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Abstract

Electric currents are usually referred to as the directed flow of electric charge,
carried e.g. by electrons or ions. Spin currents, on the other hand, represent
the directed flow of spin angular momentum, typically carried by the electron
spin or the angular momentum of magnons, the quantized excitations of a spin
lattice. A fundamental difference between these types of currents lies within
the basic characteristics of charge and spin. While the former is described by
a scalar quantity, the latter is usually treated as a 3-dimensional vector with a
corresponding magnetic dipole field. The complexity of spin currents is thus
significantly increased, making their investigation challenging, but also versatile
and rich.

The dedicated goal of this thesis is to establish efficient ways to control and
manipulate pure spin currents in magnetic insulators. Since electrically insulating
materials do not allow for the flow of electrical charge, these spin currents cannot
be associated by the flow of spin-carrying charge carriers. Nevertheless, pure
spin currents - i.e. spin currents not associated with any flow of charge - can
be present in magnetically ordered insulators and are carried by the quantized
excitations of the spin lattice, which we refer to as spin waves or magnons. The
basic setting for our experiments is the electrical and thermal injection/detection
of magnon-based spin currents by applying/measuring electric fields and tem-
perature gradients in bilayer samples consisting of heavy metals and magnetic
insulators. In these structures, magnon transport can be investigated for a vast
range of geometric and external conditions. The control of this magnon transport
was achieved by various approaches. First, we utilized a ferromagnetic metal to
inject spin currents into magnetic insulators, which allows for an improved control
as compared to the sample configuration based on non-magnetic heavy metals.
The corresponding magnon transport measurements enabled the determination
of the charge-to-spin conversion efficiency in the ferromagnetic metal. Secondly,
we have employed strong magnon-based spin current injection into a magnetic
insulator as to non-linearly increase the magnon conductivity of a magnon tran-
sistor device, similar to the well-known electronic transistor functionality. As a
key result, our experiments revealed a full compensation of the intrinsic magnetic
damping of the magnetic insulator and even indicated the formation of a magnon
Bose-Einstein condensate. Subsequently, we could demonstrate a coherent control
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of antiferromagnetic magnon excitations by an external magnetic field, allowing
for the controlled interconversion between right-/left-circularly as well as linearly
polarized magnon excitations. Last but not least, we were able to experimentally
verify a theoretical prediction stating that the charge-to-spin conversion efficiency
for temperature gradient-driven charge currents vanishes in the heavy metal Pt at
low temperatures.



Kurzfassung

Unter elektrischen Strémen versteht man tiblicherweise den gerichteten Fluss von
elektrischer Ladung, welche beispielsweise von Elektronen oder Ionen getragen
wird. Spinstréme hingegen stellen den gerichteten Fluss von Spin-Drehimpulsen
dar, getragen z. B. vom Elektronenspin oder dem Drehimpuls von Magnonen, den
quantisierten Anregungen eines Spin-Gitters. Ein grundlegender Unterschied
zwischen diesen Arten von Stromen liegt in den grundlegenden Eigenschaften von
Ladung und Spin. Wéhrend Erstere durch eine skalare Grofse beschrieben wird,
wird Letztere meist als 3-dimensionaler Vektor mit einem entsprechenden mag-
netischen Dipolfeld behandelt. Die Komplexitdt von Spinstromen wird dadurch
deutlich erhoht, was ihre Untersuchung anspruchsvoll, aber auch vielseitig und
reichhaltig macht.

Das erkldrte Ziel dieser Arbeit ist es, effiziente Wege zur Kontrolle und
Manipulation reiner Spinstrome in magnetischen Isolatoren zu etablieren. Da
der Fluss elektrischer Ladung in isolierenden Materialien blockiert ist, konnen
diese Spinstréme nicht mit dem Fluss von spin-behafteten Ladungstragern as-
soziiert werden. Dennoch konnen reine Spinstrome - d.h. Spinstrome, die nicht
mit einem Ladungsfluss verbunden sind - in magnetisch geordneten Isolatoren
existieren und werden von den quantisierten Anregungen des Spin-Gitters getra-
gen, die wir als Spinwellen oder Magnonen bezeichnen. Das zugrundeliegende
System fiir unsere Experimente ist die elektrische und thermische Injektion/De-
tektion von magnon-basierten Spinstromen durch Anlegen/Messen von elek-
trischen Feldern und Temperaturgradienten in Doppelschichtproben, bestehend
aus Schwermetallen und magnetischen Isolatoren. In diesen Strukturen kann
der Magnonentransport sowohl fiir verschiedenste strukturelle Geometrien als
auch dufleren Bedingungen untersucht werden. Die Kontrolle dieses Magnonen-
transports wurde durch verschiedene Anséatze erreicht. Zunichst verwendeten
wir ein ferromagnetisches Metall um Spinstréme in magnetische Isolatoren zu
injizieren, welches eine verbesserte Kontrolle im Vergleich zur Probenkonfiguration
auf Basis von nicht-magnetischen Schwermetallen ermdoglicht. Die entsprechenden
Magnonentransportmessungen ermoglichten die Bestimmung der Ladung-zu-Spin-
Konversionseffizienz in dem ferromagnetischen Metall. Dartiber hinaus haben wir
eine starke magnon-basierte Spinstrominjektion in einen magnetischen Isolator

eingesetzt, um die Magnon-Leitfdhigkeit eines Magnon-Transistor Bauelements

vii
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nichtlinear zu erhohen, dhnlich wie bei der bekannten elektronischen Transistor-
Funktionalitdt. Als Schliisselergebnis zeigten unsere Experimente eine vollstindige
Kompensation der intrinsischen magnetischen Dampfung des magnetischen Isola-
tors und deuteten sogar auf die Bildung eines Magnon Bose-Einstein Kondensats
hin. Des Weiteren ist es uns gelungen, eine kohédrente Steuerung von antiferromag-
netischen Magnon-Anregungen durch ein externes Magnetfeld zu demonstrieren,
die eine kontrollierte Interkonversion zwischen rechts/links-zirkular und linear
polarisierten Magnonen ermdglicht. Zu guter Letzt konnten wir eine theoretis-
che Vorhersage experimentell verifizieren, die besagt, dass die Ladungs-zu-Spin-
Umwandlungseffizienz fiir temperaturgradienten-getriebene Ladungsstrome in
dem Schwermetall Pt bei tiefen Temperaturen verschwindet.
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Introduction 1

“That which can be asserted without evidence,

can be dismissed without evidence.” [1]

This quote from the famous british-american journalist and writer Christopher
Hitchens is also known as "Hitchens Razor’, an epistemological razor stating that
‘the burden of proof regarding the truthfulness of a claim lies with the one who
makes the claim” [2]. It does quite concisely state one of the, if not the most
important principle of the modern scientific method. Of course, this principle
does also apply for the opposite extreme, which was formulated quite neatly by
the US-american astronomer Carl Sagan in 1980: ‘Extraordinary claims demand
exraordinary evidence’ [3]. Hence, any claim about the true nature of reality
needs to be put to the test. If the claim under test is, however, not proven to
be bullet-proof against all its reasonable objections, it shall be dismissed. It is
exactly this rather rigorous and inevitable concept that ensures the great success of
science as well as its quick progress. In this regard, a further extremely important
characteristic of the scientific method is its yet unmatched adaptability, enabling
the aforementioned progress in the first place. Depending on the most convincing
evidence, science adapts itself immediately, a feature which is unfortunately far
less pronounced in non-scientific areas. The latter is portrayed rather plainly in
non-adaptive ideological worldviews, the consequences of which have impeded

scientific progress throughout history.

The sciencific progress in solid state physics has caused major technological
advances, the most important of which are undeniably the logic devices based
on complementary metal-oxide semiconductors (CMOS). These semiconductor
devices are the building blocks for computer technology and become ever faster
and denser in accordance with the famous Moore’s law [4]. The natural saturation
of this empirical law is suspected for years [5], wherefore appropriate alternatives
for data storage and processing become ever more pressing. One very promising
step into this direction is represented by spintronics research. This research field
aims at making use of the spin degree of freedom (cf. Ch. 2) and the intrinsic
properties of magnetic materials. The gigahertz magnetization dynamics of the
latter constitutes one key feature for ultra-fast switching devices. Moreover, pure
spin currents as compared to electronic currents might be beneficial in terms
of energy dissipation and therefore potentially enable easier down-scaling. In
this context, the concept of pure spin currents without actually moving electrons
becomes of particular interest. An experimental realization of this is made possible
in a material class called magnetic insulators, which enable the propagation of



wave-type excitations within the magnetic order - a concept commonly known as
spin waves. The quantized spin waves - also referred to as magnons in the associ-
ated quantum mechanical description - are the main focus of the subfield called
magnonics [6]. A large part of the field of magnonics deals with the excitation,
detection and control of spin waves. Developing efficient ways for the control
of spin currents is a key goal of this thesis. More specifically, we focus on the
incoherent transport of a broad spectral range of magnons, allowing for a diffusive
treatment of the magnon transport somewhat similar to the well-known electronic
case. This type of spin transport experiment is conducted with bilayer structures
consisting of heavy metals (HMs) attached to magnetic insulators (MIs) by using
at least two seperate HM electrodes deposited on different kinds of Mls. Here,
one electrode acts as a charge-to-spin converter transforming an electrical current
applied to the HM electrode into a spin current, employing it as a spin current
injector for the MI. The second electrode is used as a detector upon exploitation
of the inverse spin-to-charge conversion process. Due to the insulating nature of
the MI, the injected /detected spin current in the HMs is carried by magnons. The
manipulation and control of the diffusive magnon transport in the MI is the main
goal of the present work. For this purpose, we have used two substantially differ-
ent Mls. First, the evergreen of magnetism research: the ferrimagnetic insulator
yttrium iron garnet (Y3Fes012, YIG), still offering the lowest magnetic damping
of spin waves to this day [7] and thus enabling transport of spin waves over long
distances [8,9]. Second, we employ the antiferromagnetic insulator (AFI) called
hematite (x-Fe;O3). AFIs are particularly interesting due to their rather different
magnetization/spin wave dynamics as compared to their ferro-/ferrimagnetic
counterparts.

Recalling the principles that allow for scientific progress stated above, we
are confident to have addressed all of the above mentioned requirements for a
serious and meaningful scientific work. Notable scientific contributions of this
thesis include: (i) a study on the influence of a ferromagnetic spin injector/detector
on the magnon transport in YIG, which could be utilized for the determination of
the spin-to-charge conversion efficiency in the ferromagnetic metal electrode, (ii) a
non-linear spin current induced modulation of the magnon conductivity in YIG
that we related to magnetic damping compensation and possibly the formation
of a magnon Bose-Einstein condensate, (iii) the first experimental observation
of the antiferromagnetic magnon Hanle effect described via a special theoretical
framework considering the antiferromagnetic pseudospin dynamics [10], and (iv)
the observation of the transverse spin Nernst magnetothermopower in an AFI/HM
heterostructure enabling the observation of a vanishing spin Nernst angle in Pt at
low temperatures. The most remarkable results have undoubtedly been aquired in
(ii) and (iii). Here, we took advantage of electronics-inspired control mechanisms
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and showed that they can be successfully implemented in a magnon-based setting.
The organization of this thesis is described in the following.

The basic theoretical foundations relevant for this work are given in Ch. 2.
After discussing the basic features of the electron spin, we cover the foundations of
spin waves in magnetically ordered materials as well as the general features of spin
transport in metals. Furthermore, spin current generation in non-magnetic and
magnetic metals is discussed. The most important part deals with spin transfer
across heavy metal (HM)/magnetic insulator (MI) interfaces, which is of crucial
importance for the magnon excitation and detection via metallic electrodes at-
tached to magnetic systems. Based on this interfacial spin transport, we discuss the
spin Hall magnetoresistance (SMR) and finally the magnon excitation, detection
and transport in two-terminal HM/MI heterostructures.

Chapter 3 introduces the experimental details for this work. This includes
the discussion of the relevant features of the ferrimagnetic insulator yttrium iron
garnet (YIG) and the antiferromagnetic insulator hematite (x-Fe,O3). Moreover,
we explain the sample fabrication and measurement techniques.

In Ch. 4, we investigate the spin current injection in YIG via the feromagnetic
metal alloy CoysFezs (CoFe). Here, we demonstrate an efficient spin current in-
jection via the anomalous spin Hall effect, but a vanishing contribution from the
conventional spin Hall effect. By utilizing a multiterminal spin injection/detection
device consisting of three heavy metal Pt electrodes and one ferromagnetic CoFe
electrode on YIG, we could extract the anomalous spin Hall angle of CoFe via
pure magnon transport measurements, which typically requires more compli-
cated experiments. The results presented here have been published in T. Wimmer,
B. Coester, S. Geprags, R. Gross, S.T.B. Goennenwein, H. Huebl, M. Althammer,
Anomalous spin Hall angle of a metallic ferromagnet determined by a multiterminal spin
injection/detection device, Applied Physics Letters 115, 092404 (2019).

The modulation of magnon conductivity via DC spin current injection in ultra-
thin YIG is explored in Ch. 5. We examine the low and large current bias regime,
where the latter reveals spin current induced non-linear magnetization dynamics
measured by a drastic increase in magnon conductivity. The characteristic change
of magnon conductivity is related to the magnetic damping compensation in YIG.
Moreover, we extensively discuss the possibility of a DC spin current induced
formation of a magon Bose-Einstein condensate and the associated supposed zero
resistance spin superfluid magnon transport. We perform micromagnetic simula-
tions to access the spectral distribution of the excited magnetization dynamics and
thus shed light on the microscopic pocesses in the YIG. A large part of the corre-
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sponding results has been published in T. Wimmer, M. Althammer, L. Liensberger,
N. Vlietstra, S. Geprags, M. Weiler, R. Gross, H. Huebl, Spin Transport in a Magnetic
Insulator with Zero Effective Damping, Physical Review Letters 123, 257201 (2019).

The characteristics of the antiferromagnetic magnon transport in ultra-thin
hematite films are addressed in Ch. 6. Here, we report on the first observa-
tion of the antiferromagnetic magnon Hanle effect, which we rationalize by an
antiferromagnetic magnon pseudospin description employed for the respective
magnon excitations and their dynamics. The magnon Hanle effect allows for
coherent interconversion of right-/left-circularly and linearly polarized magnon
excitations via the application of an external magnetic field. The experimental
results of this work have been published in T. Wimmer, A. Kamra, J. Giickelhorn,
M. Opel, S. Geprags, R. Gross, H. Huebl, M. Althammer, Observation of Antiferro-
magnetic Magnon Pseudospin Dynamics and the Hanle Effect, Physical Review Letters
125, 247204 (2020), whereas the details of the theoretical framework of the anti-
ferromagnetic pseudospin can be accessed in A. Kamra, T. Wimmer, H. Hueb],
M. Althammer, Antiferromagnetic magnon pseudospin: Dynamics and diffusive transport,
Physical Review B 102, 174445 (2020).

In the second part of Ch. 6, we investigate the thermally induced magnon
transport in hematite. In contrast to the electrically induced magnon transport, it
does not show any pseudospin dynamics. More importantly, however, we also
observe a temperature gradient induced magnetothermopower effect, which we
identify as the tranverse spin Nernst magnetothermopower (TSNM). Our results
reveal that the TSNM is sensitive to the antiferromagnetic Néel order rather than
the field induced net magnetization. More importantly, we observe a vanishing
TSNM signal at low temperatures which we explain by a theoretical calculation of
the spin Nernst conductivity in Pt. This study gives compelling evidence for the
suppression of the spin Nernst angle in Pt at low temperatures.

An outlook to recent and future experiments regarding the control and ma-
nipulation of magnon transport is given in Ch. 7. We here touch on the topics
of how the thermal magnon transport signals might indicate the formation of a
magnon BEC. We further address recent experiments on the microwave induced
modulation of magnon conductivity in YIG. Last but not least, we present ideas
for an electric field control of antiferromagnetic magnon pseudospin dynamics.

To conclude this thesis, we review our main results in Ch. 8.

Chapter 1 Introduction
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Theoretical Background 2

The fundamental property of spin is inherent to a large number of particles ob-
served in nature. In the most general sense, spin refers to the property of an
object that breaks its rotational symmetry, i.e. looks or behaves differently when
observed from a different angle. The physical consequences of spin are there-
fore associated with an intrinsic angular momentum that breaks this symmetry.
Regarding the spin of the negatively charged electron, it was first observed by
Stern and Gerlach [14, 15] that this angular momentum manifests itself as a tiny
magnetic moment. Early interpretations therefore assumed the electron to be
spinning, thus explaining the observed magnetic moment as a consequence of a
supposedly rotating electric charge density. Different to this classical expectation
of a spinning charge, however, the emergence of a magnetic moment due to spin
is independent of whether the associated particle is electrically charged or neutral
(as e.g. confirmed by the finite spin of neutrinos), rendering this picture to be
inaccurate. Moreover, its direction is quantized and can therefore, in general, not
be treated as a 3-dimensional axial vector. These properties emphasize the funda-
mental relativistic quantum mechanical nature of spin. Besides yet hypothetical
particles predicted from particle physics beyond the standard model (supersym-
metric particles) and the yet unobserved graviton, each of the verified elementary
spin-carrying particles exhibit a spin magnetic moment of either %h or 17 (with
i being the reduced Planck constant). Particles with half-integer spin belong to
a class called fermions, whereas integer-spin particles are referred to as bosons.
A fundamental difference between these types of particles is their underlying
quantum statistics, obeying either the Fermi-Dirac-statistics [16,17] (fermions) or
the Bose-Einstein-statistics [18, 19] (bosons).

The by far most intensively studied half-integer spin-carrying particle is that of
the negatively charged electron. Electrons carry a spin § with a value 8 = 246 [20],
where 7 is the reduced Planck constant and & corresponds to the vector of Pauli
spin matrices [21]. Although the quantum mechanical property of spin 8§ cannot
be rationalized within classical physics, its value is intrinsically related to the
property of a conventional angular momentum [(3) via the spin magnetic moment
s = yl(8) (see Fig. 2.1 for a classical impression of the electron spin). Here,
¥ = q/(2m) is the gyromagnetic ratio with g the charge and m the mass of the re-
spective spin-carrying particle. For electrons, v = —gug/h with ¢ the Landé factor
(g =~ 2 for electrons) and up = efi/(2m,) the Bohr magneton. The latter introduces
the electron charge 4 = —e < 0 and the electron mass m.. Note that due to the
negative charge of the electron, its spin 3 is aligned antiparallely to its magnetic
moment p°. Since electrons and their charge property play a fundamental role in
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Spin-Down
_ _hga
§=—50

Fig. 2.1 — Classical impression of the electron spin indicated via a rotation about the
particle’s symmetry axis. In many cases, the physics of spin phenomena can be well
described by the classical analouge of angular momentum I(3) with an associated spin
magnetic moment p® = I(8).

the physics of modern information technology, current research activity in the field
of spintronics focusses on efficient ways to utilize the spin property of electrons.

This Chapter is dedicated to cover the theoretical principles required to un-
derstand the physics of spin transport as well as the generation and detection of
pure spin currents. Furthermore, the associated spin transport effects in metallic
and magnetic materials relevant for this thesis are explained. We start with an
introduction to the fundamental concepts of half-integer spin systems in Ch. 2.1
and explicitly work out its correspondence to a conventional 3-dimensional an-
gular momentum vector. On the basis of the temporal dynamics of spin and
magnetization, we sketch the derivation of the spin wave dispersion relation in
magnetically ordered systems in Ch. 2.2. This is followed by an introduction to
spin transport concepts based on mobile electrons in metals in Ch. 2.3. We further
elucidate selected aspects of spin current generation/detection in magnetic and
non-magnetic metallic systems in Ch. 2.4, including one of the most important:
the spin Hall effect (SHE). A very convenient way to measure an experimental
trace of the SHE is the spin Hall magnetoresistance (SMR) presented in Ch. 2.6,
which is typically studied in a bilayer structure consisting of a magnetic insulator
(MI) and a heavy metal (HM). Spin wave excitation via the SHE and via thermal
agitation in the aforementioned MI/HM bilayers are studied in Ch. 2.7. Their
diffusive transport due to a spatially confined spin injection is discussed therein.

Chapter 2 Theoretical Background



2.1 Spin-; Systems

In contrast to the typical idea of the spin being a vector of angular momentum,
the quantum mechanical spin operator § behaves more complicated in many cases.
Nevertheless, we almost exclusively view the spin as a classical vector in this thesis.
In this Section, we will formulate how and why $ for a 1/2-valued electron spin
can be mostly treated as a 3-dimensional vector in euclidean space. To this end,
we will review some basic concepts about spin-1/2 systems (as represented by the
electron spin) and arrive at a correspondence to a classical vector.

As mentioned above, the quantum mechanical spin operator § = (y,$y,5,) "
for a spin-1/2 particle is given by 71/2 multiplied with the vector of Pauli spin
matrices 6 = (0, Oy, &Z)T, the components of which are given by [20,21]

s _ (01 s (0 s 10 (2)
" \10) Y Vi o) TF \lo -1/ '

Each of these matrices are quantum mechanical operators acting on spin states.
Since the components of & satisfy the commutation relation according to [67, 7] =
2i €;;40r, where € is the Levi-Civita tensor and the subscripts are {i, ]k} €
{x,y,z}, the exact determination of one particular component of 8 renders the other
two to be indeterminate (as usual for a quantum mechanical angular momentum
operator). Considering a measurement of the spin state along the z-axis, we solve

the eigenvalue equation according to

S:19) = s:19), (2.2)

where |¢) denote the ket-eigenstates of the §, operator and s, are the corresponding
eigenvalues. Since the 2 x 2 representation of §, is diagonal, we can immediately
identify the eigenvalues s, = +71/2. It can be easily shown that the eigenvalues
for the 3, and $, operators are equal to s, i.e. sy = s, = s,. We will, however,
limit ourselves to the spin states related to the §, operator in the following. The
corresponding eigenstates become

1 0
¥)seinya = ( 0 ) = 1), [¥)senyjp = < 1 ) =). (2.3)

These two states are well-known as the spin-up and spin-down states of the electron
spin. We can then write an arbitrary spin state |x) in the basis of the eigenstates

as [22]

X =10 (1) + 10 1) = ( 4 ’f ) - ( ; ) , (2.4)

2.1 Spin—% Systems
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where (1 |x) ({1 |x)) is the projection of |x) along |1) (|{)), which we identified
with the scalar quantity « (B). Hence, we can write an arbitrary spin state as a linear
combination of the eigenstates according to |x) = «|1) + |}). The preceding
analysis shows that the eigenbasis of the electronic spin is 2-dimensional, which
is a direct consequence of its spin quantum number being 1/2. In the following,
we will use the 2-dimensional spin-up and -down eigenstates given in Eq. (2.4) to
work out its relation to a classical vector.

One important property of a classical vector is that its length is constant
for arbitrary directions. To show this for the spin 1/2-system, we calculate the
absolute of the expectation value of § for an arbitrary spin state |x) as

8)1 = v/ (el + el % + el = 2l + 1B12) (25)

where |a|* + |B|> = 1 for a normalized state |x) and thus [(3)| = 7/2. We see
that the length of the spin state is independent of « and B and thus constant for
arbitrary states/directions, which is a special property of spin-1/2 systems. It is
the first ingredient for a correspondence of the quantum mechanical spin operator
8 and a conventional 3-dimensional vector. The second ingredient is that for each
state |x), there should exist exactly one particular direction in 3-dimensional space.
To demonstrate this, we make use of the spin rotation operator [22]

Dih,0) = exp <_i§ -hﬁ(p> e <_i& -276,4;)

(2.6)

where 1 is the 2 x 2 identity matrix, ¢ is the rotation angle and # = (ny,ny, 1) " is
a unit vector representing the rotation axis. We now successively apply the rotation
operator to |x) along two orthogonal rotation axes. In particular, we rotate the
spin-up state |1) about the y-axis by the polar angle 6 followed by a rotation about
the z-axis by the azimuthal angle ¢. We obtain [22]

0\ a—ip/2
cos(§)e™'?
=D(2,¢)D(y,0 = 2 , 2.
X) = D(2,9)D(9,0) 1) ( (3o ) @)
where we used Eq. (2.6) and Eq. (2.3). Moreover, § and £ are the unit vectors along
y and z, respectively. Identifying the expression in Eq. (2.7) with Eq. (2.4), we find
2
& _ _cos(6/2) (2.8)
B e?sin(6/2)
This relation between the eigenstate projections a and  to the polar and azimuthal
rotation angles 6 and ¢ allows for a correspondence between the vector space
spanned by the Pauli spin matrices and a representation of the spin as a conven-
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tional 3-dimensional vector in euclidean space. Using spherical coordinates, we
introduce the dimensionless spin polarization vector

sin(6) cos(¢)
s= | sin(f)sin(¢p) |, (2.9)
cos ()

where 6 and ¢ are determined via Eq. (2.8). Unless stated otherwise, the usage of
the term "spin” in this thesis usually refers to the spin polarization vector s, rather
than the quantum mechanical operator 5. We note, that this correspondence is
only valid for spin-1/2 systems due to their 2-dimensional eigenbasis. For any
spin system with spin quantum number larger than 1/2, the dimensionality of the
corresponding eigenbasis is larger than 2. Hence, a successive application of the
rotation operator as implemented above would yield additional angles to the polar
and azimuthal angles 6 and ¢. A corresponding euclidian vector would thus be
composed of more than 3 components. The representation of |x) via the angles
8 and ¢ in Eq. (2.7) emphasizes another peculiarity about the spin-1/2 system,
which becomes immediately clear when we consider a “full” rotation (360°) of |x)
by setting 6 = 27t (while assuming ¢ = 0). In contrast to the naive expectation that
a full rotation should not change the original state, one finds |x)_o. o0 = — |X),
as compared to the original state being [x)o_,_o = +[x). In fact, a rotation by
0 = 47 (720°) is needed to return to the original state. This is a direct consequence
of the half-integer eigenvalue property of the electron spins, i.e. s, = £/2".

2.2 Spin Waves

The exchange interaction in magnetic materials causes neighbouring spins
to orient themselves in a parallel (antiparallel) fashion in ferromagnetic (antifer-
romagnetic) materials. The summation over the magnetic moments of each spin

allows one to define the magnetization

1
M = v Z u?, (2.10)
u]sEV

which describes total magnetic moment per unit volume V' with its direction
given by the unit vector m = M /M;, where M; is the saturation magnetization.
Since the exchange interaction itself is completely isotropic, the direction of the

magnetization is determined by any symmetry-breaking magnetic interaction

'It is worth noting that the appearance of the minus sign in a 2m-rotated spin state
(i-e. [X)p=2mp—0 — — |x)) does not change the sign of the corresponding expectation value
(82) = (x|8z]x), meaning that the spin polarization does not change. The difference between an
unrotated and 27-rotated state can, however, be rather drastic when these two states are superim-
posed, as it leads to a destructive interference nullifying the state. An experimental verification
of such destructive interference of 27m-rotated states with unrotated ones was implemented via
neutron interferometry in Refs. [23,24].

2.2 Spin Waves
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(e.g. spin-orbit interaction leading to magnetocrystalline anisotropy) or external
magnetic fields. The typically large strength of the exchange interaction is well
pictured by a mean-field approach, where the mean interaction is decribed by an
equivalent molecular magnetic field (also known as the exchange field poHey),
ranging in the order of 100T — 1000 T for typical magnetic materials. As a result
of this strong interaction, the flip of a single spin (cf. Fig. 2.2a) would cost a very
high energy. However, excitations with much lower energy but an equal change
in total angular momentum are possible via wave-like excitations of the whole
spin lattice, where each single spin is disturbed only slightly (see Fig. 2.2b). These
collective excitations of the spin lattice are denoted as spin waves and are capable
of transporting spin without moving charge carriers.

For the sake of an adequate introduction to spin wave dynamics, it is useful to
address the dynamics of a magnetic spin moment p° in a (uniform) magnetic field
poH. In general, the magnetic moment experiences a torque 7 = pu* X poH when
the field is non-collinear with the magnetic moment [25]. Recalling the definition
of the spin magnetic moment p® = y1(8) and further using the definition of the
torque being the time derivative of the angular momentum, i.e. 7 = dl/dt, we
obtain®

a S
2o = i x poH, (2.11)

which describes a precessional motion of the spin magnetic moment p* around the
magnetic field H. This rotating motion is induced by a finite misalignment of p°
with respect to H, completely analog to the dynamics of gyroscopes in gravitational
fields. Equation (2.11) can be generalized to be applied to magnetization dynamics
by simply substituting p® with the magnetization M and the magnetic field o H
with the effective magnetic field pgHcg. In most cases, the latter is comprised
of [26]

Heff = H + H,y + Hp + Hey, (2.12)

where we introduced the external magnetic field poH, the crystalline magnetic
anisotropy field poHani, the demagnetization field poHp and the exchange field
poHex. Additional internal magnetic fields stemming from more complex magnetic
interactions might be added for certain materials. For the sake of a more realistic
description of the magnetization dynamics in a magnetic material, T. L. Gilbert
developed a phenomenological description of a damped magnetization precession

*Note that we defined v < 0 accounting for the oppositely oriented spin angular momentum and
magnetic spin moment according to u® = yl(8) introduced in the beginning of Ch. 2. This is
important for the actual direction of the precessional motion.
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in 1955 [27]. The incorporation of this damping term leads to the Landau-Lifshitz-
Gilbert (LLG) equation [27]

om om

oF ~Ym X HoHegs — agm X o (2.13)

where we used m = M /M, and we introduced the phenomenological dimension-
less Gilbert damping parameter . The damping parameter ag does not contain
microscopic information about the nature of the damping, but rather projects any
possible damping mechanism within the magnetic material into one phenomenog-
ical value. Due to the additional damping term, a finite misalignment of the
effective field H¢g and magnetization direction m leads to a spiraling motion of
the precession which will eventually stop when it is aligned with the effective
field. As indicated above, spin waves are excited by slight misalignments of the
individual spins in a lattice with respect to the effective field poHcg. This leads to
a precessional motion of each spin as illustrated in Fig. 2.2c and d. Introducing a
finite phase difference between the precessional oscillations results in a wave-like
propagation of spin through the lattice. Low magnetic damping values allow for

long distance spin wave propagation [8, 28].
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Fig. 2.2 — a Single spin flip in a chain of exchange coupled spins. b One single spin flip
excitation is dispersed over the whole spin chain, thereby decreasing the exchange energy
compared to the single spin flip. ¢ Side view of a spin wave indicating the precession of
each spin and a finite phase difference between the spins. d Top view of the spin wave
showing the transverse components of the spins. The wavelength of the excitation is
indicated and depends on the phase difference between the spins.
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In magnetic crystals, spin waves are treated as quantized excitations of the
magnetic order and are generally known as magnons (in analogy to the excitations
of the electromagnetic field called photons). In a quantum mechanical particle
picture, a single magnon excitation refers to an entity with the lowest possible
energy above the ground state. Due to the directional quantization of the electron
spin (with an arbitrary quantization axis), the excitations of an exchange coupled
spin lattice can only occur in integers of 1%. In a simple picture, this can be
explained as an inversion of a single spin state in the ensemble of exchange
coupled spin moments arranged in a periodic structure (see Fig. 2.2a). Hence,
for the typical case of coupled electron spins with spin magnetic moment /2,
a single spin flip excitation corresponds to a magnon spin with the proposed
magnitude 1%. Magnons therefore belong to the particle class of bosons and obey

2.2 Spin Waves
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the Bose-Einstein statistics. As mentioned above, a complete inversion of one
spin would, however, lead to a rather unfavorable configuration in terms of the
exchange energy. It is thus much more favorable to delocalize one spin flip over
a larger number of spins, each of which is only slightly tilted with respect to
each other (Fig. 2.2b). The wavelength A/wavevector k of this spin excitation
is determined by the relative phase between the neighbouring spins precessing
in the exchange field (see Fig. 2.2c and d). For the extreme case of an inifinite
wavelength /vanishing wavevector, the complete spin ensemble (i.e. magnetization
M) tilts uniformly with respect to the easy-axis anisotropy direction. Hence, the
energy of a single magnon with k = 0 is given by the anisotropy energy and the
Zeeman energy when an external magnetic field H is applied. In general, short
wavelengths/large wavevectors lead to a larger tilt between neighbouring spins and
therefore increase the exchange energy. For large wavelengths/short wavevectors,
the tilt between neighbouring spins is very small and the exchange energy plays a
secondary role. In this regime, the long-range dipolar coupling between widely
separated spins (with larger tilt) dominates over the very short-ranged exchange
interaction between neighbouring spins. Overall, the mathematical dependence
of the magnon energy/frequency on the wavevector is given by the dispersion
relation which can be derived by solving the LLG Equation (2.13) and calculating
the resonance frequency wp,. A reasonably simple form of the magnon dispersion
for thin films including isotropic exchange interaction (He), anisotropic dipolar
coupling due to demagnetization (Hp) and an external magnetic field (H) was
derived by B. A. Kalinikos and A. N. Slavin and is given by [29, 30]

1/2

['YVOH + %kz + ’WoMsPUf)]

wm(k) = , (2.14)
X ['Y,MOH + %kz + YuoMs(1 — P(k)) sin? (p]

which assumes an in-plane magnetized ferromagnet and a uniform precession
along the film thickness d. Furthermore, p is the vaccuum magnetic permeability,
M; denotes the saturation magnetization of the respective magnetic system, k =
k| = ki +kj + k2 and J; is the spin wave stiffness parameter. The angle ¢
indicates the relative orientation between the spin wave propagation direction
k and the magnetization M within the plane of the film. Furthermore, the
correction factor P(k) = (1 —e*)/(kd) accounts for thin films with thickness
d. For magnetic thin films and small wavevectors, the dipolar interaction plays
a central role and determines the dispersion due to dipolar fields contained in
the demagnetization field Hp. For large thicknesses d — co (the bulk limit),
P(k) = 0. We have neglected crystalline magnetic anisotropy contributions in
Eq. (2.14), i.e. Hani = 0. By further completely disregarding the anisotropic dipolar
effects in the dispersion relation, we obtain the simplest isotropic form according
to €m (k) = hwm(k) = hypoH + Jsk?, which is a good approximation for large k.

Chapter 2 Theoretical Background



In a semiclassical analysis of this quadratic dispersion, the inverse of the spin wave

d2em (k) -1
dk? -

n?/(2Js). As discussed in Ch. 2.7, our magnon transport experiments studied in

stiffness Js can be identified with the effective magnon mass my, = 7> [

this thesis are dominated by the large wavevector k£ magnons governed by the
exchange interaction, thus justifying the assumption of a simple isotropic, quadratic
dispersion. Typical frequencies of magnons in the small wavevector regime are
in the order of a few GHz, whereas the large wavevector magnons even reach
the THz-regime. Antiferromagnetic spin excitations in general exhibit even faster
dynamics due to their strong coupling [31, 32], starting from a few 100 GHz even
in the low wavevector regime.

2.3 Spin Transport in Metals

While the generation of electric potentials (and thus electric currents) via
the separation of positive and negative electric charges represents a standard
procedure these days, a yet ongoing subject of spintronics research is the efficient
generation of pure spin currents. The driving force for spin currents are gradients
in the spin chemical potential emerging e.g. as a result of a spatial separation of
electronic spin-up and -down states. Although the creation of spin currents is
a more challenging task compared to electric current generation, great progress
towards efficient methods have been discovered in recent decades. In the following,
we will review the basics of electronic spin currents and their diffusive transport

in metals.

2.3.1 Spin Currents

In general, a particle current density can be expressed as j = n(v), where n is
the particle density and (v) the associated thermodynamic expectation value of the
particle velocity operator v. Charge, heat and spin current densities can therefore
be expressed by multiplying j with the corresponding quantity transported by
the particles. For charge and heat current densities j. and jy, respectively, where
the transported charge g and heat Q per particle are scalar quantities, this simply

results in
Je =4q3 = qn{v) (2.15a)
Jn = Qj = Qn(v). (2.15b)

For spin currents, the situation is more difficult as the transported angular mo-
mentum is no longer a scalar quantity. Therefore, the spin current density has

2.3 Spin Transport in Metals
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to be expressed by the dyadic product of the particle current density j and the
transported spin § per particle, resulting in [33,34]

15 =(8®j) = §n<&®v> = ( Jsx Jsy Jsz >T = ( Ji sz jé ), (2.16)
where (...) denotes the thermodynamic expectation value for a non-equilibrium
state and the underline indicates that the spin current is a second rank tensor.
We further used 8 = %fr with & the vector of the Pauli spin matrices introduced
in Eq. (2.1) and we have assumed that every particle (e.g. electrons) transports
a spin angular momentum of 71/2. The row vectors js; = 2n(0;v") denote the
flow direction of the spin current with fixed polarization &;, while the column
vectors jg = %n(&v]') denote the spin polarization direction with fixed current flow
direction given by the velocity component v;.

In an experimental measurement setting, the spin state manifests itself along
a certain quantization axis. It is therefore useful to express the spin current
only in terms of the two eigenstates corresponding to this quantization axis. For
convenience, we choose the z-axis which results in spin-up |1) and spin-down
|1) states (see Ch. 2.1). Calculating the expectation value as defined in Eq. (2.16)

for these two spin states leads to JS@ = (400 1) = In(eT)! = 4! and
js|,¢z> =In(l o0 ]) = ~In(uT) = j¥, respectively. Here, (v)" and (v")}

are the expectation values for the particle velocities of spin-up and spin-down
states?. This corresponds to a particle current density transporting the spin angular
momentum of either /2 or —/2, which is the expected result when only one
particular spin direction is considered. Along our arbitrarily chosen quantization
axis, we can express the total spin current within a two-fluid model as the sum of
spin-up and -down currents as

. n

4. h
js = Jd + 3¢ = 5”(@’)T —(v)) = —27,(% .

_jc )/ (2-17)

where we related the spin currents to electrical currents via j '+ = n(v) "+ = Gty q
using g = —e for electrons. Note that we dropped the transposition of the velocity
vector for convenience, making js a conventional 3-dimensional column vector.
Since the two-fluid model treats the spin-up and -down states as seperate currents,
we can define two seperate chemical potentials ' and u* for the two spin species

'T/»J/ —

and use j. (—0e/e)Vult according to Fick’s law [26] (with ¢, denoting the

electrical conductivity), resulting in [35]

Js = —5-— Vs, (2.18)

3In order to explicitly calculate the expectation value of the velocity operator, one needs to have exact
information about the (non-equilibrium) spatial wavefunction of the system under consideration,
which is omitted here for the sake of a general description.
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where we have introduced the spin chemical potential or spin accumulation us =
u! — pt, indicating the excess of spin-up states®. We can further identify the
metallic spin conductivity o5 = %/(2¢?)c,. Intuitively, one can think of this
electron-based spin current as the opposing flow of spin-up and -down electrons,
thus compensating the net charge current flow but transporting a finite spin.
Microscopically, however, this diffusive spin transport must not be imagined as
a directed flow of electrons, but rather by a random walk biased by a spatially
inhomogenous spin distribution. Hence, assuming that the electron density is
conserved throughout the material, a finite excess spin density evolves within the
electron system, the direction of which is governed by the gradient in Eq. (2.18).
Such a spin current therefore does not carry any charge and is considered as a
pure spin current.

For some situations, only one particular direction of the particle flow is of
interest, which is usually the case when we discuss spin transport across an
interface. In such configurations, one can again express the spin current density
by a vector with its direction defining the polarization direction of the spin current
(column vector in Eq. (2.16)). This is used e.g. below in Eq. (2.28), where a spin
current in a particular direction is discussed, and in Eq. (2.43), where the spin
current across an interface is described.

2.3.2 Spin Diffusion

Having discussed the peculiarities of spin currents, we now turn to the
derivation of the spatial and temporal behaviour of the spin chemical potential
Us itself, which drives the spin current as defined in Eq. (2.18) in the first place.
To this end, we start with the continuity equation for the spin density ps reading
as [36]

aa’;s +V .35 = —Tsps, (2.19)
where ps = p! — p* with p' (o*) the spin density for spin-up (spin-down) electron
states®. Furthermore, I's = 1/7; is the spin relaxation rate accounting for the finite
lifetime 75 of either spin-up or -down states due to spin-flip scattering events. One
might notice that Eq. (2.19) is different from conventional continuity equations,
where the right-hand side is supposed to be zero. This non-vanishing term on the
right-hand side is due to finite spin-flip scattering, leading to a non-conservation of
the non-equilibrium spin density ps. The total number of excess spin (either spin-
up or -down, depending on the sign of p;) is therefore not a conserved quantity

4Since the chemical potentials are given in units of energy (i.e. Joule J), this results in a spin current
density given in units of ‘spin angular momentum () per area and second’, i.e. Js/(m?s) = J/m?.

5Generally, the spin density ps must be considered as a vectorial quantity. However, we keep the
analysis simple by only considering the spin density along an arbitrary quantization axis, thus
allowing for a description within the two-fluid model.
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and its relaxation must be taken into account in the continuity equation. In order
to arrive at a differential equation for ys, we have to calculate the spin density
according to

b= s = / [ne(e, 1, T) = ne(e, 1w, )| de, (2.20)

where ng = n' — nt is the difference between the electron density of spin-up
and spin-down states and we assumed each electron to carry a spin angular
momentum of 71/2. These electron spin densities are calculated via an integral
over the electron density of states D(¢€) (per volume and energy) weighted by the
Fermi-Dirac distribution functions ng(e, u'+, T) = [exp ((e — u'+)/ (kgT)) + 1] -
for the electronic spin-up and spin-down states with single particle energy € at
temperature T. A difference between the spin-up and spin-down densities is
introduced by a non-vanishing spin chemical potential ys. For the evaluation of
Eq. (2.20), we use the fact that the electron density must be a conserved quantity
for any temperature T. Hence, we can evaluate ps at T = 0, which transforms the
Fermi-Dirac distribution to a simple step function according to ng(e, ;tm, T=0)=
O(u'+ — €) with ®(x) the Heaviside function. We thus obtain

Ps = h/oo D(e) @(;ﬂ —€)— G)(yi — e)} de
EF ut (2.21)
2/ de—|— D(e) de,

where Eg = (u! + u+) /2 is the Fermi energy. Considering a sufficiently small spin
chemical potential s, we can further assume the density of states to be constant
across the energy range ut < e < u!, ultimately leading to

N S+

s = BID(ER) (Er — i) + D(Er) (1" — Er)] = 3 D(Er)ps (222)

With these simplifications, the spin density becomes a linear function of ys. This is
a prerequisite for the derivation of the spin diffusion equation in the following. The
prefactor before ys in Eq. (2.22) can be also more generally written as a derivative
according to dps/dus, thus not implying a certain approximation used for the
calcualation of the spin density. Based on the continuity Equation (2.19), this
allows us to write down a rather simple differential equation for ps. Substituting
Egs. (2.18) and (2.22) into (2.19), we arrive at [37-39]

aVs 2. Hs
o — DsV*=pus z (2.23)

-1
where Dg = 11/ (2¢) - 0c /e (gzs) =05 (3—52) is the spin diffusion constant and

we used o5 = 11/ (2¢?) o, as introduced before. The associated spin diffusion length
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is given by Iy = /DsTs and takes typical values of a few nm up to a few um.
Experimentally determined values for Is often vary strongly between different
measurement methods and therefore have to be taken with care. Additional
complications like crystalline quality, impurities or correction factors [40,41] also
lead to the broad range of values observed for supposedly identical materials.

An important difference of diffusive spin transport compared to the diffusive
electron transport is the non-conservation of the spin density/spin chemical
potential (in contrast to the electron particle conservation), which is represented by
the loss term on the right hand side of Eq. (2.19) and Eq. (2.23)°. This represents
one of the most striking challenges to be overcome by spintronics research. One
possible way to tackle this task in the context of spin excitations in magnetic
insulators is discussed in Chapter 5 of this thesis.

2.4 Pure Spin Current Generation in Metals

The perequisite of generating pure spin currents in metallic systems is the
spatial separation of oppositely oriented spin states. To achieve such inhomogene-
ity in the most general sense, we require a material that breaks the time reversal
symmetry in spin space. Such symmetry breaking is induced by any kind of
external or internal magnetic field acting on the spins. Two of the very common
spin-based interactions in condensed matter physics leading to internal magnetic
fields are the spin-orbit coupling (SOC) and the exchange interaction responsible
for ferromagnetism. Heavy metallic systems with large SOC or ferromagnetic
metals therefore serve as prototypes for the implementation of spin dependent
effects due to time reversal symmetry breaking. In the following, we introduce two
of the most important instances of such spin dependent effects leading to efficient
pure spin current generation, which are generally referred to as the spin Hall effect
in non-magnetic metals as well as the anomalous spin Hall effect in ferromagnetic
metals.

2.4.1 Non-Magnetic Metals

Firstly introduced by Dyakonov and Perel [42] and later reformulated by
Hirsch [43], the spin Hall effect (SHE) triggered a wide variety of research activity
and proposals for spintronic applications to this day [44]. The application of an
electrically induced charge current j. = 0o Vue/e (with e the electrochemical po-
tential) to a metallic system with sufficient SOC leads to spin dependent scattering
of the flowing electron spins due to both intrinsic bandstructure physics [45] and
extrinsic impurity scattering [46—48] contributions. As a result, the spin-up and

®We note that the spin non-conservation does not imply the spin to disappear spontaneously, but
rather to change its direction during scattering events. In the two-fluid model, such spin-flip
event appears as if a spin is disappearing spontaneously from the respective fluid. The property
of spin itself is, however, conserved.
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-down electrons acquire a transverse velocity component in opposite directions,
facilitating the emergence of a transverse spin current js (see Fig. 2.3a and b)”.
Phenomenologically, the conversion efficiency of this process is given by the di-
mensionless spin Hall angle 0sy. Dictated by Onsager reciprocity, exactly the same
physics also leads to the inverse spin Hall effect (ISHE), allowing to convert a spin
current js into a charge current j.. The corresponding equations of these effects
are given by [49]

. ho.

Js = GSHZJC X s, (2.24)
. 2e

Je = _GSHﬁJs X s, (2.25)

where s denotes the dimensionless spin polarization vector (as defined in Ch. 2.1)
of the associated spin current js. Since the quantization axis of the spin states in
a non-magnetic material is arbitrary, any spin polarization s with components
perpendicular to the charge/spin current will be deflected according to Egs. (2.24)
and (2.25). The first experimental evidence of the SHE has been observed by Kato et
al. in a semiconductor [50] and has since been observed in various other materials
like heavy metals [51], topological insulators [52] or Weyl semimetals [53]. Typical
heavy metals used for various spin Hall related physics are platinum (Pt), tungsten
(W) or tantal (Ta). In this thesis, we exclusively use Pt as a non-magnetic spin Hall
active material, which was previously determined to exhibit a spin Hall angle of
Osi1 = 0.11 [54]. We note that similar to the spin diffusion length Is, the spin Hall
angle 0sy suffers from the same issues regarding its experimental determination.
A broad range of values can therefore be found in literature [51].

According to the Seebeck effect, charge currents can also be thermally induced
via finite temperature gradients VT, leading to a charge current of the form
Jeo = —0.5.VT (where S, is the conventional Seebeck coefficient) [26]. As observed
for the first time in 2017 [55] and shortly after reproduced in other works [56-58],
the interconversion of a temperature gradient-driven charge current j. x —VT
into a spin current js (and vice versa) is known as the spin Nernst effect (SNE) and
inverse spin Nernst effect (SNE). Equivalent to the SHE and ISHE, it is given by

. ho.

Js = QSN?eJc X s, (2.26)
. 2e

Jc = _QSN?JS XS, (2-27)

7It is worth noting that the identification of the SHE as a Hall effect is slightly misleading, since
Hall effects are usually considered as the generation of a transverse current originating from
a longitudinal current, where both of the currents refer to the same transport quantity. For
the SHE, however, the longitudinal current transports charge, while the emerging transverse
current transports spin. It is thus an effect stemming from spin-to-charge coupling which is
fundamentally different to conventional Hall effects.
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Fig. 2.3 — In metallic systems with strong SOC, a spin dependent scattering of conduction
electrons emerges. The scattering center is indicated by the black dot with rings. a An
applied charge current j. gives rise to a transverse pure spin current due to the spin Hall
effect (SHE). b The inverse spin Hall effect (ISHE) describes the reciprocal process where a
transverse charge current j. is caused by a spin current js.

where 0Ogy is the charge-to-spin (and spin-to-charge) conversion efficiency for
thermally induced charge currents referred to as the spin Nernst angle. It should be
noted that the spin Nernst angle 65y and the spin Hall angle sy have different
microscopic origins [59-61] and can even differ in sign for identical materials such
as Pt [55].

2.4.2 Magnetic Metals

Driving conventional charge currents in magnetic conductors offers a simple
way to generate spin polarized currents, i.e. charge currents with finite spin
polarization. While this concept has been employed for decades in the form of
spin-transfer torque (STT) devices [62], ferromagnets also offer a zoo of pure
spin current properties without accompanying charge flow. Their finite magnetic
order represents an additional breaking of symmetry leading to a rich spin current
generation as recently put forward both theoretically [63,64] and experimentally [11,
65-69]. As detailed in Ref. [64], the general form of a spin current in a ferromagnet
flowing along the £ direction can be expressed as

., h Lo s R 5o

i =5, [GH[m' (2xjo)m+0,m x[(2Xj.) xm]+60im x (£ x gc)} , (2.28)
where the vector jZ denotes the spin polarization direction with fixed spin current
direction along £ as introduced in Eq. (2.16). The resulting spin current direction
vector is thus given by js; = j¢;2, where j¢; denotes the vector components of
Eq. (2.28). Further, 6, 6, and R are spin Hall angle-like conversion efficien-
cies characterizing contributions associated to spin currents polarized along the
magnetization (s || m via the longitudinal component 6)) and transverse to the
magnetization (s L m via the orthogonal components 6, and 6%). Naively, one
would have expected any transverse spin components to dephase quickly due
to the rapid and incoherent precession of the spin in the exchange field of the
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magnetic order. The SOC, however, acts as an additional effective field that stabi-
lizes these transverse components [63]. The emerging spin currents js; || £ when
Je = jc§ are exemplarily depicted for jo L m || & and j. || m || § in Fig. 2.4a and
b, respectively.

Fig. 2.4 — Illustration of spin dependent scattering effects in magnetic conductors with
large SOC. a For the anomalous spin Hall effect, m is orthogonal to both j. and js while
s || m. Due to the finite spin polarization of the charge carriers, an electric field along
2 accompanies the spin chemical potential yus. b For m || j, a spin current with spin
polarization along 2 builds up at the edges with m L s. This contribution is referred to as
the magnetic spin Hall effect. The spin Hall effect is also active for this configuration but
not shown explicitly. Figure reproduced from [70].

When m || & (Fig. 2.4a), the emerging spin current js . = j; £ is restricted to
the contribution associated with GH, while the transverse components 6, = OE =0.
As a result, it exhibits a spin polarization s || m and is characterized by the sum of
the magnetization-independent spin Hall effect and the magnetization-dependent
spin anomalous Hall effect: 6 = 0sy + 0asp [63] with sy the anomalous spin
Hall angle unique to ferromagnetic conductors. The situation further mimics the
conventional spin Hall effect symmetry in the sense that j., m || s and jsx are all
orthogonal to each other.

For m || g (Fig. 2.4b), both transverse components associated with 6, and 6%
are finite, while the longitudinal component | = 0. On the one hand, there is the
magnetization-independent spin current with spin polarization s || § associated
with 6, = 0spy due to the SHE (which is omitted in Fig. 2.4b). On the other hand,
a second contribution with s || £ related to 6} emerges, thus giving rise to an
out-of-plane polarized spin current js. = j.£. This type of spin current is unique
to ferromagnetic conductors and is referred to as the magnetic spin Hall effect
in recent literature [71-73]. Since we do not consider out-of-plane magnetized
ferromagnets in the context of this thesis, we omit the the third case where m || 2.
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2.5 Spin Transport Across Metal/Magnetic

Insulator Interfaces

The combination of MIs with conducting HM materials with large SOC opens
up a vast variety of interesting physics. Such bilayers are particularly interesting
with respect to charge current-induced spin current generation in the metal layer,
since the insulating nature of the magnetic layer suppresses typically unwanted
current shunting in these bilayer systems. The interaction of spin currents in the
HM with the magnetic order in the MI is summarized within the widely studied
phenomenon of STT [62]. For the exertion of spin torques in this thesis, we employ
pure spin currents originating from SOC in metallic layers, which are therefore
more accurately referred to as spin orbit torques (SOT) [74].

