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1 Introduction

"Innovation is taking two things that already exist
and putting them together in a new way.’

Tom Freston

This famous quote by Tom Freston, pioneer in the field of cable television and founding
member of MTV, holds true in many fields of science particularly in solid state physics,
where the properties of materials can be finely tuned by bringing them into contact with
one another and pave the way for innovative new technologies. Prominent examples in-
clude the generation of two-dimensional electron gases in semiconductor/insulator inter-
faces of metal oxide semiconductor field effect transistors [MOSFETs] [1], the fundamental
building blocks of integrated circuits for computers and electronic devices, as well as the
usage of the giant magnetoresistance effect [2,3] in hard disk drives via the fabrication of
FM/NM/FM-trilayer structures. A lesser known but equally fascinating example is the
possibility of bringing ferromagnetic and superconducting materials into contact and in-
vestigating the changes in their respective properties. Initially, it was assumed that these
structures would be impossible to realize as the magnetic stray field of the ferromagnet
would lead to a suppression of the superconductivity in the adjacent layer [4], which was
also substantiated experimentally by Matthias et al. [5]. However, later it was found that su-
perconductivity and magnetism are not mutually exclusive and can even coexist in certain
materials [6-8]. Additionally, the superconducting transition temperature 7c of SC/FM-
bilayers is not necessarily diminished when compared to a pure SC, but rather exhibits
oscillations as a function of the layer thickness of the ferromagnetic layer [9,10]. In terms of
innovative devices, several different experiments have been suggested and realized rang-
ing from the alignment of superconductivity along ferromagnetic domain walls [11,12] to
store data, over ferromagnetic S/F/S-Josephson-junctions for the implementation of phase
shifters and qubits [13-16], to the exploitation of magnetoresistive effects, where the T in
F/S/F-spinvalve structures has been found to depend on the respective alignment of the
magnetizations in the F-layers [17,18]. Over the last decade, the field of SC/FM-interfaces
has caught attention in the field of spintronics due to potentially beneficial spin transport
properties of superconducting quasiparticles [19,20] and possibly even the generation of
spin-triplett cooper pairs [21-23], to reduce the heating effects commonly found in spin-
tronics devices. While dc-transport experiments report changes in spin signal AR and
spin diffusion length A\ [24-26] in superconducting spin-valve structures below 7, the
nonequilibrium magnetization dynamics in the adjacent ferromagnetic layers and the cor-
responding changes in its magnetization dynamics parameters provide insight on dynamic
spin injection into superconductors via spin pumping [27]. This master’s thesis aims at de-
tecting alterations in the properties of the ferromagnetic layer in FM/SC-heterostructures
related to a change in spin pumping properties into the adjacent superconducting layer
below the transition temperature via means of broadband ferromagnetic resonance exper-
iments. To this end, NbN/Co,sFe;s heterostructures are grown by reactive DC-sputtering
under ultra-high vacuum conditions and the ferromagnetic resonance of the CopsFes-layer
is excited by placing the samples onto a coplanar waveguide. In particular, dramatically
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enhanced spin transport properties in thermally excited superconducting quasiparticles
are theoretically expected to occur slightly below T¢ [19, 20,28]. Hence, the spin pump-
ing induced magnetization damping is studied as a function of temperature, especially in
vicinity of the NbN superconducting transition temperature. Additionally, the used phase
sensitive detection of the microwave transmission signal allows us to quantitatively extract
the inductive coupling strength in these heterostructures and obtain additional information
on spin current transport properties based on the method outlined in [29]. Most notably, it
provides us with a new tool to investigate the inverse spin Hall effect in superconductors,
which circumnavigates the problems of conventional voltage-based measurement tech-
niques [30,31] as this approach is exclusively sensitive to the spin-current-induced charge
current flowing in the superconducting layer. The structure of this thesis is as follows:

We begin by illustrating the sample fabrication process by via dc magnetron sputtering in
chapter 2. Furthermore, we present the results of XRD-measurements conducted on our
samples to verify that the desired thicknesses of the respective layers have been achieved.
Afterwards, we introduce the basics of both superconductivity and magnetization dynam-
ics in an externally applied magnetic field Hcy; in chapter 3. For the former we derive only
its key properties required to describe our experimental results, spanning from the defini-
tion of its most fundamental parameters like London penetration depth A;, and coherence
length &, to the very specific so-called Bogoliubov-Valatin quasiparticles [BVQP] spin sus-
ceptibility x; [32,33] derived from BCS-theory [34]. Thereafter, we turn our attention to the
magnetization dynamics and discuss the ferromagnetic resonance observed when we ap-
ply an additional oscillating magnetic field perpendicular to the external Heyt. Its resulting
response is described by the Polder susceptibility and we derive its resonance condition,
the Kittel equation for different geometries. With its help we can extract the magnetization
dynamics parameters. In particular, we are interested in the Gilbert damping « as we show
that it can be a measure of spin currents injected from the FM into adjacent layers via spin
pumping. We conclude this chapter by discussing the spin pumping properties of super-
conductors as function of temperature.

The experimental procedure of conducting VNA-based broadband ferromagnetic resonance
[BBEMR] is described in theory and experiment in chapter 4. Furthermore, we show the
conducted data processing steps to extract the magnetization dynamics parameters.

We then start the discussion of our experimental results by presenting our efforts to detect
and quantify changes in the magnetization dynamics parameters of NbN/Co,sFe;s-thin
films, when cooled below their superconducting transition temperature in the CHAOS-
cryostat in chapter 5. Our detection of a minor coherence peak in the Gilbert damping a is
its focal point and we illustrate our attempts to quantify and compare it to the theoretical
calculations in [19].

In chapter 6, we discuss how the exotic properties of a superconductor like its perfect
conductance or expulsion of magnetic fields impact key measurement quantities in VNA-
based BBFMR. We show and quantify how the former alters the magnitude of the complex
transmission parameter |So;|. Finally, we illustrate how the expulsion of the oscillatory
magnetic driving field h,¢ in the superconducting layer can either enhance or reduce the
inductive coupling strength L between sample and CPW and consequently the FMR am-
plitude.




In chapter 7, we use an inductive measurement technique [29] to detect and quantify field-
and damping-like inverse spin-orbit torques [iSOT] in both the normal and superconduct-
ing state of NigyFe,q/NbN-bilayers. The necessary data procedure steps to extract the re-
lated spin orbit torque conductivities are outlined and we discuss how the existing method
has to be adapted for superconducting materials. Surprisingly, we report dramatic changes
in both field- and damping-like iSOT below T and attempt to relate these results to both
superconducting parameters following BCS-theory as well as existing research in this field.
Consequently, we are able to relate changes in the former to the so-called quasiparticle
mediated inverse spin Hall effect [QMiSHE] [30], while changes in the latter have to our
knowledge not been reported yet. However, we are able to relate this result to a Rashba-
like confinement of electrons at the SC/FM-interface by the BCS-gap parameter A.
Chapter 8 provides a compact overview of the most important research results of this the-
sis.

Finally, chapter 9 enlists questions that are still left unanswered and suggests further suc-
cessive research projects which could not be realized within the limited timespan of this
master’s thesis. As an example we show our first experimental results for a GMR spin valve
grown on top of a superconducting bar, where we attempted the dissipationless switching
of the ferromagnetic magnetization mediated by field-like spin-orbit torques by applying
superconducting charge currents.
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This chapter is dedicated to the fabrication process of our superconductor/ferromagnet-
heterostructures via means of dc sputtering in the Superbowl ultra-high-vacuum machine.
Both the general dc sputtering process and the versatile features of the Superbowl, which
make it a suitable tool to grow these special samples, are described. Lastly, we illustrate
how we applied X-ray reflectometry by elastic scattering of high energy photons to de-
termine the real thicknesses of the individual layers and obtain information on both their
potential crystallographic order as well as surface roughness.

