N = I

WMI
TECHNISCHE WALTHER-MEISSNER- BAYERISCHE
UNIVERSITAT INSTITUT FUR AKADEMIE DER
MUNCHEN TIEFTEMPERATUR- WISSENSCHAFTEN
FORSCHUNG

Simultaneous Electrical and Optical
Detection of Zero Effective Magnon Damping
in a Magnetic Insulator

Master’s thesis

Maria Sigl

Supervisor: Prof. Dr. Rudolf Gross
Advisor: Dr. Matthias Althammer
Garching — November 10, 2023


http://www.tum.de/
http://www.wmi.badw.de/
http://www.badw.de/
http://www.tum.de/
http://www.tum.de/
http://www.tum.de/
http://www.wmi.badw.de/
http://www.wmi.badw.de/
http://www.wmi.badw.de/
http://www.wmi.badw.de/
http://www.badw.de/
http://www.badw.de/
http://www.badw.de/




II Contents

Contents
1 Introduction

2 Theory
21 PureSpinCurrents . . .. ... ... ... ... e
22 SpinHallEffect . . ... .. ... ... .. ... . .
2.3 Spin Current in Magnetically Ordered Insulator/Normal Metal heterostruc-
tures . . . . L
2.4  All-electrical magnon transport . . . . ... ... ... ... ... . ..
2.5 Electrical modulation of magnon spin transport . . . .. ... ... ... ...

3 Experimental details
3.1 Sample Fabrication . . . ... ... ... ... ... .. . .. . 0 0.
3.2 Setup and Measurement techniques . . . .. ... ... ... ... .......
321 DC Detection Technique . . . . .. ........ ... ... ......
3.22 AC Detection Technique . . . . .. ... ...... .. ... .......
3.3 Brillouin Light Scattering . . . . . .. ... ... .. ... .. ... .. .. ..

4 Experimental results

41 All-electrical magnon transport in two-terminal YIG /Pt heterostructures . . .
41.1 Distance-dependent magnon transport experiments . . . . . ... ...
4.1.2 Magnetic Field-dependence of magnon transport signals . . . . . . ..
41.3 Temperature-dependence of the magnon transport signals . . . . . . .
414 Summary . ... ...
4.2  Electrical modulation of magnon spin transport in yttrium iron garnet . . . .
421 Summary . ...

4.3 Electrical modulation of magnon spin transport with simultaneous Brillouin
Light Scattering measurements . . . . ... .. ... .. ... ..........

43.1 Influence of BLS measurement and high modulator currents on elec-
trical magnon transport . . . ... ... Lo L oL
432 Summary . ...

5 Summary
6 Outlook

A Appendix

13
13
14
15
16
17

55
59

61

63

67

II






Introduction 1

1 Introduction

With the constantly increasing amount of data, also the data storage and transport has to
increase. This exponential growth of modern information technology following Moore’s
law has its limitations. Devices are getting smaller and smaller, reaching scales of a few
nanometer, where quantum effects start to matter [1]. Further this also causes the problem
of static and dynamic power consumption and heat production due to higher operational
frequencies [2]. With that different approaches for information processing, storage and
transport become more relevant. One promising field is the utilization and manipulation
of the spin of an electron for information technologies, called spintronics [3]. We can re-
alize this by making use of pure spin currents, carrying a spin information without any
accompanied charge current and therefore dimensional down-scaling and reduction of en-
ergy dissipation via Joule heating effects is possible. For transport of spin momentum,
magnons, the quantized bosonic exciations of the magnetic lattice, instead of mobile elec-
trons can also be used. Magnons are quasiparticles with finite lifetimes and thus decay
on a certain length scale which is determined by the magnetic Gilbert damping [4, 5]. To
avoid spurious charge current flow and utilize low Gilbert damping, magnetic insulators
are typically used for magnon-mediated spin transport. The most common material for
this kind of research experiments is yttrium iron garnet (Y3FesO12) due to its low mag-
netic damping properties [6], which makes it possible to realize magnon transport over
long distances [7, 8]. For applicability of magnon based devices in existing and present
electronic technologies it is expedient to use electrical injection and detection, where the
process of the Spin Hall Effect and the inverse Spin Hall Effect can be applied [9, 10]. As
an important task for the realization of spintronic devices based on magnons it is necessary
to be able to further reduce and control the magnetic damping in the used material. For
this spin-orbit torques in normal metal/ magnetically ordered insulator heterostructures
can be used [11, 12]. Several groups already realized a control of incoherently generated
magnons by applying a charge current to a normal metal on top of a magnetically ordered
insulator and achieved a damping compensation above a critical current [4, 5, 13, 14]. This
kind of modulation experiments is also a major part of this thesis. Here, we successfully
reproduced previous measurements on YIG films grown by pulsed laser deposition with a
22 nm YIG thin film grown via liquid phase epitaxy for the first time in our group. These
first experiments require a detailed analysis of the used samples in regards to their magnon
spin transport properties as a further part of this thesis.

In regards to the control of magnon damping research utilized up to now either all-
electrical magnon transport experiments or optical probing of the magnon state. On the
all-electrical magnon transport side, spin transport can be analysed with respect to elec-
trical and thermal magnon generation, varying distances between the normal metal elec-
trodes, the impact of different magnetic field magnitudes and orientations and the tem-
perature on the magnon decay length and we can furthermore investigate the modulation
of the magnon conductivity via spin transfer torque effects in YIG [4, 7, 13, 15, 16]. As a
disadvantage, we are not able to analyse the magnon population in the material with this
all-electrical experimental technique. Via optical measurements for example with Brillouin
Light Scattering or Raman spectroscopy we can analyse this magnon population with re-
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spect to different magnon modes, magnon density or the chemical potential [17-21]. But
also this experimental technique doesn’t cover all magnon related factors and we can not
describe the magnon transport and its related parameters with this detection technique.
As the third major part of this thesis we want to combine both methods to get a better un-
derstanding of the correlation between magnon population and magnon spin transport. To
this end, we realized simultaneous optical and electrical measurements in cooperation with
the AG Weiler of the RPTU Kaiserslautern. In this experiment, electrical magnon trans-
port is conducted via lock-in detection and the magnon state is probed via microfocused
Brillouin Light Scattering (BLS) measurements. Our goal is to characterize the magnon
population while modulating the magnon transport via spin transfer torque. Through this
scheme, we obtain a much deeper understanding of the zero effective damping state [4] by
comparing the critical currents necessary to compensate magnon damping extracted from
the electrical magnon transport signals and the BLS spectrum.

In the following an overview of the topics covered in this thesis is given. We start with
the theoretical concepts of the electrical magnon transport in Section 2, where we cover
electrical charge and spin currents and the generation process of the latter via Spin Hall
Effect, followed by a description of the transport accross a normal metal/magnetically or-
dered insulator interface, the involved Spin Hall Magneto-resistance and the Spin Seebeck
Effect. The theoretical concepts are concluded by a description of the all-electrical magnon
transport and the electrical modulation of the magnon spin transport. In Section 3 we in-
troduce the experimental details. First we describe the steps of fabrication for our LPE-YIG
samples. Then the setup and the sample layout including the electrical connection of our
two- and three-strip structures is described and we also explain the DC and AC detection
technique we used for our all-electrical magnon transport experiments. As a final part
of this section we give a short introduction into the theory of Brillouin Light Scattering
(BLS) and the used microfocused BLS setup and discuss the difficulties on the realization
of the sample installation. With that we can investigate the experimental results in Sec-
tion 4. In the beginning we have a look at all-electrical magnon transport measurements
in two-terminal YIG/Pt heterostrucues for a detailed characterization. We investigate the
electrical and thermal magnon transport with regard to the dependence on the distance
between the two electrode strips, the magnetic field magnitude and the temperature. Next
we discuss the electrical modulation of the magnon transport signal and the zero effec-
tive damping on three-terminal structures. These measurements are also employed as a
precharacterization for the in the following discussed simultaneous electrical and optical
modulation measurements, where we compare the electrical magnon transport signal and
the simulataneously conducted BLS signal. This part is followed by a consideration of the
impact of an applied charge current and laser illumination due to the BLS measurements
on the electrical magnon transport signal and the performance of our device. We further
add an investigation of the magnon transport signal at high modulator currents above the
critical current and the change in device performance due to that. This thesis is concluded
with a short summary on the experimental results in Section 5 and an outlook on further
measurements based on the results of this thesis in Section 6.
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2 Theory

On the following pages the theoretical concepts for the experiments are described. We start
with the definition of charge and spin currents. This is then followed up by the concepts of
the Spin Hall Effect and Inverse Spin Hall Effect, the description of Spin Hall Magnetoresis-
tance and Spin Seebeck Effect. Finally, all-electrical magnon transport and the modulation
of this one are discussed.

2.1 Pure Spin Currents

For understanding all the upcoming concepts it is first of all necessary to understand elec-
trical charge and spin currents. Moving electrons carry charge and spin information. For
that, every electric charge current is also accompanied by a spin current. For a given quan-
tization axis there are two spin eigenstates for the electron: spin-up | 1) and spin-down | |).
It is common to describe the charge current j. as the sum of the charge current for electrons
with spin-up j; and the charge current for electrons with spin-down j; [12]:

Je = Jr Iy 1)

The spin current js on the other hand is described as:

h
% (Gr +31) 5 (2)

j s =
with A the reduced Planck constant and e the electron charge. Futhermore the two-spin-
channel model can be used to describe the simultaneously emerging spin currents. Apart
from the charge current density there is now also a spin current density, which is the
amount of spin that is transportet by electrons in the two—spin—channel model [22].

(@) Pure Charge Current (b ) Spin-polarized Current c) Pure Spin Current

9¢- +w
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| T 1\ 1\ ‘I\ 1\ 1\ ‘I\ 1\
Figure 2.1: Spin and charge currents shown in the two-spin-channel model. (a) Pure charge cur-
rent: Equal current densities in the same direction for both spin states. (b) Spin-
polarized current: Different current densities in the same direction for the two spin

states. (c) Pure spin currents: Equal current densities in different directions for the
two spin states. Taken from [23]

Fig. 2.1 now shows the three different cases of electrical currents that can appear in the
two-spin-channel model. In panel (a) there are two currents for electrons with spin-up and
spin-down which flow in the same direction with equal current densities (54 = j,), this
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case is called a pure charge current j., because the transported spin vanishes due to the
opposite spin directions, while the transported charge of the two spin-species is summed
up. This case is typically observed in normal metals with vanishing spin-orbit coupling
[24]. Panel (b) shows two different current densities for the two spin states flowing in the
same direction (j+ # j;) and therefore a spin-polarized current, which appears in con-
ducting ferromagnets. For two equal current densities in opposite directions for spin-up
and spin-down (j+ = —j) in (c), we are talking about pure spin currents, where the total
charge current j. vanishes and the transported spin is finite. It is important to note here
that spin currents not only have a flow direction but also a spin orientation direction of the

transported spin.

2.2 Spin Hall Effect
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Figure 2.2: (a)The Spin Hall Effect generates pure spin currents js from pure charge currents j..
(b) The inverse Spin Hall Effect generates pure charge currents j. from pure spin cur-
rents js. Taken from Ref. [5]

For our experiments we are using pure spin currents. To generate these pure spin cur-
rents we use the Spin Hall Effect (SHE) [10, 25]. If there is a charge current in a nor-
mal metal with large spin-orbit-coupling, the electrons with spin-up and spin-down ob-
tain spin-dependent transverse velocities [12], which arise from spin-dependent scattering
events, like skew-scattering or side-jump-scattering [26-28] or from intrinsic bandstructure
effects [29] (Fig. 2.2 (a)). From Section 2.1 we know that electrons with opposite spins
that flow in opposite directions are defined as pure spin currents, so via the SHE we can
generate pure spin currents from pure charge currents which are orthogonal to each other
[12]:

. h\ .
o= —osu (5 ) de x5 ©
€

where sy describes the spin Hall angle and s the spin orientation. Fig. 2.2 (b) also shows
an inverse effect which is called the Inverse Spin Hall Effect (ISHE). This effect, due to
Onsager reciprocity principle [30], converts a pure spin current into a pure charge current,
which can be described analougously to the pure spin current in Eq. (3) [12]:

. A\ .
Je = —0Osu (2 > Js X 8. 4)
e
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2.3 Spin Current in Magnetically Ordered Insulator/Normal Metal heterostruc-
tures

For a normal metal (NM) thin film under an applied charge current, the SHE results in a
spin accumulation at the sample edges. Attaching a magnetically ordered insulator (MOI)
to the NM the pure spin current can flow accross the interface from the NM into the MOI,
this interfacial spin current is given by [14, 31, 32]:

. 1 h h
Jsjnt = — (eQGi + 62Grmx) s (0) s x m+ gus (0) (s - m)m, 5)

4m
with G, and Gj the real and imaginary part of the spin mixing conductance G, jis the spin-
dependent chemical potential parametrizing the electron spin accumulation in the NM,
m = % the direction of the magnetization M in the MOI and ¢ the spin conductance.

Figure 2.3: Underlying concepts of SMR. (a) Magnetization M in the MOI and spin orientation S
are parallel to each other which results in an magnon accumulation at the interface. (b)
Magnetization M in the MOI and spin orientation S are perpendicular to each other
which results in an exerted spin transfer torque in the MOL. Taken from Ref. [12].

Fig. 2.3 shows the two cases that can be observed for a MOI/NM heterostructure. In
panel (a) the magnetization M in the MOl is oriented parallel to the spin orientation S in
the NM, in (b) the magnetization M in the MOl is perpendicular to the spin orientation S
in the NM. For the parallel case S || M, the first part of Eq. (5) is vanishing and the second
term is finite. There is a small spin current across the interface and therefore magnons
accumulate in the interface. For § L M we find a finite spin current flowing across the
interface due to G [12]. The Spin Polarization S exerts a spin transfer torque across the
interface onto M. For both magnetization orientations with respect to S, the parallel and
the perpendicular case, the resistance can be measured, we get Ry <R,.So the resistance
changes with the orientation of the magnetization M according to the spin orientation S.
This is called the Spin Hall Magneto resistance (SMR) [33], this value is proportional to the
spin diffusion length. The SMR is used in this thesis for precharacterization and to compare
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measured structures. The resistance of the NM thin film is given by [34, 35]:
R = Ro+ AR(1—m}), 6)

where Ry is the intrinsic electric resistivity of the NM, AR = R — Ry and m is the projec-
tion of the magnetization direction onto t, which is the transverse of the current direction
J. For m¢ we observe a cos dependence of the angle ¢ between the magnetization M in the
MOI and the spin orientation in the NM, so also the resistance as a function of the angle ¢
is expected to show a cos? dependence [34]. For the SMR we can also use the following

expression [34]:

2 pt,T) t
A 2052y %5 Gy tanh ( g3
SMR=2F — _ : <2Ad> ’ 7
P 1+ 2Xsqp (t,T) Gy coth (Aid)

with Agq the spin diffusion length of the NM and ¢ the thickness of the NM. This expression
allows to estimate GG from measurements of the SMR if we assume certain values for 6gy

i

Figure 2.4: [llustration of the Spin Seebeck Effect: The Joule heating associated to an applied
charge current, leads to an increase of temperature in the NM and therefore also in
the MOL This temperature gradient causes a pure spin current across the interface.
Taken from Ref. [12].

and A\gg.

Due to a finite resistance of the NM, an applied charge current results in a Joule heating
of the NM. This increased temperature in the NM also causes an increase of temperature in
the MOL. Fig. 2.4 shows this process. This temperature gradient between the NM and the
MOI causes a pure spin current across the interface [12]. We now have a thermal genera-
tion of magnons that is independent of the orientation between M and S, it only matters
the orientation of the magnetization M in the MOI. This phenomenon is called the Spin
Seebeck Effect (SSE) [36, 37]. The charge current can still be described by Eq. (1) and the
signal which corresponds from the SSE has a cos ¢ dependence [12]. For our in Section 3 ex-
plained measurements we then get two signals: An electrical signal with magnons caused
by the SHE and a thermal signal with magnons caused by the SSE.
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2.4 All-electrical magnon transport

Now we understand the important effects and concepts we need for our upcoming ex-
periments. Let’s now have a look at how we can make use of it in the magnon transport
measurements. Fig. 2.5 shows the structure. For magnon transport experiments, we need
two NM strips, which is Platinum (Pt) in our case. These NM strips are attached to a MO,
which is Yttrium Iron Garnet Y3Fe501; (YIG) in our case. We then generate magnons via
the SHE and detect magnons via the ISHE at the two strips. We apply a charge current at
the first NM-strip, which we call the injector, we then get a spin accumulation at the trans-
verse edges due to the SHE. For the parallel alignment of the magnetization in the MOI and
the spin orientation in the NM, M || S, there is a non-equilibrium state in the magnonic
system [12, 38]. We obtain a magnon accumulation and the magnons diffuse into the MO,
this is driven by the gradient of the magnon chemical potential. When the magnons in the
MOI arrive at the second NM-strip, which is called the detector, the magnons inject a spin
current into it and this spin current is measureable as an open circuit voltage via the ISHE.
For the perpendicular case, M L S, there is no detectable magnon transport signal [38].
It is important to note that the magnon number is not a conserved quantity and magnons
exhibit a finite magnon lifetime. This leads to the fact that the spin transport via magnons
exhibits a chracteristic magnon decay length, which can be extracted in the experiment by
varying the distance between injector and detector strip.

Figure 2.5: Magnon transport in a NM/MOI heterostructure: Magnon generation via the SHE at
the first NM-strip (injector) and magnon detection via the ISHE at the second NM-
strip (detector). Taken and edited from Ref. [5].

