet (111) substrate. These were covered by NiO films of various
thicknesses by reactive molecular beam epitaxy at a sample temperature of 250°C.
Directly after deposition, the correct stoichiometry and chemical cleanliness of the
films was checked in situ via x-ray photoelectron spectroscopy. To determine the
exact thicknesses t of the NiO films, the bilayer magnets were characterized by x-ray



7

134 7. Role of NiO in the non-local spin transport through thin NiO films on Y3Fe5O12

m�
m 

YIG

Pt
Je

NiO

Je

M

Pt

V

V

α

d

0.0 0.1 0.2 0.3 0.4 0.5 0.6
100

103

106

109

1012 data
adatom
layer

2.8 nm 2.6 nm 0.6 nm
3.6 nm 3.6 nm 1.4 nm
4.7 nm 4.7 nm 1.6 nm
6.9 nm 7.0 nm 1.5 nm

in
te

n
si

ty
(a

rb
.u

.)

scattering vector q (Å-1)

NiO NiOt

c)

a) b)

Figure 7.1: a) Illustration of the device structure including the electrical injection measure-
ment scheme. The YIG magnetization M is rotated in-plane by a magnetic field with angle
α. By the exchange bias with YIG, the NiO magnetic moments in both sublattices align per-
pendicular to the magnetic field. The SHE-induced spin accumulation in Pt causes transfer of
spin angular momentum into the magnetic bilayer by the spin-flip mechanism. The injected
spin current is carried by propagating magnons through the NiOSYIG bilayer and detected as
a voltage via the ISHE in a second Pt strip at distance d. b) X-ray reflectivity data and fits of
exemplary samples with various NiO thicknesses t prior to surface treatment and Pt device
deposition. The data is vertically shifted for clarity. The black lines are fits. The dashed lines
consider a single homogeneous NiO layer while the solid lines allow the existence of an ad-
ditional adatom layer. The resulting fit parameters for the thickness of NiO and the adatom
layer are included in the inset table for both fit methods which result in almost the same NiO
thicknesses. All fits consider the YIG layer to be infinite and the GGG substrate to be negli-
gible due to the relative thick YIG layer of 260 nm. c) TEM image of the NiO(4.9 nm�) device.
The cross section shows the Pt injector and NiO thin film being polycrystalline as well as the
single crystalline YIG.

reflectivity (XRR) in a Philips X’Pert Pro diffractometer with a Cu Kα source. Exem-
plary curves are shown in Fig. 7.1 a). The NiO optical parameters are fixed for the
fits based on the Parratt algorithm [26] and taken from the Henke tables [27]. The fit
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is improved when allowing an adatom layer with free optical parameters. However,
this does not affect the NiO thickness significantly.

To study the effect of magnetic order or a possible adatom layer on the interface
spin transmissivity, some samples were etched by an Ar ion plasma etch at 200 W
for 10 seconds which is indicated as NiO(t nm�). Sputter-deposited Pt strips were
grown on top of these bilayer magnets by electron beam lithography using a 4%

PMMA and an aquasave spincoat. Transmission electron microscopy (TEM) images
have been taken in a JEOL JEM 2200FS operated at 200 kV using a Gatan OneView
CMOS camera. The TEM specimen has been cut out from the original structured
sample by focused ion beam preparation (FEI Helios NanoLab DualBeam). Figure
7.1 b) shows a TEM image of the Pt(8 nm)SNiO(4.9 nm�)SYIG(260 nm) sample indicat-
ing a clean interface, a uniform thickness and a polycrystalline NiO structure.

The Pt strips have dimensions of 20µm � 100 nm � 8 nm and the resistance be-
tween Pt strips was typically in the GΩ range. A high resistance is an indication of a
relatively proper stoichiometry of the NiO [28] and confirms any nonlocal signals are
spin current related phenomena as opposite to amorphous YIG [29]. Voltage spikes,
however, occasionally resulted in a conductive film, making the devices unusable.
Figure 7.1 c) shows a schematic illustration of the resulting device structure includ-
ing the electrical measurement setup. An alternating current of 100µA was sent
through the injector strip and both the local and nonlocal voltage response is mea-
sured while applying a magnetic field in various in-plane directions α. The mea-
surements are performed with a superconducting magnet system with a variable
temperature inlet (VTI) and an ac lock-in method to distinguish electrical injected
(first harmonic) and heat related (second harmonic) signals [30].

7.4 Theory

Magnetic moments on neighboured (111) planes in NiO align antiparallel due to
the relatively strong superexchange He of 968 T via the non-magnetic O2� [16, 31].
Due to the applied magnetic field, the canting angle of the magnetic sublattices
θ � arcsin�H~2He� P 1° [32], resulting in a small gain in the Zeeman energy. When
the Zeeman energy is comparable to the magnetic anisotropy energy, the magnetic
moments can align with respect to the magnetic field, which is easiest within the
magnetic easy plane of one of the many possible domains. Even though SMR mea-
surements in bulk NiO show a saturation at 6 T [12], indicating that the majority of
the magnetic moments are coherently controlled by the magnetic field, a NiO film
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of 120 nm thickness shows no sign of magnetic saturation up to 18 T [13]. Thin films
are more subject to crystallographic defects, resulting in pinning of the domain walls
[33] and thereby requiring larger magnetic fields to be manipulated.