2.1 Magnetron sputter deposition of NbN/Co,sFe;s-heterostructures

The growth of functional high quality superconductor-ferromagnet-heterostructures im-
poses high demands on the used ultra high vacuum machine as an in situ deposition of
both layers is favourable for clean SC/FM-interfaces. Hence it must be able to offer optimal
growth conditions for both a low-damping ferromagnetic metal for BBFMR as well as a re-
silient superconductor able to maintain a transition temperature T above the boiling point
of liquid helium [4.2K] for low temperature measurements in a liquid helium cryostat.
However, ferromagnetic contamination has a detrimental effect on the superconducting
target material, which requires the spatially separate growth of ferromagnetic and super-
conducting layers. This contradiction is solved in the Superbowl ultra-high-vacuum ma-
chine by enabling the growth of both ferromagnetic and non-magnetic/superconducting
materials in two separate deposition chambers as illustrated in Fig. 2.1. We use the SP2
chamber to grow superconducting NbN and then transfer the sample through the evacu-
ated loadlock into the SP4 chamber to grow the low-damping ferromagnet Co,sFeys.

Non-Ferromagnet Chamber (NFC, SP2) Loadlock All-Ferromagnet Chamber (AFC, SP4)

1: Ar-/reactive-ion source
2 & 3: 3” magnetrons
4: 2” magnetron

1-8: 2” magnetrons

Figure 2.1: Sketch of the Superbowl sputtering machine. Taken from [35].

2.1.1 Operation principle of magnetron sputtering

The deposition of thin films in the Superbowl is realized via dc magnetron sputtering,
where a dc voltage of several hundred volts is applied between the target material and an
anode ring to accelerate positively charged ions of the injected inert gas [e.g. Argon] and
thereby ignite a plasma state. These ions are then accelerated towards the target material,
collide with it and lead to the ejection of atoms or even small material clusters from its sur-
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face, which evaporate into the sputtering chamber and subsequently adhere to the sample
surface [35,36]. This process is illustrated in Fig. 2.2. However, this is only possible, if the
ejected target material is not scattered with further inert gas ions before reaching the sub-
strate and hence requires low gas pressures during the sputtering process. Yet at the same
time, a sufficient gas pressure is needed to maintain the ionic plasma leading to less ionized
atoms as collision partners for the sputtering process of the target material and thereby also
lowers the deposition rate. This problem is solved by the magnetron sputtering technique,
where the electric field between target material cathode and anode is superimposed with
a transversal magnetic field generated by permanent magnets mounted underneath the
target, which exerts a Lorentz force on electrons ejected from the ionized gas and forces
them on a helical path on their way towards the anode ring. This elongates their travelling
distance and hence leads to more collisions with gas atoms to create additional electrons
and gas ions in a more dense plasma. Thanks to this method, a stable ion plasma can be
realized at low pressures. A rough sketch of this mechanism is shown in Fig. 2.2.

m m
4 rface atom ? Secondary
3 . IN electron
3 o . . \ .
® L.t O E

\
\

Collision cascade Original ion
Inside the target comes to rest

Figure 2.2: Schematic illustration of the magnetron sputtering process. The incident incoming
ions cause a cascade of collisions in the target material that triggers the injection of
both surface atoms and secondary electrons. The 3D-image was adapted from [37]
and the schematic sketch was recreated with matching colour palette from Fig. 1.
in [38].

The downside of this method is that the removal of target material is enhanced in the re-
gions, where the horizontal magnetic field lines cause more ionization scattering processes
and thus the removal of more material, as can be seen in the characteristic circular grinding
spots. This effect decreases the lifetime of a magnetron target and increases the costs of
maintenance.
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2.1.2 Sample fabrication at the Superbowl

deposition clusters

confocal face-to-face face-to-face

Figure 2.3: Illustration of the magnetron configuration within both chambers of the Superbowl
ultra high vacuum machine. (a) illustrates the configuration in the SP2, (b) in the SP4.
Adapted from [35].

Fig. 2.3 illustrates the positioning of the magnetrons in the chamber SP2 (a) and SP4 (b).
The former contains 3 magnetrons, two of which are tiltable to a confocal configuration,
which enables simultaneous sputtering of three targets, while the latter consists of two
clusters with four tiltable sources each to sputter up to four materials at the same time.
Their base pressure is <5 x 10~? mbar and during deposition processes a constant Argon
gas pressure in the 1073 mbar-range is maintained via the automatic regulation of an ad-
justable butterfly valve.

sample holder radiation heater

mask holder wedge shutter

Figure 2.4: Technical drawing of the substrate manipulator used to mount the sample holder in
both chambers of the Superbowl. Adapted from [35].

For sample installation, the sample is mounted on a sample holder and inserted into the
load-lock [LL] connected to both deposition chambers via pneumatic valves, which is sub-
sequently evacuated. Once it reaches a base pressure below <1 x 10~%mbar, the sample
can be moved to either SP2 or SP4 via a magnetic transfer rod and is placed on a three
axes substrate manipulator, as schematically illustrated in Fig. 2.4, controlled by Bestec™-
software to move the sample over the desired magnetron and adjust its distance d from

the target during the sputtering process. To commence the process, first the wedge shutter
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below the sample holder and then the target’s magnetron shutter are successively opened.
Additionally, the substrate is rotated with 20 rpm during deposition to ensure homoge-
neous growth across the sample surface. The materials deposition rate is determined in
situ by a quartz microbalance, which is also mounted on the substrate manipulator. Dur-
ing deposition its mass increases and the change in its resonance frequency f..s can be
measured and converted to a deposition rate for given material parameters. From these
measurements, we determine the deposition time for obtaining the desired layer thickness.
After the deposition time, first the magnetron shutter and following the wedge shutter are
closed again and the ion plasma is extinguished. Finally, the sample holder can be trans-
ported back to the loadlock, which is subsequently vented to remove the substrate [36].

2.1.3 Optimization parameters

For optimal growth conditions, there are several growth parameters which need to be op-

timized:

¢ Deposition rate r: By changing either the target-substrate distance d or the sputtering
power P of the source, the rate at which material is deposited on the sample surface
can be adjusted. Depending on the desired properties, either a rapid or slow growth
rate is favourable. For example, we found that rapidly grown permalloy has a lower
gilbert damping o than one grown at a slower r. This is probably due to the fact that
tewer defects can form in the material during the reduced growth time. Conversely,
for the growth of tungsten, a slow rate is commonly preferred in experiments involv-
ing the SMR-effect for precisely this reason, as more defects lead to more extrinsic
spin dependent scattering and hence a larger spin Hall angle Ogy

* Process temperature Tsomple: A substrate heater mounted on top of the manipulator
enables heating the sample to a constant temperature of up to 800°C during deposi-
tion. Target atoms sputtered on a heated substrate have a higher kinetic energy and
can overcome local potential barriers to find their optimal alignment, but too much
thermally induced movement can disturb the optimal layer-formation on the sam-
ple surface and lead to unwanted interdiffusion of the materials. Therefore there is a
sweet spot for T'sample that needs to be determined.