The following review of spin transport across MI/HM interfaces discusses the
interactions of the unit magnetic order vector n in a MI® with an incident electron
spin current density polarized along s in the HM. The proportion of electron spins
capable of transferring spin angular momentum to the magnetic order n across the
HM/MI interface can be described by the complex spin mixing conductance [75—77]

1 . _
g™ = 5 LG — i (rin) ) = 81 +ig]", (2:29)

nm

which is calculated from the interfacial reflection amplitudes er (rﬁm) of electronic
spin-up (spin-down) wavefunctions describing the scattering from energy mode m
to n. It is further normalized to the respective interfacial area A and thus given in
units of 1/m>. Moreover, } .., 0,m = M denotes the total number of open quantum
transport channels across the interface (at the Fermi energy) which depends on the
available conduction electron modes and thus on their geometrical confinement in
the HM? [79]. The spin mixing conductance is a measure of the number of spin-flip
scattering events happening for an ensemble of electron spins impinging on a given
magnet/metal interface when n L s [80,81]. Due to angular momentum conserva-
tion, these spin flips lead to a transfer of spin angular momentum to the magnetic
order manifesting as a torque acting on n, hence ¢'* gives information about the
interfacial spin torque transparency [62,82-85]. Other interfacial conductances
that conserve the spin during the scattering event do not transfer any angular

momentum and are therefore not of relevance for the spin mixing conductance [75].

8In contrast to the definition of a magnetization vector M used in Ch. 2.2 and Ch. 2.4.2, we here
define the more general, normalized magnetic order vector n = %, indicating the possibility of

more complex magnetic sublattice configurations comprised in n.

9Considering that the electrons are confined to a long lead along x with a finite cross-section
in the y-z-plane, the corresponding energy of the electrons might be generally written as
€y = hk2/(2me) + E,, where the first term represents the continuous kinetic energy along the
lead and E,; represents the energy quantization due to the confinement in the transverse direction.
For n € {1,2,3,...}, two states (spin-up and -down) are occupied for each ¢, < E, from which
the avalaible transport channels M can be deduced. The quantized conductance value for each
channel (for one particular spin direction) is given by the conductance quantum Gy = e2/h [78].
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As defined in Eq. (2.29), ¢+ is composed of a real (in) and imaginary (giT D) part,
completely analogue to electrical transport, where the complex electrical interface
impedance is described by a real component, the resistance, and an imaginary
component, the reactance. We will discuss the physical interpretation and relation
to the electrical case of these real and imaginary components later in this Section.
It should be noted that the theoretical derivation of gN in Refs. [75—77] only con-
siders conducting magnets as opposed to magnetic insulators discussed in this
thesis. Despite of the lack of conduction electrons in the MI, the formalism based
on the interfacial scattering of conduction electrons in the HM still works well
in these systems, which is based on the fact that the spin-mixing conductance is
mostly determined by the local magnetic moments/exchange fields at the interface,
i.e. only the first few layers of the magnet contribute [82,86,87]. We want to raise
awareness that for the case of MlIs disussed here, there are no finite transmission
amplitudes th for electrons traversing through the MI and thus scattering into the
HM, which should otherwise be added as a term —}_,,,, tlm(tim)* to the spin mix-
ing conductance [75]. In fact, the assumption of vanishing transmission coefficients
is typically also valid for conducting magnets as long as the thickness t of the mag-

4

net under consideration is larger than the spin coherence length Ag. = 71/ ‘k; - klﬁ

where k;/ klﬁ denotes the Fermi wavevector for spin-up/spin-down states [77].

The preceding description of spin transfer across an HM/MI interface im-
plicitly assumes a perfect alignment of the magnetic order n along a certain axis,
which is a valid assumption for temperatures T ~ 0. Allowing for T > 0, however,
results in fluctuations of the magnetic order leading to deviations from the average
relative orientation of s and n. In the following, we will discuss the resulting cor-
rections to the zero temperature spin mixing conductance g™+ as well as introduce
other purely temperature-induced interfacial spin transfer coefficients, the latter of
which are of particular importance for this thesis.

Finite Temperature Spin Transfer for s 1 n

When the relative orientation is s L n, the spin mixing conductance must
be corrected for finite temperature induced magnon bandstructure effects via the
corresponding magnon density of states g(em) and the Bose-Einstein distribu-

tion function ng(em, i, T) = (exp [(eém — )/ (ksT)] — 1)~ " with the single particle

magnon energy €ny, the chemical potential y and temperature T'°. The result-

°The single particle magnon energy is given by the dispersion relation (cf. Ch. 2.2), which in its
simplest form is given by em (k) = fiwm(k) = Jsk* + A. Here A is the magnon gap which is
typically induced by internal magnetic anisotropy fields and/or externally applied magnetic
fields.
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ing effective spin mixing conductance including these temperature induced effects
reads [88]

T
st (1 _pMmY 1, 28 9
g’ = (1 2 s )gr * s aysMN' (2.30)

giN = (1 - %n) giN, (2.31)

with
My = /0 dem g(em) (€m — Hs) [nB(€m, tm, Tm) — 1B (€m, Hs, Te)], (2.32)

where 1y, /s indicates the ratio of the thermal magnon density n, and the equilib-
rium spin density s = S/a> with S being the total (dimensionless) spin number in a
unit cell of volume a®. Furthermore, T, and T, are the temperatures of the magnon
system in the MI and the electron system in the HM, respectively. One of the most
crucial parameters is the magnon chemical potential yir,, which is introduced in
the equilibrium Bose-Einstein distribution function to account for non-equilibrium
magnetic excitations, i.e. magnons, of the magnetic order [36,88]. The introduc-
tion of a finite chemical potential p, into the equilibrium distribution function
for magnons requires a very efficient and fast local equilibration of the magnon
system, otherwise the assumption of an equilibrium-type distribution function is
not valid'" [88]. We immediately see that the ratio 1y /s in Egs. (2.30) and (2.31)
is introduced by finite temperature leading to thermal magnons which reduce
the T = 0 spin mixing conductance ¢™. The contribution from Eq. (2.32) can be
roughly understood as the total energy difference between the non-equilibrium
magnons and the electronic spin accumulation at the interface. Hence, the deriva-
tive d,,, M4, is roughly equal to the non-equilibrium spin density difference Ans at
the interface, such that the ratio Ang/s measures the relative change in spin torque
due to the non-equilibrium spin density at the interface.

Finite Temperature Spin Transfer for s || n

The finite temperature fluctuations also have an important influence for the
interfacial spin transfer when the case of parallel orientation n || s is considered.
Although the incident spin current polarization s cannot exert a static torque on n
in this configuration, it can couple to the magnetic fluctuations as they represent
an effective (transient) misalignment of s and n, thus allowing for a finite torque.
The resulting spin transfer across the interface is driven by the chemical potential
difference Ay = pum — ps. Moreover, considering a finite interfacial temperature
difference 6T = Try, — Te, spin is injected independent of s with spin polarization

In actual thermal equilibrium, the magnon chemical potential ji, = 0 since their particle number
is not conserved.
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along n. The corresponding interfacial spin transfer efficiencies are termed as the
spin conductance g and the spin Seebeck coefficient S and can be expressed as [88]

I
_ & 9
87 s aymMTT’ (2.33)
N
_ & 9
5= 75 0T M, (2:34)
with
My = /0 dem g(€m)em [1B(Em, Ym, Tm) — nB(€m, 0, Te)] . (2-35)

Equations (2.33) and (2.34) represent purely thermally activated coefficients as they
vanish for T = Ty, = T, = 0, while the effective spin mixing conductance shown in
Egs. (2.30) and (2.31) reduce to their familiar T = 0 value introduced in Eq. (2.29).
The integral in Eq. (2.35) measures the total energy of the non-equilibrium magnon
accumulation in the MI. Hence, the derivatives d,,, and dr,, of My in Egs. (2.33)
and (2.34) can be identified with the total non-equilibrium magnon density and
non-equilibrium entropy density induced by a finite magnon chemical potential
im and temperature difference 6T, respectively'>.

The interfacial spin transfer coefficients ng, gi“, g and S can be explicitly
calculated when we assume the simplest form of magnon dispersion according to
€m (k) = hwm (k) = Jsk* + A (cf. Ch. 2.2). For the sake of simplicity, we will neglect
the magnon gap A in the dispersion, which is a valid assumption for the limit of
large temperatures T > A/kg [36]. The resulting magnon density of states then
becomes g(em) = 41? J53/2,/€m. Using this, we can calculate explicit expressions
for the integrals in Egs. (2.32)-(2.35). While these integrals do have exact solutions,
it is much more insightful to evaluate them in linear response, such that the spin
transfer coefficients become independent of the driving forces. We thus obtain

= (1-2"2) g1t - B ) (256
gv=(1-) 8l (237)
g= 2 r3/2) (239)
-8 60, (239)

where {(x) is the Riemann-Zeta function and we introduced the thermal magnon
(de-Broglie) wavelength A = \/47tJs/ (kgT) [36]. In the calculation, we assumed an

The identification of these quantities can be rationalized when we consider the total internal
energy of the system and express it in terms of the grand canonical potential differential (at
constant volume) dQ} = —SdT — Ndu with S the entropy and N the particle number. The
corresponding partial derivatives then become 9,Q2 = —N and d7Q2 = —8.
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efficient equilibration of the magnon system with the phonon bath, such that T, =
T, = T (with T, the phonon temperature). This shows that the leading temperature
dependence of the spin transfer coefficients is &« T3/2. By further using the explicit
expression of the thermal magnon density n, = fooo dem g(€m)np(em,0,T) =
A37(3/2), we can reformulate §1¥, ¢ and S according to

- Nm
8rN = (1 - 57) ng‘L/ (2.40)
31" fm
= s 241
15814 ¢(5/2), nm
= i 1372 s (2:42)

In this form, one can immediately see that all of the temperature induced correc-
tions to the interfacial transport coefficients scale with the ratio of the thermally
excited magnon density and the equilibrium spin density ny, /s.

We can now finally give an expression for the total spin current across an
HM/MI interface including finite temperature effects. In Fig. 2.5a-c, a bilayer
consisting of an MI with unit magnetic order vector n adjacent to a HM is depicted.
For arbitrary directions of n and the spin polarization vector s, the interfacial spin
current across the interface (along £) according to Ref. [88] reads as'3

. 1 /4 '
Jsz,int = i <giN —l—innX) (n X ygs — hn)
+ [g(un — 1ds-m) + S(Tm — Te)| m,

(2.43)

where the vector jg;,, denotes the spin polarization direction with fixed spin
current direction along £ as introduced in Eq. (2.16). For convenience, we denote
the corresponding spin current direction vector as jsint = jg i, 2, Where j¢;, refers
to the vector components i € x,y,z of Eq. (2.43). We have further defined the
interfacial spin chemical potential u{ and interfacial magnon chemical potential
1%, both of which denote the associated chemical potentials directly at the lo-
cation of the interface and have to be derived from the spin/magnon diffusion
Equations (2.23)/(2.60) assuming appropriate boundary conditions.

For the sake of a more intuitive understanding of the underlying physics
involved in Eq. (2.43), we now discuss the individual terms in more detail. We first
consider the contributions related to the n x uls terms in the first line of Eq. (2.43).
Evidently, these terms are only non-zero for n L s. In this case, the spin current
carrying electrons scatter elastically off the interface performing a spin flip. Due
to conservation of angular momentum, the excess spin angular momentum of
I produced by the spin flip is transferred to the magnetic order by exerting the

3Different to Equation (4) of Ref. [88], we chose an opposed sign for the spin polarization s in
Eq. (2.43), since we consider the actual spin direction as opposed to the associated magnetic
moment.
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Fig. 2.5 — Interfacial spin-flip scattering processes of electron spins in a HM attached to
a MI for finite temperature T. a For s L n, electrons scatter off the interface elastically
while flipping their spin and emit their spin angular momentum to the MI. The magnetic
order n therefore experiences the torques 7 and 7; according to Eq. (2.43). a,b The case
s || n is shown for a parallel (b) and antiparallel (c) configuration. In both cases the
electrons scatter off the interface inelastically while flipping their spin due to an interaction
with the thermal magnon spectrum in the MI. As a result of conservation of spin angular
momentum, magnons are excited in b and absorbed by the electron spin in ¢. Independent
of the electron spins in the HM, a spin current can be injected thermally via a temperature
difference between Ty, and Te.

torques 7 « §i*n X (n x s) and 1§ & gi”(n x 8). In a classical picture, the torque
7 (commonly known as the Slonczewski-torque [89—91] or damping-like torque)
is related to the dephasing of the scattered electron spin s due to its precession
in the exchange field of n [62,83] (see Fig. 2.6a). Since the scattered conduction
electrons possess any wavevectors permitted by the Fermi surface, the phase of
their precession is mostly random. The superposition of all possible electron
scattering events therefore results in a loss of transverse spin momentum, which
is transferred to the magnetic order by the torque 7; (see Fig. 2.5a). In analogy to
electrical transport, the dissipation of the spin magnetic moment via dephasing in
the exchange field corresponds to the real part of the electrical interface impedance,
i.e. the resistance. Both gI ¥ and the electrical resistance quantify the disspation
of either spin angular momentum or moving electrical charge, respectively. The
second torque contribution 7 is also known as the field-like torque and results
from an incomplete dephasing during the aforementioned precession of spin in
the exchange field (see Fig. 2.6b). Consequently, the scattered spins retain a finite
spin moment along their original direction s and thus exert a torque directly to n,
giving rise to the symmetry of 13 « n X s. Comparing this to the more familiar
electrical case, we can relate the lack of dephasing and thus dissipationless spin
precession to the imaginary part of the electrical impedance, i.e. the reactance. Both
gf ¥ and the reactance are measures for the dissipationless part of the transport
of spin and charge, respectively. We note that the terms "damping-like” (7;) and
"field-like” (7;) torque arise from the equivalent vector symmetries known from
the Landau-Lifshitz-Gilbert equation [27,92] introduced in Eq. (2.13), in particular
from the Gilbert damping term and the term describing the precessional motion
of magnetization in the effective field, respectively. The terms associated with the
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time derivative n in Eq. (2.43) account for the spin pumping contributions due to
a coherent precession of the magnetic order [77,93—98].

"" p
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magnet

Fig. 2.6 — Classical illustration of spin torque at a magnetic interface. a The contribution
Ty associated with the real part ng of the spin mixing conductance is explained by the

dephasing of scattered spins at the interface due to their precession in the exchange field.

The scattered spins thereby lose their transverse spin momentum which is transferred to

the magnetic order. b The torque 7; associated with the imaginary part giT 4 emerges due
to an incomplete dephasing of the electron spins. Consequently, their spin is transferred
as a direct torque to the magnetic order. Figure reproduced from [99].

The contribution proportional to the spin conductance g in the second line
of Eq. (2.43) accounts for inelastic spin flip scattering events of the spin polarized
electrons when n || s [88] (Fig. 2.5b, ¢). In this process, the scattered electrons
partly release energy and transfer their spin angular momentum to excite or
absorb a magnon in the thermal spectrum, giving rise to a non-equilibrium
magnon accumulation/depletion at the interface (depending on whether n is
parallel/antiparallel to s) characterized by u9,. Since this spin-flip scattering event
is based on the interaction of an electronic spin with a thermally excited magnon

state in the magnet, such spin injection is only possible at finite temperatures.

Similarly, the term associated with S is also a finite temperature effect and is
driven by a temperature difference between the magnon system with temperature
Tm and the electron system with temperature T.. The spin polarization of the
corresponding spin current is given by n and is active for arbitrary relative
orientations of n to s. This temperature driven spin current across a MI/HM
bilayer is generally known as the spin Seebeck effect (SSE) [100, 101].
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2.6 Spin Hall Magnetoresistance

The spin Hall magnetoresistance (SMR) [33, 54, 102] appears as a resistance
modulation in a heavy metal (HM) with finite spin Hall angle 05y attached to a
magnetic insulator (MI). The physical origin of the effect is sketched in Fig. 2.7a
and b. Upon applying a charge current to the HM layer along &, a spin current
along 2 with spin polarization s || § emerges as a consequence of the spin Hall
effect (cf. Ch. 2.4, Eq. (2.24)). Depending on the relative orientation of the magnetic
order n with respect to s, the interfacial spin current behaves in accordance with
Eq. (2.43). For the sake of simplicity, we disregard finite temperature effects for
the discussion of the SMR in the following [33,103]. The effective spin mixing
conductance thus reduces to its well-known zero temperature limit §'* = ¢,
whereas the spin conductance and spin Seebeck coefficient vanish (g = S = 0).
Eventually, the remaining equation for the interfacial spin current along £ reads

. 1
Joint(T =0) = i (giu —|—grﬂn><> (nds xn), (2.44)

where we assumed no coherent precession of n, i.e. n = 0. We see that the
interfacial spin current is now exclusively dependent on the real and imaginary
part of the conventional spin mixing conductance ¢'+. The interfacial spin current
Jint(T = 0) is therefore zero when n || s (Fig. 2.7a) but finite for n L s (Fig. 2.7b).
By changing the orientation of n relative to the injected spin polarization s (and
thus also relative to the charge current direction j.), we effectively change the
boundary condition for jsint. This change finds its expression in a modulation of
the longitudinal and transvere electrical resistivity p of the heavy metal layer, an
effect which is generally known as the SMR. In this thesis, we restrict ourselves
to the longitudinal resistivity modulation, which we discuss in more detail in the
following. For n || s, the SHE-induced spin current js cannot enter the magnet
(open circuit conditions) and thus a spin accumulation p builds up at the interface
(see Fig. 2.7a), which is similar to the creation of an opposing electric field in the
case of charge transport. According to Eq. (2.18), the gradient —Vy, drives an
opposing spin current jspack along the thickness of the HM, such that the total
spin current js ot = Js + Jspack = O (steady state condition). The complete blocking
of the spin current across the HM/MI interface results in a resistivity equivalent to
that of a bare HM layer. When the SHE-induced spin current can enter the magnetic
material for n L s, a part of the initial charge current is dissipated /absorbed by
the magnetic material via the spin torque on n (see Fig. 2.7b) and the subsequent
dephasing of the transverse spin excitations in the MI. Consequently, the resistance
of the HM layer adjacent to the MI is larger for this configuration as compared to
that of a bare HM layer, where this spin dissipation channel is unavailable.

For the sake of a generally applicable nomenclature, we redefine the coordinate
system shown in Fig. 2.7. Hence, we replace & by the charge current direction
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Fig. 2.7 — Dependence of the electrical resistivity p in a HM on the orientation of the
magnetic order n in an attached MI. For the sake of simplicity, we here consider the case
of T = 0. a For s || n, the SHE-induced spin current js cannot enter the MI. In steady
state, the build up of the interfacial spin accumulation 1 leads to a diffusive spin current
Jsback according to Eq. (2.18). The configuration is thus equivalent to a bare HM layer.
b For s L m, the spin current enters the MI by exerting a torque 7 = 7 + 73. The spin
accumulation at the interface is therefore decreased compared to the previous case and

only a fraction of the incident spin current is compensated by the backflow drift current
Jsback, leading to a larger p.

sln

s||n

j and ¢ by the in-plane direction transverse to j defined as t = 2 x j. Taken
together, the longitudinal resistivity pjone in @ HM/MI bilayer as a function of the

orientation of n becomes [102]

Plong = L0 + Ap(l - ntz)z (245)

where pg corresponds to the resistivity of a bare HM layer and Ap = p —p
is the SMR-induced resistivity change with p| and p, being the HM resistances
for n || jo and n L j.. For the T = 0 case considered here, py = p,. Finally,
ny = n -t denotes the projection of n along t. Assuming ng > g? ¥, the relative
SMR amplitude can be calculated from the miscroscopic parameters as [33, 34]

Ao Osi’(212pe) (i) gl tanh’ (hz{TM>
Po b4 2lpeg ]t coth(“f—f)

, (2.46)

where p. = 1/0¢ is the electrical resistivity of the HM and I; its spin diffusion
length. Measuring the SMR as a function of the HM thickness ti\ thus allows
the determination of |fsy| and Is for a known gﬁi [54,104]. Vice versa, the SMR
is also a great tool to determine ng Yfora given HM/MI interface when the HM
parameters are well known, such as for platinum [104]. In this thesis, we use the
SMR exclusively as a characterization tool and also restrict ourselves to yttrium
iron garnet/platinum interfaces for which the assumption ng > g? v always
holds [54,82,105]. In general, this assumption is however not valid. Recent studies
in Pt attached to an europium-based MI for example even suggest giN > glu [106].
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Lifting the assumption that T = 0 results in a finite interfacial spin current injection
into the magnet at finite temperature even for n || s since the finite temperature
spin conductance ¢ > 0. Due to the strong temperature dependence of g explicitly
evaluated in Eq. (2.38), however, it is reasonable to assume ¢+ >> ¢ even at room
temperature in most cases [36]. The above description of the SMR effect at T = 0
therefore represents an excellent approximation also for finite temperatures [54].

2.7 Charge Current Induced Magnon Excitation
and Transport in Magnetic Insulator/Heavy Metal

Bilayers

As introduced in Eq. (2.43), spin injection via a spin accumulation in metals
adjacent to magnetic insulators is manifold and depends on both temperature as
well as the relative orientation of the injected spin s and magnetic order vector n.
While we considered the zero temperature case for interfacial spin injection in the
context of the SMR in Ch. 2.6, we here focus on finite temperatures enabling non-
zero spin injection for n || s via the spin convertance g and for arbitrary directions
of n via the spin Seebeck conductance S (cf. Eq. (2.43)). Although a spin torque
from s on the magnetic order n is only present for n L s (i.e. s X n # 0), a finite
(transient) misalignment between s and n is introduced via thermal fluctuations
of n, i.e. magnons, even for n || s. Therefore, the electronic spin current couples to
the thermal magnon spectrum for this configuration (cf. Ch. 2.5). It is important to
emphasize that the injected spin excitations for n || s correspond to longitudinal
excitations (i.e. along n) of the magnetic order, which persist in the material
according to the characteristic magnon lifetime 7, scaling inversely with the
magnon damping «ag given for a particular magnetic material. For s L n, the
spin excitations correspond to transverse excitations of n and therefore dephase
on a very short time/length scale due to fast precession in the strong exchange
field [36, 107]™. Magnons belong to longitudinal excitations of n by definition
(cf. Ch. 2.2) and are therefore only excited in the n || s configuration. Considering
the interfacial magnon flux jmint = J5 i - (—m)* for T > 0, we obtain [88]

Jmjint = _g(Vgn - .”23 n) = 5(Tm — Te). (2.47)

"4The dephasing of transverse spin excitations in magnetic materials can be quantified by the
spin coherence length As.. For the case of transversely polarized electron spins entering a
conducting magnet with peperpendicular magnetic order, it can be easily expressed as Asc =

mt/ ‘k; - kﬁ) [77,108], where le:’i are the Fermi wavevectors of the electronic spin-up and spin-

down bands, respectively. Magnets with strong exhange splitting therefore have very short spin
coherence lengths Age ~ A. A similar length scale can therefore be assumed for the case of
transverse spin excitations in a MIL.

'5The minus sign between jp, jnt and jsz,int stems from the fact that the magnon magnetic moment is
oriented antiparallely to the spin polarization s. Hence, the magnon current carries magnetic
moment along —n.
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This interfacial magnon current is composed of two contributions, which we
refer to as the SHE-induced magnon injection (characterized by g) and thermally
induced magnon injection (characterized by S). In the subsequent Section, these
two components will be discussed in the context of a magnon injection/detection
device in more detail.

2.7.1 Magnon Injection and Detection via Heavy Metal
Electrodes

The main platform utilized for the magnon spin transport experiments in this
thesis is discussed herein. The corresponding device is based on two HM electrodes
attached to a MI as depicted in Fig. 2.8a. The left and right HM electrodes are
used for the electrical injection as well as detection of magnons via the SHE and
ISHE, respectively. This concept was initially introduced theoretically by Zhang
and Zhang [109, 110] and later implemented experimentally by Cornelissen et
al. [8] closely followed by Goennenwein et al. [9]. The injector serves as a spin
current source by applying a charge current j. along the electrode and exploit
the SHE to convert it to a transverse spin current js. As a result, spin polarized
electrons approach the HM/MI interface. For s || n, the spin current couples
to the thermally occupied magnon states of the spectrum via g, resulting in a
magnon current injection according to the first term of Eq. (2.47). In general, for
multi-sublattice magnetic insulators with ferri- or antiferromagnetic order, the
magnon system exhibits a non-trivial bandstructure [111]. In particular, due to
the opposing magnetic sublattices in these systems, different chiralities and hence
magnon polarizations exist simultaneously [13,32,111-115]. To generalize the
spin current-induced magnon injection to a larger class of magnetic materials, we
consider two magnon modes with opposite chiralities denoted as a- and f-modes.
The a-mode refers to magnon excitations with magnetic moments opposite to
n, whereas the f-mode excitations are oriented along n [116]. For a parallel
(antiparallel) orientation of n and s, a-modes are excited (depleted), while -
modes are depleted (excited) '°. A reversal of either n or j. (due to the SHE
symmetry) can therefore switch between excitation or depletion of a particular
magnon mode. The simultaneous excitation of one polarization of magnons and
the depletion of the oppositely polarized ones effectively add up and lead to
the same sign of the associated magnon spin current [117]. Due to the spatially
confined magnon injection, a localized non-equilibrium magnon accumulation pim,
emerges and results in diffusive magnon currents driven by gradients in pp, [8]
(the associated magnon transport characteristics are discussed in detail in the
subsequent Section). The diffusing magnon accumulation is converted to a spin
accumulation ps at the interface of the detector which induces a spin current

6Note that due to the negative charge (—e) of electrons and thus the negative gyromagnetic ratio -,
the spin magnetic moment is opposite to the spin direction s.
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according to Eq. (2.18). Finally, this spin current is converted into a charge current
via the ISHE flowing along the same direction as the injector current. In open
circuit conditions, the current can be measured as a voltage drop Vgt across the
detector electrode (cf. Ch. 3.3 and 3.4). Due to the spin-to-charge conversion in
the injector and the reciprocal process in the detector, the symmetry of the SHE
is applied twice in the process. Hence, the injected and detected spin direction s
(in turn given by the direction of j.) determines the sign of the measured voltage
signal, independent of whether s is parallel or antiparallel to n. By changing
the orientation of n with respect to s, as typically conducted in angle dependent
magnetotransport measurements, a 180°-symmetric modulation of the signal is
expected.

jc,detY
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Fig. 2.8 — Magnon excitation and detection in two-terminal HM/MI heterostructures.
A charge current j. in the left injector electrode injects magnons electrically (a) and
thermally (b). The emerging magnon spin current in the MI is then converted to a charge
current j. 4ot by the inverse SHE in the right detector. We consider the general case for
ferri-/ antiferro-magnetic systems hosting a- and f-modes with opposite chirality. a The
SHE-induced spin current js injects spin into the MI. For the given parallel orientation
between s and n, a-modes are excited, whereas f-modes are depleted (provided the
presence of a finite thermal occupation of - and f-modes in the MI). Both modes thus
contribute positively to the emerging magnon spin current. b As a consequence of the
current-induced Joule heating at the injector, both modes are excited simultaneously in the
MI. An effective magnon spin current is thus only present for a finite imbalance regarding
the occupation of the two opposing modes.
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An additional magnon injection process is based on the Joule heating occuring
inevitably as a consequence of the charge current applied to the injector (see
Fig. 2.8b). Equation (2.43) accounts for this effect by the spin Seebeck coefficient S
and a finite temperature difference between T, and T at the interface induced by
the current heating. Since the heating-induced injection is independent of s, the
magnon polarization is exclusively determined by the direction of n. For the gen-
eral case of two oppositely polarized magnon modes present in the system, both
modes are excited simultaneously with an efficiency according to their thermal
occupation [111,112]. In case of collinear easy-axis antiferomagnets, the opposing
magnon modes are degenerate and the effective thermally excited spin adds up to
zero. Lifting the degeneracy results in a finite excess spin accumulation along n
and therefore finite magnon spin transport. Such energy splitting is either induced
by applying a field along the easy axis [114,118], or by forcing a non-collinearity
with an external field applied perpendicular to the sublattice magnetizations [117].
Non-trivial intrinsic magnetic interactions like the anisotropic exchange (usually
known as the Dzyaloshinskii-Moriya interaction [119, 120]), dipolar interactions
or certain anisotropies can also lead to an energy splitting of the magnon modes
in more complex antiferromagnets [10,32,121]. For ferrimagnetic systems with
opposing, but non-degenerate magnon modes the thermal occupation number of
the individual magnon bands determines the effectively transported spin (partic-
ularly important for compensated ferrimagnets [112,113]). In most conventional
ferrimagnets, however, the magnetic structure can be treated as a single sublattice,
quasi-ferromagnetic system, rendering the incorporation of both magnon modes
redundant. The transport of thermally injected magnons is initiated due to a
local increase in the magnon chemical potential as well as the magnon tempera-
ture [36,122]. Consequently, magnon transport is driven by a gradient in yn, as
well as T, (see Ch. 2.7.2 for details). Indeed, it was shown from multiple experi-
mental studies that the long distance transport of thermally excited magnons has
significant contributions from gradients in ym and Ty, [122-124]. The temperature
difference between phonons and magnons in the bulk of the material, on the other
hand, plays a secondary role for magnon transport [36,122,125]. Moreover, the
heating at the injector also changes the temperature profile across the complete de-
vice due to pure heat currents, which induces an interfacial temperature difference
between T, and T at the detector and drives an interfacial spin Seebeck current
according to Eq. (2.43). This local spin Seebeck-type contribution due to a tem-
perature difference at the detector was, however, estimated to have a minor effect
on the transport signals [124]. Overall, the thermal contribution of the magnon
transport is expected to be mainly composed of bulk magnon currents induced by
gradients in the magnon chemical potential and temperature. The superposition
of these effects is sensed in the detector via the inverse SHE. Since the thermal
magnon transport voltage at the detector simply follows the orientation of n, only
the ISHE symmetry at the detector gives rise to an angle dependence, resulting in a
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360°-symmetric angular modulation of the signal. Thermally induced voltage sig-
nals at the detector can therefore be easily distinguished from the 180°-symmetric
electrical signals.

2.7.2 Magnon Transport

Due to the incoherent excitation processes of thermal magnons discussed in
the preceding Section, the non-equilibrium magnon accumulation yn, is expected
to exhibit a broad range of mean free paths. Instead of describing spin wave
propagation of certain frequency and wavevector, one must therefore take into
account the transport of a large magnon ensemble with broad spectral range.
To this end, we use the theoretical framework of Boltzmann transport theory
describing the spatial and temporal dynamics of non-equilibrium distribution
functions [36, 109, 110]. The following introduction to diffusive magnon transport
closely follows the analysis conducted in Ref. [70], first established in Ref. [36].

For a simple (exchange dominated) quadratic magnon dispersion em (k) =
hwm (k) = hypoH + Jsk?, the Boltzmann transport equation for the position vector
r, wavevector k and time f dependent magnon distribution function f(r,k, t)

reads'”

d f 1dem(k) af

ot Thoak VT e (2:48)
where g—f;’ accounts for the equilibration of f via magnon scattering. Note,

catt
that we have disregarded a contribution due to magnon relaxation into the HM
attached to the MI. We now apply the well-known relaxation time approximation
for the scattering rate according to

f-fi

T

of

5 (2.49)

scatt i

with f; the quasi-equilibrium distribution function of a subsystem i to which
the magnons relax into and 7; the corresponding relaxation times with i €
{mm, mp, el, mr}. As detailed in Ref. [36], the subscripts denote different char-
acteristic magnon relaxation mechanisms referring to either magnon number
conserving scattering events or magnon number non-conserving events. Magnon-
conserving scattering events are parametrized by magnon-magnon scattering
(i = mm), magnon-conserving magnon-phonon scattering (i = mp) and the

elastic magnon-defect scattering (i = el). Magnon non-conserving processes are

7We have neglected the additional ‘field-term’ 1/iV em (k) - Vi f(r, k, t) in the Boltzmann equa-
tion [26], since we have Vyem (k) = 0 in our case. The latter expression might become non-zero
when the magnon energy is altered by an energy dem = —mm - B via a magnetic flux density
B = ppH interacting with the magnon magnetic moment mum, resulting in a magnetic force
Fn = —Vydem = Vi (mpy - B). Since we work with spatially homogeneous magnetic fields in
our experiment, however, we expect Fi, = —V5dem = 0 [126].
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captured by the magnetic Gilbert damping ag which corresponds to magnon
scattering with the phonon bath (i = mr). Assuming thermal magnons with
energy at kgT, the relaxation time of the latter can thus be approximated by
Tmr ~ 1/ (acksT). For most magnetic systems relevant for this type of magnon
transport, we can assume Ty > Tmm, Tmp, whereas Tmp goOverns the relaxation
regarding magnon-conserving scattering. For the widely used ferrimagnetic in-
sulator yttrium iron garnet, Ty, has been estimated to be about 2-3 orders of
magnitude larger than the magnon-conserving scattering times [36]. The latter
therefore dominates magnon scattering for this system. Furthermore, the quasi-
equilibrium distributions f; are given by Bose-Einstein distribution functions of
the form ng(em, m, T) = (exp[(em(k) — pm)/ksT] — 1)}, in particular [36]

foum = 15(€m, tim, Tm), (2.50a)
?mp = 7’l]3(€m, ]’lm/ ) (250b)

fa = np(em, tm, Trm), (2.50¢)
e = 118(€m, 0, Tyy). (2.50d)

For magnon-conserving relaxation with i € {mm, mp, el}, 171- is characterized by
im 7# 0 (magnon accumulation unaffected), while for magnon non-conserving
relaxation with i € {mr} it follows yum = 0 (magnon accumulation relaxed). The
magnon temperature Ty, has been substituted into the equilibrium distribution
f; for i € {mm, el} (representing magnon relaxation within the magnon system),
while the phonon temperature T, was substituted into f; for i € {mr,mp} (due to
magnon relaxation into the phonon bath). In our rather simplified analysis here,
however, we assume T = T, = Ty, (referring to the assumption that the magnons
are equilibrated with the phonons at all times). This is a reasonable assumption
as the magnon temperature equilibration to the phonon bath occurs on typical
length scales of ~ 1nm [36,125]. For steady state conditions, Eq. (2.48) can be
solved by the linear addition of a non-equilibrium distribution g(k) and equilib-
rium distribution according to f(r, k,t) = g(k) + ng(em(k), ym(r), T(r)), where
ng = (exp[(em(k) — um(r))/ksT(r)] — 1)~ ! is the Bose-Einstein distribution func-
tion with space-dependent magnon chemical potential ym(r) and temperature
T(r). Substituting this ansatz together with the corresponding relaxation times
and equilibrium subsystem distributions ?i into Egs. (2.48) and (2.49), the non-
equilibrium distribution evaluates to

alh) = o (-G ) ) 2O

(2.51)

|~ Fm(r) - S E =T
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where () ! = ¥;(7;) ! is the total magnon scattering time. To arrive at this result,
we assumed Ty > Tm, representing a reasonable assumption as stated above.
Having determined the non-equilibrium k-vector distribution of the magnons
(under the assumption of a non-uniform spatial distribution of both y, and T),

the associated magnon spin current density can be written as

. dk . 13em(k)
in =1 [ s k)g =5 (252)

where we assumed each magnon to carry a spin of 7, leading to a magnon current
given in units of ] /m? equivalent to the unit we chose for spin currents. The energy
carried by each magnon is given by e (k) — pim, leading to a heat current density
according to

in= [ s em(k) = pm) 2, (2:53)

which is given in units of J/(m?s). As already indicative in Eq. (2.51), the magnon
spin and heat currents are driven by Vyuy, and VT, resulting in the transport
equations

Jm\ _ (0om RL/TY (Vim
()= (2 ) ()

where the 2 x 2 matrix contains the linear response transport coefficients, i.e. the
magnon conductivity oy, the bulk spin Seebeck coefficient L'® and the magnon
heat conductivity xy,. These coefficients can be derived by evaluating the k-vector
integration in Egs. (2.52) and (2.53) in linear response. For a simple quadratic
magnon dispersion ey, (k) = Jsk* with vanishing magnon gap A (which is a valid
approximation for large temperatures kgT > A), we obtain'®

8 Tmfs _ L "mTm

= 2.4556——— = .
Om 556 = a5 = M (2.55)
L — 157622 10 TJskeT _ 5 goiay jopr/mTm (2.56)
/r— 22 5
27 h A3 Mm
2 TmJJkAT
K = 2.31681\35% =11.3218 - kZBT”ZT‘“, (2.57)
i m

8Note that the bulk spin Seebeck coefficient L [127] represents the response function to temperature
gradients and magnon chemical potential gradients for magnon currents and heat currents in
a MI, respectively. It should not be confused with the interfacial spin Seebeck coefficient S
introduced in Eq. (2.43), which measures the spin transfer efficiency across a HM/MI interface
due to a finite temperature difference.

For the evaluation of Egs. (2.52) and (2.53), we switch to an integral over €y and iden-
tify 78”5(%“E‘i’m'T) ag—,g‘ = —72Vkéfm%csch2((em — um)/(2kgT)). We then substitute x = (em —

#m)/ (2kgT) for the integration.
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where we assumed pm ~ 0 for linear response solutions. The numerical prefactors
stem from integrals of the form [;~dxx"/2csch®(x) with n > 3 and we used
the effective magnon mass my, = n?/ (2Js) introduced in Ch. 2.2. The magnon
conductivity oy, bulk spin Seebeck coefficient L and magnon heat conductivity xm
are given in units of 1/m, 1/(m-s) and J/ (K- m - s), respectively. We note that oy,
in Eq. (2.55) shares a striking similarity to the conventional Drude model [128, 129]
for electrical transport. In the conventional Drude-model, the electrical conductivity
is given by 0. = e?nt/me with n, T and m, the electron density, scattering time

and mass, respectively*®

. For the experiments conducted in this thesis, we almost
exclusively consider the magnon spin current j,, driven by the magnon chemical
potential gradient V. Indeed, temperature driven magnon spin currents have
been characterized as a minor correction for sufficiently large length scales, at least
for the SHE-induced signals [36,115]. The thermally induced magnon transport, on
the other hand, does exhibit considerable contributions from temperature gradients
via the bulk spin Seebeck coefficient L [123,124]. Since the thermal signals are
not the main focus in this work, we omit a further analysis of the heat currents or
temperature driven effects in the following. In order to get access to the spatial
profile of iy, for a given boundary condition in our magnetic system, we ought to
derive the corresponding magnon spin diffusion equation. To this end, we exploit
the continuity equation for j, according to
0Pm

where I'y,, is the magnon relaxation rate and p, refers to the non-equilibrium
magnon spin density given in units of Js/m3. Note, that the right side of the
magnon continuity equation is non-zero, reflecting their non-conserved nature

parametrized by I'y,,. Calculating p, in linear response results in

Pm = hAny, =h / déem g(€m) [1B(€m, pim, T) — ng(€m, 0, T)]
Jo

NSk T

where Anp, is the non-equilibrium magnon number density and we identify
00m/Opm = h{(1/2)/(A3kpT). Combining Egs. (2.54), (2.58) and (2.59) finally
leads to the magnon spin diffusion equation
Opim _ Din Vi = _Hm (2.60)
ot Tonr
where Dy, = 0 (9pm/9pim) * is the magnon diffusion constant and Ty = Ik

is the magnon spin lifetime parametrizing the scattering time for magnon non-

29Since the magnon current density is defined as jm = —0m Vyim as compared to electrical currents
with jo = —(—0e/e)Vy, the transport quantities e and  appear with different powers in the
electrical conductivity and magnon conductivity, respectively.
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conserving processes as introduced before. In analogy to the spin diffusion
equation discussed in Ch. 2.3, we can define the magnon diffusion length A, =
/D Tmr, up to which the magnon number is mostly conserved®'. An analytical
solution to Eq. (2.60) in steady state (by setting dym /9t = 0) is only possible in
one dimension, but is sufficient to highlight the most important features of the
spatial characteristics of diffusive magnon transport. To this end, we consider a
magnon transport structure as depicted in Fig. 2.8. Following Ref. [8], we further
consider the one-dimensional magnon transport along the spatial coordinate x
and apply the boundary conditions pim(x = 0) = u% and um(x = d) = 0 with
1%, being the magnon accumulation at x = 0 and d the distance between injector
and detector. The latter boundary condition assumes a complete absorption of the
magnon accumulation at the detector. As a result, we obtain for the magnon spin
current jm(d) = —Dmayg‘d(d) = —2Dm% exp(d/Am)/ (1 —exp(2d/Am)), which is
plotted as a function of d/An, in Fig. 2.9 (black solid line). Evaluating the limiting

case for d < Ap gives a spatial decay of the current according to 1/(2d) (green
dashed line), which corresponds to an electron-like diffusion without relaxation
of magnon spin. It can thus be treated equivalently to an ohmic-like charge
transport, i.e. a linear relation between j,, and Vun, via a constant o, can be
assumed. For d > Ap,, the magnon number 1y, (and thus op,) decreases, leading
to an exponential transport scaling as exp(—d/An) (orange dashed line). Distance
dependent measurements of the magnon transport signal measured with devices
as depicted in Fig. 2.8 therefore allow an easily-accessible way to quantify A in
magnetic insulators.

0.01 1 1 1

Fig. 2.9 — Expected decay of the normalized magnon spin current jy, as a function of
the injector-detector distance d derived from the magnon diffusion Equation (2.60). For
d < Am, the decay can be well described by a 1/(2d) relation, wheras for d > A, an
exponential decay according to exp(—x/Am) ensues.

21Using the average thermal magnon velocity vy, = é fooo dem g(ém)np(em,0,T)1/ Fz%e—;c“ =

270/2\/Tskg T/ (37(3/2)h), we can express the magnon diffusion length as Am ~ Uy \/Tm Tmr
(omitting numerical prefactors).
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We want to point out that the above description is essentially also applicable
to antiferromagnetic insulators (AFIs). As for that matter, individually defined
magnon spin chemical potentials and temperatures of the two oppositely polarized
«- and B-modes have to be considered (cf. Ch. 2.7.1) [116]. While the magnon
transport in an easy-axis antiferromagnet can be well described with the magnon
chemical potential based approach discussed above [117], much more complicated
transport ensues for non-trivial antiferromagnetic spin textures [13]. This addi-
tional complexity is induced by magnetic interactions that break the rotational
symmetry about the magnetic order n of the AFI. Such symmetry breaking results
in a coupling between the oppositely polarized magnon modes and allows for
arbitrary superposition states of the two basis modes. The transport of such a
coupled antiferromagnetic magnon system can be very conveniently described
via the concept of magnonic pseudospin [10]. The theoretical and experimental
features of this antiferromagnetic pseudospin transport are investigated in detail
in Ch. 6.
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Experimental Details

In this Chapter, we present the experimental details necessary for the compre-
hension of the results discussed in the subsequent Chapters. Starting from the
used material systems in Ch. 3.1, we also introduce the nanofabrication of the
samples in Ch. 3.2 as well as the experimental setup and measurements techniques

in Chs. 3.3 and 3.4, respectively.

3.1 Material Systems

Mainly, two insulating magnetic materials have been investigated in this
work: the ferrimagnet yttrium iron garnet (YIG) and the antiferromagnet hematite.
In the following, we present the detailed crystalline and magnetic properties of

both materials.

3.1.1 Ferrimagnetic Insulator Yttrium Iron Garnet

The crystal structure of the magnetic insulator Y3FesO1; is body-centered-
cubic (bcc) featuring a conventional unit cell with a lattice constant 2 = 12.38 INE 30,
131] that contains 4 times the formula unit [132]. The yttrium Y3+ ions are dodeca-
hedrally coordinated and due to its completely filled shells the electron configura-
tion carries no net magnetic moment. The finite net magnetic moment in YIG there-
fore originates from two octahedrally coordinated Fe*" ions (FeA) and three tetra-
hedrally coordinated Fe** ions (FeD) per formula unit. A simulation of the middle
layer of the YIG unit cell is shown in Fig. 3.1. Each of the magnetic iron ions carries
a finite spin number of S = 5/2. The magnetic sublattices corresponding to the FeA
and FeD moments are antiferromagnetically exchange coupled within the sublat-
tices with exchange energies Japn = —0.92 x 1072! J and Jpp = —3.24 x 10721] [7],
while the inter-sublattice exchange with Jap = —9.6 107217 [7] is also anti-
ferromagnetic. Since the latter is by far dominating, the intra-sublattice spins
orient themselves parallel to each other to satisfy the dominating inter-sublattice
exchange, making the overall spin structure simply equal to two antiferromagneti-
cally coupled sublattices (cf. Fig. 3.1). Due to this strong antiparallel coupling of
the sublattices, which persists up to external magnetic fields of 250 T [133,134], YIG
is mostly treated as a single sublattice ferromagnet with its total magnetization
M characterized by its net magnetization Mgenet = MFrea + Mrpep. The strong
antiferromagnetic coupling is also responsible for the large magnetic ordering
temperature (Curie Temperature) Tc = 559 K. The magnetic anisotropy of YIG is
governed by a crystalline cubic anisotropy [135], which determines the magnetic
easy and hard axes for the magnetization direction. The corresponding anisotropy
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field is in the order of a few mT in bulk crystals [136]. All YIG crystals studied
in this thesis are in the thin-film limit (< 1um), leading to the existence of an

additional shape anisotropy with a magnetic hard axis pointing out-of-plane.

Fig. 3.1 — Simulation of the middle layer of the cubic unit cell of YIG. The magnetic
sublattices are composed of octahedrally coordinated Fe3* ions (FeA) and tetrahedrally
coordinated Fe®" ions (FeD) (courtesy of Stephan Geprags, WMI).

Most prominently, YIG is known for its record low magnetic damping coeffi-
cient reaching values of ag = 4 x 107° in bulk crystals [136-138]. In general, thin
films of YIG exhibit larger values of approximately 1 x 10~* due to surface defects
and inhomogeneities [137, 139, 140]. In Chapter 5, we study the ultra-thin limit
in the order of ~ 10nm, which are grown via pulsed laser deposition (PLD) at
the Walther-Meifiner-Institut (WMI). Here, the magnetic damping increases to the
low 1 x 1073 regime. The generally low magnetic damping in YIG films enables
the efficient and long-distance transport of spin for both incoherently [8,9] and
coherently excited spin waves [141].
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3.1.2 Antiferromagnetic Insulator Hematite

The antiferromagnetic insulator hematite (x-Fe,O3) crystallizes in the so-called
corundum structure with a conventional unit cell featuring the lattice constants
a = 5.04A and ¢ = 13.77A [142], containing 6 times the formula unit. This
structure may also be described as a slightly distorted hexagonal system of oxygen
atoms, where only every sixth layer along the hexagonal [0ooo1]-direction is lying
directly on top of each other. The Fe3* ions are situated in between the (0001)
oxygen layers in the octahedral interstices (spanned by the oxygen ions), of which
only two-thirds are occupied in each layer, thus lowering the symmetry to a
trigonal structure. The corresponding crystal structure is simulated in Fig. 3.2a
in side view, where the trigonal unit cell of the crystal is indicated by the thick
connector lines. A top view of the crystal is shown in Fig. 3.2b.

The first five nearest neighbours of the magnetic Fe>* ions with S = 5/2 ex-
hibit the relevant exchange coupling strengths [143]. Among them, the dominating
energies are given by the antiferromagnetic exchange couplings of the third and
fourth nearest neighbours with J3 = —4.69 x 10722 and J; = —3.17 x 10722] [143],
respectively [143]. This roughly gives an equivalent exchange field of ygHg =
900T [143,144]. Due to its antiferromagnetic nature, the orientation of the two
sublattice magnetizations m; and m, of hematite is characterized by the Néel

vector n = m; — my.

Fig. 3.2 — Simulation of the corundum crystal structure of a-Fe;O3. Side (a) and top
(b) view of the structure are shown. The trigonal unit cell is indicated by the thick
connector lines, three of which make up the hexagonal conventional cell (courtesy of
Stephan Geprags, WMI).

In bulk crystals, hematite exhibits a Néel temperature of Ty = 953K and
undergoes a spin reorientation, the so-called Morin transition, at Ty ~ 263K [142,
145]. This transition is characterized by a sign change of the uniaxial magnetic
anisotropy, resulting in a transition from a magnetic easy (0oo1)-plane above Ty to
a magnetic easy (0oo1)-axis below Ty;. Additionally, the sublattice magnetizations

3.1 Material Systems
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lying in the (0oo1)-plane above Ty are subject to a slight canting due to the finite
Dzyaloshisnkii-Moriya-Interaction (DMI) with the DMI-vector pointing along
the (ooo1)-direction. The canting leads to a finite net magnetic moment M pet
perpendicular to the Néel order n. The trigonal symmetry of the crystal also leads
to a threefold crystalline anisotropy in the easy-plane phase [146], resulting in the
formation of an equal distribution of 120°-domains in the film.

In this thesis, we investigate hematite thin films in the ultra-thin limit of
the order of ~ 10nm to ~ 100nm grown on sapphire substrates (Al,O3) via
PLD at the WMI. In this limit, our films exhibit no Morin transition over the
investigated temperature range of 100K to 300K. Instead, our films remain in
the easy-plane phase for all temperatures, therefore showing a finite magnetic
moment due to the DMI-induced canting of the sublattices. To verify this magnetic
behaviour, we performed SQUID (superconducting quantum interference device)
magnetometry using a 90 nm-thick film (which ensures a larger magnetic moment
as compared to the thinner 15nm-thick film used in Ch. 6) prepared using the
same parameters as the film investigated in Ch. 6. The measured magnetic
moment in the (0oo1)-plane is shown as a function of the in-plane magnetic field
in Fig. 3.3 for several temperatures. For each measurement, a linear (diamagnetic)
background was subtracted from the data. Clearly, the data shows a finite magnetic
moment as well as a hysteretic behaviour. This finding supports the finite canting
of the sublattice moments, which is only present for T > Ty; (above the Morin-
transition) due to the perpendicular configuration of the in-plane oriented magnetic
sublattice spins and the out-of-plane oriented DMI vector [142]. The hysteretic
behaviour can be explained by the three-fold easy-plane anisotropy due to the
crystal structure with trigonal symmetry [142], leading to the formation of 120°
domain walls [147, 148]. Increasing magnetic fields poH lead to a growth of
domains with a perpendicular orientation of their Néel vector n to H with a
monodomainization field of poHyp = 600mT [148]. This monodomainization
field agrees reasonably well with our magnetic hysteresis curve, exhibiting a
closure of the hysteresis at approximately 700 mT. Hence, the measured hysteresis
behaviour supports the expected domain configuration of the hematite above the
Morin transition [146, 149].

Different to the expected behaviour of bulk hematite, we do not observe any
indication of a Morin transition in the temperature range from 100K to 300 K. This
feature is not yet entirely clear. Although recent reports also indicate a strong
decrease (up to a complete absence) of the Morin transition temperature Ty for thin
film hematite [150, 151] and relate this to strain-induced change of the magnetic
anisotropy, we cannot support this explanation for our films. This is due to the fact
that we observe a complete relaxation of the hematite films grown on the sapphire
substrates - even for films as thin as ~ 5nm. Hence, strain induced changes should
play a minor role. A more accurate explanation might be an unintended Al doping
of the hematite during the growth process, the reason being an interdiffusion of Al
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Fig. 3.3 — In-plane SQUID magnetometry measurement of a 90 nm-thick film of (ooo1)-
oriented hematite. The magnetic hysteresis curves are recorded for different temperatures.
Clearly, we observe the weak ferromagnetic moment corresponding to the small canting of
the magnetic sublattices above Ty.

stemming from the Al,O3 (sapphire) substrate. As shown previously in Ref. [146],
the Morin transition temperature does indeed significantly decrease when hematite
is doped with Al. In the thin film regime considered here, even a slight doping
of Al atoms may have a large impact due to the large relative increase thereof. A
verification of this explanation, however, requires an element-specific measurement
of the Al content in the hematite, which is beyond the scope of this work.