Domain walls also influence spin currents passing though NiO by reflection and
absorption and they give rise to bound magnons. AFM domain walls can be en-
gineered, induced and controlled via exchange bias [34, 35]. These effects are more
pronounced at low temperatures for which the activation energy to move the domain
wall is larger than the thermal energy [36]. The control over the magnetic moments
in NiO can be increased using the exchange bias with YIG. At low temperatures, the
exchange bias is large and comparable in size to the coercivity of YIG [20, 24].

The SMR signal in bulk NiO increases with the etch step by a factor of two [12]
which could be caused by a change in the magnetic order. Velez et al. reported an
etching step on a YIG sample leading to larger SMR signals [37], similar as with NiO.
However, at low temperatures, the etching of YIG lead to a sign change of its SMR.
This shows that the magnetic moment directions are aligned off the magnetic field
direction which is, on average, larger than 45°.

The parameters for diffusion of spin currents through NiO are temperature de-
pendent as well since this relies on thermally excited magnetic fluctuations [38].
These are maximal at the second order phase transition at the Neel temperature and
decay at lower and higher temperatures. The magnetic fluctuations could also ex-
plain FM resonance measurements as a function of the NiO thickness [2, 38, 39].
At low temperatures, an increase in the SSE signal from YIG has been observed,
suggesting a strong correlation between magnon and phonon transport [40]. In
PtSYIGSNiOSYIGSGGG structures a similar increase in SSE has been attributed to an
increased NiO transmissivity and an increased contribution of the GGG substrate
[41]. When replacing the easy-plane AFM thin film with the uniaxial Cr2O3, normal
spin currents can be blocked by the AFM film when the Néel vector lies perpendicu-
lar to the YIG magnetization [42]. Magnons crossing the interface of NiOSYIG might
not experience a similar blocking mechanism as NiO is affected differently by the
exchange bias and has many magnon modes extending to low frequencies [43], al-
ready populated at a few Kelvin. In addition to incoherent magnon transport, GHz
magnons have been driven coherently through easy-plane AFM films, observed by
means of element- and time-resolved x-ray pump-probe measurements [44, 45].

Spin transport theories consider the NiO as being an inactive, opaque layer. How-
ever, NiO is known to be responsible to create a SSE signal on its own. A SSE signal
from a NiO layer of 200 nm thickness on FM permalloy increases with increasing
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temperature starting from about 150 K [46]. A magnon diffusion theory for the SSE
in AFMs shows that the SSE is expected to go to zero at low temperatures in NiO
[47]. However, a SSE signal was established on a µm length scale in bulk NiO with
a nonlocal geometry at low temperatures [9]. A magnetic field lifts the degeneracy
of low frequencies magnon modes with opposite spin, creating an imbalance in their
population [9, 48]. The observation of electrically injected spin currents through a
thin film of α-Fe2O3 whose relaxation length is governed by domain configurations
[49] showed a proof of principle of spin currents through single layer AFM thin
films. The nonlocal geometry is employed for the NiOSYIG bilayer to investigate
long-distance spin transport through thin NiO film as a function of the magnetic or-
der affected by the temperature and the magnetic field.

7.5 Results and Discussion

Figure 7.2 a) shows the angular dependent SMR modulation of the
PtSNiO(4.9 nm�)SYIG device at 2 T for various temperatures. A positive SMR is ob-
served above 150 K, while a 90° angular shift (negative SMR) can be identified for
lower temperatures. The fitted amplitude for the devices with different NiO thick-
nesses as a function of temperature is shown in Fig. 7.2b). The Néel temperature is
an indication for the magnetic order and can be determined by a peak in the SMR
or SSE temperature dependence [3, 22]. This is not observed within the temperature
range except for the NiO(4.9 nm�) sample. A high Néel temperature is an indication
of a high magnetic order. Bulk NiO has a Néel temperature of 525 K and thinner films
are expected to have a lower Néel temperature. However, the NiO(4.9 nm�) sample
has a lower SMR sign change temperature than the 250 K of the other samples. The
etch step thus either lowers the order and thereby the NiO SMR contribution, or in-
creases the transmissivity for spin currents towards and from YIG. The lack of such
SMR peaks within the measured temperature range indicates that the Néel tempera-
ture is equal or higher than that of comparable thick NiO layered devices in literature
[3, 21, 22].