* Deposition pressure p: As established previously, the inert gas pressure during de-
position affects the mean free path [ of the particles ejected from the target material
surface. Heavier particle complexes have a lower [, and thus the careful adjustment
of p enables the control over the size of the particles that reach the substrate. This can
improve the substrates surface roughness.

* Ratio of inert and reactive gas in reactive sputtering processes x: In order to fabricate
compound materials like oxides or nitrides a reactive gas has to be injected during
sputtering, which forms radicals in the ion plasma. These radicals react with the
sputtered target material to form the desired compound. For an optimal growth of
these compound materials, the ideal ratio of inert and reactive gas is required. In the
growth process of NbN for example, the superconducting transition temperature ¢
has been found to sensitively depend on the right Ar/Nj-ratio [39,40].
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* Hysteretic inlet of the reactive sputtering gas: In reactive sputtering processes the
free radicals of the reactive gas react with both the ejected target particles as well as
the target itself, which can change its electrical conductance. For this reason it is not
uncommon to measure a hysteretic behaviour of the target voltage as a function of
Ny-flow in the chamber [35,40]. This affects both the deposition rate and quality of
the grown thin film, so it is advisable to test whether the traversal of a hysteretic path
in N,-flow before setting it to the optimal ratio = has beneficial effects on the thin film
properties.

2.1.4 Our sample fabrication process

Our Superconductor/Ferromagnet-heterostructures were grown on cleaned Si (001) sub-
strate with a 1 pm thick thermally grown SiO,-capping layer.

We selected NbN as our superconducting layer for its resilience to magnetic fields and
high superconducting transition temperature of up to T =16.8 K [41-43]. These proper-
ties make NbN an ideal candidate for BBFMR at cryogenic temperatures as it offers both a
large margin in 7" between the boiling point of liquid helium and 7¢ and also in applied
external field pu9Hext, which directly translates to the bandwidth of applicable driving fre-
quencies f in BBFMR, to conduct our experiments. The used growth process follows the
recipe optimized in [35] and is listed in Tab. A.1. We grew NbN both on the bare substrate
and several heavy metals like Pt to investigate its spin pumping properties.

After the deposition of NbN in the SP2, our substrate is transferred to the SP4 for the
growth of a low-damping ferromagnetic material. Here our choice fell on the alloy Co,sFe;s
for its record-low damping in metallic damping [44, 45]. The used growth recipe follows
the one optimized at the Superbowl by [36]. Lastly, we deposited a thin capping layer of
Ta on our CopsFess to protect it from oxidization. Throughout the course of this master
thesis many different materials were grown and experimented on. Their respective growth
parameters are given in Tab. A.2.

2.2 X-Ray reflectometry

To check, whether our fabricated samples possess the desired layer thickness and to inves-
tigate the roughness of the thin films for further optimization, we conducted X-ray reflec-
tometry measurements.

2.2.1 Operation principle

X-Ray reflectometry measures the intensity of high-energy photons reflected from the in-
dividual layers of the samples thin film under grazing incidence [46—48]. By assuming the
classical wave-like behaviour of light, we can use Bragg’s law for constructive interference
to describe the measured intensity as a function of the angle of incidence 6.

n-A=2d-sin(f) (2.1)
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Here X is the wavelength of the emitted X-rays, d is the thin film layer thickness and n
represents the n-th maximum. With this naive approach, one expects to detect maxima of
reflected light intensity with a periodicity in ¢ that is reciprocally proportional to the layer
thickness d for low angles of incidence and thereby one obtains an estimate of the layer
thickness.

Samples consisting of multiple layers require more sophisticated models, taking into ac-
count the Fresnel equations for the reflection and transmission of X-rays at the multiple
interfaces of the sample. These models quickly become too demanding to solve analyti-
cally and require fitting with numerical simulations. For this purpose we fit our measured
data with Leptos™-fitting software utilizing a simulated annealing optimization proce-
dure. This approach is rather time-consuming, but provides more precise results than a
simple Levenberg-Maquardt algorithm [36,49].

The samples fabricated in this thesis consist of 3 to 6 layers of different materials. In our
experiments, better fitting results are achieved under the assumption that the thin Ta-cap
layer consists of an oxidized and unoxidized fraction, which requires the inclusion of an-
other layer in our sample model. We decided to forego the addition of additional parame-
ters like surface roughness and material density to reduce the number of parameters in our
fit. However, we found that the individual inclusion of surface roughness as a degree of
freedom for any of the layers does not significantly affect the fitted curve.

2.2.2 Results of XRD-reflectometry

2)

10°F TaO(l heoryz. 9
= Ta 0.5
% 10-1 L CoFe - 2.1

9.9

_E 10_2 substr: Si
[
>
£103
3
£ 10"

10°

1 2 3 4 5 1 2 3 4 5
diffraction angle (deg) diffraction angle (deg)

Figure 2.5: Experimental results of the XRD reflectometry measurements [black] for a
NbN/CoysFezs-bilayer (a) and a Pt/NbN/CoysFess-trilayer (b) together with the fit-
ted theory curve [red] and corresponding layer thicknesses in nm. The desired stack
sequences were (a): NbN (20 nm)/Co,sFezs5 (2 nm)/Ta (2 nm) and (b): Pt (5 nm) /NbN
(20 nm)/CoysFes5 (4 nm)/Ta (2 nm).

Two exemplary results are illustrated in Fig. 2.5 for two NbN/Co,sFeys-bilayers, one with-
out seedlayer (a) and one grown on a thin Pt layer (b). The fits match the experimental data
rather nicely, particularly with regards to the periodicity of the maxima. Deviations in their
height stems from a reduction of the intensity of the scattered photons on rough spots of
the sample interface. The desired layer thicknesses were NbN (20 nm)/Co,sFe;s (2 nm)/Ta
(2 nm) for (a) and Pt (5 nm) /NbN (20 nm)/Co,sFe;5 (4 nm)/Ta (2 nm) for (b), matching

10
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their simulated counterparts quite nicely. Its deviation for the Ta-capping layer is caused
by the expansion of the Ta when oxidizing to Ta,Os. We assume that our thin films grown
in the Superbowl deviate from the desired layer thickness by no more than +10%.

In addition, 26-w scans at large 6 exhibited no crystalline peaks at characteristic angles in
any of the NbN/CoysFeys-bilayers. Only for samples grown on a thin Pt layer, we found
a small and broadened peak of around 100 counts manifested at roughly 26 =39.4°. It can
be attributed to reflections from the (111)-plane in cubic Pt albeit slightly shifted from the
literature value of 39.72° [50]. This was confirmed with the XRD scan of a thin film Pt 5nm
surface, which exhibited the same characteristic when exposed to a temperature of 400 °C
as used for the growth process of NbN. We assume that all samples investigated within
this thesis comprise thin film layers possessing merely a polycrystalline composition.

11
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3 Theoretical concepts

In this chapter we aim to describe the properties of the two antagonising ordering phenom-
ena ferromagnetism and superconductivity and provide the necessary theoretical back-
ground to explain the obtained experimental results of this thesis. We begin with a rather
rough overview of superconductivity that spans from the definition of its most funda-
mental parameters like London penetration depth Ar, and coherence length & to the very
specific so-called Bogoliubov-Valatin quasiparticles [BVQP] spin susceptibility xs [32, 33]
derived from BCS-theory [34] which is incremental for the theoretical description of quasi-
particle spin transport in superconductors. Additionally, we derive properties of the BVQP
like excitation energy Eyx and DOS Dg(E}). This is followed up by a general introduction
into the fundamentals of magnetization dynamics excited in a ferromagnetic material in an
applied external magnetic field. We extend this case by adding an additional perpendicular
oscillating driving field and illustrate its magnetic response by deriving the Polder suscep-
tibility [51] and resonance condition, the famous Kittel equation [52]. Lastly, we put the
former two working components together and discuss how to measure the spin transport
properties of the superconducting material by investigating the spectroscopic parameters
of the resonant ferromagnetic layer.