3.2 Sample Fabrication and Layout

The magnon transport experiments presented in Chapter 5 utilize YIG thin
films grown via PLD on a (100)-oriented Gadolinium-Gallium-Garnet (GGG)
substrate. Furthermore, we use a commercially availabe YIG film grown via liquid
phase epitaxy (LPE) in Chapter 4. The antiferromagnetic insulator hematite («x-
Fe;O3) used in Chapter 6 is also grown via PLD on a (ooo1)-oriented sapphire
(Al,O3) substrate at the WML. In order to inject and detect magnon spin currents
into our magnetic insulators, we employ the spin Hall effect (SHE) in either
heavy non-magnetic metals or ferromagnetic metals (cf. Ch. 2.4). To this end, we
apply these thin metallic films via sputter deposition on the magnetic insulators
and pattern them into nanowires via electron beam lithography>* and lift-off
techniques.

The magnetic insulator samples are cleaned in acetone and isopropanol (IPA)
in an ultrasonic bath for at least 2min in each solution. Then, after the samples
are blow-dried with nitrogen, they are spin coated with different resist layers and
baked on a hotplate after each coating (fabrication parameters and resist types are
summarized in Table 3.1). Note, that due to the insulating nature of the substrates

22For electron beam lithography, the NanoBeam nBj5 system from NanoBeam Ltd. is used, which we
operate at a beam voltage of 80kV.

3.2 Sample Fabrication and Layout
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a conductive resist (PMMA-Electra 9273, see 3.1) has to be applied on top of each
of the resist layers to avoid surface charging effects that significantly deteriorate
the writing process. After writing the sample, the conductive resist has first to
be removed by rinsing it in deionized water (H,O) for approximately ~ 20sec
and blow-drying therafter. For each resist used in this work, the samples are then
developed in the AR 600-56 developer from Allresist (developing times are listed
in Table 3.1), after which the developing reaction is stopped by rinsing the sample
twice in IPA for 30 sec altogether. Lift-off is conducted by applying the samples in
an acetone bath heated up to 70° and leaving them in the the solution for at least
15min. After gently pipetting the sample to enhance the lift-off effect, it is finally
put into the ultrasonic bath for 1 min at the lowest possible ultrasonic power level
to remove any metallic residues.

A typical structure consisting of
two nanostrip electrodes (injector and
detector) is shown in Fig. 3.4. In detail,
the whole fabrication process consists
- of (at least) three deposition/lithogra-
phy steps: in the first step, we typi-

| v X f X cally apply ~ 45nm of Platinum (Pt)
" ('D (d; onto our films via sputter deposition.

These are patterned into alignment/-

o L focus markers situated on the corners
of the sample. The markers are used

¢ ® for focussing of the electron beam as

well as for aligning the structures of

. o . the subsequent nanostructures. Differ-
Fig. 3.4 — Schematic illustration of a patterned
structure with two nanostrips. Light gray
colored shapes are the Al bondpads and leads, into strips of lengths between 50 um
dark gray shapes are the nanostrips made of
different materials. The left strip is typically
used as the injector, whereas the right strip is 0 1 Hm. Subsequently, we apply a
employed as the detector. ~ 50nm thick layer of Aluminum (Al)

ent metallic films are then patterned
to 162 um and widths between 100 nm
which is patterned into leads and bond-

ing pads to connect the nanostrips electrically. The detailed fabrication/lithography
parameters as well as the applied resists are summarized in Table 3.1.

23Model: AR-PC 5090.02
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alignment/focus markers

resist layers PMMA/MA33% /PMMA-Electra 92
spin coating 4000 rpm, 1 min/4000 rpm, 1 min
bake temperature 170°/90°
bake time 2 min/2 min
base dose 3.0Cm™2
development time 90 sec

nanostrip electrodes and leads/bondpads
resist layers PMMA 600K/PMMA 950K/PMMA-Electra 92
spin coating 4000 rpm, 1 min/4000 rpm, 1 min/4000 rpm, 1 min
bake temperature 170°/170°/90°
bake time 5min/5min/2 min
base dose 5.6 Cm~2(for GGG)/7.4C m~2(for Al,O3)
development time 120 sec

Tab. 3.1 — Summary of the lithography parameters for the fabrication of nanostructured
electrodes allowing the injection and detection of magnon spin in magnetic insulators.

3.3 Experimental Setup

The finalized nanostructured samples are glued on a chip carrier and wire
bonded in a 4-point configuration as depicted in Fig. 3.4. For measurements,
the sample is attached to a dipstick equipped with DC measurement wires and
placed in a variable temperature insert (VII) 2K < T < 300K) of a supercon-
ducting magnet cryostat at the WMI. There are three different superconducting
magnet cryostat setups available at the WMI: (i) a 3D-vector magnet consisting
of three superconducting Helmholtz coils reaching magnetic field strengths of
up to uoH = 2.5T in the horizontal plane and up to ygH = 6T in the vertical
direction, (ii) a superconducting solenoid with a field strength of up to ygoH =7T
with the possibity to rotate the sample via an electronic stepper motor and (iii) a
superconducting solenoid capable of large field strengths of up to yoH = 15T. For
the standard magnon transport measurements, we apply a charge current Iin; of
either DC-type (Ch. 3.4.1) or low frequency AC-type (Ch. 3.4.2) to the injector elec-
trode and measure the voltage output at the detector. For the DC measurements,
we usually also record the local voltage drop Vi, at the injector, which allows
us to characterize various magnetoresistance contributions such as the SMR (see
Ch. 2.6). Typically, we perform angle dependent magnetotransport measurements
on our samples by rotating either the external magnetic field yoH around the
sample (setup (i)) or the sample itself within a static magnetic field (setup (ii)).
Rotations can be done in three different orthogonal planes. In this thesis, however,
we exclusively investigate in plane rotations around the axis normal to the film

plane.

3.3 Experimental Setup
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3.4 Measurement Techniques

The current densities Jin; applied to the nanostrip injectors are in the order
of 1 x101°Am2< Jinj <5 X 101" Am~2, resulting in typical power densities of
5x 10°Wm2 to 1.25 x 1013 Wm~2. Thus, besides electrically excited effects due
the charge current flow, also thermal effects due to the dissipated power become
significant in our measurements. In order to discern electrically and thermally
excited effects, two main measurement techniques have been implemented for
magnetotransport measurements, which are presented in the following.

3.4.1 DC Technique: Current Reversal Method

Via this method, DC currents of positive (+Iinj) and negative (—Iinj) polarity
are applied subsequently to the injector. The corresponding voltage drops VII] /det

and ‘/lr:]/ det
voltage contributions ‘/;11] Jdet
proportional to odd powers of i) and thermal voltages Vlﬁ} /det are even under

at the injector/detector are recorded accordingly. Since electrical
switch sign under polarity change (i.e. Vlilj /det 18

; th
current reversal (i.e. Vin]. /det

the contributions as

is proportional to even powers of Iinj) we can calculate

vt =V
1 inj/det inj/det
Viei/det = — > J (3.1)
vt 4+ Ve
h inj/det inj/det
Ving/det = > : (3-2)

For the usual DC transport measurements, we use a Keithley 2400 Sourcemeter to
feed current through the injector and measure the respective voltages at both the
injector and detector with a Keithley 2182 Nanovoltmeter *4. To enhance signal-
to-noise ratio, we repeat the current reversal for (typically) n,y = 5 times for
each external parameter setting (i.e. magnetic field magnitude, direction, current
amplitude etc.). The electrical and thermal voltage contributions are calculated via
Egs. (3.1) and (3.2) and the arithmetic mean over the #,ey, = 5 cycles is taken for
each contribution. Another advantage of this method is the correction of thermal
drifts that arise on a timescale of seconds, which might be related to e.g. the
rotation of the dipstick in the He exchange gas of the cryostat.

24Typical settings for the Keithley 2182 voltage measurements are: resolution: 7.5 digits, repeating
filter count: 30, number of power line cycles: 2.
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3.4.2 AC Technique: Lock-In Detection

Instead of applying DC currents of different polarity, another method is
to apply low-frequency AC currents to the injector and measure the frequency-
sensitive voltage response at the detector via a lock-in detection scheme. For this
purpose, we apply AC currents in the frequency range between ~ 7 Hz to ~ 13 Hz.
In particular, we choose the frequency f such that f # n-50Hz (with n € IN),
ensueing that it does not coincide with multiples of the frequency of the AC power
outlets. Furthermore, we use very low frequency 'quasi-DC’ currents, assuring that
we have negligible capacitive/inductive coupling between the nanostrips, which
otherwise might overshadow the magnon transport signals.

In the experiment, we apply a sinusoidal AC current [i,j(f) = Ipsin(wt)
with w = 27tf and Iy the injected peak current amplitude. Correspondingly, the
emerging current at the detector oscillates with the same frequency and can be
written as Iqe(t) = Iy sin(wt + ¢), where I; is the detector current amplitude and
¢ is a finite phase delay observed in our experiments, which will be discussed later
in this Section. The measured voltage response Vg (t) at the detector can then
generally be written as

Vet (t) = Rilget(t) + Ralge(t) + Ral3e(t) + O (I (1)), (3-3)

where we only consider powers up to third order. The coefficients Ry, R, and
R3 parametrize the conversion processes involved in the magnon transport from
injector to detector. With the lock-in detection method, the n" harmonic voltage
signal V"“ is measured by multiplying Vge(t) with two sinusoidal reference
signals « sin(nwt) and o« cos(nwt) (i.e. shifted by 90°) that are in phase with the
injected current Iiyj(t). In the next stage, the multiplied signals are integrated over
a time interval T > 1/w via low-pass filtering. Thus, V" is given by the two

quadratures
t+T
nw _ \/>/ Sln nwt )Vdet( )dt/, (34)
t+T

denoted by the subscripts X and Y. Plugging Eq. (3.3) into Egs. (3.4) and (3.5), the
first three harmonic voltages become

1 3 1 3
Vl“]:<IR —|—I3R>cos Vl“’:<IR —|—I3R>sin
X \/511 2R3 (¢) Y ﬁ11413 (¢)
(3.6)
1 1
VZ¥ = IRy sin(2¢) W = ——=I{Ry cos(2¢) (3.7)

22 22
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VR = 4\1/51{3123 cos(3¢) VoY = 4\1@113R3 sin(3¢). (3.8)
Evidently, the first harmonic voltage signals (Egs. (3.6)) correspond to effects
that are odd under current reversal (i.e. odd powers in I4.), while the second
harmonic contributions (Egs. (3.7)) represent effects that are even under current
reversal (i.e. even powers in Iget). Notably, there is a finite third harmonic voltage
contribution present in the first harmonic voltage signals. In most experiments,
however, we observe V;’“’ = VS“’ = 0 for sufficiently small injector currents I,
inferring that R3 = 0. Hence, the lock-in detection represents a very sensitive and
suitable tool to distinguish between electrically and thermally generated effects in
magnetotransport measurements.

The finite phase delay ¢ that we have considered in the detector current I4e(t)
leads to a distribution of the signal into both the X and Y quadratures of the
harmonic voltages. In order to account for the full signal response in only one of
the quadratures, we apply a rotation matrix to our signals and thus calculate the
rotated quadratures X’ and Y”:

( Vi ) _ ( cosng sinng > < Ve ) ' (39)
Vg —sinn¢ cosng vy

The phase delay ¢ is iteratively determined by applying the rotation matrix to
the first harmonic voltages (n = 1) for different values of ¢ until there is no finite
signal left in the Y quadrature. Notably, the n' harmonic voltages have to be
rotated by n¢ to get the full signal response in either of the two quadratures
(cf. Egs. (3.6)-(3.8)).

We use a HF2L1 50 MHz Lock-In Amplifier from Zurich Instruments to simul-
taneously record the first, second and third harmonic voltage at the detector. The
voltage signals are preamplified by a SR560 Low Noise Preamplifier. Furthermore,
the AC injector current is generated by a Keithley 6221 DC and AC Current Source,
which is triggered by the digital output of the HF2LI. Hence, the current source
and the reference signal of the lock-in are synchronized to ensure no drifting
of the relative phase between source and reference. Although the source and
the reference signal are supposed to be in phase, a finite phase delay can still
be present due to different trigger conditions of the Keithley 6221 Source and
the HF2LI1. Moreover, the phase delay could also be accumulated at the voltage
preamplifier. Finally, one could think of a phase shift stemming from the magnon
transport between injector and detector. The exact identification of the origin of ¢,
however, requires a careful consideration of all of the possible sources, which is
not necessary for the analysis of the data presented in this thesis.
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Manipulation of Magnon
Transport in YIG via the Magnetic
Metal Alloy CoysFeys

The spin Hall effect (SHE) is at the origin of a plethora of transport effects relevant
for spintronic applications [12, 43, 54,65, 152-156]. Its efficiency to convert charge
to spin currents is conveniently expressed in terms of the phenomenological
spin Hall angle 05y, the microscopic origin of which is rooted in the spin-orbit
interaction causing spin-selective scattering of charge carriers [44, 155]. Many
ferromagnetic metals exhibit a strong spin-orbit coupling, which manifests itself
in various electrical transport effects, among them the anomalous Hall effect
(AHE) [157]. The AHE hinges on the same physical principles as the SHE [153,155].
While the transverse charge current arising in the AHE has been studied for
more than a century, the pure spin current part has only very recently received
broad attention [65,68, 69, 152,158, 159]. Generally speaking, the time reversal
symmetry breaking due to the finite magnetic order in ferromagnetic crystals leads
to magnetization dependent spin currents and thus allows for a convenient control
of spin currents by magnetic fields [63,69, 160].

Recent developments in magnetotransport experiments with incoherent mag-
nons (the quantized excitations of the spin lattice) [8, 9,161, 162] offer a suitable
platform for the investigation of the SHE and the anomalous spin Hall effect
(ASHE) in ferromagnets [65,66,152,163,164]. In a recent work, Das et al. reported
spin injection and detection in YIG via the ASHE [157] using Py electrodes [65].
Here, a tunable spin injection/detection efficiency of the permalloy (Py) electrodes
via the orientation of the magnetization in Py was observed. This is attributed
to the gradually increasing anomalous spin Hall effect (ASHE) in Py, which is
enhanced as the external magnetic field is saturating the magnetization. Moreover,
it was found that Py exhibits a finite contribution purely stemming from the spin
Hall effect (SHE), rather than only the ASHE (see also Ch. 2.4.2).

In this Chapter, we investigate the influence of spin current injection and
detection into YIG via the ferromagnetic metal-alloy cobalt-iron (CozsFe7s) [28,165].
In particular, we report on the determination of the anomalous spin Hall angle
Oasu in CoxsFezs (CoFe) [165] via all-electrical magnon transport measurements
in the magnetic insulator YIG (cf. Ch. 2.7). For this purpose, we utilize a multi-
terminal structure with four metallic electrodes — one made of CoFe and three
made of Pt — deposited onto a YIG thin film. Our experiments reveal a negative
anomalous spin Hall angle in the ferromagnetic CoFe, but a vanishing contribution
of the magnetization-independent spin Hall angle. Upon applying a spin-resistor
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model to our multiterminal spin transport structure, we are able to independently
determine the magnon conductivity in YIG, the spin conductance at the YIG/CoFe
interface and eventually the (negative) anomalous spin Hall angle of CoFe as a
function of its spin diffusion length in a single multiterminal structure.

We start this Chapter with an introduction to the experimental details as well
as preliminary measurements for pre-characterization of the sample in Ch. 4.1. We
proceed with the determination of the anomalous spin Hall angle of CoFe via our
multiterminal spin transport device in Ch. 4.2. We ultimately discuss yet unclear
asymmetric features of the magnon transport when using ferromagnetic metals
as spin injectors/detectors in Ch. 4.3. A summary and conclusion of the obtained
results is given in Ch. 4.4

The vast majority of text and Figures in this Chapter is taken from the article
published in T. Wimmer, B. Coester, S. Geprags, R. Gross, S.T.B. Goennenwein,
H. Huebl, M. Althammer, Anomalous spin Hall angle of a metallic ferromagnet deter-
mined by a multiterminal spin injection/detection device, Applied Physics Letters 115,

092404 (2019).

4.1 Experimental Details and Preliminary

Measurements

The following subsections introduce the sample layout, a quantification of
the spin conductance across YIG/Pt interfaces and the extraction of the magnon
diffusion length via distance dependent measurements.

4.1.1 Sample Layout

Our device consists of a 1 um thick, commercially availabe YIG film grown on
a GGG (Gd3Gas0yy) substrate via liquid phase epitaxy (cf. Ch. 3.1.1). Both Pt and
CoFe electrodes were deposited by DC sputtering and patterned via electron beam
lithography and lift-off as schematically depicted in Fig. 4.1 (see Ch. 3.2 for details
of the fabrication procedure). The CoFe electrode was additionally capped with a
2.5nm thick Al layer to prevent oxidation. In a further step, Al leads and bondpads
were deposited to connect the device electrically. Each electrode has a width of
w = 500nm and a thickness of tp; = tcope = 7nm. The lengths of the strips are
Ipyi = Ipiz = 148 um for the outer electrodes and Ipyp = Icope = 162 um for the inner
ones. As indicated in Fig. 4.1, the center-to-center distances between the metal
strips are dpy = 1.6 pm and dcope = 0.8 um (cf. Fig. 4.1). If not stated otherwise,
we apply a charge current Ijn; = 0.5mA to the Pt2 electrode (the injector) and
detect the magnon transport signal as the detector voltage Vg, at the Pt1, Pt3 and
CoFe electrodes (see Fig. 4.1). In order to distinguish between electrically (via the
SHE) and thermally (via Joule heating) injected magnons, we utilize the current
reversal method described in Ch. 3.4.1. Here, we focus on the magnon transport
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Fig. 4.1 — Sketch of the device configuration, the electrical connection scheme and the
coordinate system. A charge current Iy, is fed through the Pt2 electrode, resulting in a spin
current injection into YIG via the SHE. The lateral diffusion of the magnon spin current
is electrically detected at the Pt electrodes ('Pt1” and 'Pt3’) and the ferromagnetic metal
electrode ("CoFe’) as the detector voltage V. The center-to-center distances between each
of the Pt electrodes is constant, such that dp; = 2dcop.. The shape anisotropy due to the
particular structure of the CoFe electrode makes H || @ (¢ = £90°) an easy axis.

Symbol Value Unit

Pt strip thickness tpy 7 nm
CoFe strip thickness tCoFe 7 nm
Pt & CoFe strip widths w 500 nm
Pt spin diffusion length [54] 10t 15 nm
Pt spin Hall angle [54] 0L 0.11

Pt2 conductivity opp 264 x10° 1/Om
CoFe conductivity Ocore 150 x10° 1/QOm
YIG thickness tyig 1 pm

Tab. 4.1 — Material parameters of the YIG/Pt+CoFe device depicted in Fig. 4.1 at T = 280 K.

signal V¢! via the electrical SHE-induced spin current injection. All measurements
are conducted in a superconducting magnet cryostat at a constant temperature
of T = 280K. In order to compare between different detector signals, we define
a normalized signal amplitude as RS, = (V5. /Iinj) - (Ainj/ Adet), which accounts
for the different interface areas Ainj (Aget) Of the injector and detectors [161].

4.1.2 Spin Conductance of YIG/Pt Interfaces

As introduced in Ch. 2.5, more specifically in Eq. (2.38), the thermally acti-
vated interfacial spin conductance g (which governs the magnon current across the
YIG/Pt interface) directly relates to the real part of the spin mixing conductance
according to g = 37(3/2)g1"/(2msA?) « T32. In order to determine the spin
conductance gp; of the YIG/Pt interfaces, we deduce the real part of the Pt/YIG
spin mixing conductance ngD}[L from spin Hall magnetoresistance (SMR) measure-
ments in the Pt electrodes. The magnitude of the SMR is given by the relative
resistivity change ARjong/ Riong in the Pt electrode measured between the in-plane

4.1 Experimental Details and Preliminary Measurements
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YIG magnetization pointing parallel and perpendicular to the current direction
(cf. Ch. 2.6). We employ the theoretical equation for the SMR magnitude described
in Ch. 2.6 [33]

2/t
ARigng  OEL2Pt 21Fglt tanh?(35)

/ (4.1)
Rlong tpt Opp + zlgthT)f coth (%)

where we redefined the (real part of the) spin mixing conductance according to
gIT,f = Go gI ¥ with Gy = ¢/h the conductance quantum (for one spin direction) [34,
78]. Hence, glﬁti is given in units of an electrical conductance Sm~2. Furthermore,
opy is the electrical conductivity of the Pt2 electrode. We measured the longitudinal
resistance Rjong at the Pt2 electrode as a function of the magnetic field orientation
¢ for various magnetic fields, as shown in Fig. 4.2a. The resistance change ARjong
is determined by fitting a ARjong sin?(¢) function to the magnetization orientation
dependent data (under the assumption that the magnetization in the YIG is always
aligned parallel to the external magnetic field), and is normalized to the high
resistance value Rjong. The resulting SMR magnitude is shown as a function
of the external magnetic field in Fig. 4.2b. As expected from theory [33], we
do not see any significant field dependence of the SMR. In order to obtain a
representative value, we calculate an average over the whole field range measured
and find ARjong/ Riong = 7.38 X 10~°. Hence, we can calculate the spin mixing
conductance from Eq. (4.1). Using the values listed in Tab. 4.1, we obtain gIT,f =
2.68 x 108> Sm~2. According to Eq. (2.38), the magnon excitation efficiency (given
by the spin conductance gp;) relates to the spin mixing conductance as gpy =
3ghiz(3/2)/(2msA%) ~ 1.61 x 10'2Sm~2 for YIG at room temperature. This value
is then used throughout the calculations conducted in the subsequent Sections.

19538 . a T ; . '? T T
15T &= N — —a—SMR
& o 05T e iame & o 8or
& 19537 R%we 01T'a~'¢ s IS
= oo \ 4 275 L 4
~ ... » s. “ S’
? L34 ) ’l [ ] $
< AW we 0 2
19536 | o 9% °V. {1 & 70 1
<
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Fig. 4.2 — a Longitudinal resistance Rjong measured on the Ptz electrode as a function of the
magnetic field orientation ¢ for different magnetic field magnitudes. b SMR magnitude
ARjong/ Riong as a function of magnetic field.
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4.1.3 Magnon Diffusion Length

In Ch. 4.2, we apply a spin-resistor model to our magnon transport structure,
which is only valid if the magnon diffusion length of our YIG film is larger than
the distances between the respective electrodes considered. We thus determine the
magnon diffusion length A, of a comparable 1 um thick YIG film from the same
wafer as the one shown in Fig. 4.1. For this purpose, we structured simple two-
electrode devices consisting of Pt strips with a thickness of 7nm on the YIG film
with various values of their separation d (here d denotes the edge-to-edge distance
between the electrodes). In Fig. 4.3a, the magnon transport signal amplitude
AVS! is plotted versus d for different external magnetic fields. As indicated by
the green and gray areas in the plot, we observe two different distance regimes,
which decay on different length scales. We therefore show the short (orange
shaded area) and long (gray shaded area) distance regimes on an enlarged scale in
Fig. 4.3b and ¢, respectively. Here, the two regimes are fitted separately with single
exponential fits of the form AVgitOe*d/ Am_ where AVC?étO denotes the amplitude for
zero distance. For the short (long) distance regime we find the diffusion length
to vary from Ay = 1.0pum to 0.8 ym (A =~ 6.4 um to 1.8 um) for magnetic fields
from poH = 0.1T to 7T. Since the long distances correspond to the diffusive
regime [36], we compare the diffusion lengths extracted for the long distance
regime to the electrode separations studied in the subsequent Sections and find
that A, > dpy = 1.6 um for the whole field range considered. Hence, we conclude
that the application of a spin-resistor model to our magnon transport device is

valid.
b C
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Fig. 4.3 — a Magnon transport signal Avgét plotted versus the injector-detector separation d
on a logarithmic scale. The data is measured for a comparable 1 um thick, LPE-grown YIG
film taken from the same wafer as the one shown in Fig. 4.1. The straight lines indicate
the different behavior observed on different length scales. Short (long) distance regimes
are indicated by the orange (grey) shaded areas. Panels b and ¢ show an enlarged view of
the short and long distance regimes with exponential fits, respectively.
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4.2 Determination of the Anomalous Spin Hall

Angle of CoFe via Magnon Transport Measurements

To characterize the magnon transport in our device, we measure Rglet

function of the magnetic field orientation ¢ for various in-plane field magnitudes

as a

poH. Corresponding data are shown in Fig. 4.4 a-c for three different external
magnetic fields. First, panel a shows the reference measurement using Pt1 as the
detector. In accordance with Refs. [8,9, 166], we observe a sinz((p)-dependence
of R¢,, with an amplitude which is decreasing with increasing external magnetic
field strengths. The origin of this reduction stems from the field-dependence of
the magnon injection/detection at the YIG/Pt interface and the field-dependent
magnon diffusion length A, [166]. We do not expect any effects from field induced
magnetic moments or proximity magnetism in Pt [167], since these were ruled out
in YIG/Pt heterostructures at elevated temperatures [168, 169]. Second, panel b
shows Rglet recorded at the Pt3 detector. Since the separation of the Pt1 and Pt3
strip to the injector strip Ptz are the same (cf. 4.1), one would expect the same
signal magnitude. However, the R¢, modulation recorded across the Pt3 strip is
significantly smaller, which we attribute to a partial absorption of the magnon spin
current in the CoFe electrode located in between the Ptz and Pt3 electrodes. Finally,
panel ¢ shows Rfilet measured at the CoFe electrode. Interestingely, the polarity
of the detected voltage is inverted. Since all strips were contacted with identical
polarity in the experiments (see Fig. 4.1), we conclude that the anomalous spin
Hall angle 652 in CoFe is negative compared to the positive spin Hall angle 65,
in Pt [44,86]. This is in agreement with the negative spin Hall angles reported for
both Co and Fe [158]. Unlike the magnetic field suppression observed for the Pt
detector strips, we find a significant enhancement of Rglet for increasing magnetic
fields up to poH = 2T for the CoFe detector. We attribute this to the field-induced
increase of 653F¢, qualitatively similar to the results reported in Ref. [65]. The
origin of this increase is simply related to an increasing alignment and saturation
of the CoFe magnetization Mcyre perpendicular to the strip electrode, such that
the transverse spin deflection along the CoFe/YIG interface originating from
the anomalous spin Hall effect becomes larger due to a larger spin polarization
(cf. Eq. (2.28)). Effectively, this can be captured by an increase in the anomalous
spin Hall angle QE‘S’FHE. For larger magnetic fields (uoH = 7 T), however, we observe
a suppression of the magnon transport signal. Since the CoFe magnetization
Mcore saturates around pugH = 2T [165], we attribute this field suppression to the
YIG magnon system in analogy to the situation observed for the Pt detectors [8].
Interestingly, we observe a distinct asymmetry in the magnitudes of the signal for
strong magnetic fields poH > 2T, which is discussed in more detail in Ch. 4.3.

In Fig. 4.5a, we plot the anisotropic magnetoresistance (AMR) of the CoFe
electrode by measuring its longitudinal resistance Rjong as a function of the mag-
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Fig. 4.4 — Normalized magnon transport signal

Rel

det

measured using different detector

electrodes. a The signal at the Pt1 detector is taken as a reference measurement, with
which we can characterize the magnon transport in the YIG layer with a well-known Pt
injector and detector. b The Pt3 detector signal is somewhat smaller than the Pt1 signal
owing to the finite absorption of the magnon current by the CoFe electrode in between
Pt2 and Pt3. ¢ The signal R‘élet associated with the detector voltage recorded at the CoFe
electrode shows a sign reversal, indicating that the anomalous spin Hall angle in CoFe is
negative.

netic field strength (the sweep direction is indicated by arrows). The blue (green)
colored lines correspond to the field direction pointing perpendicular (parallel)
to the strip length, while dark (light) colored lines correspond to the up (down)
sweep of the magnetic field strength (trace and retrace, respectively). Obviously,
we observe a clear AMR with a maximum (minimum) in resistance for parallel
(perpendicular) field alignment with respect to the strip length at a coercive field
of approximately £18 mT. Additionally, we find a second peak at a characteristic
tield of roughly £11mT. This feature corresponds well to the switching field
observed for the longitudinal resistance of the Pt2 electrode, which is shown in
Fig. 4.5b (switching field indicated by gray dashed lines). Therefore, the peaks in
the resistance of the CoFe strip around +11mT can be attributed to a spin Hall
magnetoresistance (SMR) [54] contribution related to the magnetization reversal in
the YIG film. Most importantly, these magnetoresistance measurements show that
exchange coupling between the two ferromagnetic layers is not relevant, since no
exchange bias effect can be observed (which would lead to a shift of the hysteresis
curves along the magnetic field axis). Figure 4.5¢, d show the detector signals
RE., as a function of the magnetic field strength measured at the Pt1 and CoFe
electrodes, respectively. For the reference detector (Pt1), we find a continuous
suppression of the magnon transport signal Rfilet with increasing magnetic field
strength when the field is oriented perpendicular to the strips (blue data points in
Fig. 4.5¢). For a parallel alignment of the field and the strips (green data points), the
signal vanishes. This response is quantitatively consistent with the field-orientation
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dependent data (Fig. 4.4a and b). Figure 4.5d shows the magnetic field dependence
of Rglet when the CoFe electrode is used as the detector. Here, Rglet is zero for
uoH = 0 for both field orientations. When the field is oriented perpendicular to
the strips, Rglet rapidly increases and reaches its maximum at around pugH ~ 2T.
Since the injection and detection efficiency of the magnons is maximized when the
magnetizations My and Mcgre are aligned perpendicular to the electrodes [65],
the maximum of Rfilet is expected when the magnetization Mcqre is fully saturated
perpendicularly to the strips overcoming the shape anisotropy at around 2T [65]
(see Fig. 4.5d). For larger magnetic fields, we again observe a field-induced sup-
pression of the signal, which was already discussed for the orientation dependent
measurements in Fig. 4.4 and originates from the field dependence of the magnon
transport in YIG. Following Ref. [65], the contributions of 6y and 0asy can be
separated by identifying the magnon transport signal at the switching field and the
saturation field of the CoFe detector, respectively. It is, however, evident that the
CoFe detector signal in Fig. 4.5d becomes zero for small magnetic fields, suggesting
that there is no contribution from a pure SHE in CoFe, different to the results
reported for Py [65,170]. We note, however, that this observation strongly depends
on whether or not the CoFe is in a multidomain state, since a net magnetization
Mcore perpendicular to the electrode could be counterbalanced by a positive SHE
contribution. Clearly, we can verify again the asymmetry feature when the CoFe
electrode is used as a detector (see Ch. 4.3 for details).

Utilizing our multiterminal magnon transport device, we are able to extract
the anomalous spin Hall angle 652F¢. To this end, we model the spin transport in
our device by employing the spin-resistor circuit model proposed in Ref. [36]. This
approach is valid as long as the distance d between the considered electrodes is
smaller than the characteristic magnon diffusion length Ay, in our YIG film. We
verified that dp; = 2dcope < Am =~ 6 um for a comparable YIG film (see Ch. 4.1.3).
The equivalent spin-resistor circuit diagram for the Pt2-Pt1 contact pair and the
three-terminal Pt2-CoFe-Pt3 contacts are shown in Fig. 4.6a and b, respectively.
Here, the individual resistors are described by three different resistances (each
of which are given in units of Q): first, RS = I'p;/[l;jwtanh(t;/I.)] is the spin
resistance of electrode i (i = Pt1, CoFe, Pt3) with lé the spin diffusion length
and p; the electrical resistivity. Furthermore, t;, [; and w denote the thickness,

length and width of electrode i. Secondly, R, ; = 1/(giliw) is the interface spin
resistance, with g; the interface spin conductance of electrode i and lastly R3,;; =
dcore/ (%Umlptzt\(lc) is the YIG spin resistance for a distance dcope With oy, the
magnon conductivity and tyig the thickness of the YIG film. For convenience,
we will refer to the magnon conductivity in units of electrical conductivity S/m
by calculating 2¢2 /1 - 0. For both circuits shown in Fig. 4.6a and b, the ”spin
battery” of the network is characterized by the injected spin chemical potential
yf’fu = 2605} IinjIL*[Rpp / Ip] tanh (tp/ (2IE")) [33] at the YIG/Pt2 interface (given
I

in units of J). Here, ;" is the spin diffusion length of Pt, 9&1 is the spin Hall angle
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Fig. 4.5 — Longitudinal resistance Rj,, and magnon transport signal Rfilet measured as a
function of the magnetic field strength for field directions pointing perpendicular (blue)
and parallel (green) to the strip length. Dark and light colored lines correspond to up- and
down-sweep curves, respectively. a Rjong measured on the CoFe electrode, showing the
AMR with a switching field of yoH = £18mT. Additionally, a second switching at lower
fields yoH = £11mT (indicated by gray dashed lines) is observed, which corresponds
to the Rjopg change measured on the Ptz electrode (SMR) in b. Here, the green curves

correspond to the left vertical axis, while the blue lines refer to the right axis. ¢, d Rglet
shown as a function of the magnetic field strength measured at the Pt1 and CoFe detector,
respectively.

of Pt and Rpy, is the electrical resistance of the Pt2 electrode. The spin chemical
potential “drop” across each detector i is given via the measured detector voltages
Ve and reads T Zeti/(Bi(A)SHli) (1 + [cosh(t;/1i) — 1]~1) VS [36]. For each
detector i, we can then calculate the spin transfer efficiency generally as

M et
ph = et (4-2)
Hs,inj

Applying Kirchhoff’s laws to the spin-resistor network shown in Fig. 4.6a, we
obtain the spin transfer efficiency of the Pt1 detector as

RS
S R Rey T Ko 4 Ko 2R 43)
P2 T BPtl T NintPr2 T Nint,Ptl YIG
while analyzing the circuit shown in Fig. 4.6b, we find
RpsC
Pt3 Pt3
= Ft89 .4a
E]
UEOFE CoFe (4. 4b)

TR (1+8)
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for the Pt3 and CoFe detectors. Here, & = [R}, core T Regrel / [RY1g + Rineps + Rbgs)

and R}, is the total resistance of the spin-resistor network of Fig. 4.6b.

S S
Pt1 Rint, Pt YIG YIG Rint, ol | r2

S S
Rint, CoFe RCoFe
S S S
RPt2 | Rint, P2 | RYIG RYIG [ | Rint, P13 RPt3

Fig. 4.6 — Equivalent spin-resistor network for a the Pt2-Pt1 contact pair and b the Pt2-
CoFe-Pt3 contact configuration.

On the basis of this model, we now calculate 0y, gcore Of the YIG/CoFe
interface and finally 652k of CoFe. We obtain oy, by equating Egs. (4.2) and (4.3)
for i = Ptl. The spin conductance gp; for the YIG/Pt interfaces was independently
determined via longitudinal SMR measurements (see Ch. 4.1.2). We extract oy,
for the different magnetic field values and plot the result in Fig. 4.7a. For small
magnetic fields of 10mT < ppH < 50 mT, the magnon conductivity in the YIG layer
exhibits a sharp increase, which is due to the initial saturation of the magnetization.
It reaches its maximum at (2¢2)/h 0y &~ 3.2 x 10*Sm™! for uoH = 50 mT, which
is roughly one order of magnitude smaller than what is reported in Ref. [171]. This
difference is due to the fact that our YIG film is five times thicker than the one
studied in Ref. [171]. Since the electrically excited magnon transport signal was
shown to decrease monotonically with increasing thickness [124], we conclude
our extracted value to be reasonable. For larger magnetic fields yoH > 50mT, oy,
monotonically decreases as a function of magnetic field. This is expected, since
the thermal magnon number of the YIG film is decreasing as the Zeeman gap
opens with increasing external field. In a Drude-inspired conductivity model for
magnons [172], a decreasing magnon number is directly connected to a decreasing
magnon conductivity (cf. Ch. 2.7.2 and Eq. (2.55)). We want to emphasize here
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that the spin resistor model (per definition) neglects magnon decay, which is
parameterized by the magnon diffusion length A,,. As the magnon diffusion
length is a field dependent parameter (see Ch. 4.1.3), this implies that we project
the complete field dependence onto the magnon conductivity or,. This, however,
is justified since the distances d between the strips that we investigate in this work
are smaller than the magnon diffusion length (see Ch. 4.1.3) in all cases, thus
legitimizing the use of the spin resistor model. Furthermore, the spin conductance
gpt (that also enters the calculation of oy,) at the YIG /Pt interface (which is given by
the real part of spin mixing conductance gllf, see Ch. 4.1.2) is generally considered
as a weakly field-dependent parameter [75,86]. Moreover, for the spin Hall angle
of Pt no strong dependence on magnetic field was shown either [54].

a , b

T T T T

WA
——

N
v
T

15T

-
wv
T

(2€°/h) o, (x10* S/m)
8

47T

1 1 1

1.0 Lo 1 1 1 1 1 1
0 1 2 3 4 5 6

4 6
1oH (T) 1€°F¢ (nm)

Fig. 4.7 — a Magnon conductivity oy, of the YIG film as a function of magnetic field.
The values were extracted within the spin-resistor model outlined in Fig. 4.6. b Spin
conductance gcore as a function of the spin diffusion length I$°F¢ for different external
magnetic fields.

In a next step, we extract the spin conductance gcore at the YIG/CoFe interface.
Since our experiment does not allow to determine the spin diffusion length 1$°F
of CoFe, we determine gcore as a function of [S°F¢ from Egs. (4.2) and (4.4a) for
i = Pt3. The result is shown in Fig. 4.7b for different external magnetic fields. We
here observe a vanishing dependence of gcore On the spin diffusion length lsCOFe
varying only by roughly ~ 0.05 % between I$°f¢ = 0nm and 10nm. We therefore
treat gcore as a constant value, independent of the spin diffusion length. However,
as evident from Fig. 4.7b, the interface spin conductance gcore does slightly vary
with the external magnetic field by a factor of ~ 2 in the measured field range.
Similar to the YIG/Pt interface spin conductance gp;, we do not expect the spin
conductance gcore at the YIG/CoFe interface to exhibit a strong external field
dependence. Since our measurements of the detector voltage Vgé’tpﬁ( uoH) at the
Pt3 electrode enter the spin-resistor model, their field dependence is projected onto
SCoFe, as this parameter characterizes the amount of spin current absorbed in the
CoFe strip (between Pt2 and Pt3). This effect is, however, mostly counterbalanced
by the field dependent magnon conductivity values (see Fig. 4.7a) that also enter
the calculation of gcope. As evident from Fig. 4.7b, this balancing effect is clearly
visible for fields yoH < 2T (where a vanishing field dependence of gcore is
observed), but a stronger field dependence becomes apparent for poH > 3 T. Since
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we do not consider gcore as a field dependent parameter [33,76,86], this feature
might be explained by the fact that the magnon diffusion length A, is strongly
suppressed for large magnetic fields (see Ch. 4.1.3), such that the spin resistor
model becomes less accurate in this field regime. Hence, the calculation of gcore
might be also less accurate for ygH > 3T. For the sake of consistency and to
reduce the number of field dependent parameters, we therefore assume a constant
value of gcore = 4 X 10'°Sm~2 for the calculation of the anomalous spin Hall
angle of CoFe in the following. This value approximately corresponds to the
values extracted for the field range between yoH = 0.1T and 2T, as shown in
Fig. 4.7b. For the sake of completeness we also analyze the influence of varying

gcore ON the determination of Ggggf in Ch. 4.2.1.

a b
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Fig. 4.8 — a Experimentally determined absolute value of the anomalous spin Hall angle

053k as a function of the spin diffusion length IS°F€ for various external magnetic fields.

Here, the spin conductance of the YIG/CoFe interface was set to a constant value gcope =
4 x 10" Sm~2. b Anomalous spin Hall angle of CoFe as a function of the applied magnetic
field assuming a spin diffusion length I$°F¢ = 6nm.

Interestingely, the spin conductance gcore of the YIG/CoFe interface is almost
two orders of magnitude smaller than gp; of the YIG/Pt interfaces. This rather
drastic difference suggests that the diffusing magnons at the YIG/CoFe interface
are not only transmuting into an electronic spin chemical potential by spin flip
scattering processes, but also cross the interface as magnon excitations due to
the ferromagnetic nature of CoFe. This additional dissipation channel for the
transported YIG magnons should, naively, lead to an enhanced absorption by the
ferromagnetic CoFe electrode as compared to the non-magnetic Pt, in contrast to
our experimentally determined values. To potentially resolve this issue, we have
to take into consideration the involved length scales for electronic and magnonic
spin currents in CoFe. Based on our spin resistor model in Fig. 4.6, the spin
conductance gcor. is basically determined by comparing the magnon transport
signals at the Pt1 and Pt3 detectors, the difference of which indicates the amount
of magnon absorption at the CoFe electrode. While the absorbed magnons in
CoFe transmuting into an electronic spin current are governed by the short spin
diffusion length I$°F¢ (in the order of a few nm [173]) and are therefore mostly
dissipated across its thickness of fcope = 7nm (as experimentally verified by the
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finite electrical detector signal at the CoFe electrode), the transmutation of YIG
magnons into CoFe magnons is governed by the magnon diffusion length in
CoFe. Considering the record low damping of thin CoFe layers demonstrated
recently [165] and its correpsonding large spin wave propagation length in the
order of tens of um [28], it is reasonable to assume a non-coherent magnon
diffusion length of the order of um in CoFe. Hence, it is quite likely that the
transmuted magnons are mostly reflected at the top surface of the thin CoFe
electrode (tcope = 7nm) and are therefore converted back into the YIG film. As a
consequence, the magnon absorption in CoFe due to the magnon channel is likely
to have a negligible impact on the Pt3 detector signal, which is determined by the
total amount of non-equilbrium magnons at its interface. This might therefore
explain the large difference between the extracted interface transparencies from
our model, since the transmutation of YIG magnons into CoFe magnons would not
lead to an effectively increased absorption due to the supposedly large magnon
diffusion length in CoFe. Assuming that the total magnon absorption at the
YIG/CoFe interface is comparable to that of YIG/Pt, the above considerations
suggest a far more efficient transmutation of YIG magnons into CoFe magnons
compared to the conversion into an electronic spin accumulation. In any case, the
above arguments legitimize our following analysis regarding the anomalous spin
Hall angle of CoFe.

Having determined both 0y, and gcore, We can now quantify the anomalous
spin Hall angle 652 by equating Egs. (4.2) and (4.4b) for i = CoFe. We thus
extract Gggﬁf as a function of I$°F¢ from Egs. (4.2) and (4.4b) for i = CoFe. The
result is shown in Fig. 4.8a for different magnetic fields. Obviously, 653 saturates
as a function of lSCOFe at around ~ 7nm, which corresponds to the CoFe electrode
thickness tcope. This is reasonable, since (experimentally) we do not expect any
change of BX‘S’FHE for lEOFe > tcore- Finally, we estimate the field dependence of
05k by assuming ISP = 6nm, which is based on Ref. [173], where the spin
diffusion length of a CogoFeyo alloy was determined via spin absorption in lateral
spin valves. Note, that the value of I$°F¢ only affects the quantitative values for
052k, but the qualitative field dependence remains the same. Plotting 652 as a
function of magnetic field in Fig. 4.8b, we find that 053¢ rapidly increases with
increasing magnetic field (as Mcore saturates) and reaches its maximum value for
about 2T-3T at ~ 5%. For permalloy, a spin Hall angle of 2 % was reported [158].
Clearly, the field dependence of 652f¢ in our experiment is determined by the
magnetization Mcor. aligning perpendicularly to the CoFe strip length (i.e. along
the magnetic hard axis). As detailed in the Ch. 4.2.2, however, the application of a
Stoner-Wohlfarth model with uniaxial shape anisotropy [174] does not reproduce
the observed field dependence well, suggesting that the CoFe electrode is in a
multidomain state for small magnetic fields. We want to emphasize that our
experimental determination of HggFHe takes into account the spin conductance gcore
at the YIG/CoFe interface. Earlier estimations of fasy in ferromagnetic metals
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either assume a comparable spin conductance as for YIG/Pt interfaces [175] or do
not provide any experimental data on the interfacial spin conductance [65].

4.2.1 Influence of the Spin Conductance gcore On the

Anomalous Spin Hall Angle 652¢

In order to show the effect of different spin conductances gcore On the evo-
lution of the anomalous spin Hall angle of CoFe, we plot 652¢ as a function of
magnetic field in Fig. 4.9 for two constant values of gcore (black and blue points),
assuming a constant spin diffusion length of I$°F¢ = 6 nm [173]. Additionally, we
plot the situation when the full field dependence gcore(#oH) shown in Fig. 4.7b
is taken into account (red data points). Assuming a small spin conductance
SCoFe = 2 X 10'°Sm—2 (blue data), we find a significantly larger anomalous spin
Hall angle as compared to gcore = 4 X 101°Sm~2 (black data). This is expected,
since a smaller spin conductance has to be counterbalanced by a larger anomalous
spin Hall angle, in order to maintain the measured magnon transport signal. Figu-
ratively speaking, gcore determines the amount of spin current injected into the
CoFe strip, while 652F¢ describes the spin-to-charge current conversion process in
the CoFe. Calculating 652 including the full field dependence gcore(poH) (red
data points), we observe an increase of the anomalous spin Hall angle even beyond
2T, where the CoFe electrode is already saturated. This, however, is implausible
and we therefore attribute this artificial increase in 53¢ to the violation of the
assumptions made in the spin resistor-model, i.e. that the decay of magnons can
be neglected. We conclude that the assumption of a constant gcore is well justified

in the field range of 2T < poH < 7T.
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Fig. 4.9 — Anomalous spin Hall angle of CoFe for two different (constant) values of the
spin conductance gcore (black and blue data points). Additionally, the result for a field
dependent spin conductance ¢core(ttoH) is shown (red data points).
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4.2.2 Shape Anisotropy of the CoFe Electrode

In this subsection, we employ the Stoner-Wohlfarth model [174] to extract the
uniaxial shape anisotropy of the CoFe electrode. On the basis of this model, we
furthermore attempt to reproduce the field dependence of the anomalous spin
Hall angle 652F¢, which is characterized by the alignment of the magnetization
Mcore perpendicular to the CoFe strip (i.e. along the magnetic hard axis in the
film plane). The Stoner-Wohlfarth model with uniaxial shape anisotropy (for our
definition of the field direction and for in-plane orientations) reads

1,
f = —5Kusin®(6 + ¢) — poHMeore cos(6), 4-5)

where f is the free energy density, K, is the uniaxial anisotropy constant, poH
the external magnetic field strength with po the magnetic vacuum permeability,
HoMcore ~ 2.3 T is the saturation magnetization of CoFe [165], ¢ is the direction of
the external magnetic field (cf. Fig. 4.1) with respect to the magnetic hard axis and 6
is the angle between the magnetization and external field direction. Equation (4.5)
is expanded up to second order in 6 and then minimized with respect to 6. The
resulting equation for 6 is a function of the angle ¢ and reads

__ Kycos(g)sin(g)
0(¢) = toHMcore — Ky cos(2¢) (4-6)

The AMR modulates as a sin?(¢) function when the magnetization is rotated in the
magnetic material. Introducing the finite misalignment of the external magnetic
field and the magnetization, the AMR modulation can be written as sin?(¢ — 0(¢))
with Eq. (4.6). This function is fitted to the AMR measurements of the CoFe elec-
trode for different magnetic fields in Fig. 4.10a. Extracting the anisotropy constant
from the fits gives K, ~ 90 k] m~3, which results in an equivalent anisotropy field
of Bani = Ku/MCoFe ~ 49 mT.
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Fig. 4.10 — a Longitudinal resistance Rjong measured at the CoFe electrode as a function of
the magnetic field orientation ¢ (cf. Fig. 4.1), showing the anisotropic magnetoresistance
behaviour. The solid lines are fits to the data. b Field dependence of the anomalous spin
Hall angle 652F¢ (same as Fig. 4.8b in Ch. 4.2). The green solid line is calculated on the
basis of a Stoner-Wohlfarth model assuming uniaxial shape ansisotropy of the CoFe strip
with an anisotropy field B,y ~ 49 mT.
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Using the experimentally extracted anisotropy constant K, we can calculate
the field dependence of the anomalous spin Hall angle 652, For the purpose
of this, Eq. (4.5) is minimized with respect to the angle 0 while setting ¢ = 0°
(which corresponds to the magnetic hard axis of the field direction). Thus, we
obtain the angle Onin as a function of the external magnetic field yoH. Taking
into account the measured anomalous spin Hall angle at large magnetic fields
(~ 5%) and considering the projection of the magnetization along the magnetic
hard axis (i.e. cos(fmin)), we expect a field dependence as shown by the green
line in Fig. 4.10b. As evident, this simple model does not reproduce the observed
field dependence well. We can therefore conclude that the CoFe electrode is in a

multidomain state for small magnetic fields pyoH S 1T.

4.3 Asymmetric Magnon Transport Signals Using

Spin Injection/Detection via CoFe

In Ch. 4.2, we observed a slight asymmetry between the magnon transport
signals measured at the CoFe detector for the two field directions pointing per-
pendicular to the strips, i.e. ¢ = 0° and ¢ = 180°. Most likely, this asymmetry
is related to the magnetization behaviour of Mcyre of the CoFe electrode. We
therefore measured the anisotropic magnetoresistance (AMR) as a function of ¢ on
the CoFe electrode in Fig. 4.11a. Additionally, we recorded the magnon transport
signal as a function of ¢ for various injector-detector configurations in Fig. 4.11b
- e. Here, each of the respective panels is indicated with “injector - detector’,
denoting the considered measurement configuration. For each configuration, we
show rotations with two different magnetic field magnitudes (red and blue data
points), where the forth [towards larger positive ¢ values] (back [towards smaller
¢ values]) rotation is indicated by darker (lighter) colored points. Panels b and ¢
show the case when the CoFe electrode is used as the detector, while panels d and
e picture the case when the CoFe electrode serves as an injector.

We first focus on the large magnetic field (yoH = 2T) rotations (red data
points). Here, the AMR in CoFe (Fig. 4.11a) exhibits the typical sin?(¢) mod-
ulation with a relative magnitude of ~ 3 %, exhibiting a lower resistance state
for a perpendicular configuration of Mcgre as for a parallel alignment with the
strip, i.e. the electrical current direction. Disregarding the asymmetry feature
for now, the magnon transport signals in Fig. 4.11b - d also show the expected
behaviour. Nominally, we expect the signals of panel b and ¢ to exhibit a compa-
rable magnitude, since the injectors Pt2 and Pt3 are supposed to have the same
edge-to-edge distance of d = 300 nm to the CoFe electrode. In contrast to this, the
signal amplitudes differ by roughly 45 %. Considering the distance dependence of
the magnon transport in the YIG film (Fig. 4.3), we see that the transport signal
varies by roughly 25% from d = 300nm to d = 200nm. Hence, this difference
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Fig. 4.11 — a Longitudinal resistance Rjng (i.e. the anisotropic magnetoresistance) of the

CoFe electrode measured as a function of ¢. Magnon transport signal Rglet as a function of
the magnetic field orientation ¢. The forth (back) rotations of the magnetic field are shown

in dark (light) colors. Different configurations of injector - detector combinations are used,

which are indicated in the form of ‘injector - detector” in each panel b, ¢, d and e.

can be explained by a slight displacement of the CoFe strip by ~ 80nm in the
negative y direction (see Fig. 4.1 in Ch. 4.1.1), which is likely due to an error in
the alignment procedure during the fabrication of the samples. When we calculate
the anomalous spin Hall angle with our spin-resistor model and include this
displacement to the model, it only changes the value of 653(¢ by 0.5 % and thus
this geometry effect only plays a minor role in the quantification process. The
lower panels d and e present the signals at the Pt2 and Pt3 electrode when the
CoFe strip is used as the injector. Here, the difference in signal magnitude can also
be attributed to the displacement of the CoFe electrode in the same quantitative
way, thus supporting this claim.