Figure 7.2c) shows the SMR amplitude for different field strengths at either 5 K
and 300 K. The amplitudes of all samples are fitted with an offset and a quadratic
magnetic field dependence. The offset is a result of the exchange bias with YIG as
all applied field strengths are larger than the sub mT coercivity of YIG, while the
magnetic field strength required to manipulate a thin NiO film is 3 orders of mag-
nitude higher [13]. The exchange bias of YIG therefore enables some control of the
NiO magnetic moments even at the smallest applied magnetic field strengths.
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Figure 7.2: First harmonic local resistivity changes R1ω
l -R0 obtained for the

PtSNiO(4.9 nm�)SYIG sample at 2 T a) as a function of the rotation angle for various
temperatures. R0 is defined as the fitted background resistance and is zero at α � 90°. Minor
background signals due to temperature drift as a function of the time are subtracted. The
SMR modulation of the resistance shows an angular shift of 90° (negative SMR) by decreasing
the temperature. b) The amplitude of the sinusoidal fit ∆ρ1ω

l ~ρ is depicted as a function of
the temperature for the samples with various thicknesses of NiO showing the sign reversal
at temperatures of 150 K or above. c) ∆R1ω

l as a function of the magnetic field strength. The
signals show quadratic magnetic field dependence as the corresponding lines of the fits show.
For thick films, the quadratic increase becomes more negative, similar to films without YIG
[13]. For thin films, the quadratic increase is positive, showing increased spin conductivity
with larger magnetic fields.

Both the PtSNiO(7.5 nm)SYIG and PtSNiO(7.5 nm�)SYIG sample show a negative
quadratic SMR increase by further increasing the magnetic field, similar to the initial
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increase in SMR with field strength observed in Pt on bulk NiO [12] and on thin NiO
films [13]. With higher magnetic field strengths, the domain size increases and the
Zeeman energy becomes larger than the magnetic anisotropy, allowing more control
over the direction of the magnetic moments. The negative SMR increase with in-
creasing magnetic field strength using AFMs is caused by the increased influence of
the Néel vector in all magnetic domains [12, 13]. Thinner NiOSYIG films, however,
show a positive quadratic SMR increase with increasing magnetic field strength. Re-
markably, a positive SMR sign is retrieved above 2 T for the PtSNiO(2.6 nm�)SYIG
device at 5 K.

Since the positive SMR in PtSNiOSYIG samples is attributed to the interaction of
the accumulated spins at the PtSNiO interface with YIG being dominant over the
interaction with NiO [21]. Thus, we can conclude that by increasing the magnetic
field, not only the control over the magnetic moments increases, but also the spin
current transmissivity becomes more efficient and the interaction with YIG becomes
dominant. A higher magnetic order created with the magnetic field might increase
the transmissivity. On top of this positive contribution, a positive quadratic increase
could originate from the Hanle magnetoresistance, but this contribution is too small
to be fully responsible for the sign change [50–52].

Figure 7.3 a) shows the angular dependence of the local SSE signal in
the PtSNiO(4.9 nm�)SYIG device at 2 T and various temperatures. Most curves follow
a regular E � Js � M dependence, except the curves at 80 K and 40 K. These curves
show a 180° angular shift in the signal, equivalent to a sign change. SSE sign changes
have been reported in literature for ferrimagnetic gadolinium iron garnet, attributed
to different contribution of the Gd and Fe sublattices at different temperatures [53].
This explanation does not hold for the NiOSYIG bilayers since the NiO moments are
perpendicular to those of YIG [24, 45].

The amplitude of the sinusoidal fits with a periodicity of 360° is shown in Fig.
7.3 b) for the different samples. Until about 150 K, most of these amplitudes de-
crease with decreasing temperature. This decreasing transmissivity trend below the
Néel temperature is observed in both SSE [3] and SMR [21, 22] measurements. The
NiO(3.6 nm) and NiO(4.7 nm) samples on the other hand show a more flat signal
with temperature and have a smooth peak around 150 K. Chen et al. observed a
similar peak for a 5 nm interlayer, and attributed it to the combination of magnon
population and relaxation in YIG, interface effects and an enhancements of spin cur-
rents near the blocking temperature around 30 K [41] and 50 K [20]. No SSE signal
is acquired within the noise for the NiO(7.0 nm)SYIG device at room temperature,
possibly because the layer is too thick for the exchange bias to affect the top part of
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Figure 7.3: Second harmonic local resistivity changes a) obtained for the PtSNiO(4.9 nm�)SYIG
sample at 2 T and its fits as a function of the rotation angle for various temperatures. The
SSE modulation of the resistance shows a phase shift of 180° at 40 and 80 K equivalent to a
sign change, while the 2 K data shows a similar sign as the data obtained at temperatures at
120 K and above. b) The amplitude of the sinusoidal fit ∆R2ω

l is depicted as a function of the
temperature. c) The local SSE shows no magnetic field dependence at 300 K. At 5 K, however,
an increasing magnetic field response for the 2.6 nm samples is observed which is similar to
the SMR results.

the film. The NiO(4.9 nm�) sample, on the other hand, exhibits the same behavior as
both 2.6 nm samples.