3.1 Properties of superconducting thin films

This section is dedicated to the properties of superconducting thin films. We will list only
the key properties required to explain the results given in chapters 5-7. A detailed illustra-
tion of this topic in all of its facets can be found in [53, 54].

3.1.1 Basics of superconductivity

In simple terms, superconductivity stems from the attractive interaction of electrons via the
virtual exchange of phonons. In this retarded interaction picture, an electron moving in a
superconducting material can attract the positively charged atom cores of the underlying
lattice and leads to an elastic distortion creating a positive potential mold, which attracts
another electron. By viewing this pairing mechanism in momentum-space, it becomes evi-
dent that this mechanism favours the pairing of electrons of opposite momentum k. These
electron pairs are called Cooper-pairs [53]. Their relatively large size between 10 nm to
1000 nm depending on the relaxation time 7 of the materials atoms leads to the overlap-
ping of the wavefunctions of several Cooper-pairs and forces them onto the phase-locked
state ¥(r, ) of fixed amplitude |¥y(r,?)| and phase 0(r,t). As a first main property of su-
perconductivity we can thus assume that all charge carriers in the superconductor are part
of a macroscopic wavefunction of the form

U(r,t) = |Wo(r,t)] - 1) (3.1)
With the usual quantummechanical normalization conditions

|To(r,t)|? = ng(r,t) (3.2)

13
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/ﬁwugﬂFdV::N@ (3.3)

where ng(r, t) is the local density and N the total number of superconducting electrons [55].
The behaviour of a superconductor in the presence of an external electric and magnetic field
has been phenomenologically derived by the London brothers in 1935 [56] with a simple
two-fluid-model. The perfect conductance of a superconducting charge current J in the
absence of an applied electric field E is described by the first London equation

J(AJs)
=E. 3.4
Here A = MOZL:qQ , with mg as the mass and ¢, the charge of the Cooper-pairs, is the so called

London coefficient. Simply speaking, in the absence of an external E, the charge current
does not change with time, which corresponds to perfect conductance. Conversely, the
response of a superconductor to an applied external magnetic field is given by the second
London equation

V x (AJs) = —B. (3.5)

By multiplying both sides of the second London equation by [V x] and using the appropri-
ate Maxwell equation and vector identities, one receives

2g = Ko
V’B="TB. (3.6)

This formula relates an external B-field to screening currents flowing inside the supercon-
ducting layer, which completely shield its interior. Hence the magnetic response of a super-
conductor is perfectly diamagnetic. This effect was first observed by Walther Meifiner in
1933 [57]. The physically sound solution of Eq. (3.6) is an exponentially decaying function

7|

B(r) = Bpe *u 3.7)

Ho Mg
Moo= /2 = 3.8
L=V = (3.8)

called the London penetration depth. It is a measure of how deep the magnetic field can

with the decaying constant

penetrate into the superconductor and usually takes values in the 10 nm- to 100 nm range.
For the thin-film superconductors in our samples with thickness dsc smaller than A;, the
perfect screening no longer is possible and B-fields can effectively penetrate the sample.
For these cases, the greatly enhanced 2-dimensional London penetration depth A.g needs
to be used [58].

)\2
AL

dsc (3.9)

>\eff =

However not all superconducting materials exhibit the Meifsner effect. Above a certain
critical field value ;10H,1, some form normal conducting canals to let flux penetrate into
the material, with each of them carrying one discrete flux quantum ®y. In these so-called
Type-II-superconductors it is more favourable to lose Cooper-pair condensation energy
Ec by forming vortices and conversely save field expulsion energy Eg by letting the B-

14



3.1 Properties of superconducting thin films 15

field penetrate. The created vortices arrange in a regular triangular lattice, the so-called
Abrikosov-lattice [59] as illustrated in Fig. 3.1.

(a)

Figure 3.1: (a): Schematic illustration of the vortex lattice in a type II- superconductor. For one
vortex, the flux lines and imaging currents are sketched. Taken from [53]. (b): Vor-
tex configuration of a NbSe,-crystal at 4K in the earth’s magnetic field mapped with
magneto-optical imaging. Adapted from [60].

The radius of these vortices is given by the Ginzburg-Landau coherence length {1, which
is the recovery length of the superconductor’s order parameter |¥y(r, t)|?, when exposed to
an external perturbation and was first derived by Ginzburg and Landau in 1950 [61]. It is
related to the coherence length &, of a superconductor as defined by Pippard as the measure
of non-locality of its response to a perturbation [62]. As Ep scales with A, while the loss
in condensation energy is linearly proportional to {q1,, the type of superconductivity in a
material depends on their ratio, the Ginzburg-Landau parameter

K= i (3.10)

€aL

For k < 1/v2, the thin film will behave like a type-I-superconductor, while for x > 1//3, it
will exhibit Type-II-superconductivity
For the used thin film NbN, literature values for Aj, range from 200 nm to 400 nm [42,43],
whereas the coherence length & is estimated to be ~ 5 nm [63, 64]. As the theoretical
£ar usually only deviates slightly from &j, we expect our thin films to exhibit type-II-
superconductivity and the presence of vortices in measurements in out-of-plane geometry,

where the external magnetic field Hcy is perpendicular to the sample plane.

3.1.2 Definition of the Bogoliubov-Valatin quasiparticle spin susceptibility xs

In this chapter, we aim to explain how thermally excited quasiparticles accumulated in a
superconductor respond to an external perturbation (55{2‘; with the accumulation of a spin
polarization and thereby a magnetization M, by using the Bogoliubov-Valatin-formalism
[32,33] and define the quasiparticle spin susceptibility xs which is the key quantity to de-
scribe quasiparticle spin transport in superconductors. The presented formalism is kept
very brief and follows the detailed derivations provided by Dr. Dietrich Einzel found

15



16 3 Theoretical concepts

in [65-67]. We begin with the Bogoliubov-Valatin diagonalized BCS-Hamiltonian

ﬁBcs —uN = Ugcs(0) + FEx [éﬂ Qi +dT_ d_x } 3.11
N = Uscs(0) Ekj Ot A0y |Gkl (3.11)
T=0 -
T>0

Here 41 is the electron chemical potential and N is the total fermion operator. The operators
OA‘LT and dy 1 create and annihilate a fermionic thermal excitation in a quantum state with
momentum k and spin o |k, o), the so-called Bogoliubov-Valatin quasiparticles [BVQP].
Lastly Ugcs(0) is the energy of the thermal BCS ground state for T — 0. The energy spec-

trum of the BVQP is given by
Ex = /& + A2, (3.12)

where £ denotes the energetic distance of the energy level ey from the the chemical po-
tential 1, while A represents the superconducting gap energy defined as the energy gap in
the excitation spectrum of quasiparticles for £ =0. The BVQP are linear combinations of
electron- and hole excitations of opposite spins. As shown in Fig. 3.2(a), their nature con-
tinuously evolves from holelike to electronlike with increasing . The dashed lines display
the dispersion relation of normal conducting electrons and holes. It becomes apparent that
the quasiparticles are purely holelike for {x < 0 and pure electrons for &k > 0. For & = 0,
they are the equal superposition of an electron with wavevector k and a hole with —k [53].

