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Introduction 1

1 Introduction

As far as our current knowledge extends, our universe is (for the most part) well-described
by the widely accepted Standard Model and thus believed to be made up of matter and
force fields. According to this model, the line of distinction between matter and the force-
carrying particles is their associated quantum-mechanically defined intrinsic angular mo-
mentum - spin. All known matter particles posses a half-integer spin (%), therefore obeying
the Fermi-Dirac statistics (fermions), whereas the force-carrying particles exhibit an integer
spin (7) and are governed by the Bose-Einstein statistics (bosons). The zero-spin Higgs bo-
son can be thought of as a particle manifestation of the equally named field, giving mass to
elementary particles and therefore constitutes a special case.

As a physical observable, spin is riddling the community since its discovery [1] almost
100 years ago, when Uhlenbeck and Goudsmit proposed that Pauli’s 4 quantum number
[2] could be associated with a self-rotation (spin) of electrons. The revolutionists themsel-
ves were, however, aware of the fact that this classical explanation was not adequate [3],
but the term remained until today. The spin of an electron, being an exclusively relativi-
stic quantum-mechanical phenomenon, has as of now no associated classical counterpart,
whereas the spin of photons, for example, can be classically rationalized as the analog of a
light wave polarization. Nevertheless, on account of this strange feature, electrons exhibit
a finite spin magnetic moment, therefore giving rise to magnetism in solids. The magne-
tic moment m.;, associated with the electron’s spin angular momentum S, can be written
as mes = 7S, with v denoting the gyromagnetic ratio. For electrons, this ratio is given as
v = %, where ¢. = —e < 0 and m. denote the electron’s charge and resting mass, respec-
tively, and g =~ 2 is the Landé factor. Using these relations, we obtain the magnetic moment
of a single electron as mes ~ %, generally known as the Bohr magneton p5. These handful

of equations account for one of the biggest findings of the 20"

century physics. However,
several decades passed by until the concept of spin found its first practical applications.
Since the discovery of the transistor, the electronics and information processing techno-
logy were almost exclusively based on semiconductor technology, harnessing the intrinsic
electronic structure of semiconductors and controlling it by using electric fields. Transistors
are thus considered to be one of the greatest inventions of the 20"

certified by the 1956 Nobel Prize in Physics being awarded to Shockley, Bardeen and Brat-

century, which is also

tain "for their researches on semiconductors and the discovery of the transistor effect"[4].
The fast developing semiconductor industry initiated an exponential development of all
spheres of human activity, especially by allowing immense scientific progress by making
personal computers affordable and widely available. Described by the two famous scaling
laws, namely Moore’s [5] and Dennard’s [6] law, it was predicted that the number of tran-
sistors in an integrated circuit would double about every two years and that the power
consumption would scale proportionally with the reduced transistor size. Eventually, Den-
nard’s law was abandoned after being valid for 4 decades [7], whereas Moore’s law is
about to reach its limit, since the size of transistors approaches its physical limit where
quantum tunneling effects start playing an important role [8]]. As further miniaturization
of microelectronic components is increasingly challenging and the demand for low-power
data storage and processing evergrowing, novel approaches and solutions for the field of
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information processing technology need to be provided [9].

Introducing the spin degree of freedom of electrons is a natural route towards the imple-
mentation of current technology via spintronics devices [10]. The field of spintronics aims
for manipulation of the intrinsic spin of the electron and its associated magnetic moment
in addition to its charge. Being a relatively young field, spintronics established as one of
the most promising applied-science fields of the future, yielding important discoveries in
both fundamental research and practical devices. Probably the best known derivative of
spintronics, the giant magnetoresistance (GMR) discovered by Fert [11] and Griinberg [12],
led to a revolution in data storage technology which was awarded by the Nobel committee,
recognizing the importance of this finding with the 2007 Nobel Prize in Physics. Another
important milestone of spintronics is the transport of angular momentum without accom-
panying charge transport - a concept known as pure spin currents [13]]. These currents can
be observed for example in nonmagnetic (normal) metals (NM) as well as in magnetically
ordered insulators (MOI). The insulating nature of the latter prohibits transport of angular
momentum by spin-carrying conduction electrons. In such systems, spin currents mani-
fest in form of spin waves - representing fundamental magnetic excitations in magnetical-
ly ordered materials, known as magnons. Besides the obvious advantage of being able to
transport informations in insulating materials (provided the material is in a magnetically
ordered phase), the absence of charge currents could potentially decrease losses associa-
ted with Joule heating [14]. Furthermore, magnons have an integer spin and belong to the
particle class known as bosons. Contrary to fermions, which are governed by the Pauli ex-
clusion principle, an ensemble of bosons can collectively be driven into the lowest energy
state (ground state), a phenomenon known as Bose-Einstein condensation. In this state,
magnons could theoretically offer dissipationless transport [15} [16].

In this work, we investigate magnon transport in magnetic transistor devices [17, 18] in
the form of NM/MOI heterostructures. A pure spin current, induced by the spin Hall ef-
fect (SHE) [19, 20, 21] in a platinum contact (injector), excites non-equilibrium magnons in
the adjacent MOI layer [22, 23]. These non-equilibrium magnons diffuse trough the MOI
in form of spin waves and can be detected in a second spatially separated and electrical-
ly isolated Pt contact (detector) via the inverse spin Hall effect (ISHE) [24]. Furthermore,
magnons can be excited thermally by means of the spin Seebeck effect (SSE) [25] 26]. Intro-
ducing a third Pt electrode (modulator) placed in between the first two allows to modulate
the transport by additionally exciting magnons thermally (SSE) and electrically (SHE) in
the magnon transport channel, hence tuning the magnon conductivity of the MOI [17, [18].
In order to gain a deeper insight in the underlying physics of magnon transport, we set out
to disentangle the electrically and thermally induced magnon conductivity modulations by
using modulator electrodes made of different materials. The materials were choosen speci-
fically to allow progressive reduction of the electrical contribution and were characterized
by means of spin Hall magnetoresistance (SMR) measurements.

This thesis is organized as follows: in Chap.[2 an overview of the theoretical concepts es-
sential for this work is offered. The experimental details regarding the choice of materials,
the sample fabrication methods and the employed measurement techniques are presented
in Chap. 8| In Chap. [} we characterize different PtAu alloys as potential materials with
pronounced SHE efficiency in a series of temperature, magnetic field and alloy thickness
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dependent SMR measurements on yttrium iron garnet (YIG) substrates. Furthermore we
offer an overview of all metals used in this thesis and precharacterize them by means of
SMR measurements. The center of attention of this thesis is Chap. [5, where we discuss
magnon transport measurements in NM/YIG heterostrucutes, attempting to phenomeno-
logically understand and discern the mechanisms of electrical and thermal magnon con-

ductivity modulation. The thesis is concluded with a summary and an outlook in Chap.

6
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2 Theoretical Concepts

In order to realize devices harnessing the spin degree of freedom, it is of crucial importance
to acquaint oneself with the essence of spin currents as well as with the methods enabling
their generation and detection. The aim of this Chapter is, therefore, to offer a brief over-
view of electronic spin currents (Chap. and the spin Hall effect (SHE, Chap.[2.2), repre-
senting the most prominent way for generating (direct SHE) and detecting (indirect SHE)
pure spin currents. Moreover, we discuss the spin Hall magnetoresistance (SMR, Chap.
effect, which offers an expedient way to characterize the SHE physics of a normal metal
(NM) when structured in a bilayer structure with a magnetically ordered insulator (MOI).
Finally, the excitation and transport of spin waves in form of magnonic spin currents in
NM/MOI bilayers, being the main focus of this thesis, are introduced in Chap.

2.1 Spin Currents

Our intuitive understanding of charge currents inevitably invokes the picture of moving
electrons along a certain direction. However, besides being carriers of elementary charge
ge = —e (with e > 0), electrons are also well known to exhibit an intrinsic spin angular mo-
mentum S = 2. It is due to its quantum-mechanical origin that measuring spin along an
axis (quantization axis) can yield only two results: parallel S = +% = |1) (spin-up) and an-
tiparallel S = —2 = ||) (spin-down) aligned spin states. Thus, we can say that an electronic
charge current is in general accompanied by the transport of spin angular momentum, the-
refore giving rise to a spin current. In order to describe the two simultaneously emerging
currents, we are going to use the two channel model, where the spin-up and spin-down
carriers are considered as separate species. This approach is valid under the assumption
that the time interval between two spin flip scattering events is relatively long compared
to the time interval between two spin-conserving scattering events [27]. The electric charge
current density j., and the corresponding spin current density js, can then be written as
[28]:

Je = —e(mvy + o)) = (G +4y); (2.1)
. h h, ..
Js = 5oy —nyoy) = = (3t = 4y), (2.2)
respectively, with j;, = —eny, v/, accounting for the charge current densities of the two

carrier species, where n; /1 and v4 /1 denote the carrier density and velocity of the particular
species, respectively. A charge current represents a local change of charge with respect to
time, thus the charge current density is given in units of [Am~2]. On the other hand, a spin
current would correspond to change of angular momentum with respect to time, hence the
spin current density is given in units of [J m_z] . That being said, the conversion factor — %
reflects the fact that the electron is considered as an angular momentum carrier (’%) in jg,
whereas it is seen as a charge carrier (—e) in j. [28].

The coupled Egs. 2.1 and 2.2] can be classified by three cases, as illustrated in Fig.
The first scenario, depicted in (a), illustrates a pure charge current. In this case, the current

densities of both spin states are equal (j+ = j,), therefore corresponding to a net charge
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(a) Pure Charge Current (b) Spin-polarized Current (b) Pure Spin Current
si ? ii J, 5' J. J, 9 f‘ 9

T T T AI\ T T T 1\.

Fig. 2.1: [llustration of charge and spin currents in the two channel model. (a) A pure charge
current j. can be represented as the flow of an equal amount of up- and down-spin
electrons in the same direction. (b) A finite spin polarization of the electron system results
in a flow of spin angular momentum accompanying the charge current. (c) An equal

amount of up- and down-spin electrons flowing in opposite directions gives rise to a
pure spin current js. Taken from Ref. [29].

transport without an accompanying angular momentum transport. This is in particular the
case for normal (paramagnetic) metals with vanishing spin-orbit coupling (SOC). In case of
conducting ferromagnets, we typically observe spin-polarized currents. Due to the magnetic
ordering of these materials, one spin state is energetically favored, causing an asymmetry
in the current densities of the two spin states (54 # 7). The charge current is therefore
associated with a spin current, as illustrated in Fig. [2.1] (b). Last but not least, for equally
sized but oppositely directed charge current densities of the two spin states (j; = —j)) as
shown in Fig.[2.1|(c), we observe a pure flow of angular momentum without accompanying
net charge transport - a pure spin current. It is important to point out that such a two channel
model is intended to give an intuitive understanding of spin currents, but is limited to
systems where the spin currents are carried by electrons. References [30, 31, 32} 33] offer
more general approaches for defining the spin current density.

2.2 Spin Hall Effect

i ?/Spin Hall Effect V Inverse Spin Hall Effect

Jc

Fig. 2.2: Spin dependent scattering of conduction electrons in paramagnetic materials due to spin-
orbit coupling. (a) An applied (pure) charge current j. gives rise to a transverse (pure)
spin current js as a consequence of the spin Hall effect (SHE). (b) In a similar fashion, a
(pure) spin charge current js will give rise to a transverse (pure) charge current j., owing
to the inverse spin Hall effect (ISHE). Taken from Ref. [34].
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The electrical generation and detecti-
on of pure spin currents in this thesis is ‘é/
governed by the spin Hall effect (SHE). A,. : ﬁ,
This effect was predicted and phenome- K "u..,. :
nologically described by Dyakonov and \ j R :

LR C

Perel [19] and subsequently theoretically .
reformulated by Hirsch [20]. It would ta- ...

ke more than 30 years after the original : gy

BN
2

prediction until the first experimental ob- : :""“.,.c
servation of the effect by Kato et al. [21]. : .
For conductors with high SOC, an app- ’?, :

lied charge current j. will lead to spin de- K?,

pendent scattering and deflection of the

flowing electron spins as a consequence Fig. 2.3: The spin-quantization axis for paramagne-
tic materials is arbitrary, thus any spin di-
rection with a component perpendicular to
the charge current is going to be deflected
side-jump-scattering) and intrinsic band- according to Eq. Furhtermore, upon re-
versal of the charge current j., the SHE-
induced spin current js is reversed as well.
se curvature). Consequently, the opposi- The same effect can be achieved by inver-

tely oriented spin states obtain transver- ting the sign of the spin Hall angle 6sy. The-
se observations are as well valid for the IS-

HE, governed by Eq.

of the combined influence of extrinsic im-
purity scattering [35,36,37] (i.e. skew- or

structure effects [38, [39] (i.e. Berry pha-

se velocity components in opposite direc-
tions, leading to their spatial separation
and therefore giving rise to a transverse spin current js, as illustrated in Fig.[2.2](a). Satisfy-
ing the Onsager reciprocity principle [40], a spin current js will be converted into a charge
current j. due to the same underlying physics, enabling the inverse spin Hall effect (ISHE),
as illustrated in Fig.[2.2|(b). The figure of merit for these conversion processes is the dimen-
sionless spin Hall angle sy, reflecting the efficiency of the charge-to-spin/spin-to-charge
conversion. We can summarize the SHE and ISHE mathematically with the following equa-
tions [41]]:

) h .
Js = HSH%JC X 8, (2.3)
. 2e
Jc = HSHEJS X 8, (2'4)

respectively. Heavy metals, such as platinum (Pt), tungsten (W) or tantalum (Ta), typically
have large SOC and thus large spin Hall angles 65y, whose sign can vary (c.f. Fig.[2.3). An
overview of the metals used in this thesis, together with the literature values of their spin
Hall angles fsy can be found in Tab.

It is important to point out that the SHE is probably the most convenient and eminent
way of generating and detecting pure spin currents in normal metals, with the distinct ad-
vantage that the spin current can be generated and detected in a single material [42]. One
can also utilize nonlocal spin injection [43]], spin transfer torque [44], spin pumping [24]
and the spin Seebeck effect [45], which require a bilayer structure, with the spin current
being generated in one and subsequently detected in the other material of the bilayer. Ne-
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vertheless, the SHE was exclusively employed in NM/MOI bilayers within this thesis, as

we are going to evince in the following.

2.3 Spin-Hall Magnetoresistance

In the most simplistic picture, one can define magnetoresistance as the susceptibility of a
material to change its electrical resistance if placed in an external magnetic field, as firstly
discovered by W. Thomson (Lord Kelvin) in 1857 [46]. Nowadays, magnetoresistance ef-
fects depending on the magnetization direction of a magnetic material, namely anisotropic
[47], giant [11] and tunnel [36] magnetoresistance are considered to be all-important effects
in data storage technology. Being observed in metallic magnets, these effects rely on the
flow of conduction electrons through the magnet. The spin Hall magnetoresistance (SMR),
reported by Nakayama et al. [48] for NM/MOI bilayers, has shown to be a fundamental-
ly different magnetoresistance effect, since the bilayer resistance reflects the magnetization
direction of the interfaced MOI, even though the NM’s conduction electrons cannot enter
the MOL In order to gain a deeper insight in the underlying physics of this effect, we will
consider a NM/MOI structure as illustrated in Fig.

b)

Fig. 2.4: Two limiting cases of SMR in a NM/MOI bilayer. (a) For m || s, the SHE-induced spin
current js cannot enter the MOJ, thus being reflected as jref, therefore resembling the
NM behavior in absence of the MOL (b) m L s, js partially enters the MO], causing a
decrease of j7¢/, compared to the first case, subsequently resulting in an increase of the
resistance. Adapted from Ref. [49].

If we apply a charge current —j. to the NM in the j-direction, a SHE-induced transverse
spin current js will flow along —n, with an interfacial spin polarization s pointing along —t
and a NM with positive fgp. This will lead to a finite spin accumulation ps at the NM/MOI
interface, provided that the interface is distanced within the length scale of the spin diffu-
sion length )s. The spin accumulation is given as ps = uls, with u [J] denoting the spin
chemical potential at the interface. Generally, spin chemical potentials arise as the result of
spatial separation of opposite electronic spin states yis = uy — py (114, represents the spin
chemical potential of the particular spin species) and its gradient represents a driving force
for spin currents. Since we are considering a NM/MOI bilayer, we need to introduce the
magnetization M, with m = M /| M| being the corresponding magnetization direction of
the MOL. In the case of a parallel alignment of m and s, as depicted in Fig. (@), ps will




Theoretical Concepts 9

as well be parallelly aligned to m, therefore not exerting any spin orbit torque (SOT) on
M [50]. As a consequence, the SHE-induced spin current cannot penetrate the MOI, thus
prohibiting the flow of any interfacial spin current. This results in the total reflection of the
SHE-induced spin current, giving rise to the reflected spin current jI*' (note the change of
direction), which is, via the ISHE, converted into a charge current — ngHE flowing in the
same direction as the initial —j. (c.f. Eq. . This case fully resembles the case of the isola-
ted NM, therefore yielding the same resistance as for the plain NM. For the perpendicular
alignment of m and s, however, p is able to exert SOT on M [51]], with a spin current js jnt
flowing across the interface, therefore causing partial absorption of the spin accumulati-
on us at the interface. As a consequence, the reflected spin current 52°f will be reduced as
compared to the first case, giving rise to a lower ISHE-induced charge current —3j5HE. In
summary, we observe a partial dissipation of the initial charge current —j. into the MOI for
m L s, which corresponds to the resistance change known as SMR. The exact amount of
the spin accumulation/spin current being absorbed in the MOl is governed by the so-called
spin mixing conductance g'. It measures the number of spin-flip scattering events at the
particular NM/MOI interface when m L s and can thus be understood intuitively as the
number of open channels for spin transport across interfaces with mutually perpendicular
spins [52, 53} 54, 55]]. The effect can be quantified by writing down the expression for the

interfacial spin current [34]:

. PSR S NN
Goant(T = 0) = — (g/* + gl*m>x) (s x m), 25)

with giT vand g corresponding to the imaginary and real part of g™, respectively. We will
try to offer a simple explanation for this rather complicated expression which is fully eluci-
dated in Ref. [34]. Obviously, both terms in the equation, with corresponding torques giN
and gy, will only be finite for non-collinear alignment of ps and m. Furthermore, the
second term o< m x (s x m) is governed by the dephasing of spins scattered at the in-
terface due to their precession in the exchange field of m. This dephasing results in a loss
of transverse spin momentum that is transferred to the magnetic order. Due to incomplete
dephasing however, finite transverse momentum will be preserved, therefore directly exer-
ting torque o< ps x m to the magnetic order. Taken together, the two contributions sum up
to Eq. For a phenomenological description, we are interested in the longitudinal resi-
stance change of the NM in the bilayer as a function of the magnetization direction m. We
can therefore write [48]:

Plong = Po + Ap (1 - (m ’ t)2) ) (2.6)

with py = p, corresponding to the resistivity of the NM itself and Ap = p|—p_ corresponds

to the SMR-induced resistivity change (p, and p|| designate the NM'’s resistances for j. L
™

m and j. || m, respectively). For ¢,* < glﬂ, the resistance change can be related to the

microscopic parameters as [48} 50]:

Ap 035 (222pxn) (txm) 1ol tanh(53)
Po 2% + QASpNng coth(tﬁ—i“)

2.7)
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where pnu, i and g correspond to the resistivity, thickness and spin diffusion length of
the NM, respectively. As for the requirements of this thesis, the SMR effect was employed
as a powerful probe for characterizing the SHE efficiency of different NMs deposited onto
distinct yttrium iron garnet (YIG) films. The SMR amplitude essentially depends on fsy,
As, g™ and is therefore strongly depending on the quality of the NM/MOI interface and
the general fabrication process quality. By conducting SMR measurements, it is thus pos-
sible to characterize the injection of SHE-induced spin currents in the MOI for a particular
NM/MOI interface (thereby taking into account sy, As and g™), which is of significant
importance for the measurements in Chap.[5] Let us point out that the description of SMR,
as offered above, is completely valid only for the zero-temperature limit, whereas finite
temperature effects affecting the SMR will be discussed in Chap. 4

2.4 Magnon Transport

By patterning NM/MOI bilayers
with two finite-distanced electro-
des, as depicted in Fig. we are
able to harness the insulating na-
ture of the MOI to the point whe-
re transport of angular momentum
is enabled by magnons, rather than
by moving charge carriers. As we
are going to elucidate in the follo-
wing, a charge current applied to
the left (injector) electrode causes a
spin accumulation at the NM/MOI
interface, subsequently generating

magnons in the MOI. These non- Fig. 2.5: Schematic illustration of a NM/MOI bilayer struc-

ture with two electrically isolated electrodes. Ap-
plying a charge current j. to the left electrode (in-
jector), will give rise to a transverse SHE-induced
spin current js and increase the electronic sys-
tem’s temperature to 7, due to Joule heating. The
SHE-induced spin accumulation at the interface
either excites or annihilates magnons in the MO],

equilibrium magnons tend to dif-
fuse in the MOI, eventually arri-
ving at the right (detector) electro-
de, where we can detect the ma-
gnon diffusion current by means of

the ISHE. Magnon transport, as de-
scribed here, was first theoretical-
ly proposed by Zhang and Zhang
57], experimentally achieved
by Cornelissen et al. and con-
firmed by Goennenwein et al. [23]].