When further lowering the temperature, however, all samples show a recurring
SSE signal. The size of these signals is comparable to the signal at room tempera-
ture. A higher thermal conductivity of the magnetic bilayer or a larger SSE coeffi-
cient could play a role in creating larger thermally created spin currents for the same
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given charge current in Pt. For bilayers including NiO, a SSE in NiO could be an-
other source of enhanced spin current at low temperature.

To study the sensitivity of these low temperature SSE signals to the magnetic
order, field dependent measurements have been performed and compared to room
temperature dependence, as shown in Fig. 7.3 c). At room temperature, no SSE in-
crease is observed contrary to the SMR signal at these temperatures. The increased
magnetic order related to the SMR increase thus seems to have little effect on the
SSE induced spin current. At 5 K there is, similar to the SMR signal, an increase with
magnetic field.

Several phenomena might affect these low temperature SSE signals; magnetic
pinning by crystallographic defects, the enhanced exchange bias with YIG or NiO
being a source of spin currents. To determine whether the spin transport at low tem-
peratures has been improved or to establish that NiO is a spin current source, we
have to compare these results with data of the nonlocal measurements.

4.9        300K
3.6        300K

a) b)

4.9

4.7

3.6

Figure 7.4: Nonlocal electrically injected signal (1st harmonic) amplitude of different samples
with a distance d between the Pt bars of about 750 nm. The voltage is divided by the length
of the Pt strips (20µm) as well as the injector current (100µA). a) The amplitude decreases by
lowering the temperature showing a lowered transmissivity of NiO at low temperatures. b)
As a function of the magnetic field strength, the room temperature signal slightly decreases,
roughly following the same field dependence as for devices without the NiO interlayer.

The room temperature nonlocal spin transport through the bilayer shows simi-
lar transport properties as without the NiO layer in terms of angular dependence,
signal strength and field dependence [54, 55]. All signal minima and maxima cor-
respond to the same direction of the magnetic field as observed in PtSYIG systems
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with comparable Pt strip distances and are defined as positive. The electrical injec-
tion signals of the NiO(3.6 nm) and NiO(4.9 nm�) samples in Fig. 7.4 a) show a signal
which is a factor of 3 smaller than the signals obtained in YIG without the NiO film
[54]. The NiO(4.7 nm) sample shows considerable lower signals, possibly because
the Néel temperature of the NiO layer is higher. When lowering the temperature
of the NiO(3.6 nm) and NiO(4.9 nm�) samples, a sharp signal decrease is obtained,
which agrees with the lowering in magnetic fluctuations below the Néel tempera-
ture.

Figure 7.4 b) shows the nonlocal electrically injected signals as a function of mag-
netic field strength. A similar lowering is observed in YIG [55]. In the easy-plane
anisotropy state, Hematite also shows a magnetic field dependence due to the rota-
tion of the pseudo-spin, induced by the Dzyaloshinskii-Moriya interaction (DMI)
which causes a net magnetization [10]. Although DMI is not present in NiO, a
rotation of the pseudo-spin might still occur with distance due to the easy-plane
anisotropy [56]. The exchange bias might even act as a DMI as it results in a net mag-
netization. This would be fairly small since the exchange field is less that 1 mT [24].
The small effect of the magnetic field shows that diffusion of spin currents through
the NiO also does not strongly depend on magnetic ordering of NiO at room tem-
perature.

The nonlocal SSE also shows a decrease in signal with decreasing temperature
(Fig. 7.5 a)), although not as pronounced as the electrically injected signal. This
can be explained by the different path of these magnons; the electrically injected
magnons at the PtSNiO interface passes the NiO twice while the largest part of the
heat induced spin current will be created within the thicker YIG layer. Because the
gradient is radially distributed, most of the spin current is generated in the vicinity of
the injector, after which the NiO only needs to be passed once in order to be detected.

At low temperatures, the nonlocal SSE shows similar recurring signals as mea-
sured locally. The size of the signals is even larger at 5 K than at 300 K. Figure 7.5 b)
shows the nonlocal thermally generated signals as a function of the magnetic field
strengths at 5 K and 300 K. At room temperature there is little effect of the magnetic
field strength, but the small effect shows increasing SSE signals as a function of the
magnetic field strength. At low temperatures, however, a considerable increase with
magnetic field strength is observed.

Generally, there is a decrease in spin transport through NiO by lowering the tem-
perature from room temperature to about 150 K, which is not observed in samples
without a NiO interlayer [57]. This can be explained by the lowered transport gov-
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Figure 7.5: Nonlocal thermally injected signal (2nd harmonic) amplitude for different sam-
ples. The voltage is divided by the length of the Pt strips (20µm) as well as the square of
the injector current (100µA). a) When lowering the temperature below the Néel temperature,
the signal decreases. Similar to the local SSE signal, the NiO(3.6 nm) and NiO(4.7 nm) sam-
ples show an additional peak around 150 K. With further lowering of the temperature, all the
samples show a recurring signal which is attributed to the thin NiO film. b) As a function of
the field strength, the room temperature signal remains constant or slightly increases, while
the 5 K measurements show a larger increase with increasing field. In the etched sample this
trend is amplified.

erned by diffusion in this temperature region [47] due to a lower amount of magnetic
fluctuations. At low temperatures, however, the nonlocal SSE signal deviates from
the present understanding of lowered transmissivity at low temperatures with an
inactive NiO layer. First of all, there are some observations of negative SSE values
around 40 K to 80 K locally and nonlocally. Even though the transmissivity for spin
transfer torque induced spin currents decreases at low temperatures, the SSE results
of both local and nonlocal geometries show an increase in signal at low temperatures
which increases with increasing field.