A more interesting behaviour is observed for the small magnetic field (poH =
20mT) rotations (blue data points). Here, the AMR in CoFe (Fig. 4.11a) exhibits
a clear hysteresis due to the shape anisotropy of the electrode: the resistance
switches for ¢ > 0° (¢ > 180°) for the forth rotation (dark blue), rather than
directly at ¢ = 0° (¢ = 180°). As expected, this behaviour is inverted for the back
rotation (light blue), showing a switching for ¢ < 180° (¢ < 0°). The low field
magnon transport signal measured for the 'Pt2 - CoFe’ configuration (Fig. 4.11b)
exhibits several peaks in the signal modulation, which approximately correspond
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to the magnetization switching of Mcyre to a perpendicular state (indicated by
the gray dashed vertical lines). These peaks are attributed to the increase of the
magnon transport signal when the magnetization Mc,re has a finite contribution
perpendicular to the strip, such that the anomalous spin Hall effect (ASHE)
becomes measurable along the strip. Unexpectedly, the back rotation exhibits these
peaks with an inverted sign. This is most likely due to an opposing configuration
of the YIG magnetization My;c and Mcore at these inverted peaks. Since the spin
current polarization due to the ASHE is tunable via the magnetization direction
of Mcore, and the diffusion direction of the Pt-injected magnons is determined
by Myig, the sign of the resulting signal in the CoFe detector is dependent on
the relative orientation of the two magnetizations. At the considered field of
poH = 20mT, Myjc can be assumed to closely follow the external magnetic
field direction. The orientation of Mc,re, however, is mostly determined by the
shape anisotropy of the strip. Thus, the inverted peaks in the back rotation in
Fig. 4.11b might be attributed to a rather complicated domain configuration in the
CoFe electrode during the rotation, which can exhibit a net contribution of Mcpe
pointing oppositely to My;g. Here, it is important to note that in our experiments
we conducted rotations over 400° in each direction and thus a slight misalignment
of the external magnetic field with respect to the structure could be responsible
for a different domain configuration for the two rotation directions. A similar
peak structure can be observed for the 'Pt3 - CoFe’ configuration in Fig. 4.11c.
Surprisingly, however, the peaks are exactly inverted regarding the forth and back
rotations, as compared to the behaviour for ‘Ptz - CoFe’ configuration in Fig. 4.11b.
Since the two measurements in panel b and ¢ are obviously not measured in the
same run, one could argue that the system was prepared differently regarding its
domain configuration, resulting in a different relative orientation of Mcop. and
Myic during the rotation. The small magnetic field rotations for the case when the
CoFe electrode is used as the injector, shown in Fig. 4.11d and e, do however not
exhibit a clear modulation of the signal. All in all, the observed behaviour at small
magnetic field rotations supports the picture that the shape anisotropy in the CoFe
strip is the origin of the oberved features. Moreover, it supports the claim that
the anomalous spin Hall angle in CoFe is responsible for the observed magnon
transport signals, since the peak structure in the rotations suggests a very sensitive
dependence on the relative orientation of Mcope With respect to Myg.

In the following, we focus on the asymmetry behaviour for poH = 2T in
Fig. 4.11b - e (red data points). Interestingly, the asymmetry feature for panel b
and ¢ (CoFe as detector) exhibits an inverted behaviour as compared to the lower
panels d and e (CoFe as injector), suggesting that the asymmetry is reversed when
the CoFe electrode is either used as an injector or detector. In order to further
verify the appearance of this feature, we plot the fieldsweep measurements for
the 'Pt2 - CoFe” and "CoFe - Pt2” configurations in Fig. 4.12 a and b, respectively.
As evident, we still oberve the asymmetry for magnetic fields yoH 2 2T and
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Fig. 4.12 - R:?llet measured as a function of magnetic field strength for field directions

pointing perpendicular (blue) and parallel (green) to the strip length. Dark and light
colored lines correspond to trace and retrace curves, respectively. In a the magnon
transport signal for the Ptz - CoFe (injector - detector) configuration is shown, which is
inverted in b.

confirm the inversion of the feature when the CoFe electrode is changed from
being used as a detector or injector (indicated by the horizontal gray dashed lines).
Several possible sources of the observed asymmetry feature can be thought of in
our device. First of all, the fact that the asymmetry is larger for high magnetic
fields rules out any effects stemming from a misalignment of the YIG and CoFe
magnetizations. Apart from this, the asymmetry behaviour does also not depend
on the actual direction of the magnon spin current (i.e. magnon current flowing
to the left or right from the CoFe injector, as measured in Fig. 4.11d and e),
therefore ruling out any anisotropic dipolar magnon mode propagation effects. As
theoretically proposed in Ref. [103], the observed asymmetry effect does resemble
an unidirectional magnon transport effect. Here, the asymmetry is stemming from
a non-linear injection of magnons but a linear depletion of the magnon system as
a function of the injector current. Since our orientation dependent measurements
switch between injection and depletion of the magnon system by reversing the
magnetic field direction, an imbalance of the signal amplitudes similar to our
results could occur. However, our current reversal method that we use for the
detection of the electrically excited magnons is not sensitive to any current-induced
imbalance between injection and depletion of magnons, hence ruling out non-
linear magnon injection effects as well. For the same reason, we cannot attribute
any effects arising from the difference in the density of states of the majority and
minority spins in the ferromagnetic CoFe electrode. Due to the ASHE, the amount
of electron spins on the top and bottom side of the CoFe electrode are not equal,
hence one could relate the asymmetry to an asymmetric spin injection for different
tield directions. On the one hand, however, the current reversal method averages
out this putative imbalance. On the other hand, it is not the actual amount of
spins at particularly the YIG/CoFe interface that determines the spin injection but

4.3 Asymmetric Magnon Transport Signals Using Spin Injection/Detection via CoFe
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rather the spin chemical potential, which is equal for both field directions [33,36].
In conclusion, the asymmetry behaviour of magnon injection/detection with CoFe
electrodes appears to be robust in our measurements. It is, however, not yet clear
which mechanism is responsible for this interesting feature and requires further
investigation.

4.4 Summary and Conclusion

The influence of using the ferromagnetic metal alloy CopsFeys to inject/detect
magnon spin in the ferromagnetic insulator YIG has been investigated. We could
verify recent observations of spin injection using Py electrodes [65], exhibiting
an initial increase in the injection efficiency until the CoFe is saturated, followed
by a decrease due to the field-induced decrease in thermal magnon number in
the YIG. As a main result, we demonstrated the determination of the anomalous
spin Hall angle 6$3F¢ of CoFe employing a multiterminal spin injection/detection
device. Using both paramagnetic Pt and ferromagnetic CoFe electrodes on the
ferrimagnetic insulator YIG, we determined the magnon conductivity of YIG,
the spin conductance of the YIG/CoFe interface and finally the anomalous spin
Hall angle of CoFe on a single device. We based our analysis on a spin-resistor
model [36] and found that the pure SHE contribution in CoFe is negligible, which
is different to the finite SHE contribution reported for Py [65]. The negative
anomalous spin Hall angle of CoFe was found to increase strongly by saturating
Mcore with an applied magnetic field and shows a saturation value of ~ 5 % for
magnetic fields of uoH 2 2T.

A yet unclear feature refers to the asymmetry of the magnon transport signals
under magnetization reversal of the CoFe electrodes when using them as either
injectors or detectors. Several possible sources of this asymmetry could be ex-
cluded, but an explanation of the effect is still missing. Since the effect requires
a symmetry that is odd under magnetization reversal, the recently discovered
magnetic spin Hall effect might be a possible source [71,73]. Spin currents that
occur due to interfacial effects could be another source for such odd magnetization
dependent symmetries [160]. A more rigorous investigation of the signals, in
particular including out-of-plane magnetotransport measurements, are however
needed to test for this conjecture.

Using ferromagnetic metals for spin injection or detection offers a large
playground for novel spin torque related physics. Due to a finite spin-orbit
coupling and magnetic order in these materials, all symmetries are broken when
allowing for arbitrary directions of the magnetization and the electric field /current
direction, leading to rich spin current generation [63]. Spin currents unique
to such systems, like the planar spin Hall spin current, have been utilized as
efficient spin-orbit torque sources [68,69]. Moreover, the signficant difference
between the spin conductance gp; and gcore measured in our experiment suggests
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a considerable contribution of magnon-to-magnon interconversion at the YIG/CoFe
interface. Future investigations in our CoFe/YIG devices should check for these
magnetic contributions to the electric field-induced spin current generation as well
as magnon transmutation, attempting to disentangle the various contributions to
the spin current generation in ferromagnetic metals.

4.4 Summary and Conclusion
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Full Spin Conductivity Control in
a Three-terminal YIG/Pt
Heterostructure

The fast and reliable transport of information represents an essential ingredient
for modern technology. Independent of the particular nature of the mobile carriers
used to transport this information, their efficient storage and control are crucial
features for information processing systems. The indispensability of charge based
DRAMSs (dynamic random access memories) and the electron-based field effect
transistor (FET) for modern information technology are striking examples for this.
In particular, the FET embodies an almost immaculate device capable of controlling
the electron conductivity over orders of magnitude.

Besides the well-established charge transport via electrons, there is broad
interest in using their inherent spin degree of freedom for information processing.
This makes the efficient manipulation of the associated spin currents, in particular
the control over their conductivity, an important but also challenging task [176-179].
Magnons, the quantized excitations of the spin system in a magnetically ordered
material, are one of the most promising candidates for transporting information
encoded in the spin degree of freedom. However, in contrast to the number of
charge carriers in an electronic conductor, the magnon number in a spin conductor
is not conserved®>. Inevitably, magnon mediated spin currents only prevail on a
characteristic length scale, which is mainly determined by the magnetic Gilbert
damping of the material. Thus, efficient ways of reducing and tuning the magnetic
damping represent an important step towards magnonic spin transport devices.

Whereas the control of charge currents by electric fields is well established,
the control of spin currents is still in its infancy and different methods are still
under debate. One promising way to manipulate spin currents is to employ spin
orbit torques (SOTs) in heavy metal (HM)/magnetic insulator (MI) bilayers®® [156,
180-182]. Driving a charge current through the HM in contact with the MI, an
antidamping-like spin torque can be exerted on the magnetization of the ML
Above a critical current, the magnetic damping is completely compensated via
the SOT. For nano-structured devices, this damping compensation manifests
itself in the emergence of auto-oscillations of the magnetization forming the
basis of so-called spin torque oscillators [156, 180, 183, 184]. Moreover, recent
experiments [181] demonstrated a 10-fold increase of the propagation length of

*5Note that electronic charge ist also not conserved in modern charge-based storage devices such as
DRAMSs. The information in these volatile memory devices has to be refreshed on the ms scale.

260bviously, SOTs in conducting ferromagnet/heavy metal bilayers are perfectly possible as well,
we focus however on magnetic insulators in this thesis.
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coherent spin-waves in a HM/MI waveguide upon application of a large charge
current to the HM. Cornelissen et al. [172] reported that also the diffusive transport
of incoherently generated magnons can be controlled by charge currents in HM/MI
nanostructures.

In this Chapter, we demonstrate a proof-of-principle magnon transistor device
consisting of three Pt nanostrip electrodes (‘injector” (source), ‘modulator” (gate)
and “detector” (drain)) attached to the ferrimagnetic insulator YIG (cf. Ch. 3.1.1),
similar to the device presented in Ref. [172]. Here, magnon transport is measured
between injector and detector (cf. Ch. 2.7), while the magnon conductivity is altered
via injection of additional magnons by the third modulator electrode placed in
between. In this manner, we achieve a damping-compensated region underneath
the modulator, influencing the diffusive magnon transport from injector to detector.
In a transistor language, this means that the source-drain magnon current can be
manipulated by the gate electrode. Furthermore, we find various indications for
the formation of a magnon Bose-Einstein condensate (BEC) that is supported by
the observation of magnon transport with effectively zero resistance beneath the
modulator. We shed light on the relation of the experimentally measured magnon
conductivity and the excited frequency spectrum of the spin-orbit-torque induced
magnetization dynamics via micromagnetic simulations.

In the following Ch. 5.1, we discuss theoretical aspects about the correlation be-
tween SOT induced magnetic damping compensation and charge current-induced
magnon Bose-Einstein condensation, as well as the related magnon conductivity
modulation due to electrical pumping. After introducing the sample layout and
preliminary characterization measurements in Ch. 5.2, we investigate the spin
transport due to the SHE-induced magnons in Ch. 5.3, and the thermally induced
magnons in Ch. 5.4. Finally, an investigation of the spin-orbit-torque (SOT) in-
duced magnetization dynamics via micromagnetic simulations employing the
open source code MuMax3 [185] is given in Ch. 5.5. A summary with concluding
remarks is given in Ch. 5.6.

This Chapter extensively reuses parts of text and figures published in T. Wim-
mer, M. Althammer, L. Liensberger, N. Vlietstra, S. Geprdgs, M. Weiler, R. Gross,
H. Huebl, Spin Transport in a Magnetic Insulator with Zero Effective Damping, Physical
Review Letters 123, 257201 (2019).
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5.1 Theoretical Considerations

The experimental results presented in the subsequent Sections can be satisfac-
torily rationalized via the theory of spin Hall oscillators (SHO) [91,156,180] as well
as the theory of current-induced magnon BECs [186-188]. Thus, we will discuss
the correlation between these two theories in Ch. 5.1.1. The subsequent Ch. 5.1.2 is
concerned with the theoretical derivation of magnon conductivity changes under
the influence of charge current induced spin current injection in a HM/MI bilayer.

5.1.1 Correlation between SHOs and Current Induced
Magnon BEC

In general, both theoretical frameworks regarding SHOs and current induced
magnon BEC basically describe a coherent oscillation of the magnetization that is
dynamically sustained via SOT. While SHOs are described within a fully classical
Landau-Lifshitz-Gilbert (LLG) model, the DC pumped magnon BEC theory relies
on a quantum mechanical description of thermal and condensed magnons.

Fig. 5.1 — Schematic illustration of a MI with thickness tyy in contact with a HM lead
with thickness tiy and width wy. A DC current Iy, applied to the HM leads to the
build-up of the spin chemical potential s due to the SHE. A spin-transfer torque I'st
is therefore acting on the precessing magnetization m, which counteracts the intrinsic
damping torque I'p. For I3, = Iyt it follows that I'st = I'p leading to an auto-oscillation
of the magnetization. It is shown that this threshold condition is completely equivalent to
the critical behaviour formulated in the theory of DC pumped magnon BEC, put forward
in Ref. [187], and constitutes a mere reformulation of the torques in terms of the chemical
potential energies ps and iit. Note, that an antiparallel alignment of the spin direction at
the interface and the magnetization m in the YIG results in a spin torque that reinforces
the damping.

We start with the well-established description of SHOs. Here, auto-oscillation
of the magnetization is achieved when the spin torque generated via the SHE
in a HM compensates the intrinsic damping torque of an adjacent MI, which is
schematically depicted in Fig. 5.1. The magnetic damping rate I'p (expressed in
units of s7!) is given by the ferromagnetic resonance (FMR) linewidth Aw and
reads

M
FD =Aw = XUQY <H + 7S(Nx + Ny - 2Nz>> s (51)

5.1 Theoretical Considerations
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where « is the total magnetic damping constant, v = gug /% the gyromagnetic ratio
with the Landé factor ¢ and the Bohr’s magneton ugp, po the vacuum permeabilty,
H the external magnetic field, M, the saturation magnetization of the MI and
Ny, are the geometry-dependent demagnetization factors. For an out-of-plane
magnetized thin film along z (Ny = N, = 0, N; = 1) in the presence of spin-
pumping induced damping as,, we obtain

IDF = Aw®® = (ag + asp) YHo (H — M), (5.2)

while for an in-plane magnetized thin film in the x-y-plane (Ny + N, = 1, N, = 0)

we find
P — AwlP = (ag + H+ —2
iy G+asp) yio | H+ > ) (5.3)

Here, we have set & = ag + asp with ag the intrinsic Gilbert damping constant [189,
190]. The anti-damping spin torque rate due to the SHE in the HM within the
macrospin approximation is given by [180]

h 0

S — . .
2 Mabon tHMwHMT st Ldc (5-4)

[st

with tyy the film thickness of the MI layer, 6sy; the spin Hall angle of the HM
and I4. the DC current applied to the HM with thickness ty and width wipv. 7
denotes the interface transparency for spin currents as put forward in Ref. [191]
and reads as

_ __gl'tanh(y)
s oo’
gr¥ coth(2y) + S

2¢2

(5-5)

where gj ¥ denotes the real part of the spin-mixing conductance and # = tiv/ (2ls)
with the spin diffusion length I of the HM. In the following, we approximate
coth(27) ~ 1 in Eq. (5.5). We further take into account that the spin mixing
conductance gi ¥ cannot be determined directly from experiments, but rather only
the (real part of the) effective spin mixing conductance*”

U 47TMstMI
Seft = Msp (5.6)
The relation between these two is [77,191-193]
h e
2 21,
gt = ngifﬁ (5.7)
22l Seff

?7In contrast to the finite temperature correction derived for the effective spin mixing conductance

g”Tl defined in Ch. 2.5 (Eq. (2.36)), g;rfif is a correction due to spin current backflow from the
MI into the HM. When the HM is considered as a perfect spin sink, this correction can be
neglected [77].
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where e is the elementary charge, / the Planck constant, o denotes the HM
conductivity and /s the spin diffusion length in the HM. When the condition
I'p = I'st is met, the external spin torque compensates the intrinsic damping
torque of the MI. Magnon modes with the lowest magnetic damping (i.e. the
Gilbert damping a; of the FMR mode) become unstable and grow exponentially
in time. Hence, a coherent precession of the magnetization with zero effective
damping emerges [189]. Note, that the discussed magnon excitation requires finite
thermal fluctuations of the magnetization (i.e. finite temperature, cf. Ch. 2.5) as
well as a finite interaction between magnons (which is given by the exchange
interaction of the magnet). In the DC pumped magnon BEC theory put forward
in Ref. [187], Bender et al. give two characteristic threshold conditions for either
the magnon BEC transition and the so called ‘swasing’ transition®®. For the spin
chemical potential ys at the MI/HM interface (for an out-of-plane magnetized
film), these criteria read as

i = (14 5 noer 8)
Asp
14

ok = (14 52 ) e, 59)

which only differ by a prefactor of 1/2 before the damping ratio term ag/asp.

Here, Q°°P = yuo(H — M) is the fundamental ferromagnetic resonance frequency
for an out-of-plane magnetized film derived from the Kittel formula [194]

Q) = pioyy/[H + Mo(Ny — N2)]J[H + My (Ny — N2)]. (5.10)

We note, that the ratio % in Egs. (5.8) and (5.9) accounts for the interface spin
transparency in this model. The threshold pon is defined by the onset of the
condensation of magnons, i.e. by the condition n. = 0 (where n. denotes the
number of condensed magnons) [187]. For ps > pon, a continuous condensation of
magnons sets in, characterizing it as a phase transition of second order [187]. At
Us = Herit, the damping is fully compensated by the external spin torque, which is
also known as ‘swasing’ [91]. For p_.t, one can easily show that

h
Mot = 2 TD (5.11)

meaning that the swasing threshold condition is identical to the critical condition
of SHOs (i.e. the compensation of the damping rate) and therefore represents a
mere reformulation of damping rates to spin chemical potentials. This can be easily

BThe term ‘swasing’ stems from the artificial word SWASER firstly introduced by L. Berger in
1996 [91] in analogy to the optical LASER. The analogy is based around the fact that the spin
up and down states of the conduction electrons are ‘pumped’ into different energy states with
an energy splitting given by the spin chemical potential ys, which is somewhat similar to the
pumping of photon states in a lasing device.

5.1 Theoretical Considerations
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understood by considering two limiting cases: for a fully transparent interface,
where ’%‘; < 1, the critical chemical potential is equal to the spin wave gap 7()°°P.
For a fully opaque interface, however, ‘% — oo, leading to a divergence of the
threshold.

The direct proportionality of ygﬁgcrit to the FMR frequency Q2°°P in Egs. (5.8)
and (5.9) is solely valid for an out-of-plane magnetized film. For the in-plane

configuration, we instead have to consider the in-plane frequency linewidth* and

obtain
P~ (1426 o4 M
Hon ( + 2“Sp> iy po ( + 5 (5.12a)
i h o M
Mo = —Th = (1 + G> rypo (H-i- s> . (5.12b)
Xsp Asp 2

The spin chemical potential at the MI/HM interface induced via the SHE can be
derived from the spin diffusion equation (2.23). Assuming no spin transfer at the
interface, one obtains [33,36,110]

1
i (5.13)

We now combine Eq. (5.7), (5.3), (5.4) and (5.5) and find 0 = %HT- Hence,
the swasing threshold ys = perit is indeed fully identical to the SHO threshold
I'st = I'p for in-plane and out-of plane configurations.

Ultimately, we can now solve the critical conditions for the experimentally ac-
cessible DC current 4. applied to the HM. We focus on the experimentally relevant
in-plane magnetized case by equating Egs. (5.12a) and Eq. (5.12b), respectively, to
Eq. (5.13). Hence, we find the critical currents (for the in-plane case)

_ HwpMmOe oG M
fon = eflsp coth () (1 * 2“5}3) ko <H " 2 ) ' G142)
M
Irit = 1AM i (1) <1 + lXG) hiyuo <H + S) , (5.14b)
esy Asp 2

which can be reformulated to current densites as Jon = Ion/ (wamtam) and Jeir =
Ion/ (wimtam)- In order to describe real experiments, we have to take into account
the inhomogeneous line broadening of the MI, as demonstrated in Ref. [180]. To
this end, we follow Ref. [180] and introduce an effective (frequency-dependent)
damping parameter

o0H
Weff = &G + 7#0207113 (5.15)

29The proportionality ng\};crit o )°°P in Egs. (5.8) and (5.9) stems from the (coincidental) equality
aQ)%%P = Aw®P = aypy(H — Ms). Therefore, the threshold conditions can be expressed via the
out-of-plane FMR frequency Q°°P. Since, however, 1O # Aw'P, this does not apply for in-plane
magnetized films.
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where the second term accounts for the damping introduced via the inhomogenous
broadening dH of the magnetic thin film, which arises due to sample inhomo-
geneitites resulting in enhanced two-magnon scattering processes [195]. The FMR
frequency O = yuo/H(H + M;) is calculated from Eq. (5.10) for the in-plane
configuration (considering the external field H to point along the y-axis, such that
Ny = N; = 0 and N, = 1). By substituting ag with a.g in Egs. (5.14a) and (5.14b),
we arrive at the final result for the critical currents.

We note, that our result for the current threshold conditions can be easily
generalized to include crystalline anisotropy contributions of the MI. To this end,
we simply substitute H — H + Hani, Wwhere Hypi is the crystalline anisotropy field
determined by the details of the crystal structure [194]. For our experimentally
relevant case, we consider a cubic crystal with (100)-orientation (see Ch. 5.2.1),
where the external field points along an easy axis along a [100] direction. In that
case, the anisotropy field simply reduces to Hani = 2K.1/Ms, where K is the
cubic anisotropy constant [194]. We make use of this generalization in Ch. 5.3.4.

5.1.2 Modulation of Magnon Conductivity via Electrical
Pumping

We now derive how an external spin current injection (in the sense of magnon
injection) influences the magnon conductivity oy, in a MI. As derived in Ch. 2.7.2
(see Eq. (2.55)), Om = 3M1mTm/Mm. While the effective magnon mass my, is fixed
via the dispersion relation, the magnon density n, and magnon relaxation time
Tm can be tuned via external spin current injection [172, 188]. In the first part of
the following discussion, we will derive the magnon density induced change of
0m in a MI due to electrical pumping in an adjacent HM layer, while assuming a
constant . The second part considers changes in the magnon relaxation time
and its effect on 0, by applying a very simple model considering relaxation rate
compensation by the external spin torque. We further discuss a more rigorous
attempt to calculate the magnon conductivity as a function of electrical spin current

injection within the non-linear regime based on recent literature.

Magnon Density Induced Modulation of oy,

A DC current density jg. = Ij.(tumwnam) ! in a HM/MI heterostructure
causes a finite spin chemical potential u{ at the HM/MI interface via the SHE.
According to Eq. (2.43), this leads to an interfacial magnon spin current j5;, =
[g(u%, — s - m) + S6T| m, where m is the unit vector of the magnetization in the
MI and 0T is the interfacial temperature difference between magnons and electrons.
Considering the MI/HM bilayer illustrated in Fig. 5.1 and further assuming only
one spatial dimension along the z direction, the spatial distributions of the spin

chemical potential s = yss polarized along s and the magnon chemical potential

5.1 Theoretical Considerations
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Mm = Umm along m are determined by the one-dimensional spin diffusion
equations (cf. Egs. (2.23) and (2.60))

azus Hs

822 = gl (5 16)
azﬂm Hm

aZZ - E 7 (5' 17)

where we assumed steady state conditions and used the spin diffusion and magnon
diffusion length Iy = /DsTs and Ay = /DT, respectively. The general solu-
tion of these differential equations is given by pgm)(z) = Aexp{—z / Qs(m)} +

Bexp {z / Cs(m)} , where (s =I5, {m = Am and the coefficients A and B are deter-
mined by the boundary conditions. The latter are given by the spin currents at
the upper boundary of the HM at z = ty, the HM/MI interface at z = 0 and
the lower boundary of the MI at z = —t\;;. The spin currents in our HM layer are
composed of a diffusive spin current and a SHE induced spin current according to
Egs. (2.18) and (2.24). As a result, the boundary conditions in the HM are given
by3°

o, & aiz) s—jSs = [(um — 135~ m) + SOT] m, (5.18)
z=0
a]ls (Z) SH
—0 s—j;'s=0 (5.19)
0z 2=t J

with ]§H = Z%GSH jdc the SHE induced spin current (cf. Eq. (2.24)) due to the DC
charge current density j4. in the HM layer and yg(m) = Hg(m)(z = 0) the magnon
(spin) chemical potential at the interface. The spin currents at the boundaries of
the MI are

—Om Opim(2) m = (g(po, — uds-m) + S6T) m, (5.20)
0z z=0
Ipim(2)
—0Om m = 0. (5.21)
9z z=—tmr

Depending on the relative orientation of s and m, magnons are injected into the
MI when s - m > 0 and depleted from the MI when s-m < —1. Applying the
boundary conditions and solving the differential equations for s - m = +1 (parallel
orientation) and s - m = —1 (antiparallel orientation), we obtain for the magnon

chemical potential (polarized along m)

1) = Gl = ) = s SOT) (¢ 4 et )
Z) =
Hm gﬂ(ms(eqm —+ 1) —f—ngms(eﬂm _ 1) + r)’ms(eﬂm — 1)

3°In contrast to the definition of the SHE induced spin current in Eq. (2.24) and the diffusive spin
current in Eq. (2.18), which are both expressed as vectors denoting the spin current flow direction,
we here define them to point along the spin polarization direction s, while their current flow
direction is fixed along the z-direction.

(5.22)
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with #7m = 2tmi/Am, 1 = tam/ (21s) and pt () refers to the magnon chemical
potential for parallel (antiparallel) orientation of s and m. We have further defined
the parameters

&ms = Am0s sinh(277), (5-23)
Bms = Omls cosh(27), (5.24)
Yms = Om0s sinh(27), (5.25)
Oms = Amls cosh(27). (5.26)

In the experiments in this Chapter, we consider a MI (YIG) with a thickness of
about ~ 10nm, which is very small compared to the magnon diffusion length
Am of typically a few um in YIG [8]. We can thus apply the valid approximation
exp(#m) =~ 1 in Eq. (5.22). We are further mainly interested in the average magnon
chemical potential (uZ) = ty 0 . 1= (z) dz across the thickness of the MI, for
which we finally obtain

() = (£ tam(y) - So7) 22 s (1) 627
m s g v Am /) '

It is worth noting that the first term in brackets in Eq. (5.27) can be identified with
19/2, i.e. half of the SHE induced interfacial spin chemical potential (assuming
no interfacial spin transfer), as introduced in Eq. (5.13). For typ/Am < 1, we can
make a further approximation according to f‘ﬁ sinh(%;) ~ 1. As we have finally
arrived at a rather simple expression for yuny,, we now express it as a function of
the experimentally most relevant parameter Ii.. To this end, we use the fact that
the temperature difference 4T is generally proportional to the Joule heating power
Py o< I3 [196], i.e. 6T = —cI3_ with ¢ an appropriate conversion factor3’. We then
obtain

efgls tanh S
(Hom) (TIac) = iSH—(W) Iyc + §C I3, (5.28)

OetHMWHM

SH _

5 %GSdeC. As expected, the magnon

where we used o5 = 11/ (2¢%)0. and
chemical potential in linear response has a linear and quadratic contribution in
I4c due to the SHE- and thermally-induced injection of magnons [8,172]. Having

established how un, reacts to a charge current I3, we now calculate the non-

3TAssuming ¢ > 0, the minus sign in the equation 6T = fclg . is introduced due to Te > Ty, and
thus 6T < 0 (when current induced heating of the HM layer is considered). Hence, we accounted
for the fact that current induced heating and the associated magnon injection will always enhance
the magnon chemical potential rather than reduce it (i.e. inject magnons in the MI rather than
depleting them).
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equilibrium magnon density 1, ({y), T) (in linear approximation assuming a
vanishing magnon gap A, compare Ch. 2.7.2) as

(1), T) = [ dem g(em)p(em, (1), T)

(5-29)
i(?)lk/:jz <V§1> = ”1% + Anpy,

:n?,n—f—

with n%, = ¢(3/2)A~3 the magnon density in thermal equilibrium and Any, =
pm/ T the non-equilibrium magnon number density as introduced in Ch. 2.7.2 (cf.
Eq. (2.59)). We see that a finite magnon chemical potential yp, is directly connected
to an enhanced magnon density n,. We further also find that np, o« I + I3,
in linear response (cf. Eq. (5.28)), meaning that we are able to tune the magnon
density by a charge current in the HM similar to ymy, [8,36]. As rigorously derived in
Ch. 2.7.2, the magnon conductivity in linear response theory can then be expressed

as [172]
oo — g/ T _ g T (10, + Angy)
m mm
Tm (o  C(1/2) efspls tanh(n) S
=3h—= + Iy + =c1 (5-30)
3 Mm (nm i A3kgT CeleMWuy - gc de

= 0 & Aospplac + Ao I3,

where 1, is the total magnon scattering time (see Ch. 2.7.2) and my, is the effective
magnon mass. We have further introduced the magnon conductivity in thermal
equilibrium ¢3,, the SHE induced magnon conductivity change Acsyyg and the ther-
mally induced magnon conductivity change Acy,, which can easily be identified
in Eq. (5.30). Different to electrical transport, the magnon density np, is typically
not constant. According to Eq. (5.30), a change in magnon density due to a DC
current Iy, in an adjacent HM is expected to modify the magnon conductivity in a
linear and quadratic fashion.

Magnon Relaxation Time Induced Modulation of oy,

The rather simplified description of electrically induced magnon conductivity
modulation given above assumes that the DC spin current injection via the spin
chemical potential ys only affects the magnon density n,, while the magnon
relaxation time T, is unchanged. This description works well within a low bias
regime where the current-induced magnon chemical potential yp, is well below
the magnon gap [172], but becomes inaccurate within the non-linear regime of
spin current injection [197]. A very simple idea of how the magnon relaxation time
changes due to spin current injection can be derived when we make the crude
assumption that the total (inverse) of the magnon relaxation time is given by the
difference of the damping and spin torque rate, i.e. (tm) ! = I'p — I'st (the minus
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sign is valid when we assume spin current injection rather than depletion). The
magnon conductivity (assuming constant magnon density #,) then becomes

0 -1
O = Bh% (Tp —Ter) ™' = 3h”2:1m <1 - Ildct> , (5.31)
where we introduced the equilibrium magnon relaxation time 7%, = (I'p) ! and
we identified I'sy/T'p = Iyc/ Leit- This crude model demonstrates that the magnon
relaxation time and thus magnon conductivity diverges as Ij. — Iuit, thereby
introducing a non-linearity to the current induced modulation of ¢y,. In a more
rigorous theory work published recently in Ref. [188], the magnon conductivity
near damping compensation is calculated in a more accurate manner, especially
considering non-equilibrium distributions and finite temperature effects. Here,
an inverse square root dependence according to om o (1 — pis/ pherit) /2 o (1 —
Iye/ Iit) ~/2 is found at room temperature. Since this expression only accounts for
the SHE-induced pumping of the magnon system, we add the expected thermally-
induced quadratic magnon injection due to the spin Seebeck effect (cf. Eq. (5.30))
and obtain

0 [yc e 2
Om = O, <1 — I> + Ao 1§, (5.32)
crit

We will make use of this inverse square root dependence of electrically induced
magnon conductivity modulation in Ch. 5.3.4. According to Ref. [188], the ex-
ponent in Eq. (5.32) approaches —1/2 for large temperatures (room temperature
and above), but also surpasses —1 towards lower temperatures. Hence, our crude
derivation represented by Eq. (5.31) can be considered as a lower temperature
limit. In contrast to the non-linear response function given by the first term in
Eq. (5.32), the thermal spin Seebeck torque contribution Aathlé . stems from the
linear response model derived in Eq. (5.30). This implicitly assumes that the spin
Seebeck torque does not lead to non-linear effects in the magnetization dynamic-
s/magnon conductivity. This assumption is in accordance with theory [187,188],
stating that the temperature induced spin Seebeck torque is not capable of magnon
condensation (i.e. damping compensation) by itself since the magnon system is
always accompanied by a temperature rise that prevents condensation.

We want to emphasize that the magnon conductivity modulation by electrical
pumping can generally not be narrowed down to changes in either the magnon
density ny, or the magnon relaxation time 7. In particular, the clear separation
of these two quantities is only valid in the linear response regime, whereas the
magnon conductivity becomes far more complex for large electrical pumping due
to non-equilibrium distributions [188]. Indeed, we will see in Ch. 5.3 that in the low
bias current regime, where i, is sufficiently small and therefore linear response
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holds true, the magnon conductivity modulation is well described by changes in
the magnon density according to Eq. (5.30). For large electrical pumping in the
non-linear regime, on the other hand, a diverging character of oy, is observed,
which can be characterized by an infinite 7, as indicated by the crude analysis
given in Eq. (5.31). Although a clear differentiation between the two quantities is
not possible in our experiment, we will mostly argue with a changing magnon
density 1, in the linear regime, while we refer to a diverging magnon relaxation

time Ty in the non-linear regime.

5.2 Experimental Methods and Preliminary

Measurements

In the following, we will introduce the sample geometry of the YIG/Pt
bilayer and how it can be used to measure and purposefully alter the magnon
conductivity. Furthermore, we present preliminary characterization measurements
of our sample, including atomic force microscopy (AFM) to verify the spatial
dimensions of the nanostructures, a characterization of the magnetic damping
via ferromagnetic resonance (FMR) measurements, thermometry measurements
to study the temperature rise due to the applied charge currents in the Pt strips,
a quantification of the spin Seebeck effect driven by the induced temperature
gradient at the YIG/Pt interface and finally the influence of the magnetocrystalline
anisotropy on our measurements.

5.2.1 Sample Layout and Measurement Principle

The tyjc = 13.4nm thick, single crystalline (100)-oriented yttrium iron garnet
(Y3Fe5013, YIG) film (cf. Ch. 3.1.1) used for the experiments presented in this
Chapter was grown via pulsed laser deposition at the Walther-Meifiner-Institut
on a gadolinium gallium garnet (GdzGasO12, GGG) substrate using a substrate
temperature of 450 °C, an oxygen pressure of 25 pbar, a laser fluence at the target
of 2.0J/cm? and a laser frequency of 10 Hz. The tp; = 3.5nm thick Pt strips were
deposited on the YIG thin film by DC sputtering and were patterned by e-beam
lithography as described in detail in Ch. 3.2. For the experiments conducted
in this Chapter, we have prepared nanostructured devices consisting of four
parallel Pt nanostrips. The strips have varying center-to-center separations d and
constant widths of w = 500nm (see Fig. 5.2a). The lengths of the Pt strips are
Ipy = 148 pm /162 um (the two center strips are slightly longer than the outer ones).
Subsequently, Ti/ Al layers of 5/50 nm were deposited on the film by DC sputtering
and patterned into leads for the Pt strips to contact the device electrically. An
optical micrograph of the device is shown in Fig. 5.2b. As indicated in the Figure,
only three of the four Pt strips are used for the majority of the measurements in
this Chapter, which we label as “injector’, ‘'modulator” and "detector’. The majority
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of the measurements shown in this Chapter are also focussed on one main device
with strip separation d = 900 nm.

- detector

Fig. 5.2 — a Schematic depiction of the device, the electrical connection scheme and the
coordinate system. An AC current Iinj(t) = Ipsin(wt) is applied to the injector, while the
detector voltage V. is measured via lock-in detection (see Sec. 3.4.2). Simultaneously, a
DC current I,,,q is applied to the modulator strip. b Optical micrograph of a section of a
typical device (the electrical contacts to the injector, modulator and detector on the right
hand side are not shown). Black regions correspond to the YIG surface, while the Pt strips

appear in dark grey. The strips are contacted with 5nm/50nm thick Ti/Al leads (white).

Usually, the strips are used as indicated in the figure, which corresponds to the schematic
in panel a. The uppermost strip is utilized for some additional measurements presented
within Ch. 5.3.5.

The principle of our magnon conductance measurement is inspired by recent
DC magnetotransport experiments that infer magnon transport properties in
YIG [8,9,36,117,161,162,197-199]. As shown in Fig. 5.2a, magnons are injected
from a Pt strip (injector) into the YIG film using a low-frequency charge current
Linj = Ipsin(wt) with Iy = 50 uA and w/(27) = f = 13.131 Hz via both the spin
Hall effect (SHE) [42,43] and thermal excitation of magnons due to Joule heating
(cf. Ch. 2.7). The diffusive transport of these magnons is quantified by electrically
measuring the magnon density below a second Pt strip (detector) as the first
harmonic voltage signal V1% (for SHE-induced magnons) and second harmonic

det

voltage V29 (for thermally induced magnons) via lock-in detection, exploiting

et
the inverse SHE (see Ch. 3.4.2). Cornelissen et al. [172] demonstrated that the
magnon transport in such an arrangement can be manipulated by a DC charge
current I o4 applied to a third (modulator) strip placed in between injector and
detector (cf. Fig. 5.2a). As rigorously derived in Ch. 5.1.2, the magnon density
nm underneath the modulator is influenced by I,,q via two contributions: (i)
SHE-induced spin accumulation at the YIG/Pt interface and (ii) Joule heating in
the Pt strip. In linear response, these two contributions modulate the magnon
conductivity according to om & Ieg + Iﬁw 4+ For very large currents I,,,q (Where
linear response does not apply anymore), the conductivity modulation is expected
to behave in accordance with Eq. (5.32). We note, that the use of the lock-in
detection technique is essential to distinguish between magnons stemming from
the DC driven modulator and the AC driven injector which is picked up as a
voltage signal in the detector [161, 172]. Therefore, any change in the first/second
harmonic signals measured at the detector as a function of the DC modulator
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current I,,q reflects a magnon conductivity change, rather than a mere increase of
signal due to a second magnon source.

It should be emphasized that we consider the magnon transport from injector
to detector to be exclusively driven by the AC magnon chemical potential gradient
Vum induced at the injector, in fact for both SHE- as well as thermally induced
spin current injection (characterized by the interfacial spin conductance g and
interfacial spin Seebeck coefficient S introduced in Ch. 2.5, respectively). Indeed,
it has been shown that this assumption is perfectly valid for the SHE-induced
magnon transport, since temperature gradient-driven magnon currents induced
by the linear (in current) spin Peltier effect (SPE) [200] have been found to be
insignificant in experiments [36]. The thermally induced magnon transport, on
the other hand, is significantly affected by temperature gradient-driven magnon
currents since the Joule heating induced quadratic (in current) temperature rise at
the injector is far more pronounced. While we will not consider this additional
complexity for the thermal signals within this Chapter, we will analyze this
peculiarity in more detail in Ch. 7.1, where we attempt to interpret the thermal
magnon transport modulations by including temperature gradient-driven effects3.
As for now, our assumption entails that any change in the magnon transport
induced by the DC modulator current can be retraced exclusively to a change in
the magnon conductivity oy,. As discussed in Ch. 5.1.2, the magnon conductivity
beneath the modulator electrode is altered by the DC current I;,,,q, which in turn
alters the AC magnon transport signal measured at the detector. In the experiment,
this change is quantified by the I,,,4 dependence of the first and second harmonic

voltage readings V]% and V3%, respectively. We thus expect

Vc}gt;gw(lmod) X Um(lmod)r (533)
where 0 (I;mod ) has been derived for the low current bias regime in Eq. (5.30), while
the large current bias regime is expected to behave according to Eq. (5.32). Note,
that the magnon conductivity reduces to its equilibrium value ¢2, for I,q = 0.
Unlike the conventional definition of a conductivity, which represents a local
quantity describing the response function between a local current density and
a local driving field (like the electric field in the case of charge transport), our
experimental setting illustrated in Fig. 5.2a measures the detector signal as a result
of the current iy, at the injector. Hence, the ratio V;é‘t”zw / Iinj can only be considered
as a formal conductivity>> as it does not reflect a local correlation between a current

32Next to temperature gradient-driven magnon spin currents, also pure phononic heat transport
due to a gradient in VT}, from injector to detector is expected and can potentially generate a
detector signal according to the local spin Seebeck effect. Such an effect was however estimated
to be insignificant in experiments [124].

33We note that the ratio Vég,z'z‘” / Lin; has, formally, units of a resistance rather than conductance,
which seems to be at odds with our discussion that the signal is proportional to the magnon
conductivity om. It must be recalled, however, that the injector current Ly; serves as the “driving
field” since it induces the magnon chemical potential gradient Vi, while the measured detector
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and driving field. In other words, due to the multiple conversion processes from
injector to detector, i.e. charge current to electronic spin current to magnon current
and vice versa, the detector signal contains much more information than just
the magnon conductivity, but also the interfacial and metallic spin conductivities
contribute to the resulting signal. Since we do not expect a significant DC current
induced change in the latter two quantities, we view the I;,,q dependence of V1%

det

and V3% exclusively as a change of magnon conductivity. Note that we do not
bother to normalize our detector voltage signals to the injector current in this
Chapter, since the injector current was kept constant throughout the measurements

presented.

Our measurements are conducted in a cryostat in vacuum at an ambient
temperature of T = 280K. The detector voltage is recorded at constant applied
magnetic field yoH as a function of the in-plane angle ¢ between the YIG magneti-
zation direction myjg (which is parallel to the applied field at the chosen magnetic
field strengths) and the Pt strips in a 3D-vector magnet. All of the measurements
in this Chapter are conducted at a base temperature of T = 280 K.

5.2.2 Atomic Force Microscopy

As argued above, the magnon conductivity can be tuned via the modulator
of our spin transport device presented in Fig. 5.2a. In order to be able to make
a quantitative statement about the effective conductivity /resistance beneath the
modulator, it is crucial to know the exact widths of the Pt strips. Therefore,
we performed atomic force microscopy (AFM) measurements for two different
devices shown in Fig. 5.3a and c. Since the sample was glued to a chip carrier
for the transport measurements, it had to be removed from the carrier for the
AFM measurements, resulting in the reduced image quality of the main device
shown in Fig. 5.3¢c. Nevertheless, all of the devices on the sample are prepared
with equal strip widths of 500 nm defined by the electron beam lithography. We
therefore measured a similar structure on the same sample using the AFM in
Fig. 5.3a. Here, a device with center-to-center strip distances of d = 1.3 um is
shown. To determine the strip width, we plot line cuts at four different positions
perpendicular to the strips (see red lines in Fig. 5.3a). The corresponding line
scans are shown in Fig. 5.3b, which are consecutively numbered from "1” to '4". We
then extract the strip width by measuring the distance between each of the edges
corresponding to the borders of the strips (we here take the center of the edge
flanks as the markers for measuring the distance), as indicated by the black vertical
lines in Fig. 5.3b. In doing so, we obtain for the strip widths from left to right:
WAFM =540Nm, 500nm, 550nm, 560 nm, while the edge-to-edge strip distances

signals Végt”z‘” represent a measure of the detected magnon spin current jm = —0mVpm. Hence,

Végg'zw/linj X ]m/v,um X Om.
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d=1.3pum, w=500nm b

d=1.3pum, w=500nm

Fig. 5.3 — a 2D AFM scan of a device with center-to-center strip distance d = 1.3nm
and widths w = 500nm. The strips can be identified with the light grey areas. The red
lines represent the line cuts, which are plotted in b. From the line cuts, the strip widths
and distances are extracted by measuring the distance between each of the vertical black
marker lines drawn in the plot. The marker lines were set at the center of each of the steep
edges in the line scan. The measured height of the strips agrees well with the nominal
Pt thickness tpy = 3.5nm. ¢ 2D AFM scan of the main device with d = 900nm. Due
to surface contaminations present on the device, the strips are less clearly visible. Still,
the strip width of the modulator can be extracted via measuring the distance between
the edges of the strip on the 2D scan (red line labelled with "1"), which gives a width of
Wmod = 540nm. In order to verify that the device shows the expected strip separation, we
also extracted it from the 2D scan (line labelled by ’2’), giving de = 400 nm.

are: dapm = 780nm, 830nm, 8oonm, 560nm. These results suggest that the strip
widths commonly exhibit a slightly larger value than defined by the electron beam
lithography?4. Although the AFM measurements of the main device with distance
d = 900 nm are noisy due to increased surface contaminations (see Fig. 5.3c), the
AFM image still allows to resolve the strips. Here, we measured the strip width of
the modulator via the 2D scan rather than via line scans, which turned out to be
rather noisy and therefore unreliable. Indicated by the red line labelled with "1
in Fig. 5.3¢, the modulator width exhibits a width of wy,oq = 540 nm. We will use
this value in Ch. 5.3.5 to compare it to the estimated lateral spatial extension of the

34This observation originates from the double layer resist system used for structuring the Pt strips
via a lift-off procedure (see Ch. 3.2). Thereby, we ensure a larger undercut of the structured
resists, which in turn yields better results regarding the lift-off. As a compromise we loose some
resolution, which explains the slightly larger strip width measured via the AFM measurements.
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damping compensated regime featuring zero spin resistance expected beneath the
modulator. To verify that the device also exhibits the expected strip separation,
we measure the edge-to-edge distance d. = 400nm, which perfectly fits to the
expected center-to-center distance d = d. + w/2 = 900 nm.

5.2.3 Ferromagnetic Resonance Measurements

Since the magnetic Gilbert damping ag of the YIG film is a crucial parameter
in our experiment (cf. 5.1), we employed in-plane ferromagnetic resonance (FMR)
spectroscopy measurements on a bare YIG film with a comparable thickness of
t{1c = 24.5nm, which was grown by pulsed laser deposition on a (100)-oriented
GGG substrate at the Walther-Meifiner-Institut. The same growth parameters
were used as for the YIG film employed for the magnon transport measurements
introduced in Ch. 5.2.1. The FMR measurements are performed under ambient
conditions at room temperature (~ 295K). In order to measure the spin pumping
induced damping asp, we additionally measured the same YIG film covered with
3.5nm of sputter deposited Pt. To this end, the thin film sample is mounted
with the ferromagnetic layer facing the center conductor of a coplanar waveguide
(CPW). The complete CPW assembly is placed in the homogeneous magnetic field
region of an electromagnet and is connected to a vector network analyzer (VNA).
Using the VNA, the complex microwave transmission parameter S; of the setup
is measured as a function of the applied magnetic field poH and for a series of
fixed frequencies f with a fixed microwave power of 1 mW. The resonance fields
#oHres and linewidths poAH are extracted from the real and imaginary part of Sy;

via Lorentzian fits (not shown here).
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Fig. 5.4 — Ferromagnetic resonance data for a 24.5nm thin YIG film. a Frequency depen-
dence of the resonance field for the bare (red data points) and Pt covered YIG film (blue
data points). The solid lines are fits by Eq. (5.34). b Frequency dependence of the FWHM
#oAH of the FMR line for the bare YIG and YIG/Pt film. Solid lines are fits to Eq. (5.35).

Fig. 5.4a shows the frequency dependence of the FMR resonance field for the
bare (red data points) and Pt covered YIG film (blue data points) extracted from
the Lorentz fits to Sp1. The solid lines are fits to the in-plane Kittel equation [194]

f = %]/‘O \/Hres(Hres + Ms)- (5-34)

5.2 Experimental Methods and Preliminary Measurements

89



90

The fit results for M; of the two configurations are shown in Tab. 5.1. The resonance
conditions are not altered for the Pt covered YIG compared to the bare film. As
obvious from Fig. 5.4b, however, a significant increase of the full width at half
maximum (FWHM) upAH is observed when the film is covered with Pt. This is
caused by the enhanced Gilbert damping in thin ferromagnetic films covered by
normal metals due to the additional spin relaxation channel represented by the
metal layer [76]. The frequency dependence of the linewidth is fitted by [28]

47TfDC tot

HoAH = podH + (5-35)

with fitting parameters dH (the inhomogenous FMR linewidth) and a (total
damping), which are also listed in Tab. 5.1.

bare YIG (t;, = 24.5nm) Symbol Value Unit
saturation magnetization oM 140 mT
inhomogenous linewidth uodH 0.77 mT
Gilbert damping Kiot 2.17 X 1073

Pt covered YIG

saturation magnetization HoMs 140 mT
inhomogenous linewidth uooH 2.54 mT
Gilbert damping Aot 5.50 X 1073

Tab. 5.1 — Values of the fit parameters of Eq. ((5.34)) and ((5.35)) for the bare and Pt covered
YIG film.

The difference between the Gilbert damping parameters of the YIG/Pt and
the bare YIG film gives the spin pumping induced damping ag, = 3.33 x 1073.
Since the YIG film studied for our magnon transport experiments (cf. Ch.5.2.1)
is thinner by a factor of #,;/tyic ~ 1.8 compared to the thickness of the film
investigated in this Section, we assume an enhanced spin pumping induced
damping of asp = 1.8 - ag, ~ 6 X 1072 in the following. This is a reasonable
assumption due to the reciprocal relation between spin pumping induced damping
and thickness of the ferromagnetic film [76]. From the derived asp, we can calculate
the real part of the effective spin mixing conductance from Eq. (5.6) and obtain
ngif = 6.07 x 108 m~2 (here, we set tyg = tyig = 13.4nm in Eq. (5.6)). The
spin mixing conductance ng ¥ can thus be calculated from Eqg. (5.7). Substituting
the values for the Pt conductivity o, = 1.74 x 10° Q"' m~! (measured for the
modulator of the main device with d = 900nm) and the Pt spin diffusion length
Iy = 1.5nm [54], we obtain ng = 1.02 x 10 m~2. This value agrees well with
previous measurements of gi ¥ in YIG/Pt interfaces [54,201]. Note that we assumed
the imaginary part of the spin mixing conductance to be zero [33].
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5.2.4 Thermometry

In our experiment, we apply rather large DC currents to the modulator strip to
drive the magnon conductivity into a non-linear regime. The corresponding current
densities applied to the DC modulator strip range up to almost 4.6 x 10! Am~2
(for the highest current value of I, = 0.8mA used in this thesis). The total
resistance of the modulator strip at T = 280K is approximately 50 k(), resulting in
a power density of almost ~ 40 kW /cm?. Due to this large Joule heating present
in our sample, we performed thermometry measurements on the main device
(d = 900nm) by measuring the Pt resistances R as a function of temperature.
To this end, we applied a small DC current of 10 uA to the three strips (injector,
modulator and detector) and measured the respective voltages as a function of the
base temperature of the cryostat. The resulting resistance vs. temperature curves
of each strip are shown in Fig. 5.5a and can be viewed as calibration curves using
Pt thermometers. As expected for metals, a linear increase of the resistivity with
increasing temperature is observed. Subsequently, we swept the modulator current
from —0.8 mA to 0.8 mA at a base temperature of T = 280K (which is equal to the
base temperature used in the experiments) while applying a small current of 10 pA
to the injector and detector electrodes. We then derive the local temperatures of
each strip, which are plotted as a function of the modulator current in Fig. 5.5b.
Evidently, at the maximum modulator current of 0.8 mA, the associated Joule
heating results in a temperature increase at the modulator reaching up to 366 K.
However, at this temperature, YIG can still be considered as a good electrical
insulator [202]. We therefore exclude spurious electrical crosstalk effects as a
possible origin of our all-electrical magnon transport signals. The injector and
detector strips only reach temperatures up to 330 K.