Contrary to metallic systems,
where spin currents are constituted
of moving charges, as described in

depending on the direction of j., whereas the mis-
match of T, and Ty, the latter being the tempera-
ture of the magnon system, at the interface, excites
magnons due to the spin Seebeck effect (SSE) for
arbitrary direction of j.. The non-equilibrium ma-
gnon accumulation p,, causes a magnon spin dif-
fusion current in the MOI, which induces a spin
accumulation at the second NM/MOI interface,
that can be detected at the electrode (detector) via
the ISHE. Adapted from Ref. [29].

Chap. spin currents in magnetic insulators are referred to as spin waves. Due to the
strong exchange interaction in these materials, a local perturbation of the magnetic order

10
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leads to high frequency dynamic vibrations of the spin system, with frequencies in the GHz-
or even THz-regime [34]. For an accumulation of coupled electron spins (%/2), a single ma-
gnon excitation could be portrayed as the inversion of a single spin state (h/2 + h/2 = h),
but spread across multiple localized spins. Each of those localized spins is then slightly
tilted with respect to the others, with the spin flip event being prevailed on a length scale
defined by the wavelength (energy) of the magnon.

As already stated, a charge current applied to the NM injector will cause a magnon dif-
fusion current in the MOI. The exact mechanism of the magnon generation is, however, a
synergy of multiple effects. In order to discuss this matter in more detail, it is important
to properly define the total spin current flowing across the NM/MOI interface for finite
temperatures [58]:

. 1 /4 .
Gaint = 7 (gi” + gﬂ?ﬂX) (s X M — hin) + [g(ptm + pts - M) + So(Tn — o)l m,  (2.8)

where the direction of j jns designates the spin polarization of the spin current (the current
itself is flowing across the interface- perpendicular to it). gﬂ and gi” correspond to the
real and imaginary part of the effective spin mixing conductance §'™, which is the finite-
temperature correction of the spin mixing conductance g™ defined in Chap. The spin
conductance g represents a measure of the interface spin transparency [59, 56, 57] at finite
temperatures for s || m, whereas S, denotes the spin Seebeck coefficient which is associated
with thermally driven currents due to the temperature difference of the magnonic 7, and
electronic 7T, bath.

Let us now briefly discuss all individual terms given in Eq. The contributions related
to pus x m were already explained for the zero-temperature case in Chap. We recall that
this term is finite for m L pu, giving rise to torques, which are perpendicular to m. This will
lead to excitation of transverse spin excitations, which will dephase on a short lengthscale.
The terms associated with the time derivative m reflect the spin pumping contributions
as a consequence of coherent precession of the magnetization M [60, 61} 62]. For the SHE-
induced magnon transport considered within this thesis, however, typically no coherent
magnetization precession is excited and we can neglect this contribution.

The contribution proportional to g, on the other hand, reflects inelastic spin flip scatte-
ring events of the spin polarized electrons when m || pus [34, 58]. Hereby, the scattered
electrons will release a part of their energy and, depending on the relative orientation of
ps and m, transfer their spin angular momentum to excite (parallel alignment of pg and
m) or absorb (antiparallel alignment of p1; and m) a magnon in the thermal spectrum. This
will subsequently cause a non-equilibrium magnon accumulation or depletion, which is
described by the magnon chemical potential z,. The non-equilibrium magnon accumula-
tion/depletion will represent longitudinal spin waves (since parallel aligned with m), and
therefore contribute to the magnon transport at finite temperatures. We can understand the
requirement for finite temperatures intuitively if we think of this process as a coupling of
the electron spin accumulation to thermal fluctuations of the magnetization, rather than to
the magnetization itself. Finally, the term associated with S is as well a finite temperature
effect, since the temperature difference 77, — T¢ is required as the driving force. Furthermo-

11
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re, we can deduce that this contribution, known as the spin Seebeck effect (SSE) [25 163],
is not depending on the relative orientation of m and pus, giving rise to a spin polarization
parallel to m.

If we now apply these observations to our macroscopic picture, the contributions pro-
portional to g will arise as a consequence of the SHE-induced spin accumulation at the
interface. Furthermore, by switching the polarization of the current applied to the injec-
tor electrode, we can change between magnon accumulation and depletion for a fixed m,
due to the symmetry of the SHE (c.f. Eq.[2.3|and Fig.[2.3). Both scenarios will cause a non-
equlibrium magnon chemical potential, therefore causing a finite magnon spin current to
flow in the MOL. If the non-equilibrium magnons are able to reach the detector, an elec-
tron spin accumulation in the NM layer will be induced and subsequently detected via the
ISHE, hence employing the SHE symmetry twice. Joule heating, emerging as the conse-
quence of applying a charge current to a material with finite resistance, will cause magnon
injection, as described by the SSE contribution. Since the heating-induced magnons are not
depending on ps, the symmetry of magnon transport due to thermally induced magnons
will be governed by the ISHE at the detector only.

After introducing the injection and detection of magnons in a MOI via the (I)SHE in the
preceeding paragraphs, we now describe the diffusive transport of a magnon accumulation
im in the MOIL Having an integer spin, magnons obey the Bose-Einstein statistics, and are

)
therefore described by a bosonic distribution function [59] f (7, €) = (exp <Z;EE:§> - 1) ,

with space-dependent magnon chemical potential pup,(7) and temperature 7}, (r) [59]. Uti-
lizing the Boltzmann transport theory approach, one can show that the magnon spin and
heat currents in the MOI system are driven by gradients of the magnon chemical potential
Vium and temperature V7, with the latter being characterized as a minor correction for
sufficiently large lengthscales [34] 59]. Therefore, we can write the magnon spin diffusion
equation as [34]:

D V2 = H2 (2.9)
Tm

where Dy, and 7, correspond to the magnon diffusion constant and the magnon lifetime,
respectively. We can identify the magnon diffusion length as A\, = y/Dy,7m. Taking into
account the previously offered considerations about magnon transport in a MOI, we can,
without loss of generality, reduce Eq. to the 1D case to highlight the regimes of ma-
gnon transport. We discern between two limiting cases: the first one given by d < Ay,
gives a spatial decay of the magnon current according to 1/(2d), corresponding to a diffu-
sion similar to electron diffusion, without magnon spin relaxation, whereas the second one
given by d > A, corresponds to an exponential decaying magnon current, governed by

exp(—d/Am).
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3 Experimental Details

Research conducted within this thesis was based on patterning metallic micro- and na-
nostructures onto the magnetic insulator yttrium iron garnet (Y3Fe5012), more commonly
known as YIG, by means of electron beam litography and sputter deposition. In this Chap-
ter we present details regarding the used materials (Chap.3.T), furthermore describing the
processes of sample fabrication (Chap. and finally giving a brief overview of the diffe-
rent utilized measurement techniques (Chap.[3.3).

3.1 Material Systems

The magnetic insulator analysed in this thesis is the rare-earth iron garnet ferrimagnet
Y3Fe5015. The Y37 ions are dodecahedrally coordinated, while the Fe37 ions are octahe-
drally (two ions: Fe* ) and tetrahedrally (three ions: Fe ) coordinated to O~ ions, as shown
in Fig. 3.1 (a). In total, YIG reassembles a body-centered-cubic (bcc) crystal structure, with
the conventional unit cell containing 80 atoms (12 Y3+, 8 Fe3+(®), 12 Fe3+(d) and 48 02~
ions), corresponding to 4 molecular formulas of YIG [64]. Since the Y3 and 0%~ ions have
completely filled shells, they only exhibit a weak diamagnetic contribution when an exter-
nal magnetic field H is applied, showing no spontaneous magnetic moment. The magnetic
character

(@) Tetrahedral site (b)

Md Mnet

Fe Fe

Dodecahedral site

Octahedral site

Fig. 3.1: (a) Schematic illustration of YIG crystal structure. The Y37 ion (pink) occupies the dode-
cahedral site, whereas Fe* ions occupy the tetrahedral (green) or octahedral (red) site,
all of them being coordinated to O~ ions (purple). (b) Corresponding Fe sublattice ma-
gnetizations: My, (green) and M}, (red) being the magnetizations of the tetrahedral and
octahedral sites, respectively. Note that Mj* || H. Adapted from [65].

of YIG stems from the 3d electrons of the Fe?*t ions, with each ion carrying a magnetic
moment of 5up. Within the individual magnetic sublattices, the moments are ferromagne-
tically exchange coupled, however, the antiferromagnetic superexchange coupling [66| 67]
between the nearest Fe?*(®) and Fe3+(4) jons is predominant, causing a strong antiparal-
lel coupling persisting up to very high external fields (above 250 T [68]) and temperatures

13
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Metal Z p(Qm) Osu (%) Asd (nm)
Al (4.2 K)[43,70] 13 9.5-1078 0.032 4 0.006 455 + 15
Ti (295 K)[71] 22 3.0-1076 —0.036 £ 0.004 ~ 13.3
Ru (4.2 K)[72] 44 9.5-1078 — ~ 14
Ta (295 K)[73] 73 2.0-1076 -3+1 1.54+0.5
Ir (295 K)[74] 77 2.5-1077 ~ 2 1.340.1
Pt (295 K)[75] 78 3.3-1077 11+£8 1.54+0.5
Au (295 K)[76] 79 4.9.1078 8.44+0.7 ~ 60

Tab. 3.1: List of metals used for fabrication of the NM | YIG heterostructures, with indicated ato-
mic number (Z), resistivity (p), SHE angle (6si) and spin diffusion length (Asq).

(T. = 559K [69]). This, hence allows approximating YIG with a ferromagnet with a net
magnetization of M2 = M3 + M2, as depicted in Fig. 3.1|(b), adding up to a net ma-
gnetic moment of 20up per unit cell. The crystal’s cubic symmetry is also reflected in its
magnetic anisotropy. One must point out that only thin-film YIG crystals were used within
this work, introducing an additional shape anisotropy which basically confines the magne-
tization within the sample’s plane. Taking into consideration the perfected crystal growth
method as well as the fact that YIG is best known for having the lowest spin-wave dam-
ping coefficient, it becomes clear why it became the material of choice when studying new
phenomena in magnets [64].

This research focused on studying NM | YIG heterostructures. For that purpose we used 2
types of YIG samples: commercially available 2 pm thick YIG films grown via liquid phase
epitaxy (LPE) on (111)-oriented Gadolinium-Gallium-Garnett (GGG) substrates and ultra-
thin YIG films (~ 10nm) grown at the Walther-MeifSner-Institut (WMI) via pulsed laser
deposition (PLD) on (100)-oriented GGG substrates. The thick LPE YIG films were used
for the spin Hall magnetoresistance studies in Chap. 4} since they are commercially availa-
ble providing multiple samples for this study. For the current induced modulation studies
of magnon transport in Chap. [5| thin films grown by PLD were used, since the effects in
current modulation only are detectable in the thin film limit. In order to enable differen-
tiating between thermally and SHE induced effects, we used a variety of metals, featuring
small or even vanishing spin Hall angles, thereby progressively reducing the SHE-induced
contribution. The deposited metals among some properties are listed in Tab.

3.2 Sample Fabrication

The aforementioned types of YIG samples were used with different objectives. In the follo-
wing Chapters we are going to discuss this matter in detail, but for now it is important to
note that we employed distinct fabrication methods for the individual samples. Neverthe-
less, the sample fabrication processes were specifically tailored to maximize the interface
conversion of the electron spin current to a magnon spin current (and vice versa). This ena-
bles us to achieve the highest efficiency of the SHE/ISHE in the NM, thus allowing the
usage of these effects for injection and detection of magnon waves in the magnetic insu-
lator YIG. Therefore, we applied thin metallic films via sputter deposition on top of YIG,
patterning them into micro- and nanostructures by utilization of electron beam lithogra-
phy and lift-off techniques. Here, we summarize the different fabrication procedures by

14
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* &
S &

Fig. 3.2: Summary of fabrication process with wedge sputtering. (a) Prior fabrication the YIG film

is extensively cleaned. (b) Resists are spin coated and baked out. (¢) Written and develo-
ped sample. (d) Material deposited in wedge-form. (e) Lift-off. (f) Finalized sample.

resist spin baking base development
layers coating out dose time
alignment/ PMMA/MA33% 1min @ 4000rpm 2min @ 170°C 3 Cm—2 90
focus markers PMMA-Electra92 1min @ 4000rpm 2min @ 90°C m °
macrostructures PMMA 600K 1min @ 4000rpm 2min @ 170°C 485 Cm—2 1205

(bondpads) PMMA-Electra92 1min @ 4000rpm 2 min @ 90 °C

PMMA 600K 1min @ 4000rpm 5min @ 170°C
PMMA 950K 1min @ 4000rpm 5min @ 170°C 5.6 Cm ™2 120s
PMMA-Electra92 1min @ 4000rpm 2min @ 90°C

nanostructures
(bondpads)

Tab. 3.2: Summary of resists and lithography parameters used for the different types of structures.

describing a general fabrication process, step by step, and offer a more detailed overview
subsequently.

Prior every lithography step, the YIG samples are cleaned with acetone and isopropanol
(IPA) in an ultrasonic bath. The starting ultrasonic power level (i.e. for a blank sample) is
put to maximal output, and gradually reduced for every successive step, in order to mini-
mize damaging the previously fabricated structures. The sample is then blow-dried with
nitrogen and spin-coated with multiple (distinct) resist layers and baked out on a hotplate
after each coating. For achieving the optimal writing process in terms of avoiding surface
charge accumulation (due to the fact that YIG is an insulator), the last coated resist layer
is a conductive resist. Following the preparation, we install the sample into the NanoBe-
am nB5 electron beam lithography system (NanoBeam Ltd.) which was used for the writing
process. The used resists are so-called positive resists: the resist vanishes, after applying
an appropriate developer, at a point where the surface was irradiated with the electron
beam. After finishing the writing, the conductive resist is removed by rinsing the sample
in dionized water (~ 20s) and the sample blow-dried. All samples are then developed in
the AR 600-56 developer and subsequently rinsed in IPA (~ 30s) with the aim of stopping
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(a)
(d)

® e
& &

Fig. 3.3: Summary of nanostructures fabrication process. (a) Prior fabrication the YIG film is ex-
tensively cleaned. (b) Resist are spin coated and baked out. (c) Written and developed
sample. (d) Patterned Pt injector and detector. (e) Patterned modulator. (f) Finalized sam-

ple.

the development process and removing unwanted residues of the resist. The sample is her-

eby prepared for the sputter deposition. For removing the unwanted sputtered material

we apply a lift-off technique. The sample is therefore submerged in a previously heated

up (~ 70°C) acetone bath for at least 15min and gently pipetted to support the process.

Finally, we put the sample into the ultrasonic bath at the lowest power level for few short

bursts only, in order to remove any potential unwanted metallic remains. Hereby, one pat-

terning step, as illustrated in Fig.|3.4} is completed. The specific lithography parameters for

the used resists are listed in Tab.[3.2]

The entire fabrication process of the
samples consists of four patterning steps.
In the first step we pattern ~ 45 nm thick
platinum (Pt) markers, which are used
for focusing the electron beam as well as
for the alignment of the structures pat-
terned in the following steps. In the se-
cond step we pattern pure Pt structu-
res, whereas in the third step we pattern
one/multiple other metallic films. Final-
ly, we pattern ~ 50 nm thick aluminum
(Al) lead and bonding pads, which are al-
lowing to connect the structures electri-
cally. The fabrication of the two sample
types differed in terms of the 3"¢ and 4"

Developing

Fig. 3.4: Scheme illustrating one patterning step.

step. For the microstructures sputtered onto the LPE-grown YIG samples, we utilized the so

called wedge sputtering technique: the wedge shutter (i.e. the shutter covering the sample
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prior/after the deposition process which is normally used to prevent unwanted depositi-
on) was gradually opened during the material deposition process, causing a thickness gra-
dient in the structures, thus allowing thickness-dependent measurements on one sample.
This was done for pure Pt (37? step) and with different alloys of Pt and gold (Au) (4" step),
each of them being patterned in a distinct row. The fabrication process is summarized in
Fig. For the nanostructures sputtered onto the PLD-grown YIG samples, we patterned
~ 5nm thick Pt devices for injection/detection of spin waves (3"? step), whereas different
metallic films of equal thickness were patterned in order to extensively investigate magnon
transport properties (4" step). Additionally, pure Pt structures with two and three strips
were patterned for reference devices. This fabrication process in illustrated in Fig.