E /A

E /A,

Figure 3.2: (a): Excitation energy Fix of the BVQP [red and blue line], normalized to the gap
parameter at 7' =0K, Ay, in vicinity of Er together with the dispersion relation of
normal conducting electrons and holes. The dashed green lines indicate the disper-
sion relations of normal electrons and holes. Recreated from Fig. 13.40 in [53]. (b):
quasiparticle density of states as a function of the excitation energy Eyx at ' =0K. As
a reference, the normalized density of states for the normalconducting state is shown
as a dashed black line.

By deriving Eq. (3.12), the quasiparticle density of states Ds(Ex) can be written as a
function of Ey in the form:

Dn(p) - —AZL_ if |B | > A
Ds(Ek):Dn(ﬁk)&* v Ve i = (3.13)

dE 0, otherwise
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3.1 Properties of superconducting thin films 17

Fig. 3.2(b) illustrates Ds(Fy) together with the density of states of a metal in the normal
conducting phase D,,. It becomes apparent that Ds(Ey) diverges at Eyx = A and transitions
into D, for |Ex| > A, as the highly energetic quasiparticles are hardly affected by the
superconducting pairing mechanism and effectively convert into normal electrons. The
quantum statistics of the BVQP particles is given by the Fermi-Dirac distribution

v(Bx) = (6] 1énr) = —— (3.14)
exp (kB_lfr’> +1
Its derivate with respect to Ex
E 1 1

Yie = _ag(Ekk) T kT o ( e ) ’ (315)

generates the Yosida function Y(T')
Y(T) = (5”) -
n 3.16

m _ [ N(&)
S

Sk
IN
It describes the temperature dependence of the normalconducting phase n,, as a function

of temperature
nn(T) = niot Y(T), (3.17)

with not as the total particle number. Intuitively, in a two-fluid approach, the condensate

density of the superconducting phase ns is given by
ns(T) = TNtot * (1 - Y(T)) (3.18)

The temperature-dependent evolution of ng is shown in Fig. 3.3 together with that of the
gap-parameter A based on the numerical calculations of Dr. Dietrich Einzel outlined in
[65]. The used Mathematica script can be found in Chapter B.1.

A(T)IA,

00 02 04 06 08 10 00 02 04 06 08 10
TIT, TIT,

Figure 3.3: Normalized superconducting condensate density ns/n (a) and energy gap A/Aq (b)
as a function of reduced temperature 7'/7¢.
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18 3 Theoretical concepts

In the following, we explore the local response of the BVQP to external perturbation in
the gauge-invariant form

O = Rk - (v — V") — ppoBo = 6% . (3.19)

where Here v® and v" respectively denote the drift velocity of the superconducting and
normal conducting phase, g =9.274 x 10724 J/T is Bohr’s magnetron and By denotes an
external magnetic field. We forego further derivations and jump straight to the results. The
linear response in local particle distribution density 5nff7 can be expressed as

Onics, = mi(OEE5S) — mic = —ywOEL- (3.20)
The net magnetic response M created by this shift in ny is

UB
M= ; 5%, = xsDBo. (3.21)

The classical relation M = xB gives us the BVQP spin susceptibility x, of the supercon-
ductor

2
xs = B D ui = xvlag) = xwY (D), (3.22)
k,o

where

XN = nppp (3.23)

is the susceptibility of the normal conducting phase and nr stands for its particle density
at the Fermi surface. Notably, just like the normal conducting fluid density n,, xs is related
to the Yosida function [68].

3.2 Key aspects of ferromagnetic resonance

The other macroscopic ordering phenomenon presented in this thesis is that of magnetic
ordering in our Co,sFe;s-layer. The magnetic moments of a ferromagnetic material align in
parallel to oneanother below a critical temperature, the so-called Curie-Temperature which
we will denote with a small letter 7 to avoid confusion with the superconducting transi-
tion temperature 7. For Co,Fe;_,, T exceeds 1000 K [69], permitting room temperature
pre-characterization measurements . While superconductivity is mediated by phonons
creating a polarized distortion in a lattice, ferromagnetic alignment is established by the
Heisenberg interaction [70] via the overlapping of electron wave functions of two neigh-
bouring atoms favouring a parallel spin alignment or indirectly mediated by intermediate
atoms or electrons. In the following, we will outline the fundamental equations of ferro-
magnetic resonance and define its spectroscopic parameters.

3.2.1 Magnetization dynamics

The magnetization dynamics in a ferromagnet are most easily described by viewing it as
one net magnetic moment devoid of domains or pinned atoms. In this macrospin approach,

18



3.2 Key aspects of ferromagnetic resonance 19

the length of the magnetization vector M comprises the sum of all magnetic moments m;

in the materials volume V .
M= mizev m. (3.24)
The application of an external magnetic field Hex will lead to a reorientation of this mag-
netization vector, as the magnetic moment m is related to angular momentum L via the
gyromagnetic ratio vy
m = L. (3.25)

This is equal to the exertion of a torque T on the magnetization M in the form
T=-MXx uoHOﬁ. (326)

where we consider that in the Macrospin model, anisotropy and demagnetization fields
H.,; and Hg, also take non-negligible macroscopic values and hence the magnetization
vector M aligns to a net effective magnetic field Heg

Heff = Hext + Hani - Hde- (327)

The dynamic equation of motion of M can be derived by plugging Eq.( 3.25) in Eq. (3.26)

dM
T —YM X poHes, (3.28)

describing a circular motion of M with precession frequency

wr, = Yo |Heg| (3.29)

For the sake of a more realistic model, Gilbert introduced a phenomenological term to
Eq. (3.28) in 2004 [71] to account for damping in the Landau-Lifshitz-Gilbert [LLG]-equation
dM

« dM
— = —YM X poHeg + M X

i M. Tt (3.30)

Here « is defined as the Gilbert damping parameter, as the vector M x M is directed
towards the rotation center, effectively reducing the precession amplitude as a function of
time. The resulting trajectory for M is a spiral motion around Heg-.

3.2.2 Ferromagnetic resonance

We extend our model by the addition of an oscillating driving field h,¢(¢) perpendicular to
the external static field Hcy as illustrated in Fig. 3.4, which exerts an additional torque M x
h,s on M that counteracts the damping. This system can be viewed as a driven, damped
harmonic oscillator suggesting the existence of a resonant enhancement of amplitude when
the driving frequency of h,y matches the precession frequency w of M. This is due to the
fact that the displacement of M caused by h,¢ does not average out as a function of time
when matching w. The following derivations will closely follow the compact overviews
provided by [36,72] based on extensive derivations found in [73-75].
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20 3 Theoretical concepts
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Figure 3.4: Precessional motion of M in an effective field H (a) as described by the LLG-equation.
The magnetic field H creates a torque —yM X poHeg [red], driving M along a circu-
lar path, reduced in amplitude by the damping term M x M [green]. In FMR ex-
periments the applied perpendicular oscillatory driving field h,¢ exerts an additional
torque [orange] counteracting the damping. Upon hitting the resonance frequency of
the system, its contribution does not average out and the system absorbs energy from
h,¢. The magnetic response x of the system is illustrated in dispersive real part x’
and dissipative imaginary part x” as a function of Heg in (b). It relates the perpen-
dicular magnetization m to the oscillatory driving field h,s by the equation m = yh,;.
Adapted from [72].