R (kQ)

250 275 300
T(K) ]mod (mA)

Fig. 5.5 — a Resistance R of injector, modulator and detector as a function of the base tem-
perature of the sample. The linear dependencies are used as calibration curves, allowing
to use the strips as local temperature sensors. b DC modulator current dependence of the
temperature in the three Pt strips.

We also investigated the electrical insulation between injector and detector as
a function of the modulator current. Over the whole current range the resistance
between injector and detector is above 1 GQ, which is 5 orders of magnitude larger
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than the Pt resistance and comparable to the input resistance of the measurement
setup. This clearly shows that any influence from enhanced electrical conduction
from the YIG layer can be ruled out in our experiments [202].

5.2.5 Spin Seebeck Effect

Due to the current-induced heating discussed in the past subsection, we
observe a significant temperature increase at the modulator, which also gives rise
to a temperature gradient across the YIG/Pt interface. The spin Seebeck effect
(SSE) describes a spin current density js that is driven across the interface via
the temperature difference ATme = T — Te between the magnon temperature
T in the YIG film and the electron temperature T. in the Pt strip, which is
converted to a charge current via the inverse SHE (see Fig. 5.6a for a schematic
depiction) [100,101,203]. According to Bender et al. [187], a temperature difference
ATy causes an increase of the threshold condition yon due to the spin injection
driven by the SSE3>. These corrections are not taken into account for the description
of our data. Hence, quantifying the magnitude of the SSE allows for an accurate
estimation of ATy and therefore an estimate for the impact of the SSE on the
threshold conditions discussed in Ch. 5.1.

modulator

-180 -90 0 90 180
¢ (deg)

Fig. 5.6 — a Schematic depiction of the YIG film attached to the Pt modulator strip. The DC
current I;,q heats the Pt strip via Joule heating, resulting in a finite temperature difference
ATpe at the interface, which drives a spin current density js across the interface. Via the
inverse SHE, this spin current is converted to a charge current in the modulator, which we
measure as a voltage drop Vrg‘o 4- b Spin Seebeck contribution to the voltage drop across
the modulator strip as a function of the magnetic field orientation ¢ for a heating current
of 0.55mA and an applied magnetic field magnitude of ygH = 50mT. The amplitude Vg
is extracted as the amplitude of the sinusoidal fit.

Experimentally, we evaluate the temperature difference via the SSE at the
modulator strip for a heating current of I,,q = 0.55mA, which approximately
corresponds to the critical current I for an external field of 50 mT (cf. Ch. 5.3). To
this end, we measured the thermal contribution of the voltage drop V! , (extracted
via the DC current reversal, cf. Ch. 3.4.1) across the modulator strip as a function
of the magnetic field orientation ¢ at yoH = 50mT, as shown in Fig. 5.6b. The

35With increasing temperature difference ATy, the critical chemical potential/current is always
shifted to higher values, independent of the actual sign of ATy (see Ref. [187])
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spin Seebeck voltage Vsgg is then extracted by fitting VI, (¢) = Viggsin(g) to the
data, which results in Vggg = —1.62mV. From the SSE theory [100, 125], we can

calculate ATy via

gr 'yth 2e
21tMV, hoe

Vssg = 95H1Pt§ ta h <2l ) ATme (5-36)

-1
with a backflow correction factor ¢ = [1 + 2gi¢ls,f—;e coth (%ﬂ and the magnetic

coherence volume V, = m (%)3/2 [100, 125] with J; = 8.458 x 10~ m? the
spin wave stiffness of YIG [7]. Considering an increased ambient temperature of
T = 320K due to the current-induced heating evaluated in Ch. 5.2.4 for I ,oqg =
0.55mA, we find an experimentally determined temperature difference via the
SSE voltage of ATpe ~ —0.12K, corresponding to a thermal energy of kg|ATme| ~
11 peV (values for the calculation are listed in Tab. 5.2). Comparing this to Fig. 6
in Ref. [187], the SSE is found to only marginally affect the threshold condition
for the BEC phase transition (for the swasing phase transition there is no effect
at all). An estimate of the enhancement of the critical current density due to the
thermally injected magnons from Ref. [187] gives roughly 1.7 x 10° Am~2 (~ 3 pA)
for ATne = —0.12K, which is less than 1 % of the typical critical current densities
Jon/ecrit = 2.9 X 101 Am™2 (Iop /erie & 500 pA) found in this experiment. Hence, the
current-induced heating of the Pt strip is not expected to have a measurable impact

on Iy, /it in our experiments.

5.2.6 Impact of Magnetocrystalline Anisotropy on Angular
Dependent Spin Transport Measurements

In this Section, we quantitatively investigate the impact of the cubic mag-
netocrystalline anisotropy of our YIG film on the shape of the angle dependent
magnon transport measurements. We start with the angle dependent magnon
transport measurement between injector and detector, which is detected as the
first harmonic voltage signal Vi%. The corresponding measurement is shown in
Fig. 5.7a (black data points). First of all, the measurement exhibits the expected
180° symmetric modulation typical for the magnon transport between two par-
allel Pt electrodes [8,9]. It is obvious, however, that the measurement displays a
rather triangular shape compared to the expected perfect cos?(¢)-like modulation,
which is shown as a fit to the data (blue solid line) in Fig. 5.7a. This discrepancy
stems from the in-plane cubic anisotropy of our (100)-oriented YIG film, leading
to a slight misalignment of the external field direction ¢ and the magnetization
direction ¢n, of the YIG film. Since the data is measured for an external field
of yoH = 50mT, a visible contribution of the anisotropy to the angular depen-
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dent meaurements is likely. In order to quantitatively model this behaviour, we
implement the cubic anisotropy by introducing a Stoner-Wohlfarth-model as

f(Pm) = —poH - M+ KymZm2. (5.37)

Here, f is the free energy density which is a function of the in-plane angle ¢n,
of the magnetization M = M;[my, my] = Ms[cos(¢m ), sin(¢m)]. Furthermore, K.
is the cubic anisotropy constant and the external magnetic field is written as
uoH = puoH|[cos(¢),sin(¢)] with ypH = 50mT the magnitude of the applied field
and ¢ the well-known orientation of the external magnetic field. In Eq. (5.37) we
only consider the two-dimensional in-plane magnetized case, where we disregard
the shape anisotropy contribution due to the magnetic thin film. In order to
model the observed angle dependence, Eq. (5.37) is numerically minimized with
respect to ¢, for each external magnetic field angle ¢. For this purpose, we use an
anisotropy constant K.;; = —600]/m3, which corresponds to the literature value of
YIG at room temperature found in Ref. [204]. To simulate our angle dependent
measurement, we replace the cos?(¢) fitting function with a simulation of the form

Vid(@) = AV44 cos®(om(9)), (5.38)

where AV]¥, is the amplitude of the modulation. The argument of the cos?()
function in Eq. (5.38) is extracted from the Stoner-Wohlfarth-model and provides
the magnetization angle ¢, as a function of the external magnetic field angle ¢.
Eq. (5.38) is plotted in Fig. 5.7a (red solid line) together with the respective data
(black data points) and the simple cos?(¢) fit (blue solid line). The simulation that
includes the cubic anisotropy shows a much better agreement with the experimen-
tal data than the simple cos?(¢) fit. This observation can be further solidified by
plotting the residual Res(V}%) calculated by the difference between the data and
the cos?(¢)-fit (blue data points) as well as the difference between the data and
the simulation of Eq. (5.38) (red data points) in Fig. 5.7b. Moreover, we plot the
difference between the simulation (Eq. (5.38)) and the cos?(¢)-fit as the green solid
line. The residual of the fit to the data (blue points) shows a finite modulation and
agrees reasonably well with the theoretical expectation shown by the green solid
line. This modulation is expected for the appearance of a cubic anisotropy in our
data, since this is obviously not included in this simple cos?(¢)-fit. In contrast,
the difference of the simulation and the data (red points), shows a vanishing
modulation. Hence, we conclude that our data fits well to our simulation, since
the angular dependence of the magnon transport signal can be accurately modeled
by introcuding a cubic anisotropy to the simulation with an anisotropy constant
that corresponds to the literature value [204].
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Fig. 5.7 — a Magnon transport signal V] for the device presented in the main text for a

modulator current of I;,,q = 0 nA (black data points taken from Fig. 5.8). The blue solid
line represents a cos?(¢)-fit to the data, while the red solid line is a simulation based

on Eq. (5.38). b Residual Res(V3%) of the cos?(¢) fit to the data shown in a (blue points

with line). The difference between the simulation and the cos?(¢)-fit is shown as the solid
green line, showing good agreement with the blue points. Additionally, the difference
between the simulation and the data (red data points with line) is shown, where a mostly
vanishing modulation is observed.

5.3 Spin Conductivity Control of Spin Hall Effect

Induced Magnons

As discussed in Ch. 2.7, variations in the magnon density in MI/HM het-
erostructures can be excited both electrically via the SHE as well as thermally
via Joule heating. This Section is focussed on the electrically excited magnons at
the injector. They propagate from the injector to the detector, at which they are
detected as the first harmonic voltage signal V]%. Here, the change of the magnon
transport between injector and detector under the influence of the DC modulator
current is investigated.

In a first step, we investigate the magnon propagation between injector and
detector in the thin YIG layer for different modulator currents I,,q4. To this end,
we measure V% as a function of the magnetic field orientation ¢ (cf. Fig. 5.2a)
with a fixed magnetic field strength of ygoH = 50mT. The results are shown
in Fig. 5.8a and b for I,,q > 0 and I,,q < 0, respectively. In both panels,
the black data points exhibit the characteristic (cos? ¢) modulation expected for
magnon transport between injector and detector when I,,,4 = 0. This results
from the variation of the magnon injection with ¢, exhibiting maxima for H
perpendicular to the direction of Iiy (appearing at ¢ = —180°,0°,180°) [8,9]. The
rather triangular shape of the angle dependent measurement for I,,q = 0 is due
to the cubic magnetocrystalline anisotropy of the YIG film discussed in Ch. 5.2.6.
The most striking observation, however, is the significant enhancement of the

detector signal observed at ¢ = +180° in Fig. 5.8a when L4 > 0. This can be
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Fig. 5.8 — First harmonic detector signal V&é‘; plotted versus the rotation angle ¢ of the
in-plane field at ygH = 50 mT for a positive and b negative DC bias currents I,,4 in the
modulator. a The detector signal for I,,q > 0 is significantly increased at ¢ = +180° and
mostly unaffected at ¢ = 0°. b For ;o4 < 0, we observe a 180° shifted behavior, where
the signal increase is evident at ¢ = 0°, while unchanged for ¢ = +180°. ¢ Schematic
depiction of the device for I,oq > 0 and ¢ = £180°. Due to s [ myig, the magnon
density beneath the modulator is increased via both the SHE- and thermally-induced
magnon injection, leading to an overall increased magnon density and related conductivity
0. d Same as ¢ but with inverted current direction I;,,q4 < 0 and therefore s || myig.
Consequently, a depletion of the magnon system due to the SHE is evident, resulting in a
reduced magnon density and related conductivity o,;,. The depletion is counterbalanced
by the thermal injection of magnons.

understood by considering Fig. 5.8¢ and Eq. (5.30): when the relative orientation
between the spin polarization s at the interface and the magnetization direction
my|G is parallel, magnons accumulate underneath the modulator, resulting in an
increased magnon density and associated conductivity o, and therefore a larger
V&g{. Figure 5.8b shows the measurement for the inverted DC current direction
(Imoa < 0). Here, we observe the expected 180° shifted case: an enhancement
for ¢ = 0° and no significant change for £180°. As depicted in Fig. 5.8d, the
reversed current direction results in the spin polarization s being antiparallel to
myig, therefore depleting the magnon system in the YIG. A decreased magnon
density and associated conductivity o, is thus expected and should lead to a
decreased magnon transport signal Vi%. However, the expected depletion is
counterbalanced by the thermally injected magnons present due to the Joule
heating in the modulator strip, which increases the magnon density and therefore
the magnon conductivity. Hence, only slight changes are observed for these
configurations. All of the basic features observed in these measurements can
be explained by the current induced magnon conductivity modulation based on
magnon density modulation comprised in Eq. (5.30).

Chapter 5 Full Spin Conductivity Control in a Three-terminal YIG /Pt Heterostructure



current density (10" A/m?)

-4 -3 2 -1 0 1 2 3 4
T T T T T T T T
08 AV, (-pH) AV, (+iH) 7 4 60 mT
100 mT
06 \
> \I
= \
sg \
> '\.\ N 150 mT
< oal \\\
\\
I
—— e
-y e —-100 mT
P
12 o i A s ey =
02 —;)T.._‘__,, e somT
1 1 1 1 1 1
0.6 0.4 0.2 0.0 0.2 0.4 0.6
I (mA)

mod

Fig. 5.9 — Extracted amplitudes AV}%, (+4oH) and AV]% (—poH) (as indicated in Fig. 5.8)
of the magnon transport signal for different external magnetic fields plotted versus the
DC current I;;,,q in the modulator. The transition into the damping compensation state for
positive L4 is indicated by black triangles (maximum slope of the curves). The transition
shifts to larger DC currents with increasing external magnetic fields. The solid black and
white lines are fits to Eq. (5.58) discussed in Ch. 5.3.4.

For a quantitative analysis of the data presented in Fig. 5.8, we extract the
signal amplitudes AV ¥ (+uoH) and AV]%(—uoH) (indicated in Fig. 5.8a, b) as
a function of Iq for various magnetic field amplitudes poH. The resulting
dependence of the detector signals AV]%(+uoH) and AV]%(—uoH) as a function
of the moduator current is shown in Fig. 5.9. Solid lines in Fig. 5.8a are fits
to Eq. (5.58) and will be discussed in Ch. 5.3.4. Note that we define positive
fields +puoH to point along —y and negative fields —poH to point along +y.
In the following, we will separately discuss the low current bias regime for

|Imod| < 0.4mA and the critical current regime for |I;,04| > 0.4 mA.

5.3.1 Low Bias Current Regime

We start by focussing on the low current bias regime (|Inoq| < 0.4mA) of
Fig. 5.9. Here, the AV]%(Iyoq) curves can be modelled by a superposition of a
linear and quadratic current dependence, accounting for the SHE- and thermally-
induced magnons, respectively [172]. Since AV]Y (Imod) * 0m(Imod) as explained
in Ch. 5.2.1, the total magnon conductivity including the (low bias) current-induced
modulations can be expressed as

Om = Oy + AOSHE Imod + A‘Tthlrznod/ (5-39)

where 00, is the equilibrium magnon conductivity at zero modulation current,
Aospg is the SHE-induced magnon conductivity change and Aoy, represents the
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Fig. 5.10 — a Spin Hall effect induced relative modulation strength sy calculated from
the experimental data using Eq. (5.41a). b Thermally induced modulation 7y, calculated
using Eq. (5.41b). ¢ Spin Hall effect induced efficiency Aosyg/ 09 in units of % mA™" as a
function of the applied magnetic field. d Thermally induced efficiency Acy, /09, in units of
%mA™ as a function of the applied magnetic field.

thermally-induced magnon conductivity change as derived in Ch. 5.1.2. We point
out once again that we assume the magnon conductivity change within the low
bias regime to be entirely determined by a magnon density change as derived in
Ch. 5.1.2. In this regime, the magnon relaxation time is considered to be constant.

The SHE-induced and thermally-induced contributions can be distinguished
according to their symmetries: while the SHE contribution is odd, the thermal
contribution is even under field reversal. Therefore, we extract the modulation
amplitude due to the SHE-induced injection (thermal injection) by calculating the
antisymmetric (symmetric) part of the voltage amplitudes as

AVSHE = [AVIY (+poH) — AVES (—oH)] /2 & Aose Imod (5.40a)
AV = [AViS (+poH) + AV (—poH)] /2 o op + Aoy I o (5.40b)

and then normalize AVSHE and AV{Y, according to

SHE SHE
AVclet _ A0"SHEImod - Om

TISHE = AV = o0 =0 (5.41a)
h 1 2
_ AVctlet — AVclgt)O _ AO-’fhlmocl _ Lr%l (5.41b)
Mt = AV1w - o0 o0 54
det0 m m

with AVI¢ = AVI9([ .4 = 0) « 03, the detector amplitude at zero DC modulation

det0 — det
current. The relative modulation strength #syg (74) is then proportional to the
ratio of the SHE (thermally) induced magnon conductivity 03HE = AosHE Imod
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(ch = Aathlrzno 4) and the magnon conductivity in thermal equilibrium ol [172].
Figure 5.10a shows 5spg as a function of the DC modulator current for the low
bias regime (|Inod| < 0.4mA) and different magnetic field strengths. Clearly,
the expected linear behaviour is evident [172]. We then investigate the field
dependence of the modulation efficiency dispg/dImeq = Aosue/0y, which is
evaluated as the slope of #syg by linearly fitting the data within the shown current
range |Inoq| < 04mA. The result is shown in Fig. 5.10c, where the magnetic
tield dependence of the efficiency is plotted in units of %/mA. The observed
dependence is found to show a monotonous decrease and to be similar to the
usual magnetic field dependence found for SHE induced magnon transport [166].
As predicted by simulations of the current-induced magnon density increase
presented in Ref. [172], the modulation efficiency for 10nm thin YIG films at
poH = 50mT is expected to revolve around ~ 16 %/mA. Our YIG thin film in
this study with tyjg = 13.4nm, however, shows a significantly larger efficiency
of ~ 60%/mA at yoH = 50 mT, which exceeds the prediction by a factor of ~ 4.
Thus, our results show that thermal magnon based logic is even more efficient in
very thin YIG films than theoretically expected. In Fig. 5.9b, the thermally induced
relative modulation strength 7y, is shown as a function of the DC modulator
current. Here, the small current regime follows a quadratic dependence with
the applied DC current, which is expected for the thermal injection of magnons.
Similar to the modulation efficiency determined from the slope of s, we fit 7y,
with a quadratic current dependence and extract the coefficient corresponding
to (1/2) d®n, /dlﬁ1od = Aoy, /02, which is shown in Fig. 5.9d in units of %/mA?.
Again, an overall decreasing trend of the modulation efficiency by thermal magnon
injection is observed, corroborating the results found in Fig. 5.10c¢ for the SHE-
induced magnon injection. This result also agrees well with previous reports
presenting the field dependence of thermally induced magnon transport [166].

5.3.2 Critical Current Regime

For currents |I,0q| > 0.4mA, it is evident from Fig. 5.9 that the DC current
modulation deviates significantly from the linear and quadratic behaviour verified
for the low current bias regime. This manifests itself by a very large slope in
the AV (Iyoa) curves for Inog > 0.5mA (marked by black triangles in Fig. 5.9
for positive I;,04). We have derived in Ch. 5.1.2 via very simplistic assumptions
this non-linear, diverging behaviour of the magnon conductivity by assuming
a diverging magnon lifetime 7, in this regime. Although it is likely to be not
perfectly valid to project the changes in the magnon density and magnon lifetime
to the linear and non-linear regime separately, respectively (see last paragraph
in Ch. 5.1.2), we follow this line of interpretation in the following. In order to
study this critical behaviour in more detail, we isolate the modulation effects in
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AV3¥(Inoq) stemming from the non-linear and non-quadratic critical regime by

calculating the critical detector amplitude
Avigtjlcrit(lmod) = AV&S; (Imod) - [ARSHE Inod + ARthlrznod] (542)

where ARgue = (Aosae/0d) AViY, and ARy, = (Aow/0Q,) AV]Y, are the linear
(SHE) and quadratic (thermal) coefficients characterizing the efficiencies of the
modulation effects in the low current bias regime in terms of the detector voltage.
A graphical representation of this signal correction is given in Fig. 5.11a. Here,
representative detector signal amplitudes AV]% are shown for jgH = +60mT.

The lightly colored solid lines correspond to the fitting function
AVge (Imoa) = AVgelo + ARsEImod + AR Igods (5-43)

where the fit range is limited to the low current bias regime |I04| < 0.4mA
(grey shaded area in Fig. 5.11a). The fits are extrapolated to larger currents
beyond |0.4mA|. Evidently, the fits significantly deviate from the data for |I 4| >
0.4mA. These deviations from the fits are calculated by Eq. (5.42) and plotted
in Fig. 5.11b. For I;0q > 0.4mA, the critical detector signal AVC}:;’“it reveals a
smeared out step-function which mirrors the magnon conductivity enhancement
due to the critical regime only. A saturation of the enhancement is evident for
large (positive) currents. The origin of the strong enhancement can be attributed
to the compensation of the magnetic damping (cf. Ch. 5.1) in the YIG film and
will be discussed in detail in Ch. 5.3.3. In the negative current bias regime,
AV;;”““ also reveals an unexpected deviation from the fit for large currents. The
origin of this deviation might be related to the thermal excitation of the optical
magnon branch of YIG [111], which becomes considerably stronger occupied due
to the current-induced temperature increase that we verified via thermometry
measurements in Ch. 5.2.4. Due to the ferrimagnetic nature of YIG, this optical
magnon branch features an inverted polarization/chirality of the corresponding
magnon modes. Hence, a stronger occupation of the optical modes leads to a
counteracting contribution to the magnon conductivity om o n3$ — nyt *, where n2
and ngt" are the magnon densities of the acoustic and optical branches, respectively.
A verification of this claim, however, requires further investigation and will not be
investigated in more detail in this thesis.

As a next step, we will interpret the experimental data in terms of an equiva-
lent spin resistor model, from which we can calculate an equivalent spin resistance
of the YIG transport channel. In Fig. 5.11¢c, we adopted an equivalent spin resistor
model for our device based on the model presented in Ref. [36]. Via the SHE,
the spin chemical potential yisnj is acting as the "spin battery” at the injector. The

transferred spin chemical potential ud¢t is measured across the detector. The spin
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Fig. 5.11 — a First harmonic detector signal V&é‘; as a function of the modulator current
Imod for poH = £60mT taken from Fig. 5.9. The solid lines correspond to fits to Eq. (5.43).
b Critical detector amplitude AV;%“"™ calculated via Eq. (5.42), reflecting the deviation of
the fits to the data shown in panel a. ¢ Equivalent spin resistor model of our device. d
Critical spin resistance Ri{’fgt normalized to the spin resistance R3;;(0) at zero modulator
current [ ,,q-

transfer efficiency is then defined as 17 = pdet/ yisnj . Based on the spin resistor
network shown in Fig. 5.11¢, 75 can be expressed as
Rp,

T = R + 2R5,, + 2Rs, (544

where the spin resistance of YIG is R3;; = 2R§{IIG + Riﬁg’d with RiIG being the

spin resistances outside the region beneath the modulator, while Rf{’%’d rep-

resents the one within. Note that we assume Ry to be the only param-
eter in Eq. (5.44) that is dependent on the modulator current I,,q. Further-
more, R}, = I/ (0eAinttanh(tp/I5)) is the spin resistance of the Pt strip and
R, = 1/(gsAint) the interface spin resistance with g the interfacial spin conduc-
tance as introduced in Ch. 2.5. For the convenience of working with well-known
electrical units, we have defined the spin conductance as g5 = % g, such that g
is given in units of Sm~—2. Using the theoretical expression of g from Eq. (2.38),
it follows that g5 ~ 0.05% ng for an ambient temperature of T = 280K used in
our experiment. Moreover, Aint = wlp; is the area of the Pt interfacing the YIG
film. The spin transfer efficiency 75 can also be deduced from the experiments and

reads [36]

_ tpe \@Avégtf (efr/ls 4 1) (e2tre/ls 4 1)
= 1562 ToRget (etr/ls —1)3 ’

(5-45)
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with Rget being the resistance of the Pt detector strip3®. Solving Eq. (5.44) for RS

gives R g = % -
last two terms contained in brackets, leading to

(2R} + 2R5,,). For the final expression of R3,;, we neglect the

int

RS

Ry = 2. (5-46)

s

This is a reasonable assumption when considering typical values for the measured
voltage signals AV} ~ 1uV that enter 75 in Eq. (5.45), suggesting that R, /7s
is typically two orders of magnitude larger than (2R}, + 2R3 ;). We now use the
critical detector amplitude AV,%“™ to calculate the critical spin resistance R
of YIG via Eq. (5.46)%7. Finally, we arrive at Fig. 5.11d, where R?fgt /R$5(0) is
plotted versus Ipoq with R3;;(0) being the spin resistance at I,oq = 0 used for
normalization. The results are shown for different (positive) external magnetic
field magnitudes. Just like the critical detector signal AV,%“™ shown in Fig. 5.11b,
the Ri{’fgt(lmod) curves enable us to determine the impact on magnon transport
stemming solely from non-linear and non-quadratic modulations in terms of the

magnon spin resistance.

5.3.3 Damping Compensation and Magnon Bose-Einstein
Condensation

Having introduced the spin resistance concept for our magnon transport
device, we now analyze the magnon transport data with respect to the theories of
SOT-induced damping compensation and magnon BEC formation discussed in
Ch. 5.1.1. On the basis of these theoretical predictions, our physical picture of the
magnon transport is condensed in Fig. 5.12a and b. For the sake of simplicity, we
only consider magnon transport beneath the modulator and therefore disregard
the magnon decay on either side of the modulator. When I,,,q = 0 (panel a), the
magnon density e from the injector decays exponentially (orange solid line).
For Io4 = Luit (panel b), the threshold current for the damping compensation is
reached, the magnon lifetime diverges according to Eq. (5.32) and spin transport
with an effectively vanishing magnon decay ensues [188]. This corresponds to a
zero effective damping state and is illustrated by the large magnon accumulation
beneath the modulator. Hence, the experimental expectation corresponds to a
zero resistance transport of magnons beneath the modulator. We now test for this
prediction in this and the succeeding Sections.

3%In order to account for the full voltage signal, we introduced a factor of v/2 to the voltage
amplitudes AV(}(‘;; in Eq. (5.45), since our lock-in detection unit outputs the root mean squared
(RMS) signal and therefore is not representative for the actual signal.

37Strictly speaking, it is not valid to refer the critical enhancement to the spin resistance directly.
This is because the correction of the voltage signals performed in Eq. (5.42) does not reflect a
proper treatment of conductances, which usually have to be added reciprocally. The current
analyisis still provides a suggestive visualization of the non-linear spin resistance behaviour. For
a more rigorous analysis, we refer the reader to Ch. 5.3.4.
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Fig. 5.12 — Illustrations of the magnon transport from injector to detector. We here only
consider magnon transport directly below the modulator. a For I,;,,q4 = 0, magnons (blue
wiggly arrows) generated by the injector diffuse from left to right. Magnon decay events,
indicated by red crosses, result in a finite lifetime and a corresponding characteristic
spin diffusion length depicted as an exponential decay of the injector magnon density

nm (orange solid line). The modulator only statically affects the transport properties
via magnon absorption. b For I,,,q = Iuit, the modulator current is large enough to
compensate the magnetic damping of the YIG, resulting in effectively vanishing magnon
decay beneath the modulator. The damping compensation is illustrated by a large magnon
accumulation beneath the modulator.

In Fig. 5.13a the critical spin resistance Ri{’fgt is shown for the main device
(d = 900nm, black data points) and a second device (d = 700nm, orange data
points) for ygH = 50mT. In the positive bias regime, we define a characteristic
onset current I,,, at which the magnon resistance R?fgt starts to drop rapidly
by 0.13Q (black data points) and by 0.11 Q) (orange data points) and saturates
at a finite value above the second characteristic current I.i;. Here, we define Iy,
as the current at which Rf;fgt drops by 10 % compared to the constant resistance
below the critical regime for I,,,g < 0.4mA. The critical current I is taken at the
current level where Ri{’fgt starts saturating. This corresponds to the value of I;04
where the AV&;‘;(Imod) curves exhibit their maximum slope (see black triangles
in Fig. 5.9). In order to validate the critical currents Iy, /it extracted from our
data, we plot them as a function of the applied magnetic field in Fig. 5.13b for
the main device (black open and closed circles, respectively). Additionally, we
plot It for a second device with d = 700nm (orange data points). Note that
the critical spin resistance Rya® (for the main device) is also shown for different
magnetic fields in Fig. 5.11d. We first focus on the main device (d = 900 nm, black
data points): for Ion (Irit), we observe a characteristic current around 0.45mA
(0.6 mA) for uoH < 50mT and both critical currents increase with the applied
magnetic field strength for upH > 50 mT. We now use Egs. (5.14a) and (5.14b) to
quantitatively compare the experimentally determined field dependence of I,, and
I+it, respectively, to their theoretical prediction. In Fig. 5.13b, the theoretical curves
are shown for both It (red line) and Ion (blue line), showing very good agreement
with the experimental data. The values used for Egs. (5.14a) and (5.14b) are
summarized in Tab. 5.2. All of these values used for simulating our data have been
determined experimentally. The characteristic parameters a. and asp, entering

Egs. (5.12a) and (5.12b) are determined independently using the ferromagnetic
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resonance experiments presented in Ch. 5.2.3. For a good quantitative agreement
with our data, we used an inhomogenous broadening of j00H = 2.7mT, which is
slightly larger than the experimentally determined value of 2.54 mT (cf. Tab. 5.1).
Since, however, we had to use a different (but similar) YIG film for the FMR
characterization (cf. 5.2.3), it is not surprising that the inhomogenous broadening
is slightly different for the YIG film used for the magnon transport experiments3®.
Note, that the strong increase of the theory curve for small magnetic fields is due
to the field dependent second term in Eq. (5.15). Hence, the effective damping ao¢
diverges when the magnetic field approaches zero. The slight discrepancy between
experimental data and theory for yoH < 50mT in Fig. 5.13b stems from the in-
plane magnetocrystalline anisotropy (see Sec. 5.2.6), which could be included by
substituting H — H + Hap; in Egs. (5.14b) and (5.15) (where H,p; denotes the cubic
anisotropy field, see last paragraph in Ch. 5.1.1). To keep the number of parameters
low, however, this is not included here. To test for reproducibility, we included the
data for It from a second device with 4 = 700 nm (orange spheres), which is in
quantitative agreement with the data for the main device with d = 900 nm.

b

O I, (d=900nm) Il d=7000m)
08|-\@ 1/ (d=900nm)

Crit

d=700 nm HoH=50mT

00 1 1 1 1 1 1 1 | i 1 1
-08 -06 -04 -02 00 02 04 06 08 0 50 100 150 200

Imod (mA) [JOH (mT)

Fig. 5.13 — a Critical magnon spin resistance Ri{’fgt of the YIG channel between injector

and detector for the main device (d = 900nm, black data points) and a second device
(d = 700nm, orange data points) for an external magnetic field of ypH = 50mT. Note,
that Ri{’fgt is corrected for effects associated with (linear) SHE and (quadratic) thermal
magnon injection effects. A very steep decrease of R?fgt for Ion < Imod < Icrit is evident
for both devices. b Critical currents I, /.t versus applied magnetic field yoH. The right
y-axis shows the critical chemical potentials iy /it from Egs. (5.12a) and (5.12b) (solid
blue and red lines, respectively).

The analysis demonstrates that our experimental results can be well ratio-
nalized by the SOT-induced compensation of the magnetic damping beneath the
modulator strip, which we measure as a characteristic enhancement of the magnon
conductivity between injector and detector. As derived in Ch. 5.1, the threshold

33We note that there can be significant differences in the damping properties between different YIG
films, although they are nominally prepared with identical growth parameters.This also includes
the spin pumping induced damping parameter asp, which is determined by the interface spin
mixing conductance. In principle, it is therefore possible that the YIG film used for the magnon
transport experiments has, in reality, a different combination of magnetic damping properties (xg,
M; and JH) that account for the experimental data. We will see in Ch. 5.3.4 another approach for
the determination of these parameters.
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Device d = 900nm Symbol Value Unit

Pt strip thickness tpy 3.5 nm
Pt strip width w 500 nm
Pt spin diffusion length [54] Is 1.5 nm
Pt spin Hall angle [54] Osy 0.11

Pt conductivity e 174 x10°  1/0Om
YIG thickness tvig 134 nm
gyromagnetic ratio v 1.78 x 101 rad/Ts
YIG saturation magnetization HoMs 140 mT
spin mixing conductance gli 1.02 x 10 1/m?
effective spin mixing conductance ngif 6.07 x 10" 1/m?
Gilbert damping &G 217 x 1073

spin pumping induced damping Asp 6.0 x 1073
inhomogenous broadening Hoo H 2.7 mT

Tab. 5.2 — Values for the parameters entering Eq. (5.12a), (5.12b) and (5.13) used for the
theory curves shown in Fig. 5.13b.

conditions calculated from the theories of both SHOs and DC pumped magnon
BEC (and herein in particular the swasing threshold jiit) are identical, suggesting
that the magnon system beneath the modulator undergoes a BEC transition as
proposed by Bender et al. in Ref. [187]. According to Bender et al., the threshold
of the BEC is determined by the continuous condensation of magnons into the
ground state (cf. Ch. 5.1), corresponding to a phase transition of second order.
The observation of a smooth transition of RY&" in Fig. 5.13a might be indicative
of this second order phase transition, where magnons are condensing continu-
ously into a steady state Bose-Einstein condensate. In the context of the spin
resistance, this continuous magnon condensation from the thermal magnon cloud
(representing the excited magnons above the ground state) into the ground state is
reflected by a continuously diverging magnon lifetime 7, within the non-linear
regime (cf. Ch. 5.1.2 and Eq. (5.31)). Hence, the sudden spin resistance drop might
be related to a sharp entropy drop in the magnon system since the condensed
magnons carry no entropy [187]. This supports the claim of the observation of
the theoretically predicted second-order phase transition (see also Ch. 7.1). The
swasing threshold ji.it is then associated with the full compensation of the intrinsic
magnetic damping (i.e. Tm — o0), which we have shown to be fully identical to
the threshold condition of the SHO theory (cf. 5.1) and can thus be identified
with an auto-oscillation of the magnetization. In a common sense, this auto-
oscillation/swasing threshold might actually be referred to as a magnon BEC,
since it corresponds to a macroscopic occupation of the lowest magnon energy
state rather than the onset of condensation as defined in Ref. [187]. The difference
between the BEC threshold and the swasing/damping compensation threshold
originates from the fact that magnons represent excitations with a finite lifetime
and hence correspond to a non-conserved quantity.
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Even though the arguments stated above, together with the compelling agree-
ment of our data with the theoretical prediction of the phase transition support the
emergence of a magnon BEC, our experiment cannot unambiguously determine
whether the magnon system does indeed undergo this phase transition. This is
rooted in various reasons: although the critical currents fit well to the DC pumped
magnon BEC theory, the threshold conditions are essentially given by the equality
of the magnon relaxation and pumping rate and thus assume no coherence of
the excited modes, which represents a necessary requirement for a BEC. There-
fore, the magnon system in our experiment is likely to be described by multiple,
rather independent auto-oscillations of the magnetization [181,205,206] beneath
the modulator, which usually do not necessarily correspond to the lowest possible
magnon energy state. Since we had no access to frequency sensitive measure-
ments of the magnon system, we cannot check for this feature easily. However,
in Ch. 5.5, we present micromagnetic simulations of the SOT-driven dynamics in
the YIG film, which enables us to access the excited frequency spectrum from a
numerical standpoint. The simulations suggest the formation of multiple spin
wave bullets [184,207] beneath the modulator with evanescent character.

5.3.4 Phenomenological Model for the Critical Magnon
Conductivity Modulation

While the low bias regime investigated in Ch. 5.3.1 is properly described by
a linear (SHE) and quadratic (thermal) modulation of the magnon conductivity
due to a magnon density change as demonstrated in Eq. (5.30), this description
clearly breaks down for larger currents (cf. Ch. 5.3.2). As discussed in the second
part of Ch. 5.1.2, the divergence of the magnon lifetime 7, due to the damping
compensation might represent a more accurate description of this non-linear
regime. A theoretical approach to derive this non-trivial magnon spin conductivity
enhancement is proposed by S. Takei in Ref. [188]. Similar to Ref. [187] discussed in
Ch. 5.1, the author S. Takei considers magnon BEC formation under the influence
of a spin chemical potential ys in a MI/HM bilayer and also computes the magnon
spin conductivity cmod o 1/ Riﬁg’d due to the SHE-induced spin chemical potential
bias in a HM modulator attached to a magnetic material, identical to our YIG/Pt
device structure. Its dependence on the modulator current was discussed in the
context of Eq. (5.32), according to which the magnon conductivity beneath the
modulator diverges as om & (Herit — #s) 2 & (1 — Imoq/ Icrit)_l/ 2 when Loq —
it with the characteristic exponent of —1/2. We will include this theoretical
prediction into our experimental modelling in the following.
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For a complete description of the magnon conductivity present in the YIG
transport channel, we make use of the equivalent spin resistor model introduced
in Fig. 5.11¢, according to which the total magnon conductivity can be written as

h Zd, + w. d ! d -1
Om = @Tcmo <2R§{IG + RYiG (Imod)> , (5-47)

where Ri{’%’d( Imod) refers to the I,,q-dependent resistance beneath the modulator.
Furthermore, d’ is the distance between the center of the injector (detector) and
the left (right) edge of the modulator and Ayig = tyic/p: is the cross section of the
YIG transport channel. The prefactor (2d" + wmoq)/ Ayic therefore accounts for
the conversion into a geometry-independent conductivity rather than conductance.
In order to express Eq. (5.47) exclusively in terms of conductivities, we first rewrite
the YIG spin resistances R3;; into spin resistivities pj,; according to R@’IG =
(d'/ Avic )P and RYE = (wimoa/ Avic) PG (Imod) With pSie = 046 (Imod = 0).
Using these relations, we can rewrite Eq. (5.47) as

h / -1
Um =53 (2P§(1G + P?%Od(lmod)) / (5-48)
where we defined the scaled spin resistivities

!
d s0

oSG = mpYIG/ (5-49)
,mod o Wmod
oG (Imod) = mpi{IG(Imod)- (5.50)

In order to switch to conductivities, we further define the corresponding scaled
magnon conductivities

O = 222 (Pil@) o , (5.51)

mo h s,mod -1
Om d(Imod) = ? (pYIG (Imod)> . (5'52)

Finally, we introduce the modulator current dependence for c2°¢ by identifying it
with Eq. (5.32) introduced in Ch. 5.1.2, while the magnon conductivity ¢}, to the
left and right of the modulator is considered to be constant and thus unchanged
by the modulator current. As a final result, we obtain

Loa —-1/2 -1
O_I(I){mod <1 _ rno) + AU—thIx?nod] , (5.53)

Um(lmod) = Z(O-rln)il + Lsit
cri
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where we introduced the scaled equilibrium magnon conductivity beneath the
modulator

2d' +w
O_g{mod — mod 0,21

(5.54)
——— 554

with ¢, the actual equilibrium magnon conductivity independent of the geom-
etry?. When the resistivity left and right to the modulator pi{IIG =0, Eq. (5.53)
reduces to Eq. (5.32). As a sanity check, we can calculate the predictions of the
model in the limiting cases of I, = 0 and I;,oq4 = Lt For a vanishing modulator

current, we obtain the equilibrium magnon conductivity

-1 s,mod0

, -1
08 = Om(Imoa = 0) = (2(00) ™ + (2™ 71) = (2051 + YY), (5:59)

where pyid0 = pymod(1 4 = 0). At the critical current, we expect the critical

magnon conductivity

Ugit = 0m(Imod = Iuit) = (2(‘71/11)71>_1 = <2P§;IG) B ’ (5.56)

which suggests that the resistivity beneath the modulator vanishes at I, i.e.
p?}g"d(lcrit) = 0. We further define the ratio

/
Om Wmod

Nerit = W T (5:57)

where we used Eq. (5.51), (5.49), (5.54) and (03%c) ' = o2 to arrive at the final
result. The ratio 7.t therefore depends exclusively on the device geometry, in
particular on the ratio between modulated and unmodulated regions. For our
main device with ' = 650nm and wy,,q = 500nm, we expect #qit ~ 0.77. In
our following experimental analysis, we will assume that the current induced
changes of the magnon conductivity are restricted to the region right beneath the
modulator, while the regions right and left of it are left unchanged. A deviation of
the experimentally determined 7t from the expected value of 0.77 then indicates
the aforementioned assumptions to be invalid. We will see in the subsequent
subsections that the phenomenological description of the magnon conductivity
modulation given in Eq. (5.53) is able to reproduce the critical current regime very
compellingly.

39Note that we assumed the same geometric scaling (2d’ + Wy0q)/ Wmeq shown in Eq. (5.54) to be
also absorbed in the thermally induced magnon conductivity change Acy,.
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Angular Dependence

First, we study the angular dependence of the detector signals with respect to
the model expressed in Eq. (5.53). Therefore, we rephrase Eq. (5.53) to account for
the angle dependent detector voltage amplitudes V1% (¢). Due to the symmetry of
the SHE-induced magnon injection, being only active for a parallel alignment of
magnetization direction myjg and spin polarization s (cf. Ch. 2.4), its magnitude
is proportional to ~ Ioq(— cos(¢))*°. The thermal injection, on the other hand,
does not scale with the angle ¢ of the magnetization orientation. We can thus
include the angle dependence of the detector signals as

Vc}gt} ((Pr Imod) = cos’ (4’)

I . -1/2
AVI(I)lOd (1 B mod( COS((P))> + ARthIrznod]

Icrit

1) 1

x L 2(AV) L ¢

(5-58)

where the coefficients AV’, AVY . and ARy, correspond to o7, c%m°d and Aoy,

in Eq. (5.53), respectively, and simply act as proportionality factors to account
for the conversion of the different terms into voltages. Furthermore, the first
cos?(¢p) function accounts for the usual angle dependence resulting from the
SHE-induced magnon transport between injector and detector (cf. Ch. 2.7). In
order to account for the additional SHE symmetry at the modulator, we replaced
Imod — Imod(— cos(¢)) in the term related to the SHE-induced magnon injection
(i.e. the diverging term) of Eq. (5.53) [172, 188]. On the basis of Eq. (5.58), we can
separate the different angle symmetries and thus write down a fitting equation for
the angle dependence as

1/2
Acos?(¢) + Bcos?(g) (1 — 71““”‘(7(:05((”)))

Lerit

1+C<1_M)1/2

Vis(e) = , (5.59)

Lerit

where A = AV'/2, B = (1/2) (AV'/AV®_ )ARwI2 4, C = (1/AV?

m

od) (ARthIrznod +
AV'/2) and Iyt are used as fit parameters. In Fig. 5.14, the angle dependent
detector signals V% are plotted for different modulator currents, where panel a
corresponds to I,,qg > 0 and panel b to I;,,q < 0. Since our phenomenological
model in Eq. (5.53) is only valid up to Inog = Iuit, We restrict the fitting via
Eq. (5.59) to currents up to Iyoq = 0.5mA < Iyit. Furthermore, we fix the fit
parameter I,,q4 to the corresponding value used in the respective data set. The fit
results are shown as the solid lines in Fig. 5.14a and b. Evidently, we can excellently

4°Positive (negative) magnetic fields are defined at ¢ = +180° (¢ = 0°) (cf. Fig. 5.2a). Thus,
magnons are injected (depleted) via the SHE when H - I;;,oq4 > 0 (H - Ijog < 0). In order to
account for these conditions, the minus sign before the cos(¢)-function is introduced such that
for the injection (depletion) of magnons I,oq(— cos(@) > 0 (Ineq(— cos(¢)) < 0).
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reproduce the angle dependence with the phenomenological model presented in
Eq. (5.59). In particular, it is able to reproduce the rather sharp spike observed
for the large currents I;,oq = £0.5mA ~ I, which is due to the additional angle
symmetry introduced in Eq. (5.59) near I.;.

a b
T T T T T T T d T T
L © ] L 3 4
0.8 r) l“ ° Imod =0 HA 0" 0.8 CXS /mod =0 |JA
06 '» 3 Inoa = 400 LA \ 06 (’j 90 oq=-400 uA
< . )\ ® J..q=500pA ’: . = - j go 104 = -500 HA
=1 0 Ja S B
~, 04| \“ [/ ~. 04 Jo3 ) E
-\ A\ oo 2% &R
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-180 90 0 20 180 -180 90 0 90 180
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Fig. 5.14 — First harmonic detector signal V&;‘; plotted versus the rotation angle ¢ of the

in-plane field at yoH = 50mT for a positive and b negative DC bias currents I;;,q in
the modulator, similar to Fig. 5.8. However, we restrict ourselves to the current regime
Imod S Ierit- @ Magnon transport signal for I,oq4 > 0. b Magnon transport signal for
Iinod < 0. Solid lines are fits to Eq. (5.59).

Eventually, we achieve an accurate phenomenological modelling of the experi-
mentally observed angle dependence based on Eq. (5.53). Since the most prominent
modulation of the angle dependence stems from the square root dependencies
in Eq. (5.59), which is based on the SHE-induced injection of magnons [188], we
can conclude that the electrically injected magnons via the SHE are exclusively
responsible for the damping compensation (or BEC/swasing transition) in our
experiment. By implication, this suggests that the thermally-induced magnons
do not contribute to the damping compensation, but rather hinder the magnon
system to reach damping compensation, which corroborates the theoretical pre-
diction [187,188]. We note that a temperature increase due to Joule heating leads
to an increase of the interface spin conductance [36] and might therefore also
reinforce the damping compensation by increasing the interface spin transparency.
This, however, does still not account for the observed angle dependence as the
temperature increase does not depend on ¢.

Current Dependence

For the purpose of validating our model further, we fit Eq. (5.58) to the current
dependence of V% shown in Fig. 5.9. To this end, we set ¢ = +180° for positive
magnetic fields, while ¢ = 0° for negative magnetic fields. In the fitting routine,
we use AV/, AVO .,

the fit range up to the point exhibiting the largest slope, which corresponds to the

ARy, and It as the free fitting parameters. We further restrict
divergence of the square root term in Eq. (5.58). Beyond this point, the model is no

longer valid. Evidently, we find an excellent agreement of our phenomenological
model with the experimental data. To check for the predictions of the model, we
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extract the fit parameter I for each external magnetic field and plot the result
in Fig. 5.15a as the blue open circles. For comparison, we also plot the critical
currents that were extracted manually at the point of the maximum slope in Fig. 5.9
together with the corresponding simulation of Eq. (5.14b) discussed in Ch. 5.3.3
(black closed circles and red line, respectively). The critical currents extracted
from our fitting function (Eq. (5.58)) show a very good agreement with those
extracted manually, besides that the former exhibits a slightly larger slope. This
most probably owes to the fact that the manual extraction becomes increasingly
inaccurate at larger field values since the critical enhancement of the V1% (Ly0q)
curves becomes increasingly smaller, making the manual extraction tedious. In
order to check for the predictions of our model, we attempt to fit the blue data
points in Fig. 5.15a with the expression for the critical threshold current given
in Eq. (5.14b). Unlike implemented for the simulation of the red curve shown
in Fig. 5.15a, where we determined the spin mixing conductance gj ¥ of our YIG
film via FMR measurements of a comparable film (see Ch. 5.2.3), we here instead
determine the spin mixing conductance directly via measuring the SMR at the
modulator [54]. The corresponding relative SMR amplitude is determined to
~ 4 x 107*. Using Egs. (2.46) and (5.6) together with the values given in Tab. 5.2
results in an effective spin mixing conductance glfif = 1.72 x 10" m~2, which is
used to calculate the spin pumping induced damping parameter ag, = 1.75 x 107°.
We use this parameter as a fixed value in the fit. Moreover, we include a finite
cubic anisotropy field by substituting H — H + Hap; in Eq. (5.14b) (cf. Ch. 5.1.1).
The resulting fit is shown as the orange solid line in Fig. 5.15a, featuring the
free fitting parameters podH = 0.72mT £ 0.02mT, ag = (1.14 £0.1) x 1072 and
HoHani = 9.54mT £ 2.13mT. The values are also listed in Tab. 5.3 for convenience.
The extracted values for ag and pgdH are in good agreement with typical values
determined for thin YIG films grown at the Walther-Meifsner-Institut. Comparing
them to the ones determined via FMR in Ch. 5.2.3, a significant difference is
apparent. Since, however, the FMR measurements have been conducted on a
different YIG film, the discrepancy is not surprising. Upon comparing the cubic
anisotropy field to the literature value given by pigHani = 2|Kc1|/Ms = 10.8 mT
(with |[K.1| = —600]J m~3 corresponding to the room temperature value taken from
Ref. [204]), we find very good agreement to the fitted value of H,ni. Eventually,
we can conclude that the model based on the non-linear magnon conductivity
modulation given in Eq. (5.53) is a very suitable tool for the extraction of the critical
currents and is likely to provide better results than the manual extraction.

Apart from the critical currents, we can also extract the ratio #i: defined in
Eq. (5.57) via our fit parameters. Since the fit parameters are voltage quantities and
thus proportional to the magnon conductances rather than conductivities, we have
to include the geometrical features for the calculation of the respective magnon
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Fig. 5.15 — a Comparison of the critical currents I, either (i) manually extracted by deter-

mining the maximum slope of the AV&é‘t’ (black closed data points taken from Fig. 5.13b)

or (ii) by fitting Eq. (5.58) to the AV&S{(Imod) curves in Fig. 5.9 and extracting I as a
fitting parameter (blue open data points). The red line corresponds to the simulation of
Eq. (5.14b) using the values from Tab. 5.2, while the orange solid line is a fit to Eq. (5.14b)
to the blue data points. In the latter, we included a cubic anisotropy field Hyp; to the
fitting equation and determined the spin pumping induced damping parameter from
SMR measurements at the modulator. We used ag, 6H and H,p; as free fit parameters.
b Ratio it as defined in Eq. (5.57) plotted as a function of the external magnetic field
(black points, left vertical axis). The right blue axis and data points show the equilibrium
magnon conductivity o9, calculated with Eq. (5.61).

conductivities according to o}, « (d’'/ Ayig)AV' and gomod o (Wmod/ AYIG)AVI%O 4
The ratio #qit can then be determined from the expermimental quantities as

d AV’

£ o7 (5.60)
Wmod Angd >

Herit =
Using the fit parameters from Eq. (5.58), the conductivity ratio 7. is plotted
as a function of the external magnetic field in Fig. 5.15b (black data points).
While it shows a fairly constant behaviour for fields up to yoH ~ 80mT, we
observe a significant increase for larger magnetic fields, which is in contrast to our
expectation of a constant value for 7. This unexpected behaviour probably owes
to the fact that the model projects the majority of the field dependence to only
one of the fit parameters, which is captured by AV? _, o™ in our case. The
inclusion of the expected field dependence of the conductivities (as e.g. shown
in Eq. (5.62) further below) into the model might resolve this issue, but is also
likely to increase its complexity unnecessarily. In the following, we will therefore
limit ourselves to the minimum value of #it around pgH = 50mT. In contrast to
the expected value of 0.77, we here find 7.it = 4. As discussed in the beginning
of this Section, this suggests that the current induced conductivity modulation
extends to a larger width than the mere modulator width wy,4. Adjusting the

ratio d’'/wpeq in Eq. (5.60) to achieve it = 0.77 results in the effective values

eff

I
of ~ 310nm and wi 4

~ 1.18 um. This means that the magnon conductivity
(resistivity) at the critical current diverges (vanishes) for a width of at least 1.18 pm.
Comparing this value to the (experimental) modulator width of wy,,q = 540nm
(determined for the main device via AFM measurements presented in Ch. 5.2.2),

indicates that the zero resistance state extends to a significantly larger area than
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given by the modulator width. In particular, the zero resistance state exceeds the
modulator width by roughly ~ 320nm on each side. Since the magnons exhibit a
tinite diffusion length of about 1 um (see next Ch. 5.3.5), it is reasonable that the
zero resistance region extends to larger values than naively suggested from wyg.