3.3 Setup and Measurement Techniques

Upon completing the fabrication,
the samples are glued onto a chip

carrier and connected to its Cop- (@) (b)

per (Cu) contacts by Al-wire bon- — — .

ding, as shown in Fig. We then Y
install the sample on a dipstick, +

+ -
which is inserted into a super- I@ <V> lim@@nj gd;@lmo ;
+

conducting magnet cryostat. Even - -

though the magnet itself is opera- A

ted at very low temperatures, the —

so-called variable temperature in-

sert (VTI), where the sample resi-

des within the cryostat, allows to Fig. 3.5: Schematic illustration of patterned and contacted

set the sample’s temperature wi- structures. (a) The microstructures are patterned
thin th fOK < T < into strips of 940 um length and 20 um width. (b)

i e' range o - S.ample - The nanostructure devices consist of three elec-
300 K with a 10 mK precision. The trodes: injector, modulator, detector (going from
measurements are conducted with left to right). Injector/detector are 50 pm long,

500 nm wide and 5nm thick, whereas the modu-
lator strips are 64 pm long, with widths ranging
gnet cryostat setups at the Walther- from 100nm to 1000 nm and thicknesses ranging

Meifsner-Institut: a 1D magnet with from 5nm to 15 nm.

a field strength of up to o = 7T

two different superconducting ma-

with the possibility to rotate the sample by utilizing an electronic stepper motor, and a 3D-
vector magnet reaching magnetic field strengths of up to o = 2.5T and poH = 6T, in
the horizontal plane and in the vertical direction, respectively. Therefore, both setups are
well suited for angle dependent measurement, being the main type of measurements per-
formed in this thesis. For the SMR measurements (Chap. @), we apply a DC charge current
to the electrode and measure the voltage drop along it (c.f. Fig. (a)). For the magnon
transport measurements (Chap.[5), we apply either a DC or an AC charge current j,j to the
injector electrode and measure the voltage output at the detector electrode (c.f. Fig.{3.5/(b)).
Additionally, a DC charge current I,,,,q is applied to the modulator electrode. Note that
in the case of the DC-type magnon transport measurements, we are able to simultaneous-
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OOoPJ

Fig. 3.6: Schematic illustration of the three orthogonal magnetic field rotation planes. (a) The ex-
ternal field is rotated in the thin film plane (IP). (b) The field is rotated out of plane
around the j-axis (OOPJ) (c¢) The field is rotated out of plane around the t-axis (OOPT).
(d) IP rotation for a three strip structure.

ly conduct SMR measurements at the injector electrode. Depending on the superconduc-
ting magnet cryostat setup, the angle dependent magnetoresistance and magnetotransport
measurements are performed either by rotating the sample within a static external magne-
tic field (1D magnet setup) or by rotating the external magnetic field around the sample
(3D magnet setup), with both approaches yielding the same result. Furthemore, we define
three mutually orthogonal rotation planes, as depicted in Fig.

Due to the small scales of our devices, applying charge currents of the order of magni-
tude of 100 pA results in relatively high current densities (jin; ~ 10'°Am™2), giving rise to
both electrically (SHE) and thermally induced magnons. In order to be able to distinguish
between the contributions from electrically and thermally excited effects, we employ two
different measurement techniques based on application of AC (Chap. and DC (Chap.
currents to the injector, both being well suited for investigation of magnon transport
[77].

3.3.1 DC Current Reversal Method

The DC current reversal method was initially used for SMR measurements of devices
shown in Fig. Let us therefore start by considering a device contacted as illustrated in
Fig.[3.5/(a). The method itself, as the name suggests, is comprised of applying DC currents
of positive (+I) and negative (—I) polarity subsequently to the device. The corresponding
voltage drops V™ = V(+I) and V— = V(—I) are recorded simultaneously. This allows
us to harness the symmetries of the electrical and thermal effects in order to differentiate
between the corresponding contributions. The electrical voltage contribution switches sign
upon polarity change (i.e. V! is proportional to odd powers of I), whereas the thermal vol-
tage contribution is insensitive to the polarity change of the current (i.e. V! is proportional

to even powers of I). Therefore, we can calculate the individual contributions as:

+ _ —
pe VoV (3.1)
2
t Ly
b _ V2 EV "; : (32)
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The measurement method was then adapted for the nanodevices (Fig. , contacted as
depicted in Fig. 3.5 (b). In case of measurements without applied current at the modulator
(Imoa = 0), or for reference devices without the modulator electrode, we can fully adapt
Egs.[3.1]and [3.2| for magnetoresistance voltage measurements (c.f. Chap. at the injector
as well as for magnon transport voltage measurement (c.f. Chap. at the detector:

+ —
Vvinj/det o ‘/inj/det

Vieh et = 5 (3.3)
Vi get T Vims
VIS}?Z{Q _ inj/det > inj/det . (34)

By this we established an adequate procedure for distinguishing between thermal and elec-
trical voltage contributions at injector and detector. We now want to utilize the modulator
electrode (c.f. Chap. in order to manipulate the magnon transport between injector
and detector via an additional SHE-induced and thermal injection of magnons. However,
by applying a finite DC current at the modulator (/.04 # 0), we will also alter the signal
at the detector by superimposing an additional contribution stemming from the modula-
tor electrode. Since we want to measure the change of magnon conductance for the signal
originating from the injector exclusively, we must account for the signal emerging from the
modulator. This is done by refining the current reversal method by introducing an additio-
nal measurement point for zero current at the injector. The applied current sequence at the

Vdoet, Vi, measured

injector becomes +/i,j, 0, —Iiyj, with the corresponding voltages VdJr ot

et?
at the detector [} Finally, we obtain:
(Vngt - Vdoet) ~ (Vaet = Vdoet) tht — Vet

Vel — = 3.5
det 2 2 ( )

y/therm _ (tht — Vdoet) + (Viger — Vc?et) _ det + Vaes

det 2 9
The right hand sides of Egs. 3.5 and [3.6/ hold only if the characteristic current sequence
is applied to the injector for a constant modulator current. We see that in this case the

- V.. (3.6)

electrical contribution from the modulator will be filtered out automatically, whereas the
modulator’s thermal contribution needs to be subtracted by hand. Furthermore, in order to
increase precision we repeat the measurement 5 times for every external parameter setting.
The final values for both contributions are obtained by taking the arithmetic mean of the
5 measurement sequences. As for the instruments, we used Keithley 2400 Sourcemeters to
feed currents through the devices, with typically measuring the voltage at the injector and
modulator with Keithley 2010 Multimeters and the voltage at the detector with Keithley
2182 Nanovoltmeter.

3.3.2 AC Lock-In Detection

In case of the AC- readout technique, we apply an AC stimulus to the injector, rather than
sequences of DC currents, while a constant DC current is applied to the modulator simul-

DT. Wimmer proposed the name Current Staggering.
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taneously (Fig. (b)). The frequency-sensitive voltage feedback at the detector is then
measured via a lock-in detection scheme, allowing to filter out the direct modulator contri-
bution. In order to minimize the capacitive and inductive coupling between the nanostrips,
which might overcast the magnon transport signals, we used very low frequency currents
~ 7Hz. Furthermore, the frequency f was chosen such thatn - f # m - 50Hz (m,n € N),
assuring that it does not coincide with multiples of the frequency of the AC power outlet
[34]. In particular, a sinusoidal shaped AC current Ii,j(t) = Ipsin(wt) was applied to the
injector, with w = 27 f and the injected current amplitude Iy. This will subsequently give
rise to a voltage at the detector, oscillating with the same frequency, due to electrical and
thermal magnon transport driven by Ii,;(t). As for the previous method, we want to obtain
the ability to differentiate between the thermal and electrical effects. For this purpose, we
can, without loss of generality, write the measured voltage response Vg () at the detector
as an expansion with respect to the injector current Ii,(¢) :

Vdet ZR 1nJ RlI]l’lJ( ) + RQI?HJ( ) + O(Ilz);n( )) (3.7)

Here, R; are the transport coefficients carrying information about the conversion processes
at the injector/YIG and YIG/detector interfaces as well as the transport in the YIG layer.
Note that in the right hand side of Eq. [3.7] we consider powers of the detector current up
to second order only, since the higher order contributions can be neglected for sufficiently
small injector currents. The lock-in detection method allows us to measure an arbitrary n'®
harmonic voltage signal V"* in form of two components. This is achieved by first multiply-

ing Vjet(t) with two sinusoidal reference signals mutually shifted by 90° (i.e. V¢!

sin(nwt)
and V{®! cos(nwt)), one at a time, and subsequently integrating the multiplied signals over
a time interval 7" much larger than the oscillation period of Ii,j(t) (i.e. T' > 1/ f). We obtain

Vi as

t+T
= \[/ ref sin(nwt’) Vget (¢')dt! (3.8)
+
\j( / yref cos(nwt’) Vet () dt! (3.9)
t

Inserting Eq.[.7)into Eqs.[3.8/and [3.9] yields for the first two harmonic voltages:

V¥ = 1Ry cos(¢p) VA = I} Ry sin(9) (3.10)

V@ = I?Rysin(26) V& = IRy cos(24). (3.11)

It has become obvious that the first (Egs. and second (Egs. harmonic voltage
signals correspond to effects that are odd and even under current reversal, respectively,
thereby allowing to differentiate between electrical and thermal effects in magnon trans-
port measurements.

Furthermore, it is possible to transform the measured signals so that the full signal re-
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sponse emerges in only one of the components. This is achieved by applying a rotation

(VQ?’) _ (cos(mb) —sin(ng) | (VR (3.12)
Ve sin(ng) cos(ne) Vg

Here, we need to point out that the phase ¢ is determined iteratively, by applying the

matrix to our signals:

rotation matrix to the harmonic voltages for different values of ¢ until the signal appears
in only one component. We used a Zurich Instruments HF2LI 50 MHz Lock-In Amplifier to
simultaneously record the first and second harmonic voltage at the detector, combined with
a SR560 Low Noise Preamplifier in order to amplify the voltage signals. The AC current
at the injector is generated by a Keithley 6221 DC and AC Current Source, which was
triggered by the Lock-In.
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4 Spin Hall Magnetoresistance in NM | YIG Heterostructures

This Chapter focuses on magnetoresistance measurements of NM/YIG heterostructures
with NMs of different spin-Hall efficiency (c.f. Tab. [3.1). In particular, we conducted SMR
(c.f. Chap. measurements by means of angle-dependent magnetoresistance (ADMR)
measurements [75], as illustrated in Fig. Quantities like the spin-Hall angle sy, spin
diffusion length As and the spin mixing conductance g™ are crucial parameters when it
comes to SMR [50, [75], as well as for magnon transport measurements [59, 16]. Howe-
ver, obtaining the values of these quantities is not straightforward, since they are strongly
influenced by the heterostructure’s composition, its interface properties and external pa-
rameters. SMR measurements are, thus, a very powerful probe for the overall efficiency
of spin injection into a magnetic insulator (magnon generation) by means of the SHE [22].
Therefore, we employed the SMR in order to characterize the spin Hall physics of the used
metals, granting us a more complete overview for the magnon transport measurements
discussed in Chap.

One of the major motivations for the work discussed in this Chapter are based on recent
publications [78,79], which claim to have achieved a giant spin Hall angle and an enormous
enhancement of the spin-orbit torque efficiency for Pt;_yAuy alloys. In order to verify these
results, we fabricated samples with PtAu alloy devices of different thickness (Fig. on
top of LPE-grown films. The measurements were conducted for fields and temperatures
ranging from 0.1 T to 7T and 5 K to 300 K, respectively. The results of these measurements
are then compared to SMR measurements of nanodevices fabricated on top of PLD-grown
films which were used for the magnon transport experiments presented in Chap.

All measurements presented in this Chapter are conducted by utilizing the DC current
reversal method (c.f. Chap. [3.3.1), with a current of 100 nA being applied to the device.
The field orientation has been rotated over the full accessible angle range forwards and
backwards, in order to check for reproducibility and possible hysteresis effects.

4.1 Angle-dependent Magnetoresistance Measurements in PtAu Alloys

For the purpose of characterizing the spin-Hall-activity of Pt;_xAuy alloys, we patterned
devices with = 0.1 and = = 0.25 on two LPE YIG samples, together with additional refe-
rence Pt devices on the same samples. After completing the preparation process and con-
tacting the devices (c.f. Fig.|3.5((a)), we measured the voltage drop along the device while
rotating the external magnetic field, and finally extracted the electrical voltage contribution
(ctf. Eq. . As explained in Chap. the relative orientation of the YIG magnetization
M and the SHE-induced spin accumulation g5 in the NM controls the boundary condition
for the injection of spin currents from the NM into YIG, which can be varied by rotating
the external magnetic field (assuming the magnetization is always aligned with the exter-
nal magnetic field, which is valid for large enough external magnetic fields). Let us start
by examining Fig. which shows the electrical voltage contribution V! as a function of
a, corresponding to the angle between the external field H and the t-direction. The data
is obtained from in-plane rotations of an 18 nm-thick Pty 75 Aug 25 device. We will start by
assigning the characteristic features of the measurements, as well as describing the process
of normalizing the data. The direction of the spin accumulation p is predetermined by the
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Fig. 4.1: Electric contribution of angle-dependent magnetoresistance measurements for three dif-
ferent fields at 150 K of a Ptg.75Aug.25 device grown on LPE YIG. The solid lines indicate

the fits to Eq.

charge and thus spin current direction as well as the sign of the spin Hall angle according
to the SHE symmetry (c.f. Eq.[2.3). In our case, ps points along t and -t for positive and ne-
gative charge currents, respectively, considering a spin current flowing across the NM/YIG
interface and a positive spin Hall angle (c.f. Figs.[2.3/and 2.4). For o = 0, +£180°, M and p
are aligned parallel and the spin accumulation cannot exert a spin-orbit torque (SOT) on
the magnetization, thereby only a small spin current can flow trough the NM/YIG inter-
face (the finite spin current for 7' > 0 is a consequence of magnon excitation, c.f. Chap.[2.4).
On the other hand, for o = +90°, M and p, are perpendicular to each other and hence the
spin accumulation exerts maximal SOT on the magnetization - a finite spin current will flow
across the interface (this will cause reduction of the ISHE-induced charge current, resulting
in an increase of the voltage, c.f. Chap.[2.3). In between these two limiting cases, the torque
will be governed by the projection of s onto M. Taking into account the 180° periodicity
of the effect, we obtain a cos?(«) shap Due to imperfect alignment (e.g. slightly rotated
sample), we see a finite deviation of the curve’s minima and maxima from (0, £180°) and
(£90°), respectively. The slight asymmetry between the forth and back rotations, as well as
between the two maxima and minima for both rotations is a consequence of thermal drift,
causing a linear change in the NM’s resistance, thus altering the voltage. In order to sub-
tract the thermal drift contribution and account for the sample’s misalignment, we fit the
following function to our data for each rotation direction separately:

Ve = Vg + kra + AV cos? (o — ag). (4.1)

Here, V) is the offset which indicates the device’s Ohmic resistance, kT the slope of the ther-
mal drift, AV the amplitude of the voltage change due to SMR and « the aforementioned
misalignment (depending on the measurement geometry also an additional 90° shift, as in
the case of IP measurements, must be added to «). By comparing the fit parameters with
Fig. we can infer that, after subtracting the thermal drift, Vj corresponds to the mini-
ma of the curve, whereas AV corresponds to the difference of the maximum voltage level
and the minimum voltage level (hence amplitude). Finally, we can normalize the ADMR

P Note the 90° offset due to the specific angle definition: cos? (z 4 90°) = sin?(z).
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Fig. 4.2: Normalized ADMR measurements of an 18 nm-thick Pt 75 Aug.25 device grown on LPE
YIG. The upper (panels (a)-(c)) and lower (panels (d)-(f)) row correspond to measure-
ments at 5K and 300K, respectively, whereas the first, second and third column cor-
respond to IP, OOP] and OOPT measurements, respectively. The rotation geometry is
indicated on top, and the normalized amplitude A is shown as an example for the 7T
measurements in (a).

signals as:
Vel'(a) - Vo
MR= —+— 4.2
R=-—G 42)
with:
Ve (a) = V(a) - kra, (4.3)
AV
A=" 44
T (44)

being the electric signal contribution after subtracting the thermal drift and the normalized
amplitude of the magnetoresistance (MR), respectively.

Figure [4.2 shows the normalized SMR measurements for rotations in all three defined
planes (IP, OOPJ, OOPT) for an 18 nm-thick Pt 75 Aug.25 device. According to the establis-
hed theory, we expect the IP and OOP] measurements to show a cos?(«) modulation, as
already described, with the only difference being the 90° shift due to the specific rotation
angle definition. Furthermore, we expect to observe the same normalized amplitude for IP
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Fig. 4.3: Normalized ADMR measurements of a 12.5 nm-thick Pt device (upper row, (a)-(c)) and a
13.25 nm-thick Ptg gAug 1 device (lower row, (d)-(f)) grown on LPE YIG. The first, second
and third column correspond to IP, OOPJ and OOPT measurements, respectively. The
rotation geometry is indicated on top.

and OOPJ measurements. On the other hand, in the case of OOPT measurements, we expect
to measure a constant high voltage level without any modulation, since the magnetization
M points always perpendicular to the spin accumulation p in this case. This would then
correspond to a zero-normalized amplitude A (c.f. Eq. [#.4). The measurements, however,
exhibit large deviations from the predictions. First of all, we observe an angle-dependent
behavior in the OOPT configuration for measurements at 5 K (Fig. (c)), with an ampli-
tude two times as large as the IP amplitude (Fig. 4.2|(a)). Furthermore, the amplitude of the
OOP]J (Fig. 4.2 (b)) measurement is significantly larger as the IP amplitude. Approximately,
the amplitudes of the IP and OOPT measurements sum up to the OOPJ amplitude. The
measurements at 300 K (Fig. (d)-(f)) show a decrease of the OOPT signal of almost two
orders of magnitude compared to the 7' = 5 K case, however, a finite angle-dependent mo-
dulation is still present. The OOP] amplitude shows a reduction of one order of magnitude,
and the IP amplitude is reduced by factor two, with a slight difference between these two
amplitudes persisting.

Similar results arise from measurements of Pty gAug.1, as well as Pt devices. We present
normalized IP, OOP] and OOPT SMR measurements for a 12.5 nm-thick Pt and a 13.25 nm-
thick Pt 9Aug.1 device at 300 K in Fig. Again, we observe an angle-dependent modula-
tion of the OOPT signal, with the difference of the OOPJ and IP amplitudes approximately
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corresponding to the OOPT amplitude. This effect was already observed in previous works
[80, 181} 82], and we are going to offer a short overview of the possible explanations. The
first expected and also most simple cause for the specific behavior in the OOPT measure-
ments would be to assume that the sample it not perfectly aligned within the designated
planes and therefore behaves according to a tilted rotation plane. As mentioned in Chap.
after finalizing the fabrication, the samples are glued onto chip carriers. This process surely
introduces misalignment causing a slight in-plane rotation of the real j- and t-axes, as well
as an out of plane deviation from the n-axis. This effect, however, could only account for
an OOPT signal which would be smaller by at least one order of magnitude from the ob-
served one. Furthermore, in that case, we would not expect a drastic reduction of the effect
when increasing temperature (compare (c) and (f) from Fig.[£.2). Let us therefore consider
an alternative approach for the case of an ordinary magnetoresistance (OMR): for an exter-
nal field applied perpendicular to the NM an increase of the NM’s resistance arises due to
motion of the conduction electrons along curved trajectories, induced by the Lorentz for-
ce [83]. The observed MR in the OOPT configuration, having the same amplitude as the
difference of the OOPJ and IP amplitudes is therefore in agreement with OMR, since we
would expect the same signature (in terms of magnitude and angle dependence) in OOP]
and OOPT stemming from OMR. Nonetheless, OMR exhibits a (poH )2 dependence [123]],
which was not demonstrated, as we will see in Chap.[4.2| Finally, we discuss the possibility
of anisotropic magnetoresistance (AMR) due to magnetic proximity effects (MPE). AMR is
a phenomenon that occurs in ferromagnets in which the resistivity depends on the angle
between the current and magnetization directions [84]. Despite not being a ferromagnetic
material itself, Pt can still exhibit AMR, since it is possible to induce a ferromagnetic layer
at the interface layer of an NM adjacent to a ferromagnetic material [85]. An AMR induced
in that fashion could also offer an explanation of our observations: if we assume a negative
AMR (decrease of resistance for M || j.), we would expect to measure an angle-dependent
modulation in the OOPT configuration, having the same signature as the observed signal.
Furthermore, the SMR signal in the IP configuration would then be reduced, due to the
counteracting AMR. Similar behaviour was demonstrated in Pt/YIG bilayers [86], howe-
ver other studies [87] led to conflicting results. Hence, the most probable scenario is actual-
ly a combination of all three mentioned effects. This superposition unfortunately makes a
quantitative extraction of the three different contributions rather tedious.