Unlike the room-temperature SSE and the nonlocal electrically injected magnons,
SMR signal strength seems to increase with increasing magnetic field strength. The
increasing magnetic order with larger magnetic field strength might influence the
transmissivity of the NiO layer, increasing the spin transfer torque exerted on the
YIG. The effect of domain wall pinning by defects is stronger at low temperatures
and larger fields might be required for control over the NiO magnetic moments.
Contrary to the local SSE signals, the room temperature nonlocal SSE signals do in-
crease with increasing field. Moreover, the field dependence at 5 K is strong enough
to make the SSE signal exceed the 300 K signals at large fields for both the local and
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nonlocal geometries.

The effect of magnetic order on the spin transport is significant and influenced by
etching. In addition to the SMR sign change with field at 5 K, the nonlocal SSE of the
NiO(2.6 nm�)SYIG device shows an increase of more than one order of magnitude
in signal strength while the signal of the non-etched sample remains more constant
with field. The etch step affects the interface by cleaning it from surface adatoms and
by affecting the magnetic order. The etching does influence the NiO(4.9 nm�)SYIG
sample, showing considerably lower SSE signals than the NiO(4.7 nm)SYIG sam-
ple. This NiO(4.9 nm�)SYIG sample is etched only below the Pt strips. Since the
NiO(2.6 nm�)SYIG sample was afterwards exposed to ambient conditions for lithog-
raphy purposes the cleaning seems less relevant. The local SSE shows little effect of
the etch, indicating that the etch is most relevant for a spin current flowing through
the NiO layer at low temperature.

Similar to these NiOSYIGSGGG samples, a low temperature upturn in nonlocal
SSE signal has been observed for the paramagnet substrate GGG itself [58]. The
signal size at a distance d �500 nm is around 5 k V A�2 m�1. This is 3 orders of
magnitude smaller than the signals observed in the NiOSYIGSGGG geometry. The
GGG thus plays a negligible role in the SSE upturn at low temperatures. For YIG
films without the NiO interlayer, peaks in the SSE have been observed at low tem-
peratures [57]. An increase in the SSE coefficient of YIG is held responsible for the
increase in the signal, but the mechanism is not well understood.

The SSE signal can be the result of different sources for the spin current. In YIG,
a decrease of the SSE signal observed with increasing magnetic field strength [55]
while an increase is observed with the NiO interlayer. Furthermore, the NiO in ex-
pected to become less transmissive for spin currents originating from YIG at low
temperatures. Therefore, an active role of NiO as a source of spin currents could be
responsible for the upturn of the SSE signals at low temperatures. The low tempera-
ture SSE signals observed in these NiOSYIG samples indeed show similarities to the
SSE observed in bulk NiO. The increase at low temperatures resembles the increase
of SSE in bulk NiO [9]. Moreover, the temperature for which the signal arises and
the dependence on the magnetic field strength is similar to bulk NiO, shown to be
originating from the imbalance in the population of the magnon modes with oppo-
site spin [9].

Initial spin pumping [2] and SSE [3] signals at room temperature increase have
been observed by inserting up to a few nm of NiO film between the Pt and YIG. This
has been attributed to an enhanced spin conductivity [44, 45]. The further exponen-



7

7.6. Conclusion 145

tial decay of SSE signal strength with increasing NiO thickness might be influenced
by the increase in Néel temperature of thicker films, shifting the peak in transmis-
sivity towards higher temperatures. At constant temperature, the spin current trans-
missivity then decreases for thicker NiO films. Nonetheless, the peak height of the
SSE signal also decreases with increasing NiO thickness [3, 4].

However, the low-temperature SSE signal is not related to the thickness of the
NiO layer, indicating to be unrelated to the transmissivity of spin currents from YIG.
The passive, diffusive role for spin currents in NiO is shown to be minimally de-
pending on the magnetic field strength in case of the electrically injected magnons.
Although the transmissivity seems unrelated to the source of the spin currents, the
SSE does increase significantly at low temperatures. Therefore, we attribute the low
temperature SSE signal to the NiO itself.