We model this problem by describing the response of a finite sample with magnetization
M exposed to a constant external magnetic field applied along the z-axis H = Hey€, and
driven by an oscillatory field h, in the x-y-plane, triggering a dynamic response m(t) in the
ferromagnet. Furthermore we neglect the anisotropy field H,y; for the sake of simplicity.
Under these circumstances, we can split the magnetic field Heg and magnetization M into
a time-independent and a time-dependent part:

Heff = Hext - Hde + hrf (t)
= (Hexs — NyMp)é, — Ny (£)ex — Nymy (£)éy + hue(t) (3.31)
M =M, + m(t) = Mye, + m(t)

A linear approach of the form

hye (1) = (hy x€x + hofv@y) - €F
f() ( f, f,y y) (3‘32)

m(t) = (myéx +myéy) - et
is used for the time-dependent contributions under the premise, that m, ;, < M.
This Ansatz is plugged into the LLG-equation (3.30), where we assume, that the static part

of the magnetization My is parallel to the external field and hence My x Hcy = 0. The

hr x e mx
< £ ) — 5! ( ) (3.33)
hrf,y My

resulting expression
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3.2 Key aspects of ferromagnetic resonance 21

provides the Polder susceptibility first derived in 1949 [51] by D. Polder.

M. -
Xp = Ho A
Det(A)
i ( Any )
_w A
oo 22 (3.34)
wo
All = Hext +Ms . (Ny _NZ) +—
YHO
wa
A22 - Hext + Ms : (Nx - Nz) + —
YHo

It consists of a dispersive real part x’ and a dissipative imaginary part x”. Its characteristic
behaviour as a function of external magnetic field Hey; is illustrated in Fig. 3.4(b).

With the help of this, we can determine the resonance frequency f = w/2x as a function of
H.,; by solving Det(A) = 0and taking the real part. This gives the famous Kittel equation

f - %\/[Hem + (NX - NZ) : MS] [Hext + (Ny - Nz) ' Ms]a (335)

first derived by its namesake in 1948 [52]. It provides the resonance condition for bulk
samples with different demagnetization coefficients /V; depending on the sample geometry.
In our case, thin film ferromagnetic samples with (d~ nm) allow us to neglect IV; depending
on the measurement geometry. We distinguish between

¢ In the in-plane-geometry [ip], the external field H¢y is applied in the sample plane
e.g. along the x-axis with Ny = 1 and Ny = IV, = 0. The in-plane Kittel equation can
be expressed as

f = 2 Hoxt (Howt + M), (3.36)

To account for a further out-of-plane anisotropy field Hy often found in polycrys-
talline thin films, we replace M with an effective magnetization Mg = M — Hy in
Eq. (3.36). In our experiments, we sweep the applied field Hcy at constant frequency
f through the resonant field H,s. The required H,s for a given f is derived by solving
Eq. (3.36) by Hext

M, Mg \? | (27f\?
poHyes = _MOQ il + \/<M02H> + (:/f> ) (337)

¢ For the out-of-plane-geometry [oop], Hey is parallel to the surface normal and
hence the corresponding demagnetization factors are NV, = 1 and Ny = Ny = 0.
In oop-geometry, the Kittel equation takes the following form:

f = 2 (Hexs — Meg) (3:38)
s
Hence the resonance field is:
27
poHres = proMegt + ny (339)
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22 3 Theoretical concepts

Apart from the resonance field H,cs at a given frequency f, the Polder susceptibility also
provides insight into the damping of the ferromagnetic precession in its imaginary part.
By using Eq. (3.34) and solving Det(xp) = 0 for its imaginary part, we obtain a formula
describing the fanning out of the Lorentzian resonance peak as a function of driving fre-
quency

AHpwum = ﬂ, (3.40)

THo

where AHpwaw is its half width at half maximum [HWHM], whereas a represents the
phenomenological damping parameter that comprises all possible damping processes lin-
ear in f. In our experimental procedure, two adjustments to this equation must be made.
First, the used fitting program provided by [76] utilizes the full width at half maximum
[FWHM] for AH and thus, we need to multiply Eq. (3.40) by a factor of two. Second, in
real experiments it is common for A Hywam not to intersect the origin but being shifted by
an offset called the inhomogeneous line broadening Hi,,. There are a multitude of poten-
tial sources for the manifestation of Hi,, ranging from measurement setup misalignment
over inhomogeneities in the sample to two-magnon scattering processes [77]. In rough
terms it is a measure for sample quality when compared to literature results for the used
ferromagnetic material or samples with identical stack sequence. Finally, we can express
the used fitting function as

2
poAH = poHipn + 2 - 7Tfa‘ (3.41)
Y

3.2.3 Spin pumping

The formalism outlined so far displays how we can extract the spectroscopic parameters of
our ferromagnetic CoysFezs-samples by fitting 110 Hyes and 119 A H as a function of f. Among
them, the phenomenological Gilbert damping parameter « is of particular interest as the
injection of angular momentum from the precessing magnetization M of a FM layer into
an adjacent normal metal in the form of a dynamic spin current js creates an additional
dissipation channel for the oscillatory motion of M called spin pumping and thereby gives
rise to an increase in a. According to [27], the created spin current injected across the

interface is
h dm

. dm

where G4 is the spin-mixing conductance which describes the transport of spins non-
collinear to the magnetization of the ferromagnetic layer [78]. Upon examining the sym-
metry of the two components of formula (3.42) it is apparent that only its real part is
damping-like, whereas its imaginary part does not affect o. We obtain the contribution of
spin pumping agp by inserting the former as an additional term in the LLG-equation (3.30).
The resulting net alpha is [79]:

a=ag+ 2 (3.43)
dpm

ap represents the intrinsic Gilbert-damping and dry is the layer thickness of the FM. Due
to its reciprocal proportionality to o, very thin FM samples with low dpy\; are required to
sensitively detect changes in the spin transport properties of our FM/SC-samples below

22



3.3 Spin pumping into superconductors 23

Tc through shifts in . It must be noted that there are several additional contributions to
a in FM/NM-bilayers such as damping induced by eddy currents acqqy in the NM layer
scaling with d%M or radiative damping a;aq o< dpy originating from the dynamic flux of
the precessing M [80]. To reliably disentangle their respective magnitudes, a needs to be
plotted as a function of dry in a layer-thickness samples series as performed in [36] for
Co,sFezs. Moreover, in recent experiments it has been found that an additional relaxation
pathway for « is the loss of spin polarization at the FM/NM-interface called spin mem-
ory loss [SML] [81,82]. This phenomenon was established to explain an increase in « in
FM/NM-samples with normal metals of a thickness lower than its spin diffusion length,
where spin currents aren’t absorbed and consequently spin pumping should only play a
minor role. In order to go one step further and correctly scale the contributions of SML and
spin pumping to a out of extracted agp , the magnitude of the dampinglike inverse spin
Hall effect created by js has to be quantified with the method in [29, 81].