2.5 Electrical modulation of magnon spin transport

In this thesis we not only want to measure simple magnon transport like described in the
previous Section 2.4, we also want to modulate this magnon transport. Manipulation of
spin currents is an important task for information transport [39, 40]. For that we need a
third Pt-strip in the middle of the injector and detector, which is called the modulator. On
that strip we can apply an additional DC-charge current and can then control the transport
signal, which was first demonstrated by Cornelissen et al. [13]. In the following we intro-

7
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duce the concept of damping compensation, for more details see Ref. [11, 14, 41, 42]. We
get an auto-oscillation of the magnetization m in the MOI if intrinsic damping described
by the magnon relaxation rate I'y,,, is balanced by the spin transfer torque I'st o< Ijnoq due
to spin injection via SHE. The magnon relaxation rate can be written as [14]:

Lo = @yt (H - M;ﬁ (Nx + Ny — 2NZ)> , 8)
with the total magnetic damping constant «, the gyromagnetic ratio v = £ (where g is
the Landé factor, g the Bohr’s magneton and p the vacuum permeability), the external
magnetic field H, the effective magnetization Mg in the MOI and the geometry-dependent
demagnetization factors Ny, Ny, N,. We can define the out-of-plane and in-plane magnon
relaxation rates using @ = ag + asp (with the intrinsic Gilber damping ag and the spin
pumping induced Gilbert damping ayp, [43, 44] as the MOI is interfaced with a NM). For
the out-of-plane magnetized thin film along z (Ny = Ny = 0, N, = 1 we can write:

I‘?r(l)rp = (aG + asp) Yo (H - Meff) ) (9)

and for the in-plane magnetized thin film in z-y-plane (Ny + Ny = 1, N, = 0):

. M,
i = (aG + asp) YHo <H + ;H> . (10)
For our measurements we focus on in-plane magnetized thin films. Further we need the
ferromagnetic resonance (FMR) frequency from the Kittel formula for an in-plane magne-
tized film:

WP 1w (H) = yuon/H (H + M), (11)

Taking into account the inhomogeneous broadening 0 H of the FMR linewidth, we define
the effective damping parameter as [14]:

et = QG + V10— (12)
WEMR
With that Eq. (10) can be written as [14, 42]:
. 0H Meff
't =1ayp+ag+ <H—|—>, 13
( P G 9 H(H+Meff)>%u0 5 (13)

for the MOI thin film. Due to the inhomogeneous broadening, I'%, diverges at H = 0
for a finite M.g. Furthermore to include the finite spin transparency of the MOI/NM in-
terface is the spin pumping contribution given as oy, = QQH‘WZMOI
magnetization M, the thickness tyior of the MOI and the effective spin mixing conduc-

with the saturation

tance gog = (g“%"j\“—f) / (gN + %TTM) (g™ is the normal spin mixing conductance).
For zero effective damping ', = Iy has to be fulfilled. The applied DC-current at the
NM modulator I,,0q excites a spin chemical potential jis below the electrode due to the SHE
which exerts a spin-transfer torque I'st on the magnon modes and thermal fluctuations of

the magnetization m in the MOI. This anti-damping spin torque rate can be written in the
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macrospin approximation [14, 42]:

h v

— T - Ospu 1, 14
% MStMOItNMwNM SHimod> ( )

Ist =

with txy, wnwm and fsy thickness, width and spin Hall angle of the NM, while the interface
spin transparency for spin currents is described by 7™

B g™ tanhn
g™ coth (2n) + Sy M

2e2 AnMm

: (15)

withn = gj\—lr\r‘l and ony the conductivity of the NM [14, 45]. The anti-damping spin torque
rate exactly cancels the intrinsic magnetic damping I'st = P at the critical current Tesit,
which can then be written as:

honm tNmMwNM Qlefy Mg
It = ————— 1+ 47 Mt H . 1
T 2y fsp tanhn < tan MOTI Ay ges THo + 2 (16)

Thus, we expect a chracteristic magnetic field-dependence of I.,it. For H — 0, I diverges
to large values, while at large magnetic fields we expect a linear dependence of .., on H.
After deriving the critical current I at which damping compensation occurs, we now
discuss the influence of an applied modulator current on the diffusive magnon transport
from injector to detector as introduced in Section 2.4. Thus we first take a look on the
change in the magnon conductivity oy, in the MOI due to the applied charge current at the
modulator. The magnon conductivity in the limit of short distances between injector and
detector as compared to the magnon decay length is given as [4, 5]:

- (17)

Mm

where m,, is the effective magnon mass, n,, the magnon density and 7, the magnon relax-
ation time. The magnon density and the magnon relaxation time can be changed via the
additionally applied charge current to the modulator [13, 46]. Due to the charge current we
get a finite spin chemical potential 1 at the NM/MOI interface caused by the SHE which
leads to an interfacial pure spin current of:

32 = [9 (uhy — pds - m) + S6T| m, (18)

with ¢, the magnon chemical potential, introduced in the equlibrium Bose-Einstein distri-
bution [31, 38], m the unit vector of the magnetization in the MOI and 07 the interfacial
temperature difference between electrons and magnons. From the spin diffusion equations
we can obtain the magnon chemical potential polarized along m, for parallel orientation
s-m = +1 and antiparallel orientation s-m = —1 (for detailed calculation for the following
equations see [5]):

(£955" (s = Amls) — ams ST (€77  me/Am)

+ _
Fim (Z) N gQms (enm + 1) + gﬁms (enm - 1) + Yms (eﬁm - 1) ’ (19)
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where jSSH = %OSH Jmod is the SHE induced spin current, \;,, the magnon decay length, \yq
the spin diffusion length. The following parameters are defined furthermore:

= 1, 20)
=5 1)

ams = Amossinh (2n) , (22)
Bms = omls cosh (27) , (23)
Yms = Om0s sinh (2n) , (24)
Oms = Amls cosh (27) . (25)

We are especially interested in the average magnon chemical potential (uL) = tK/ROI i 0 .
pE (2) dz. With the approximation e’ = 1 and tl/\\{ﬁ sinh <t13\4%> ~ 1 for tl}f% << 1and
the fact that the temperature difference 67" is proportional to the Joule heating power and
therefore 0T = —cI? , with a conversion factor ¢, we can express (uZ) as a function of the
applied charge current at the modulator strip Ip,0q:

epls tanh (1) S

(15 (Imoa) = £ Tnod + gclﬁlod. (26)

OctNMWNM

Shown that the magnon chemical potential has a linear and quadratic contribution in I,,0q

[5, 7, 13], we can now have a look at the non-equilibrium magnon density n, [5]:

¢(1/2)

T (pE) = nd + Any, (27)

Nm (<,ufl> ,T) = /000 demg (€m) nB (Em» <,uf1> 1) = nd +

where nd, = ((3/2) A=? is the magnon density in thermal equilibrium and An,, = 22 is
the non-equilibrium magnon number density with p,, = hf;%g 2% fm- With that we know,
that the magnon density n,, is dependent on the finite magnon chemical potential y,, and

therefore n, o Imoa + 12,4 which means we can influence the magnon chemical potential
as well as the magnon density via the applied charge current at the modulator I,,oq [7, 38].
With that we can write the magnon conductivity in linear response as [5, 13]:

o — gp/mTm _ g T (n%, + Any,)
My Mm
Tm ¢(1/2) epls tanh (n) S
= 3h—2 0 + Lnod + —cI (28)
Mm * <nm - A3kgT TtNMWNM at gc mod

= 0911 + Aoellmod + Ao'th—[?noda

with ¢ the magnon conductivity in thermal equilibrium, Ao, the SHE induced magnon
conductivity change and Aoy, the thermally induced magnon conductivity change. Thus
the magnon conductivity is dependent of the charge current at the modulator. The descrip-
tion above fits good for a low bias regime with the magnon chemical potential ji,,, below
the magnon gap [13]. For other cases we have to include the magnon relaxation time, for
that we assume the magnon relaxation time as the inverse of the difference of the damping

10
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rate and the spin torque rate for the case that we generate a magnon accumulation under-
neath the modulator [5] 7,, = (I'p — I‘ST)_I. For constant magnon density n,, the magnon

conductivity can now be written as:

0 I -1
om = 3h— (Tp — Tgp) ! = 3pmm (1 - m°d> : (29)
Mm Mm Lerit
with the equilibrium magnon relaxation time 70, = #~. We furthermore defined Frﬂ =
D D

ﬁn—od, which means that for I,0q — Ieit the magnon conductivity as well as the magnon

crit

relaxation time diverges. Due to Ref. [5, 46] the magnon conductivity near I.; for high
temperatures close to room temperature or higher can also be written as:

N|=

Om =00, <1 - Im0d> + Ao I? g (30)
Terit

where the thermally via Joule heating induced quadratic magnon injection is included. We

now have two expressions for the modulation of the magnon conductivity due to spin

injection that can be separated due to the linear response regime. For the low current bias

regime the modulation can be described via Eq. (28), where the linear response is fulfilled.

For the non-linear regime with large electrical pumping we need an infinite 7, to describe

the divergence of the magnon conductivity via Eq. (30).

Figure 2.6: Transport for a three-strip structure, with focus on what happens beneath the modu-
lator. (a) For I4. = 0pnA Magnons diffuse to the left side. Magnon decay (red crosses)
results in a spin diffusion length shown as an exponential decay of the magnon den-
sity (orange line) (b) For /4. = I.vit the threshold current for the damping compensa-
tion is reached, magnon accumulation beneath the modulator leads to zero effective
damping state. Taken and adapted from [4].

We can now have a look at the physical representation of the device shown in Fig. 2.6
reduced to the picture beneath the modulator electrode. Panel (a) shows the case for I3, =
0pA: No DC-charge current is applied at the middle strip and the density of the injected
magnons from the injector ) decays exponentially (orange line) and only a fraction of
the injected magnons can be detected at the detector. If the DC-charge current is increased
up to a critical current I, = Iui¢ the threshold current for the damping compensation is
reached, see panel (b). The modulator injects further magnons, so that the magnon lifetime
diverges and we have a transport with effectively vanishing magnon decay that can be
described via Eq. (29). This state can be called the zero effective damping state [4].

11
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Figure 2.7: Magnon transport modulation for (a) Imod > OpA and ¢ = £180°. Due to the par-
allel alignment between the magnetization m and the spin polarization s there is an
magnon accumulation beneath the modulator and therefore an increased transport
signal. (b)Magnon transport modulation for I;oq < OpA and ¢ = £180°. Due to
the antiparallel alignment between the magnetization m and the spin polarization
s there is an reduced magnon density beneath the modulator and therefore an de-
creased transport signal which is counterbalanced by thermal effects.

Applying a DC-charge current at the modulator electrode influences the magnon con-
ductivity and therefore the magnon transport signal we can detect at the detector. Fig. 2.7
shows what happens for applying positive and negative modulator currents I,,,q apart
from the critical current. In panel (a) we have a positive charge current at the modula-
tor Inoa > OpA and an angle ¢ = £180° which means for the orientation in the external
magnetic field: H L Ii,;. Here the relative orientation of the spin polarization s at the in-
terface and the magnetization direction myig is parallel. For this configuration we would
expect a maximum of the detected signal either way [7, 40]. That results in a magnon accu-
mulation underneath the modulator, therefore an increased magnon density and we get a
larger signal at the detector. For the same orientation but negative current at the moduator
Imoa < OpA in panel (b), we have the 180° shifted case. The spin polarization s is now
antiparallel to the magnetization myig, we then have a magnon depletion and decreased
magnon density which results in a smaller signal. In Section 4.2 we see that the expected
depletion can not be seen because it is counter balanced by thermally injected magnons,
that are present due to Joule heating in the modulator.

12
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3 Experimental details

In this section the experimental details are described. We start with the steps of fabrica-
tion and the dimensions of the used samples (see Section 3.1). Afterwards the used mea-
surement setup and techniques are described. We conducted measurements on two- and
three-strip structures using DC current reversal method and AC lock-in detection method
to extract the electrical and thermal magnon transport signal from the detected voltage (see
Section 3.2). Finally we describe the basic concepts of Brillouin Light Scattering (BLS) and
the used micro-BLS setup (see Section 3.3).

3.1 Sample Fabrication

The Y3Fe501; (YIG) thin films investigated in this thesis are grown via Liquid Phase Epi-
taxy (LPE) on top of a Gadolinium-Gallium-Garnett (GGG) substrate. The films with a
thickness of tyig = 22nm were provided by Carsten Dubbs from Innovent. We structure
the two- and three-terminal YIG/Pt heterostructures consisting of two and three parallel
Pt-strips via electron beam lithography (EBL) and DC-Magnetron sputtering of Pt with a
subsequent lift-off process. The different fabrication steps are shown in Fig. 3.1.

(@) (b) (c) (d) (e)

77

. Yyc @ 8 B N

Figure 3.1: Steps of the fabrication process: (a) Cleaned substrate. (b) Spin coated substrate with
AR-600K, AR-950K and a conductive resist (blue). (c) Sample after electron beam litog-
raphy. (d) Sputtered sample. (e) Final sample with structure after lift-off. Taken and
adapted from [32].

Panel (a) shows the 4 mm x 7 mm GGG-substrate and the 22 nm thin LPE-YIG film, which
is in a first step cleaned from organic residues with acetone and isopropanol in an ultrasonic
bath and a subsequent treatment to ensure a good interface quality, in piranha solution
(concentrated H,SO4 mixed with 30 % H,O, by volume). Then the substrate is spincoated
with three layers of resist shown in Fig. 3.1(b): First 9 pL of AR-600K at 4000 rpm for 1 min,
baked out for 5min at 170°C, second 9uL of AR-950K at 4000 rpm for 1 min, baked out
for 5min at 170°C and at last 20 uL. of a conductive resist PMMA-Electra 92 at 4000 rpm
for 1 min, baked out for 2min at 90 °C. Due to the insulating nature of YIG and the GGG
substrate we need the layer of conductive resist to prevent charge accumulations on the
surface that can distort the electron beam. The EBL is done using a NanoBeam nb5 lithogra-
phy system. After the lithography step the conductive resist is removed in deionized water.
The remaining resist is then developed in AR 600-56 for 2 min. The resist stack is a positive

13
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resist. Hence the resist area exposed by the electron beam is removed by the developer as
shown in panel (c). In a next step tp; = 7nm thin layers of polycristalline Pt is sputtered
on top using a DC-Magnetron sputtering system as shown in panel (d). In a last step we
perform a lift-off to remove the remaining resist and the excessive sputtered material. To
this end the sample is put into hot acetone at 70 °C for several times and subsequently into
the ultra sonic bath for a few seconds at lowest power. Fig. 3.1 (e) shows the final structure.
We repeat this process two times: in the first iteration we structure the Pt-strips and in the
second iteration we fabricate the Aluminium pads that are used as contact pads for the
electrical contacting via wire bonding.

3.2 Setup and Measurement techniques

On the following pages we want to take a look at the actual sample layout and techniques
we used for the measurements. We start with the setup for the two-terminal structures and
afterwards we describe the sample and layout for the three-terminal structures.

Figure 3.2: Schematic structure of electrical connection of the two-terminal device and the coor-
dinate system for the rotation angle ¢ of the magnetic field poH. Two Pt-strips with
width w = 500 nm are on top of the YIG sample (tyic¢ = 22 nm) with an edge-to-edge
distance d. Taken and adapted from [15].

The typical structure to perform all-electrical magnon transport experiments in a two-
terminal structure is shown in Fig. 3.2(a). We apply a charge current at the left electrode
which we refer to as the injector. Due to the SHE and Joule heating, magnons are injected
into the YIG thin film and diffuse towards the detector where they are converted into a mea-
surable voltage signal via the ISHE in an open circuit condition (see Section 2.4). The length
and width of the injector and the detector are fixed during this thesis to l;,j/qe; = 100 pm
and w = 500nm respectively. The distance between the injector and detector electrode
d is varied between different structures from d = 900nm up to d = 3.5pm. For three-
terminal structures an additional modulator strip with a width of wy, is centered between
injector and detector electrode as shown in Fig. 3.3(a). The modulator strip has a length of
lmod = 120 um and different widths wy,.
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Figure 3.3: Schematic structure of electrical connection of the three-terminal device and coordi-
nate system for the rotation angle ¢ of the magnetic field poH. Two Pt-strips with
width w = 500 nm and a third one in the middle with width wy, are deposited onto
the YIG sample (tyi¢ = 22nm) with an edge-to-edge distance d,, between the three
strips. Taken and adapted from [4].

To investigate the all-electrical magnon transport we perform angle dependent magne-
totransport measurements. To this end the sample is placed in a cryostat with a supercon-
ducting 3D-vector magnet. The magnetic field is then rotated within the film plane as indi-
cated in the coordinate system in Fig. 3.2 and 3.3. The rotation angle ¢ is defined between
the y-axis and the external magnetic field orientation. Within the cryostat it is furthermore
possible to control the temperature 7" from 4 K to 300 K with £10 mK precision.

At the injector we apply a charge current of I;,; = 100 pA which corresponds to a large

current density within the injector of ji,; = tﬁﬁu = 2.86 - 101°A/m?. For this reason we
electrically excite magnons via the SHE but simultaneously excite thermal magnons via
Joule heating. To distinguish between electrically and thermally generated magnons the
DC current reversal technique or an AC lock-in technique can be used. We explain the two

approaches in the following Sections 3.2.1 and 3.2.2, respectively.

3.2.1 DC Detection Technique

We consider a two-terminal structure that is contacted as shown in Fig. 3.2(b). We switch
the charge current density at the injector between positive (+1Ii,j) and negative (—/iy,;) po-
larity and measure the corresponding voltages: U; . and U . The electrical contribution
to the magnon transport is proportional to odd powers of I;;; and thus the corresponding
voltage contribution US!, changes sign under polarity change. The thermal voltages on
the other hand are even under current reversal. Thus the electrical and thermal magnon
transport signals US., and U{". can be calculated via:

U, — Uy

Ugclat _ —“det 5 det7 (31)

+ —
rrth _ Udes + Uder
det 2 ‘

To apply the injector current I;,; as shown in Fig. 3.2(a) we use a Keithley 2400 Sourceme-

(32)
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ter which is furthermore able to detect the local voltage at the injector simultaneously. Thus,
we can additionally measure the SMR signal at the injector (see Section 2.4). The open cir-
cuit voltage at the detector electrode is measured via a Keithley 2182 Nanovoltmeter. In or-
der to improve the signal-to-noise ratio and overcome for example thermal drifts we repeat
the current reversal measurement five times for each angle ¢ and then take the arithmetic
mean of the five values of the calculated electrical (see Eq. (31)) and thermal (see Eq. (32))
detector voltage. With that we have the final magnon transport signal we can analyze in
Section 4.1.

3.2.2 AC Detection Technique

In this thesis we use the AC lock-in detection technique to distinguish between the elec-
trical and thermal magnon transport signals in three-terminal structures as shown in Fig.
3.3. These structures are used to investigate the electrical modulation of magnon transport
signals due to an additional DC-charge current applied to the modulator electrode. We
apply an AC-current Iiyj .. with a frequency of f = 7Hz using a Keithley 6221 AC Current
Source as shown in Fig. 3.3(b). At the modulator electrode an additional DC-current I,,0q
is applied. The magnon transport signal is then measured at the detector using a MFLI
Lock-in Amplifier from Zurich Instruments.