7.6 Conclusion

Spin currents have been injected by electronic and thermal means into NiOSYIG sam-
ples with various thicknesses at a wide range of temperatures and magnetic field
strengths. The spin current transmissivity of NiO peaks at the Néel temperature and
is reduced by lowering the temperature. At low temperatures, however, there is a re-
curring thermally generated spin current which has been detected both locally and
nonlocally. An increase in thermal conductivity could affect thermally generated
spin current in this temperature regime. However, the low temperature SSE sig-
nals are not affected by the NiO thickness and therefore seem unrelated to possible
changes in the transmissivity of the NiO layer. On the other hand, the low temper-
ature SSE signals resemble those observed in bulk NiO: increasing signal strengths
with increasing magnetic field strength and decreasing temperature. This indicates
that, in addition to the passive, diffusive role, the NiO plays an active part in the SSE
signals by generating thermal spin currents itself at low temperatures.
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Summary

Antiferromagnets (AFMs) have a negative exchange interaction between the near-
est neighbouring magnetic moments causing them to align antiparallel, thereby can-
celling out the total magnetization. This characteristic minimizes the interaction with
probing methods which use magnetization (magnetometry) and spin polarized cur-
rents (magnetoresistance). These are the common methods to investigate and em-
ploy ferromagnetic (FM) characteristics which allowed for the insurmountable rise
of the information technology by reading and writing information on magnetic films.
So far, AFMs seem to have few useful properties, as interaction with them is not pos-
sible with these common methods. This thesis describes the interaction with AFMs
using recently found techniques allowing to investigate spin currents in insulating
AFMs.

The employed devices rely on strong spin-orbit coupling in heavy metal thin
films of Pt allowing to convert charge current into spin current via the spin Hall ef-
fect (SHE) and its inverse (ISHE). Spin currents through the PtSAFM interface can be
created and observed thanks to these effects as a function of the magnetic order: the
Néel vector and its excitations. The direction of the Néel vector can be influenced by
a large magnetic field. Subsequently, the resistance of the Pt film is modified by the
combination of the SHE and the ISHE: the spin Hall magnetoresistance (SMR).

The SMR has previously been employed in various magnetic systems such as
ferrimagnets and spin spirals where it is shown to be able to detect the magnetic
sublattices individually. Since SMR depends on the square of the magnetization of
these sublattices, even when their magnetization cancels out in AFMs, they can be
read out. This allowed us to monitor changes in the Néel vector in NiO as a function
of a rotating magnetic field. The symmetry and interactions within NiO give rise
to numerous domains which are averaged and the influence of a magnetic field on
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domains is monitored. Although expected to be only valid close to the Néel temper-
ature and to be highly influenced by temperature dependences in the spin-mixing
conductance at the interface and the Pt spin Hall angle and spin diffusion length,
the signal size seems to follow the temperature dependence of the magnetic order
parameter, the Néel vector.

The rare-earth AFM DyFeO3 represents a next step in complexity after having es-
tablished these techniques for the most ‘simple’ rocksalt structured NiO. Its uniaxial
AFM Fe3� magnetic sublattices are frustrated by the Dzyaloshinskii-Moriya Interac-
tion (DMI). The interaction of the resulting weak ferromagnetic moment causes the
Néel vector to be pushed out-of-plane, making the Néel vector to be very sensitive to
small changes in the magnetic field. These observations nicely follow a model which
includes in-plane and out-of-plane anisotropy, the Zeeman interaction and DMI. The
SMR signal size depends linearly on the applied magnetic field strength and, as a
function of temperature, depends on a parameter that can only be described by the
influence of the paramagnetic Dy3� orbital moments being aligned by the magnetic
field.

The SMR measurements allow to monitor the Morin transition, but also reveal
features of magnetic order up to 23 K which have not been reported previously.
These features persist below the reported ordering temperatures of Dy3� orbital mo-
ments and are believed to be magnetic field-induced.

Next to SMR, NiO and DyFeO3 show the spin Seebeck effect (SSE). The cur-
rents through Pt produces Joule heating, causing a current of magnetic excitations,
magnons, towards colder parts. A magnon possesses a full spin of Òh and is a quasi-
particle representation of spin waves. AFMs typically have two degenerate modes
of magnons with opposite spin. When equally populated, a magnon current will not
result in a spin current. A magnetic field can split these modes, causing an imbalance
in the populations of these magnon modes and resulting in a spin current.

NiO possesses multiple magnon modes with different energy shifts as a function
of the applied magnetic field. These changes cause the SSE signal to depend on the
magnetic field as confirmed by modelling. The studied magnons are injected due to
Joule heating of a narrow Pt strip after which they propagate through the AFM in-
sulator and can be detected at a second Pt strip. In FMs, magnons decay following a
diffusion-relaxation model, showing an exponential decay in the magnon chemical
potential and the SSE signal. In NiO, however, there are large variations between
devices while the signal size and the spread in the data points increase when the
magnon chemical potential is influenced by local accumulations of magnons. This
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can occur at crystallographic impurities or domain walls.