3.3 Spin pumping into superconductors

We have now established the basic characteristics of thermally excited quasiparticles in the
superconducting layer and the resonant magnetization dynamics taking place in an adja-
cent ferromagnetic layer. In this section we aim to put these two working components to-
gether and outline how to investigate spin currents injected from the FM via spin pumping
into the SC. We can characterize the spin current transported by superconducting quasipar-
ticles by examining the spin pumping contribution agp to the Gilbert damping of the FM
as a function of temperature. We provide only a rough outline of the detailed theoretical
calculations of Inoue et al. given in [19].
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Figure 3.5: (a): Spin susceptibility xs of a superconductor as a function of reduced temperature
for varying magnitudes of normalized spin diffusion length A\yq and a fixed value
of normalized mean free path /;, = 0.1. (b): Spin pumping contribution to Gilbert-
damping agp as a function of reduced temperatures for varying values of A\ and
constant [, = 0.1. Adapted from [19].

We consider a FM/SC-bilayer in an external ip-magnetic field H . driven in an external
microwave field h,s with angular frequency w;¢, which resonantly excites magnetization
dynamics inside the ferromagnet. As established in the previous section, the injection of
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24 3 Theoretical concepts

spins at the interface opens up an additional dissipation channel agp to the net damping
a of the macrospin precession in the FM layer. In many-body theory this precession is
viewed as the damping of a collective excitation [83] i.e. the magnon mode, which can be
related to its self energy Z(w). In the present case, the injection of angular momentum at
the SC/FM-interface from a collective magnon mode to the superconducting quasiparticle
fluid is mediated by the s-d-coupling Jyq. It can be written as

_ _M0<J52 ) k
(w) = @—5 ijxs (w), (3.44)

[1]

where xX(w) is the dynamic spin susceptibility, which is extrapolated from the static BVQP
spin susceptibility x?, defined in section 3.1.2, via analytic continuation [xX(w) o x?I.
Upon applying the relation aspwa. = —drmZE(wac) for the spin pumping contribution to
Gilbert damping asp, we arrive at the final result:

asp  po{JZ) 1 Kk
sl s I ac 3.45
i~ Zk:wac myg (Wac) (3.45)

Here, our extended theoretical overview comes full circle directly relating the Gilbert damp-
ing «, a property of our FM layer to the BVQP-spin-susceptibility of the quasiparticle phase
in the adjacent superconductor. The remaining task for Inoue et al. in [19] was to solve this
expression in the presence of impurity spin orbit scattering. The results of their calcula-
tions are illustrated in Fig. 3.5 for both the static X! (a) and agp (b) for varying values of
spin diffusion length A\yq and mean free path i, normalized to the BCS-coherence length
&pcs. Notably for pronounced spin-orbit scattering i.e. low values of Aed, xs does not van-
ish even at 7' =0 K meaning BVQP can still manifest and contribute to spin pumping. This
explains the non-zero values in Fig. 3.5(b) of agp for these Aag. Furthermore, for T — 0.8 T¢,
a clear coherence peak manifests, rising in peak value with increasing impurity spin-orbit
scattering. While the precise reason for its origin is up to debate, one can hand-wavingly ar-
gue that the divergent quasiparticle density of states Dy(Ey) at superconducting gap values
A(T) diminishing with increasing temperature give rise to a large magnitude of quasipar-
ticles to transport angular momentum for temperatures slightly below 7c.

Overall, the temperature-dependent behaviour of agp(T") provides a characteristic signa-
ture which permits to relate potential changes in the Gilbert damping o in our BBFMR-
measurements to the altered quasiparticle spin transport properties in superconductors.
The detection of the predicted coherence peak in « for temperatures 7' ~ (0.7 — 0.8)T¢ is
one of the central goals of this thesis.
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4 Experimental procedure

Within this chapter, we will illustrate in detail how we investigated the properties of the
fabricated SC/FM-heterostructures by conducting broadband ferromagnetic resonance at
cryogenic temperatures. In this thesis we employed vector network analyzer ferromag-
netic resonance [BBEMR] with a coplanar waveguide as it permits measurements in a broad
range of frequencies required to reliably fit H..s and AH as a function of f. Additionally
the VNA’s ability to measure both the amplitude and phase of the signal enables us to
obtain information on field- and damping-like spin-orbit torques [SOT] by employing the
data processing method from [29]. The general working principle of VNA-FMR is outlined
in section 4.1 closely following the detailed descriptions in [72]. Afterwards, we explain the
data processing routine applied on the raw data in section 4.2 to extract H,.s and AH out
of the complex transmission parameter So;. We end the chapter by describing the experi-
mental setup for BBFMR at cryogenic temperatures in the Chaos-cryostat and illustrate its
working principle in section 4.3.

4.1 Experimental technique

The general experimental setup for VNA-FMR consists of three components: The source
of external magnetic field being either an electromagnet or a superconducting 3D-vector
magnet for cryogenic temperatures, the VNA itself and a coplanar waveguide [CPW]. A
schematic illustration of the experimental setup is shown in Fig. 4.1.

z - 7~ VNA

oopP s/
Port 1 Port 2
(@)

Cable

Figure 4.1: Schematic experimental setup for in-plane broadband ferromagnetic resonance
[BBFMR]. The sample is placed face-down on a coplanar waveguide [CPW] which
consists of a center conductor [brown] and two ground planes [orange]. The CPW is
connected to the ports of a vector network analyzer [VNA] via microwave cables at-
tached to the endlaunches. A microwave signal generated by the VNA is coupled into
the center conductor via the endlaunches, where it induces an oscillating magnetic
field h,¢, which drives the magnetization within the sample. Adapted from [72].
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26 4 Experimental procedure

The sample is placed face-down on the CPW and the ferromagnetic resonance is excited
by a microwave signal generated at port 1 of the VNA and coupled into the CPW via
microwave cables attached to endlaunches. In resonance, the sample can absorb energy
and we detect a change in the transmitted signal arriving at port 2. We employ transmission
measurements where a microwave signal is generated at port 1 and detected at port 2. To
this end, we measure the complex transmission parameter Sy; defined as

V2 Vol i(P2—1)

_ VIVl 4.1
where V; are the measured complex voltages with magnitude |V;i| and phase ¢; of the re-
spective port i. It consists of the background S3; caused by the setup and a change of
transmission ASy; caused by the sample. The latter is given by [29]

el
ASy = =21 (4.2)

when presuming a fully impedance-matched rf circuit and neglecting the back-reflected
wave Si;. The magnetic driving field h,¢ in the y-z-plane is generated by an ac charge
current through the center conductor, which is a metallic thin film strip with a width w. ~
60 um. The induced rf-field can be approximated by the Karlqvist equations [84].

1 + Wee _ Wee
hy(y,2) = —ho [arctan <yz2> — arctan <yzz>}

hy(y,z) = —holn [ o—22 "~
(v,2) o 0n<(y_w2m)2+zg

(4.3)

Here ho = I/(2wc.) is the field amplitude at the center for y=z=0. This oscillating magnetic
field drives the precession of the sample’s magnetization, which in turn induces currents
in the CPW according to Faraday’s law. On magnetic resonance, these currents oppose
the driving currents in the CPW according to Lenz law, such that microwave power is
absorbed. By assuming that the sample’s inductive coupling adds a complex inductance
L in series with the impedance Zy =50 Q) of the unloaded CPW in a voltage divider model,
we can relate the change in transmission ASy; to Lo:
1 —iwL
ASy = 5&)—72(,001}0 (4.4)
The factor 1/2is required, as the the complex voltage V5 is measured between CPW and port
2 and not between the two ports. The sample’s inductance L can be calculated with [29]

26



42 Measurement procedure 27

[ oo +ds+drm
=t [ [ [ asfato) Rpfe Ho) ity )
|~ 0 drm
[ oo +6s+dpm (4.5)
/ dy / dz [a(y, 2)hut (v, 2, 1))
-0 drm
_ Holdrym

[ny{wv HO) + XZZ(w’ HO)]UQ((SSa wcc)v

4wWee

where [ is the sample’s length on the CPW and the function g describes the normalized
spatial amplitude of the FMR mode [29]. For the fundamental mode, we assume q = 1
over the entire sample. In ip-geometry both susceptibility components xy, and x,, have
to be taken into account, whereas in oop-geometry, only its y-component x,, contributes.
Additionally the function 7(ds, w..) accounts for a finite spacing Js between sample and
coplanar waveguide. It can take values from 1, when they are in direct contact, to zero at

infinite distance.