We apply a sinusoidal AC-current at the injector: Iinjac (t) = Imax,injsin (wt), where
Imax,inj = 100pA is the injected peak current amplitude and w = 27 f the angular fre-
quency. According to that, the charge current at the detector has the form: Iy (t) =
Imax,det Sin (wt + ¢), here Ii,ax qet is the detector peak current amplitude, the frequency w
is the same as for the injector current and ¢ is a phase shift. We can write the detector
voltage as:

Udet (t) = Rilaet (t) + Rolde (1) + O (I3 (1)) , (33)

where R; and Ry describe conversion processes via the magnon transport between injector
and detector electrode. With the lock-in method we can measure the n'"" harmonic voltage
signals U,,. We are especially interested in the first and second harmonic signals, which
correspond to the electrical and thermal magnon transport signals. The detector voltage
Udet, is multiplied by a sin (wt) and a cos (wt) and integrated over a time intervall 7' much
larger than the period time of the sinusoidal AC-current due to low-pass filtering. We then
geta X and a Y component:

t+T
Ulﬁ = \;? / sin (nwt’) Uget (t’) dt’, (34)
t
t+T
UIL = \f / cos (nwt’) Uget (t’) dt’. (35)
t

With that we can now insert Eq. (33) into Eq. (34) for the X components of the first and
second harmonic and into Eq. (35) for the Y components of the first and second harmonic:

1

3
U, = 7 <Imax7ian1 + 41;1%1113.33) cos (¢), (36)
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1 3 .

UE.) = E < max anRl + - 4 max 1nJR3> Sin (gb) ; (37)
UQ)((/J = \/‘ max IDJR2 sin (2¢) (38)
UQYL:J = \/* max 1nJR2 CoS (2¢) (39)

We can see that the first harmonic voltage signals are proportional to odd powers of Iiyax inj
and thus change sign under change of polarity. These signals correspond to the electrically
induced magnon transport signal. The second harmonic contributions on the other hand
are even with respect to Ijax inj and thus correspond to the thermally generated magnon
signal. As a final step we can now apply a rotation matrix to the X and Y parts in order
to get rid of one of the components and have the final detector magnon transport signal
in only one quadrature. For the electrical magnon transport signal we want to keep the X
component and want to have a ¢ that leads to vanishing signal in the Y component. For
the thermal magnon transport signal the goal is to get the full signal in Y” and have no finite
signal in X. The rotated components can then be written as:

Ugg - cosng sinng UX, (40)
Ugg ~\ —sin ng cosng uy |-

For more details on the lock-in detection method see Ref. [5, 14, 47]. When we discuss the
results of our measurements in Section 4.2 and 4.3 we use Uy, for U fg and Uy, for UQYW' . The
used MFLI Lock-in Amplifier can simultaneously measure the first and second harmonic
voltage signal at the detector electrode. It furthermore triggers the Keithley 6221 AC Source
at the injector electrode to synchronize the AC signals. Before the signal is measured at the
detector it is amplified by a SR560 Low Noise Preamplifier.

3.3 Brillouin Light Scattering

The focus in this section lies on the concepts and the setup of Brillouin Light Scattering that
was first theoretically described by Brillouin [48] and which we used for the measurements
described in Section 4.3. The introduction here is very brief, for more details see [49-53].
Brillouin Light Scattering (BLS) describes the inelastic scattering of photons with quasipar-
ticles in a solid and can therefore be used to detect coherent and incoherent magnons and
acoustic phonons [53, 54]. The laserlight shines on a sample and after inelastic scattering
with the quasiparticles, the reflected light has a shift in frequency, which we want to detect
in the experiment. Fig. 3.4 shows the scattering processes due to energy and momentum
conservation: We can differ between the Stokes process, where a quasiparticle is created
(see panel (a)) and the Anti-Stokes process, where a quasiparticle is annihilated (see panel
(b)). We get:

Tws = hw; £+ hwm p, (41)

hks = hk; & i p, (42)
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where + describes the annihilation or Anti-Stokes process and — the creation or Stokes pro-
cess, w and k are the frequency and the wave vector, which are described by their indices:
s denotes the backscattered light, i the incident light and m, p the created or annihilated
magnon or phonon.

(a) scattered @ = @ — @, (b)
light k =k —k,

scattered @ =@ + O,
light k o=k +k,

annihilated
acoustic/spin
wave

generated
acoustic/spin wave

incident light incident light

Figure 3.4: [llustration underlying processes of Brillouin Light Scattering. (a) Stokes Process: Cre-
ation of a quasiparticle due to energy and momentum conservation, resulting in a shift
to a lower frequency. (b) Anti-Stokes Process: Annihilation of a quasiparticle due to

energy and momentum conservation, resulting in a shift to a higher frequency. Taken
from [49].

As already mentioned, we are escpecially interested in the shift in frequency of the
backscattered light. In order to be able to detect the very small frequency shift we us a
Tandem Fabry Pérot interferometer (TFPI): two Fabry-Perot interferometer (FPI) that are
passed three times each by the backscattered light. First we have a look at a single FPI,
which was developed by Sandercock [55]. It consists of two mirrors with distance d on
which the light incidents with an angle o, shown in Fig. 3.5 (a), the light is transmitted and
reflected. With the phase difference A¢, which depends on « and d of the reflected light
we can get the intensity of the transmitted light by Airys’ formula [49, 56]:

I = fo (43)

1+ Fsin® (%)’

where I is the intensity of the incidenting light and F' the finess factor, which correlates to
the reflectivity R of the mirrors:

2\* & AR
F=(Z] . = ) 44
(ﬂ') 41252 1 — R2 (44
Panel (b) shows the transmission as a function of the phase difference for different finess
factors. df describes the full width at half maximum, which is a measure for the contrast

of a FPL The free spectral range 6\ = 55 (co is the light velocity in vacuum) determines the
distance between two maxima in the transmitted spectrum.
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Figure 3.5: (a) Scheme of Fabry Pérot interferometer: light incidents between two mirrors. (b)
Normalized transmission of the Fabry Pérot interferometer as a function of the phase
difference for different finess factors F'. Free spectral range A and full-width-half
maximum ¢ f are marked. Taken from [50].

Up to now we discussed one single FPI to understand the usage of a tandem FPI in
our experiments, we present in Fig. 3.6 the transmission spectra as a function of d for the
scattered light for different FPI configurations. Panel (a) shows the transmission spectra
for one FPL In the transmitted signal we find periodic peaks with the mirror distance d,
associated to elastic and inelastic scattered lights and the periodic transmission pattern
from the free spectral range of the FPI. Thus a clear identification of peaks associated with
the Stokes or Anti-Stokes process is not possible. To avoid that, we need a second FPI
with a different free spectral range, i.e. introducing a finite offset to d, its transmission
spectrum is shown in panel (b). Combining these two FPI we get a tandem Fabry-Pérot
Interferometer (TFPI) and therefore a transmission spectrum, that is the product of the
transmission functions of the two single FPIs (see panel (c)). The two FPIs suppress each
others higher and lower transmission orders depending on the finess factor and we get a
clear assignment of the Stokes and Anti-Stokes process.

(a) transmission order p—1 transmlssmn order p transmission order p+1
FPI 1

antl Stokes Stokes
(b)  transmission order g-1 transmlssmn order q ; transmission order q+1

n ‘i A | -

(c) reference signal

TFPI S|gna| of inelastically scattered light
supressed transmission orders : ‘

mirror spacingd ——

transmission —p-

Figure 3.6: Transmission spectra in a TFPI. (a) and (b) Transmission spectra for two separate FPI
with different transmission orders. (c) Resulting transmission spectra of a TFPI which
is the overlap of the two individual FPI. Taken from [50].
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Fig. 3.7 shows the TFPI schematically. The two FPIs are installed with an angle a to
each other connected by an additional mirror. Due to the different mirror distances, we get
two different transmission spectra and different free spectral ranges and therefore clearly
assignable Stokes and Anti-Stokes lines (see Fig. 3.6 (c)). The right mirrors of both FPIs are
installed on a translation stage which makes it possible to change the transmitted wave-
length via changing the mirror distances:

dy = di o + ds, (45)

dy = da + ds - cos(a), (46)

where d; and d; are the final mirror distances, d; o and ds o are the mirror distances for po-
sition zero of the translational stage and d; is the translational change of the stage. As seen
in Fig. 3.7 the light passes both FPIs three times which leads to a high contrast. Coming out
of the TFPI the intensity of the transmitted light is detected by a single photon detector.

translational
stage
<+—>

FPI 1

Figure 3.7: Beam path in a TFPI. Two FPIl in an angle « to each other connected with an additional
mirror. The right mirror of each FPI are installed on a translational stage to be able
to vary the mirror distance and therefore be able to change the wavelength of the
transmitted laser light. Taken from [50].

In Fig. 3.8 we illustrate the BLS setup used for our measurements made at the group of
Prof. M. Weiler at the RPTU in Kaiserslautern. We are using a micro-focused BLS which
means via micro-focussing we are able to investigate microstructures. A detailed list of the
components can be looked up in Tab. 3.1.
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Label Element Label Element
1 491 nm Cobolt Samba Laser 10 10:90 beam splitter
2 Optical Isolator 11 Microscope objective
3 Mode filter TCF-2 (self-stabilizing) 12 Dicroic mirror
4 Beam splitter 13 A/2 plate (motorized, rotatable)
5 Power meter 14 Periscope
6 Neutral density filter 15 Biconvex lens
7 Telescope 16 LED
8 Periscope 17 CCD Camera
9 50:50 beam splitter 18 Single photon detector

Table 3.1: List of components of the microfocused BLS setup in Fig. 3.8

We used a blue laser (1) with A = 491 nm. The laser first passes an optical isolator (2) in
order to prevent backreflected light. The mode filter (3) behind that, consists of two mirrors,
that suppress possible side modes. Afterwards there is a beam splitter (4), where a reference
beam for the TFPI is coupled out and the backreflected light from the sample is used for
autofocussing (5). The original beam is then passing a neutral density filter (6), where
the intensity can be controlled. The telescope (7) increases the laser beams cross section
and with the periscope (8) the laser beam is transfered to a higher level above the optical
table. Now a beam splitter (9) couples in a LED light (16) (orange) which we need for the
illumination of the microscope. The now following beam splitter (10) directs the laser beam
through a microscope objective (11) onto the sample. The sample is installed on a stage
between two poles of an electromagnet where we can get a field of up to poH = 55mT.
The sample-stage is moveable in 2-, y- and z-direction. A dichroic mirror (12) is filtering out
the microscope illumination from the sample backreflected light. The filtered microscope
illumination is then guided into the CCD camera (17). The laserlight passes a %-plate (13),
which is installed in a motorized cage system and automatized rotates the polarization
of the back reflected light. A periscope (14) transfers the laser on the height of the TFPI,
where a biconvex lens (15) focuses the laser beam onto the pinhole of the TFPIL The light
then passes the TFPI shown in detail in Fig. 3.7 and is detected via a single photon detector
(18). We used a TFPI2HC provided by TableStable and controlled it with the software
system T'F'PDAS6 from T hatecinnovationGmbH [49].
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3

Figure 3.8: Illustration of the microfocused BLS setup. The beampath of the used laser is marked
by the blue lines and arrows. The orange lines show the beampath of the light used
for the microscope. A detailed list of the used parts is given in Tab. 3.1. Taken and
adapted from [49].

The limitation of the used micro BLS is shown in Fig. 3.9. Only quasiparticles up to a
wavevector k.« can be detected.

Emax = 2kp - sin (0) , (47)

where k, is the wavevector of the incoming photon and 6 the opening angle of the incident
light. This wavevector correlates to the numerical aperture of the microscope objective.

k

A
Q!

i 4\/\/\/\/\/kp

Figure 3.9: Limitation condition of the microfocussed BLS. The wavevector K.y of the detected

quasiparticles is dependent of the opening angle of the incidenting light due to th
microscope objective. Taken from [49].
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We are especially interested in simultaneous measurements of BLS and the in Section
3.2.2 discussed magnon transport measurements on three-terminal structures. Fig. 3.10(a)
shows the used electrical connection of the sample, for more details on the applied charge
currents and the used lock-in detection scheme see Section 3.2.2. For the optical measure-
ment via BLS it was necessary to turn the sample upside down in order to be able to focus
the from above coming laser on the interface between the YIG and the Pt of the modulator
strip. Measuring our samples in Kaiserslautern was quite challenging because we had to
realize a sample installation that also fits into our setup at the WMI for precharacterization,
where we were limited in the total height of the sample holder. This limitation is due to our
sample rod, we needed for the measurements in our cryostat. Moreover, we had to use our
common sample holder with 20 contact pins for the electrical connection. To account for all
of these requirements, we designed a special sample holder shown in Fig. 3.10(b) with two
printed circuit boards (PCB). This was necessary because at our common sample holder
the YIG is mounted on a copper block and thus blocks optical access from the backside. To
be able to mount the sample in the two very different setups, we glued and wire bonded
the sample on one PCB (1) and soldered the electrical connection pins on a second PCB. We
connected the two PCBs with long isolated Cu wires to be able to set the wire bonds on the
magnon transport structures in the disassembled state (1). For assembling we placed the
PCB with the sample upside down on the other PCB attaching them with four screws. We
wrapped the connecting wires around the screws to have a compact sample holder (2) and
(3) for installation in the setups. Fig. 3.10(c) shows the sample holder on the moving stage
of the micro BLS setup in installation position (1) and in measuring position between the
two poles of the electromagnet.

Figure 3.10: (a) Schematic structure of electrical connection of the upside down three-strip device
for the BLS setup with coordinate system and laser direction. Taken and addapted
from [4]. Two electrodes with width w = 500 nm working as injector and detector
with a distance d,, = 350nm to the modulator electrode in the middle that has a
width of wy, = 300nm. (b) Pictures of the used sample holder. (c) Pictures of the
installed sample in the BLS setup: in installation position (left) and in measuring
position (right).

We used a magnetic field at ¢ = 180° corresponding to Fig. 3.10(a) and sweeped the mod-
ulator current for different magnetic fields while measuring simultaneuosly the magnon
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transport signal at the detector electrode via lock-in detection (see Section 3.2.2) and a
frequency-resolved BLS spectrum with the laser spot positioned beneath the modulator
strip. The direction of the magnetization in these measurements is due to the upside-down
orientation of the sample inverted to the all-electrical measurements shown in Section 3.2.
The results of these measurements are discussed in Section 4.3.
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4 Experimental results

In this section we want to take a look at the experimental results of all-electrical magnon
transport in YIG thin films in combination with simultaneous BLS measurements. First we
focus on results obtained in two-strip devices (Section 4.1). We discuss the electrical and
thermal transport signal measured at the detector electrode and extract several properties
from the signals: The magnon decay length and its dependence on the magnetic field and
temperature and the spin conductance ot the YIG layer. This kind of measurements were
carried out successfully for the first time in 22 nm LPE-YIG films grown by Innovent. These
results are thus important to evaluate the suitability of these thin YIG films for future all-
electrical magnon transport experiments and to compare the results to literature values. As
a next step we investigate magnon transport and modulation measurements in three-strip
devices (Section 4.2). We look into the modulation properties of the modulator electrode by
extracting the detector voltage as a function of the magnetic field and the current applied
at the modulator. Finally, we show the results obtained for combined all-electrical magnon
transport and BLS measurements. This allows us to get a better insight into the magnonic
properties in the situation of zero effective damping [4, 5] and infer the influence on all-
electrical magnon transport. (Section 4.3).

4.1 All-electrical magnon transport in two-terminal YIG/Pt heterostructures

On the following pages we describe and analyze the magnon transport measurements con-
ducted on two-strip structures on 22 nm thin YIG films. For all measurements in this sec-
tion we applied a charge current I;,; 4c = 100 pA at the injector. At the detector electrode
we measure the voltage Uge;. We can distinguish between electrical and thermal magnon
transport by using the current reversal method, described in Section 3. We vary the dis-
tances between the two NM electrodes and extract the electrical and thermal magnon decay
length from d = 900 nm to d = 3.5 nm between injector and detector, for different magnetic
fields from ppH = 50mT to ppH = 2T and for different temperatures from 7" = 30K to
T = 280 K. We also extract the interface spin current transparancy from this signals [57]and
compare our findings to literature.

4.1.1 Distance-dependent magnon transport experiments

In the first part of this section we analyze how the variation of the distance d between
injector and detector influences the magnon transport signal and extract the magnon de-
cay length. For this reason, we utilize two-terminal Pt structures, discussed in Section 3.1
with different edge-to-edge separations d between the electrodes. At the injector electrode
a DC-charge current of I;;; = 100 pA is applied. The voltage signal measured at the de-
tector can be disentangled into a contribution originating from the electrically generated
magnons US, and the thermally generated magnons Ut via the current reversal method
described in Section 3.2.1. We apply an external magnetic field of jijpH = 50mT to control
the direction of the magnetization with respect to the current flow direction within the Pt
electrode, described by the angle ¢ (see Fig. 3.2). In Fig. 4.1 we show the electrical and

thermal magnon transport signal as a function of the external magnetic field orientation ¢
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at a temperature of 7" = 280 K for three different distances d.
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Figure 4.1: Magnon transport signal measured at the detector electrode as a function of the
magnetic field orientation. The measurements are conducted at a temperature of
T = 280 K and a magnetic field strength of ;i H = 50 mT for three different distances
between injector and detector. (a) Electrical magnon transport signal caused by SHE.

Fitted with an yo + AS.,, cos? p-function (red solid line). The amplitude of the electrical

transport A5, is indicated exemplarily for d = 3.5 pm. (b) Thermal magnon transport

signal caused by SSE. Fitted with an yo + Atd};t cos ¢-function (red solid line) with yq

accounting for a constant offset. The amplitude of the thermal transport A4, is shown

exemplarily for one distance.

Panel (a) covers the electrical magnon transport signal US., caused by the SHE (see Sec-
tion 2) for three distances d = 3.5 pm, 2 um and 0.9 pm between injector and detector. For
all distances we observe a cos? ¢ dependence as a function of the rotation angle ¢. For
¢ = 0°,180° and 360° the detector signal US.. exhibits maximum negative values, while
the signal vanishes for ¢ = 90° and 270°. In the latter configuration the applied electrical
current is parallel to the magnetization in the YIG thin film (M || j) and no magnon spin
accumulation is excited below the injector. If the external magnetic field is rotated by 90°
(¢ = 0°,180° and 360°) the magnetization vector is oriented perpendicular to the applied
charge current (M L j) and a non-equilibrium magnon accumulation is excited below the
injector electrode. As described in Section 2.4 the magnons diffuse in the ferrimagnetic in-
sulator and are converted into a voltage signal in the detector electrode via the ISHE, that
can then be detected. Due to the lateral device geometry and the combined action of the
SHE and ISHE in Pt, the ISHE induced charge current has the opposite polarity compared
to the injector current und we observe a negative voltage. We use

USL, = yo + A%, cos® o, (48)
where yy describes the offset voltage, to describe the angle dependence of the electrical
magnon transport signal and extract the amplitude A%, of the SHE-generated magnon
transport signal (indicated in Fig. 4.1(a)). An exemplary fit to the data is shown for
d = 3.5um (red solid line). We observe a clear decrease in Afilet for increasing electrode
separations d. We want to discuss this behaviour in greater detail later in this section.