To further investigate the effect of impurities as well as exchange bias on NiO,
thin films of NiO were grown on the ferrimagnetic YIG. In a non-local geometry,
these bilayers were investigated on their capabilities to transmit different kinds of
spin currents. The NiO films show to be transmissive to the spin transfer torque ap-
plied during an SMR measurement. At room temperature, the spin current reaches
the YIG after which the information about the YIG’s magnetic order is transported
back to the Pt. At low temperatures, this spin current does not reach the Pt again and
the signal is dominated by the magnetic order of NiO. Magnons, injected electrically
by the SHE or by heating via the SSE show a similar temperature dependence; the
spin current measured at the detector is damped out at low temperatures. Espe-
cially, the electrically injected magnons transported to the detector are damped out
since they have to pass the NiO twice. On the other hand, a recurring SSE generated
spin current in the NiO is observed at low temperatures, comparable to the SSE sig-
nals observed in bulk NiO. Even though the films are opaque for electrically injected
magnons, they seem transmissive to the heat-generated magnons.

The effect of magnetic ordering is revealed by magnetic field dependent mea-
surements. All SMR measurements show a quadratic contribution by increasing the
magnetic field. At room temperature, the NiO thin films show an increased trans-
missivity while the thicker films show a larger Néel order. The thinnest film at 5 K,
however, shows a sign change caused by a quadratic increase of transmissivity to
dominate over the interaction with the larger AFM order. Only the recurring SSE
signals at low temperatures show an increase in signal strength similar to the SSE
signals observed in bulk NiO.





Samenvatting

In een ferromagneet leidt de ordening van de magnetische momenten tot een spon-
taan magneetveld. In een antiferromagneet wordt het magneetveld van het ene mag-
netische moment teniet gedaan door diens buurman. Ferromagneten zijn ontdekt
doordat ze een interactie aangaan met andere materialen door ze aan te trekken of
af te stoten. Dit heeft geleid tot tal van toepassingen zoals dataopslag op band of op
harde schijven. Zonder spontaan magneetveld is de magnetische interactie met anti-
ferromagneten nihil waardoor toepassingen niet voor de hand lagen. In deze thesis
onderzoeken we hoe we een interactie aan kunnen gaan met elektrisch isolerende
antiferromagneten door spins te injecteren.

Naast lading heeft een elektron de kwantummechanisch beschrijfbare eigenschap
’spin’, wat klassiek kan worden gerepresenteerd als een draaiing van het elektron.
Het injecteren van een spin in de antiferromagneet berust op de interactie van de
spin met een orbitaal. In het zware metaal Pt is deze interactie dusdanig sterk dat
het traject van het elektron wordt afgebogen in de richting loodrecht op de spin
richting. Met dit spin Hall effect (SHE) kan een elektronenstroom worden omgezet
in een spin stroom en visa versa het inverse spin Hall effect (ISHE). Bij geleiding
vind er verstrooiing plaats en veranderd de richting van een spin gemiddeld na zo’n
3 nm veranderd. Door gebruik te maken van dunne lagen van Pt kan een spinstroom
effectief worden gecreëerd en gedetecteerd door grensvlakken met een antiferromag-
neet. De grootte van de opgewekte en gedetecteerde spinstromen hangt af van de
magnetische orde: de Néel vector en diens excitaties.

Alle magnetische momenten in gelijke staat worden gecategoriseerd in eenzelfde
subrooster. Bij antiferromagneten zijn de subroosters in tegengestelde richting. Het
verschil van deze subroosters is gelijk aan de Néel vector wiens richting kan worden
beı̈nvloed door een sterk magneetveld. De weerstand van het Pt varieert vervolgens
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door de combinatie van het SHE en het ISHE; ’spin Hall magnetoresistance’ (SMR).

De SMR techniek is gebruikt voor het onderzoeken van verschillende soorten
magneten zoals collineaire en niet-collineaire ferrimagneten en spin spiralen. Bij on-
derzoek naar spin spiralen werd duidelijk dat de interactie met individuele subroost-
ers afzonderlijk bijdragen aan het SMR signaal. Omdat het SMR signaal kwadratisch
afhangt van de richting van de subroosters bleek het mogelijk om verschillen in de
Néel vector te meten als functie van het magneetveld en de temperatuur. Door de
symmetrie en interacties in NiO bevat het vele mogelijke magnetische domeinen;
gebieden met gelijke magnetische orde, welke worden beı̈nvloed door het magnetis-
che veld via de Zeeman energie. De temperatuur speelt een rol door middel van
excitaties, magnonen, die de grootte van de Néel vector op een voorspelbare manier
beı̈nvloedden.

Na het bewijzen van de werking van deze techniek in het ’simpele’ steenzout-
structuur was een volgende stap het onderzoeken van de antiferromagneet DyFeO3

met een interessante rol van het orbitaal momoment van het zeldzame aardmetaal
Dy. De Dzyaloshinskii-Moriya interactie zorgt ervoor dat de magnetische momenten
van Fe gefrustreerd zijn, wat zorgt voor een zwak magnetisch veld die kan koppe-
len aan het aangelegde magnetische veld. Verder heeft de Néel vector heeft een
voorkeursrichting die ook kan worden beı̈nvloed door het aangelegde magneetveld
door middel van de Zeeman energie. Deze eigenschappen kan de beinvloeding van
de Néel vector verklaren, maar niet de grootte van het signaal. Deze hangt lineair
af van de grootte van het aangelegde magneetveld en dusdanig van de temperatuur
die alleen kan worden verklaard door de invloed van het orbitaal moment van Dy.

