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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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A HÙ

spinflip for which the magnetic lattices are aligned parallel to HÙ similar to the
easy-axis spin-flip case. (c) With increasing H SS, αSS increases contiuously. (d) The spin-flip
state when H SS

AHSS
spinflip.

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)



2

2.3. Equilibrium antiferromagnetic response to a magnetic field 19

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



2

28 2. Theoretical background

(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.



2

2.5. Excited states 35

easy axis easy plane

a) b)

ω
I

ω
II

ω
III

ω
IV

ω
V

ω
IV

ω
V

ω
III

H H

F
re

q
u
e
n
c
y

F
re

q
u
e
n
c
y

c)

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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