If we now compare the IP measurements of all three devices at 300 K (Figs.4.2|(d) and
(a), (d)) and disregard a contribution from AMR at these temperatures, it becomes obvious
that the SMR amplitude is decreasing with increasing concentration of the Au component,
being the highest for pure Pt. Even though the devices are not completely equal due to dif-
ferent thicknesses, we specifically chose these devices for comparison since they exhibit the
highest SMR amplitudes combined with the lowest noise level, within the series of thick-
ness dependent measurements. We can conclude that alloying Pt and Au does not yield
higher spin-Hall activity compared to Pt, at least if done by co-sputtering on YIG films. It is
important to state that the co-sputtering complicates the production of alloys with different
concentrations, since it is difficult to precisely control the ratio of the components, without
conducting further control experiments to determine the achieved composition. Further-
more, we assume that the deposition introduces many defects (especially the formation of
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Fig. 4.4: Field dependence of MR for IP (a), OOP]J (b) and OOPT (c) configurations of an 18 nm-
thick Ptg 75 Aug 25 device, for various temperatures.

grains) and promotes interlayer diffusion of oxygen, thereby also stimulating oxidation of
the alloy, thus drastically increasing the resistance of the alloy compared to previous ex-
periments [75, [79]. Our 12.5 nm-thick Pt device has a resistivity of 1.2 - 107°Q m at room
temperature, thus being almost two orders of magnitude larger than the resistivity of a de-
vice of equal thickness from Ref. [75] with a resistivity of 4.3 - 10~"Q m. The same holds
for our PtAu alloys: our 14 nm-thick Ptg 75 Aug 25 and 12.5 nm-thick Pto.9Aup.; devices have
shown resistivities of 2- 107°Q m and 6 - 10°Q m, respectively, which is about one order of
magnitude larger than the resistivities of 4 nm-thick Pt 75Aug.25 and Pto.ssAug.15 devices
presented in Ref. [79], with resistivites of 8 - 10~"Qm and 7 - 10~"Qm, respectively. Due
to this increase of resistance, we were not able to investigate samples thinner than 10nm,
therefore not approaching the optimal thicknesses given by twice the spin diffusion length.
Since the spin diffusion length of Pt is A; ~ 1.5nm [75], we speculate the spin-diffusion
length of PtAu to be of the same order of magnitude.

4.2 Field Dependence

If we take a look at Figs. 4.2|and we notice that the MR effect exhibits a clear field de-
pendence. This behavior is in contrast to the standard theory of SMR [50]. In order to inves-
tigate this phenomenon in more detail, we plot the normalized MR amplitude with respect
to the applied field for different temperatures. The amplitudes were extracted from the
ADMR measurement via Eq. using a self-written automatized data evaluation script.
Figure shows the field dependent data of an 18 nm-thick Pt 75 Aug.25 device for the IP,
OOPJ and OOPT configurations ((a), (b), (c), respectively). In the IP configuration, the MR
follows an almost linear growth behavior, with the slope increasing with decreasing tem-
perature. For the low temperatures below 150 K, the curves seem to start saturating. In
the OOPT configuration, the signal is almost vanishing above 50 K. However, as we dis-
cussed in the previous Section, for very low temperatures the MR amplitude is drastically
increased. Eventually, the curve starts saturating, which is in contrast with the quadratic
dependence expected from OMR. Finally, the OOP] field dependence represents a super-
position of the IP and OOPT dependence. In Fig. 4.3, we present the field dependent MR of
12.5 nm-thick Pt and 13.25 nm-thick Pt 9gAug; devices ((a) and (b), respectively), for the IP
configuration. Here, we also observe an almost linear increase of the MR with increasing
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Fig. 4.5: Field dependence of normalized MR amplitude for IP measurements of 12.5 nm thick Pt
(a), and 13.25 nm thick Ptg 9Aug 1 (b) devices.

field.

We assume that the cause of this deviation from the theoretical predictions lies in the
imperfect NM/YIG interface. Due to magnetic pinning effects induced by finite surface
roughness, as well as defects introduced by the sample fabrication process, the magnetic
moments of the YIG at the interface are not perfectly aligned along the external magnetic
field poH, even for large fields. Thus, a channel for reduction of the SOT is opened, re-
sulting in the decrease of SMR. However, we expect a saturation for large enough fields,
since the number of aligned magnetic moments should increase with increasing fields and
ultimetely saturate when all pinned moments are aligned. Furthermore, one could also
consider the Hanle magnetoresistance (HMR) effect [88]. Similar to the OMR, the HMR al-
so has a quadratic field dependence. In this case, however, the magnetic field is influencing
the NM’s SHE induced spin accumulation, rather than the conduction electrons, causing
a precession of the spin accumulation around the external field direction. The spins will
eventually dephase, therefore destroying the spin accumulation at the interface and ul-
timately lowering the ISHE-induced charge current. Nevertheless, we did not observe a
quadratic field dependence, suggesting that pinning effects are the dominant source of the

field dependence.

4.3 Temperature Dependence

In Fig. we show the MR amplitudes of an 18 nm-thick Ptg 75 Aug.25 device as a function
of temperature for IP (a), OOP]J (b) and OOPT (c) configurations. The transition from 5 K to
50 K shows a drastic decrease of the MR amplitude with increasing temperature for higher
fields in case of the OOP] and OOPT configurations. For temperatures above 100 K, we ob-
serve a slight linear decrease of the MR amplitude with increasing temperature in all three
configurations. Interestingly, for IP measurements at 0.5 T we see that the curve has a local
maximum at 100 K. Comparing this with Fig. @ we observe the same behavior at 0.5 T,
as well as 3T, for the 12.5 nm thick Pt (a) and 13.25nm thick Ptgg9Aug.1 (b) devices. Abo-
ve 100 K, the signal decreases with temperature. As discussed in the previous Section, the
steep decrease of MR in the out of plane configurations with increasing temperature is most
probably a consequence of the dominant MPE-induced AMR at temperatures in vicinity of
T = 0. To exclude parasitic MR effects not related to SMR, we focus on the measurements in

29



30 SMR in NM | YIG

@ p _(b)  oops () oopr
S T T | o
1SEL 000 1 T, o i A
| Ze}e38339,1|° @ o057
vobs L, %t T Pt. Ay ]
% 0 100 200 300 075 025

- "] )
<osf + o + -
9 $ 3 3 3 °* 3 : 3 3 'y
o} 3 3] 88--"300000-

0 100 200 300 O 100 200 300 O 100 200 300
T(K) T(K) T(K)

Fig. 4.6: Temperature dependence of normalized MR amplitude for IP (a), OOPJ (b), OOPT (c)
measurements of an 18 nm-thick Ptg 75 Aug o5 device.

IP configuration. In order to qualitatively describe the observed temperature dependence
it is necessary to elucidate the corresponding dependencies of the quantities which define
the SMR (c.f. Eq.[2.7). Therefore, we are going to discuss the temperature-dependent beha-
vior of the spin-Hall angle fsp, spin diffusion length \s, spin mixing conductance g™ and
resistivity p of the NM. For this matter, we discuss the observations made in Refs. [89], [90]
and [91].

In Ref. [89], SMR measurements of Pt/ YIG bilayers were used to obtain values of the afo-
rementioned quantities by fitting Eq. 2.7 to Pt-thickness dependent SMR amplitudes and
by extracting the fit parameters. The fsy values obtained by this method clearly illustra-
te a temperature dependence. Starting at low temperatures 7' = 10K, sy has a value of
~ 7.5/%, which increases to its maximal value of ~ 11% at 7' = 200 K. With further incre-
asing of the temperature, a slight decrease of sy to ~ 10.5% at T' = 300K is observed. In
the case of gN (the real part, as discussed in Chap. and ), the obtained values did not
show a pronounced temperature dependence. Indeed, the temperature dependent SMR
measurements in Ref. [92] resemble the temperature dependence of fsy. Since our measu-
rements are qualitatively different, we assume that g™ and )\ are temperature dependent
as well. A constant g™+ implies that the thermal fluctuations of the magnetization of YIG
are negligible [58]. Thermal fluctuations, however, can be regarded as a consequence of an
energy increase due to rising temperature, reducing the stability of the magnetic system by
introducing chaotic magnetization dynamics. Therefore, we expect finite deviations from
the clearly defined two limiting cases M || us and M L ps which define our SMR ampli-
tude. Thus, the SMR is lowered by thermal magnetization fluctuations, which are reflected
in a temperature dependent g™ [93].

In Ref. [90], spin absorption in lateral spin valve structures was used for studying the
spin transport and the temperature dependence of the SHE in Pt and Au. The sy of Pt
was shown to have a similar temperature dependence as discussed in Ref. [89], although
being relatively small with a maximal value of ~ 2% at T" = 100K. In the case of Au,
the maximal value of sy is 0.15% at 7" = 10K and reduces with increasing temperature.
The more important result, however, is the pronounced temperature dependence of A for
Pt (Au), which decreases from ~ 3.5nm (~ 55nm) at 7' = 10K to ~ 2nm (~ 30nm) at
T = 300 K. SMR measurements presented in Ref. [91] (by using a similar technique as in
Ref. [89]), yielded qualitatively the same result as the measurements in Ref. [90] for A,
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Fig. 4.7: Temperature dependence of normalized MR amplitudefor IP measurements of 12.5 nm-
thick Pt (a) and 13.25 nm-thick Pty 9Aug 1 (b) devices.

which decreases with increasing temperature temperature, while sy and g+ were assu-
med to be independent of temperature. In both works the decrease of A\; was attributed to
increased phonon-scattering with increasing temperature, which can be described by the
Elliot-Yafet mechanism [94, 95]. Intuitively, the decrease of A\s should induce a reduction of
the SMR amplitude, since the spin-flip scattering events arise more often, thus resulting in
an increased relaxation of the electron spins and finally reducing the spin current.

That being said, we are able to qualitatively explain the specific temperature dependence
of our measurements. The three mechanisms, namely increase of sy and decrease of gt
and A\ with increasing temperature, are balanced for temperatures where we observe a
maximum. For lower temperatures, the increase in MR with increasing temperature is do-
minated by the increase of sy with temperature, whereas the SMR amplitude is reduced
by the thermal fluctuations and phonon scattering for higher temperatures.
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Fig. 4.8: Temperature dependence of resistivities of 12.5 nm-thick Pt (a), 13.25 nm-thick Pt 9gAug 1
(b) and 18 nm-thick Ptg 75 Aug. 25 (c) devices for measurements conducted at g H = 7T.

Let us now consider the resistivities of the particular samples. Figure[4.8|shows the corre-
sponding temperature dependence for the Pt (a), Ptg.9Aug.1 (b) and Pt o.75Aug.25 (c) samp-
les. As expected, the resistivities increase with temperature, corresponding to the usual
metallic behavior. At very low temperatures, however, the electron scattering is mainly
influenced by boundary surfaces, impurities and defects [96]]. Thus, a further decrease of
temperature is not resulting in a lowering of resistivity - the residual resistivity is reached.
Interestingly, the resistivities are generally one to two orders of magnitude larger than we
would expect for Pt and its alloys with Au of similar thickness [75| 79]. This again indica-
tes that the overall quality of the devices is not as good as expected. Furthermore, it could
also be an indicator that the assumed thickness is not corresponding to the real one. As a
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Fig. 4.9: Thickness dependence of MR amplitudes for Pt (a), Ptg.9Aug1 (b) and Pty .75Aug.25 ()
devices, for IP measurements conducted at o = 7T and T' = 300 K. The legend from
(o) is valid for (a) and (b) as well.

matter of fact, we conducted AFM measurements in order to confirm the thickness profile
calculated from the sputtering parameters. However, the measurements have shown in-
consistencies and pointed to another possible issue due to potential resist residues which
would alter the measured thickness, but even more important, strongly influence the in-
terface quality and therefore reduce the spin mixing conductance. In the following Section,
we will take a look at the thickness dependencies in order to gain more insight.

4.4 Thickness Dependence

Finally, we want to discuss the thickness dependencies of our SMR measurements. The
main reason for fabricating devices of different thickness was to obtain the ability to ex-
tract the key quantities defining the SMR effect: the spin-Hall angle sy, spin diffusion
length )\ and spin mixing conductance g'™. Since Pt is already well characterized, we we-
re able to use it as a reference. As already mentioned, we expect As to be in the order of
magnitude of 1 nm. Figure 4.9 shows the normalized MR amplitudes as a function of the
device thicknesses from IP measurements conducted at ygH = 7T and T = 300K, for Pt
(@), Pto.9Aug1 (b) and Pty 75Aug 25 (). Indeed, for all three material systems we observe a
thickness dependent behavior. Furthermore, we can unambiguously define the thicknesses
for which the SMR is exhibiting a maximum. As a rule of thumb, one can estimate \s by half
the thickness for which the SMR is maximum: the SHE will generate spin accumulations
on the lower and upper surface of the NM for a spin current running perpendicular to the
NM'’s plane. The maximum spin accumulation on the NM/YIG interface will be induced
if the total thickness of the NM exceeds two times )\q such that the two interfaces do not
influence each other. In addition, for larger thickness values, the SMR effect is reduced as
shunting effects start to play a role. Of course, in reality the situation is more complicated,
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Fig. 4.10: Thickness dependence of resistivities for Pt (a), Pto.9Aug.1 (b) and Ptg 75 Aug 25 (c) devi-
ces for measurements conducted at yoH = 7T and 7' = 300 K.
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for magnon spin transport measurements. External parameters as well as fit errors are
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but this rule of thumb is good enough for a rough estimation of our measurements. Hence,
we can estimate \; = 7nm from Fig. (a), which is much larger than the typically re-
ported Ay = 1.5nm for Pt adjacent to YIG [75]. We conclude that the observed thickness
dependence is not a consequence of the spin diffusion mechanism, but rather reflecting the
fact that the NM/YIG interface was not of the same quality on the whole sample. Therefo-
re, we expect a spatially inhomogeneous spin mixing conductance g’ across the sample,
thus causing a spatially, rather than thickness dependent, behavior. This issue, most likely
caused by the resist, has to be addressed for future studies, such that a reliable extraction
of spin transport parameters is possible. However, we can easily verify that the devices
are of different thickness by inspecting the samples’ resistivities with respect to thickness,
as shown in Fig. for Pt (a), Pto.9Aug.1 (b) and Pty 75Aug.25 (c) devices. Obviously, the
resistivities increase with decrease of thickness, indicating the contributions from surface
scattering. We must, however, point out once more that the resistivites are at least one order
of magnitude larger than expected, as discussed in Chap.

4.5 Overview of Used Materials

The main purpose of this thesis is the manipulation of magnon spin transport by utili-
zing materials exhibiting different spin-Hall efficiencies. By tuning the SHE, we are able
to compare and better understand contributions stemming from both SHE and thermally
modulated magnon conductivity, therefore gaining a deeper insight into the mechanisms
of magnon transport. Here, we want to summarize the SMR measurements conducted for
both LPE- and PLD-grown YIG samples, as illustrated in Fig. We immediately observe
an enormous difference between the two types of samples, with materials of low fsg (c.f.
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, grown on PLD YIG, showing SMR amplitudes of same order as Pt grown on LPE YIG.
We can attribute this difference to the higher interface quality of the PLD YIG films, there-
fore exhibiting larger g™ as compared to LPE YIG. Nevertheless, as we are going to see in
the next Chapter, deploying materials with negligible spin-Hall angles (as compared to Pt),
will allow to almost totally turn off the SHE channel for inducing magnons, and examine
the properties of thermal magnon generation exclusively.

4.6 Summary

In this Chapter, we discussed SMR measurements of NM/YIG heterostructures. The main
focus lay in the characterization of different PtAu alloys, which were promising candida-
tes for highly efficient spin current generation [78} [79]. Therefore, we patterned Pt;_Auy
devices with 2 = 0.1 and z = 0.25 on two YIG films, with additional reference Pt de-
vices. We conducted SMR measurements in three mutually orthogonal planes (c.f. Chap.
[.T), covering the range of temperatures from 7' = 5K to 7' = 300K and magnetic fields
from pigH = 0.1T to poH = 7T. In order to perform thickness dependent measurements,
the so-called wedge-sputtering technique was employed (c.f. Chap.[3.2). For low tempera-
tures T' < 100K, an additional MR effect unrelated to SMR physics was observed in the
OOPJ and OOPT measurement configurations. This effect is most probably caused by the
combination of OMR, MPE induced AMR and imperfect alignment of the samples to the
external magnetic field rotation planes. Furthermore, we observed a pronounced magnetic
field dependence of the SMR (c.f. Chap. [4.2), which is not theoretically predicted [50], but
most likely a consequence of an imperfect NM/YIG interface that introduces pinning ef-
fects. The characteristic temperature dependence of the SMR measurements (c.f. Chap.
was qualitatively explained by considering the temperature dependencies of the spin Hall
angle sy, the spin diffusion length As and the spin mixing conductance g™. In order to
estimate the values of these quantities for our devices, we also conducted thickness depen-
dent measurements (c.f. Chap. [£.4). However, peculiar results indicated that the interface
quality of our devices was spatially very inhomogeneous. Furthermore, additional AFM
measurements yielded inconsistencies, indicating possible resist residues at the interface.
In general, all devices exhibited enormously high resistance, namely one to two orders of
magnitude larger than literature values, therefore not allowing measurements of few-nm-
thick devices, which were expected to exhibit the largest SHE. We address this issue to
defects introduced during the fabrication process. We could, however, conclude that finite
SMR was observed for the PtAu alloys, with a decreasing SMR amplitude with increasing
Au concentration in the alloy. Finally, an overview of SMR measurements for all metals
used for electrode fabrication in this thesis was presented (c.f. Chap.[4.5).
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5 All Electrical Magnon Transport in Multiterminal NM | YIG Na-

nostructures

Since the discovery [22, 23] of long distance magnon spin transport in heterostructures
consisting of two separated and electrically isolated Pt electrodes on a YIG substrate, as
described in Chap. 2.4} a widely accepted theory [56}57,59] explaining its underlying phy-
sical principles was established. Practically, such a material system allows the transport of
spin information via magnons, the quantized excitations of the spin system in a magnetical-
ly ordered material (MOI), rather than by spin polarized conduction electrons. Caused by
the MOI’s large bandgap, the absence of conduction electrons is a promising step towards
the development of low-power spintronic devices [17, 97, 98| 99, 100, 101]. However, the
most crucial limitation of such a system arises due to the fact that the magnon number in
a spin system is not conserved. Thus, an efficient way of manipulating (attenuating and
enhancing) magnonic transport implies an artificially induced variation of the number of
magnons in the system [17]. In order to achieve this, a third Pt electrode, in between the
existing two (c.f. Fig.[5.1| (b)), is added to the heterostructure design discussed in Chap.
Modeled as a magnon transistor device, we now have an injector electrode (source), a mo-
dulator electrode (gate) and a detector electrode (drain). In this configuration, the transport
of magnons between injector and detector can be altered via the application of a DC charge
current in the modulator, leading to a change of the magnon density beneath the modula-
tor via SHE- and thermally induced magnon accumulations (c.f. Fig.|5.1|(c)-(e)). As a result,
the magnon conductivity oy, between injector and detector can be tuned by the application
of the modulator current. This particularly allows to counteract the magnetic Gilbert dam-
ping by SHE-induced spin orbit torques (SOT) acting on the magnetization and therefore
effectively reduce the damping-induced magnon relaxation [17, 18| 102} 103, 104, 105 [106].
In a recent publication [18], Wimmer et al. from the Walther-MeifSner-Institut demonstra-
ted that for large enough modulator currents it is possible to fully compensate the Gilbert
damping by means of SOT, reaching a “zero-effective damping regime”. This leads to a
diverging magnon lifetime, ensuing spin transport with an effectively vanishing magnon
decay underneath the modulator.