Op lagere temperaturen dan 50 K is worden er eerste-orde Morin transities geob-
serveerd, waarbij de Fe Néel vector 90° roteert. Echter, vanaf 23 K zijn er waarnemin-
gen van magnetisch veld geı̈nduceerde orde die niet kunnen worden verklaard door
de Fe spins. Deze kenmerken lopen over in de ordeningskarakteristieken beneden
de ordeningstemperatuur van Dy op 4 K en worden dus toegeschreven aan deze or-
bitaalmomenten.

Naast SMR vertonen NiO en DyFeO3 het spin Seebeck effect (SSE). De elek-
tronenstroom in Pt zorgt voor Joule verwarming die een stroom van magnetische
excitaties, magnonen, veroorzaakt richting de koudere gedeeltes. Een magnon is
een spingolf bestaande uit quasi-deeltjes die een hele spin Òh bevatten. Antiferro-
magneten hebben typisch twee modi van magnonen met gelijke energie maar met
tegengestelde spin. Met gelijke populatie leidt de magnonenstroom niet tot een spin-
stroom. Een magneetveld verschuift deze energieën zodat er een onbalans komt in
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de populatie van de verschillende magnonen en de magnonenstroom dan een spin-
stroom met zich meedraagt.

NiO bevat vele soorten magnon modi met verschillende energieverschuivingen
die worden veroorzaakt door een aangelegd magneetveld. Deze veranderingen zijn
zorgen voor het SSE signaal op lage temperaturen zoals bevestigd met modeller-
ing. De magnonen worden gecreëerd door de Joule verwarming in een dunne Pt
strip waarna ze via bulk NiO getransporteerd worden naar eenzelfde detecterende
Pt strip. In ferromagneten vervallen magnonen volgens een diffusie-relaxatiemodel,
wat zorgt voor een exponentiele afname met afstand tussen de strips. In NiO zijn er
echter grote lokale variaties. Tegelijkertijd nemen de signaalgrootte en de spreiding
in de datapunten toe. Een verklaring kan zijn dat het magnon-chemische potenti-
aal onderhevig is aan lokale ophopingen van de magnonen wat kan voorkomen bij
kristallografische onzuiverheden of domeingrenzen.

Om de effecten van onzuiverheden en daarbij in invloed van een aangrenzende
ferromagnetische laag op spinstromen door NiO verder te onderzoeken, werden
dunne films van NiO gegroeid op de ferromagneet YIG. In de eerder besproken niet-
lokale geometrie met Pt strips werden deze dubbellagen onderzocht op hun vermo-
gen om spinstromen over te brengen die op verschillende manieren zijn opgewekt
over grotere afstanden.

De NiO-films blijken een variabele transparantie te hebben voor het spinover-
drachtskoppel (i.e. spin-transfer torque) dat wordt toegepast tijdens een SMR-meting.
Bij kamertemperatuur bereikt de spinstroom de YIG, waarna de informatie over de
magnetische volgorde van de YIG wordt teruggevoerd naar de Pt. Bij lage tem-
peraturen bereikt deze spinstroom de Pt niet meer en wordt het signaal gedomi-
neerd door de interactie met de magnetische orde van NiO. Magnonen, elektrisch
geı̈njecteerd door de SHE of door verwarming als de SSE, vertonen een vergelijkbare
temperatuurafhankelijkheid; de spinstroom gemeten bij de detector wordt gedempt
op lagere temperaturen. Dit geldt voor de spinstromen geı̈nduceerd met het SSE
in de YIG die de NiO laag één maal passeren, maar nog sterker voor de elektrisch
geı̈njecteerde magnonen die twee keer de NiO laag passeren voordat ze gedetecteerd
worden. Op zeer lage temperaturen worden opnieuw SSE signalen waargenomen,
vergelijkbaar met de SSE-signalen in bulk NiO. Hoewel de films niet transparant
zijn voor elektrisch geı̈njecteerde magnonen, lijken ze wel transparant voor de door
warmte gegenereerde magnonen.

Het effect van ordening wordt onthuld door magnetische veldafhankelijke metin-
gen. Alle SMR-signalen veranderen kwadratisch bij het vergroten van het magnetis-
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che veld. Voor dunne films komt dit door een verhoogde doorlaatbaarheid voor
de spintroom terwijl de grotere Néel-orde in dikkere films zorgt voor de kwadratis-
che afhankelijk van het magnetische veld. Bij de SSE signalen op lage temperatuur
wordt een toename van het SSE signaal waargenomen op een manier gelijkende het
SSE signaal vanuit bulk NiO, wat duidt op NiO als oorsprong van het SSE signaal.
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