In Ref. [58] Wei et al. report on a large magnon spin conductance for thin YIG layers ex-
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tracted from all-electrical magnon transport experiments. We can compare their results
obtained for a 16 nm thin LPE-YIG film to our values. For the d = 900 nm device we find
Aglet = 3.98 1V, which corresponds to an effective resistance of 39.8 m€. Ref. [58] provides
a value of 40 m2 for d = 1000nm. Thus we conclude that we obtain very similar detector
voltage signals for the LPE-YIG layer grown by Innovent and one can expect comparable
efficiencies for spin transport via magnons in these layers. This finding highlights that the
results obtained by Wei et al. in Ref. [58] are indeed universal for YIG and provide an
intriguing perspective for magnon transport experiments in thin YIG layers.
In Fig. 4.1 (b) the thermal contribution to the magnon transport signal U} is shown as a
function of the angle ¢. In contrast to the electrical contribution, the thermal signal shows a
cos p dependence as a function of the rotation angle ¢. The generation of thermal magnons
due to Joule heating in the YIG is independent of the angle between the magnetization
orientation of the YIG film and the charge current direction in the injector electrode. The
spin polarization of thermally injected magnons always points along m and the angle de-
pendence only originates from the ISHE-based detection of the signal [12, 32]. For ¢ = 0°
and 360° we should observe an electrical charge current, induced via ISHE, flowing in the
—x direction (see Fig. 3.2) and thus generating a negative voltage signal, due to Eq. (4).
For ¢ = 180° the magnetization is oriented in the opposite direction, resulting in a positive
voltage. For ¢ = 90° and 270° the thermal magnon transport signal should vanish, as m
is oriented parallel to the Pt-strip and no charge current is induced by the ISHE along the
Pt-strip.

However for ¢ = 90° and 270° still a finite detector voltage is observed due to a con-
stant voltage offset, that is superimposed on the thermal magnon transport signal for each
distance shown in Fig. 4.1(b). For this reason, we describe the angle dependence by

U, égt = Yo + AEi}:et Cos , (49)

where 3 accounts for the constant offset voltage. This constant offset is up to now not fully
understood and requires a systematic investigation of different samples and measurement
setups. Possible contributions are additional thermopower effects generating a voltage
signal in the Pt detector and a finite voltage offset from the measurement device. This goes
beyond the scope of this thesis. The red solid line shows an exemplary fit to the data for a
electrode separation of d = 900 nm. Similar to the electrically injected magnons, the thermal
magnon transport amplitude shows a clear decrease with increasing electrode separation
d. We want to take a closer look at the distance-dependence of the electrical and thermal
magnontransport signal in the following.

In Fig. 4.2 we show the extracted electrical A, and thermal AY!, amplitudes as a func-
tion of the edge-to-edge distance d between injector and detector electrode. Panel (a) covers

the electrical amplitudes AS.

. on a semi-logarithmical scale. We observe a clear decrease
in the electrical magnon transport amplitude for increasing electrode separation d. The red

solid line shows a fit for our data with an exponential decay

d
Aget = Apexp <—/\> , (50)

m
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here, Ay is the amplitude of the fit function and A,, the magnon decay length. Besides an
outlier for d = 3.5 um the exponential decay describes the measured data very well and
we can extract a magnon decay length of A\p, o1 = (2.63 & 0.54) pm at a magnetic field of
poH = 50mT. As the measured data follows an exponential decay we infere that we are in
the regime where magnon relaxation limits the magnon propagation distance [14, 38, 59].
If the diffusive transport would limit the magnon propagation length we would expect a
1 dependence [38, 59]. To distinguish between these two regimes more accurately, more
measurements for even smaller distances d are required to observe the transition to the %
regime, but such measurements were left out due to time constraints in this thesis. The
extracted electrical magnon decay length of Ay, ¢j = (2.63 £ 0.54) pm is in good agreement
to the findings for LPE-YIG films of approximately Ay o = 3.5pm and 3um for tyig =
5.9nm and 7.9 nm respectively [58]. In comparison to a tyig = 12.3nm YIG film, grown by
pulsed laser deposition (PLD), electrical magnon decay lengths of A\, ~ 1 pm were found
[5]. While this value is nearly a factor of 3 lower than the one obtained for LPE-YIG samples
with comparable thickness, we need to also state that the magnon decay length in Ref. [5]
was obtained from four-strip devices, where additional contributions from the Pt-strips
may have reduced the magnon decay length. Thus we conclude that the LPE-YIG films
from Innovent are very comparable in their performance as compared to LPE-YIG films
from other groups. A more systematic comparison for the thin YIG samples grown with
different growth methods should be the goal of future studies.
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Figure 4.2: Amplitudes of the magnon transport signal measured at the detector electrode as a
function of the distance d between injector and detector. The measurements are con-
ducted at a temperature of T = 280 K and a magnetic field of uoHd = 50mT. (a) The
amplitudes AS., are extracted from the electrical magnon transport signal and fitted

with an exponential decay function Eq. (50) (red solid line). (b) The amplitudes A%,

are extracted from the thermal magnon transport signal and fitted with an exponen-

tial decay function Eq. (50) for a small distance regime (red dashed line) and a large

distance regime (red solid line).

In Fig. 4.2(b) the amplitude of the thermal magnon transport signal as a function of
the electrode separation is shown on a semi-logarithmic scale. Similar to AS., we observe
a decrease in the thermal magnon transport amplitude with increasing d. The distance-
dependence of the thermal magnons is more complex, as we observe two different regimes,
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that can both be described by an exponential decay. For electrode separations d < 2um
the signal decreases much stronger than for larger distances d > 2um. For the thermally
induced magnon transport signal, the actual temperature gradient profile contributes to
the detector signal [16, 38]. In the following, we extract the thermal magnon decay length
by fitting the datapoints d > 2um [16]. We obtain a magnon decay length of Ay, ¢, =
(3.81 £ 2.21) pm which is larger by a factor of 1.5 than for the electrical magnon transport
signal. However, due to the larger error bars the difference between the extracted values is
not significant enough to state any clear differences in the magnon decay length. We want
to discuss these findings in the upcoming sections. Our thermal magnon decay length
is significantly smaller than for a ty;q = 1 pum YIG film at a comparable magnetic field of
poH = 100mT in Ref. [32], they observed a magnon decay length of Ay, ¢, = (6.7 £ 0.2) pm.

4.1.2 Magnetic Field-dependence of magnon transport signals

In this section we focus on the influence of different magnetic field magnitudes on the
electrically and thermally excited magnon transport. We use a two-strip structure with
an electrode separation of d = 900nm and perform angle dependent magnon transport
measurements at a temperature of 7' = 280 K. The external magnetic field magnitude is
varied from pioH = 50mT to 2 T. In Fig. 4.3(a) the electrical magnon transport signal US.,
is shown as a function of the rotation angle ¢ for four different magnetic field magnitudes.
We observe the expected cos? ¢ dependence for all magnetic fields. For pugH = 2T the fit
with Eq. (48) is marked exemplarily (solid red line). We observe a strong decrease in the
electrical magnon transport amplitude AS., for increasing magnetic field magnitudes. This
reduction can be explained by the change of the magnon bandstructure of the YIG film
with increasing magnetic field. This affects the magnon generation at the YIG /Pt interface
as well as the magnon decay length A, ¢ [5]. We discuss this two contributions in more
detail later in this section.

¢ () ? ()

Figure 4.3: Magnon transport signal measured at the detector electrode as a function of the
magnetic field orientation. The measurements are conducted at a temperature of
T = 280K and a distance of d = 900 nm between injector and detector for four dif-
ferent magnetic fields. (a) Electrical magnon transport signal caused by SHE. Fitted
with an cos? p-function (red solid line). (b) Thermal magnon transport signal caused
by SSE. Fitted with an cos p-function (red solid line).
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In Fig. 4.3(b) the thermal magnon transport signal U} as a function of the rotation angle
is shown. The expected cos ¢ dependence is observed for all magnetic field magnitudes.
We see that the thermal magnon transport amplitude is smaller than the electrical one. We
extract the thermal magnon transport amplitude A, by fitting with Eq. (49) to the data,
exemplarily shown for jpH = 1T. Similar to the electric case we observe a decreasing
magnon transport signal for increasing magnetic field magnitude.

In Fig. 4.4 we show the extracted electrical and thermal magnon transport amplitude
respecpectively as a function of the electrode seperation on a semi-logarithmic scale. The
solid lines are fits to the data using an exponential decay with Eq. (50). We observe that
the electrical magnon transport signal can be described by a single exponential decay over
the whole distance regime (see Fig. 4.4(a)). Only the datapoint d = 3.5 pm is significantly
larger than the expected exponential evolution for all magnetic field magnitudes. This can
be explained by an increased interface transparency for this single structure. To this end
we look at the local voltages at the injector Uj,; and extract a SMR amplitude that is at a
magnetic field of poH = 0.05 mT for d = 3.5 pm 4% larger than for d = 3 pm (see Ref. [33]
for more details) The SMR amplitudes for d = 3um and d = 3.5 pm for the magnetic fields
can be found in the appendix in Tab. A.1.
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Figure 4.4: Amplitudes of the magnon transport signal measured at the detector electrode as a
function of the distance d between injector and detector. The measurements are con-
ducted at a temperature of T' = 280 K for different magnetic fields. (a) The amplitudes
A8l are extracted from the electrical magnon transport signal and fitted with an ex-
ponential decay function using Eq. (50) (blue solid lines). (b) The amplitudes A%, are

e
extracted from the thermal magnon transport signal and fitted with an exponential

decay function with Eq. (50) for a small distance regime (blue dashed lines) and a
large distance regime (blue solid line).

In contrary in the thermal magnon transport we observe two distinct regimes, which each
can be described by an exponential decay with Eq. (50) (see dashed and solid lines). We
attribute these two regimes to a combined action of the temperature profile and the actual
magnon decay in the YIG layer. To ensure that the magnon transport signal is dominated by
the magnon decay length and not by geometric diffusion or a temperature gradient below
the detector we only use d > 1pm in our fit (see solid lines) [16], which we refer to as the

large distance regime. For better comparison, we present the results obtained for the small
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distance regime (dashed lines) also in the following graphs. The two outliers at g = 2T
for d = 3pm and d = 3.5um are artifacts from the fit as the noise floor in the angle-
dependent measurements was significantly larger compared to the other measurements.

The fit with Eq. (50) to the data allows us to disentangle magnetic field dependendent
contributions that originate from the injection mechanism at the interface Ay (uoH) and the
magnetic field-dependence of the magnon decay length Ay, (110 H) that limits the diffusive
magnon transport.

Ap is shown as a function of the magnetic field magnitude in Fig. 4.5. The extrapolated
signal to d = 0 pm roughly approximates the magnon transport signal that is generated at
the injector. For the electrical case we observe a decrease of A as a function of the magnetic
field. A" on the other side seems to be rather independent of the external magnetic field.
What can clearly be observed is that A is by a factor of 5 larger than A{". And A} for
the small distance regime (d < 2pum) is by a factor of 1.5 larger than for the large distance
regime (d > 2pm). This difference in magnetic field-dependence and magnitude may
indicate that different magnon populations dominantly contribute to the detected signal as
discussed in Ref. [16].
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Figure 4.5: Extrapolated electrical A§' and small and large distance regime thermal A} ampli-
tudes of the magnon transport signals measured at the detector electrode as a function
of the magnetic field. The measurements are conducted at a temperature of 7' = 280 K.

In Fig. 4.6 the electrical and thermal magon decay length as a function of the magnetic
field magnitude is shown. For A, ¢ we observe a decrease as a function of the magnetic
field, which is steep in the beginning and seems to saturate for larger magnetic fields. The
thermal magnon decay length shows a rather constant behaviour within the error bars for
both distance regimes. Furthermore A, (, seems for d > 2pum to be larger than A, o by
a factor of 1.5. The large errorbars in A, ¢, originate from the fact that only 4 distances
are used to extract the magnon decay length, which limits the precision of the extracted
values. The thermal magnon decay length for d < 2um is approximately a third of the
large distance regime.
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Figure 4.6: Magnon decay length A, as a function of the magnetic field. Extracted from the ex-
ponential decay using Eq. (50) of the electrical and small and large regime thermal
amplitudes of the magnon transport detector signal measured at a temperature of
T = 280K for different distances between injector and detector at different magnetic
fields.

The magnetic field-dependence of the electrical magnon decay length in Fig. 4.6 that we
observed for a 22 nm thick LPE-YIG film is in good agreement with the observations of the
group of B.J van Wees [58]. They performed magnon transport measurements for LPE-
YIG films with different thicknesses. For LPE-YIG films with a thickness of tyi¢ = 5.9 nm
and tyie = 7.9nm they observed a decrease in the electrical magnon decay length with
increasing magnetic field. For these ultra thin films they reported A\, i ~ 4pm and 3 um
respectively for the magnetic field approaching to small fields which is in good agreement
with Ay, o1 = 2.63pm that we found for our 22nm thin YIG film. Also for thicker films
of tyijg = 1pm and 2um a similar decrease with increasing field was observed. Here a
magnon decay length of A\, o = 2.8um [32] and Ay, o1 = 3.2pm [16] in the low magnetic
tield limit was reported. The latter was observed at a lower temperature of 7' = 200 K. We
want to take a closer look into the temperature-dependence of the magnon decay length
in Sec. 4.1.3. These small variation in the magnon decay length for different distances
is in good agreement with recent findings in Ref. [58]. They observed that the LPE-YIG
thickness has no a large influence on the electrical magnon decay length and it increases
only slightly with increasing YIG thickness. For the thermal magnon decay length we
observe a rather constant behaviour (see Fig. 4.6) within the errorbars. The extracted value
of Ay th ~ 3.5um for our 22nm thin LPE-YIG film is slightly smaller compared to Ay, 1, =
6.7 um for a tyr¢ = 1 pm thick LPE-YIG film and A, ¢n = 9 pm for a tyig = 2 pm thick film
at 200 K respectively [16, 32]. Furthermore they observe a decrease of Ay, ¢, for increasing
magnetic field, which we do not observe in our measurements. One possible explanation
could be that the decrease of A, 11 is not observable within our large error bars. More
experiments with larger electrode separations are required to corroborate this assumption.

4.1.3 Temperature-dependence of the magnon transport signals

To conclude this section we want to take a closer look at the temperature-dependence of
the magnon transport in our 22 nm LPE-YIG thin film. To this end, we perform an angle
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dependent magnon transport experiment over a temperature range from 7" = 30 K to 280 K.
The magnetic field is kept constant at jig Hexte = 50 mT. In Fig. 4.7 the electrical and thermal
magnon transport signals US., and U{" are shown as a function of the in-plane rotation
angle ¢.

Panel (a) shows the electrical magnon transport signals measured at four different tem-
peratures between T = 30K and T = 250 K. We observe the expected cos? ¢ dependence
of US., as a function of the magnetic field orientation for 7' = 100K, 200K and 250 K. For
T = 250K we exemplarily show a fit to the data using Eq. (48). With decreasing tem-
perature the electrical magnon transport signal shows a clear decrease. And for 7' = 30 K
the cos? ¢ dependence can not be observed anymore. This behaviour is consistent with
previous measurements reported in literature [8, 16, 60]. For decreasing temperatures the
thermally activated magnon population below the injector electrode decreases, leading to
a decreased transfer efficiency for angular momentum accross the Pt/YIG interface [60].
For this reason, a smaller magnon transport signal is observed at the detector electrode
for decreasing temperatures [60]. A further contribution to the temperature-dependence of
the magnon transport signal could be a temperature-dependence of the spin decay length
Am.cl. We discuss this in more detail in the upcoming part of this section.
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Figure 4.7: Magnon transport signal measured at the detector electrode as a function of the
magnetic field orientation. The measurements are conducted at a magnetic field of
toH = 50mT and a distance of d = 900 nm between injector and detector for differ-
ent temperatures. (a) Electrical magnon transport signal caused by SHE as a function
of the magnetic field orientation. The red solid line shows a fit to the data using Eq.
(48). (b) Thermal magnon transport signal caused by SSE. The red solid line is a fit
to Eq. (49). The inset shows the amplitudes of the thermal magnon transport signal
measured at the detector electrode as a function of the temperature.

The thermal magnon transport signals U, ggt are shown in Fig. 4.7 (b). We observe a cos ¢
dependence for all temperatures in the measured temperature range, even for ' = 30K
where no electrical contribution is observable anymore. The red solid line shows a fit to
the data using Eq. (49) for a temperature of 7' = 250 K. In the inset we show the extracted
magnon transport amplitude A%, as a function of the temperature. Similar to the elec-
tric contribution, the amplitudes A%, of the thermal magnon transport signal decrease for
decreasing temperatures down to 7" = 50 K. For even lower temperatures however, the

33



34 Experimental results

magnon transport amplitude seems to increase again. This behaviour is in contrast to the
temperature-dependence of the thermally biased magnon transport amplitude for a 2 pm
thick LPE-YIG film at a comparable external magnetic field of jijgHH = 30 mT, reported in
Ref. [16]. They observe a monotonous increase of A}, for decreasing temperature and

a strong increase below 7' = 150K for all measured electrode separations (d = 3pm to

th
det

As the thermal gradient generated by Joule heating at the injector electrode is very sensitive

20 pm). For smaller distances d the increase in A}, seems to be even more pronounced [16].
to various parameters such as the specific heat or the thermal conductivity at low temper-
atures, it is hard to pinpoint what dominates the temperature-dependence of SSE magnon
generation. What we can infer from our measurements is that the thickness of the YIG film
seems to play an important role for the temperature-dependence of the magnon transport
amplitude AY,. Independent of the magnon generation, also the thermal magnon decay
length Ay, ¢ can be temperature dependent.

In the following we want to disentangle the temperature-dependence of magnon gener-
ation/detection and magnon propagation for electrically and thermally driven magnons
and take a closer look at the corresponding magnon decay lengths Ay, tn, and Ay, 1. We also
do not observe a strong increase in A}, for a larger electrode separation (d = 3 pm and
d = 3.51um) and thus can rule out a smaller distance d to cause the discrepancy to litera-
ture in our experiments. To this end, we extract the electrical and thermal amplitudes Aglet
and AL, from the angle dependent measurements as a function of the electrode separation
within a temperature range from 7" = 50 to 280 K. The electrical magnon transport ampli-
tude is shown semi-logarithmically as a function of the edge-to-edge distance d between
the injector and detector electrode for three selected temperatures (see Fig. 4.8(a)). In Fig.
4.8(a) we observe an increase in A, for increasing temperature which seems to be equiv-
alent for all measured distances. This becomes clear by fitting the distance-dependence for
each temperature with Eq. (50) (solid lines). V' As ), enters only in the exponent of Eq. (50),
interface effects are excluded, which allows to disentangle the temperature-dependence of
the magnon decay length and the temperature dependent contribution of the interface. As
the fits in Fig. 4.8(a) are nearly parallel lines for all three cases the magnon decay length
seems to be similar and thus only weakly dependent on the temperature. The offset on the
other hand is related to the contribution of the magnon transport signal that is dominated
by the Pt/YIG interface.

DNote that as already shown in Fig. 4.4 we observe a deviation from the exponential decay at d = 3.5 pm
and d = 3pm for all temperatures. Combined with the magnetic field-dependence results, this confirms that
this behaviour is due to the structure itself and is not related to magnon transport.
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Figure 4.8: Amplitudes of the magnon transport signal measured at the detector electrode as a
function of the distance d between injector and detector. The measurements are con-
ducted at a magnetic field of poH = 50mT for different temperatures. (a) The am-

plitudes Ag,, are extracted from the electrical magnon transport signal and the solid

lines represent an exponential decay function from Eq. (50). (b) The amplitudes A%,
are extracted from the thermal magnon transport signal and the solid lines (large dis-
tances) and dashed lines (small distances) represent an exponential decay function
using Eq. (50).