From an experimental point of view, the magnon transport signal between injector and
detector as function of the DC bias in the modulator corresponds to a magnon conductivi-
ty measurement (c.f. Chap. 3.3). As expected for an SHE-active modulator (as in the case
of Pt), the detector signal (i.e. magnon conductivity) exhibits a modulator current depen-
dence given by a superposition of a linear and quadratic contribution in modulator current
for the low bias regime. However, for larger currents, a deviation from this behavior is
observed. This deviation is parametrized by two characteristic currents: (i) the “onset cur-
rent” corresponds to the magnon conductivity modulation becoming strongly non-linear
(and non-quadratic) and (ii) the “critical current”, which is related to the state where the
magnon damping beneath the modulator is fully compensated. These findings were dis-
cussed within the theoretical framework of spin-current induced formation of a magnon
Bose-Einstein condensate (BEC) [15, 16, 107, 108, 109, 110]. Recently, similar experiments
were conducted by Liu et al. [106]. Different to the result obtained by Wimmer et al. [18],
it is demonstrated that the magnon conductivity decreases (rather than increases) beyond
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Fig. 5.1: (a) Schematic illustration of a device and the electrical connection scheme. Going from
left to right, the electrodes are denoted as the injector (I), modulator (M) and detector
(D). The I and D electrodes are made of Pt and are 50 pm long, 0.5 pm wide and 5nm
thick, whereas for the M electrode different NMs and geometries were utilized, with a
constant length of 64 um. The edge-to-edge distance dip between I and D is indicated. (b)
3D illustration of a device with the coordinate system and the definition of the external
magnetic field angle ¢. The M electrode can, generally, alter the magnon transport by
means of SHE: (c), (d) or by thermal injection of magnons: (e). (c) The magnetic moment
associated with the SHE-induced spin accumulation at the NM/YIG interface for I;0q4 >
0 is antiparallel to the sample magnetization, therefore increasing the magnon density
underneath the M, as well as increasing the magnon conductivity indicated by o,. (d)
For Ijnoa < 0 the induced magnetic moment is parallel to the sample magnetization,
causing a depletion of the magnon system underneath M and, subsequently, a reduced
magnon conductivity indicated by o,. (e) Thermal injection of magnons is active for
both current directions, regardless of the magnetization orientation and used NM, thus
increasing the magnon conductivity indicated by o}}.

the critical current. Furthermore, no dependence on the relative field orientation or field
strength for the onset current was observed. Therefore, the authors argue that the SSE tor-
que (c.f. Chap. plays an essential role, contrary to the assumptions of Wimmer et al.
.

In order to gain a deeper insight and widen the understanding of the observed pheno-
mena, this work attempts to disentangle the SHE and thermally induced contributions to
the spin transport modulation introduced above. For this matter, we replicated the device
design with Pt injector and detector and introduced several different metals for the mo-
dulator (c.f. Chap. . By utilizing metals of different SHE-efficiency (c.f Tab.|3.1|and Fig.
4.11), we were able to progressively reduce the SHE-induced contribution. The spin Hall
physics of the metals is characterized by means of SMR measurements (c.f. Chap. ).

In our experiment, we apply a charge current I;,; to the injector and simultaneously mea-
sure the corresponding magnon transport detector voltage related to either the electrical or
thermal excitation of magnons at the injector, as discussed in Chap. The magnon con-
ductivity in YIG is altered by an additional current I,,,q applied to the modulator strip
placed in between the injector and detector. In order to discern between electrically and
thermally injected magnons from the injector as well as excluding the direct magnon spin
signal stemming from the modulator, we apply either the DC current reversal method or
AC lock-in detection as described in detail in Chap. Both measurement schemes allow

36



MT in NM | YIG 37

(a)
2|‘ & @0 005T
) 8'e @0 02T
15 8 e e ~o £ @O0 1T
s 233 bt@o = G &
= 1t Cy © ge g = e
3 &P & & :9 £33 9 <
> ® Q & > d
05 | o i 0. RS no mod.
ok - 04 | o © 1 dp=1um
-180 ) 0 ) 180 -180 90 0 ) 180
¢ o (°)

Fig. 5.2: Angle-dependent magnon transport measurements for a two-electrode device and dif-
ferent magnetic fields: (a) electric-contribution of the detector signal V!, (b) thermal-
contribution of the detector signal V,{%,. The specific parameters are indicated in the plot,
with T' = 280 K. The YIG sample thickness is 10 nm.

for an extraction of the magnon conductivity change in the YIG as a function of the app-
lied modulator current bias. Potential differences between magnon conductivity changes of
electrically and thermally excited magnons from the injector will be discussed within this
Chapter. All measurements were conducted at 7' = 280 K for the in-plane (IP) configuration
as shown in Fig.[5.1] (b).

This Chapter is organized as follows: in Chap. we present the angle dependent ma-
gnon transport measurements of a two-electrode device, showcasing the principles of ma-
gnon transport described in Chap. Furthermore, we demonstrate the change of the
detector signal amplitude upon applying a current I,,,q4 to the modulator electrode for a
three-electrode device in Chap. A more systematic analysis of the same effect, where
we discuss the observed features in great detail, is offered in Chap.

5.1 Angle-dependent Magnon Transport Measurements

In order to fully understand the effect of altering the magnon conductivity by utilizing a
modulator electrode, we will first consider the case of magnon transport as demonstrated
in Ref. [22}23]. We therefore investigate a reference device consisting of two parallel, electri-
cally isolated Pt electrodes, as illustrated in Fig. (a), without a patterned modulator elec-
trode. In Fig. we present angle-dependent magnon transport measurements for both
electrical (a) and thermal (b) contributions to the detector voltage of a two-electrode devi-
ce. Let us first consider the electrical contribution. The signal modulates like cos?(y) [22],
where ¢ corresponds to the angle defined by the external field direction H (h = H/|H]|;
we hereby consider large enough external magnetic fields, such that the magnetization is
collinear to the external field: M || H) and the t-direction (c.f. Fig.[5.1). Due to the SHE, a
charge current flowing through the Pt injector induces a spin accumulation p at the inter-
face, which in turn gives rise to a magnon accumulation in YIG. For ¢ = £90°: M L p,
the spin accumulation exerts maximal SOT on the magnetization, generating transverse
spin excitations (perpendicular to the magnetization). Magnons, however, correspond to
excitations carrying angular momentum parallel to the magnetization, hence the transver-
se spin excitations dephase on a length scale comparable to the magnetic exchange length
of YIG (~ 10nm [111]) and cannot reach the detector for the typical length scales conside-
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red. Thus, for M L pg, we expect no voltage signal at the detector. However, for M || us,
spin flip scattering of electron spins at the interface occurs [22, 57, 58], causing creation or
annihilation of magnons (c.f. Chap. 2.4/ and Fig. 5.1{(c), (d)). In other words, the SOT now
acts on the thermal fluctuations of the magnetization, enhancing or reducing these fluc-
tuations and thus generating or annihilating magnons locally at the interface. These non-
equilibrium magnons then diffuse giving rise to a magnonic spin current, which induces a
spin accumulation at the second Pt/ YIG (detector) interface. Thus, only the spin accumu-
lation component parallel to the magnetization (o cos ¢) contributes to magnon transport.
Furthermore, the detection is implemented by means of the ISHE, accounting for another
cos ¢ dependence. Finally, we obtain the observed cos?(p)-dependence. Considering the
thermal contribution, we observe a cos p-shaped modulation. Due to Joule heating at the
injector, magnons will be excited thermally, independent of the magnetization direction
(c.f. Fig.[5.1|(e)), and diffuse to the detector. However, the detection is still governed by the
ISHE-symmetry, causing the observed cos ¢ behavior.

For both contributions, the detector signals decrease with increasing magnetic field in-
tensity. Since this effect was observed and explained before [112], we are going to offer a
very simple qualitative explanation: a higher external field causes a stiffer magnetic latti-
ce in our sample, thereby suppressing propagation of spin waves. It is important to point
out that the actual underlying field dependence is a combination of the dependencies of
all processes and phenomena contributing to the type of measurements carried out in the
magnon transport experiment, therefore not being trivial as one might conclude after the
offered qualitative explanation [112]. Furthermore, the deviation from a perfect cos?(p) in
form of a triangular shape, which is pronounced for lower fields, is a consequenece of the
cubic anisotropy of our YIG sample [34]. It is of crucial importance to point out that this
kind of transport is only possible for finite temperatures 7" # 0. This can also be elucidated
intuitively: at finite temperatures the entropy of the system will be finite, thus causing fluc-
tuations of the magnetization and a finite thermal magnon occupation. These fluctuations
will allow the aforementioned spin flip scattering (for M || H) in the first place. Further-
more, for the limiting case T' = 0, the magnetization is constituted of perfectly aligned mo-
ments, therefore totally inhibiting magnon transport induced via SHE effects. The actual
temperature dependence for magnon transport in such a geometry is constituted of depen-
dencies of the electronic and magnonic system, as well as of the spin conversion processes
at the interfaces [23| 57, 59, [113]. Therefore, all measurements presented in this Chapter
were conducted at 7" = 280 K, which was empirically shown to be the optimal operating
temperature due to an improved temperature stability of our measurement setup.

Finally, we want to point out that we used a reversed contact polarity for the voltage
measurement at the detector as compared to the injector, as shown in Fig 5.1| (a). For in-
jector and detector electrodes made of material with equal sign of the spin Hall angle, the
ISHE-induced charge current caused by SHE-induced magnons flows parallel to the char-
ge current applied to the injector. Since we are recording the detector voltage using open
boundary conditions, the ISHE charge current is balanced out by an electric potential of
opposite sign [23]]. Therefore, our measurement scheme yields a positive electrical contri-
bution signal.
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Fig. 5.3: Angle-dependent magnon transport measurements for a three-electrode device and dif-
ferent modulator (Ru) currents: (a) first harmonic detector signal V/%, (b) second harmo-
nic detector signal V. The specific parameters are indicated in the plot, with poH =
50mT. The YIG sample thickness is 13.8 nm.

5.1.1 Magnon Transistor Device

The previously described diffusive magnon transport is mainly limited by the fact that

the number of magnons in a magnetic system is not conserved. Since the transport in our

multiterminal NM/YIG structures is mediated by magnons, a decrease of the number of

excited magnons inevitably causes a decrease of the macroscopic magnon conductivity.

Similar to the Drude conductivity for mobile charge carriers, the magnon conductivity oy,

of an out-of-equilibrium magnon gas with parabolic dispersion can be written as [17]:
Mo T

om =h ,
mMm

(5.1)

where ny,, 7, and my, represent the magnon density, total momentum scattering time and
effective mass, respectively. Increasing the magnon density therefore offers a simple way
to increase the magnon conductivity. This qualitatively explains the observed increase of
modulation efficiency with decreasing YIG thickness [17, 18} 106], since the same number
of externally excited magnons in a thin sample causes a higher density of magnons, as com-
pared to a thicker sample. We harnessed this fact maximally, using ultrathin YIG samples
with tyig ~ 10nm. By introducing the transistor design, i.e. by adding an additional elec-
trode (modulator) between injector and detector, we are able to manipulate the conduction
channel in similar fashion to a gate electrode in a semiconductor transistor. We are now
able to excite magnons by means of SHE and thermal injection, thus altering the conducti-
vity. As already pointed out, the used measurement techniques were tailored to disregard
the spin accumulation arriving at the detector, originating from the modulator. Choosing
from a variety of NMs (c.f. Tab. used for the modulator, we are able to gradually reduce
SHE contribution to the transport modulation, while maintaining the thermal injection of
magnons due to Joule heating.

In order to visualize the effect of varying spin Hall efficiencies of different modulator
materials, we performed angle-dependent measurements of transistor devices with modu-
lators made of Ti/Al, Ru, Ir, PtAu, and Pt (c.f. Fig. for SMR measurements of these
devices). The measurements were conducted for zero modulator current as well as for fini-
te current biases of both polarities (:1n0q) at 1o = 50 mT. The corresponding results for

39



40 MT in NM I YIG

® O -500pA
e 0
® O 500pA

PtAu mod.
Iy =200 pA
dp=16 pm
Wiog = 0.5 pm

tog =5 NM

Fig. 5.4: Angle-dependent magnon transport measurements for a three-electrode device and dif-
ferent modulator (Ptg 75Aup.25) currents: (a) first harmonic detector signal Vi<, (b) se-
cond harmonic detector signal V2. The specific parameters are indicated in the plot,
with poH = 50 mT. The YIG sample thickness is 20 nm.

a device with a Ru modulator are shown in Fig.[5.3|for the first (a) and second (b) harmonic
detector signals. We observe relative increases of 38% and 66% for the amplitudes of the
first and second harmonic signal, respectively. Applying a finite I,,,,q is causing an incre-
ase of the signal amplitude in both contributions (a) and (b), with the angle dependence
for Inoq = 0 (grey data points) being preserved regardless of the current polarity (red and
blue data points). Furthermore, the measurements for the opposite current directions are
perfectly overlapping (in limits of the noise level). The obtained measurements are, indeed,
confirming our predictions. Since Ru is shown to have a negligible spin Hall efficiency (c.f.
Fig.[4.11), applying a finite current to the Ru modulator causes a modulation of the spin
transport due to excitation of thermal magnons exclusively, as depicted in Fig.[5.1|(e). Since
the thermal excitation is present regardless of the field orientation and current direction, it
is not giving rise to additional angle dependencies, as compared to the zero-current case.
Both current polarizations applied to the modulator yield the same result, since the Joule
heating scales with I2_;. These findings can also be applied for the device with a Ti/Al
modulator, due to its negligible spin Hall efficiency (c.f. Fig. f.11).

Next, we consider a transistor device with a PtAu modulator, exhibiting finite, relatively
small, spin Hall efficiency (c.f. Fig. . In this case, we expect a combination of all three
scenarios depicted in Fig. SHE-induced accumulation (c), SHE-induced depletion (d)
and thermal excitation (e). The corresponding measurements are shown in Fig. Let us
start by considering the first harmonic signal (a). We see that the signal is amplified for both
current polarizations, however an additional angle dependence, for a finite modulator cur-
rent, is induced. For I;,,,q > 0 (red data points), we observe a significant relative increase of
118% of the signal amplitude for ¢ = £180°, corresponding to the H || ps case. Since the
magnetic moment associated with p is pointing in the opposite direction, magnon crea-
ting spin flip scattering will occur, giving rise to an SHE-induced magnon accumulation
underneath the modulator. Furthermore, combined with the magnetization direction in-
dependent thermal excitation, the conductivity will be enhanced even more. Accordingly,
we expect a decrease of the signal for ¢ = 0° due to SHE-induced magnon depletion. Ho-
wever, the thermal excitation is counterbalancing and even overcompensating this effect,
yet leading to a finite amplification of the signal, as compared to the I,,,q = 0 measure-
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Fig. 5.5: Angle-dependent magnon transport measurements for a three-electrode device and dif-
ferent modulator (Pt) currents: (a) electric contribution detector signal V!, (b) thermal
contribution detector signal V.. The specific parameters are indicated in the plot, with
toH = 50mT. The YIG sample thickness is 20 nm.

ments (grey data points), with a relative increase of 50%. For I;,q < 0 (blue data points),
we observe a pronounced signal increase for ¢ = 0, whereas a slight increase arises for
¢ = £180°. This reflects the symmetry of the SHE upon current reversal (c.f. Fig.[2.3), since
compared to the I,,,q > 0 case, pus will point in the opposite direction. As a result, SHE-
induced magnon accumulation and depletion occur for ¢ = 0°, and ¢ = +180°, respective-
ly. This observation is consistent with our theory, furthermore corroborating the prediction
of SHE-induced magnons. The same holds for the second harmonic signal (b). We observe
a signal increase/decrease for the relative orientation of current and field causing magnon
accumulation/depletion underneath the modulator. The relative increase of the amplitude
for Inoa > 0 and ¢ = £180° is about 100%, whereas the signal is totally diminished for
¢ = 0, arguably even showing a change of sign, thus the relative change of the amplitude
is < —100%. Again, the opposite holds for I;,,q4 < 0. We can conclude that in both cases
(a) and (b), an additional angle dependence caused by the finite SHE efficiency of the mo-
dulator is superimposed to the I;,,q = 0 case. Hereby, we confirm the observations from
Refs. [18| [106]. The observation made for the device with a PtAu modulator are as well
applicable to devices with Ir modulators, due to comparable spin Hall efficiency (c.f. Fig.
4.11).

Finally, considering the measurements with a Pt modulator depicted in Fig. we qua-
litatively observe the same effects as for the PtAu modulator. In the electrical /thermal con-
tribution signal (a)/(b) for I,,a > 0 (red data points) we observe a relative amplitude
increase of of 233%/300% for ¢ = +180° and 75%/< —100% for ¢ = 0. We also observe a
considerable mismatch of the enhancements for the different current polarizations in both
(@) (233% versus 275% for I;noq > 0 and Ijyeq < 0, respectively) and (b) (300% versus 200%
for Imoa > 0 and I04 < 0, respectively). Furthermore, in the electric contribution signal
(a), an additional hysteretic effect can be observed at ¢ = +90°, in a way that the signal is
lifted at ¢ = 90° for the forward and at ¢ = —90° for the backward rotation of the field
orientation.