After establishing the effective widths for the modulated (wi{fo 4) and unmod-
ulated (d.;) regions in our device, we can now extract the equilibrium magnon
conductivity o3, from our critical magnon conductivity model defined in Eq. (5.58).
According to Eq. (5.54), we can express the equilibrium magnon conductivity as
o) = [w L/ (2d; + wei )] oo Furthermore, the scaled equilibrium magnon

conductivity beneath the modulator scales with the corresponding fit parame-

ters as oo™ (wfﬁ) 4/ Avic) AV

od In order to convert the corresponding fit

parameter AVI%O 4 from Eq. (5.58) (which is given in units of V) into the magnon

conductivity o™

ff ff 0
0 h wfnod < wfnod s (AVmod) ) )

o=
T 222wy \ Avie Ry

, we make use of Eq. (5.46), from which follows that

(5.61)

The expression in brackets refers to the scaled equilibrium magnon conductivity
o™ and 75 is the spin transfer efficiency which is a linear function of AV?_.. The
result of Eq. (5.61) is plotted as a function of the external magnetic field in Fig. 5.15b
(blue data points). We find (2¢2)/hiod, ~ 4.2 x 10°Sm™! for the maximum around
poH = 20mT and an overall monotonous decrease of the conductivity for larger
magnetic fields. The initial increase observed for the first two data points is likely
to be related to the initial magnetization saturation of the YIG. In theory, the field
dependence of the magnon conductivity can be included when a finite magnon gap
A = hypoH is considered in the calculation of the magnon current density jm (see
Eq. (2.52)), which was omitted in the derivation shown in the theory Chapter 2.7.2.
When including a magnon gap in the dispersion according to em(k) = Jok* + A,
an approximate solution to Eq. (2.52) (from which the magnon conductivity is
deduced) reads as

where Li, (z) is the polylogarithmic function of order n. Since A < kgT in our case,
Eq. (5.62) can be reasonably approximated up to first order, suggesting a linear
decreasing behaviour of the magnon conductivity as a function of the external
magnetic field H. Indeed, a linear behaviour fits well to the observed evolution
in Fig. 5.15b and thus further validates our suggested model for the magnon
conductivity modulation. More intuitively speaking, as the magnon gap increases
with increasing magnetic field strength, low frequency magnons are depleted and
are therefore diminishing the magnon conductivity due to the associated magnon
density decrease. We note, that the predicted field dependence suggested by
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Eq. (5.62) (for experimentally reasonable values regarding the magnon gap and
temperature) predicts a significantly weaker dependence on the external field than
what is experimentally observed. While the theory suggests a relative conductivity
change (from 0mT to 200mT) of about ~ 0.2%, the experimentally observed
decrease seen in Fig. 5.15b is much larger at about ~ 54 %. This discrepancy
was observed in multiple studies in recent literature [166,208] and indicates the
underrated importance of low frequency magnons for the SHE-induced magnon
transport. Furthermore, additional field dependencies stemming from sources
unrelated to the magnon conductivity itself, such as the spin conductance g at
the injector or the spin Hall physics in Pt, have been disregarded here but are
likely to affect the overall field dependence of our experimentally measured signals.

Overall, the analysis of the magnon conductivity/spin resistivity based on
the theoretical prediction by S. Takei in Ref. [188] demonstrates a very compelling
agreement between theory and experiment. It significantly enhances the precision
of extracting critical currents from the magnon transport data and offers further
insight into the physics of the critical magnon conductivity modulation. Moreover,
the excellent agreement between theory and experiment might be regarded as a
further indication for the formation of a DC pumped magnon BEC beneath the
modulator. According to the micromagnetic simulations implemented in Ch. 5.5,
however, it is unlikely that the supposed BEC can be interpreted as a spatially
uniform magnetization precession beneath the modulator, though its spectral
coherence near I is large. As for now, it might therefore still be bold to claim
that the magnon system is in a BEC state when the critical current is reached.
Frequency sensitive measurements of the magnon system are therefore desirable.

5.3.5 Spatial Extension of the Damping Compensated Region

In the preceding Ch. 5.3.4, we have demonstrated excellent agreement between
the experimental data and our phenomenological model based on the theoretical
prediction of critical magnon conductivity enhancement derived in Ref. [188].
As predicted by our corresponding model shown in Eq. (5.53), the magnon con-
ductivity at the critical current suggests a vanishing magnon resistivity beneath
the modulator, which might be interpreted as spin superfluidity [209—213]. We
therefore expect the YIG spin resistance to conform to R3,; = 2R§{/IG + Ri{’ig‘)d for
Imod = 0 and Ry = 2RS; for Imed = lurit, ie. RYY — 0 (cf. Eq. (5.53)). In
order to test this prediction, we perform measurements of R3,; as a function of
the injector-detector separation d;q, both for the case of zero current modulation
as well as for critical current modulation. The difference between the critical and
equilibrium distance dependencies should then give insight into how large the
modulated regime with supposedly zero resistance is.
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Fig. 5.16 — Calculated spin resistance R, as a function of the modulator current I,,,q
for ygH = 50mT. The data shows the results for two different devices represented by
black and orange data points. The corresponding injector-detector distance d;q is indicated.
a Ry evaluated for the usual configuration depicted above the plot, where a single
modulator is used. b RS, calculated based on measurements using two modulator strips
employing the configuration depicted above the plot. White solid lines are fits to the
inverse of the fitting function given in Eq. (5.58)

First and foremost, we calculate the total YIG spin resistance R3;; as a func-
tion of Ij0q from our first harmonic voltage signals AV&;‘; at the detector. To
this end, we plug AV]¥ into Eq. (5.45) and calculate the spin resistance R$,q via
Eq. (5.46). In Fig. 5.16a, we plot the result for the main device (d = 900 nm) and
a second device (d = 700nm) for an external magnetic field ygH = 50mT. The
corresponding injector-detector separation d;q for the two devices is indicated in
the figure. For the sake of completeness, we have fitted the data by the the inverse
of our magnon conductivity model parameterized by the fitting function given
in Eq. (5.58) (white solid lines). Beyond the critical regime, the curves exhibit
another decreasing behaviour with reduced slope, which might be related to the
continuing SHE- and thermally induced magnon injection in this regime. In order
to test for a vanishing spin resistance beneath the modulators discussed above, we
additionally measured the magnon transport under the influence of two modula-
tors situated in between the injector and detector contact, as depicted in Fig. 5.16b.
Here, the modulator current is simultaneously applied to both modulator strips,
while the magnon transport is measured between injector and detector as usual.
Qualitatively, a similar behaviour compared to the single modulator measurements
shown in Fig. 5.16a is observed. We again fitted the inverse of our model to the
data which is indicated by the white lines. Interestingely, a major difference in the
fitting parameters arises for AV’ o« ¢, upon comparing the two configurations. In
fact, AV’ is tens of orders of magnitude larger for the two modulator experiment as
compared to the one with only a single modulator. Since ¢y, quantifies the conduc-
tivity next to the modulators (see equivalent spin resistor model in Fig. 5.11¢), its
value is supposed to be unchanged by the modulator current in an ideal case. The
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suggested extremely large value extracted from the experiment, however, suggests

that the corresponding spin resistivity p;; = (07,

)~! & 0. Consequently, the total
spin resistivity o3, at the critical current I.j; is expected to completely vanish in
the YIG transport channel. Under this assumption, the remaining resistance R,
in Fig. 5.16b for I,,q > it must be attributed to the interfacial spin resistances
R$,; and the electronic spin resistance R}, in the Pt layers. We will test for this
conjecture via the distance dependent measurements in the following.

In Fig. 5.17a and b, RS is plotted as a function of d;q. Here, the black data
points correspond to the spin resistance for I ;o4 = 0. As introduced in Ch. 2.7.2,
we expect an exponential increase of the spin resistance with increasing distance*'.

Therefore, we fit the data with an exponential function of the form

RS (dia) = R§(Imoa) €74/, (5.63)

where R§(Imod) is the spin resistance for dig = 0 at the modulator current I, and
Am is the magnon diffusion length. From the fit, which is shown as the black solid
lines in Fig. 5.17a and b, we obtain A, = 1.2 um. Note, that we limited the fit range
to dig > 1 um since the exponential behaviour breaks down for d;y < A to become
algebraic (see Ch. 2.7.2). As a next step, we plot R, for a modulator current
of Iog = 0.6 mA > I, where we expect zero resistance beneath the modulator.
The result is shown as the blue open data points in Fig. 5.17a, exhibiting a clear
resistance drop compared to the zero current modulation. The data is also fitted
with Eq. (5.63), obtaining A, = 1.1 pm, in reasonable agreement with the diffusion
length obtained for the non-modulated case. Assuming Ay, = 1.2 um for both
functions, we can calculate the distance between the two exponential curves (as
indicated in Fig. 5.17a), by equating the two exponentials according to

|
RB (Icrit)e(didJrAd)//\m = R(S)(O)edid/)\mr (5.64)

where Ad is the distance by which one of the curves has to be shifted in order to

account for the observed resistance change. Solving for Ad results in

_ Rj(0)
Ad = Ay In (RO(O6mA)> , (5-65)

where R (Inoq) is determined from the exponential fits. For the single modulator
configuration depicted in Fig. 5.17a, we obtain Ad; ~ 1.8 um. Hence, we can
account for the resistance drop by assuming zero resistance magnon transport
within a transport length of 1.8 um when I,,qg = 0.6 mA > ;. As derived from
our magnon conductivity model in Ch. 5.3.4, the effective region adopting zero
resistance magnon transport in our main device was estimated to wrerffo q ~ 118 um,

41Since the detector amplitude AV&é‘t’ is expected to decrease exponentially, the corresponding spin
resistance R3;; « 1/ AV&;‘{ therefore increases exponentially.
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considerably smaller than the zero resistance transport length Ad; extracted here.

This discrepancy might be related to the fact that we extracted a lower limit for

eff

s od- Nonetheless, we can

Herit (cf. Fig. 5.15) and therefore also a lower limit for w
compare Ad; with the maximum spatial extension Ad"™ = 2Am + Wioq ~ 2.7 pm
of the zero resistance region, for which we considered the finite magnon diffusion
length A, = 1.2 um at both sides of the modulator and obviously the modulator
width wpeg = 0.5um. The modulation ratio Ady/Ad™ =~ 0.66, meaning that
66 % of the maximally possible extension of the magnon conductivity modulation

adopts a zero resistance state.
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Fig. 5.17 — Magnon spin resistance RS, as a function of the distance d;q between injector
and detector. In both panels a and b, the black data points correspond to the distance

dependence when no DC modulation current is applied. a Single modulator configuration:

the blue data points show RS for I,oqg = 0.6 mA, employing the configuration with a
single DC modulation strip as depicted above the plot. A remarkable decrease of R3,
compared to the zero current modulation is evident. Solid lines are fits to Eq. (5.63) for
dig > 1um. The spin resistance decrease can be accounted for when we consider an
approximately ~ 1.8 um long transport length with zero resistance. b Two modulator
configuration: the green data points show the distance dependence for I;,,q = 0.6 mA
when two strips are simultaneously biased with the same DC modulator current as
indicated above. Here, zero resistance magnon transport is found to occur over a distance
of ~ 2.4 um.

In a second experiment, we measure the distance dependent spin resistance
R}, for the configuration using two modulators, both of which are subject to
the simultaneous application of the the modulator current ;4. Similar to the
single modulator configuration, we compare the distance dependence for I;;,,q = 0
(black data points in Fig. 5.17b, same as in panel a) with the distance dependence
when a current of I,oq = 0.6mA ~ I is applied to both modulators at the
same time (green open data points). Fitting Eq. (5.63) to both datasets, extracting
the fit parameters and utilizing Eq. (5.65) results in a zero resistance transport
distance of Ad, ~ 2.4um. Naively, we would have expected this length scale
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to have doubled in size compared to the single modulator case. Instead, we
only find Ad, = 1.33Ad;. Since, however, the maximum extension of the zero
resistance transport length in the two modulator configuration can be estimated
to AdY™ = 2Am + 2Wmeq + de = 3.6 um, where d. = 0.4 um is the edge-to-edge
distance between the two modulators for the main device (and thus represents an
upper limit as it was the maximum d. considered). This results in a modulation
ratio of AdY™/Ad, = 0.66, which perfectly matches with the modulation ratio
determined for the single modulator case. We therefore conclude that our distance
dependent measurements give a decent estimate for the spatial extension of the
damping compensated region with zero resistance magnon transport.

It is important to point out that the present analysis based on the magnon
conductivity model (cf. Eq. (5.53)) implicitly makes the very crude assumption
that there is a defined border between regions with a magnon conductivity being
modulated by the DC current and regions that are not affected by it. Clearly,
this is a direct consequence of the equivalent spin resistor network on which
our magnon conductivity model is based on. In reality, however, the magnon
conductivity modulation adopts a continuous change with increasing distance from
the modulator, rather than having discrete values for certain regions. The extracted
values for the zero resistance transport length Ad must therefore be considered as
effective length scales and might not necessarily reflect the actual spatial extensions.
It should also be noted that apart from the SHE-induced and thermal spin Seebeck
induced magnon injection (and thus conductivity modulation), there might also be
a considerable effect from the mere temperature rise in our sample, as quantified
in Ch. 5.2.4. In principle, this leads to an additional magnon conductivity increase
due to the thermal activation of magnons, for which we do not account here but
might also influence our analysis of the spatial extension of the zero resistance
state.

In conclusion, we have shown that the compensation of the magnetic damp-
ing via current induced injection of magnons is compatible with zero resistance
magnon transport beneath the modulator. This zero resistance is interpreted by
a diverging magnon lifetime 7, and therefore results in lossless magnon trans-
port. We want to point out that this feature by itself is not sufficient to verify
the formation of a magnon BEC as proposed in Refs. [187,188]. In particular,
the coherence of the achieved state cannot be verified by the magnon transport
measurements. Instead of a coherent BEC state with a macroscopic number of
magnons in the ground state, the vanishing spin resistance beneath the modula-
tor could, in principle, be also explained by the excitation of a broad frequency
spectrum of magnons. This scenario, however, is rebutted by the critical magnon
coductivity increase observed in our experiment, which is not compatible with a
mere linear (or quadratic) increase of magnon density np,. The ultimate question
in this regard is, therefore, if the zero resistance transport can be verified over
macroscopic distances. Previous experiments studied the propagation length of
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coherently excited magnons under the influence of the critical SOT threshold for
damping compensation and found a 10-fold increase of the propagation length
in a YIG/Pt device [181]. The authors argue that the expected divergence of
the propagation length (i.e. vanishing of spin resistance) at the ciritcal current
is counteracted by effects associated with the current-induced heating in the Pt
strip leading to a decrease of the effective magnetization. From an experimental
point of view, it is therefore unlikely to achieve actual zero resistance transport
over macroscopic distances. Note, that the effects of the current-induced heating
on the magnetization are also discussed in conjunction with the micromagnetic
simulations presented in Ch. 5.5.

5.4 Spin Conductivity Control of Thermally

Induced Magnons

Besides the electrical AC injection of magnons via the SHE, Joule heating in
the injector also locally affects the magnon distribution via a spin Seebeck torque

(quantified by the interfacial spin Seebeck coefficient S introduced in Ch. 2.5).

Consequently, a finite magnon chemical potential distribution is generated via the
thermal excitation process, resulting in the diffusion and transport of thermally
induced magnons [8,36]. In this Section, their transport properties under the
influence of the DC modulator current is investigated and quantified by the second
harmonic voltage signal V3% at the detector via lock in detection (cf. Ch. 3.4.2).

5.4.1 Angular Dependence
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Fig. 5.18 — Magnetic field orientation ¢ dependent second harmonic signal Vfg{ at the
detector for a positive and b negative DC currents in the modulator with an externally
applied magnetic field of ygH = 50mT.

Similar to Ch. 5.3, we start with the angular dependent signal modulation
of the raw voltage signals V2%. This is shown for both positive and negative
modulator currents I,,,q in Fig. 5.18a and b for poH = 50mT, respectively. For
Imod = 0, the signals show a cos(¢) type of modulation (cf. Ch. 2.7.1), typical for
thermally-induced magnon transport [8,123]. As expected, we find significant
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enhancements of the magnon transport signals for finite modulator currents
Iinod- For L4 > 0 (panel a), the transport signal is substantially increased when
¢ = £180°, while for I,,q < 0 it is enhanced when ¢ = 0° (panel b). This
perfectly agrees with the angle dependence of the first harmonic transport signals
investigated in Fig. 5.8.

5.4.2 Current Dependence and Extraction of Critical Currents
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Fig. 5.19 — a Second harmonic voltage amplitudes AV&;{ as a function of I,,q4 for both
positive (red data points) and negative (blue data points) external magnetic fields. Red
data points correspond to the field direction along ¢ = £180°, while blue data points
correspond to ¢ = 0°. Solid black lines are fits to Eq. (5.58). b Comparison of the critcal
currents determined from the SHE-induced (electrical) and thermal signals via fitting
Eq. (5.58) to the first harmonic amplitudes AV]%(I;oq) shown in Fig. 5.9 as well as to the
second harmonic signals V3% (I,,4) shown in panel a, respectively. Solid lines are fits to
Eq. (5.14b), where we included a cubic anisotropy field Hy,i and assumed a fixed value
for asp determined from SMR measurements at the modulator.

Subsequently, we investigate the amplitudes AV3% (indicated in Fig. 5.18) as a
function of the applied modulator current o4 in Fig. 5.19a for both positive (red
data points) and negative (blue data points) field orientations, respectively. In the
low bias regime (|I04q| < 0.4mA), the qualitative behaviour of the curves exhibit
a rather flat structure, considerably different from the SHE-induced transport
signature shown in Fig. 5.9. On the one hand, this might suggests that the SHE-
and thermally-induced magnon conductivity change is quantitatively different
for the transport/diffusion of thermally-induced magnons than for SHE-induced
magnons from the injector, which might be in accordance with the findings from
Ref. [214]. On the other hand, a considerable contribution from bulk magnon
transport driven by the Joule heating induced temperature gradient is very likely
to influence the behaviour of the thermal signals. An attempt to interpret the
data with this additional complexity in mind is given in Ch. 7.1. For this Section,
this peculiarity is however not taken into account and we therefore retain the
assumption that the q-dependence of AV2Y is exclusively proportional to op.
In any case, the signals in the critical current regime (| Loq4| > 0.4mA) exhibit a
very steep increase, reminiscent of the critical magnon conductivity enhancement
observed for the first harmonic signals in Fig 5.9. As just indicated, we assume the
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transport of the thermally induced magnons to be dominantly driven by a gradient
in the magnon chemical potential y (cf. Ch. 5.2.1). Thus, we naively expect that a
magnon conductivity change introduced via the current at the modulator has a
similar impact on the thermal signals as compared to the observations regarding
the electrical signals. We can test for this expectation by fitting the AV2% (L0q)
curves with our phenomenological model presented in Eq. (5.58). Similar to the
procedure implemented for the first harmonic signals, the fitting range is restricted
up to the point exhibiting the largest slope. The result is shown as the black solid
lines in Fig. 5.19a. Remarkably, we observe an excellent agreement between the
model and the experimental data. Extracting the critical current I from the fits
and plotting them against the external magnetic field results in Fig. 5.19b (red
open circles). For comparison, we also plot the critical currents extracted from
titting Eq. (5.58) to the electrical signals shown in Fig. 5.15a (blue open circles,
same as in Fig. 5.15). A very good agreement between both datasets is observed.
Furthermore, the solid lines represent fits to Eq. (5.14b), the fit parameters of which
are summarized in Tab. 5.3. Both sets of parameters result in reasonable values
for the damping properties as well as anisotropy fields. We therefore conclude
that both electrically as well as thermally driven magnon transport is suitable
to observe the critical magnon conductivity enhancement in our experiments,
indicating the validity of our assumption that the thermally induced magnons are
dominated by the magnon chemical potential.

We want to point out that it might still be beneficial to interpret the modu-
lation of the second harmonic signal from a different perspective. To this end,
we lift the assumption that the thermal second harmonic signal at the detector is
exclusively determined by the magnon conductivity oy, and the associated magnon
chemical potential profile yn,, but take into account that also temperature gradient-
driven magnon currents characterized by the bulk spin Seebeck coefficient L have
a significant contribution (cf. Ch. 2.7.2), in accordance with previous studies [124].
It has been further shown both theoretically [109,127,215] and also experimen-
tally [124,216] that the bulk spin Seebeck coefficient L exhibits a strong correlation
to the magnon heat conductivity xn,, which is also immediately clear when we
consider our derivation of L and «n, in Egs. (2.56) and (2.57). This strongly suggests
that the second harmonic signal offers access to the behaviour of x, when the
magnon system undergoes the supposed BEC phase transition. Indications for
this claim might be present in the second harmonic signal modulations when
interpreting the data from the perspective of temperature gradient driven currents.
For details of these considerations, we refer the reader to Ch. 7.1.
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Fit results of Eq. (5.14b) in Fig. 5.19b Symbol Value Unit

Electrical signals

Gilbert damping aG (1.144+0.1) x 1073
inhomogenous broadening uodH 0.72+0.02 mT
cubic anisotropy field poHani 9.54 +2.13 mT
Thermal signals

Gilbert damping aG (0.7340.09) x 1073
inhomogenous broadening uodH 0.79 +£0.03 mT
cubic anisotropy field #oHani 15.2+3.7 mT

Tab. 5.3 — Values for the free fitting parameters entering Eq. (5.14b) extracted from the fits
to the field dependent critical current data shown in Fig. 5.19b.

5.5 Micromagnetic Simulations

Inspired by the micromagnetic approach put forward in Ref. [217], we study
the spin current injection via the SHE in the modulator into the YIG layer in
a numerical fashion. To this end, we use the micromagnetic simulation code
MuMax3 [185]. In particular, this allows for the investigation of the time-dependent
magnetization dynamics in the YIG layer exposed to large spin currents and
thus enables us to access the frequency spectrum of the spin current driven
magnetization dynamics, which we could not investigate experimentally.

Within the micromagnetic simulation code, our magnetic thin film is di-
vided into cubic cells of size 5nm x 5nm x 13.4nm, where the latter corresponds
to the thickness of our YIG film. The total lateral area under consideration is
2560nm x 2560nm. Each of the cells hosts a magnetic moment that interacts
with its neighbours via the exchange and dipolar coupling. The magnetization
dynamics are captured by the Landau-Lifshitz-Gilbert (LLG) equation [92]. Finite
temperature is accounted for in the simulation by a fluctuating thermal magnetic
field [185] added to the LLG. The YIG film is exposed to an in-plane external mag-
netic field of yoH = 50 mT. To simulate our experimental configuration, we use
the experimentally determined magnetic properties of YIG at room temperature
(~ 295K), in particular the saturation magnetization poMs(T = 295K) = 140 mT
(cf. Ch. 5.2.3) and the exchange constant Ae(T = 295K) = 3.7p] taken from
Ref. [218]. The magnetic damping of the YIG film is considered via the field- and
magnetization-dependent effective damping a.¢ introduced in Eq. (5.15), which
takes into account the additional damping contribution due to sample inhomoge-
neities. An increased damping a.f + asp due to spin pumping is assumed in the
region beneath the Pt spin current injector (i.e. the modulator). The spin current
injection via a tpy = 3.5nm thick and w = 500nm wide Pt strip is considered
by the addition of the Slonczewski torque term to the LLG [9o]. The spin Hall
physics is incorporated by assuming an interface spin current transparency of
T = 0.33 between Pt and YIG and a spin Hall angle of sy = 0.11, both of which
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are multiplied to the charge curent density jmod = Imod/ (tptw). All the used values
correspond to the experimentally determined values given in Tab. 5.2.
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Fig. 5.20 — a Temperature dependence of the YIG saturation magnetization Ms taken from

Ref. [219] normalized to its magnitude at T = 295K. The green solid line is a fit to Eq. (5.66).

b Modulator current dependence of the normalized YIG magnetization M;/Ms(295K)
(black line) and exchange constant Aex/Aex(295K) (magenta line) constructed via the
parabolic T(I0q) curve of the modulator electrode given in Fig. 5.5b and the M;(T)
function presented in Eq. (5.66).

As discussed in Ch. 5.2.4, our device experiences a significant temperature
increase due to the large modulator currents. We therefore adjust the temperature
of the simulations accordingly**. In general, both M and Aex also exhibit a
considerable decrease with increasing temperatures. We therefore expect M and
Aex to be a function of I,,,q in our experiment. In order to take this into account
for the simulation, we use the temperature dependence of the magnetization of
YIG from Ref. [219]. We map this to our case upon normalizing the data to its
room temperature value (T = 295K), which is shown in Fig. 5.20a. The green
solid line corresponds to a fit to the general phenomenological expectation for the
temperature dependent magnetization according to

MiV(I;gL) - Ms(];/gs)S K) <1 - <TTC)>m (5.66)

where M! is the saturation magnetization at 0K, Tc is the Curie temperature of

YIG and n, m are exponents characterizing the temperature dependence. The fit
yields M2/ M(295K) =~ 1.45, Tc ~ 560.4K, n ~ 1.1 and m =~ 0.53. From Fig. 5.5b,
we extract the current dependence of the temperature in the modulator strip by
fitting a parabolic function to the data and plug the resulting T (I;,04) function into
Eq. (5.66). As a result, we constructed a current dependence of the (normalized)
magnetization which is shown in Fig. 5.20b as the black solid line. Additionally,
we assume A (T) « Ms(T)? as expected from mean-field theory [217,220,221].
The corresponding normalized exchange constant is also plotted as a function of

4*We here assume a spatially homogeneous temperature distribution, which is reasonable for our
investigation, since we limit our analysis to the magnetization dynamics beneath the modulator.
As shown in Ref. [217], a more accurate temperature distribution has no considerable influence
on the observed dynamics.
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Iinoq in Fig. 5.20b as the magenta colored line. We note, that the effective damping
aefs considered for our simulation also becomes a temperature/current dependent
quantity since the temperature/current dependency of the YIG magnetization
enters in Eq. (5.15). Hence, for each current magnitude, the simulation adjusts
the corresponding values for the ambient temperature, magnetization, exchange
constant and damping in each cell.

Figure 5.21a illustrates the simulated experimental configuration and coordi-
nate system, the geometry of which is based on the actual device investigated in the
preceding Sections. The lateral area depicts a snapshot of the normalized magnetic
vector field m(x,y,z) indicated by black arrows. Their direction is additionally
indicated by the color scheme defined in Fig. 5.21b. The noisy background stems
from a the thermal fluctuating field incorporated in the simulation to account for
finite temperature. A Pt strip electrode with a width w = 500nm is simulated
by defining a region of width w into which the spin current is injected. It there-
fore represents the modulator in the simulation. Following Ref. [217], absorbing
boundary conditions (ABC) are applied to the edges in y-direction, while periodic
boundary conditions (PBC) are assumed at the boundaries along x. This entails a
simulation of an infinitely long Pt electrode, which is reasonable considering the
actual length Ip; = 162 um of the modulator in our experiments. Panels c-h show
snapshots of the magnetic vector field for different modulator currents Iyogq > Lerit
as indicated in the pictures. While the magnetic vector field does not show any
clearly visible dynamic response for I o4 = 0.5mA < It in a, larger values
Lnod 2 0.57mA = I give rise to the appearance of the first vsible spin wave
dynamics (c). The localized, circular shaped spot featuring large amplitude mag-
netization dynamics is generally referred to as a spin-wave bullet mode [207,217].
Their density beneath the spin current exposed region increases rapidly with
increasing current as evident from panels c-f. For even larger currents (panel g,
h), the magnetization dynamics enters a chaotic regime, which is, however, not
investigated in our experiments where [;;,,q < 0.8 mA.

Quantitatively, we can extract the critical current from the simulations by
studying the deviation of m(x,y, z) beneath the modulator from its equilibrium
direction along y. We thus study the m, component of the magnetic vector field
in the following. In the inset of Fig. 5.22, the complete temporal evolution of
m§,“°d = (My)mod averaged across the modulator area is plotted up to ¢t = 100ns
for different I ;4. It becomes immediately clear that the deviation becomes large
for currents I ;o4 > 0.57 mA. We can quantify this deviation by calculating its time
average (m;n°d> At = 1/At ftff mg,n"d(t)dt with the initial time #;, the final time #;
and the corresponding time interval At = t; — t;. We choose t; = 50ns and either
ty = 100ns or t; = 150ns*3. This calculation corresponds to the arithmetic average

of mgmd for t > 50ns, after which dynamic equilibrium is mostly achieved. In

4“3 Whether f; = 100ns or {; = 150 ns simply depends upon the length of the simulation run, which
was different for some of the simulations.
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Fig. 5.21 — a Depiction of the experimental configuration used in the simulation based on
the actual YIG/Pt sample layout. The lateral area shows a snapshot of the color coded
map of the normalized magnetic vector field m(x,y, z) under the influence of a current
Inod = 0.5mA < I in the Pt strip. Absorbing boundary conditions (ABC) were applied
to the edges along y, while periodic boundary conditions (PBC) are assumed on the edges
along x. The film is exposed to an in-plane magnetic field of ppH = 50 mT oriented along
the y-axis. b Definition of the coordinate system and the relation between the color scheme
and the direction of the magnetization indicated by black arrows. ¢, d, e, £, g, h Snapshots
of m(x,y,z) for different modulator currents I,,q > Icrit- In the simulation, the threshold
for damping compensation/swasing (Eq. (5.14b)) corresponds to the formation of spin
wave bullet modes beneath the Pt strip (c). Increasing currents show a rapidly increasing
density of bullet modes (e, f). Even larger currents lead to a chaotic regime (g, h) [217].

analogy to Ref. [217], we investigate this time averaged deviation in terms of an
order parameter defined as

1— mod
g = 567)

5.5 Micromagnetic Simulations

125



126

In this definition, ¢ = 0 is equivalent to a perfect alignment along the equilibrium
direction y, while ¢y = 1 corresponds to a fully switched state along —y. ¢ is
plotted as a function of I,,,q in Fig. 5.22 as black spheres. Evidently, ¢ has a mostly
constant behaviour for I,q < 0.57mA, and a very sharp, threshold-like increase
for Inoq 2 0.57mA. The orange data points corresponds to the order parameter
calculated when only Joule heating is considered, but zero spin current injection is
applied. The shaded region therefore constitutes the thermal agitation of the order
parameter and acts as the baseline for the black data points. To compare with our
experiments, we plot the normalized critical voltage signal AV, /AV]< (which
is corrected for linear and quadratic contributions, cf. Eq. (5.42)) in Fig. 5.22 (green
data points, referring to the right y-axis). The vertical dashed line in the Figure
indicates I.it ~ 0.57mA and corresponds to the extracted value of I from the
experiments presented in the precedent Sections. This value perfectly matches with
the threshold observed for the order parameter 1. As a result, the critical current
extracted from our experiments can be identified with the onset of the nucleation
of the transient spin-wave bullet modes, for which the magnetic damping is locally
compensated. Their rapid increase in density observed in Fig. 5.21¢ to d results in
the sharp increase of the magnon conductivity and therefore the detector signal
observed in our experiments. The experimental data regarding AV,%"“™ shown in
Fig. 5.22 also exhibits non-monotonous, erratic jumps. While the origin of these
features is not entirely clear, it is conspicuous that the simulation of the order
parameter also exhibits an irregular behaviour in a very similar current range
compared to the experimental transport data. Since these features vanish for larger
external magnetic fields, the field might have a stabilizing effect on the nucleation
of the bullets, leading to a smoother increase in their density. Overall, there is
a striking relation between the order parameter i and our experimental data,
indicating the validity of our claims.

In addition to the deviation from the equilibrium direction defined via ¥, we
can further investigate the temporal evolution of the dynamic components of the
magnetic vector field m(x,y, z), allowing for a spectral analysis of the excited spin
dynamics beneath the modulator. In particular, the transverse components m, and
m; of the y-magnetized magnetic film are characteristic for the dynamic part of the
magnetization. We therefore analyze the temporal evolution of m™°? = (1) 04
averaged across the modulator area. In Fig. 5.23a, m™°? is plotted as a function of
time for a time interval of 10ns. Clearly, a strong increase in the amplitude of the
waveforms is observed when we cross the critical current I, ~ 0.57 mA (extracted
from the fits to Eq. (5.58) shown in Fig. 5.15), indicative of the threshold behaviour
and formation of large amplitude spin wave bullets as discussed before. In a
next step, we perform fast Fourier transformations (FFT) to the time-dependent
transverse magnetization 7#°4( f) = FFT(m™°4(t)). We then plot the magnitude
V/Re(imod (£))2 + Im(mmod(£))2 of the FFT which results in the spectra shown in
Fig. 5.23b. The FFT is performed for ¢t > 50ns, ensuing that we only capture the
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Fig. 5.22 — Order parameter ¢ defined in Eq. (5.67) plotted versus I.q (black spheres).
The orange points and the shaded region beneath corresponds to the magnitude of ¢
when only Joule heating with zero spin current injection is considered, i.e. due to thermal
agitation only. The inset shows the temporal evolution of the normalized magnetization

m;n"d averaged over the modulator region for different currents I,o4.

dynamics of the steady state. The spectra are shown for different currents in the
modulator. While the critical regime I,oq 2 Iorit is depicted in the main graph, the
inset represents spectra for Ioq < Ierit. Furthermore, the red vertical dashed line
in both graphs indicates the (in-plane) FMR frequency fy ~ 2.7 GHz calculated
via Eq. (5.10) using poM(T = 295K) = 140 mT and poH = 50mT. The low bias
regime in the inset depicts a small increase of the spectrum’s overall magnitude. A
small, but noticable increase in this regime is observed at frequencies slightly below
the FMR frequency fo**. Overall, no significantly large change in the spectrum can
be observed for I,0q < Ierit-

Increasing the current to 0.55 mA results in a drastic increase of the magnitude
of the spectrum, as shown via the black line in the main graph of Fig. 5.23b. A
strong peak with a considerably lower frequency than fy is observed. This peak
further increases in magnitude and decreases in frequency when the current
reaches a value slightly above the critical value at 0.575 mA (dark green spectrum).
The strong amplitude and the current-induced decrease of the peak frequency
of the excited modes is typical for spin-wave bullet dynamics [207,217]. Further
increasing the current to 0.7 mA shifts the main peak of the spectrum to even
lower frequencies, but also its magnitude is decreasing. Additionally, the spectrum
becomes broadened at these large currents considerably above I, indicating that
the excess energy from the spin current injection is distributed over the lower

frequency spectrum. This broadening becomes even more prominent for currents

44We note that in the calculation of the FMR frequency fj it is not considered that the current-
induced temperature increases, leading to a reduced magnetization (cf. 5.20b) and therefore a
reduced fy. Thus, the observed increase slightly below fj is pefectly reasonable.
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Fig. 5.23 — a Part of the temporal evolution of the normalized magnetization m°% averaged

over the modulator region for I;,oq = 0.5mA < It (blue line) and I,oq = 0.6 MA > Iyt
(green line). b Fourier spectra of the m°4(t) dynamics plotted for different modulator
currents Ioq 2 Iyit as indicated. The inset shows the spectra obtained for I,oq S Lyt
fo = 2.7 GHz corresponds to the fundamental (in-plane) FMR frequency at ~ 295K.

Ihod = 09mA and I,,g = 1mA, where no strong single peak feature can be
recognized anymore.

The evolution of the frequency spectrum under the influence of large spin cur-
rent injection suggests that the critical current I.sit ~ 0.57 mA determined from our
experiments can be reasonably identified with the maximum peak in the frequency
spectrum found for [SM = 0.575mA from the simulations (Fig. 5.23b). At IS we
find the largest peak amongst the whole evolution of the current-induced magneti-
zation dynamics. A narrow peak in the spectrum corresponds to a large magnon
occupation of a single energy state. This is synonymous to the statement that
the spin current induced magnetization dynamics features the largest coherence
at the critical current I5I. Theory predicts that the strong magnon conductivity
enhancement observed in our experiments can be ascribed to the condensation of
magnons into a single energy state [188]. Our simulations do indeed indicate this
strong correlation between the magnon conductivity enhancement and the spectral
distribution/coherence of the magnon modes, since we find It ~ Ig;ﬁl Moreover,
experimental reports investigating the influence of coherent magnon generation
via microwave techniques on the behaviour of the magnon conductivity indicate
a similar behaviour, i.e. a magnon conductivity enhancement when the magnon
occupation becomes strongly excited in a narrow low frequency band near the
minimum [208]. Large currents beyond 0.7 mA, on the other hand, show weak
coherence in the simulations, i.e. a broadened spectrum. Correspondingly, the data
shows only weak magnon conductivity modulation in this regime (cf. Fig. 5.22).
Recent experimental results on spin Hall oscillators with perpendicular magnetic
anisotropy (PMA) also show a clear increase in the coherence of the oscillations,
making the investigation of magnetic insulators with PMA an interesting direction

for future research of current-induced magnon BEC [222].
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In conclusion, our micromagnetic approach offers exciting insights into the re-
lation between the spin current induced magnetization dynamics and our magnon
conductivity measurements. The simulations suggest the formation of spin wave
bullets at the critical current with a rapidly increasing density when the current is
further increased. Moreover, we could identify a strong correlation between the
coherence of the excited magnon modes and the behaviour of the magnon conduc-
tivity, suggesting that the largest modifications of the latter can be identified with
strong coherence of modes, while the excitation of a broad frequency spectrum
has a negligible effect on the magnon conductivity.

5.6 Summary and Conclusion

In this Chapter, we have investigated the magnon conductivity modulation via
the injection of spin current in a three-terminal YIG/Pt device. While the magnon
conductivity measurement in YIG is implemented upon driving SHE-induced
magnon transport between a Pt spin injector and detector, we simultaneously
tune the magnon density via the additional spin current injection in a third Pt
modulator electrode placed in between. The modulator current dependence of this
magnon conductivity was then investigated in great detail. For the sake of clarity,
we have introduced a low bias current regime and a critical current regime that we
separately studied.

Within the low current bias regime, we could qualitatively reproduce the
results of previous reports [172]. In addition, we found a largely improved
modulation efficiency of ~ 60 %/mA within this regime, exceeding the expected
value evaluated by simulations of the magnon chemical potential beneath the
modulator by a factor of four [172].

Rich physics have been observed within the critical current regime, where the
magnon conductivity modulation exhibits a very large non-linear increase. This
non-linearity was linked to the physics of both spin-Hall oscillators as well as
to more recent theories studying charge current induced magnon Bose-Einstein
condensation. Interestingely, we could show that the threshold conditions of
the two theories are fully identical, since both are defined by the compensation
of the magnetic damping via the current induced antidamping spin torque at a
magnet/metal interface. In our experiments, this threshold could be identified
with the critical current I at which the magnon conductivity exhibits a very
large slope followed by a kink towards a flatter increase. For intuitive reasons, we
have progressed by isolating the critical behaviour of the magnon conductivity
from the well-known linear effects. Rewriting this critical magnon conductivity
in terms of an associated critical YIG spin resistance led to a continuous, but
rapid decrease of the spin resistance at the critical current. This decrease was
argued to reflect the associated entropy drop of the magnon system entering a
magnon BEC regime, indicative of the supposed second-order phase transition.

5.6 Summary and Conclusion
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We could demonstrate that the field dependence of the critical current fits well to
the theoretical prediction from Ref. [187], which was discussed in detail in Ch. 5.1.
A second threshold at I,, < I.it, which is defined as the onset of a continuous
condensation of magnons, was also extracted from the data and good agreement
to its theoretical prediction given in Ref. [187] was found either. Based on another
theoretical prediction calculating the critical magnon conductivity enhancement
of a magnetic material near the transition into a charge current induced magnon
BEC [188], we were able to introduce a phenomenological model for the current
dependent magnon conductivity modulation, reproducing the data well up to
the critical current I.i;. The validity of the model has been further tested by
extracting its parameters from fits to the experimental data and comparing them
to our magnon transport device, offering reliable results. Moreover, our model
could be utilized to estimate the effective region modulated by the charge current.
An experimental test of the theoretical claim of zero spin resistance beneath the
modulator has been implemented by distance dependent measurements, which
indeed indicates the supposed loss-free transport of magnons over a distance
significantly larger than the width of the modulator electrode. Due to the lack of
experiments verifying zero resistance transport over macroscopic distances, a final
verification of this claim could not be provided.

Similar investigations have been conducted with regards to the transport of
magnons excited by thermal spin current injection due to the Joule heating in the
injector. Our phenomenological model of the non-linear magnon conductivity
modulation based on the theory presented in Ref. [188] reveals a compelling
agreement with the thermally-induced magnon transport data. The extraction of
the corresponding critical currents exhibits perfect agreement with those extracted
for the electrically induced signals.

While we had no direct experimental access to the frequency spectrum of the
excited magnon modes, we instead studied the confined spin current injection into
the YIG layer via micromagnetic simulations using the open source code MuMaxs3.
The simulations revealed the onset of a nucleation of spin wave bullet modes at
the critical current I.j;. A rapid increase in their density when increasing the
current beyond It was observed, which eventually led to a chaotic regime for the
largest currents investigated. The frequency spectrum attained via the temporal
evolution of the dynamic magnetization components unveiled that the largest
coherence of the excited modes directly correspond to I.. For larger currents, the
frequency spectrum is broadened. We argued that the strong modifications in the
measured magnon conductivity are correlated with the coherence of the excited
modes. This claim is corroborated by theoretical calculations that predict large
magnon conductivity via condensation of magnons into a single energy state [188].

During the course of this Chapter, we repeatedly addressed the question
whether the magnon system enters a BEC state and if the magnon transport can
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be considered as spin superfluid. Regarding the magnon BEC transition, we have
found multiple arguments in favor of this claim, but we unfortunately miss an
unambiguous verification. As pointed out by E. B. Sonin in Ref. [209], however,
the exact prerequisites for a magnon system to prove itself as a BEC are not
unambiguous in literature. In any case, the feature of coherence represents one of
the necessary requirements for BEC that are uncontroversial. Our micromagnetic
simulations indicate no distinct spatial coherence of the magnetization dynamics
beneath the modulator electrode. The spectral coherence, on the other hand, was
found to be large for a narrow range of currents around I.i;. Achieving both spatial
and spectral coherence might therefore be an issue of the geometrical features
of the device [223]. Tuning the spatial boundary conditions in an appropriate
manner is potentially sufficient to achieve this goal. Besides these issues, we still
could verify various theoretical predictions regarding current induced magnon
BEC in our experiment. With regards to spin superfluidity, it is rather unlikely
that such dissipationless transport ensues in our device. Even if spatial and
spectral coherence is achieved, the formation of a magnon BEC does not necessarily
lead to superfluidity [209] as sometimes assumed [224]. Moreover, while the
effective magnon relaxation time might indeed diverge as damping compensation
is achieved, this does of course not entail a scatter-free transport of magnons since
e.g. magnon-magnon interactions are still present.

At the end of the day, the more important question might not lie in the
unambiguous realization and verification of achieving magnon BEC (which is of
academic nature anyway), but rather if the features of the concepts observed in
our experiment can be beneficial towards devices and applications. In this regard,
we think that the experiment shows great potential for the implementation of pure
magnon-based control units. It thus lays the foundation for future experiments
ranging from zero resistance magnon transport to efficient non-linear spin current
manipulation.

5.6 Summary and Conclusion
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Spin Transport Effects in

Antiferromagnetic x-Fe,O3 /Pt
Heterostructures

The exchange interaction is the quintessence of magnetic ordering phenomena.
Depending on the crystal structure, the quantum indistinguishability of electrons
together with the Coulomb repulsion of the electronic wavefunctions in a material
indirectly decides on the symmetry of their corresponding spin wave functions.
Remarkably, numerous crystalline materials forming naturally on earth feature an
antiparallel spin orientation of neighbouring electron spins due to this exchange
mechanism, resulting in a special type of magnetic ordering called antiferromag-
netism. Antiferromagnets generally feature strong exchange energies resulting in
high frequency spin dynamics in the THz-range [32,225-228] leading to ultrafast
response times [229,230]. While they are perfectly ordered in their interior, they do
not exhibit any exterior magnetic stray field like their ferromagnetic counterparts.
In his 1970 Nobel Prize speech, Louis Néel therefore described antiferromagnetic
materials as ‘interesting but useless’, since it was believed that only strong mag-
netic fields are capable of manipulating these materials due to their vanishing
magnetic stray field. This view has drastically changed in recent years, since when
antiferromagnets have been shown to be efficiently manipulated by the application
of electric currents and the associated spin torque effects [74,225]. Insulating anti-
ferromagnets, on the other hand, can be exposed to spin-orbit torque by attaching
them to heavy metal layers and employing the spin Hall effect [117,150]. Hence, the
transport of antiferromagnetic magnon excitations could be implemented, which is
difficult to achieve by means of microwave techniques due to their aforementioned
high frequency spin dynamics [228].

Spin and information transport via magnons in magnetic insulators offers
distinct advantages [8,12,117,162,231—236]. While ferromagnetic magnons carry
spin in only one direction determined by the orientation of the magnetization, anti-
ferromagnetic magnons come in pairs with opposite spins or Néel order precession
chiralities. The latter can combine to form zero-spin excitations corresponding to
linearly polarized oscillations of the Néel order [237,238]. In general, the pairs
of antiferromagnetic magnons and their superpositions can be described via a
pseudospin [121,239-241] in a manner similar to the actual spin of an electron. The
corresponding mathematical analogy has also been invoked in predicting emergent
spin-orbit coupling effects with AFI magnons [121,241,242], including topological
states [241,243—246]. Within some arbitrarily chosen convention, one particular
spatial component of such a pseudospin corresponds to the measurable magnon
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spin, while the two transverse components characterize the mode ellipticity and
correspond to zero-spin excitations. The formal equivalence between electron
spin and antiferromagnetic magnon pseudospin has been predicted to result in
a range of phenomena that are completely analogous in electronic systems and
antiferromagnetic insulators [121,239-242,247,248]. The experimental realizations
of these theoretical predictions promise to lift antiferromagnetic magnonics to a

new level of functionalities.

In the experiments presented in this Chapter, we realize antiferromagnetic
magnon transport by spin current injection via the SHE in a Pt injector attached
to the antiferromagnetic insulator a-Fe,O3 (hematite). Consequently, an excess
of spin-up magnons is produced [51, 117,213], which can be considered as a
non-equilibrium pseudospin density along the injected spin polarization s. The
diffusive pseudospin transport is then measured at a second Pt detector (cf. Ch. 2.7).
Due to the presence of an easy-plane anisotropy and Dzyaloshinskii-Moriya in-
teraction (DMI) in our films, spin-up and -down magnons are coherently coupled
and therefore no longer eigenexcitations [32,241]. Instead, the eigenexcitations of
the coupled systems are determined by the direction of the so-called pseudofield,
which, in turn, is characterized by the coherent mode coupling strength and thus
by the magnitude and direction of the DMI and anisotropy energies. As a result,
the injected pseudospin density along s precesses around the the transversely-
oriented pseudofield with time while the magnons diffuse away from the injector.
Its precession frequency () is determined by the anisotropy and a combination of
the DMI field and canting-induced net magnetic moment. We control the latter
by an external magnetic field and hereby obtain a handle on (). The resulting
spin signal at the detector oscillates as a function of the external magnetic field
due to a coherent interconversion of spin 1 to spin o excitations (and vice versa)
due to the precessing pseudospin density. This observation manifests the first
realization of the magnonic analogue of the electronic Hanle effect [249-251] and
the Datta-Das transistor [252], unlocking the high potential of antiferromagnetic
magnonics towards the realization of rich electronics-inspired phenomena.

We further investigate the thermally induced magnon transport due to Joule
heating in our a-Fe;O3 /Pt devices. Here, the two antiferromagnetic magnon modes
of hematite are simultaneously excited at the injector. Our data reveals that the
transported spin is determined by the net magnetization rather than the direction of
the Néel vector [117], significantly different from the electrically induced magnon
transport [13]. We argue that the k-vector averaged energy splitting between the
antiferromagnetic magnon modes is small and that the magnon spin along the
Néel order is therefore negligible [32]. A finite spin along the net magnetization
direction, however, persists due to the canted magnetizations. In addition to
the thermal magnon transport effect, a considerable lateral temperature gradient
generated across the width of the Pt detector drives a pure spin current into
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the hematite by means of the spin Nernst effect (SNE) [55]. This interfacial spin
current also drives a charge current in the metal which appears as a transverse
magnetothermopower (i.e. voltage signal) in our electrical open circuit conditions.
The emerging angle symmetry of the thermal voltage signal reveals that the
direction of the Néel order n represents the relevant boundary condition for the
absorption or reflection of the incoming spin current. Our results demonstrate that
the use of an antiferromagnetic order vector as the boundary condition for the SNE
in Pt enables a much improved differentiation from spin Seebeck related effects
that are proportional to the net magnetization. Most importantly, our temperature
dependent results of the magnetothermopower signal are in perfect agreement
with the theoretical prediction of the temperature dependent spin Nernst angle of
Pt, thus verifying its complete suppression at low temperatures.

This Chapter is organized as follows: in Ch. 6.1 we present the theoretical foun-
dations of the pseudospin concept, which represents an extremely convenient way
to describe antiferromagnetic magnon excitations and their transport. Chapter 6.2
introduces our sample geometry for magnon transport measurements in a-Fe;O3
and corresponding preliminary measurements for pre-characterization purposes
of the sample. We progress with the presentation of the key results in Ch. 6.3.1,
where we use the pseudospin concept to rationalize our experimental data and
demonstrate the first antiferromagnetic magnon analogue of the electronic Hanle
effect. Finally, we investigate the thermal effects arising due to the Joule heating in
our device, featuring both thermally induced magnon transport and the transverse
spin Nernst magnetothermopower effect. A summary and conclusion is given in
Ch. 6.5.

Throughout this Chapter, we extensively reuse text and figures published in
T. Wimmer, A. Kamra, J. Giickelhorn, M. Opel, S. Geprags, R. Gross, H. Huebl,
M. Althammer, Observation of Antiferromagnetic Magnon Pseudospin Dynamics and the
Hanle Effect, Physical Review Letters 125, 247204 (2020) as well as A. Kamra, T. Wim-
mer, H. Huebl, M. Althammer, Antiferromagnetic magnon pseudospin: Dynamics and
diffusive transport, Physical Review B 102, 174445 (2020).

6.1 Theoretical Concepts

The theoretical framework employed for the description of the antiferromag-
netic magnon transport is presented in this Section. In particular, we start with
the introduction of the concept of pseudospin in Ch. 6.1.1, which conveys an
extremely useful way to describe antiferromagnetic magnon excitations and their
eigenstates under the influence of arbitrary magnetic interactions on top of the
underlying exchange mechanism. Moreover, the relation between pseudospin
and the classical antiferromagnetic Néel vector dynamics is given therein. In
Ch. 6.1.2, the temporal dynamics of pseudospin and its consequences on diffusive
transport for the pseudospin density is introduced. Particularly, we here analyze
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the one-dimensional solution of the pseudospin diffusion equation. We note that
the theoretical framework outlined here only considers the most important results
of the detailed theory published in Ref. [10].

Fig. 6.1 — Depiction of a Bloch sphere together with the pseudofield vector w. The red
and green spheres indicate the intersections of w with the Bloch sphere and represent the
corresponding eigenmodes ¥! and 5. The transformation describing ¢! and ¢} in terms
of the spin-up and -down eigenmodes is given in Eq. (6.5).