The latter contribution can be approximated by extrapolating the exponential fits to
d = Opm. In Fig. 4.9 Ag is shown as a function of the temperature. We observe a lin-
ear decrease in A§ for decreasing temperature, which is caused by the decreasing number
of thermally activated magnons at the Pt/YIG interface as discussed above. The number
of magnons should scale with T’ %, since we need to account for the injection and detection,
one would then naively expect a scaling of A5 with 72. This is only in very rough agree-
ment with the observed temperature-dependence. The strong temperature-dependence of
Ag! corroborates the assumption that the temperature-dependence of the electrical magnon
transport signal US., in Fig. 4.7(a), is dominated by the Pt/ YIG interface transparency and
not by a change in the magnon decay length A,.

For the thermal magnon transport signal A(tihet a similar analysis is shown in Fig. 4.8(b).
Aget decreases for increasing distance d. Here we observe two different regimes, that can
both be described by an exponential decay. For electrode separations d < 2pum the signal
decreases much stronger with d than for larger distances d > 2um. We follow the same
procedure as before and extract the thermal magnon decay length by fitting the datapoints
for d > 2pm. For more precise extraction of the evolution of the thermal magnon trans-
port signal shown in Fig. 4.8 and the magnon decay length we require measurements at
larger distances than d = 3.5 pm. For comparison: The group of B.J. van Wees made mea-
surements up to d = 10pum in Ref. [61]. They used different YIG-thicknesses and also
observed two exponential decay regimes for thinner YIG layers. The transition from these
two regimes is located at around d = 1.5 um for a 210 nm thick YIG film. This is very sim-
ilar to our observation here. Moreover, this suggests that we need to study even larger
distances to extract a representative value for our magnon decay length. Unfortunately
that could not be implemented as a part of this thesis. The structures on the samples were
also needed to conduct electrical and optical measurements on three-strip structures, such

35



36 Experimental results

that the limited number of two-strip devices provided us with a smaller range of distances
to investigate. Furthermore by assuming that we are only able to detect an amplitude with
minimum Ag4et =~ 250V due to the signal to noise in our setup, the maximum distance we
would expect to still be able to analyse for the lowest temperature is d = 6 pm. Fig. 4.9 also
shows A} as a function of the temperature for both analysed distance regimes. The electri-
cal amplitude A§' is starting at about the same amplitudes for 7' = 50 K like both thermal
distance regime amplitudes. For A§ we observe an increase of about 51V with increasing
temperatures. Instead of that A} has almost no observable change with temperature. As
expected from the distance-dependence in Fig. 4.8, A" for d > 2pm is smaller than A}
for the small distance regime. The datapoint for the thermal amplitudes at 7" = 150K are
not shown because it wasn’t possible to fit an exponential decay via Eq. (50) to the thermal
amplitudes A%, at T = 150 K.
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Figure 4.9: Extrapolated electrical and small and large distance regime thermal amplitudes of
the magnon transport signals measured at the detector electrode as a function of the
temperature. The measurements are conducted at a magnetic field of ;1o = 50mT.

In Fig. 4.10 we show the magnon decay length A, for electrically and thermally induced
magnons as a function of the temperature for the whole measured temperature range from
T = 50K to 280K. They are extracted from the fit function Eq. (50) for the different
temperatures in Fig. 4.8. Analogous to A", A!! could not be extracted for 7' = 150 K and
is therefore missing. The thermal magnon decay length for d > 2pum is by a factor of 1.5
larger than the electrical one. The evolution of A\ and A% with temperature is quite similar.
Within the errorbars we observe a slight increase for an increasing temperature with a small
plateau between 7" = 150 and 200K. Analogous to A{" the thermal magnon decay length
for d < 2pm is smaller than for the large distance regime.
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Figure 4.10: Magnon decay length )\, as a function of the temperature. Extracted from the expo-
nential decay fits with Eq. (50) of the electrical and small and large distance regime
thermal amplitudes at a magnetic field of poH = 50mT for different distances be-
tween injector and detector at different temperatures.

The observed temperature-dependence of the electrical magnon decay length is in good
agreement with the results for a 5.9 nm and 7.9 nm thick LPE-YIG film reported in literature
[58] with an comparable external magnetic field of j (o = 10mT. They observed a slight
increase of A, o1 with temperature of about A\, ¢ = 0.5um from 7' = 100K to 7' = 300 K.
For increasing temperature we assume an enhanced magnon-phonon scattering as more
phonon states are occuppied due to the higher thermal energy in the system. As magnons
are not a conserved quantity in our experiments, magnon phonon scattering can lead to
the annihilation of a magnon and thus a decreased magnon lifetime 7,,, [60]. As the ob-
served change in the magon decay length with temperature in Fig. 4.10 is rather small we
infere that the diffusion constant D, in Ay, = v/ D7y, increaseses with increasing temper-
ature and nearly compensates the decrease in magnon lifetime 7,,. A similar behaviour
was observed for a thicker film of ty;q = 210nm with an increase in Ay ¢ and Ay, ¢, of
about ~ 2um [60]. Within the errorbars they report similar values for electrical and ther-
mal decay length over the measured temperature range and thus observed no indication
for different transport mechanisms for the two excitation methods [60]. In contrast, we ob-
serve a thermal magnon decay length that is a factor of 1.5 larger compared to the electrical
decay length in our ultrathin 22nm LPE-YIG film. A discrepancy between electrical and
thermal magnon decay lengths was up to now only observed and discussed in a thick LPE-
YIG film with ty1q = 21m [16]. In agreement to our measurements they observed a ther-
mal magnon decay length that exceeds the electrical magnon decay length over the whole
measured temperature range from 7" = 100 K to 300 K and indicates a different diffusion
and relaxation mechanism of the thermally and electrically excited magnons, depending
on their generation mechanism at the Pt/YIG interface [16]. Their experiments were con-
ducted under an external field of ;0 = 30 mT and they report a A, 1 that is about twice
the size of A\, .. One possible explanation is, that electrical and thermal magnon transport
is carried by different nonequilibrium magnon distribution in terms of their frequency,
group velocity and lifetime [16]. Although we assumed from the field-dependence of the
magnon decay length in Chapter 4.1.2 that sub-thermal magnons dominantly contribute to
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the electrical and thermal magnon transport, the difference in Ay, ¢, and Ay, ¢ could be an
indication that the non-equilibrium distribution of the magnons depends on their genera-

tion mechanism.

414 Summary

In this section we discussed the measurements for two-terminal structures on the 22 nm
YIG film. We observe an influence of the distance between the injector and detector elec-
trode on the electrical and thermal magnon transport signals: The signal strength is in-
creasing for a decreasing distance (see Section 4.1.1). This distance-dependence remains
unchanged for different magnetic fields. Analysing the magnon transport signal also at
changing magnetic fields we observed a magnetic field-dependence: By decreasing the ex-
ternal magnetic field the magnon transport signal gets stronger and we get a larger magnon
decay length for small magnetic fields (see Section 4.1.2). As a final analysis of the two-strip
structures we took a look at the magnon transport at different temperatures which results
in an temperature-dependence: At a certain temperature the electrical transport vanishes,
increasing the temperature from that point also the magnon transport signal is increas-
ing and we get larger magnon decay lengths for larger temperatures (see Section 4.1.3).
These observations, the extracted parameters like the magnon decay lengths and their de-
pendence on magnetic field and temperature for our sample are in good agreement with
existing literature values. They underline the suitability of our thin LPE-YIG sample for

future all-electrical magnon transport experiments.

4.2 Electrical modulation of magnon spin transport in yttrium iron garnet

In this section we focus on electrical magnon transport measurements conducted on three-
strip structures on a 22 nm thick LPE-YIG films. Magnons are injected at the injector elec-
trode via SHE and propagate to the detector electrode and detected as the first harmonic
voltage signal Uy, via a lock-in detection scheme (see Section 3.2.2). We especially want
to discuss the influence of an additional DC-charge current I,,,,q applied at the modulator
electrode and have a look at the critical current for different magnetic fields in the range of
poH = 10mT to poH = 55 mT (which represents the magnetic field range accessible in the
BLS setup).

We start with an angle-dependent measurement at a temperature of 7' = 280 K. The width
of the injector and detector electrode is w = 500 nm, the modulator electrode is centered
symetrically within the two outer electrodes and has a width of w,;, = 600 nm and an edge-
to-edge distance to injector/detector of d;, = 200 nm. During the measurements we keep
the magnetic field magnitude fixed at 1o/ = 55 mT and apply different modulator currents
Imoa- Fig. 4.11 shows the electrical magnon transport signal as a function of the magnetic
field orientation. Panel (a) shows the magnon transport signal for positive modulator cur-
rents Ioq > OpA. For I,,q = OpA we observe a cos? ¢ dependent electrical magnon
transport signal, which we already discussed in the previous Section 4.1. Compared to the
two-terminal structure with similar edge-to-edge distance the electrical magnon tranpsort
is slightly decreased by 65 % as the modulator strip between injector and detector also acts
as a magnon sink. The effect is however small enough to allow for magnon spin transport
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between injector and detector. For I,,,a = 200 pA to 1 mA we observe an increase of the
magnon transport signal with increasing charge current around ¢ = 180° compared to the
0 pA signal. For the angles ¢ = 0° and 360° the magnon transport signal is unchanged for
Tmod = 200 pA and 600 pA and shows a small increase for I;,,,q = 1 mA. To understand this
behaviour we can consider Fig. 2.7 in Section 2.5. For ¢ = 180° and a positive DC-charge
current applied at the modulator the spin orientation in the Pt induced by the SHE is paral-
lel to the magnetization direction in the YIG. In this configuration a magnon accumulation
is excited beneath the modulator electrode via the SHE [13]. This results in an increased
magnon density, represented by the magnon chemical potential i, and thus an increased
magnon spin conductivity [4]. Furthermore the finite resistance of the Pt electrode leads
to Joule heating. Via the SSE and the finite temperature increase thermal magnons are ex-
cited below the modulator electrode. For the 180°-shifted case (¢ = 0°, 360°) we get an
antiparallel orientation of spin orientation in Pt and magnetization in YIG, which causes
a decrease in the magnon density and thus we would expect a decrease of the magnon
transport signal compared to the signal for I;,,q = 0 pA. This is not observed in Fig. 4.11.
We attribute this observation to the angle independent injection of thermal magnons due
to Joule heating that counteract the magnon depletion due to the SHE [4]. For I;,,q = 1 mA
we even observe a dominant Joule heating contribution in Fig. 4.11(a) resulting in an in-
creased magnon spin conductivity and thus a larger magnon transport signal compared to
Inog = OmA.
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Figure 4.11: Electrical magnon transport signal as a function of the magnetic field orientation. The
measurements are conducted at a magnetic field of ;o = 55mT, a temperature of
T = 280K and for a modulator width of w,, = 600 nm with distance d,, = 200 nm to
the injector and detector electrode. (a) Magnon transport signal for positive applied
charge currents at the modulator, with amplitude A;,,. (b) Magnon transport signal
for negative applied charge currents at the modulator, with amplitude A;,,.

Fig. 4.11 (b) shows the electrical magnon transport for negative modulator currents
Imoa < OpA as a function of the magnetic field orientation. Analogous to panel (a) the
green datapoints show the cos? ¢ dependent magnon transport signal for Ioa = 0pA.
For ¢ = 0° and ¢ = 360° we observe an increasing amplitude with increasing negative
current I;,,q while the signal keeps unchanged at ¢ = 180° for I 0q = —200pA and
—600 pA. Again a small increase can be observed at ¢ = 180° for I;,o,q = —1mA. Panel
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(b) is in general shifted by 180° in ¢ as compared to Fig. 4.11(a). Due to the negative
polarity of the applied DC-charge current magnons are injected for ¢ = 0° and 360° at
the modulator electrode, due to SHE and Joule heating, while a magnon depletion via
SHE occurs at ¢ = 180° that is counterbalanced by Joule heating. Our results are in good
agreement with previous measurements made on ty;¢ = 13.4nm PLD-YIG films in Ref.
[4, 5, 47]. Their magnon transport signals for positive and negative I,,,q are 180° shifted
compared to our data due to an 180° rotated coordinate system. The increase of the am-
plitude for s || myjg with increasing modulator current is consistent. They observed a
rather triangular shape of the magnon transport for I;,,q = 0pA due to the cubic magne-
tocrystalline anisotropy of the YIG, which was not observed in our 22nm thick LPE-YIG
film. This can be explained by the extremely small IP magnetocristalline anisotropy of our
LPE-YIG film of pigHani = (1.02 £ 0.35) mT, observed in Ferromagnetic Resonance (FMR)
measurements. As a comparison, the LPE-YIG film used in Ref [5] has an anasotropy field
of poHani = (9.54 +£2.13) mT. This difference can be attributed to the two different ori-
entations of the YIG layer. For our LPE-YIG sample we use (111)-oriented YIG, which
exhibits vanishing contributions from magnetocrystalline magnetic ansiotropy within the
film plane. For the PLD grown YIG in Refs. [4, 5, 47] a (100)-orientation is used, which
gives rise to a finite contribution from magnetocrystalline anisotropy in the film plane. By
comparing the strength of the magnon transport signal, in our measurements we observe
a by a factor of about 4 larger signal for I,,,,q = 01A, which is mainly to the different dis-
tances between the injector and detector electrode. While we are using a structure with an
edge-to-edge distance between injector/detector and modulator of d,, = 200 nm, in Ref.
[4, 5] a structure with d,, = 400 nm was used. For a three-terminal structure with a modu-
lator width of wy, = 500 nm they show an enhancement of a factor of 2.7 for I,,o.q = 750 pA
compared to the case of vanishing applied modulator current. From Fig. 4.11 we can
report a modulation factor of only 1.83 for an even higher applied modulator current of
Imoa = 1mA. To compare these two different devices, we have to use the current density
Jmod = tl_{’tﬁ‘iﬁudm that is dependent of the dimensions of the modulator. The structure used in
Ref. [5] has a wy,, = 500 nm wide modulator with a thickness of ¢tp; = 3.5 nm. This results in
a current density of jyoq = 4.28 - 101 A/m? for 750 pA modulator current. In contrast, the
structure used for the measurements shown in Fig. 4.11 has a modulator with w,,, = 600 nm
and tpy = 7nm and thus a current density of only jioq = 2.38 - 101! A /m? within the mod-
ulator for 1 mA. Thus the corresponding spin current generated in the Pt modulator is in
our case about a factor of 2 smaller as in Refs. [4, 5] and might already explain the observed
differences in the enhancement factors.

To investigate the modulator current-dependence of the magnon transport signal further
we extract the amplitudes A;,, for s || myig for positive and negative currents which re-
sults in positive and negative magnetic fields from Fig. 4.11 as a function of the modulator
current and analyze them with respect to the critical currents. This is done by measuring
the magnon transport signal as a function of the modulator current I,,,,q for the external
magnetic field oriented along ¢ = 180° for ;1o > 0mT and ¢ = 0° for ppH < 0 mT where
we expect the maximum mangon transport signal. Subsequently we subtract the magnon
transport signal for the external magnetic field pointing along the x-direction (¢ = 270°)
where the magnon transport signal is vanishing to correct for a possible offset unrelated to
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magnon transport.
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Figure 4.12: (a) Electrical magnon transport signal as a function of the applied DC-charge current
at the modulator. For a charge current of I,o,q = —200 pA to 200 pA (grey area) the
data is fitted to Eq. (51) shown as orange solid line. The fit curve is extrapolated
over the whole measurement range. Vertical dashed orange lines are guides to the
eye. (b) Difference between the magnon transport signal and the fit function in (a)
as a function of the applied charge current at the modulator. The condition for the
critical current is marked (orange dashed line). All measurements are conducted at
a temperature of 7' = 280K for a modulator width of w,, = 600nm with distance
dm = 200 nm to the injector and detector electrode for different magnetic fields.

Fig. 4.12 (a) shows the electrical magnon transport amplitude as a function of the mod-
ulator charge current at a temperature of 7' = 280K for different magnetic fields. We
again used the three-terminal structure with a modulator width of w,, = 600nm, an in-
jector and detector width of w = 500 nm and an edge-to-edge distance between the two
outer electrodes of d = 1 pm. The electrical magnon transport amplitude AS., is shown for
positive (red) and negative (green) magnetic fields as a function of the modulator current
ranging from I;,,q = —1mA to 1 mA. In agreement to the angle dependent measurements
we observe a strong increase in the magnon transport signal A9, with increasing positive
modulator current I;yoq > 0mA for +/0H and an increasing A9, with increasing negative
modulator current I,,,q < O0mA for —ugH. The modulation of Aglet (£1moq) seems to be
quite symmetric for corresponding magnetic fields £y H. In the low current bias regime
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|Imod| < 0.2mA (indicated by the light grey area in Fig. 4.12) the current-dependence can
be described by a superposition of a linear (SHE) and a quadratic (Joule heating) contri-
bution (see Section 2.5) [4]. As the magnon transport signal is proportional to the magnon
conductivity we fit the data in Fig. 4.12(a) using

Alw = Ale + A]%SHEImod + ARthI?nod? (51)

within the low current bias regime |[;,0q| < 0.2mA. The linear coefficient ARsyp =

AZ%HE A1wo corresponds to the efficiency of the SHE based modulation and the quadratic
coefficient ARy, = AU%“’ A1wo to the efficiency of the thermal modulation effect [4, 5, 47].

The parameter A, accounts for the unmodulated magnon transport amplitude at I;,04 =
OpA. This fit is extrapolated for the whole current range and shown for all magnetic fields
in Fig. 4.12 (a) (orange solid line) (the fit parameters are shown in the appendix in Tab. A.3).
Within [/04] < 0.2 mA the magnon transport signal can be perfectly described with the fit-
ted quadratic and linear dependence very well. For positive fields we observe a distinct
deviation from the fit curve for all magnetic field magnitudes in Fig. 4.12(a). Furthermore
we observe that the peak value of this deviation seems to shift for different magnetic fields
(the vertical orange dashed lines are guides to the eye). For negative fields we observe the
same behaviour. This deviation corresponds to a zero effective damping state below the
modulator where the magnetic damping of the YIG film is fully compensated by the spin-
orbit torque induced at the modulator at a critical current value I,; (see Section 2.5) [4, 47].
Thus the magnon lifetime 7, is diverging and the magnon conductivity is increased [47].
This results in the drastic increase of the magnon transport signal measured at the detec-
tor. These observations are consistent with previous measurements on 13.4nm and 11.4 nm
LPE-YIG films in Refs. [4, 5] and Ref. [47], respectively. Looking at the orange dashed
line in Fig. 4.12(a) for our measurements the value for I.,i; seems not to show a strong
magnetic field-dependence while in Refs. [4, 5] an increase in I for increasing magnetic
fields was observed. At present we lack enough data to fully explain this discrepancy.
Yet, one important difference between our present measurements and the ones in Refs.
[4, 5, 47] is the magnetic field range investigated. In the previous works magnetic fields
of up to 200 mT were applied, while we restricted ourselves to a maximum magnetic field
of 55 mT, to probe the same field range as available in the BLS setup. When looking into
the previous results of Refs. [4, 5, 47], a clear magnetic field-dependence is only observed
for large magnetic fields exceeding 50 mT. Thus it may be that measurements with larger
magnetic fields will provide a stronger change of I.it.