In order to quantitatively describe the observed phenomena, we introduce a model for
the magnon conducivity oy,, containing the superposition of SHE (linear in I,,,q) and ther-
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Fig. 5.6: First harmonic detector signal V| as a function of the rotation angle ¢ for a PtAu mo-
dulator device at yoH = 50 mT. Solid lines are fits to Eq.

mal (quadratic in I,,0q) effects induced by the modulator electrode [17]:

Om = 0o 4+ Aosurlmod + Ao I20g, (5.2)

with o0 corresponding to the equilibrium magnon conductivity for the zero-current case
(Imod = 0), and ogpg and oy, representing the SHE- and thermally-induced change of the
magnon conductivity for finite modulator currents, respectively. Since the detector voltage
is proportional to the magnon conductivity, we are able to rewrite Eq. 5.2)and account for
the angle-dependent detector voltages V,1</® and V22" However, we must keep in mind
that the thermal injection is not dependent on magnetization orientation, whereas the SHE-
induced injection scales with I;,4(— cos ¢). Thus, we obtain:

w/el w/el w/el w/el
leet/ (¢, Imod) = cos(¢ — 1) (Aleet,/O + AR%H(E Inod(—cos(o — 1)) + ARtlh/ Iglod) ,
(5.3)

Vi ™ (9, Tnoa) = = cos(io—2) (AVgerls™ + ARG Loa(— cos(p — 02)) + AR 12,4

(54)
Note that the given expressions differ only in the terms in front of the parenthesis, reflecting
the angle dependencies of the magnon transport in absence of a modulator as described in
Chap. The coefficients AVG{ew, ARLye and AR}, correspond to 0, osyr and oy, from
Eq. respectively, and serve as proportionality factors accounting for the conversion
into voltages [34], where we generally assume that the transport mechanisms for SHE-
and thermally-excited magnons are different: i = {lw/el, 2w/th}. ¢1 and ¢, represent the
finite angle offsets. Rewriting Eqs. |5.3|and [5.4| with separation of terms with respect to the
different angle symmetries, we obtain the fitting equations for the angle dependencies in

form of:

Vae (i) = A1 cos®(p — 1) + B cos(p — 1), -3)

42



MT in NM | YIG 43

O -500pA
0
O 500pA
S
=
;‘: PtAu mod.
N
< I,y =200 pA
dp=16 pm

Wi =02 um

tog =5NM

Fig. 5.7: Second harmonic detector signal V% as a function of the rotation angle ¢ for a PtAu
modulator device at 1o = 50mT. Solid lines are fits to Eq.

Vie ™ () = Az cos(io = 2) + By cos’(p — ), (5.6)
where A = AV + AR 4, By = ARG Inoa, A2 = — AV i' + ARYI2

and By = AR;E/EthImOd are used as fit parameters. Figures and n illustrate the angle-
dependent electrical V% and thermal V2% contributions, respectively, obtained for measu-
rements of a PtAu modulator device. In both cases, we fitted the corresponding angle de-
pendence from Egs. 5.5)and 5.6, with the fit results indicated by solid lines and the extracted
fit parameters presented in Tab. Substituting the values from the obtained parameters
for the coefficients from Egs. and yields the following values: AR}, = 82.7nV/mA,
AR} = 368nV/mA? for the electrical contribution and AR}, = 46.7nV/mA, ARY =
10.8nV/mA? for the thermal contribution El The pronounced difference of the parameters
obtained from the electrical and thermal contributions implies that the underlying phy-
sics for transport of electrically and thermally induced magnons is different, corroborating
the results from Ref. [22]. Nevertheless, the phenomenological models presented in Egs.
and clearly reproduce the measured angle dependence very well, therefore strongly
corroborating the theoretical predictions [34, 106].

We must point out that the particular device geometry, as well as the interface quali-
ty and durability towards high currents play a crucial role for the transport. The devices
used for demonstration are not of equal geometries, therefore causing considerable diffe-
rences in the magnon transport signals: even if we assume that all Pt injectors/detectors
exhibit equal spin Hall efficiency as well as spin current transparency at their interfaces,
different distances between injector and detector will alter the transport signal magnitude.
For injector-detector distances longer than the magnon diffusion length, we can assume
the magnonic spin current to be well described by an exponential-like decay behavior [22]
(c.f. Chap. [2.4), causing a strong attenuation of the measured voltage with increasing se-
paration of injector and detector. Due to different modulator geometries and materials, the
corresponding heating powers differ significantly from device to device, strongly impac-

9 The values are obtained by averaging the values calculated for the opposite Imoa polarizations.
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Tab. 5.1: Extracted fit parameters for Egs. |5.5(and [5.6| applied to the data displayed in Figs.

and 5.7} respectively.
SHE thermal
Iinoa A1(nV) Bi(nV) ©1(°) Az (nV) Bs(nV) ©2(°)
—500pA  183.0+1.3 406+14 —41 £04 —12.1+£0.5 —-24.3+0.6 —10.2 +1.2
0 94.0 £ 0.7 0.3£07 —-51 +£04 —141+04 —-414+04 —-6.8 £1.6

500pA  189.0+1.1 —-421+12 —-55 +£0.3 —10.7+0.5 224+06 —-0.2 +1.3

ting all transport parameters. Furthermore, we expect that a larger modulator/YIG inter-
face gives rise to higher spin absorption and a corresponding reduction of the transported
magnon spin [17]. Last but not least, the devices were fabricated on different YIG films (c.f.
Tab. [A.1)), which are typically of varying quality in terms of Gilbert damping. That being
said, we conclude that it is not straightforward to compare these measurements quantita-
tively. However, by extracting the signal amplitudes as a function of I,,4, we can examine
the influence of magnons excited at the modulator on the transport channel of magnons
stemming from the injector, as we are going to show in the next Chapter.

5.2 Current-dependent Magnon Transport Measurements

In the previous Section, we reproduced a phenomenological model established in Ref. [17],
describing the effects induced by altering the magnon transport due to application of a
charge current to a modulator electrode acting as a magnon source/sink. We demonstrated
that the predictions of the model are in good agreement with the experiments. However, in
order to gain deeper insight about the underlying physics, we strive to gain a deeper insight
into the bias current dependence of the magnon transport modulation effect. Since we are
already familiar with the angle-dependent behavior, the point of interest for the following
type of measurements lies exclusively in the signal amplitudes: we thus measure the ampli-
tudes AV (o = 0) and AV/? (p = +£180°) [AVE/ ™ (o = 0) and AV ™ (¢ = +180°)]
for the SHE [thermally] excited magnons as a function of the applied modulator current
I'nod (c.f. Fig.[5.8|(a) and (d)). For a particular applied magnetic field direction pointing per-
pendicular to the electrodes of the device (10 H or —pgH), an inversion of the modulator
current polarization has the same effect as rotating the field by 180°, thus allowing to mea-
sure both p || p1oH and ps || —poH cases in one run. It is important to point out that these
two cases represent the two limiting cases in terms of magnon transport modulation at the
modulator electrode by means of the SHE. The parallel alignment p || poH resembles the
case of magnon accumulation illustrated in Fig.[5.1|(c) and will be referred to as the magnon
accumulation regime, whereas the antiparallel alignment p || —poH resembles the case of
magnon depletion illustrated in Fig.[5.1| (d) and will be referred to as the magnon depletion
regime %'} For the sake of clarity, we redefine the amplitudes with respect to the field pola-
rization (perpendicular to the electrodes of the device): AV el( poH) and AV el(— poH)

de det

JAVE ™ (o H) and AV ™ (—puoH), as depicted in Fig. 5.8 (@)/(d) (uoH : ¢ = +180°,

YNote, that in Fig. we illustrated the magnetic moment associated with the SHE-induced spin accumu-
lation, rather than the spin accumulation itself. The associated magnetic moment is always pointing in the
opposite direction, as compared to the spin accumulation.
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Fig. 5.8: Procedure for obtaining current dependent measurements: (a) and (d) illustrate the defi-
nition of amplitudes with respect to the field direction ¢ for SHE and thermally injected
magnons from the injector, respectively. Note that in case of a non-SHE active material
the asymmetry for opposite fields/modulator currents vanishes. (b) and (e) correspond
to the measurements for positive (¢ = £180°) and negative (p = 0°) fields (red and
blue data points, respectively). Additionally, magnon transport is switched off for the
offset sweep (¢ = 90°, grey data points), as indicated by the grey base line in (a) and (b),
respectively. The magnon transport signal amplitudes are obtained by subtracting the
offset from the measurements for positive and negative fields, as shown in (c) and (f).

—poH : ¢ = 0). Nevertheless, the process is always repeated for both field directions, allo-
wing to deduce further information due to symmetries.

As a matter of fact, each of the devices exhibits a finite offset voltage induced by various
factors (e.g. influence of measurement setup, conventional Seebeck effect between bondpad
and bondwire, etc.). Therefore, a current-dependent measurement actually consists of two
separate measurements: we first measure the detector signal with the external field aligned
perpendicular to the electrodes, enabling magnon transport with ¢ = 0, +180° ( correspon-
ding to —p0H and poH, respectively, c.f. Fig. (@), (d)). Subsequently, we measure the
offset signal, where the field is aligned parallel to the electrodes (¢ = £90°), as illustra-
ted in Fig. (b), (e). We then obtain the signal amplitudes as AVget = Viignal — Voffset
(Viignal = Vaet (¢ = 0, £180°), Vogrset = Vet (p = £90°)), as shown in Fig. (c) and (f). The
amplitudes are normalized to the zero current amplitudes AV %/ ,—o and AVt

det, I o det,l;0q=0
for the electrical and thermal signal, respectively: Ale:t’/Oe1 = Alee“t}/ o Alee“t)/Iiod:O and

AV;;:G b AVng:/ th / |AVd26“t”/Iilod:0\, for SHE and thermally excited magnons, respectively,
in order to account for the varying signal amplitudes due to different YIG films and in-
terface spin transparencies, allowing a clearer comparison. Note that the amplitude of the
second harmonic signal changes sign, depending on the external field direction (c.f. Fig.
(d)), hence the signal was normalized to the absolute value of the zero current amplitude
in order to preserve the original voltage signs. The nanostructured electrodes have shown

to be very fragile upon applying charge currents. Moreover, long exposure to large current
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densities also lowered the interface quality [106} [115] [’} In the following, we are going to
separately discuss the modulation of the SHE- and thermally-induced transport.

5.2.1 Transport Modulation of Spin Hall Effect Induced Magnons

In order to discern between electrically (SHE) and thermally induced effects, current de-
pendent magnon transport measurements for a series of devices with different modulator
materials were conducted in this thesis. As discussed in Chap.|4.5/and depicted in Fig.
we covered the range from highly inefficient (Ru and Ti/ Al), over relatively efficient (Ir and
PtAu) and finally highly efficient (Pt) materials in terms of SHE-based charge-to-spin con-
version. The conducted current-dependent measurements are presented in Fig. For the
sake of a qualitative understanding of the measurements, we fit Eq. [5.3| to the data depic-
ted in Fig. with ¢ = 0,£180° for negative and positive magnetic fields, respectively.
The angles 1 and ¢5 are obtained from fits to the angle-dependent measurements via Eq.
and are taken into account for the fitting of the current dependent measurements (the
signal and offset positions, corresponding to Vsignal and Vogser were corrected for these pha-
ses), therefore we set them to zero for the fitting of the current dependent measurements.
Furthermore, since the data illustrated in Fig.[5.9)is normalized with respect to the zero cur-
rent signal AV;;’/Oel, we now use the reduced fitting parameters for Eq. 5.3 AV

det,0,norm
lw/el lw/el lw/el o lw/el lw/el lw/el lw/el lw/el
AVdet,O / AVierlo » ARSHE norm = ARgig / AVelo and ARth,norm = AR,/ AVdet,o - No-
Vlw/el
det,0,norm

te that the first parameter is by definition: A = 1, however we keep it as a free
parameter to ensure a more accurate modeling. The fitting range is indicated by the orange
arrowheads, roughly corresponding to the region where the model given by Eq. 5.2 well
describes the measurements [18, [106]. For larger I,,,q currents, we observe effects which
cannot be described by this model. For the sake of clarity, only the fits for positive fields
(red data points) are shown.

Let us now take a closer look at Fig. Starting with the Ti/ Al modulator device (a),
we first verify that the modulator shows no visible SHE contribution, since the measure-
ments for opposite field and current directions overlap perfectly, therefore indicating an
exclusive thermal modulation of the transport (which is symmetric under field reversal).
The curve fitted in the low current regime is extrapolated to larger currents, reproducing
the measured data well. The same holds for the Ru device, where the corresponding mea-
surement is illustrated in (b). However, due to the significantly larger heating power (as a
result of a large resistance of Ru), the quadratic coefficient in Eq.|5.3|is considerably larger
compared to the previous case, thus causing a larger increase of the magnon conductivity.
For larger currents we observe a local maximum at I,oq ~ 1.2mA for both current and
field directions and a subsequent rapid decrease of the signal, even crossing the zero line
and inverting its sign. The fit, however, is describing the data well until the signal starts
diminishing. In the case of Ir (c), we observe a slight asymmetry for opposite field /current
directions, verifying that Ir is exhibiting small but finite SHE efficiency (confirming the
finite SMR amplitude extracted for Ir/YIG in Chap. 4.5). Similar to Ru, we observe lo-

A relatively small maximum charge current was used for the first measurements of a particular device,
gradually increasing the maximum current for every successive measurement, and lowering the resolution of
the applied current for an already measured current region in order to reduce the device’s exposure. For every

max max

measurement, the whole range (—I 553, Imoq) was covered for opposite directions of the external field.
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Fig. 5.9: Current dependent normalized signal amplitudes AV,%/°' /AV,“/¢! corresponding to the

SHE induced magnons at the injector. (a), (b), (c), (d) and (e) depict the measurements for
devices with Ti/Al, Ru, Ir, PtAu and Pt modulator, respectively. The orange solid lines
represent fits to Eq.[5.3} with the fitting region being indicated by the orange arrowheads.
The black line in (e) represents a fit to In each panel, the corresponding heat power
density (with respect to the interface area and maximal applied current) at the modulator
is indicated. In order to keep the plot synoptic, the fits are shown only for the positive
field measurements.

cal maxima, after which the signal decreases with increasing modulator current. Different
to the Ru device, however, the signal eventually saturates at zero and does not change
sign. Again, the fitted curve portrays the data very well until the sudden signal drop. In
principle, we can use the temperature-dependence of the resistance of the modulator (in-
jector /detector) to extract the temperature change as a function of applied charge current
bias to the modulator. Due to time restrictions, we did not carry out such (thermometry)
measurements. However, we can compare our data with the thermometry measurements
from Ref. [18] since the YIG samples are of similar thickness and quality and the electro-
des are deposited in the same fashion. Our Ir modulator exhibits an approximately 8 times
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larger heating power compared to the Pt modulator (for equal applied modulator current
bias) from Ref. [18]. Utilizing the values obtained in Ref. [18], we extract for the Ir modu-
lator at maximum current a temperature well above the Curie temperature 7, = 559 K of
YIG [116]. Therefore, we conclude that the sudden signal decrease observed in the magnon
transport signals corresponds to a phase transition effect of the magnetic system in the YIG
layer (at least underneath the modulator electrode): above the ordering temperature, YIG
(locally) behaves as a paramagnet, thus long distance magnon transport is no longer possi-
ble, resulting in a zero magnon transport signal. Applying the same arguments for the Ru
structure, we obtain a similar heating power as for the Pt reference sample from Ref. [18],
therefore arguably not reaching the Curie temperature for the Ru device (the approximated
temperature underneath the Ru modulator is 480 K). It is important to point out that the
devices were fabricated on two different YIG samples, slightly thicker than the reference
sample from Ref. [18], where the one with the Ru structure is the thickest one, thus a varia-
tion in Tt is plausible for the different devices. The rapid decrease of the signal observed
for the Ru device might therefore be rationalized by an additional electric leakage current
[117] across YIG itself (c.f. Chap.[5.2.3). The two effects, namely electric leakage currents
and magnetic ordering transitions, can both occur in one and the same device in general,
we will however see that this observation is indeed due to leakage currents for the Ru de-
vice (see Chap. for details). Owing to the larger SHE efficiency in the PtAu structure
(d), the asymmetry for the opposite current/field directions is more distinct as compared
to Ir. The data points above 0.3 mA for the positive field (red data points) deviate from the
fitting curve, where the signal changes its slope and increases above the fitting curve. In
Ref. [18], this deviation from the expected behavior is characterized by the onset current,
where the magnon conductivity modulation enters the critical regime and thus cannot be
rationalized within the model given by Eq. We conclude that the SHE efficiency in
PtAu is sufficient to enter this regime. Finally, considering the Pt structure (e), we obser-
ve the same behavior with an even more pronounced asymmetry due to the stronger SHE
efficiency. Compared with the other devices, we observe the largest signal amplification.
This amplification, however, becomes pronounced only at higher current values (approx.
0.7mA), where the transport enters the nonlinear regime. By further increasing the mo-
dulator current, the signal exhibits a steep rise, corresponding to the maximum slope of
the curve. In Ref. [18]], the corresponding current is defined as the critical current at which
the magnetic damping of YIG is fully compensated and the effective magnon conducti-
vity /resistance diverges/becomes minimal. For materials exhibiting relatively high SHE
efficiency, the model described by Eq. fails for large modulator currents. In a recent
theoretical study [109], this observation of non-linear conductivity modulation was attri-
buted to the formation of a magnon Bose-Einstein Condensate (BEC). An earlier related
theory work also considered the threshold behavior of this spin current induced formation
of a magnon BEC [107], further corroborating this idea. Without arguing about the possi-
bility of forming a magnon BEC in our samples, we can adapt the additional divergence
term (ferit — ,us)_l/ 2 introduced in [109], accounting for the nonlinear behavior in vicinity
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of the critical spin chemical potential z.rit [34]:

/ / / 1
Om = O-gl + AUSHEImod + Ao_th[rznod + Ao—critim, (5.7)
Crl S

where the primed coefficients are slightly deviating from the coefficients defined in Eq.
due to the additional divergence term. The new coefficient Ao, reflects the critical
magnon conductivity change. As shown in Ref. [34], we can, without loss of generality,

exchange (pierit — fts) ™2 with (Ieriy — Imoa) /%

! : (5.8)

0/ ! ! 2 !
Om = Oy + AO-SHEIHIOd + AO—thImod + AO-Crit
Icrit - Imod

’

where Ao, represents the coefficient for the critical magnon conductivity change accoun-

cri
ting for the conversion to units of magnon conductivity. Rewriting the last equation in a
similar fashion as Eq. with Alee“t)/Oel , ARéﬁg ! , AREﬁJ /" and AR;rit corresponding to

!
Oms Ogppy Oy, and Ao

I

it- Tespectively, acting as proportionality factors accounting for the

conversion into voltages and considering the particular field direction, yields the fitting

function used in Fig. (eﬂ:

/ 1

Ve (Tmoa) = AVis" + ARG Tnoa + ARy Iioq + ARy (59)

Lerit — Imod
Evidently, the model presented in Eq.[5.8 agrees well with the data in Fig.|5.9|(e), up to L.
However, in the data presented here only one data point directly corresponding to I is
supporting the model, such that the agreement is not fully warranted by the present mea-
surements. In a further data analysis of Ref. [18] presented in Ref. [34], the diverging square
root term nicely explains the observed current dependece in the Pt modulator structures.
Furthermore, the fitted curve is also in good agreement with the curve corresponding to
the thermal and SHE superposition model for lower currents (c.f.[5.2). It is important to no-
tice that the Pt device in the magnon depletion regime (opposite signs of current and field
for the used convention) shows a signal dropping to zero for high currents. In the magnon
accumulation regime, however, this is not the case. This observation will be addressed in
Chap. In the case of PtAu we did not observe a critical current, even though a clear
onset can be recognized, thus indicating that we were not able to reach the current values
necessary to acheive a diverging magnon conductance. We must point out that the device
broke before higher currents were reached, and it remains unclear whether such a current
can be achieved for a PtAu modulator. We can, however, conclude that contrary to the
assumptions made in Ref. [106], the observed onset and critical currents cannot be a conse-
quence of the SSE, since the corresponding effects are not obtained for materials exhibiting
no or even low SHE efficiency. Thus, our observations support the theoretical prediction of
thermally occupied magnons reaching the regime of damping compensation beneath the
modulator via the SHE. A pure thermal excitation of magnons via the spin Seebeck torque
in the modulator, on the other hand, is not sufficient to induce damping compensation,
which is in accordance with Refs. [109], [107].