6.1.1 Antiferromagnetic Magnons and Pseudospin Concept

Generally, antiferromagnetic excitations feature two degenerate magnon
modes* typically denotes as a- and f-modes [32]. These two modes represent
the spin-up (spin +1) and spin-down (spin —1) excitations along the Néel vector
and can be viewed as its right- and left-circular precession chiralities in the clas-
sical picture (we here set i = 1). Due to the large exchange energy considerably
dominating over all other magnetic interactions in typical antiferromagnets, the
«- and B-modes constitute our natural basis. Thus, we consider the hamiltonian
of two coherently coupled, antiferromagnetic spin-up and -down magnon modes
characterized by the (uncoupled) frequencies w, and wg [10]:

(6.1)
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where we set i = 1 and &,  indicate the spin-up and -down magnon modes
forming our basis. Operators and matrices/vectors are indicated with an overhead

45Note that the degeneracy of the two modes is only valid for collinear antiferromagnets.
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hat and underline, respectively. () denotes the coherent coupling rate of the modes.
To diagonalize the hamiltonian H;, in Eq. (6.1), we write

~ PO 0 p n -
H = <¢I lp;) (a(])l w2> (:zl) :E-rﬂdiagfl

where w;, and ¢y, are the eigenvalues and eigenstates, respectively, of the corre-

(6.2)

sponding eigenvalue equation for H;,. Solving the eigenvalue problem allows for
the transformation Hg;,; = PYH,, P, where the associated (unitary) transformation

0
2

matrix P becomes

COS(G

l 2
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) w(3) )

which is written in terms of the Bloch sphere representation with 61, and ¢,

(6.3)

parametrizing the two eigenvectors on the Bloch sphere. Due to P being a unitary
matrix with P* = P71, it follows that 6, = 7t — 6; and @2 = 1+ @1. This enables
a representation of the two eigenvectors on the Bloch sphere as two antiparallel

vectors. Hence we can further simplify P to [10]

—e P sin(g)
cos(%) ) ’ (6.4)

where the subscript 1 has been dropped. The eigenmodes written in terms of the
and B' then become

—ei® sin(é’)) ‘

COS(g)

natural basis spanned by &'

(g0 #)=(a* #) (ﬁ())

A schematic depiction of a Bloch sphere and the two associated states ¢ (red

(6.5)

sphere) and ¢ (green sphere) for arbitrary (0, ¢) is given in Fig. 6.1. We note
that the eigenvectors on the Bloch sphere are given in the space of creation
operators. This is different from the typical use of a Bloch sphere, which represents
wavefunctions, rather than operators, of a two-level system [10]. The representation
might therefore rather be considered as a Poincaré sphere, which is usually used
for mapping of the polarization states of light [253].

We now introduce the pseudospin operator L = L& + L,§ + L.2

01 1A aa
Ly=5@'e) = S(@p' +&'p), (6.6a)
R R I
Ly = E(fgy&) = 5(0‘ﬁ+ —a'B), (6.6b)
01 1, ara
L,= i(fgzg) = Q(“Jr“ - ,BJF,B)r (6.6¢)
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where ¢, , . are the Pauli matrices. Using L, we can rewrite the hamiltonian in

Eq. (6.1) as
H = 2(4)()]10 — W .lA_/, (67)

where Ly = 1(a'ga) = 1(ata + B*B) with ¢, the 2 x 2 identity matrix. Further-

more, wy and the components of w are given by [10]

wy = T YE (6.82)
2
Wy = _(wzx - w,B)z (6.8b)
wy +iwy = —Q. (6.8¢c)

The quantity w is referred to as the pseudofield, the properties of which are such
that the eigenmodes on the Bloch sphere are collinear with w [10]. Thus, the
eigenmodes of the antiferromagnetic excitations are given by the direction of the
pseudofield vector, which is, in turn, given by the difference of the uncoupled
frequencies of the a- and B-modes (Eq. (6.8b)) as well as the mode coupling (2
(Eq. (6.80)).

N +ill)  ZE)+ 1)
R ®,©

Fig. 6.2 — Relation between the Bloch sphere representation of the eigenmodes (red and
green spheres) and the corresponding Néel vector dynamics for w || £ (a), w || & (b) and
w || g (c). In addition, the superpositions of the spin-up (|1)) and -down (]].)) basis states
are given for each eigenmode.

In general, the pseudofield is dependent on the details of the magnetic inter-
actions present in the antiferromagnet [10, 13]. The knowledge of the pseudofield
allows for a convenient description of the eigenmodes for arbitrary antiferromag-
nets. For the three orthogonal directions of the pseudofield, the relation between
the eigenmodes and their corresponding Néel vector dynamics in Landau-Lifshitz
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description is depicted in Fig. 6.2a, b and ¢: for w || £ (a), the eigenmodes are equal
to the spin-up and -down magnon modes referring to circular precessions of the
sublattice magnetizations. When w || & (b), linear oscillations of the Néel vector
corresponding to zero spin excitations form the eigenmodes, which are given
by linear superpositions of the underlying spin-up and -down basis states. As
suggested by the orthogonality of the two eigenmodes, the linear oscillation planes
are perpendicular to each other. For the case when w || § (c), linear oscillations in
planes 45° tilted with respect to the eigenmodes for w || & deploy.

6.1.2 Pseudospin Dynamics and Diffusive Transport

According to Ref. [10], the expectation value of the pseudospin operator
(divided by the sample volume V) is

1 ( aN(e) ) (tp) = Dot L (_ IN(e)

LE(ﬁ)zzv< e

which we refer to as the pseudospin density. Here, Ly « w is the equilibrium

2V oe

> IJ’S/ (69)

€=wy €=wo

-1
contribution to L and N(¢) = (exp (Iq;%) - 1) is the Bose-Einstein distribution
function with kg the Boltzmann constant, T the temperature and € the single
magnon energy. Furthermore, we introduced the pseudospin chemical poten-
tial [10]

s = (p1 — p2)(sin(0) cos(p)& + sin(0) sin(¢)g + cos(0)2), (6.10)

where i1, are the magnon spin chemical potentials of the respective eigen-
modes [254]. Different to the usually scalar-valued magnon chemical potential
defined for ferromagnetic systems, the pseudospin chemical potential constitutes
a vectorial quantity, thereby accounting for the eigenmode information via (6, ¢).
While the pseudofield w accounts for the equilibrium density due to an energy/oc-
cupation imbalance between the eigenmodes (cf. (6.8b)), the pseudospin chemical
potential ps is caused by a finite chemical potential difference between the modes
and thus accounts for non-equilibrium effects. Note, that only the z-component of
W constitutes a finite (measurable) magnon spin, since the transverse components
refer to zero spin modes. For the diffusive transport of pseudospin, obviously
only the non-equilibrium part given by us has to be considered. Before we inves-
tigate the diffusive transport, however, we study the temporal evolution of the
pseudospin density L. We thus obtain

d
Cﬁs = s X W, (6.11)
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which follows from the Heisenberg equation of motion for the pseudospin operator
L [10] and employing Eq. (6.9) therafter. Equation (6.11) describes a precession of
ps around the fictitious pseudofield w.

X y
1) (1 +ilL) 14 T3l + 1) 1)
spin +1 spin 0 spin -1 spin0 spin +1
right circular linear left circular linear right circular

Fig. 6.3 — Precession of the pseudospin chemical potential ps around the fictitious pseud-
ofield w. Each direction of ps is related to the eigenmode given via the superposition of
the quantum basis states.

For the sake of an intuitive approach towards Eq. (6.11), we consider an
initial pseudospin chemical potential ps = ps2 along z and a pseudofield w = w
pointing along the x-direction. Since p is not collinear with w, the non-equilibrium
spin accumulation is not comprised of eigenmodes of the system and therefore
starts to precess around w. In the classical Landau-Lifshitz picture, the Néel vector
dynamics change from right circular to linear to left cicular to linear and back to
right circular. The precession of us, together with the corresponding quantum
superposition states, is depicted in Fig. 6.3. We observe an oscillation of the actual
magnon spin density, i.e. the z-component of us. In a realistic scenario, dephasing
and decoherence processes additionally lead to a reduction of s and a gradual
alignment with the pseudofield w, which eventually leads the pseudospin chemical
potential p to feature the actual eigenmodes of the system.

As to describe diffusive transport of pseudospin [249,255], we introduce the

averaged pseudospin density

_ 1 N (e)
S = Xk:ﬁ <_ de

) (wi + ps) = x(w + ps), (6.12)

€=Wok

which takes into account the contribution from all excited wavevectors k [10]. We
have introduced the effective susceptibility and average pseudofield as

[ &k 1 oN(e)
X = / (27_[)35 <_ de e=w0k> ’ (6.13)
3 dN(e
/ (gﬂ];a s <_ aé | €—w0k> (6.14)
14

7
e-w0k>
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where wo denotes the dispersion of the uncoupled magnon energy. Eventually,
we can write down the general diffusion equation of the pseudospin density S
including the pseudospin dynamics

oS

S-S
5 IDAVAR] -

+8 X w, (6.15)

where &) is the equilibrium spin density and T is the spin relaxation time (assumed
to be isotropic). Furthermore, we use the k-dependent spin diffusion constant
Dy = 3tv} = 17(Vwyy)? with T the average scattering time and vy, = Vwyy, the
group velocity of each magnon mode. The average diffusion constant is then

defined as

J S b (Vo) <— e >
LA (6.16)

3 oON(e
I (-me )
€E=Wok

Substituting Eq. (6.12) into Eq. (6.15) results in the diffusion equation for ps:

D= <Dk>BZ =

s
ot

= DV?pus — % + s X w. (6.17)
S

We emphasize once more, that only the z-component of us corresponds to the
measurable and finite magnon spin. Equation (6.17) represents one of the central
results of this theory. When we consider ps || w, the last term in Eq. (6.17) is zero
and it reduces to the well-known spin/magnon diffusion equation introduced in
Ch. 2.7.2. For ps | w, the non-equilibrium pseudospin chemical potential does
not correspond to the eigenmodes of the system and starts to precess around w
(in addition to the conventional diffusion). We can further define the diffusive
pseudospin current density as

J,=-DV® S = —-DxV ® us, (6.18)

with j_ being a tensorial quantity involving the direction of the current flow as
well as its pseudospin direction. This is analogous to the introduction of the spin
current density in Ch. 2.3.1, Eq. (2.16).

In the following, we will discuss the one-dimensional solution of the diffusion
equation given in Eq. (6.17). We therefore consider diffusion along the z-direction
and further assume the following boundary conditions

Olsz .
—Dx oz |, = Js0, (6.19)
0
Hsxsy =0, (6.20)
0z z=0
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which assumes a magnonic spin current density jso at z = 0 and explicitly zero spin
current with regards to the x- and y-component of ps. This particularly implies that
only spin-up and -down magnons can be injected into the antiferromagnet. This is
justified by the perturbative treatment of the mode coupling: when a z-polarized
spin current density is injected into the antiferromagnet from an external source,
a localized spin of size +1 or —1 is excited therein. On a very short time scale
proportional to the inverse of the exchange energy, the spin is delocalized thereby
becoming a respective spin-up or -down magnon mode. On a much larger time
scale proportional to the inverse of the mode coupling frequency, the delocalized
spin-up or -down magnon modes recognize that they are not eigenmodes of the
system and therefore start to precess according to the diffusion equation (6.17).

Having worked out the appropriate boundary conditions given in Egs. (6.19)
and (6.20), we further assume w = w,§ + w, £ for the pseudofield. As discussed
in Ch. 6.1.1, this corresponds to an antiferromagnet hosting spin excitations with
magnitudes between 0 and 1, corresponding to the general case of an elliptical
Néel vector precession. Finally, we solve the pseudospin diffusion equation (6.17)
in steady state by claiming dus/dt = 0. After some algebra, we arrive at

Hsz(2) = Hosc(2) + Hdec(2), (6.21)
w2 i b .
_ ¥ sJs0 —az/ g j e j
Hosc(z) = wﬁ w2 Dy(a + bz)e [a cos (As> bsin (%)] ,  (6.22)
w? Asjso o7/ s
Hdec(2) = STt P Dy (6.23)

where A = /D7 is the magnon (pseudo)spin diffusion length and we have
further defined

a= 7\/ (6.24)
b= 7\/—1-1— (6.25)
B =T (wy +w (6.26)

As evident from Egs. (6.21)-(6.23), the solution of the measurable magnon spin
chemical potential s (z) is composed of a decaying (y4ec(z)) and an onscillating
(Mosc(z)) contribution. The decaying part may be understood as the fractional
circular polarization content given by the prefactor [w?/ (w§ + w?)]. It therefore
constitutes the part of the injected spin that does not precess around the pseud-
ofield w, as it is already aligned with it. The oscillating contribution, on the
contrary, represents the transverse components of the injected modes given by the
fraction [wy/ (wj + w?)], which precesses around the pseudofield with a frequency

of /w2 + w?. Equations (6.21)-(6.26) are the key result of this theory and are
Y z- Bq y y
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capable to rationalize our magnon transport measurements outlined in Ch. 6.3.1.
Although our magnon based description of an ordered AFl is, strictly speaking,
a low temperature approximation, it has been found to work well even at high
temperatures [256,257].

The methodology developed in this theory is expected to find applications
in understanding magnonic spin transport in a broad range of AFIs. Due to its
validity for any coherently coupled bosonic modes, it may also trigger the devel-
opment of spin-dynamics-inspired physical insights for, among others, coupled
optomechanical [258] and optomagnonic systems [238, 259, 260].

6.2 Sample Layout and Measurement Technique

In this Section, we introduce the experimental details of our magnon transport
experiments, including the sample layout of the a-Fe;O3 /Pt heterostructures and
the used measurement technique.

Fig. 6.4 — Sketch of the device geometry, the electrical wiring and the coordinate system.
The canting of the magnetic sublattices m, and my, the corresponding net magnetization
Mpet as well as the Néel order parameter n are illustrated. Upon applying a charge current
Linj to the injector, a spin current js with spin polarization s is generated via the SHE and
injected into the hematite (x-Fe;O3) with thickness t. At the same time, Joule heating in
the injector leads to a thermal generation of magnons. For both processes, the emerging
antiferromagnetic magnon current is detected via the inverse SHE-induced current at
the detector by measuring the voltage drop Vge;. The electrical and thermal signals are
separated by the current reversal method described in Ch. 3.4.1.

For our magnon transport experiments, we use the antiferromagnetic insulator
(AFI) hematite (x-Fe;O3) introduced in Ch. 3.1.2. The t = 15nm thick, single
crystalline (ooo1)-oriented thin film was grown via pulsed laser deposition at the
Walther-Meifsner-Institut on a (ooo1)-oriented sapphire (Al,O3) substrate using a
substrate temperature of 320 °C, an oxygen pressure of 25 ubar, a laser fluence at
the target of 2.5]/cm? and a repetition rate of 2Hz. A schematic of the sample
structure is shown in Fig. 6.4. The film is characterized by an easy y-z-plane
anisotropy and an out-of-plane DMI vector. The thin hematite layer features
an easy-plane phase over the entire temperature range and therefore lacks the
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Morin transition [145] (see Ch. 3.1.2). The equilibrium Néel vector n and the
sublattice magnetizations m;, thus lie in the y-z-plane with a small canting angle
between m; and m,. An applied magnetic field along 4 orients the Néel vector
along —2. The magnitude of the external magnetic field poH further controls the
canting angle and the net induced magnetization mpet = m; + my, both bearing
a constant DMI-induced offset and a variable contribution linear in poH. For the
injection and detection of magnons in the hematite, platinum (Pt) electrodes with a
thickness of 5nm were deposited via DC magnetron sputtering and patterned into
strips of lengths | = 162 um (injector) and / = 148 um (detector) via electron beam
lithography. Subsequently, an Al layer of 50 nm is deposited on the film by DC
sputtering and patterned into leads for the Pt strips to contact the device electrically
(see Ch. 3.2 for details on the fabrication process). Each of the structures studied
in this thesis have a constant detector width of wger = 500nm and edge-to-edge
distances of either degge = 200nm or degge = 400nm. The injector widths vary
from wipj = 200 nm to wiyj = 800 nm. We therefore use the center-to-center distance
between the strips to obtain the effective transport length d (see Fig. 6.4). DC
current densities in the order of 2 x 10! Am~2 are fed through the injector strips
with a Keithley 2400 current source. To detect the magnon spin signal, we measure
the voltage signals Ve at the detectors using a Keithley 2182 nanovoltmeter. We
separate the electrical (thermal) signals Vgét (V(;};t) stemming from the SHE-based
magnon injection (thermal magnon injection) using the current reversal method
described in Ch. 3.4.1. We perform angle dependent measurements of Ve by
rotating the external magnetic field H in the plane of the sample by an angle ¢
(see Fig. 6.4)

6.3 Electrically Induced Magnon Transport

This Section is focussed on the SHE-induced magnon transport in the hematite
layer. As introduced in Ch. 6.2, a z-polarized electron spin accumulation is
generated at the injector of the Pt/a-Fe,Os interface, leading to a z-polarized,
diffusive magnon spin and pseudospin current in the hematite (cf. Fig. 6.4). For
the emerging electrical detector signals we define the normalized magnon spin
signal Rglet = (Vc’fit/ Iinj) - (Ainj/ Aget), Where Ajnj and Age are the interface areas at
the injector and detector, respectively. This allows us to compare between different

device geometries and injector currents Iinj [11].
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6.3.1 Antiferromagnetic Magnon Hanle Effect and
Pseudospin Dynamics

In order to quantitatively model the pseudospin transport signal, we employ
the one-dimensional solution for yg, (given in Egs. (6.21)-(6.23)) derived from the
pseudospin diffusion equation in Ch. 6.1.2. Since we study the magnon transport
in a hematite layer as thin as 15nm, a one-dimensional treatment of the magnon
pseudospin diffusion is justified. According to our theory of antiferromagnetic
magnon diffusion [10] outlined in Ch. 6.1, the direction of the pseudofield w
determines the eigenmodes of the AFI. Hence, the knowledge of the components
of w for the description of the diffusive magnon transport is required. We recall
that w, = —(wy — wp) is determined by an imbalance between the energies of
the spin-up and -down magnon modes (see Ch. 6.1.1) and is therefore given by
the energy splitting of the respective magnon dispersions, which correspond to
the natural circularly polarized basis states. Although the mode frequencies w,
and wg are generally non-degenerate for a canted antiferromagnet like ours [32],
we assume w, ~ 0. This assumption is justified since the diffusive transport is
governed by thermal magnons with large k-vectors [36]. For large k, the energy
splitting between the modes is negligible [32]. The transverse components w;
and wy, on the contrary, are determined by the mode coupling Q) (cf. Egs. (6.8c))
and therefore characterize the coherent effect [121,237,238] of spin-nonconserving,
emergent spin-orbit [241, 242] interactions that couple the natural spin-up and
-down magnon modes to form superposition states therof. Note, that for finite w,
and a vanishing mode coupling () = 0 (i.e. wy = wy = 0), the one-dimensional
diffusion equation s, reduces to the magnon spin transport equation for easy-axis
collinear AFIs [116,261] and is therefore governed by the decaying contribution,
ie. psz(z) = Hdec(z) (cf. Eq. (6.23)). In our hematite film, however, easy-plane
anisotropy and canting-mediated non-collinearity break the rotational symmetry
about the Néel order and coherently couple the opposite spin magnon modes
leading to w, = 0 but w, # 0. Hence, we expect |Q)| = |w,| from Eq. (6.8c). As
shown in Ref. [13], the resulting (k-vector averaged) coupling () due to these
anisotropic magnetic interactions is given by

hQ) = hwan — ,UOHDMImnet = h@an — VOMH/ (6-27)

where we drop the assumption that 7 = 1 to reconvert into SI units. Here, fi@an
is the reduced anisotropy energy, Hpwmi is the effective DMI field and 7 is an
equivalent magnetic moment that parametrizes the DMI strength [142]. The
latter allows for elucidating the linear poH-dependence of the non-collinearity-
mediated contribution to Q4. Assuming that the total net magnetic moment of

4%In general, () is expected to bear a constant contribution from anisotropy and a canting-mediated
contribution that depends on the applied field yoH. These will differ for different materials and
crystal structures, and Q) vs. jigH may thus be considered as a Taylor expansion.
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our film can be expressed as finet = Mneto + X1 H with x| the susceptibilty of
easy-plane hematite and mnetp the net magnetic moment at zero external magnetic
tield due to the DMI, it follows from Eq. (6.27) that /1 = x| Hpvi = Mineto and
fi@Wan = hwan — pomnetoHpmi. The two terms in Eq. (6.27) represent the energy
contributions of the spin non-conserving magnetic interactions in our material,
represented by the easy-plane anisotropy and the DMI. Due to w, # 0 (i.e. QO # 0),
we expect a finite contribution from the oscillating term s (z) defined in Eq. (6.22),
which we can control with the external magnetic field according to Eq. (6.27). The
resulting measurable z-component of the pseudospin chemical potential then

becomes

Usz(z) = %e_“”s <a cosl;i — bsin Z) , (6.28)
which describes the magnon spin density at a distance z from the injector. It is
proportional to the magnon spin signal amplitude ARslle,E measured by the detector
electrode at z = d. Together, Egs. (6.27) and (6.28) describe a field-controllable
precession of the pseudospin chemical potential in the x-z plane and describe the
key phenomenon reported here, forming the basis for analyzing our experimental
data.

In Fig. 6.5a, the relation between the pseudospin chemical potential ps and its
corresponding Néel vector dynamics is illustrated for four different directions of pus
in that plane (see also Ch. 6.1.1). According to Eq. (6.28), the pseudospin chemical
potential transport as a function of the external magnetic field H is expected to
behave as depicted in Fig. 6.5b-c: at the compensation field H,, the anisotropy and
the DMI contributions just cancel, resulting in () = 0. The pseudospin potential,
in this case, propagates through the AFI without any precession (b). In contrast,
for the field Hy, the pseudospin of the magnons arriving at the detector electrode
points orthogonal to the z-axis (c). This corresponds to a linearly polarized
pseudospin configuration with zero magnon spin density and thus a vanishing
magnon spin signal at the detector. For Hjy,, the magnon pseudospin and actual
spin densities have reversed directions while propagating from injector to detector
(d). This situation corresponds to a negative magnon spin signal in the detector.

In Fig. 6.5e, measurements of ARS., as a function of the in-plane magnetic field
noH applied along the length of the Pt strips (¢ = 270°) are shown. Theoretical
curves (white solid lines) are plotted together with experimental data (black and
blue data points) for two devices featuring different electrode spacings d. The
theory curves have been fitted to the data based upon Eq. (6.28), particularly with

A bz . bz
ARE, = Ro + Rosc W:_W)e’”zms (a CoS 5= — bsin /\) , (6.29)
S S

where Rosc = Cosc Js0/ X With Cosc a constant factor accounting for the conversion
between magnon chemical potential and the magnon spin signal ARglet at the
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Fig. 6.5 — a Pseudospin chemical potential ps description of magnonic excitations obtained
by linear superpositions of spin-up and -down antiferromagnetic magnons that correspond
to right- and left-circular precessions of the Néel vector n, respectively. A pseudospin
collinear with the z-axis corresponds to spin-up or -down magnons carrying spin £1. As
the pseudospin rotates away from the z-axis, the precession of the Néel vector becomes
increasingly elliptical merging into a linear oscillation for ps || &, corresponding to zero-
spin excitations. The z-component of pseudospin is measured via ys, and determines the
actual magnonic spin probed in our measurements. b, ¢ and d Magnonic spin along 2 || n
is injected and detected by the left and right heavy metal (HM) electrodes, respectively,
deposited on an antiferromagnetic insulator (AFI). The pseudospin precesses with a
frequency controlled by the applied magnetic field while diffusing from the injector to the
detector. As a result, positive (b), zero (c), or negative (d) magnon spin is detected giving
rise to an analogous behavior of the measured spin signal between the two electrodes
as shown in e. The white curves depict the theoretical model fit (Eq. (6.29)) to the
experimental data shown via black and blue circles for devices with an injector-detector
distance of d = 950nm and d = 750 nm, respectively, at T = 200 K.

detector. Furthermore, we introduce Ry to account for a finite offset signal observed
in our data. For the fitting routine, we choose the free parameters to be Ro, Rosc,
D, 15 and @an. We further treat 171 = mineo as a fixed parameter in the fit using the
bulk value Mperp = 2.1 x 1072 A m? taken from Ref. [262].

Evidently, the fits show a compelling agreement with our experimental data.
Consistent with our model, we see a pronounced peak in the positive magnon spin
signal regime for both devices. This peak corresponds to the compensation field
noH. for which ) = 0. Due to the vanishing pseudospin precession frequency at
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noHc, the peak position is independent of the electrode spacing d. For increasing
tield strength, the spin signal decreases until it approaches zero signal at yoH,
corresponding to a 90° rotation of the pseudospin vector, i.e. a linear polarization
of the propagating magnon modes carrying zero spin. A sign inversion of the
spin signal is evident when the field is further increased to yoHiny, corresponding
to a full 180° rotation of the pseudospin vector S and therefore an inversion
of the magnon mode chirality/spin (cf. Fig. 6.5a). Since both pugHy and poHiny
correspond to a finite precession frequency (), their values are expected to vary
with the spacing d between the injector and detector electrodes, in agreement with
our experimental data in Fig. 6.5e. As evident, the same behaviour is observed for
decreasing field strength poH < poH,, corresponding to a pseudospin precession
in the opposite sense. We note, that the finite offset Ry used in the fit equation (6.29),
which is not contained in Eq. (6.28), can be motivated by the decaying contribution
Hdec that is non-zero for w, > 0. Therefore, Ry can be rationalized by a finite
circular polarization content of the eigenmodes, leading to a non-precessing
pseudospin contribution along z. According to Eq. (6.8b), the finite circular
polarization parametrized by w; is induced by a non-degeneracy, i.e. splitting of
the two magnon eigenmodes, which is indeed expected for our film [151,263]. We
nonetheless assumed w, = 0 in Eq. (6.28), since the full description via Egs. (6.21)-
(6.23) does not yield satisfactory fit results. Hence, the circular polarization content
of the magnon spin diffusion is treated as a constant offset Ry in our model.
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Fig. 6.6 — Angle dependent magnon spin signals Rglet for electrically excited magnons
measured at the detector for T = 200K with a center-to-center distance of d = 750 nm.
The white solid lines are fits to a sin?(¢)-type function.

Subsequently, we measure the magnon spin signal RS, at the detector as
a function of the external magnetic field orientation ¢ within the y-z-plane as
illustrated in Fig. 6.4. The result is shown in Fig. 6.6 for a center-to-center strip
distance of d = 750 nm. The data exhibit a 180°-symmetric modulation consistent
with the SHE-mediated spin injection and detection of magnons [8,9] (see also
Ch. 2.7.1). Hence, the angle dependence can be fitted with a simple ARglet sin?(¢)
function, where ARS, represents the amplitude of the electrical magnon spin signal.
The signal modulation is shifted by ~ 90° compared to similar measurements on
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ferrimagnetic materials [8,9,198]. This is due to the fact that the electrical magnon
excitation is only active when ps || n, i.e. for H L n in our experiments. Thus,
we can confirm that the excited magnons in our experiments originate from the
antiferromagnetic Néel order, consistent with previous experiments in AFIs [117].
Most importantly, we indeed observe two sign inversions of Rglet in the investigated
field range. While a positive signal is measured for yoH = 1T and 7T, a negative
signal ensues at 4 T. These measurements are further evidence for the rotation of
the pseudospin vector via the coherent coupling () between the antiferromagnetic
magnon modes described in the spin diffusion equation (6.17).
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Fig. 6.7 — a Electrically excited magnon spin signals ARfjlet for a structure with strip
distance d = 750nm plotted as a function of magnetic field for different temperatures.
Light colored solid lines are fits to Eq. (6.29). b Temperature dependence of the maximum
signal max(ARglet) extracted at the compensation field ygH. for each temperature from

panel a. The solid blue line is a fit to a power law dependence, suggesting ARalet o« T236, ¢
Compensation field poH. versus temperature extracted from experiments with devices
of varying d. The temperature dependence of yoH. follows the temperature trend of the
easy-plane anisotropy of hematite. d Spin diffusion length As as a function of temperature
extracted from experimental data from different devices with varying d. Obviously, Ag
increases with increasing temperature for all investigated structures.

Last but not least, we extract the magnon transport parameters from our
data using the diffusive spin transport model given in Eq. (6.29). To this end, we
carried out temperature-dependent measurements of the field-dependent magnon
spin signals ARS.,, which are shown in Fig. 6.7a. Here, light colored solid lines
correspond to fits to Eq. (6.29). For all investigated temperatures and devices
with varying d, we obain excellent agreement between our experiments and the
theoretical model, strongly supporting the validity of our theory. As evident from
Fig. 6.7a, we observe a decrease of the peak amplitude at poH. with decreasing
temperature, which is expected from the electrically excited magnon transport
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effect [9,171,264,265]. We extract the maximum signal amplitudes max(ARglet),
evaluated at the compensation field yoH,, for each temperature and plot the result
in Fig. 6.7b. Fitting the data with a simple power law dependence of the form
ARglet’OT”, we find n = 2.36 (blue solid line in Fig. 6.7b). This agrees reasonably
well with theoretical results that predict a temperature dependence of « T? for
the electron spin to magnon conversion at a HM/AFI interface [264], verifying
that the transport is indeed due to pure magnon currents. The slight discrepancy
between theory and our data most probably stems from addtional temperature
dependencies due to the transport of the magnons, which is not included in the
spin to magnon interface conversion parameter of Ref. [264]. In addition to the
temperature induced decrease of the magnon transport, we find a clear decrease of
the compensation field with decreasing temperature in Fig. 6.7a. For a quantitative
treatment of this behaviour, we extract pyoH. for each temperature from the fits
(via @an) and plot its temperature dependence in Fig. 6.7¢c. For each structure,
we observe a constant behaviour in the temperature range from 100K to 150 K.
A significant increase is evident for larger temperatures up to 300K. As evident
from Eq. (6.27), the compensation field can be expressed as pgH. = li@an (171) L.
Therefore, puoH. directly corresponds to the normalized anisotropy energy @an of
the hematite. We thus expect that yoH. follows the temperature dependence of
the easy-plane anisotropy. This is supported by previous measurements of the
temperature dependence of the anisotropy energy in hematite, which qualitatively
agree with the temperature dependence of poH. [146]. Hence, our results support
the assumption that the coupling strength () defined in Eq. (6.27) is related to
the easy-plane anisotropy in hematite. Finally, we calculate the magnon diffusion
length A using the extracted diffusion constant D and the spin relaxation time 7,
from our fits. The obtained temperature dependence of Ag is shown in Fig. 6.7d.
Overall, we find an increase of As with increasing temperature for all studied
injector-detector distances d. At room temperature, we extract A; ~ 0.5 pum,
which is in perfect agreement with recent reports measuring the spin diffusion
length in the easy-plane phase of hematite thin films using distance-dependent
measurements [151,263].

As a key result of this subection, we have experimentally demonstrated the
coherent control of spin currents and magnon pseudospin dynamics in antifer-
romagnetic insulators. This opens new avenues for antiferromagnetic magnonic
applications such as spin based transistors or field-controlled switchable devices.
Moreover, our experimental exploitation of the magnonic equivalent of a spin-1/2
electron system provides the first crucial step towards various pseudospin-based
concepts such as an unconventional non-Abelian computing scheme [240].
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6.3.2 Crosstalk Between Injector and Detector
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Fig. 6.8 — Resistance as a function of magnetic field (applied along the length of the Pt
electrodes) measured between an injector and detector electrode with an edge-to-edge
distance degqge = 200nm for two different temperatures T = 300K and T = 200 K.

To verify that the electrical magnon transport between the Pt injector and
detector is mediated by magnon excitations, we have to exclude an electrical
crosstalk across the supposedly insulating hematite film. For that reason, we
check for the insulating nature of the hematite thin film by applying a constant
voltage of Viross = 5V between the injector and detector electrode and measure the
corresponding current I oss. In Fig. 6.8, the resistance is calculated as Viross/ Ieross
and is plotted as a function of the external magnetic field applied along the length
of the Pt electrodes for two different temperatures. We here apply the field along
the length of the Pt strips to mimic the measurement configuration implemented for
the case of finite magnon transport between injector and detector, see Ch. 6.3.1. The
measured device exhibits an edge-to-edge distance of degee = 200nm. As evident
from the data, we observe a highly insulating resistance with a minimum value
of ~ 10GQ at the highest measured temperature of T = 300K. As expected, the

resistance even increases to ~ 16 GQ when lowering the temperature to T = 200 K.

Due to the good insulating behaviour of our hematite, we can exclude any spurious
contribution to the electrical magnon transport signal observed in Ch. 6.3.1, as

e.g. an antiferromagnetic anisotropic magnetoresistance from the hematite itself.

6.3.3 Current-Voltage Characteristics

We further verify the expected linearity of the electrical magnon transport
signals as a function of the injector current [i;. For this purpose, we apply a field
corresponding to the compensation field poH. along the length of the Pt electrodes
to ensure the maximum signal. As discussed in Ch. 6.3.1, the compensation field
noH. ensues the maximum signal response at the detector and is therefore used
to study the current dependence. The measurement of the detector voltage V<.,
as a function of the current density Jinj = Iinj/ (tptwin;) in the injector is shown in

Fig. 6.9a for two different injector-detector distances d at a temperature T = 200 K.

The same measurement is repeated at a temperature T = 300K and shown in

6.3 Electrically Induced Magnon Transport

151



152

T=300K

toH. = 104T
<
=
3
>—0.2 - 1 [
® d=750nm
® d=1050nm
_03 1 1 1 1 1 L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
J.. (10" Am™?) J, (10" Am™)

inj inj

Fig. 6.9 — a Current-voltage characteristics measured for T = 200K at the corresponding
compensation field ygH. = 8T applied along the length of the Pt electrodes. b Current-
voltage characteristic measured for T = 300K at the corresponding compensation field
uoH: = 10.4 T. Both panels show the data for two different devices with d = 750 nm and
d = 1050 nm. Solid lines are linear fits to the data.

Fig. 6.9b. Each device shows a clear linear behaviour as a function of the injector
current, as expected from the magnon transport effect [8, 117]. The solid lines
represent linear fits to the data.

6.4 Thermally Induced Magnon Transport and

Transverse Spin Nernst Magnetothermopower

In the following, the thermal contribution VI of the detector signals is
investigated. As a consequence of the local heating at the injector, two thermally-
induced effects contributing to the detector signal Vi are present. First, as
depicted in Fig. 6.10a, the thermal injection of the antiferromagnetic magnon
modes leads to a locally excited non-equilibrium magnon distribution that diffuses
throughout the antiferromagnet. These magnons are excited via the current
induced spin Seebeck effect at the injector (governed by the spin Seebeck coefficient
S introduced in Ch. 2.5) and their transport is expected to be driven by the non-
uniform magnon chemical potential distribution. Temperature gradient induced
spin currents can be disregared for the thermally excited magnon transport [36].
This thermal magnon transport (TMT) in hematite has already been previously
reported in Ref. [117] and has also been investigated in other antiferromagnets [266].
Since the thermal activation of the magnon system is not spin-selective (unlike the
injection of spin current via the SHE [13, 117]), both antiferromagnetic magnon
modes with opposite chirality (i.e. spin polarization) are simultaneously excited
(see the blue and red wiggly arrows in Fig. 6.10a). The transported spin is therefore
given by a superposition of these two excitations. Since the frequencies of the
two modes are generally non-degenerate for a canted antiferromagnetic state [32],
we expect spin transport contributions from both the Néel vector n as well as
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the net magnetization mye; in the hematite. As reported in Ref. [117] as well
as supported by our data, however, the contribution from n to the TMT turns
out to be negligible for the typical length scales investigated. We can justify this
observation by considering that the magnon transport at hand is dominated by
thermal magnons with large k. As shown in Ref. [32], the energy splitting of the
two magnon modes in a canted antiferromagnetic configuration becomes negligible
for large k-vectors, thus considerably decreasing the remaining finite magnon spin
along n. We can therefore assume the TMT to be exclusively proportional to the
net magnetization mpet [117]. At the detector, the diffusing magnon accumulation
is converted into a charge current via the ISHE. Due to the symmetry of the ISHE,
the angle dependence of the corresponding detector signal Vge‘t is expected to be
proportional to a sin(¢) function [117].

a Magnon Transport between b Transverse Magneto-
Injector and Detector thermopower at Detector
~VT_ VT, VT
| |
0 77777
e y /P O
R - /e l ‘/S//"///// 's/ /A
n e Ol e
// n //]5 v n
Pt g-Fe,0, / S T
o — /
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Fig. 6.10 — a Joule heating induces a thermal injection of the two antiferromagnetic magnon
modes (blue and red wiggly arrows). The effective magnetic moment is given by their
superposition and is dominantly proportional to the canted net magnetization mnet. The
lateral diffusion of the magnons is electrically detected at the Pt detector via the spin

current density jSHE injected into the Pt detector and converted to a charge current Iye

via the inverse SHE. b Sketch of an a-Fe,O3 /Pt bilayer. In open circuit conditions, the
temperature gradient along z generates a spin accumulation along s at the a-Fe;O3 /Pt
interface with s | —VT. Depending on the relative orientation of s and n, the spin
accumulation at the interface is either unaffected by the hematite (for s || n, left hand side)
or partially dissipated via a spin current j&i in the hematite (for s | n, right hand side).

The second effect refers to the lateral temperature gradient that emerges across
the width of the Pt detector electrode, as indicated in Fig. 6.10a. A schematic
depiction of the temperature-gradient driven physics at the detector interfacing
with the a-Fe;O3 is shown in Fig. 6.10b. Due to the spin Nernst effect (SNE) [55],
the thermal gradient —VT along the z-direction is converted into a pure spin
current density jSNF = 71/(2¢)0sn5h x s (cf. Eq. (2.26)). Here, j" = —0.S.VT is
the temperature gradient-driven charge current along z with S the conventional
Seebeck coefficient. As a consequence of the negative spin Nernst angle Oy <
0 [55] as well as the negative Seebeck coefficient S in Pt [267,268], a spin current
density along the —x-direction with a spin polarization s oriented along the y-
direction is injected into the hematite. In open circuit conditions, neither charge
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nor spin currents can flow in the Pt. The temperature gradient —VT therefore
leads to the generation of an electrochemical and spin-chemical potential (i.e. spin
accumulation) counteracting the conventional Seebeck current j&* and spin Nernst

'SNE

current jo° via the emerging diffusive charge/spin currents. The spin current

backflow in the Pt is indicated in the Figure as jback.

In steady state, a spin
accumulation s with spin polarization s along y builds up at the top and bottom
interface of the Pt. Its relative orientation to the Néel vector n then determines
the relevant boundary condition: for n || s (left panel in Fig. 6.10b), the spin
accumulation cannot dissipate in the hematite. If s }f n (right panel in Fig. 6.10b), a
spin transfer torque 7 can be exerted on n [269], leading to a finite spin current j{is
dissipating in the hematite and a reduction of the spin accumulation y; in the Pt
layer. While j¢® decays within the antiferromagnetic hematite, the counterflowing

spin current jack

is converted back to a charge current via the inverse SHE. In open
circuit conditions, an electric field across the x-y-plane of the Pt arises, the direction
of which depends upon the relative orientation of n to s*’. In our experimental
configuration, we measure the transverse contribution of this effect, which we
identify as the transverse spin Nernst magnetothermopower (TSNM). Based on
the change of the boundary condition of the SNE-induced spin accumulation at
the interface with the orientation of the applied magnetic field, its conversion to a
voltage signal is expected to follow an angle dependence proportional to sin(2¢).
Forn || s (i.e. ¢ = m/2,3m/2), the SNE-induced spin accumulation is unaffected
by the magnetic order n in the hematite. Since we measure the transverse voltage
drop along the length (y-direction) of the Pt detector, the maximum voltage signal
is expected for ¢ = 7/2 + n/4,37/2 + /4 (the maxima/minima of the TSNM
are therefore shifted by 7t/4 = 45° compared to a longitudinal measurement [55]).
Hence, we expect Vil o sin(¢) cos(¢) o sin(2¢).
In order to represent the superposition of both the TMT and TSNM, the total
angle dependence of the thermal detector signal Vél;t is expressed as
Vin(@) = Vo + AV T sin ¢ + AVZZ M sin 2¢, (6.30)
where V) is a constant offset voltage due to conventional thermal voltages in-
dependent of ¢, VMT is the amplitude of the TMT in the hematite and V]5NM
represents the amplitude of the TSNM. Typical angle dependent measurements
of Vctll;t at the detector are shown in Fig. 6.11a for various external magnetic field
strengths. Here, the solid lines are fits to Eq. (6.30). Clearly, we find an excellent
agreement of the fit with the experimental data, validating the presence of the
thermal effects discussed in Fig. 6.10a and b. In order to separate the TSNM from

47The spin polarization s of the counteracting spin current 22k is determined by the direction of

the Néel vector n. This can be viewed as a reflection of the incident spin s of the SNE-induced
spin current when interacting with n: the transmitted part is given by the transverse component
of s with respect to the quantization axis along n (thereby exerting a torque on n), while the
reflected part is given by the parallel component.
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Fig. 6.11 — a Detector signal Véﬂt as a function of magnetic field orientation ¢ for different
external magnetic field strengths, where a superposition of both the TMT and TSNM signal
is observed. The data is shown for a device with heater-detector distance d = 750 nm at
T = 200K. Solid lines are fits to Eq. (6.30). b Detector signal Vé}c}t measured on a similar
device fabricated on the ferrimagnetic insulator YIG (with thickness tyjg = 2 um) for

d=21pum at T = 220K and yoH = 1T. The white solid line is a fit to a sin(¢)-type

function. ¢ Residual signals Vctl};fes extracted from panel a using the different angular

symmetries of the TMT (light gray points) and TSNM (dark gray points) for yoH =7T. d

Residual signal V" of the fit to the data shown in panel b, exhibiting the TSNM in YIG.
A 90° phase shift is observed compared to the TSNM in hematite.

TMT, we extract the 180°-symmetric and 360°-symmetric signals stemming from
the TSNM and TMT, respectively, by separately fitting the total signals shown in
Fig. 6.11a by a sin(¢)-type and sin(2¢)-type function. We then plot the residuals
of the fits in Fig. 6.11¢, which we denote as Vctfe‘:[res (here shown for ygH = 77).
As expected, the 360°-symmetric modulation due to the TMT (light gray points)
shows a minimum (maximum) signal for ¢ = 90° (¢ = 270°), where the net
magnetization points perpendicular to the Pt detector. The 180°-symmetric signal
due to the TSNM (dark gray points) shows the expected sin(2¢) modulation. In
order to experimentally demonstrate whether the TSNM is determined by the
interaction of the spin polarization s with the Néel vector n or the net magne-
tization mpet, we compare the results presented for hematite (Figs. 6.11a and c)
with a reference sample using the ferrimagnetic insulator yttrium iron garnet
(YIG). Similar Pt nanostrips have been prepared on the YIG film. As shown in
Fig. 6.11b, the thermal detector signal measured on the YIG sample shows a clear
sin(¢)-type modulation due to the TMT in YIG [8], which is fitted to the data as
the white solid line. In Fig. 6.11d, the residual of this fit is shown, demonstrating a
clear sin(2¢) signature indicating the TSNM in YIG/Pt [55]. Most interestingely,
however, we observe a 90° phase shift of the TSNM signal in YIG as compared to
the TSNM signal measured in the hematite shown in Fig. 6.11¢c. Since we have
H 1 n in hematite and H || myg in YIG (with myjg the YIG magnetization
vector), we infer that the TSNM in the antiferromagnetic insulator hematite is
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Fig. 6.12 — Signal amplitudes of the TMT a and TSNE b extracted from the fits to the

experimental data shown in Fig. 6.11a via Eq. (6.30). a TMT signal amplitude AREQ{[T

plotted as a function of the external magnetic field for different distances d. Each of the

devices shows a linearly increasing TMT for increasing field strength. b TSNM signal

I'ISNE as a function magnetic field, showing an increase of the signal at low field strength

and a saturation above ~ 2T.

indeed determined by the Néel order n rather than the net magnetization 1met.
This is consistent with the SMR effect in antiferromagnetic insulators [270,271].
The comparison between the thermal detector signals in YIG/Pt and x-Fe;O3z /Pt
highlights a further crucial difference: due to the much larger net magnetization
myi; as compared to the field-induced net magnetization mye; of hematite, the
TMT is blatantly dominant in YIG (cf. Fig. 6.11b). The Néel vector and the small
net magnetization of hematite due to canted sublattice magnetizations, on the
contrary, allow for an unambiguous, easily accessible differentiation of the TSNM
and TMT, respectively.

In the next step, we extract the signal amplitudes AVIMT and AVISY from
the fits to the angle dependent signals shown in Fig. 6.11a. In order to compare
the TMT signals between different heater geometries and heater currents Iy,
we define the normalized signal amplitudes AR}MT = (AV MT/ Iiznj) “ (Ainj/ Adet),
where Ajnj and Age; account for the injector and detector areas interfacing the
hematite film [11]. Regarding the TSNM signals, we normalize the voltage signals
to the heater power Ppeat = Rinj Iiznj and define FEENM = AVdTeStNM/ Preat With Rip;
the resistance of the injector. The evolution of these amplitudes with the external
magnetic field for different distances d is shown in Fig. 6.12a and b for ARIMT

det
IISNM respectively. The TMT signal linearly increases with temperature

and
as the external field ygH increases. This is consistent with the picture given in
Fig. 6.10a, since the magnitude e of the net magnetization is expected to linearly

increase as a function of ygH as mnet ~ x 1 H (with x| the magnetic susceptibility
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of hematite in the easy plane phase)**. The field dependence of the TSNM signal
in Fig. 6.12b indicates an increase for small fields and a saturation above ~ 2T.
The observed saturation of the signal is expected for the TSNM since it follows the
SMR amplitude in Pt/aFe;O3 [270—-272], which is also determined by the relative
orientation of n and s. Since the hematite shows a complex phase separation into
three domain families below the monodomanization field Hyp (cf. Ch.3.1.2), we
expect the full amplitude of the TSNM contribution FEE,E\IM only above Hyp ~ 3T,
which corresponds to the value extracted from SMR measurements [271]. This
agrees reasonably well with the saturation behaviour of the TSNM observed in
Fig. 6.12b%. Both the detector signals corresponding to the TMT and TSNM
also show a clear decrease of the signal with increasing distance d from the
injector /heater. For the TMT, this is due to the diffusive decay of the thermally
excited magnon distribution over distance [8, 117]. The decreasing TSNM, on
the other hand, stems from the decrease of the temperature gradient across the
detector width, which is expected to be lower when increasing the distance to the
heater source.

Finally, we study the temperature dependence of the TMT and TSNM signals
ARIMT and TISNM respectively. Figure 6.13a shows the temperature dependent
TMT signals for yoH = 7T. A significant increase is evident at temperatures
below 50K. Above 50K, an increase up to ~ 150K with a subsequent slight
decrease up to 300K is observed, hence showing a peak-like dependence. Besides
the rather strong enhancement at low T, the temperature dependence above 50K
resembles the one reported for the local SSE in YIG [273]. Here, the observed
peak-like T-dependence is rationalized via the magnon diffusion length and the
thermal occupation of magnons, both of which have monotonous, but counteract-
ing temperature dependencies according to Ref. [273]. Consequently, a peak-like
T-dependence can be argued. The rather inconspicuous peak observed in our
data can also be explained on the basis of these arguments: since our film is only
15nm thin, the magnon diffusion length has a minor impact across the thickness
of the film since As > t always holds. This leads to the fact that the temperature
dependence is dominated by the thermal magnon occupation [273], effectively
making the total T-dependence flatter. We note, that the comparison of our TMT
data to the local SSE measurements in YIG [273] is only reasonable to a limited
extent, since the lateral diffusion of magnons also plays a significant role in our

41t should be pointed out that the field dependence of the thermally induced magnon transport
in antiferromagnets is not straightforward to derive in general. In particular, for an accurate
description one must take into account the field dependence of the magnon dispersion relation,
which in turn is determined by the magnetic properties of the antiferromagnet [266].

49Note that there is a significant difference between the monodomainization fields determined
from SQUID magnetometry (yoHyp ~ 700mT, see Ch. 3.1.2) and from SMR measurements
(voHmp ~ 3T [271]). This discrepancy most likely stems from the fact that the SMR is dominantly
sensitive to the surface magnetic moments of the hematite rather than the bulk magnetic
properties sensed by the SQUID magnetometer. Therefore, surface pinning effects due to
rough interfaces can significantly enhance the saturation field observed in the magnetotransport
measurements as compared to the SQUID measurements.
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Fig. 6.13 — Normalized TMT and TSNM signal amplitudes ARgZIT (a) and l"ggi\“v[ (b)

extracted from the fits to Eq. (6.30) plotted as a function of temperature for ygH = 7T. The
ARIMT(T) data are shown for a device with d = 550 nm in panel a. A significant increase
for temperatures below 50K is observed. For T > 50K, the signal increases up to ~ 150 K

and subsequently decreases up to 300K. The Fgng(T) signals are shown for a device

with d = 950nm in panel b. Blue data points correspond to the theoretical calculation

of the spin Nernst conductivity agy. A monotonous decrease of Fgle\’tIT is observed for

decreasing temperature and a complete suppression is observed below ~ 100K, in perfect
agreement with the theoretically predicted agy. ¢ Theoretical calculation of the temperature
dependence of the conventional (longitudinal) Seebeck coefficient S. of Pt (black points)
and experimentally determined conductivity o, of the Pt injector for the d = 950 nm device
(purple points).

device structure, rather than only the thickness of the magnetic film. A detailed
investigation of the temperature dependence of the TMT signals is, however, not
provided here. The low temperature enhancement below 50K is a feature that is
resilient also in local current-driven SSE measurements in YIG/Pt bilayers [274].
While the origin of this feature is not clear yet, it is unique to the current-driven
SSE and might be related to the resistance behaviour of Pt at low temperatures.
The temperature dependence of the TSNM signal amplitudes is shown in
Fig. 6.13b. In the investigated temperature range from 300K down to 25K, we
observe a monotonous decrease of the signal with decreasing temperature. For
T < 100K, the signal completely vanishes below the noise limit. Due to the
conversion of the thermally driven charge current density ji' into the spin current
density jSNE via the SNE (Fig. 6.10a), and the back-conversion of the reflected
part of the spin current into the experimentally measured charge current/voltage
via the SHE, both the spin Nernst angle 65y as well as the spin Hall angle 6sy
are involved in the process. The relevant scaling parameters to consider for the
TSNM are therefore AVISNM o S, ng *10su6sn [55], where S, is the longitudinal
Seebeck coefficient of Pt, gﬂ the real part of the spin mixing interface conductance,
Is the spin diffusion length of Pt and fsy as well as sy the spin Nernst and
spin Hall angle of Pt, respectively. The parameters ng, Is as well as Ogpy can
be reasonably treated as only weakly temperature dependent [275,276]. We are
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thus left with the temperature dependence of both S, and fsn of Pt. Based on
the theoretical description of the SNE in Pt in Ref. [55], we plot the temperature
dependent spin Nernst conductivity agy = —0sn0eSe (With o, the longitudinal
electrical conductivity of Pt) together with our experimental data in Fig. 6.13b
(blue data points). Evidently, the agreement between theory and experiment is
excellent, strongly corroborating a decrease of agy with decreasing temperature.
In order to determine whether S. or Osy causes the vanishing TSNM signal, we
plot the theoretically calculated S. as a function of temperature in Fig. 6.13c
(black points with line). Obviously, it shows a finite magnitude even for T <
100K, excluding it as the source of the vanishing TSNM signal. This is also
supported by experimental quantifications of S. in bulk Pt [267] as well as thin
films [268]>°. Considering that 6y = S/ Se (With 5§, .¢ the transverse Seebeck

trans trans

coefficient [59]), it follows that S}, must approach zero at low temperatures,

in accordance with theory [59-61]. The low temperature suppression of S s

frans i
based on the dominance of extrinsic contributions (i.e. impurity scattering [46, 48])
to the spin Nernst conductivity in Pt. Indeed, the Pt conductivity oe in our sample
changes from 300K to 10K by about ~ 45 % (see Fig. 6.13¢, purple points), hence
exhibiting a finite, non-diverging conductivity at low temperatures corroborating
the dominance of impurity scattering. The theoretical description of the spin
Nernst effect in Pt [55] suggests a decrease of Oy between 300K and 200K by a
factor of ~ 2, which is supported by our TSNM data shown in Fig. 6.13. Taking
all these considerations together, the vanishing TSNM for T < 100K can be
interpreted as a decrease of fsy towards zero>', an observation which has eluded
an experimental observation thus far.