We now take a closer look on the analysis of the critical current regime. This is done by
substracting the fit from the measurement data in Fig. 4.12(a) using;:

AAy, = A1y — (A1wo + ARsuELnod + ARmIZ ) - (52)

The resulting difference A A, is shown in Fig. 4.12(b) as a funtion of the applied charge
current at the modulator electrode I,,,,q for different positive and negative magnetic fields.
We observe a vanishing difference AA;,, for all magnetic fields up to a modulator current
of around I, = £0.4mA for positive and negative magnetic fields, respectively. Which
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means we could also have defined the low current bias regime for this structure similar to
Ref. [5] by |Imod| < 0.4mA. By keeping in mind that we made the described measurement
for several structures with different dimensions and want to compare those to each other
we adhere to the smaller current range for our fits via Eq. (51). For larger I,,,,q we observe
an increase of AA;,, with following saturation for large (small) currents at positive (neg-
ative) magnetic fields (excluding our measurements at =10 mT. This behaviour is again
consistent with the results in Refs. [4, 5, 47]. We define the critical current I..;; at which the
magnetic damping is compensated as the threshhold AA;, (/med) > 0.051V, indicated by
the orange dashed lines ins Fig. 4.12(b). We discuss this choice further later in this section.
We can see that this threshold is fullfiled in the critical current regime of the respective
field direction, but that there is an additional crossing for large negative modulator cur-
rents for +p0H (red datapoints). For this configuration we would expect Joule heating
magnon injection at the modulator that is counterbalanced by SHE induced magnons and
thus a purely I1yoq + 12,4 behaviour. This should have been captured by the fit to Eq. (51),
but as we can see in Fig. 4.12(a) fit and datapoints deviate especially for Ioq < —0.5mA
(red datapoints). One possible explanation for this deviation is the small fitting range of
|Imod| < 0.2mA. This had to be chosen in order to compare different structures whose criti-
cal current regimes differed significantly. We do not consider this regimes when we extract
the critical current with the threshold A Ay, (Ih0q) > 0.05u1V.

In Fig. 4.13 the extracted critical current /.. is shown as a function of the magnetic
field for the three-terminal structure shown in Fig. 4.12 and for three additional structures
whose dimensions are summarized in Tab. 4.1. For a better signal to noise ratio we show
the mean value of the extracted critical currents for positive and negative magnetic field
directions. For a separate presentation for positive and negative magnetic fields, see Fig.
A.3 in the Appendix. For all four structures we observe a slight increase for the critical cur-
rent with increasing magnetic field magnitude. Only structure 4 deviates from this trend for
poH = 40mT and 50mT. As we can see from Fig. A.3 this deviation is only observed in one
field direction and is due to the bad signal to noise ratio and small deviation of AA, (/imod)
which made it difficult to reliably extract the critical current. We can furthermore observe
in Fig. 4.13 that structure 1 and 3 with a modulator of width wy, = 600 nm have larger criti-
cal currents than the structures with w,;, = 300 nm and 400 nm. This can be attributed to the
smaller modulator current density jmoq = t}{:ﬂi@’f‘m [14] due to the larger modulator width wy,
which is in the end relevant for the SHE magnon injection process. Suprisingly, we observe
slightly larger critical currents for structure 4 with a modulator width wy,, = 300 nm com-
pared to structure 2 with wy,, = 400 nm although the current density is larger in the former
structure. One possible explanation could be the uncertenties that arise from the deter-
mination of the critical current via the threshhold A A, (o) > 0.05uV or fluctuations
in the spin current interface transparency at the modulator for the two different devices.
Especially for structure 4, the linear and quadratic fit does not capture the data very well
which can be seen at the superimposed quadratic dependence that still can be observed for
the positive field direction in Fig. A .4.
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Structure w W dm
1 500nm | 600nm | 200 nm
2 500nm | 400nm | 300 nm
3 500nm | 600nm | 300 nm
4 500nm | 300nm | 350 nm

Table 4.1: Details on structures in Fig. 4.13

The magnetic field-dependence of the critical current I for the individual structures is
in general in good agreement with the results for a 13.4 nm YIG film and a structure with
dm = 400nm and wy,, = 500nm in Ref. [5]. For a magnetic field up to poH = 50mT,
which corresponds to the magnetic field range captured in our experiments, they observed
only a small increase in Ii. For fields up to 10 = 200 mT an overall increase of about
Al =~ 0.3mA was shown. As one focus of the measurement is the precharacterization of
magnon modulation to later conducted simultaneous micro focused BLS experiments (see
Section 4.3), we measured a magnetic field range up to poH = 55mT up to which the BLS
setup at the RPTU Kaiserslautern is limited.
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Figure 4.13: Critical current as a function of the magnetic field. The measurements are conducted
at a temperature of 7' = 280K for different structures. For more details of the used
structures see Tab. 4.1.

We can include the magnon spin conductivity enhancement into the fitting function Eq.
(51) following Refs. [5, 15, 46]. It takes into account the formation of the zero effective
damping state in terms of a spin chemical potential ;s induced via the SHE in the modu-
lator electrode. This results in a divergence of the magnon conductivity near the damping

~1/2
compensation regime Ip,oq — Ierit by om (1 - I;{‘?Z‘) (see Section 2.5). In the follow-
ing we want to assume that the modulation of magnon conductivity is localized below the
modulator. The magnon transport signal as a function of the modulator current I,,,,q can

then be described by (See Ref. [5] for a more detailed derivation.):
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Aty (9, Imod) = cos? X

{2 (AUt +

Icrit
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(53)

In. Eq. (53) AU’ corresponds to the magnon conductivity o}, to the left and right of the
modulator, AUgod and ARy, correspond to 02, and Aoy, in Eq. (30). The cos? o results from
the angle dependence due to the SHE-induced magnon transport from injector to detector
electrode. The cos ¢ in the square root term describes the additional SHE symmetry at the
modulator [5, 13, 46]. The contribution of thermally injected magnons at the modulator
electrode is independent of the angle and thus the contribution ARthIand in Eq. (53) is
angle independent. With Eq. (53) we can now describe the distinct enhancement of the
magnon transport signal in the critical current regime shown in Fig. 4.12(a). We use AU’,
AU? . and ARy, as free fitting parameters and set the angle ¢ = 180° for positive magnetic
fields and ¢ = 0°, 360° for negative magnetic fields. We further needed to restrict the fit
range to Imod > Ieit for negative magnetic fields and I,oq < it for positive magnetic
fields because of the diverging character of Eq. (53) for Iynod — Lerit.

In the following analysis we use two different methods for extracting the critical cur-
rent Iy and compare how good they agree on the measurement data, for each magnetic
field separately. Fig. 4.14 (a) shows the electrical magnon transport amplitudes for the
three-strip structure with modulator width w,, = 600nm and edge-to-edge distance be-
tween the three electrodes of d,, = 200nm (structure 1 previously shown in Fig. 4.12)
as a function of the applied modulator charge current I;,,4. The blue solid lines corre-
spond to fits using Eq. (53) in which the critical current I is determined due to the
condition AAj, (Imod) > 0.05pA as explained above (marked by orange arrows in Fig.
4.14(a)). We see that this phenomenological model of the modulation enhancement of the
magnon transport signal agrees well with the measurement data including the critical cur-
rent regime up to I for all shown magnetic field magnitudes. We can see that for the
negative field direction the critical current was defined at the onset of the peak structure
and the data is perfectly represented by the fit curve, including a steep increase close to
Ioit. For the positive field case the critical current condition is fullfilled below the peak
well described by the phenomenological model.
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Figure 4.14: Electrical magnon transport signal as a function of the applied DC-charge current at
the modulator. The measurements are conducted at a temperature of 7' = 280 K for
a structure with modulator width w,, = 600 nm and distance d,, = 200 nm between
the three electrodes. The used critical currents are marked with orange arrows. (a)
Magnon transport data fitted with Eq. (53) (blue solid line) with the critical currents
taken from Fig. 4.13. (b) Magnon transport data fitted with Eq. (53) (blue solid line)
with critical currents manually extracted from the maximum peak for A;,, in Fig.
4.12(a).

Last but not least we want to compare the I.,i; extracted from the condition A A, (Imod) >
0.05uV to the critical current values manually extracted from the maximum of A;,,. These
values are indicated by an orange arrow in Fig. 4.14(b). The blue solid lines are fits to the
data using Eq. (53) and the manually extracted critical currents I’ again restricting the
fit range as I1yoq < I'crit. We can see that the phenomenological model describes the mea-
surement data to the steep increase of the mangon transport signal around I’ ;. Above
the critical current we can not describe the modulation process via Eq. (53). This behaviour
was also observed by T. Wimmer in Ref. [5]. They also extracted the values for the criti-
cal current manually from the maximum peak and did also observe a good agreement of
their fit with the experimental data. We have to mention that not all of the investigated
structures showed a clear peak in Ay, for all magnetic fields in the critical current regime
(see Appendix Fig. A.5). Thus we decided to use the condition AAy,, (I;moq) > 0.05uV to
determine I instead of manually extracting I..i; from the peak position for the sake of
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comparability between all measurements in this thesis.

4.2.1 Summary

In this section we discussed the modulation of the magnon conductivity via SHE induced
spin currents generated by an additional DC-charge current at the modulator strip of a
three-terminal magnon transport structure. We analysed the dependence on the modula-
tor currents with respect to the low current bias regime and the critical current regime and
extracted the critical current I,; via the condition for AA;,, (Imod) > 0.5V and manually
from the electrical magnon transport signal. Our results for the modulation behaviour and
the critical currents is in good agreement with literature in Refs. [4, 5, 14, 15, 47] and we
could define conditions for the critical currents which can be used in the following section.
Where we nevertheless cover another method to show the modulation and determine the
critical current based on BLS measurements combined with simulataneous magnon trans-

port measurements via lock-in detection scheme on our three-strip structures.

4.3 Electrical modulation of magnon spin transport with simultaneous Bril-
louin Light Scattering measurements

In this section we have a look at magnon transport measurements on three-terminal struc-
tures measured simulatenously electrically via the lock-in detection scheme (see Section
3.2.2) and optically via microfocused BLS (see Section 3.3). We used structure 4 from the
previous section with a modulator width wy,, = 300nm, an injector and detector width of
w = 500 nm and an edge-to-edge distance d,, = 350 nm between the three electrodes. For
simultaneous measurements we had to install the sample upside down in the BLS setup
described in Section 3.3 with the magnetic field pointing in y-direction (see Fig. 3.10) and
using a laser with A = 491nm focused on the modulator strip with a spot diameter of
350nm at the sample. The sample was additionally electrically contacted as described in
Section 3.2.2, using an AC-charge current [, o with a maximum value of 100 pA to gener-
ate magnons via SHE and variable DC-modulator currents I;,,,q for modulation of the elec-
trical magnon transport analogous to the already discussed measurements in Section 4.2.
The following measurements were made during two visits at Prof. Dr. M. Weiler’s group
at the RPTU in Kaiserslautern. Due to the existing micro BLS setup we made our measure-
ments at room temperature and for different magnetic fields in the range of poH = 10mT
to 55mT. Fig. 4.15 shows the simultaneous electrical (on the left) and optical (on the
right) measurements at a magnetic field of o = 40mT. The left side shows the elec-
trical magnon transport measurement as a function of the applied charge current at the
modulator I;,,q. The right side shows the BLS spectrum for the applied charge currents
Imoa as a function of the frequency. For the electrical measurement we observe the already
in the previous Section 4.2 for Fig. 4.12 discussed evolution. We get an increasing magnon
transport signal for negative I,,,q and a flattening for about I,,,,4 = 0.5mA. The optical
measurements on the right show two very large peaks (red) in the middle which result
from the laser and the reference signal which we don’t discuss in more detail here. Apart
from that we see a Stokes and Anti-Stokes peak for modulator currents I;0q < —270mA
that shifts towards higher (Anti-Stokes) and lower (Stokes) frequencies with increasing
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Imoa. The orange dashed line can be used to compare the modulator current where the
BSL spectrum starts to increase and the electrical current at the detector electrode. For the
electrical magnon transport signal we can also observe a small plateau for the same I;;,04.
But compared to our previous measurements discussed in Section 4.2 the evolution shows
no clear peak indicating the critical current regime (see Fig. A.7 in the Appendix). For a
more detailed analysis of the evolution of the electrical magnon transport signal it would
have been necessary to measure with smaller steps for I;,,q. This would have taken a lot
more time due to the simulataneous BLS measurements where we ned to focus the laser
and average the frequency spectrum several times for each I;,4. Conducting such time
consuming measurements was not possible due to the limited time we had for our mea-
surementre at the Micro-BLS setup in Kaiserslautern. The observed maxima in the BLS
spectrum correspond to the increase in magnonpopulation we expect due to the zero ef-
fective damping state beneath the modulator strip. To check if the observed increase in
magnon population is indeed originating from the pure spin current injection via the SHE
at the modulator strip, we conducted the same measurements also for ygd = —40mT.
Here, we observe the maximums in counts in the BLS spectrum for positive modulator
currents instead of the negative I,,,q for positive magnetic field (see Fig. A.6 in the Ap-
pendix). Thus, we find a dependence on current polarity which means the peaks in the
BLS spectra result from SHE injected magnons at the modulator strip and not due to some
Joule heating effects. In general the BLS spectrum is proportional to the magnon density
[17, 18]. Which is in agreement with our considerations on the magnon density beneath
the modulator electrode for I,,0q4 — Ierit in the previous Section 4.2 and Refs. [4, 5, 15]. For
a more detailed analysis of the measurements we have a look at a the BLS spectrum at a
fixed I1,oq = —450 pA indicated by the green dashed line in Fig. 4.15.
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Figure 4.15: Applied charge current at the modulator as a function of the electrical magnon trans-
port signal on the left and the BLS spectrum for different applied charge currents
Imoa as a function of the frequency on the right. The measurement is conducted at
room temperature at a magnetic field of poH = 40mT for a modulator width of
wm = 300 nm with distance d;, = 350 nm to injector and detector.
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Fig. 4.16 shows the BLS spectrum we extracted from the spectrum in Fig. 4.15 at I;,0q =
—450 pA as a funtion of the frequency. The two large peaks exceeding the plot range be-
tween —2 and 0.5 GHz originate from the reference beam in the TFPI and is not discussed
further. We observe two quite symmetric peaks for positive (at around 2.5 GHz) and neg-
ative (at around —2.8 GHz) frequencies that can be assigned to Stokes (positive) and Anti-
Stokes (negative) inelastic light scattering processes with the magnons in the YIG layer. For
further analysis of the data we can fit the two magnon peaks with:

A
-+ e o

L(f)= (54)
with A the amplitude, f, the resonance frequency, [ the linewidth and o a finite offset.
We can extract this fit parameters for all measured BLS spectra at magnetic fields in the
range of ;1o = 10mT to 55 mT and for modulator currents starting at the optical critical
current .t op Where the formation of the magnon peak is observed [17]. In the following
we analyze the extracted parameters.
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Figure 4.16: BLS spectrum as a function of the frequency. The measurement is conducted for
Imoa = —450pA at room temperature at a magnetic field of ygH = 40mT for a
modulator width of w,, = 300 nm in a distance dy, = 350 nm to injector and detector.
Fits with Eq. (54) are shown for positive and negative resonance frequency (red solid
lines).

Fig. 4.17 therefore shows the extracted positive and negative resonance frequency f;
as a function of the modulator current. For positive magnetic fields we fit the BLS spec-
tra via Eq. (54) for negative modulator currents starting at Ic;it,op. Due to the Spin Hall
symmetry we only observe magnon peaks for I,,,q < 0pA for positive magnetic fields.
For negative resonance frequencies (brown) corresponding to Anti-Stokes process we ob-
serve for all shown magnetic fields an increase in absolute frequency for increasing I,oq
up to about Ijod max = —0.55mA and after this a nearly constant frequency with a slight
decrease in absolute frequency. For a magnetic field of ygH = 20mT the magnon peak
was visible for lower absolute modulator current values and could therefore also be fit-
ted with Eq. (54) until I,,,,q = —210 pA. In addition we find that the frequencies shifting
with the applied magnetic fields. Starting from around f, ~ —3 GHz at a magnetic field
of o = 50mT towards f. ~ —1.6 GHz at a magnetic field of ygH = 20mT. For pos-
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itive frequencies (turquoise) corresponding to Stokes process we observe the symmetric
case: a decreasing resonance frequency with increasing modulator current until ;04 max
and from that a nearly constant frequency value. The observed symmetry of the resonance
frequencies is due to the origin of the peaks in the BLS spectra that result from creation and
annihilation processes of magnons with the same properties. The shift in frequency with
I,0q could also be observed in Refs. [17, 18]. In Ref. [17], the BLS measurements were
conducted on a 20 nm thick Bi-doped YIG film (Bi; Y2Fe5017) using a single 1 pm wide Pt-
strip with an applied DC-current to inject magnons via SHE which can be compared to our
modulator electrode. In Ref. [18] a 500 nm wide Pt-strip and an additional Au-antenna
to apply pulsed DC-currents for spin injection via SHE, which makes it possible to have
time-resolved measurements. This shift in the resonance frequency towards smaller | ;| for
increasing |Iod| is due to Joule heating processes at the Pt modulator and possibly magnon
scattering processes associated with the SHE injected magnons. The Joule heating induced
shift in resonance frequency is caused by the reduction of the saturation magnetization
M with increasing temperature, which causes a reduction of magnon frequencies at fixed
magnetic field following from the k = 0 Kittel formula:

wheo = o/ H (H + M), (55)

where 7 is the gyromagnetic ratio [17]. Furthermore the increasing resonance frequency
with increasing magnetic field is in good agreement with Ref. [17] and expected from the
Kittel equation (Eq. (55)).
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Figure 4.17: Negative (left side) and positive (right side) resonance frequency f, as a function
of the applied charge current I,,q4 at the modulator electrode. The measurements
are conducted at room temperature for a modulator width of wy,, = 300nm with a
distance d, = 350 nm to injector and detector at a magnetic field of (a) poH = 50 mT,
(b) poH = 40mT and (c) poH = 20mT.