6)Again, we take into consideration that the illustrated data is normalized with respect to the zero current
signal AVIerel

det,0
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5.2.2 Transport Modulation of Thermally Induced Magnons

Figure depicts the current dependent measurements of thermally induced magnons
corresponding to the same structures discussed in Fig. Compared to their electrical
counterparts, we immediately notice the opposite signs of the signals for opposite field
directions, as well as the fact that the curves exhibit a rather flat structure in the low cur-
rent regime. An investigation of the behavior of thermally induced magnons will, however,
shed light on the features observed for the SHE induced magnons. Let us therefore address
the observed effects. First of all, the Ti/Al device (a), does not show any characteristic
features, remaining constant over the whole current range investigated. This is in perfect
agreement with the SHE induced signal (c.f. Fig. 5.9 (a)), where we only observed a weak
quadratic increase. Continuing with Ru (b), the signal is first constant, until we reach cur-
rents I,oqa > 1mA corresponding to the regime at which we observed an abrupt voltage
drop in Fig. [5.9| (b) for the electrically induced magnons. In this case, however, the signal
exhibits an abrupt increase, with the signal sign following the current sign for both field
directions. From the discussion following in Chap. we attribute this to an electrical
leakage current flowing in the YIG layer. This observation corroborates the conjecture we
put forward for the electrical signals of the Ru device in the previous Section.

In the case of Ir (c), the signal is again constant for low modulator currents. Reaching
higher current intensities, we observe a highly interesting behavior: the signals for both
field directions exhibit a very steep increase, immediately followed by a very steep decre-
ase. This characteristic peak is more pronounced for the magnon accumulation regime as
compared to the magnon depletion case, indicating that the SHE induced effects are play-
ing a considerable role. Furthermore, we observe a change of the signal sign for the peaks.
As already discussed, the comparison of the Ir sample with the reference sample from Ref.
[18] clearly indicates that the high heating power of the Ir modulator accounts for tempera-
tures above the ordering temperature of YIG (c.f.[5.2.T). The observed characteristic peaks,
indicative for phase transitions, additionally verify our assumptions. In this regard, this
observation yields an interesting finding. Let us therefore recapitulate the effects observed
in the first and second harmonic measurements for the Ir device (c.f. Figs.|5.9| (c) and
(c)), which we plot again in Fig. (a) and (¢), in order to allow a clearer overview. For
the electrical contribution of the Ir device (a) the signal exhibited a very steep but conti-
nuous change, whereas in the thermal contribution (c), for equal modulator currents, the
signal exhibits a discontinuous but finite peak behavior. This is in perfect agreement with
the proposal made in Ref. [34], assuming that the first harmonic signal might be thought
of as a measure of the system’s entropy, while the second harmonic subsequently could
reflect the system’s heat capacity [114]. A magnetic second order transition from a ferro-
magnetic to a paramagnetic state is always accompanied by an increase of the system’s
entropy, since the ferromagnetic state is by definition more ordered than the paramagnetic
state. The continuous increase of entropy subsequently induces a reduction of the magnon
conductivity, which we measure as a decrease of Aleg:/ el (c.t. Fig. (@)). The magnons
of the systems are not clearly defined in the paramagnetic state, thus no magnon transport
can be observed. The heat capacity of the system reflects the change of entropy during a
phase transition in form of a characteristic lambda-shaped peak, with the apex correspon-
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ding to the point of the most rapid change of entropy. The asymmetry in (c) for opposite
current polarization for a particular applied field (positive or negative), again reflects the
SHE-symmetry. In the magnon accumulation regime (i.e. more pronounced peak), there are
more available particles (magnons and phonons) contributing to the specific heat therefore
accounting for a larger change in heat capacity. In the depletion regime (i.e. less pronoun-
ced peak), this number is partially reduced (due to depletion of magnons), explaining the
comparably lower peak.
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Fig. 5.10: Current dependent normalized signal amplitudes AVdif/ th / |AVdQe°:7/Ot " corresponding

to thermally induced magnons at the injector. (a), (b), (¢), (d) and (e) depict the mea-
surements for devices with Ti/Al, Ru, Ir, PtAu and Pt modulators, respectively. The
orange arrowheads indicate the modulator current values at which we start observing
the characteristic features in the SHE counterparts shown in Fig. In order to keep
the plot synoptic, the marks are shown only for the positive field measurements.

This proposal arose for measurements qualitatively corresponding to our measure-
ments of the PtAu (d) and Pt (e) devices shown in Fig. Obviously, Pt and PtAu exhibit
mutually equal features in the thermal contribution, thus we are going to restrict the dis-
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Fig.5.11: Current  dependent normalized signal amplitudes AV </ /Alee“;’/oel and

AV;;/ ¢/ \AV;;{J ")) corresponding to the SHE and thermally induced magnons
at the injector, respectively. (a) and (c)/ (b) and (d) are showing the SHE and thermal
contributions for an Ir /Pt device, respectively.

cussion to the Pt device. For the sake of better comparison, the electrical (c.f. Fig. (e))
and thermal (c.f. Fig. (e)) contributions of the Pt device are replotted in Fig. (b)
and (d). In the thermal contribution (d), we observe a characteristic peak for both posi-
tive (red data points) and negative (blue data points) field measurements. However, the
characteristic peaks appear only in the magnon accumulation regime. Furthermore, the si-
gnal signs are preserved, with the signal exhibiting no sign change for the arising peaks. A
comparison with the electrical contribution (b) reveals that the characteristic peaks in the
thermal contribution occur for I,,,,4 at which we observe the onset of nonlinear behavior in
the electrical contribution. Attributing this nonlinearity to the damping compensation, we
would expect a decrease of the entropy of the system, leading to an increase of the magnon
conductivity. We confirm this by measuring an increased Alee“:/ et (b)). The thermal
contribution, if considered as a measure of the system’s heat capacity, should then exhibit
the observed characteristic (lambda-shaped) peak. By this, we assume that the damping
compensation can be regarded as a phase transition within the magnon system, but is not
to be mistaken with a second order magnetic phase transition at 7.

It is important to point out that further measurements must be carried out in order to
verify the hereby offered assumptions, nevertheless the overall picture seems to be consis-
tent.

5.2.3 Leakage Currents

In this Section, we address the impact of electric leakage currents on the magnon trans-
port modulation measurements discussed in the preceeding Sections. Sizable contributi-
ons from electric currents flowing between the metallic electrodes across YIG should be
suppressed due to the insulating nature of YIG [118] and the GGG substrate [119]. It is
known, however, that doping performed as for semiconductors (i.e. intentional implanting
of impurities introducing energy levels inside and close to the edges of the forbidden gap,
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Fig. 5.12: Offset voltage measurements of the Pt device shown in Figs. (e) and @ (e). The
hereby presented measurements are obtained by setting Ii;,; = 0 and applying Imeq to
the modulator electrode while simultaneously measuring the voltage response Vgt at
the detector electrode. (a) and (b) show the corresponding electric and thermal detector

signals. The solid lines in (a) are fits to Eq.

therefore mitigating the interband transition of charge carriers) can lead to a substantial
increase of conductivity for YIG [120, 121} 122]]. In the case of ultrathin films, as used for
our magnon transport experiments, defects could be introduced as a consequence of the
fabrication, due to the usage of resists or even due to the NM/YIG interfaces. A recent
study [117] reported that the electrical conductivity in a 19 nm-thick YIG sample increased
exponentially with increasing temperature, following an activated semiconductor-like be-
havior corresponding to a band gap of £, ~ 2eV. In our corresponding experiment, we
experience a large temperature increase of the sample due to the application of very large
modulator current densities leading to Joule heating of the devices [18]. Thus, we are going
to treat our YIG sample as an intrinsic semiconductor allowing for an explanation of the
experimentally observed behavior at large current densities. The obtained model will be
applied quantitatively to the experiments and the results will be discussed.

For an intrinsic semiconductor, we can introduce the temperature dependent charge car-
rier density as [123]:

. E
ni o< T%/% exp (_%BgT) (5.10)

Since the corresponding conductivity o is given as the product of the carrier density, carrier
mobility and elementary charge, i.e. ¢ = n;ue, with the mobility exhibiting a 1 o< T-%/2
temperature dependence [123], we obtain:

Ky
- ) 5.11

where T = Ty + cyul?, 4 accounts for the current induced Joule heating of the modula-
tor electrode, with T = 280K in our experiments and c;y parametrizing the electrode’s
current-heating coefficient. Let us first consider the case where a DC current is applied to
the modulator and a voltage is measured simultaneously at the detector (here, we apply
an external field parallel to the electrodes, which suppresses magnon transport and thus
enables the investigation of purely electrical leakage effects between the modulator and
detector). This corresponds to the experiment conducted in Ref. [117]. Upon increasing the
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applied current, the system heats as dictated by Joule’s heating law and thus causes an
increase of the available charge carriers in the YIG semiconductor. Similar to our magnon
transport measurements, where the increased detector voltage indicates an increased con-
ductivity of the magnonic system rather than an increase of the resistivity, the detector
signal is also going to increase with increasing conductivity of YIG:

E
Vet (Imo Ivod - 0 (Imo Ino — & . 5.12
et (Imod) X Imod * 0 (Imod) o< deXp< QkB(To-i-CJHIrQnOd)) (5.12)

Therefore, we expect a thermally activated behavior for temperatures close to T’ ~ E, /(2kg).
In general, we can write the detector voltage as a Taylor series expansion with respect to

the applied current I:
dVdet 1 dQVdet 2
ot ({mod) = —Lhod + = 1 . A
Vaet(Imod) = Vo + Ay mod + 5 i, mod T (5.13)

If we now consider the case of leakage currents for our three-electrode magnon transport
experiments, it is important to point out that all electrodes will be mutually shorted when
the YIG becomes conducting. Hence, in a simplified picture the total electric leakage current
can be thought as a superposition of the injector and modulator currents. The electrical
and thermal signal contributions originating from leakage current effects, as defined in
Chap. are then proportional to the first and second derivative of the detector voltage
with respect to the applied modulator current as written in Eq. respectively. For the
electrical signal contribution we therefore obtain:

wiel  dViet Eqscyn Imod 2 E
/e e 1+ -8 0 - g 5.14
det ™ ATod * ks \To+ cul? 4 P\ 2k (To + cyul2oq) ) G149

wheras for thermal contribution we compute:

d?V, 2T I? E
Vje(«:/th _ 2det - <1 + 0 . + CJH mod2 < g : _ 2)> %
dImod To + CJHImOd To + C']HImOd kB(T() + CJH[mod)
% EgCJHImod exp (_ Eg > ‘
kB(To + CJHIiOd)Q QkB(To + CJHIIQnod)

(5.15)
To conclude, according to Eq.[5.12lwe expect the electrical leakage current in the modulator-

detector configuration to show a thermally activated behavior given by the exponential
term multiplied by the modulator current. The first and second harmonic signals should
exhibit the same thermally activated behavior with different symmetries with respect to
the modulator current according to Egs. and We thus expect the first and second
harmonic signals to be even and odd in terms of the modulator current, respectively. In or-
der to verify these findings, we extracted the offset detector voltages V™" and V1 offset
(where magnon transport is suppressed) for an exclusively applied modulator current (i.e.
Iinj = 0) from our DC measurements of the Pt modulator device corresponding to the mea-
surements displayed in Figs.|5.9|(e) and (e), moreover showcasing the versatility of the
DC measurement method introduced in Chap. As illustrated in Fig. (a), the detec-
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Fig. 5.13: Current dependent measurements of the Pt device shown in Fig. in the standard
measurement configuration. (a) and (b) represent the electric and thermal detector si-
gnals, respectively, obtained for magnon transport (blue and red data points, correspon-
ding to negative and positive fields, respectively) as well as for the offset (grey data
points) measurements. The solid red lines overlapping the offset data points in (a) and
(b) correspond to fits to Egs. and respectively. By subtracting the offset from
the magnon transport signals, for (a) and (b), we obtain Figs.[5.9|(e) and (e), respec-
tively.

tor signal corresponding to an electrical leakage current is well described by the solid lines
representing fits to Eq. Furthermore, both electric (a) and thermal (b) contributions
are in perfect agreement with the results from Ref. [117]. By fitting the data corresponding
to the electric contribution with the curve described by Eq.5.12Jwe extract a bandgap value
of E; = (0.95 & 0.06)eV and heating power of c;g = (139.8 £ 37.7)KmA 2. The smaller
bandgap value of our sample, compared to the findings from Ref. [117] (£, ~ 2¢V), indica-
tes that our sample was most probably more contaminated by impurities. This could offer
an explanation why leakage currents are observed randomly, i.e. for the Pt device (Fig.
(e)) we unambiguously observe a leakage current, while we cannot point out the same for
the Ir device (Fig.|5.9|(c)) being a clearly more effective heater. On the other hand, NM/YIG
interfaces impose potential barriers for conducting electrons, which could considerably dif-
fer depending on the choice of the NM, since the interface quality is clearly affected by the
choice of the NM. The heating power coefficient extracted from the fit is in excellent agree-
ment with the heating power ¢j; ~ 133 KmA 2 obtained by comparison with the thermo-
metry measurements from Ref. [34]. It is not straightforward to describe the real leakage
current path, which is of crucial importance for the exact determination of the YIG’s con-
ductivity, but we can compare the modulator and detector currents by assuming that they
are proportional to the conductivities of Pt and YIG, respectively, as a first approximation.
In doing so, we obtain oyig ~ 0.15Sm™! (op; = 2.15MSm™?) for I,0q = 1.05mA, corre-
sponding to T' ~ 400 K. Compared to the value oyig ~ 0.02Sm™! from Ref. [117] obtained
at the same temperature, and taking into account the smaller bandgap, we can conclude
that our approximation is good enough for obtaining a qualitative picture. Let us now take
a look at the current dependent measurement of the Pt structure presented in Figs. [5.9| (e)
and (e). In Fig. measurements of the detector signals V% (a) and V. (b), without
subtraction of the indicated offset signals, are presented. Our semiconductor model is des-
cribing the offset in the electric contribution (a) (Eq. as well as the offset in the thermal
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Fig. 5.14: Current dependent measurements of the Ru device shown in Figs. 5.9/ (b) and (b),
prior subtracting the offset. (a) and (b) represent the electric and thermal detector si-
gnals, respectively, obtained for magnon transport (blue and red data points, corre-
sponding to negative and positive fields, respectively) as well as for the offset (grey
data points) measurements. The solid red lines overlapping the offset data points in (a)
and (b) correspond to fits to Egs. and respectively. Contacts on the modulator
electrode were interchanged, as compared to the convention used in this thesis (c.f.
(a)). For the opposite polarization of I,,,4, we see an inversion of the leakage currents

effects, compared to

contribution (b) (Eq. up to high accuracy (grey data points). As expected, the offset in
the electric contribution is even, whereas the offset in the thermal contribution is odd with
respect to the modulator current. In order to ultimately prove the leakage current assump-
tion, we conducted the same measurements with mutually interchanging the contacts of
the modulator electrode. This was carried out for the current dependent measurements of
a device with a Ru modulator, shown in Fig. In the first harmonic contribution (a) we
observe a sign change for the high current part, as compared to the Pt device in Fig.
with the symmetry with respect to the current being preserved. The same can be observed
for the offset in the second harmonic contribution (b). This is in perfect agreement with
our expectations, since the first harmonic, as defined in Eq. is proportional to the first
derivative of the voltage with respect to the applied current. Even though the signal itself
is even with respect to the modulator current, we obtain a minus sign when calculating the
tirst derivative. As for the second harmonic offset, the change of sign is reflecting the odd
symmetry with respect to the current. That being said, we can conclude that our model is
justified.

Finally, it is important to address the issue of finite alteration of the magnon transport due
to leakage currents. Since the idea of an offset measurement is to gain the ability to subtract
the eventual offset, one would expect that the magnon transport signal should be cleared
of all other possible effects. However, in the previously presented measurement, we saw
that this is not the case, since we still see features caused by the leakage currents (c.f. (b), (e)
of Figs.[5.9and [5.10). The first candidate for such a behavior is the 180°-symmetric AMR.
Under usual conditions, YIG is a ferromagnetic insulator and therefore not susceptible to
AMR. However, in the presence of leakage currents, YIG may act as a semiconducting fer-
romagnet, therefore possibly exhibiting AMR. In order to check whether AMR is the cause
of our issue, we plotted (V! — V(f;’t(’ffset)/ V¢l as a function of the modulator current, for
the previously shown Pt device. The result is plotted in Fig. for high current inten-
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Fig. 5.15: Relative size of the offset voltages, compared to the magnon transport signal correspon-
ding to the measurements portrayed in Fig. The orange arrowheads indicate the
magnon accumulation regime for the largest applied modulator currents I;noq.

sities in the magnon accumulation regime (as indicated by the arrows), the offset signal is
almost half as large as the magnon transport signal, with an approximately 40% amplitude.
In the magnon depletion regime where the transport signal is reduced, the offset is of equal
amplitude as the transport signal, therefore totally suppressing the transport. However, re-
ported AMR amplitudes for semiconducting ferromagnets are in the few-percent regime
[124], thus we can very likely rule out AMR as the main cause of the observed effect.

Another possible cause are aging effects of the device. Since it is not possible to simulta-
neously measure transport and the offset signal, we expect the NM/YIG interface to lower
in quality for every successive measurement, when applying high current densities to the
electrodes. This is indeed observed during this research, as well as in previous projects
[125]. Furthermore, taking into account that applying high currents to the modulator elec-
trode gives rise to Oersted fields of amplitudes up to few mT [126], we can state that the
sample’s magnetization is not perfectly aligned along the external field’s direction. Howe-
ver, additional measurement sensitive to these effect should be conducted, which is beyond
the scope of this thesis.