In conclusion, we have investigated the TMT and TSNM in a a-Fe;O3/Pt
device. For the TMT, we found that the signal is proportional to the field-induced
net magnetization of the canted hematite sublattices. Its temperature dependence
further revealed a strong resemblence with previous reports of the local SSE
in YIG/Pt structures [273]. The excellent agreement of the spin Nernst theory
calculations with our TSNM data suggests a vanishing spin Nernst angle of Pt at
low temperatures and the dominance of extrinsic contributions to the SNE. We
demonstrate that the spin Nernst effect is sensitive to the direction of the Néel
vector of the antiferromagnet, thus representing a suitable platform to discern
the TSNM and TMT. Our results shed light on the interaction of purely thermally

59Although the Seebeck coefficient for bulk Pt exhibits a sign change at T ~ 170K [267], measure-
ments of Pt thin films in the ~ 100 nm thickness range show a clear increase of the zero crossing
temperature, inferring that we have no zero crossing of the Seebeck coefficient for our 5nm thick
Pt electrodes. This claim is supported by the temperature dependence of our TSNM signals,
which do not show any indication of a sign change.

5TWe note that a quantitative evaluation of the temperature dependence of fgy is tedious, as it
requires the quantification of the temperature gradient present at the detector electrode (which
by itself is a temperature dependent quantity) as well as a rigorous experimental evaluation of
the temperature dependent Seebeck coefficient Se of thin film Pt.
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driven spin currents with antiferromagnets and therefore provide key insights into
the physics of pure spin current based magnetothermal effects in AFI/Pt bilayers.

6.5 Summary and Conclusion

Various spin transport related effects in the antiferromagnetic insulator hematite
(x-Fe;O3) have been investigated in this Chapter. Upon injecting magnon spin
via both the SHE as well as by thermal spin Seebeck torque in a Pt electrode
attached to the antiferromagnet, the emerging magnon spin chemical potential was
measured at a second Pt detector electrode for electrically and thermally induced
effects separately.

Inspired by the Bloch sphere description of a spin-1/2 two-level system,
we started to introduce the concept of the antiferromagnetic pseudospin. Here,
antiferromagnetic magnon modes are described by two antiparallel vectors on a
Bloch sphere. Within this pseudospin framework, the magnon eigenmodes of an
antiferromagnet are determined by the pseudofield, which, in turn, is given by
the energy contributions of the magnetic interactions at play. Most importantly,
each interaction that breaks the rotational symmetry of the antiferromagnetic Néel
order couples the natural (circularly polarized) spin-up and -down eigenmodes,
hence allowing for an interconversion between oppositely polarized spin states.
An externally excited pseudospin density generally precesses around the direction
of the pseudofield, thereby transmuting between circularly and linearly polarized
magnon modes.

In our electrically induced magnon transport measurements, we could experi-
mentally demonstrate the precession of an externally induced antiferromagnetic
pseudospin density in hematite. Due to the easy-plane anisotropy and DMI-
induced canting of the sublattice magnetizations, the rotational symmetry about
the Néel order is broken and the spin-up and -down magnon modes are coher-
ently coupled, leading to the emergence of a precessional motion of the excited
pseudospin density. The canting of the sublattices can be tuned by the application
of an external magnetic field, which therefore alters the coupling of the modes
and enables an easily accessible handle on the pseudospin precession frequency.
The emerging field dependence of the pseudospin chemical potential (measured
by the Pt detector) exhibits an oscillation between positive and negative spin
signals and can be quantitatively explained by the 1D-solution of the pseudospin
diffusion equation that incorporates its precessional motion. This observation and
its compelling agreement with the antiferromagnetic pseudospin theory manifests
the first realization of pseudospin dynamics and the antiferromagnetic magnon
Hanle effect. The magnon Hanle data allows for the extraction of the magnon spin
diffusion length, which was estimated to be around 0.5 um at room temperature.

The thermally induced contribution to the detector signal revealed two distinct
effects. The first contribution referred to the thermally induced magnon transport
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effect, which was found to be proportional to the net magnetization mpet of the
canted hematite sublattice magnetizations rather than its Néel vector. The magnetic
tield dependence fits well to the expected linear response of mpet to the external
tield. Furthermore, its temperature dependence could be understood on the basis
of previous reports of the SSE in YIG/Pt [273]. We identified a second contribution
to the thermal signal as the transverse spin Nernst magnetothermopower, which
arises due to the generation of a lateral temperature gradient across the width of
the Pt detector electrode. This represents the first observation of the interaction
of a spin Nernst induced spin current with an antiferromagnetic Néel order,
revealing that the latter represents the relevant boundary condition for the spin
current. This feature, together with the small canted net magnetization of hematite
allows for an unambiguous, easily accessible differentiation of the spin Nernst-
and magnon transport-related effects, the latter of which is proportional to the
net magnetization. Most importantly, the temperature dependence of the effect
demonstrates a vanishing spin Nernst angle 05y with decreasing temperature, in
perfect agreement with the theoretical calculation of the spin Nernst conductivity
asN [55,60,61].

6.5 Summary and Conclusion
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Outlook

The novel concepts for the control and manipulation of magnon transport presented
in the previous Chapters have provoked new experiments and ideas for future
work. Some of these ideas and preliminary experiments are presented within
the scope of this Chapter, representing an outlook towards the next steps in this
subject.

7.1 Thermodynamic Interpretation of the Spin
Current Induced Critical Magnon Conductivity
Modulation

In the following Section, we outline an interesting idea for an alternative
approach towards the interpretation of the second harmonic magnon transport
signal modulations AV&;{ (Imoq) discussed in Ch. 5.4.2. To this end, we recall the
driving forces for the magnon spin and heat currents in a magnetic insulator

(cf. Eq. (2.54))

L
Tp
Jh = —LVpm — knV Ty, (7.2)

where L denotes the bulk spin Seebeck coefficient and x, the magnon heat con-
ductivity [127,215,216], both of which have been rigorously derived in Ch. 2.7.2
within linear response. We here consider a small but finite difference between
the phonon (base) temperature T, and the magnon temperature Ty,. In princi-
ple, both magnon spin and magnon heat currents are capable of inducing an
inverse SHE signal at the detector interface. While the magnon spin currents
at the interface are converted via the spin conductance g, a finite heat current
generates a temperature difference 6T between the magnon and electron system
at the detector interface, which permits an interfacial spin current via the spin
Seebeck coefficient S (cf. Ch. 2.5). The magnon chemical potential iy, as well as
the magnon temperature Ty, are affected by the injector current in a linear and
quadratic fashion according to

fn = po - Lling] + pion (L), (7.3)
T = Tp[Iiy] + 6Ty[Iy] + 6 Tspe[inj], (7.4)
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where uSHE and 35 are the magnon chemical potentials induced via the SHE and

SSE, respectively (see also Ch. 5.1.2), T, is the phonon base temperature, 67j is the
Joule heating-induced temperature change of the magnon system with respect to
T, and 6Tspg is the temperature change induced by the spin Peltier effect (i.e. a
temperature change caused by the SHE-induced spin current)>* [200]. Each of
these quantities is either a linear or quadratic function of the applied injector
current [iy; as indicated in the square brackets. In the experiment, we can discern
effects proportional to even and odd powers in the low frequency AC injector
current [in; whilst measuring the first and second harmonic voltage signal at the
detector. By substituting Egs. (7.3) and (7.4) into Egs. (7.1) and (7.2) and further
separate contributions linear and quadratic in Iiy;, the first harmonic magnon spin

and heat currents are

. L

G = 0, VuSHE h?V5TSPE/ (7.5)
p

Jal = —LVum® — xm V6 TspE, (7.6)

while the second harmonic currents become

2w L

§20 = — o VuSSE — TV (Tp +0Ty), (7.7)
P

J20 = —LVUSE — kmV(Tp + 6T). (7.8)

In this very general description, we expect both first and second harmonic voltage
signals to be proportional to all of the transport coefficients 0y, L and xp,. Consid-
ering our typical experimental setting and appropriate length scales, however, we
can simplify the expected signal contributions drastically. First of all, the magnon-
phonon relaxation length was shown to be extremely small, viz. in the nanometer
regime [36,125,200]. For the typical length scales of a few um considered in our
transport devices, the magnon temperature Ty, therefore quickly equilibrates with
the phonon temperature Tp,. Thus, T, = T, represents a reasonable assumption
and according to Eq. (7.4) leads to Ty = 6Tspg = 0. Furthermore, while the heat
currents jy can potentially be a source of a spin Seebeck-induced detector signal
due to the temperature profile as mentioned above, it was shown that for the
typical length scales considered in our magnon transport devices such effects are
negligible [124]°3. It is thus safe to assume no contribution from the magnon

52The individual terms in Egs. (7.3) and (7.4) can be derived from the magnon spin and heat diffusion
equations by applying proper boundary conditions at the Pt/YIG interface. In particular, the
SHE-induced spin current and Joule heating induced heat current have to be taken into account.

53Considering our lateral transport structure, we expect the AC temperature gradient from the
injector current to be dominantly transversely oriented to the detector interface, especially for
large injector-detector distances in the um-regime. This configuration is reminiscent of the
transverse SSE experiments supposedly observed and explained in Refs. [101,277,278]. However,
its existence has long been controversial. Indeed, careful experiments have shown a complete
absence of the transverse SSE [279] and we can thus safely neglect any contributions from it.
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heat currents j,,. With these simplifications and disregarding heat currents, the
equations above reduce to

im’ = —omVim', (7.9)

G = o VuSE — h;pVTp. (7.10)
Finally, we expect

AV&S{ X O, (7.11)

AV o o + L (7.12)

for the first and second harmonic voltage signals. As suspected from exper-
iments [36], the first harmonic signal can reasonably be assumed as a direct
measure of the magnon conductivity oy, [12,172,280]. The second harmonic signal
AV&;{, on the other hand, must be considered as a superposition of o, and L. Al-
though a contribution from L has been disregarded in our analysis of the thermal
signals in Ch. 5.4, the modulator current dependent data AV3% (I0q) should be
investigated with this peculiarity in mind, especially since the thermally-induced
magnon transport signals were indeed shown to have a significant contribution
from the magnon current driven by the temperature gradient and should therefore
scale with the bulk spin Seebeck coefficient L [124]. It has been further shown both
theoretically [109, 127,215] and also experimentally [124,216] that the bulk spin
Seebeck coefficient L exhibits a strong correlation to the magnon heat conductivity
km. Next to om, the second harmonic signal AVggt’(Imod) might therefore also
be considered as a measure of the magnon heat conductivity xn. This is also
strongly corroborated by the microscopic expressions for L and «y, derived in
Ch. 2.7.2, viz. Egs. (2.56) and (2.57). Disregarding numerical prefactors, we here
find xp, = kgL, meaning that they only differ by the Boltzmann constant. It should
be pointed out that for the sake of a more accurate modelling, one might keep
the contribution from ¢7Tj, i.e. the temperature change of the the magnon system
with respect to the phonons. This is because the difference between Ty, and T,
is expected to be considerably larger right at the interface to the detector [125]
and might therefore not be disregarded in general. In any case, independent of
taking into account 47Tj, the second harmonic signal is still expected to be given by
a superposition of o, and xy, = kgL.

We now analyze our data with the above considerations in mind and explicitly
concentrate on the behaviour of the signals around the critical regime. To this end,
we plot the second harmonic signals AV3%(Iy0q) around the critical current in
Fig. 7.1a and b for positive and negative magnetic fields, respectively. We further
restrict the analysis to the low field regime for which poH < 50mT. For each of
the curves, we observe a pronounced peak feature at I.rit. This peak is resilient for
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Modulation 165



166

magnetic fields |poH| < 50 mT but vanishes for larger field values*. The shape
of this peak feature is reminiscent of the so-called 'lambda-point” in the context
of the physics of superfluids. This “A’-shaped curve is usually obtained from
measuring the specific heat of a Bose-gas (e.g. of *He [281]) undergoing a second-
order superfluid phase transition, i.e. BEC transition. Considering this strong
similarity, we now argue exclusively in terms of the magnon heat conductivity xm
and exclude the modulation of magnon conductivity oy, for now. As argued above,
this particularly means that we now consider the transport of a magnon spin
current driven by the temperature gradient VT, rather than by the gradient Vpip,.
Consequently, the second harmonic voltage amplitudes shall be ultimately viewed
as a measure of the magnon heat capacity Cn,. This specifically assumes a linear
relation according to xy, &« Cr, hence AVC%;’ (Imod) & Cm. In the superfluid phase
transition of a conventional Bose-gas, the specific heat is discontinuous (recall the
"A’-shape disussed above) and therefore characterizes it as a second-order phase
transition. As observed, the thermally driven magnon transport signal AV (Ioq)
in our experiment is thus expected to strongly increase at the critical point. This
raises the question whether the “A” signature in our data can be considered as a
validation for a magnon BEC transition featuring spin superfluidity as discussed
in Ch. 5.3.3 and beyond.

To tackle this question, we return to Fig. 7.1a and b. In general, the theoretical
framework of phase transitions provides a mathematical tool for their characteri-
zation via so-called critical exponents [282]°5. For this purpose, we introduce the
reduced current ¢t = 1 — I;;,oq4/ Ierit (in analogy to the reduced temperature used for
temperature driven phase transitions). The heat capacity (at constant pressure) C,
near a superfluid/BEC phase transition is then expected to behave according to

D=« t>0
, , (7.13)
D'(—)™ 1<0

Cp ~
where D and D’ are proportionality factors used for fitting. a and «’ are the
respective critical exponents defined for the disordered phase (I;0q < Icrit, Outside
of BEC state) and ordered phase (I;noq > Ierit, within the BEC state). Equation (7.13)
is fitted to the critical regime of the AV curves, i.e. the ‘A’-shaped curves in
Fig. 7.1a and b (grey lines). Decent agreement is observed for the fits to the
experimental data. This indicates the validity of the proposed thermodynamic

analysis. We recall that this analysis is only valid under the assumption that the

54We neglect the data for ypH = —50mT and yoH = 10mT in Fig. 7.1a and b, respectively, since
no characterictic peak in the critical regime could be observed. The reason for the asymmetry
between the negative and positive fields is most likely due to trapped flux in our superconducting
magnet generating the field. This introduces a finite offset in the field values which is not taken
into account in the data.

55Strictly speaking, the concept of critical exponents only applies for equilibrium systems. Since we
consider our system in steady state and can mostly treat it as a quasi-equilibrium [187], we can
justify the analysis in spite of this intricacy.

Chapter 7 Outlook



AV CugH)

-0.8 -0.7 -0.6 -0.5 05 0.6 0.7 038
1 oq (MA) ! o (MA)
(o mod d mod

0'0 T T T 1 1 0'0 T T T T T
8 -uH @ +uH
g 0.2 g 0.2
c 02 - - 202} A
g * g p 3 =
X X
i fin|
TO04L { Toaf -
=] o0 ® o« =] ® o I I
U T o U '

06 - 1 T 1 1 -06 1 ¢ 1 1 1

10 20 30 40 50 10 20 30 40 50

Fig. 7.1 — a (b) Second harmonic voltage amplitudes AV3% for the negative (positive)
field and current regime. Both panels are restricted to fields |poH| < 50mT and currents
|Imod| > 0.4mA. For clarity, the datasets for each field have an arbitrary offset applied to
them. Green solid lines correspond to fits to Eq. (7.13). ¢, d Critical exponents « and «’
defined in Eq. (7.13) plotted versus externally applied field. The exponents are extracted
from both the negative (c) and positive (d) field regime. Both exponents fall in the range
0.1 <a,a <0.5.

second harmonic signals represent an appropriate measure of the (magnon) heat
capacity in our experiment. The distinctive "A’-shape vanishes for fields above
50mT, which might be indicative of the suppression of the BEC state when the
external field exceeds the anisotropy field [283]. From a qualtitative perspective, the
data agrees well with the theoretical prediction. In favor of a quantitative approach,
we extract the critical exponents a and a from the fits, which are plotted as a
function of the applied field in Fig. 7.1c and d for negative and positive field bias,
respectively. Overall, we observe exponents within the range 0.1 < a,a’ < 0.5 for
both field biases. Due to the rather small signal amplitudes observed for the second
harmonic voltages, the fits feature considerable errors and the resulting spread
of the exponents is large. Thus, no convincing statement about their quantitative
relation to typical critical exponents measured for superfluid phase transitions
can be given [284—288]. This is also likely to be rooted in the fact that we deal
with a strongly driven, non-equilibrium system, for which the analysis via critical
exponents might not be perfectly valid. It is therefore not obvious how and if the
critical exponents extracted for the superfluid transitions of conventional Bose-
gases compare to the critical exponents one should expect for a current-induced
magnon spin superfluid transition. In this context, a more recent work suggests
that the spin Seebeck effect measured at the interface of a normal metal/magnetic
insulator heterostructure should decrease when entering the magnon BEC/spin
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superfluid phase [283]. A direct measure of the heat conductivity of the system
via the 3w-method could also give a better understanding of the thermal YIG
properties under spin current injection [289, 290]. Future investigations should
test for these predictions as they might be able to unravel the question whether
the magnon transport in the spin current induced damping compensated region
can be considered as superfluid and ultimately classify the magnon system under
these condtions as a BEC.

We might also extend our thermodynamic interpretation to the first harmonic
signals, where we observe a rapid (i.e. with a large slope), but continuous transition
of the associated magnon conductivity/resistance (see Ch. 5.3.3 and Fig. 5.13a). As
introduced in Ch. 5.1.2, the magnon conductivity beneath the modulator can be
expressed as in Eq. (5.32), which we restate here for convenience

R
O = 00 (1 - = ) + Aoy I3 (7.14)

Icrit

For small modulator currents I;,0qg < Icrit, the first term in Eq. (7.14) can be approx-

imated up to first order according to 3, (1 - iﬁ) v ~ 00 (1 + Imod/ (2Isit))-
In this limit, the magnon conductivity modulation is equivalent to the magnon
density induced conductivity modulation derived in Ch. 5.1.2 (Eq. (5.30)). As
also pointed out in Ch. 5.1.2, the conductivity modulation for large modulator
currents I,,q4 is more suitable to be described in terms of the magnon lifetime,
which diverges as the current approaches I.;. In the language of magnon BEC,
this diverging magnon lifetime is induced by the continuous condensation of mag-
nons [187,188] into the ground state. A macroscopic condensation of magnons is
reached when ;o4 ~ It referring to the compensation of the magnetic damping.
As shown in Ref. [187], the condensed magnons carry no entropy, meaning that
the transition observed in the first harmonic signals might be considered as an
indication of the entropy drop of the system. A continous change of the entropy
of a system with a large slope is characteristic of a second-order phase transition,
in agreement with the theoretical expectation for current-induced magnon BEC
transitions [187]. For that reason, it immediately follows that the associated heat
capacity of the system, essentially being the first derivative of the entropy with
respect to (in this case) current, has to display a discontinuity, as indicated by the
"A’-shaped curves observed for the second harmonic voltage amplitudes. Of course,
this again assumes that the second harmonic signal is significantly influenced
by the heat conductivity/capacity properties of the magnon system. A rigorous
verification of these claims would strongly indicate the experimental proof of a
second-order phase transition due to a current-induced magnon BEC transition.
As demonstrated in Ch. 5.5 via micromagnetic simulations, the system indeed
adopts a rather coherent state for I,0q4 &~ luit, Which is a necessary requirement
for the label BEC. For slightly larger currents I,oq > Icrit, however, the spatial ho-

Chapter 7 Outlook



mogeneity as well as spectral coherence of the magnetization dynamics is strongly
diminished, making the supposed BEC state rather instable.

7.2 Magnon Transport Modulation Beyond the

Critical Current Regime

In recent measurements conducted at the WMI, we have increased the modu-
lator current to values far beyond the regime investigated in Ch. 5. To this end, we
prepared a sample very similar to the one considered in Ch. 5, consisting of the
bilayer structure YIG(13)/Pt(5) (numbers in brackets denote the layer thickness in
nm). The magnon conductivity modulation for such large currents is shown as the
normalized first (second) harmonic detector voltage AViY /AV % (AV2Y /AVZS))
as a function of I,,4 in Fig. 7.2a (c). First of all, the critical behaviour is reproduced
in the first and second harmonic signals and manifests itself as a kink in the curves
(as indicated by the grey dashed arrows in Fig. 7.2a and c). It further obeys the
tield- and current-symmetry dictated by the SHE- and thermally-induced magnon
injection in the Pt modulator and injector. When going beyond this critical regime,
however, the behaviour of the first and second harmonic signal becomes very
different. While the first harmonic experiences a rapid drop in signal for both
tield and current directions until leveling out at zero transport signal, the second
harmonic shows distinct peak features strongly related to the rapidly vanishing
signal in the first harmonic (indicated by black dashed lines). The peaks appear for
both current directions and same current magnitude, but are larger when the field-
current configuration corresponds to the SHE-induced magnon injection rather
than depletion. With regards to the supposed phase transition in the magnon
system at the critical current that we discussed in the previous Section, we can
argue very similarly for these features: taking the thermometry measurements
presented in Ch. 5.2.4 as a guide, it is very likely that the temperature for these
large currents exceeds the Curie temperature Tc ~ 560K of YIG [291]. Hence, we
expect the YIG beneath the modulator to enter the paramagnetic state, thereby
blocking the magnon transport from the injector and explaining the vanishing
transport signal in the first harmonic. Under the assumption that the second
harmonic signal can again be regarded as a measure of the magnonic heat capacity,
the peaks might be identified with traces of the heat capacity reflecting the second
order magnetic phase transition at Tc. The peaks being larger for the SHE-induced
injection regime might be explained by the additonal magnon excitations therein,
hence leading to a larger magnon heat capacity change at the transition.

To corroborate these claims, we have recently measured the magnon transport
in YIG between two Pt strips modulated by an Iridium (Ir) modulator strip placed
in between (conducted by Emir KaradZa at the WMI [292]). The Ir is characterized
by a large resistance and much lower spin Hall efficiency as compared to the

7.2 Magnon Transport Modulation Beyond the Critical Current Regime
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Fig. 7.2 — Normalized first (a, b) and second (¢, d) harmonic signals AV&é‘t’ / AV&é‘;O and

Avgg; / AV;&’O, respectively, for a device with Pt modulator (a, ¢) and Ir modulator (b, d).

Pt modulation [292]. In this way, we increase the thermal contribution to the
modulation significantly and switch off the SHE-induced magnon-related phase
transition at the critical current. In Fig. 7.2b and d, respectively, the normalized
first and second harmonic signals AV{%/AV14, and AV2Y/AV3%, are shown for a
sample with a 5nm thick Ir modulator (capped with 1.5 nm Ta to prevent oxidation)
and Pt injector/detector with the same thickness. The YIG film for this sample
was 20 nm thick. As evident from the first and second harmonic signal in Fig. 7.2b
and d, the asymmetry of the curves with respect to the external field direction
is very small, indicating the low SHE efficiency of the Ir modulation. Indeed, a
critical current regime can neither be observed in the first nor second harmonic
signal. We thus conclude that the SHE in Ir is too small to induce a damping
compensation/BEC transition of the magnon system. For large currents, however,
the behaviour of both signals becomes essentially equivalent to the case for Pt
considered before. This experiment therefore convincingly verifies two conjectures:
(i) the magnon damping compensation can only be induced via electrical magnon
injection and cannnot be achieved via a thermal spin Seebeck torque [187,291]
(as already discussed in Ch. 5) and (ii) the large current transition related to the
vanishing magnon transport signal in the first harmonic is (most likely) of pure
thermal origin. Similar to the case for the Pt modulation, the Ir modulation does
also show asymmetric peaks for positive and negative current polarities that switch
positions under field reversal. This also corroborates the yet finite SHE efficiency

in Ir.
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7.3 Magnon Transport Modulation via Coherent

Microwave Excitation of Spin Waves

Our experiments discussed in Chapter 5 showed that the non-linear excitation
of spin waves via the SHE significantly affects the magnon conductivity o,. The
physics of this magnon transport modulation is rich and our micromagnetic simu-
lations (cf. Ch. 5.5) indicate that the magnon conductivity is mostly affected when
the magnetization dynamics beneath the modulator exhibits large coherence. This
observation raises the question whether a coherent excitation of the magnetization
via a frequency-selective microwave setup results in similar modulation of the
magnon transport. A first attempt towards answering this question from our
group at the WMI has been put forward within the Supplemental Information
of our paper in Ref. [12] (T. Wimmer, M. Althammer, L. Liensberger, N. Vlietstra,
S. Geprags, M. Weiler, R. Gross, H. Huebl, Spin Transport in a Magnetic Insulator
with Zero Effective Damping, Physical Review Letters 123, 257201 (2019)). A more
thorough investigation has also been put forward by another group which focussed
on studying the microwave control of magnon transport in Ref. [208]. Independent
of each other, both works have shown that the modulation of magnon transport
via microwaves is much more complicated than via the SHE-induced spin current
injection. Surprisingly, they both seem to have revealed a very significant drop
in the magnon transport signal when the microwave frequency is in resonance
with the magnetization precession [12,208]. For off-resonant conditions slightly
above the ferromagnetic resonance (FMR) of the YIG film, however, a comparably
smaller but still significant enhancement of the signal was observed [208].

In our very recent experiments, we have addressed the microwave-induced
modulation of magnon transport in a more elaborate and systematic manner.
The corresponding setup and sample geometry is illustrated in Fig. 7.3a. Here,
we have prepared two 5nm-thick Pt strips together with an antenna electrode
composed of a Ru(8)/Cu(75)/Ta(3) layered structure® placed in between the Pt
electrodes (numbers in brackets denote the layer thickness in nm). The three
electrode structure is patterned on a 23 nm-thick YIG film grown via pulsed laser
deposition at the WMI, very similar to the one studied in Ch. 5. The widths
of each electrode (Pt and antenna) is 500 nm, while the center-to-center distance
between the Pt strips is 1.5 pm. The magnon transport is realized by injecting a low-
frequency (f = w/(2m) ~ 7Hz) charge current Iy = Iy sin(wt) with Iy = 200 A
to the left Pt electrode (injector) and measuring the first and second harmonic

56The reason for this comparably complicated Ru/Cu/Ta trilayer antenna is explained as follows: the
YIG/Ru interface was empirically shown to have very little to vanishing impact on the magnon
transport between the two Pt strips. Other materials such as Al, on the other hand, have been
observed to completely suppress magnon transport (at least in very thin YIG), possibly due to Al
diffusion into YIG. The subsequent Cu layer is thick and is used as the main current-carrying
part of the antenna, mostly due to its good electrical conductivity. The final Ta layer acts as a
capping for the Cu to prevent oxidation of the latter.
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Fig. 7.3 — a Schematic illustration of the sample structure, coordinate system and the
measurement setup. Magnon transport in a thin YIG film is measured between the left and
right Pt electrodes utilized as spin injector and detector, respectively, via low frequency
lock-in detection. Simultaneously, the third electrode composed of a Ru/Cu/Ta trilayer is
subjected to a RF source and thereby employed as a microwave antenna. b Side view of
the sample, together with a qualitative depiction of the RF magnetic field driven by the
microwave antenna. For the depicted case of an in-plane magnetized YIG film oriented
perpendicular to the electrodes, the RF magnetic field can couple to either the transverse
(red cross) or longitudinal (blue cross) oscillation of the magnetization - corresponding
to either transverse or parallel pumping. A depiction of the transverse and longitudinal
dynamic components of an elliptically precessing magnetization vector are shown in the
lower panel. ¢ Angle dependent magnon transport measurements of the first harmonic
(upper panel) and second harmonic (lower panel) voltage signals without microwave
application at the antenna.

voltage signal via lock-in detection at the right Pt electrode (detector) (cf. Ch. 3.4.2).
Simultaneously, a RF-microwave source is connnected to the antenna in the center
used to coherently drive the magnetization in YIG. The lock-in detection at the
detector is used to (i) distinguish between SHE- and thermally-induced magnon
transport from the injector and (ii) to exclude any microwave-induced crosstalk
effects via electromagnetic coupling between the antenna and the detector. In
addition to this magnon transport measurement, we simultaneously record the
DC voltage at the detector which corresponds to the microwave-induced DC spin
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pumping signal [77,94,98,293,294]. In this particular geometry, we have to be
aware of different excitations mechanisms with respect to the relative orientation
of the YIG magnetization and the RF magnetic field h,¢ of the antenna. A side
view of the qualitative spatial distribution of the RF magnetic field induced by
the antenna is depicted in Fig. 7.3b. In order to enable magnon transport, the
magnetization is fixed perpendicular to the electrodes. Hence, the RF magnetic
tield points mostly perpendicular to the YIG magnetization (h,s L myjc) beneath
the injector/detector, while mostly parallel right beneath the antenna (b || myig).
In principle, both configurations enable the excitation of magnetization dynamics.
The transverse geometry (h.s L myig) represents the more common configuration
which is typically used in various types of FMR experiments. Here, the RF
field couples to the transverse component ém | of the precessing magnetization
(cf. Fig. 7.3b). Accordingly, the excitation of spin waves is active for resonant
conditions of precession frequency and RF frequency. Magnetization dynamics
excited in this configuration is referred to as transverse pumping. In contrast, for
the parallel configuration (h || myig), the RF field couples to the change of the
longitudinal magnetization ém . The longitudinal change dm is only non-zero
for a finite ellipticity of the magnetization precession [295] (cf. Fig. 7.3b). Due to
its shape anisotropy/demagnetizing field, a considerable ellipticity is, however,
expected for our in-plane magnetized YIG thin film. Accordingly, the excitation
of magnetization dynamics is active at twice the FMR frequency. This excitation
scheme is known as parallel pumping. The absorption of microwave power is linear
for the transverse pumping effect (at low powers), while the parallel pumping
scheme refers to a high power level effect and thus exhibits a threshold-like
behaviour with respect to the microwave absorption [296]. Ultimately, we expect
both excitation schemes to be active in our configuration.

For a pre-characterization of the magnon transport, we measure the external
magnetic field angle ¢ dependent voltage modulation at the detector without
microwave excitation at the antenna. The corresponding first and second harmonic
voltage signal V% and V3%, respectively, are shown in Fig. 7.3¢ for an externally
applied magnetic field yoH = 50mT. As expected, we observe the 180°-symmetric
(360°-symmetric) modulation for the first (second) harmonic signal>’. We can thus
verify both SHE- and thermally-induced magnon transport in our sample. The
white solid lines correspond to fits to a cos?(¢) (first harmonic) and cos(¢) (second
harmonic) function.

We now turn to the experiments using a finite microwave signal at the antenna.
Within the scope of this outlook, we focus on a single RF pump frequency of
fp = 14GHz and investigate our results for various RF power levels. First and
foremost, we study the DC spin pumping signal Vg, at the detector of our sample,

57We note that the signals are relatively small when compared to typical signal magnitudes observed
in Ch. 5 for a similar YIG film. This might be related to a comparably lower interface transparency
for this particular sample.
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which is shown in Fig. 7.4a. For the lowest power level P,y = 0 dBm considered
here, we find the expected Lorentzian-shaped spectrum behaviour of the spin
pumping peak around the resonance field (black line with lowest peak signal). Due
to this clear low-power signal and the fact that the resonance field corresponds to
the RF pump frequency f,, we conclude that the spin pumping signal stems from
the transverse pumping effect. This observation also fits to the fact that the RF field
of the antenna is mostly perpendicular to the magnetization beneath the detector
(cf. Fig. 7.3b). For any power P > 5dBm shown in Fig. 7.4a, the Lorentzian shape
is significantly distorted, signaling a non-linear behaviour of the magnetization
dynamics. This becomes increasingly clear for the largest power levels, where the
resonance field corresponding to the peak maximum is significantly shifted to
larger field values. The corresponding frequency blue-shift of the magnetization
precession can be induced by (i) the non-linear dynamics itself (which results
in the resonance frequency becoming pump power dependent) as well as (ii)
microwave-induced resonant heating of the YIG (thus lowering the saturation
magnetization of YIG) [297,298]. In addition to the frequency shift, the curves
have a significantly distorted lineshape [297,299]. This deformation manifests itself
as an elongated shoulder on the left side (lower bias field side) of the resonance
tield, as well as a flattened tail extending towards larger fields on the right side
(cf. Fig. 7.4a). As shown in Refs. [297,299], this type of spectral deformation
of the spin pumping signal lineshape can neither be fully described by (i) the
microwave-induced opening of the magnetization precession cone nor by (ii) the
resonant microwave heating. The authors of the cited references thus conclude
that the deformation is caused by an additional excitation of non-coherent spin
waves with finite wavevectors. Within the scope of this outlook, however, we
refrain from a rigorous analysis of the corresponding power-dependent resonance
field/ frequency shift, spin pumping amplitudes etc., which are to be evaluated for
a proper verification of the above claims.

In a next step, we study the first and second harmonic voltage signals V% and
V3% induced by the AC current at the injector. The corresponding measurements
as a function of magnetic field oriented along x are shown around the resonance
field in Fig. 7.4b. Rather drastic and complex modulations of the magnon transport
signal for both electrical and thermal magnon excitation seem to be present in the
lineshapes. In order to gain a better understanding of these complex shapes, we
attempt to correlate these complex signals with the spin pumping results discussed
before. Hence, we plot the normalized signals of all three detector signals, i.e. spin
pumping Vsp/ AVsp, first harmonic V]9 /AV% and second harmonic V2% /AV3

det”
together in Fig. 7.4¢ (AVip, AV]Y and AV correspond to the maximum modu-
lation amplitudes observed in the lineshapes and are used for normalization). A
closer look at the relation between the lineshapes reveals that the first harmonic
signals exhibit a conspicuous correlation to the first derivative of the spin pumping

signal with respect to the external field, whereas the second harmonic shows a
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Fig. 7.4 — a DC spin pumping signal Vs, as a function of external magnetic field recorded
at the detector for various RF power levels. b First and second harmonic detector voltage

V1@ and V3%, respectively, as a function of magnetic field for various RF power levels. ¢

Overview plot to compare DC spin pumping as well as the first and second harmonic
magnon transport signals at the detector. Each of the curves is normalized to its absolute
maximum signal amplitude.

correspondence to its second derivative. Taking the numerical first and second
derivative of V, makes this correlation strikingly clear, especially for the sharp
peak features observed for the transport signals. A visualization of this correla-
tion is, however, omitted here. Nonetheless, this immediately raises the question
whether the magnon transport signals picked up via the lock-in detection scheme
might be superimposed by a large signal contribution stemming from the spin
pumping physics, rather than magnon transport. Indeed, such a measurement
artifact could be reasonable in our measurement setup. A possible source of
this artifact might be related to the Oersted field generated by the AC modu-
lated injector current Ijnj = Ipsin(wt) with f = w/(2m) ~ 7Hz. In the present
configuration, the current-induced Oersted field points parallel/antiparallel to
the YIG magnetization myjg beneath the injector. The total field applied in our
sample might therefore be composed of a static bias field with a slight modulation
according to H(t) = Hext + Nac sin(wt), where h,. is the magnitude of the Oersted

7.3 Magnon Transport Modulation via Coherent Microwave Excitation of Spin Waves
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field and depends linearly on the injector current ;. We further consider the field
dependent spin pumping voltage in the most general sense as

2
H@+§§£HHmM4wﬂwQ,

(7.15)

Vep(H(t)) = Vg f(H(1)) = Vg (f(H) o

where Vs% denotes the peak amplitude of the spin pumping voltage and f(H)
corresponds to the mathematical relation capturing the field dependence of the
spin pumping lineshape. In the simplest case, f(H) takes the form of a Lorentzian
function. We here assumed a Taylor expansion around the resonance field H; up to
second order and denote the derivatives of f(H) as f' = aH and f" = aa%fz .
Recalling the lock-in signal generation discussed in Ch. 3.4. 2 ‘we expect for the

n"-harmonic:
T
Vi = \f/ sin(nwt') Vep (H(t')) dt’ (7.16)
T
Vi = \[/ cos (nwt") Vep (H(t')) d¥’, (7.17)

where the subscripts X and Y denote the two quadratures of the signal phase
shifted by 90°. Performing the calculation for the first two harmonics (n = 1, 2) by
substituting Eq. (7.15) into Egs. (7.16) and (7.17), we obtain

V)%w = \1@%%17%(](/ + f"Hext) V\}w =0 (7.18)

v =0 V= VRS (a9
As suspected from the data, we indeed see that the first harmonic signal due to the
field modulation is proportional to the first derivative of the spin pumping signal
given by f’, while the second harmonic is related to f”. Additionally, the first
harmonic is also proportional to f” due to the finite static bias magnetic field Hext.
Considering the expected magnon transport signal due to current-induced magnon
injection discussed in Ch. 3.4.2, the total detector signal is expected to be composed
of V% = L (ILRy + Vhac(f' + f"Hew)) and V2 = 1 (PR, — VOIZ ). In
principle, it should be possible to extract the pure signal related to the magnon
transport modulation by correcting Vi% and V32 for any contributions related
to the spin pumping signal. In practice, however, this requires a very accurate
determination of the field modulation h,. via the Oersted field, which in turn
affects the magnitude of the lock-in detected signals. According to the Karlqvist
equations [300], the Oersted field of a current-carrying sheet similar to our thin

58In Ch. 3.4.2, we additionally assume a finite phase factor ¢ for the detector current, which we have
set to ¢ = 0 in this discussion.
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Pt injector can be estimated, it is however unclear how the non-homogenous field
distribution beneath the detector affects the magnitude. In order to accurately
distinguish between the different contributions involved in the detector signals,
alternative measurement approaches should be conducted in future experiments.
A DC method as implemented in Ref. [280] could replace the AC lock-in detection
and therefoe suppress the current-induced field modulation. Furthermore, the
above conjectures could be easily tested by conducting the same experiment at
low temperatures, where the magnon transport is expected to be completely
suppressed [9,171], while the spin pumping-induced signals should persist. Hence,
such an experiment might offer another way to distinguish between the different

contributions while maintaining the experimental measurement strategy.

7.4 Electric Field Control of Antiferromagnetic

Magnon Pseudospin Transport

In Chapter 6, we have shown the first observation of antiferromagnetic magnon
pseudospin dynamics in the form of the antiferromagnetic magnon Hanle effect [10,
13]. We could show the coherent control of the antiferromagnetic magnon transport
by the application of an external magnetic field. For practical applications in
modern information technology, however, the required fields are far too large to be
feasible in practical circumstances. Moreover, controlling the transport via electric
fields rather than magnetic fields would represent a far superior method with
respect to real-world applications. In Fig. 7.5a, one possible way to manipulate the
pseudospin transport via electric field is presented. Here, a normal metal (NM)
electrode is placed in between two Pt strips on an AFI attached to a back electrode.
In such an arrangement, the application of a voltage V,; between the NM and the
back electrode generates an electric field across the AFI in between the transport
channel enclosed by the Pt electrodes. As proposed in Ref. [239], this electric field
modulates the effective DMI strength in the AFL. Enabling to tune the DMI in the
AFI offers a very efficient way to control the magnon transport properties, since it
is (next to the external field) the main contributor to the pseudospin precession
frequency discussed in the context of the AFI hematite in Ch. 6. The main challenge
to succeed in this might be the growth of an AFI with sufficient quality directly
onto a metallic electrode. In this regard, a more simple approach would be to
deposit the metallic back electrode not in direct contact to the AFI, but rather
beneath the substrate carrying the AFI hence ensuring its crystal quality. A major
drawback with this approach, however, might be that the required voltages for a
reasonable electric field magnitude are extraordinary high to allow for a significant
control of the transport properties.

Another idea for voltage-controlled magnon transport in AFIs is illustrated
in Fig. 7.5b. The presented sample structure is equivalent to Fig. 7.5a except for

7.4 Electric Field Control of Antiferromagnetic Magnon Pseudospin Transport
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Piezoelectric Mater
Back Electrode

Fig. 7.5 — Proposals for sample structures enabling the electric field control of antiferro-
magnetic magnon pseudospin transport in an AFI/Pt heterostructure. a An additional
NM electrode placed in between the Pt strips, together with a back electrode below the
AFI film enables the local application of an electric field across the AFI. Such electric field
may allow for the control of the DMI strength in the AFI according to Ref. [34]. b Similar
structure as in panel a, but extended by a piezoelectric material placed in between the AFI
and the back electrode. The application of an electric field between the NM and the back
electrode leads to a deformation of the piezoelectric substrate and thus a sizable strain in
the AFIL This arrangement might thus allow for an optimized and enhanced control of the
magnon transport properties in the AFI via its magnetoelastic coupling.

an additional piezoelectric layer in between the AFI and the back electrode. In
this arrangement, the application of the voltage V; leads to the deformation of the
piezoelectric material. Consequently, strain is induced in the adjacent AFL. A finite
magnetoelastic coupling in the AFI can thus considerably change the magnetic
properties of the AFIL This approach is particularly interesting with respect to
the rich domain formation observed in thin hematite films recently [150]. It was
shown that the domain walls lead to enhanced spin wave scattering and therefore
suppress magnon transport. A sizable strain in the AFI might, however, lead to a
significant reduction of domains and perhaps even allow for the formation of a
single domain state due to the introduction of a strain-induced magnetic easy axis.
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Review

The subject of this dissertation was to elaborate and investigate novel approaches
for the control and manipulation of magnon spin currents in magnetic insulators.
These magnonic currents have been excited exclusively in a non-coherent fashion
via DC currents in metallic electrodes, implying the participation of a broad spec-
tral range of spin waves in the transport. In contrast to coherently excited spin
waves in the gigahertz regime, our magnon transport device therefore features a
strong influence of short wavelength magnons at thermal energies. These short
wavelength feature makes it well suited to be described in the particle picture
similar to the well-known diffusive electron transport®®, in contrast to coherent
types of transport typically described in the wave picture. In particular, the broad
spectral distribution of magnons participating in the transport implies a compara-
bly small mean free path, thus legitimizing a diffusive treatment of the magnon
transport similarly to the elctron case [8, 36]. This similarity to the conventional
electron transport actually enables a broad range of electron-inspired physics in
the magnonics business [12,13,172]. The most crucial difference, however, lies
in the fundamental nature of magnons compared to electrons. While the latter
belong to the particle class of fermions and represents a conserved quantity, the
former correspond to a non-conserved bosonic quasiparticle. This complicates the
straightforward implementation of magnonic devices significantly. To overcome
this issue is at the core of the present work. In particular, we give special attention
to the excitation of magnon spin currents and their efficient manipulation. Multiple
approaches to tackle these challenges have been put forward herein, the main
messages of which we will recapitulate Chapter by Chapter in the following.

The influence of the ferromagnetic metal alloy CoysFe7s (CoFe) employed as
a spin injector deposited on YIG was investigated in Chapter 4 [11]. The general
features of ferromagnetic spin injection could be replicated when compared to
an earlier work presented in Ref. [65]. Different to the observations in Ref. [65],
however, our ferromagnetic CoFe has shown a negligible contribution from the
pure spin Hall effect and rather exhibited only the anomalous spin Hall effect
related to its magnetization [63]. As a main result, we determined the anomalous
spin Hall angle of CoFe employing a multiterminal spin injection/detection device
that included both paramagnetic Pt and ferromagnetic CoFe as spin injectors/de-
tectors. This renders our magnon transport experiments as a suitable tool for the
determination of the spin Hall physics in ferromagnets, which otherwise is rather

590f course, electrons in a solid state environment have to be described as Bloch-waves. However,
due to their typically very short wavelength at the Fermi energy (similar to magnons at thermal
energies), the treatment of electrons as particles is justified.
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difficult due to superimposed magnetoresistance effects such as the anisotropic
magnetoresistance. We additionally observed a yet unclear feature referring to
a significant asymmetry of the magnon transport signals under magnetization
reversal of both CoFe and YIG when using CoFe as either injector or detector.
While we could not yet give an answer to this feature, it promises an interesting
starting point for future investigations in this direction.

Chapter 5 covered the modulation of magnon conductivity in YIG via the
implementation of a transistor-like three-terminal magnon transport device based
on Ref. [172]. The application of a DC current to a Pt modulator electrode enclosed
by a Pt injector and detector revealed that the magnon conductivity in ultra-thin
YIG can be tuned very efficiently [12], actually far better than expected from
simulations [172]. In this regard, our main result was the spin current induced
excitation of non-linear magnetization dynamics beneath the modulator, which
has been detected by a drastic non-linear change of the associated magnon con-
ductivity [12]. We extensively discussed this result in the context of spin current
induced magnetic damping compensation as well as the related phenomenon of
magnon Bose-Einstein condensation (BEC). While we could undoubtedly confirm
the damping compensation, the verification of a magnon BEC has eluded an
unambiguous answer. Still, we could demonstrate various features indicating
the formation of a magnon BEC proposed in theory [187,188], among them the
quantitative account for the non-linear magnon conductivity behaviour [188] or
magnon BEC threshold conditions for the applied DC current [187]. Our micro-
magnetic simulations suggested a large spectral coherence of the magnetization
dynamics near damping compensation, corroborating the possibility of BEC forma-
tion. The lack of spatial coherence of the magnetization dynamics, however, does
not support this conclusion since it constitutes a necessary feature of a magnon
BEC. In general, our experiments demonstrated the great potential that lies in the
spin current induced magnon conductivity modulation for the implementation of
magnon-based information technology.

Last but not least, we have demonstrated the first observation of the antiferro-
magnetic magnon Hanle effect by measuring the spin transport between two Pt
strips deposited on the antiferromagnetic insulator (AFI) hematite in Chapter 6 [13].
This novel effect was substantiated by a theoretical framework introducing the
antiferromagnetic magnon pseudospin as a powerful tool to describe antiferro-
magnetic magnon excitations and their dynamics [10]. The main result of these
experiments constitutes the observation of an oscillating magnon transport signal
between positive and negative values as a function of the external magnetic field.
This enables a simple control over the magnitude and sign of the magnon transport
signal. The oscillation could be interpreted as a consequence of the pseudospin
precession frequency, which determines how quickly antiferromagnetic magnon
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excitations transmute between circular and linear polarization states. The cause
of this transmutation could be attributed to a finite coupling between the spin-up
and -down basis states of the AFI, the source of which has been revealed to be the
intrinsic Dzyaloshinskii-Moriya interaction of hematite, its magnetic easy plane
anisotropy and the external field-induced canting of the magnetic sublattices. Our
observation of the magnonic analog of the conventional electronic Hanle effect,
together with its pseudospin description constitutes an important step towards
novel electron-inspired magnonics for future investigations.

Interestingly, we observed no pseudospin dynamics in the thermal magnon
transport data of hematite. We attributed this to the thermal excitation process,
which is not spin-selective and therefore proportional to the field-induced net
magnetization [117]. As a consequence of a lateral temperature gradient generated
across the detector width, we observed the transverse spin Nernst magnetother-
mopower (TSNM) [55]. In particular, the AFI enables a simpler detection of this
effect, since it is far less overshadowed by the thermal magnon transport signal.
Two main results have been encountered with respect to the TSNM: (i) the TSNM
is sensitive to the Néel vector of the AFI and (ii) a vanishing signal modulation was
observed at low temperatures, which we compellingly explained by a vanishing
spin Nernst angle at low temperatures. The latter could be verified by a theoretical
calculation of the temperature dependence of the spin Nernst conductivity being
in perfect agreement with the measured results.

The results presented in this thesis fall rather neatly into the overarching
theme of Control and Manipulation of Magnonic Spin Currents in Magnetic Insulators,
the dedicated title of this work. While we think that our experimental results and
interpretations in this subject have answered many of the associated questions, we
are also glad that it has provoked new issues and ideas. We therefore hope that
the future research in this field will benefit from the results presented herein.
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konnen, bis dahin kénnen wir ja bei Schokolade und Tee/Kaffee bleiben,
statt Schweinebraten und Bier.

¢ Meinem Master Studenten Korbinian Rubenbauer, der frith bewiesen hat,
sehr gute Arbeit zu leisten und mir eine grofie Hilfe in einem wichtigen
Projekt ist. Ich bin mir sicher, dass deine sehr strukturierte Arbeitsweise ein
Erfolgsgarant fiir deine Masterarbeit ist.

¢ Simon Mendisch, Valentin Ahrens und Martina Kiechle fiir eine gute Zeit
auf der JEMS 2019 in Uppsala.

¢ Unseren unverzichtbaren Reinigungskriften Sybilla Ploderl und Maria Botta
fiir ihre positive Art und den zahlreichen “zwischen Tiir und Angel” Gespréachen,
die fiir einen kleinen Ausgleich in den manchmal sehr stressigen Tagen
gesorgt haben.

* Der kompletten technischen Belegschaft des WMI, darunter alle Mitarbeiter
der Werkstatt, der Helium-Halle und der Labortechniker. Ein riesengrofses
Danke fiir eure Hilfsbereitschaft in allen Belangen, sowie eure essentiellen
Beitrdge zur Aufrechterhaltung des wissenschaftlichen Betriebs am WMI. Zu-
dem ein weiteres grofies Danke fiir eure wichtigen Beitrdge zu den festlichen
Anliassen des WMI, ohne euch wiirde das Ganze wahrscheinlich sehr trocken
ausfallen.

¢ Dem Ganzen Team des Kickbox-Vereins (KBV) Erding und allen tollen
Menschen, die ich dort kennenlernen durfte. Am Ende gibt es ja doch nichts
Schoneres, als sich gepflegt zu verdreschen.

* Meinen engsten Freunden Franz (grofs), Franz (alt), Jonas, Manuel, Christian,
Jakob, Daniel, Simon, Max und Georg alias “Fron’, “Schw&ddnz”, “Buabbe”,
“Mabbe”, “Griese”, “Blase”, “Stobbe”, “Simmal”, “Max” und “Schorsch” fiir

die notige Ablenkung vom stressigen Wissenschaftsalltag.

* Meiner Band the Djingerbread experience fir den perfekten Ausgleich auf
musikalischer Ebene.

e Meinen Geschwistern Jutta, Martin und Christine dafiir, immer an mich
geglaubt zu haben und dafiir, die besten Geschwister zu sein, die man sich
wiinschen kann.

¢ Meiner Freundin und Liebsten “Kleinen” Malin. Fiir deine unendliches
Verstdandnis in den stressigsten Momenten dieser PhD-Zeit, fiir deine Ehrlichkeit,
deinen Frohsinn und deine Unkompliziertheit. Ich will dir dafiir danken,
dass du mich wihrend der extremen Schreibphase vor dem Hungertod be-
wahrt hast und mir gezeigt hast, dass man manchmal auch Kunstpausen
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einlegen sollte. Danke, dass du mir so viel Liebe zeigst und mir ein gutes
Gefiihl dabei gibst, zu sein wer ich bin. Kurz gesagt: Ich liebe dich.

* Meinen Eltern Heidi und Alfons, die mir diesen Weg erst geebnet haben. Ich
danke euch, fiir eure immerwéhrende Unterstiitzung und dafiir, mich zu der
Person gemacht zu haben, die ich heute bin. Ohne eure Liebe und Hingabe
fur das Wohlergehen von mir und meinen Geschwistern, ware ich nicht so
weit gekommen. Euch soll diese Arbeit gewidmet sein.

Zu guter Letzt ein bayrisches Sprichwort, das fiir die nétige Ruhe auch in
Momenten grofiter Belastung sorgt: “Schau ma moi, dann sengmas scho!”.
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