In the following we want to compare the electrical and optical measurements directly.
Fig. 4.18 shows therefore the difference AA;,, between the magnon transport signal and
the linear and quadratic fit of the low current bias regime (| /1,0a| < 0.2mA) with Eq. (51)
(green) and the sum of the BLS spectra counts integrated over 2 GHz to 3 GHz (blue) as a
function of the applied charge current at the modulator for different magnetic fields. The
evolution of AA;, is very similar to the results in Section 4.2: For the low current bias
regime |[r,0q4| < 0.2mA the linear and quadratic function is in good agreement with the
data and therefore A A;,, shows no significant deviation from zero, towards the critical cur-
rent regime, we observe a small increase followed by a decrease leading to a deviation of
about 0.2uV. For the optical signal we summed up the BLS counts of the magnon peak
for a range of Af = 1GHz for each I,,,q and took the average for positive and negative
frequencies. Coming from positive modulator currents the evolution of the BLS spectrum
starts for all magnetic fields at about 80 Counts, which can be defined as the background
and increases with larger negative values of I;,,q. As already shown in Section 4.2 we can
extract the critical current from AA;, by using the condition AA;,, > 0.051V. This de-
termined value for I is indicated with orange arrows on the left. For the optical critical
current we define the condition as summed counts ¥py,s > 100 Counts, which corresponds
to a critical current where the formation of the magnon peaks can be observed [17]. The
critical currents due to that condition are shown with the orange arrows on the right. By
comparing the electrical signal AA;,, with our previous measurements in Section 4.2, we
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first of all need to keep in mind, that the orientation of the magnetic field ist rotated by
180° because in the BLS setup the magnetic field direction is defined in the opposite way
and we therefore extract negative critical currents for positive magnetic fields. The critical
current marks the beginning of the zero effective damping state (see Section 2.5), where
we expect the magnon lifetime to diverge resulting in an magnon accumulation and an
effectivly vanishing magnon decay beneath the modulator (see Fig. 2.6). Thus, the critical
current extracted from the BLS spectra corresponding to a magnon accumulation beneath
the modulator should be identical to the /.;; determined from the electrical magnon trans-
port experiments. For modulator currents |I,0q| above I, the integrated counts in the
BLS spectrum as well as the deviation A A, is further increasing. For a magnetic field of
poH = 30mT the spectrum also seems to decrease again for I,,q < —580 pA. As we expect
the optical and electrical critical currents to be identical, as both indicate the zero effective
magnon damping state we quantitatively compare I, in the following.
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Figure 4.18: Difference between the electrical magnon transport signal and the quadratic and lin-
ear fit with Eq. (51) for a modulator current of /.04 = —200 A to Ioq = 200 pA
(green) and the integrated intensity sum of the BLS spectrum (blue solid line) as
a function of the applied charge current at the modulator electrode. The measure-
ments are conducted at room temperature, for a modulator width of w,, = 300 nm

with distance d,, = 350 nm to injector and detector electrode for different magnetic
fields.
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Fig. 4.19 shows the extracted critical currents for the electrical magnon transport mea-
surements and the BLS measurements as a function of the magnetic field. The critical cur-
rents extracted from the electrical signal show for ;o = 10mT and 20 mT the highest
Iovit 1 and smaller critical currents with no significant change for larger magnetic fields.
The optical critical currents show a slight increase of I.,it,op With increasing magnetic fields
but are in general slightly lower than /i; ;. For magnetic fields of g > 30mT the criti-
cal currents for both measurement techniques are in quite good agreement. The magnitude
for Ierit,op and Ierit,op Of Irit = 0.3 mA is also in good agreement with our precharacteriza-
tion measurements conducted in a superconducting magnet cryostat (see structure 4 in
Fig. 4.13). The shift of the critical current and therefore the current at which we are able
to observe a magnon peak in the BLS spectrum with the magnetic field is not changing
significantly over the investigated magnetic field range. In contrast, the electrical critical
current seems to have at least two outliers at ugH = 10mT and 20mT. Indeed, we find
in the raw data for these two magnetic fields that the magnon transport signal Uy, does
not show a clear peak which would make it easy to define a critical current. Instead we
rely on the criterion AAj,, > 0.05pnV, which is prone to noise in the measurements. This
might explain the large increase for I.,i; at these low magnetic fields. Thus we conclude
that extracting the critical current from the BLS spectra is more accurate.

To confirm that our model of the zero effective damping state and thereby induced
magnon accumulation is correct we use Eq. (16) for the magnetic field-dependence of I,
derived in Ref. [4]. We can utilize the Gilbert damping parameter and inhomogenous
linewidth extracted from independent FMR measurements, the geometry of our structure
and the values for the spin Hall angle, spin decay length in Pt and spin mixing conduc-
tance of YIG/Pt used in Ref. [4] to calculate the magnetic field-dependence of I.;. The
corresping result is plotted in Fig. 4.19 as a orange line. Given the very crude approxima-
tion of several values we find very good agreement between I,i; determined from optical
BLS and electrical magnon transport measurements and the theoretical prediction. This is
another confirmation that the observed enhancement in magnon transport signal is indeed
connected to a zero effective damping state.
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Figure 4.19: Critical modulator current for electrical and optical measurements and simulation of
the critical current with Eq. (16) as a function of the magnetic field. The measure-
ments are conducted at room temperature for a modulator width of w,, = 300nm
with distance d,,, = 350 nm to injector and detector.

We can compare our critical currents extracted from the BLS measurement with the criti-
cal currents in Ref. [17]. They observed a linear dependence on the magnetic fields which
seems to be in good agreement with our experimental results. For our analysed mag-
netic field range they extracted for their 20 nm thick Bi-doped YIG film a critical current
of Iyt ~ 0.5 mA to 0.9 mA which corresponds to current densities of je,it = 8.33 - 101°A /m?
and 1.50 - 101 A/m? at a strip width of w = 1 pm and a thickness of the Pt tpy = 6 nm. The
current density for our optical critical currents I ~ 0.25mA to 0.34 mA are in the same
range: jeit = 1.19-101A/m? and 1.62- 1011 A /m?. The increase of I..i; with increasing mag-
netic field is also observed in Ref. [18]. Our simultaneous measurements further confirm
the assumed model of a zero effective magnon damping state, which leads to a vanishing
magnon decay time. In our BLS experiments we find a significant magnon accumulation
at I.;it, which corroborates the magnon damping compensation picture. Interestingly, our
BLS spectra show that with increasing modulator current the magnon peak broadens sig-
nificantly, which indicates that magnon scattering still plays an important role. In Ref. [17]
a very sharp magnon peak was observed over a wide range of charge current values, which
then is taken as an indication for the formation of a magnon Bose-Einstein condensate.
Here, our results from simultaneous magnon transport and BLS measurments suggest that
we can not use the enhancement in the magnon spin transport signal as an indicator for
the formation of such a condensate state for magnons. It is important to mention that the
Bi-doped YIG investigated in Ref. [17] exhibits a vanishing effective magnetization, i.e. the
strain induced out-of-plane uniaxial magnetic anisotropy compensates the thin film shape
anisotropy of the magnetic insulator. In our LPE-YIG sample this is not the case: From FMR
measurements we obtain a finite value for the effective magnetization. Thus, the preces-
sion for in-plane magnetization is elliptical in our sample, while for the Bi-doped YIG film
in Ref. [17] it should be nearly perfectly circular. The finite ellipticity of the magnetization
precession gives rise to non-linear magnon damping effects, which should also influence
our modulation experiments. Thus, further experiments with simultaneous magnon trans-
port and BLS measurements on samples with varying effective magnetization are needed
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to check if there are also characteristics in the magnon transport signal, which allow to
identify the contribution from a sharp magnon accumulation. The critical current seems to
fit the optical experiments in this section and related measurements in literature (see Ref.
[17-19]).

4.3.1 Influence of BLS measurement and high modulator currents on electrical magnon
transport

In this section we compare the magnon transport measurements conducted before our mea-
surements at the BLS setup in Kaiserslautern and afterwards and discuss the impact of laser
illumination and high modulator currents. Fig. 4.20 shows the electrical magnon transport
signal for different magnetic fields measured before (dark green) and after (light green)
the BLS measurements as a function of the modulator current conducted at our cryostat
setup. All measurements were recorded at a temperature of 7' = 280K for a structure with
modulator width wy,, = 300 nm and edge-to-edge distance between injector and detector of
d = 1pm (structure 4 in Section 4.2). The solid lines are fits to the I,;,0q + Igwd dependence
in Eq. (51) within the fit range of the low current bias regime |I ;04| < 0.2mA (grey shaded
area) and extrapolated over the shown modulator current range. The extracted fit param-
eters are shown in the Appendix in Tab. A.4. The magnon transport signal before the BLS
measurement shows the characteristic modulator current-dependence and critical current
peak described in Section 4.2. After the BLS measurements no clear peak can be identified.
Furthermore we observe an increased Ay, given by the offset of the measurement data at
Inoa = O pA. This corresponds to an increased magnon transport amplitude without mod-
ulation for all shown magnetic field magnitudes. The largest difference in AA; o ~ 0.2pV
compared to the measurements before BLS can be observed for 0 = 10mT (see Tab.
A.4). Furthermore for ;1o = 40 mT and 50 mT we can clearly see that the modulation effi-
ciency in the linear regime is reduced, as the light green datapoints show smaller increase
as a function of the applied modulator current. This is in good agreement with the ex-
tracted fitparameters for the SHE modulation A Rsyp, and the thermal modulation Ry, that
are larger for before the BLS measurements (see Tab. A.4). The same applies for the critical
current regime. Here the nonlinear increase in A;,, due to the damping compensation state
is only visible in the data before the BLS measurements. Only for yoH = 10mT a small
deviation from the linear and quadratic evolution can be observed.
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Figure 4.20: Electrical magnon transport signal before laser illumination (dark green) and after
(light green) as a function of the applied charge current at the modulator electrode.
The measurements are conducted at a temperature of 7' = 280K for a modulator
W = 300nm with a distance d,, = 350 nm to injector and detector at different mag-
netic fields. The solid lines are fits to the data using Eq. (51). The corresponding fit
parameter are shown in Tab. A 4.

We attribute the observed change of the magnon transport signal to changes in the YIG /Pt
interface and in the YIG itself underneath the modulator strip induced by heating effects
due to the applied large modulator currents and the intense laser illumination. To con-
firm this conjecture, we have a look at the powerdensity caused by the laser exposure
and I04. Due the large current densities of up to 2.86 - 101*A/m? in the used modula-
tor strip with wy, = 300nm, and a length of /;,0,4 = 120 um and thus a power density of

P = me_l'i — =5 103W /m? (corresponding to I;,0q4 &~ 600 pA) the temperature increase
in the modulator strip and at the YIG/Pt interface due to its finite resistance is significant.
Thermometry measurements of a modulator of width w, = 150 nm indicate an increase
in temperature of the modulator electrode reaching 7" = 550 K for a modulator current of
Imoa = 830 pA [14]. The laser on the other hand operates at a laser power of Pyser = 3mW
measured above the sample and assume a laserspot radius of 175 nm and therefore a spot-
size area of Ajser = 9.62 - 1071*m? which results in a power density of 3.12 - 101°W /m?.
This value is of course the upper limit and assumes that the laser power is fully absorbed
by the sample. More likely, only a few percent of the estimated power density is absorbed
by the sample. Both extracted power densities are significant and lead to a considerable
temperature increase. Thus, we conclude that heating induced changes to our structures
are possible. As the measurements can last up to a few hours this corresponds to high

temperature annealing below the modulator induced by the high current and the laser ex-
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posure that can significantly influence the modulation properties. In contrast to the high
current annealing that takes place over the whole Pt-electrode, the exposed area of the laser
is small and we expect a localized temperature increase and thus only a local effect due to
the laser annealing. As both annealing techniques lead to similar results it is not possible to
disentangle the two effects in the measurement scheme used in Section 4.3. To seperate the
two contributions one could think of magnon transport measurements before and after the
laser exposure without a simultaneously applied current. To better illustrate this effect, we
have a closer look on the impact of the modulator current and especially high modulator
currents in the following.

In SMR experiments it was shown that the temperature annealing caused by large mod-
ulator current exposure reduces the spin mixing conductance g™ and thus the interface
transparecy for magnon injection at the modulator electrode. Within this line of argument
we can attribute the increased magnon transport signal at vanishing modulator current
A1 observed in Fig. 4.20 to a less transparent interface of the modulator electrode, which
has a decreased ability to absorb magnons that are transported from injector to detector
[14]. The decreased modulation efficiency in the linear regime for the SHE and thermal
modulation contribution is also in accordance with a decreased spin mixing conductance
of the interface since both contributions rely on g™ [14]. Furthermore it was shown in Ref.
[14] that the electrical resistivity of the modulator strips decreased with increasing jmod,max
by a few 10 % which results in a decreased dissipated power and thus less Joule heating
at the electrode. As this change in resistivity was observed to be small we assume that the
dominant contribution to the change in thermal modulation efficiency can be attributed to
a decreased spin mixing conductance g'+.

In the critical current regime in Fig. 4.20 for jioH = 10 mT we observe that a larger critical
current /it has to be applied to reach the damping compenstation state due to the reduced
interface transparency for the SHE induced magnons. This larger critical current is accom-
panied by a larger contribution to Joule heating. This is in good agreement with the obser-
vations reported in Ref. [14]. They observed a monotonous increase in I for successive
applied larger maximal modulation currents /o4, max. Additionally we observe a supres-
sion of the magnon modulation in the critical current regime with increasing magnetic field
magnitude. This is in good agreement to the measurements in Ref. [14] where a strong su-
pression of the magnon modulation was observed in the non-linear current regime with in-
creasing magnetic field at a maximum modulator current of I;,04,max = 830 pA. In contrast
to our measurements, in Ref. [14] the non-linear behaviour was observed for all measured
magnetic fields.

Last but not least we want to discuss the influence of even higher modulator currents
up to Imoa = 900 pA on the magnon transport signal. To this end, we use structure 4
from Section 4.2 with a modulator width of w, = 300nm and an edge-to-edge distance
of d, = 350nm between the three electrodes. The measurements were conducted at a
temperature of 7' = 280K and a magnetic field of o = 55mT. The measurements
were conducted after the BLS measurements and thus without any laser exposure in be-
tween so the evolution between the two (red and green) magnon transport signal can be
attributed to the high modulator currents only. Once again the modulator current is set
to the maximal positive value and is sweeped to the maximal negative value. The maxi-
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mal modulator current was first measured up to /,,od,max = 650 pA and afterwards slowly
increased up to Iiyod,max = 900 A. The corresponding current sweeps are shown in Fig.
4.21. As a reference we add the magnon transport signal before the BLS measurement
(blue datapoints). The electrical magnon transport signal as a function of the modulator
current can be described by three different regimes [14]. In Section 4.2 we already covered
the first two regimes: The low current bias regime (grey shaded area), which we defined
as |Imod| < 0.2mA, where the linear and quadratic dependence on I,,,q can be described
via Eq. (51). The critical current regime, which can be describes via Eq. (53), where the
magnon transport is dominated by a nonlinear magnetization dynamics (blue shaded area)
[14]. The third regime, which we especially want to have a look at in the following is the
overcritical current regime (green). The current-dependence for I;,od,max = 650 A and
Inod,max = 900 pA in the low and critical current regime are in good agreement with the
measurements after large modulator currents and laser exposure in Fig. 4.20 with a maxi-
mum modulator current of /1,04, max = 600 pA. The only difference is that now the magnon
transport signal Ay, at Inoq = OpA is decreased compared to the measurements before
the electrical and laser annealing. This behaviour we would not expect if only a deteasing
interface transparency at the YIG/Pt interface occurs. One explanation could be that be-
neath the modulator also the YIG is affected by the annealing at a certain point. This can
result in a local increased Gilbert damping ag below the modulator which could explain
a decreased magnon transport signal from injector to detector at I;,,,4 = 0 pA compared to
the case before electrical annealing.
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Figure 4.21: Electrical magnon transport signal as a function of the applied charge current at the
modulator electrode. The measurements are conducted at a temperature of T' =
280 K for a modulator width of wy, = 300 nm and a distance d,,, = 350 nm to injector
and detector at different magnetic fields. The applied charge current is raised up
t0 Imod,max = 900 pA (red) and Imod.max = 650 A (green). The magnon transport
signal is divided in three current regimes: Low current regime (grey-shaded), Critical
current regime (blue-shaded), overcritical regime (green-shaded).

Such a decrease of Ay, (see therefore the fit to the low current bias regime with Eq. (51))
was also observed for some of the measured structures on a tyvig = 13nm thick YIG-film
in Ref. [14]. They showed that for larger /o4 max the currents where the zero effective
damping state is reached increase and even observed a double-peak structure which indi-
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cates also two critical currents and conductivity peaks [14]. We can explain the fact that
we couldn’t reproduce this by keeping in mind that we were only able to measure up to
high modulator currents for this one structure and could also not observe a critical cur-
rent peak after the BLS measurements for lower /04, max. So for further measurements it
would be necessary to use a structure with an observable peak structure and then check
the magnon transport signal for larger modulator currents, which could not be covered as
part of this thesis. When entering the overcritical current regime in Fig. 4.21 the magnon
transport signal is rapidly decreasing above |I;;04| =~ 800 pA. This decrease is symmetric
for positive and negative values of I,,,q and thus indicates a thermal origin of the observed
behaviour [14]. This strong decrease of the magnon transport signal is in good agreement
with the observations in Ref. [14]. Here a similar symmetric drop of the magnon transport
signal was observed above |I,0q| & 700 pA for a modulator with wy, = 150 nm. For larger
modulator currents the magnon transport signal A, vanishes for positive and negative
current polarities. They performed thermometry measurements and showed that the Joule
heating induced temperature increase of the modulator electrode follows a I _, depen-
dence in the overcritical modulator current regime and reaches the Curie temperature of
YIG T = 560K [14]. This results in a magnetic phase transition to the paramagnetic state
of YIG below the modulator. Thus the electrical magnon transport is blocked beneath the
modulator strip and therefore can not be detected at the detector, resulting in a vanishing
magnon transport signal. For this reason we attribute the drop in the magnon transport
signal in Fig. 4.21 to a local phase transition of the YIG to the paramagnetic state below the
modulator. For even higher modulation currents we would therefore expect the magnon
transport signal to vanish.