5.2.4 Modulation efficiency

In the previous Section, we discussed and illustrated magnon conductivity measurements,
where the conductivity was tuned by altering the number of magnons. This was achieved
by utilizing thermal generation of magnons and SHE-induced magnon accumulation or
depletion in a modulator electrode. In this Section, we want to disentangle the thermal
and SHE contribution. As we already stated, the thermal contribution is odd, and the SHE
contribution even under current reversal. However, the same symmetry is reflected in the
field symmetry- therefore we are able to extract the modulation amplitudes of the particular
effect, without losing information for the opposite current polarization. Thus, we can obtain
the modulation amplitude due to SHE and thermal injection as [34} 17]:

lw/el lw/el
AVSHE _ AVolet/ (+poH) — Avdet/ (—poH)
det 92

X AUSHE,jjmoda (516)
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Fig. 5.16: Modulation strengths extracted from the measurements shown in Fig. following
the formalism given by Egs. and [5.19] for SHE and thermal injection, respectively.
(@), (b), (c), (d) and (e) correspond to Ti/Al, Ru, Ir, PtAu and Pt devices. The modula-

tion efficiencies extracted by fitting the corresponding current density dependence are
summarized in (f).

AVlw/el o H +AV1w/e1 —unH ‘
v = BVae (hpof) T ol oy + Aowsiea (5.17)

respectively. By normalizing these modulation amplitudes according to:

AVSHE B AosHE,jImod UEIHE

TISHE = AVlw/el B oo - ol 7 518)
det,0 o
Avth o AVlw/el 2 th
. det,0 AO-th,jImod _ %m 5.19
Tth = Avlw/el o oo o 0'70, ( ' )
det,0 o
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where Alee‘:/Oel o o0, we obtain the relative modulation strengths for SHE and thermal

magnons, which are defined as the ratios of the corresponding induced magnon conduc-
tivity (AosHE,jjmod and Aoy, jfnod, for SHE and thermal induction, respectively) and the
magnon conductivity in thermal equilibrium ¢9,. Contrary to the previous Sections, where
the figure of merit for the transport modulation was the modulator current intensity I1od,
in this Section we rather use the modulator current density jmnoq, since we now want to
quantitatively compare the modulation strengths and efficiencies for different modulator
geometries. We calculated the relative modulation strengths only for the current dependent
measurements of the electrical contribution, since the thermal contribution has shown to
be less influenced by the modulator in general (recall the flat structure for the low cur-
rent bias in Fig.[5.10). In Fig.[5.16) we present the modulation strengths as a function of the
modulator current (density) for the devices discussed in the previous Sections. We can see
that all devices have a pronounced thermal modulation, following the expected quadratic
current dependence. Beside the SHE inefficient Ti/ Al and Ru devices, the linear current
dependence is fulfilled as well, at least in the low modulator current regime. We can then
define the modulation efficiencies as:

dnsue  AosHEj
djmod 0-81

, (5.20)

1d? Aoy ;
Teh _ 20thyj (5.21)

24d 2.4 0%
The defined modulation efficiencies were obtained by fitting the modulation strength with
the proper current (density) dependence (linear for SHE and quadratic for thermal modula-
tion) in the low current regime. The obtained values are depicted in Fig. (f). By compa-
ring the SHE efficiencies of the different modulators (purple bars) and neglecting the SHE
inefficient Ti/Al and Ru devices, we see that Ir is the least efficient with 1.7%, followed
by PtAu with 5.6%, whereas Pt exhibits the highest efficiency of 11.6% per 101! Am~2 mo-
dulator current density. These results qualitatively reproduce the observations from Chap.
were we characterized the SHE efficiencies by means of SMR measurements (c.f. Fig.
, very well. In Ref. [17], simulations predicted an SHE efficiency of ~ 16 %mA~" for
a 10 nm-thick YIG film for an external field ;o H = 50 mT. All three of our SHE active de-
vices (Ir, PtAu, Pt) were grown on ~ 20 nm thick films, with the measurements conducted
at uoH = 50mT. By recalculating the SHE efficiencies (c.f. Eq. with respect to the
modulator current intensity Iy,,,4, we obtain efficiency values of 17%, 56% and 58% per mA
for Ir, PtAu and Pt, respectively. Thus, all devices are exceeding the expectations made in
Ref. [17]. However, it is important to point out that for a proper comparison of devices with
different modulator geometries, one must define the modulation efficiency with respect to
the applied charge current density, rather than the current intensity, since the SHE depends
on the former (c.f. Eq.[2.3).

The obtained thermal efficiencies shown in Fig. (f) (green bars) should not be un-
derstood as quantities merely reflecting the modulator’s heating power. If we consider the
definition of 7}, (c.f. Eq.[5.21), it becomes obvious that this quantity reflects the ratio of
the thermally induced magnon conductivity Aoy, ; and the the magnon conductivity in
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0

thermal equilibrium . Since we are considering the electrical transport contribution, ¢,

represents the magnon conductivity in thermal equilibrium of the SHE-induced magnons.
Thus, n;}, does not reflect the heating powers of the different devices in general. We see that
for the Ir device, which was shown to have the highest heating power of all devices, n;} is
minimal, whereas the Ti/ Al device with the lowest heating power among all devices has a
pronounced thermal efficiency 7]} .

5.3 Summary

In this Chapter, we intensively investigated the electrical and thermal contributions of the
magnon transport modulation by utilizing modulator electrodes of different NMs. In the
beginning of the Chapter, we addressed the currently open questions regarding this topic,
especially the nonlinearities observed in Refs. [18] and [106], and offered a phenomeno-
logical description of the relevant physics at the modulator/YIG interface. Subsequently,
we presented angle dependent measurements of the electrical and thermal contributions
for a two-strip device (c.f. Chap. 5.T). We showcased the principles of magnon transport
and qualitatively explained the observed features, as well as offered intuitive explanations
for the field and temperature dependencies. Thereafter, angle dependent measurements
of magnon transistor devices prepared with modulators made with non-, moderate- and
high-SHE efficiency were evinced (c.f. Chap. 5.1.1). Here we demonstrated the impact of
applying a charge current to the modulator. Furthermore, a model describing the superim-
posed influence of thermal and electrical effects induced by the modulator was used based
on Ref. [17]. An in detail study of the influence of the modulator current was achieved by
conducting modulator current dependent magnon transport measurements (c.f. Chap.[5.2).
A discussion of the data obtained for the electrical contribution (c.f. Chap. has shown
that for low modulator current bias the magnon transport can be described by the afore-
mentioned model very well. For the Pt and PtAu devices, however, we observed similar
nonlinear features as in Refs. [18] and [106] for large modulator current bias, indicating (at
least the onset) of the damping compensation, as proposed in Ref. [18]. These effects were
neither observed for the SHE-inefficient Ru and Ti/ Al devices, nor for the moderately ef-
ficient Ir device. This indicates that the nonlinearities cannot be caused by thermal effects,
contrary to the predicition made in Ref. [106]. Furthermore, the model put forward in Ref.
[34] based on Ref. [109], which accounts for the damping compensation, fitted our data
for the Pt modulator device very well. In the case of the Ir and Ru devices, we observed a
rapid decrease of the signal for large modulator current bias. The seemingly equal effects
were appointed to different causes: in the case of Ru we proposed the behavior to be cau-
sed by electrical leakage currents in the YIG film, whereas in the case of Ir we proposed a
magnetic phase transition of the YIG film underneath the modulator, both caused by ex-
tensive heating. Our predictions were shown to be valid by considering the corresponding
thermal contribution of the magnon transport (c.f. Chap.[5.2.2). By comparing the electrical
and thermal signal contributions we came to the conclusion that the electrical signal con-
tribution might be considered as a measure of the system’s entropy, whereas the thermal
contribution might be seen as a measure of the system’s heat capacity, supporting the con-
siderations made in Ref. [34]: the magnetic phase transition of the Ir device demonstrated
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a specific behavior in the thermal contribution, which was replicated to some extent by the
Pt and PtAu devices, exactly were the onset of the damping compensation is observed in
the electrical contribution. The damping compensation transition is expected to represent a
phase transition within the magnon system [107,[109], which we verify by the characteristic
features in the measurements of the thermal contribution. A semiconductor model applied
to YIG has been put forward to describe the possibility of emerging electrical leakage cur-
rents (c.f. Chap.[5.2.3). The model fitted our data very well and the extracted bandgap value
was in reasonable agreement with the findings from Ref. [117] and furthermore yielded a
value for the heating coefficient of the modulator very close to the expected value. Finally,
we exploited the different symmetries of electrical and thermal magnon excitation effects
and calculated the modulation strengths and efficiencies of the electrical and thermal mo-
dulation separately for the electrical signal contribution (c.f. Chap.[5.2.4). As expected, the
SHE-inefficient Ti/ Al and Ru modulators did not show a finite electrical modulation effi-
ciency, whereas Ir, PtAu and Pt resembled the behavior foreseen by the SMR measurements
from Chap. Furthermore, all devices were shown to exhibit a finite thermal modulation
efficiency due to their finite electrical resistance.
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6 Summary and Outlook

In this work, we investigated the magnon transport NM/YIG bilayers patterned as ma-
gnetic transistor devices [22,23]. The studied YIG samples were ultrathin (10 — 20nm) films
grown by PLD at the Walther-Meifsner-Institut. The injection and detection of the spin wa-
ves was achieved by utilizing the spin Hall and inverse spin Hall effects (SHE and ISHE)
in Pt electrodes, which we refer to as injector and detector. The injector and detector elec-
trodes were patterned as electrically isolated nanowires, allowing to achieve high current
densities by applying comparably low current intensities at the injector electrode. Due to
the SHE, a charge current applied to the injector gives rise to a spin current in the injector,
which subsequently induces an electron spin accumulation at the injector Pt/YIG inter-
face. Spin flip scattering events occurring at this interface generate or annihilate magnons
in the YIG film, thus giving rise to a non-equlibrium magnon accumulation. Another me-
chanism for generating non-equilibrium magnon accumulations is the spin Seebeck effect
(SSE), which is achieved by a temperature gradient of the electron and magnon bath. The
generated non-equilibrium magnon accumulations diffuse in the YIG layer, induce an elec-
tron spin accumulation at the detector Pt/YIG interface and are measured via the ISHE.
Due to the different symmetries of the SHE (electrical) and SSE (thermal), we are able to
distinguish between the electrical and thermal induced magnons, which we refer to as the
electrical and thermal magnon transport contribution. The main drawback of this kind of
transport is reflected in the fact that the number of magnons in a magnetically ordered
insulator is not conserved. This work was aimed at bypassing this shortcoming by intro-
ducing a third electrode- the modulator, which fulfills a function similar to a gate electrode
in a conventional semiconductor transistor, that is to modulate the magnon conductivity
of the YIG layer [17, 18, 106]. The deployed measurement techniques allowed to measure
the change in the magnon conductivity, without "picking-up"the magnons stemming from
the modulator. Depending on the choice of the modulator material, one can tune its elec-
trical contribution and therefore investigate the underlying physics in more detail. In the
following Sections we are going to present a summary of the main results of this thesis and
offer some proposals for future experiments on the topics covered in this work.

6.1 Summary

In Chapter 4, we characterized two Pt;_Auy alloys with = 0.1,0.25 patterned on two
YIG films as series of devices of different thickness together with Pt reference devices. Re-
cent publications [78]79] suggested that PtAu alloys with small concentrations of Au could
exceed pure Pt in terms of SHE efficiency, therefore acting as an even better material for
generation of pure spin currents. In order to prove these observations, we conducted an-
gle dependent spin Hall magnetoresistance (SMR) measurements for a variety of different
temperatures and field strengths. Furthermore, we repeated the measurements in three
mutually orthogonal planes to gather additional informations about the alloys. The out-
of-plane measurements yielded a very interesting result: we arguably observed additional
magnetoresistance (MR) effects which exhibit a strong temperature dependence. These fin-
dings were attributed to a combination of ordinary MR, magnetic proximity effect-induced
anisotropic MR and to simple sample misalignment with the external magnetic field. Con-
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trary to the theoretical predictions for the SMR [50], we observed a pronounced magnetic
tield dependence which can only be rationalized by imperfect NM/YIG interfaces giving
rise to so-called pinning effects. The quality grade of the interface was also reflected in the
resistivites of the metals, which were one to two orders of magnitude larger when com-
pared to values obtained in previous studies [75, [78} 79]. Nevertheless, our measurements
suggest that the PtAu alloys are not comparable with Pt in terms of SHE efficiency, ta-
king into account not only the spin Hall angle fsy, but rather a combination with the spin
diffusion length A; and the spin mixing conductance g™. Furthermore, the SHE efficiency
was shown to decrease with increasing concentration of the Au component. We were still
able to take advantage of this result by fabricating Ptg 75 Aug.25, together with Ti/Al, Ru,
Ir and Pt modulators for our magnon transport experiments. The SHE efficiency of these
materials were as well characterized by SMR measurements, which have shown to be a
very powerful probe for characterizing SHE efficiency of a metal for a particular NM/YIG
interface.

In Chapter 5| we first discussed angle dependent magnon transport measurements of a
two-electrode device in order to highlight the general features of magnon transport. Sub-
sequently, we discussed measurements of magnon transistor devices with different modu-
lator electrodes. First of all, we conducted angle dependent measurements, allowing for a
qualitative characterization of the influence of the particular electrode material. A model
describing the magnon conductivity in terms of electrically induced effects odd in the mo-
dulator current and thermally induced effects even in the modulator current was used [17],
describing our data very well. Employing different modulator materials allowed us to gra-
dually reduce the SHE contribution of the modulator electrode. Opting for a quantitative
decription, we employed current dependent measurements. Here, the effect of the SHE
modulation at the modulator electrode became perceptible. Considering the electrical si-
gnal contribution, materials showing vanishing (Ti/ Al, Ru) or low SHE efficiency (Ir) were
well described by the aforementioned model, even for large modulator current bias. On the
other hand, the moderately and highly SHE effective PtAu and Pt modulators, exhibited
a pronounced deviation from this model for large modulator current bias. These findings
corroborate the observations from Ref. [18] and the theoretical prediction made in Ref. [109]
about a possible SHE induced magnetic damping compensation. Contrary to the assump-
tions from Ref. [106], arguing that the observed nonlinearity is a consequence of heating
(SSE) effects, we clearly demonstrated that the nonlinear behavior cannot be invoked by
exclusive thermal excitation at the modulator. Furthermore, for the Ir device, the achieved
current densities were large enough to reach temperatures above the ordering temperature
of YIG and thus observed a magnetic phase transition. The corresponding measurements
of the thermal contribution of the magnon transport verified this observation, showing cha-
racteristic lambda-shaped peaks for current densities at which the signal rapidly decreased
in the electrical signal contribution. This observation corroborates the premise made in Ref.
[34], where the electrical signal contribution is described as a possible measure of the sys-
tem’s entropy, whereas the thermal signal contribution is regarded as a possible measure of
the system’s heat capacity. Furthermore, we observe a similar lambda-shaped peak in the
thermal contributions of the PtAu and Pt devices, corresponding to the damping compen-
sation regime in the electrical contribution. This suggests that a damping compensation is
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indeed achieved in the YIG films with PtAu and Pt devices. The damping compensation
regime [18] is not to be mistaken with a ferromagnet to paramagnet phase transition which
occurs at T¢. In the case of the Ru and Pt devices we arguably observed effects caused by
electrical leakage currents. This was tested by introducing a semiconductor model for the
YIG films, which was shown to describe our data with extraordinary agreement, therefore
confirming the assumption of leakage currents. Comparing the obtained bandgap value
with Ref. [117] yielded a reasonable result. Finally, the electrical and thermal modulation
efficiencies of the different modulator materials were disentangled. This was discussed for
the electrical contribution, with the results being in very good agreement with the predic-
tions made by the SMR characterization, indicating once more the versatility of the SMR
measurements.

6.2 Outlook

We now want to offer a short outlook to possible future investigations of the topics investi-
gated in this work. Regarding the characterization of the PtAu alloys and alloys in general,
it is important to point out that the co-sputtering technique is not the best suited techni-
que for producing alloys with a precisely set stoichiometry, since it is difficult to precisely
control the ratio of the components. Therefore we suggest the usage of pre-fabricated com-
posite targets with the right stoichiometry. Taking into account that both Pt and Au are
precious metals, this demand is not inexpensive. Utilizing a less invasive deposition tech-
nique than sputtering could as well be beneficial in terms of the interface quality. Finally,
producing in situ samples would exclude the possibility of interface contaminations. The
primary goal we set out was to increase SHE efficiency without increasing Joule heating
due to increased resistivity of the material. Another approach would be to either utilize
NM multilayers to enhance SHE efficiency [127] or utilize magnetically ordered metals and
their associated anomalous spin Hall effect. Another important aspect is a better understan-
ding of the interface and defects at the interface influencing the spin mixing conductance
and thus enhance spin current injection into the MOIL.

For the magnon transport measurements it is essential to verify the results regarding
the phase transitions. This could be achieved by measuring the magnon transport while
intentionally inducing a magnetic ordering transition by increasing the base temperature.
However, it would as well be necessary to measure the heat capacity directly and to com-
pare the results to the thermal magnon transport data. On the other hand, utilizing the
3w method [128) 129, [130] for thermal conductivity measurements would be another opti-
on. Similar to the previously discussed SMR measurements, an improved interface quality
would as well be beneficial for both the magnon modulation and transport [115]. Possible
scenarios include less invasive deposition techniques and the usage of interlayers between
the NM and the YIG film [131} 132} 133} [134]. At present the concept of manipulating ma-
gnon transport via an additional modulator contact has only been applied to YIG, because
it exhibits the lowest magnon decay rate and thus allows to reach the point of damping
compensation. It would be highly desirable to check if the effects are indeed universal and
can be also observed in different MOls, for example in antiferromagnetic insulators whe-
re current experiments indicate also long magnon lifetimes. Last but not least, it would
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be helpful to combine spatially resolved probing techniques for the detection of magnetic
stray fields like nitrogen vacancies in diamond with all-electrical measurement techniques

to gain a deeper insight into the damping-compensation regime.
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A Appendix: PLD YIG Films

In this Section we summarize the PLD YIG samples grown at the Walther-Meifsner-Institut

with the corresponding growth parameters.

D T S ) ) o) T
YIG289 573 5500 20.98 58.74 9.93 Ti/Al, Pt
YIG301 565 6500 20.79 57.55 9.66 Ti/Al, Pt
YIG302 567 9000 20.71 56.29 20.73 PtAu, Pt
YIG305 528 9000 20.74 55.4 13.78 Ru, Pt
YIG306 520 10000 20.88 57.21 22.21 Ru, Pt
YIG309 558 8500 20.67 51.38 19.52 Ir, Pt

Tab. A.1: List of PLD-grown YIG samples used in this work with indicated sample growth tempe-
rature Ty,mple, Number of laser pulses during the growth process, voltage bias U for the
reflection high-energy electron diffraction (RHEED) in situ analysis method, the laser-
beam energy E, sample thickness tsampie and subsequently deposited modulator mate-
rials. The laser is a pulsed UV-excimer laser (KrF, 248 nm) and the energy density per
pulse was 2 Jem 2. All samples were grown on GGG(100) substrates in an Oxygen at-

mosphere at a surrounding temperature of 450 °C and a pressure of 25 pbar.
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