4.3.2 Summary

In this section we realized simultaneous electrical magnon transport measurements and
microfocused BLS measurements for modulation experiments on a three-strip structure.
Above a critical current we observed a magnon peak in the BLS spectrum that corresponds
to the zero effective damping state. For the critical current where the magnon density and
with that the BLS intensity increases we also observe a small plateau in the simultaneously
measured magnon transport signal. From a fit to the observed magnon peak in the BLS
spectrum we extracted the magnon frequency and investigate it as a function of the ap-
plied modulator current. We observe a Joule heating induced shift in frequency towards
smaller | f;| for increasing |I,,0q| and also an increasing frequency with increasing magnetic
field. We further analysed the electrical and optical critical current extracted due to the
threshold condition analogously to Section 4.2 for the electrical magnon transport signal
and due to the increase in the summed counts of the BLS spectrum for the optical measure-
ments. As expected from the comparison of the raw magnon transport data and the BLS
spectrum both extracted critical currents are in quite good agreements with each other. By
adding a fit function that theoretically describes the magnetic field-dependence of the zero
effective damping state, we see that the critical current extracted from the BLS spectra fits
better to the theory and is therefore more suitable to define the critical current for the zero
effective damping state. At last, we analysed the thermal effects due to laser illumination
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and high applied modulator currents on the modulation efficieny and magnon transport
signal which is both decreased. Further we observe a vanishing magnon transport signal
for high modulator currents above the critical current, where we reach the Curie tempera-
ture of YIG and the magnetic phase transition prevents magnon transport.
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5 Summary

In this thesis we investigated magnon transport measurements in two- and three-terminal
structures on a 22nm LPE-YIG thin film. We used the measurements on two-terminal
structures for characterization because this was the first time we conducted all-electrical
magnon transport measurements on a thin-film from Innovent with ¢y;q¢ = 22 nm. Further
we wanted to compare the results to previous measurements on YIG thin films to evaluate
the performance of our YIG-sample. The three-terminal structures were used for modu-
lation of all-electrical magnon transport. We investigated the modulation and the critical
currents for the zero effective damping state with respect to the previous measurements
[4]. And a second major goal of the measurements on three-terminal structures was the
realization of simultaneous measurements of all-electrical magnon transport and BLS mea-
surements.

In Section 4.1 we started the characterization of our 22nm LPE-YIG film with electri-
cal magnon transport measurements on two-strip structures. We observed the expected
cos? p and cos ¢ dependence for the electrical and thermal magnon transport signal for all
conducted edge-to-edge distances between the injector and detector electrode. For the dis-
tances d we observed increasing magnon transport signals with decreasing d. The distance-
dependence of the thermal magnon transport signal showed two distance regimes and
therefore two different thermal magnon decaylengths due to a combination of the temper-
ature profile in the YIG layer and magnon spin transport, that is also known from litera-
ture. This was observed for all magnetic fields and temperatures. Also the effective spin
resistivity, we exemplarily calculated, fits very well into the expected value from literature.
For different magnetic fields we further can summarize the increasing magnon transport
signal for increasing magnetic fields and smaller magnon decay lengths at large magnetic
fields. We observe decreasing magnon transport signals for decreasing temperatures until
at low temperatures where the magnon transport signal vanishes due to a decreasing ther-
mal magnon population beneath the injector. After all, the main outcome of our magnon
transport measurements on these two-strip structures is that our results for the distance-,
magnetic field- and temperature-dependence are in good agreement with previous mea-
surements on LPE-YIG thin films. Thus, such LPE-YIG samples from Innovent can be used
for future magnon transport measurements with on par performance as compared to sam-
ples from other sources.

In Section 4.2 we had a look at the modulation of electrical magnon transport mea-
surements in three-strip structures. We investigated the electrical magnon transport mea-
surements as a function of the applied modulator current I,,,,q4 and observed a linear and
quadratic dependence for the low current bias regime. For the critical current regime we
observed a deviation from that low current bias regime-fit and used this to define a con-
sistent condition for the critical current and the zero effective damping state. This critical
currents showed clear dependence on the used dimensions of the structure and we also
observed a magnetic field-dependence that was in good agreement with literature. For
some of the measured structures the magnon transport signal as a function of the applied
modulator current further showed a clear critical current peak, which lets us extract a sec-
ond critical current. We used the two determined critcal currents for a fit to the magnon
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transport for the current range below I;i; and observed good agreements with the data for
both used values for the critical currents. Our obtained results on the modulation of the
magnon transport measurements are in good agreement with previous results in literature
and further confirm the already for two-strip structures observed good performance of the
used LPE-YIG samples. Moreover we used these measurements as a precharacterization
for the simultaneous BLS and magnon transport measurements.

We described these electrical magnon transport measurements with simultaneous mea-
surements on a microfocused BLS setup on three-strip structures in Section 4.3. The main
achievement of these measurements was the realization of the simlutaneous optical and
electrical detection of the zero effective magnon damping state in cooperation with the AG
Weiler of the RPTU Kaiserslautern. The implementation was challenging due to the two
separate setups which had to be combined in a practical and functional way. We showed
that the modulator current of the observed peak in the microfocused BLS spectrum fits the
electrical critical current very well. Above this critical current we observed a shift in fre-
quency for the magnon peak in the BLS spectrum and also for the electrical magnon trans-
port signal we observe a further increasing evolution and above a certain modulator cur-
rent the signal starts to decrease. The magnon peaks in the BLS spectrum and therefore the
critical currents extracted from this optical measurements further show a magnetic field-
dependence that is in good agreement with a theoretical fit taken from literature, which
shows that the observed magnon peaks result from the zero effective damping state as ex-
pected. After the BLS measurements we also discussed the impact of the laser illumination
in combination with the applied modulator currents on the performance of our structure
over time by comparing the electrical magnon transport signal before we conducted the
microfocused BLS measurements and afterwards. Before the laser exposure we observed
clear critical current peaks in the electrical magnon transport signal that disappear for the
measurements conducted afterwards, but for the low current bias regime we can still ob-
serve the linear and quadratic dependence on the modulator current. We further observe
a reduced modulation efficiency. The discussed degradation after laser illumination and
simultaneously applied high modulator currents is caused by increased temperatures. Ap-
plying high modulator currents leads to smaller magnon transport signals and for a certain
high modulator current we furthermore reach the Curie temperature in YIG, where a mag-
netic phase transition takes place and the magnon transport signal is vanishing.

With this thesis we could show that our 22 nm LPE-YIG from Innovent, which was used
for the first time for this kind of magnon transport measurements on two- and three-strip
structures, provides comparable results with respect to similar YIG thin films grown by
different growth methods and can be used for future measurements. We as well success-
fully investigated the modulation of electrical magnon transport and the zero effective
magnon damping simultaneously via lock-in detection and microfocused BLS, which is
quite promising for future studies and opens a new field of experiments, which are cov-
ered partially in the upcoming outlook.
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6 Outlook

After this thesis there are still a lot of open possibilities to conduct further experiments
based on the ones investigated here. We want to give a short outlook on some ideas that
can be implemented in the future.

As already mentioned in Section 4.1 we observed two distance regimes for the ther-
mal magnon transport amplitude and can therefore also extract two different magnon de-
cay length from the data corresponding to the small and large distance regime. Within
this thesis we only measured edge-to-edge distances between injector and detector up to
d = 3.5 um, while the large distance regime we observed started not before d = 2 pm we
could only utilize three distances to extract the magnon decay length. Other groups for ex-
ample in Refs. [7, 16] conducted experiments with much larger distances up to d = 20 um
and even d = 40um. So for a more detailed analysis especially of the thermal magnon
transport signal in our 22nm LPE-YIG thin film, more and larger distances can be mea-
sured. Which will also lead to a more detailed characterization of the Innovent sample.
The dimensions of the YIG thin film can also be changed. We may reduce the dimension-
ality by using smaller thicknesses of YIG [61], which would have an impact on several
paramters like the magnon decay length ), or spin pumping contribution and further the
temperature-dependence of the magnon transport signal.

For further measurements on three-strip structures related to our measurements in this
thesis we can conduct the simultaneous electrical magnon transport and optical micro-
focused BLS measurements on more structures with different modulator widths wy, and
varying distances between the injector and detector electrode d. Due to the limited time at
the BLS setup at the RPTU Kaiserslautern and some problems with synchronizing of our
two measurement techniques it wasn’t possible to include simultaneous measurements
on different structures. With that we could investigate the impact of different device ge-
ometries on the magnon peak in the BLS spectrum and may reproduce the structure de-
pendence of the electrical critical current we showed in Section 4.2 for the optical critical
current. Due to the good agreement of the optical critical currents in Section 4.3 with the
theoretical prediction in literature [4] this measurements seem to be promising.

In Section 4.3 we limited our measurements on a fixed laser spot position beneath the
modulator. The moveable stage of the used microfocused BLS (see Fig. 3.8) also allows
spatially resolved measurements. We can measure the BLS spectrum along the modulator
electrode and investigate how the BLS intensity changes along the modulator strip. We
can make an analogous measurement and analysis transverse to the modulator. This is a
common method for BLS measurements and was also used in Refs. [17, 18] we compared
our results to. Spatially resolved measurements would help us to get a deeper understand-
ing on the zero effective damping state [4]. Up to now we just analysed the critical current
which indicates the zero effective damping state, the magnetic field-dependence of this
critical current and the frequency shift for increasing modulator currents. With the local
resolution we can determine the area of the zero effective damping, analyse the change in
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the magnon density as a function of the spatial position. We further can have a look at the
injector and detector strip and investigate the magnon population beneath the electrodes.

We can also think of using NV~ magnetometry instead of microfocused BLS experiments
for spatially resolved measurements [62]. NV~ stands for "negatively charged nitrogen-
vacancy" (NV7) that are color centers in diamond. The NV~ magnetometry is based on the
interaction between the NV center in the diamond and the surrounding magnetic field, it
can be used for imaging of weak magnetic fields [63] at nanometer-scale spatial resolution
[64]. In more detail, the NV~ forms a spin triplet which is splitted by the crystal field and
we get the two states my = £1 and ms = 0. The spin states are further quantized along the
symmetry axis of the NV ™. The ms = £1 state experiences due to an external magnetic field
an energy splitting. This splitting can be controlled via resonant microwave pulses . The
spin states can further be read out optically using the difference on flourescence because
for electrons with mg = +1 the photoluminescence is lower than for ms = 0 [62, 65]. NV~
magnetometry in contrast to BLS detects the magnetic stray fields generated by magnons
[62]. In Ref. [66] the NV~ magnetometry was used for detecting spin waves. This was re-
alized by a diamond chip placed on the YIG thin film, with an average distance of ~ 1 um
in between. The microwave excited spin waves in the YIG could then be detected via pho-
toluminescence when its frequency coincides to a electron spin resonance frequency of the
NV. This kind of measurements of the magnon transport could also be made with our LPE-
YIG thin films.

In our simultaneous optical and electrical measurements we further had a fixed mag-
netic field direction. It would also be interesting to have a look at the magnons especially
beneath the modulator and further also the two other electrodes not only with respect to the
applied modulator current but also with respect to magnetic field orientation and repeat
the measurement shown in Fig. 4.11 with microfocused BLS while simultaneously measur-
ing the electrical magnon transport signal. For a realization of this rotation measurement
we would have to think about a different kind of installation. Although the used micro-
focused BLS at the RPTU Kaiserslautern has a rotational stage we would need a different
realization of the lock-in measurements. The poles of the magnet are mounted at a certain
tixed position and because our sample holder has to be connected via a cable to a break-
out box (see Fig. 3.10(c)) and further the sampleholder itself is quite big compared to the
components of the rotational stage we can not realize angle dependent electrical magnon

transport measurements without a reconstruction.

Structuring the YIG itself would give us the possibility to further investigate the magnon
transport and the zero effective damping state. This can be realized by argon ion milling
[67] after the fabrication steps described in Section 3.1. For that a resist is applied where
the material should stay and a RF or DC ion source is used to generate an Ar ion beam that
is then used to etch the unprotected areas of the thin film. Fig. 6.1 shows a possible layout
of this structured YIG for two- and three-strip structures.
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Figure 6.1: Illustration of sample with a two-strip and a three-strip structure with argon milled
YIG.

What happens if the magnons are trapped within the "YIG-hills" separated by a trench
within the electrode strips or around the whole structure? We would expect the magnons
beneath the injector to diffuse in all direction so will the magnon density and with that the
detected electrical magnon transport signal increase.

As a last idea for future measurements one can also think of using a different mate-
rial than YIG for the same measurements. This material would need some preconditions
that have to be fulfilled for comparable results. The damping compensation needs to be
reached, we would probably keep Pt as the used NM attached on a certain material, be-
cause it is necessary to generate a spin current that is large enough for magnon transport
measurements, further the magnon linewidth of the MOI should not be too large in order
to keep the required critical current for damping compensation low enough and prevent
burning of the Pt-strip. A problem of finding an alternative material in thin film form
similar in performance as YIG is the lattice mismatch to the substrate that is often not good
enough. A possible material, that is already used for magnon transport is the antiferromag-
netic insulator hematite (aFe>O3) [14, 68]. Yet, the antiferromagnetic nature and changes in
the magnonic properties by magnetic anisotropy provide several obstacles to overcome in

these experiments.

In conclusion, the characterization of the 22nm LPE-YIG film with respect to electrical
magnon transport in two-strip structures and simultaneous electrical and optical modula-
tion of magnon transport measurement conducted in this thesis are a solid foundation for
further, more detailed and modified measurements in the future.
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A Appendix

woH (T) | SMRdy, = 3pum SMR dp, = 3.5um
1 (5.48+0.13) - 10~* | (6.77+1.01)- 1074
0.75 | (5.66+0.07)-10~* | (6.06+0.13)-10~*
0.5 (5.81 £0.04) - 10~* | (6.06 +0.02) - 10~*
025 | (5.78+0.04)-10~% | (6.00 £0.04) - 10~*
0.1 (5.82 £0.05) - 10~* | (6.06 +0,06) - 10~*
0.05 | (5.834+0.08)-10~% | (6.06 £ 0.08)-10~*

Table A.1: Comparison of SMR for d = 3pum and d = 3.5 pm
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Figure A.1: Electrical magnon transport signal as a function of the magnetic field orientation.

poH (T) | Arwo 1Y) | ARsup (m€) | ARy, ()
50 1.842£0.002 | 0.26£0.01 | 0.25£0.11
—50 1.842 £0.002 | —0.26 £0.01 | 0.41 £0.10
40 1.860 £0.002 | 0.25+£0.01 | 0.31 +£0.09
—40 1.856 +£0.002 | —0.26 £ 0.01 | 0.44 + 0.09
30 1.88 +0.002 0.26 £0.01 | 0.23+0.11
—-30 1.88£0.002 | —0.26 £0.01 | 0.32 £0.11
10 1.90 £ 0.002 0.27+0.01 | 0.23+0.10
—10 1.894 £0.002 | —0.28 £0.01 | 0.43 £0.11

The measurements are conducted at a temperature of T' = 280 K, a magnetic field of
woH = 55mT for a structure with modulator width w,, = 600 nm and distance d,,, =
300 nm to the injector and detector electrodes. Modulation of the magnon transport
signals via (a) positive charge currents I,,,q > 0 1A at the modulator and (b) negative
charge currents I,,,q > 0 pA at the modulator.

Table A.2: Extracted parameter from the linear and quadratic fit with Eq. (51) in Fig. 4.12.
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Figure A.2: Electrical magnon transport signal as a function of the applied charge current at the
modulator. The measurements are conducted at a temperature of T = 280K for a
modulator width of w,, = 600nm with distance d,, = 200nm to the injector and
detector electrode for different magnetic fields. The peak at poH = 55mT is marked
for comparison purposes (orange dahed line).
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Figure A.3: Critical current as a function of the magnetic field. The measurements are conducted
at a temperature of ' = 280K for different structures. For more details of the used
structures see Tab. 4.1. (a) Critical currents for positive magnetic fields. (b) Critical
currents for negative magnetic fields.
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poH (mT) condition AU’ AU? 4 It (nA) ARy

50 93.12 4+ 0.23 0.063 = 0.001 450 71576.27 £ 1876.78

—50 91.21 £0.18 0.057 £+ 0.001 —516 58286.17 £+ 1168.42

40 90.73 £ 0.31 0.59 4+ 0.001 475 59369.30 £ 1677.07

—40 90.46 + 0.19 0.058 £ 0.001 —512 57655.37 £ 1180.47

30 93.07 + 0.26 0.071 £ 0.001 410 82130.76 £ 2660.77

—-30 89.56 + 0.18 0.058 £ 0.001 —516 55531.20 £ 1105.06

10 85.46 + 0.27 0.050 # 0.001 400 43457.56 4+ 891.88

—10 88.58 = 0.16 0.058 +0.001 —516 51598.40 £ 933.51
poH (mT) manually AU’ AU? 4 Ieit (pA) ARy

50 88.75+0.15 | 0.0599 4 0.0005 542 47339.43 4+ 736.93

—50 88.46 = 0.15 | 0.0.0197 4 0.0005 —552 46443.79 4+ 760.18

40 89.09 + 0.18 | 0.0535 4 0.0005 518 50702.51 £+ 964.37

—40 89.09 £ 0.15 | 0.0533 4 0.0006 —524 51625.14 £+ 1007.16

30 87.91+0.17 | 0.0525 4 0.0005 530 48413.24 £ 879.91

—-30 85.58 £ 0.26 | 0.0468 £ 0.0007 —560 41056.80 & 1118.71

10 86.29 £ 0.16 | 0.0524 4 0.0005 518 47201.88 4+ 769.76

—10 86.87 +0.16 | 0.0531 4 0.0006 —532 45269.66 £ 791.61

Table A.3: Fit parameter for Eq. (53) in Fig. 4.14 due to the condition A A4;,, > 0.05 1V and manual

extraction.
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Figure A.4: Difference between the magnon transport signal and the fit with Eq. (51). The mea-

surements are conducted at a termperature of 7' = 280 K for structure 4 (see Tab. 4.1)
for different magnetic fields.
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Figure A.5: Electrical magnon transport signal as a function of the modulator current. The mea-
surements are conducted at a temperature of 7' = 280 K for different magnetic fields.
(a) Magnon transport signal for structure 3 with a modulator width of wy,, = 600 nm
and an edge-to-edge distance of d, = 300nm between the three electrodes. (b)
Magnon transport signal for structure 4 with a modulator of width w,, = 300nm
and distance d,,, = 350 nm to injector and detector electrode.
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Figure A.6: Modulator current as a function of the electrical magnon transport signal on the left
and the BLS spectra for different modulator currents I,,,4 as a function of the fre-
quency on the right. The measurement is conducted on a structure with modulator
width wy,, = 300nm and an edge-to-edge distance d,, = 350 nm between the three
electrodes at room temperature at a magnetic field of j1joH = —40mT.
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Figure A.7: Electrical magnon transport signal as a function of the applied modulator current.
The measurements are conducted at a temperature of T' = 280K for a structure with
modulator width of w,, = 300nm and a distance d,, = 350 nm between the three
electrodes and at a magnetic field of j19H = £40mT (this structure was also used for
simultaneous electrical and BLS measurements).

poH Ao (1Y) | ARsup (mQ) | ARy, (%)
55mT before | 2.388 & 0.001 | 0.429 + 0.007 | 1.62 £ 0.06
55mT after | 2.448 +0.002 | 0.336 & 0.008 | 1.18 & 0.07
40mT before | 2.384 +£0.001 | 0.430 £0.008 | 1.57 +0.07
40 mT after | 2.458 £0.001 | 0.338 £0.008 | 1.26 + 0.06
10mT before | 2.188 +£0.002 | 0.344 £ 0.008 | 1.11 +0.07
10mT after | 2.464 +0.002 | 0.326 +0.01 | 1.19 £0.08

Table A.4: Extracted parameter from the linear and quadratic fit with Eq. (51) in Fig. 4.20.
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