2 Wee
s, Wee) = — arct 4.6
1(ds, Wee) 7rarcan(258> (4.6)

With Eq. (4.5) relating the susceptibility X, to the inductive coupling strength between
CPW and sample Lj, we can also derive an expression for the complex transmission pa-
rameter Sy; directly scaling with x,, by inserting Eq. (4.4) under the assumption wLy < Zy
in formula (4.2) and using the upper expression for Ly from (4.5). We obtain

iwL
Sa1(w, Ho) = 831 (w) - (1 + ASz1) = Sy (w) - (1 - Z;UZOO)

2Z() 4'LUCC
= S (w) — iAe™[xyy(w, Ho) + Xun(w, Ho).

= 590 (1 i M o ) sl )G ) ) )

Here A is the resonance amplitude comprising all the geometrical constants, like for exam-
ple [ and w.. as well as setup parameters, whereas ¢ accounts for the phase change of the
signal when traversing the system.

4.2 Measurement procedure

There are two different approaches to conduct BBEMR: On the one hand one can sweep
the VNA driving frequency f at a fixed external field Hey in 'frequency-swept FMR’ or
on the other hand fix f and sweep Hey through H,s in the so-called continuous wave
CW (mode). For our measurements, we chose the latter and swept Hey within a range
of 3AH around H,es, with the VNA’s IF-bandwidth [IFBW] set to 1 Hz at a power level of
0dBm to obtain a good signal to noise ratio [SNR]. The reason for this choice is the time-
consuming field-stabilization process in the Chaos-cryostat slowing frequency-swept FMR
down substantially, when compared to the CW-mode.

Most BBFMR measurements in this thesis were conducted in ip-geometry due to the field-
range of the horizontal axes of the 3D vector magnet being limited to 2.5 T, which is only
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marginally higher than the effective magnetization of CoysFeys at pioMeg =2.2T [44, 45].
This leaves only a very minor frequency range to drive FMR in oop-configuration. In ip-
geometry, the Polder-susceptibility xi, (3.34) takes the following form [N, =1, N, =0,
N, =0]:

)A(. . ,LL()MS (Hext + ZATH +% )
ip = iw AH
D Loy Hext+Ms+Z 2 (48)

AH AH w \?
D= <Hext + Ms + 1 > (Hext +'L > - <>
2 2 1oy

Here we use the abbreviation AH = 27“’7‘5 To account for the background S9,, we fit a linear

function SY, = Co+C} Hext with the complex offset Cy and slope C; following the approach
by Nembach et al. in [85]. Upon dividing the susceptibility by po M, to stay consistent with

the formalism in [29], we obtain the final result for our fitting function

1o | ny(HeXt) + Xzz(Hext)

SQl(Hext)‘w = OQ + Cl . Hext — iAe HoMS

(4.9)

In Fig. 4.2(a) and (b), exemplary raw data of S»; as a function of Hey are shown together
with the fitted theory curve according to Eq. (4.9). In our measurements, we recorded
S91(Hext) in the range from [5-50] GHz in steps of 0.5 GHz. The extracted behaviour of Hes
and AH of the corresponding sample as a function of frequency in ip-geometry is shown
in 4.2(c) and (d) respectively, together with the fitting curves following Eq. (3.37) and (3.41)
to extract the spectroscopic parameters of the Co,sFe;s-layer.
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Figure 4.2: Raw data obtained from ip-VNNA measurements conducted in the Chaos-cryostat
at room temperature of a NbN/Co,sFess-bilayer comprising [ Cu (5 nm)/NbN (16
nm)/CossFezs (3 nm)/Ta (2 nm)]. By fitting the real (a) and imaginary part (b) of the
complex susceptibility x according to Eq. 4.9, the resonance position and linewidth
can be extracted. In (c) and (d), the latter are plotted as a function of frequency and
fitted according to Eq. (3.37) and (3.41), respectively to extract the spectroscopic pa-
rameters of the FM-layer.

4.3 Experimental setup

To conduct BBFMR at cryogenic temperatures, we require an experimental setup, which
can couple microwave signals in a wide range of frequencies into an environment with
controllable magnetic field and temperature capable of producing temperatures below the
Tc [76]. To this end, we used the CHAOS liquid helium cryostat, which utilizes the evap-
oration of liquid helium through an adjustable needle valve to cool the samples space in
the pumped variable temperature insert [VTI] in the range from [2-300] K. Superconduct-
ing 3D vector magnets in the liquid helium bath provide the external magnetic field from
[0-2.5] T in the horizontal x-y-plane and [0-6] T along the vertical z-axis. A rough sketch of
our measurement setup is shown in Fig. 4.3(a).
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Figure 4.3: (a): Schematic illustration of Chaos helium flow cryostat together with RF measure-
ment dipstick connected to the VNA via microwave cables. The dipstick is inserted
into the variable temperature insert [VTI], where the sample temperature is regulated
by controlling the helium flow through the needle valve, which is then subsequently
evaporated at the VTT heater. The external magnetic field H.; is created by supercon-
ducting 3D vector magnets inside the helium tank. Adapted from [86]. (b): Measure-
ment assembly for BBEMR at cryogenic temperatures. The sample is fixed via sample
mount on a CPW on a cooper holder together with two end launch connectors that
are in turn connected to minibend microwave cables. The holder is mounted on the
cooper lower part of a cryogenic dipstick which contains a temperature sensor and
a resistive heater. Replicated from Fig. 2.3 in [87]. (c): Used sample mounting tech-
nique. Two brass screws are tightened to attach sample mount and subjacent sample
to the CPW and copper holder. An additional plastic screw is used to avoid substrate
bending above the CC.

The sample is placed face-down and along its short side [[ =6 mm] on a CPW [see
Fig. 4.3(c)] on a copper holder at the end of a RF measurement dipstick as shown Fig. 4.3(b).
Both ends of the CPW are attached to microwave cables in the dipstick which are in turn
connected to a VNA. To ensure equal sample mounting and similar spacing Js between
sample and CC, we measured S>; during mounting and tightened the screws until the mag-
nitude of |S;| took the value ~ —27dB at 25 GHz. Additional DC wires for a temperature
sensor and a resistive heater allow a better sample temperature stability ATy,mple <10mK
[86]. In our measurements we set the opening of the needle valve to 18% and used the
2nd heater level of the sample heater range for measurements below 25 K. This resulted
in a VTI pressure of p ~50 mbar. Higher VTI-pressures had a detrimental effect on our
measurements as the flux of helium vapour can cause minor vibrations of the dipstick.
Additionally, we used a 20 minutes timer before starting a CW sweep to enhance temper-
ature stability as even small fluctuations AT can affect Sy;. Due to the limited field range
[poHexy < 2.5T] in oop-configuration, we conducted most of our BBFMR measurements in
ip-geometry with Hey || 2.
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5 Superconducting coherence peak in NbN/Co,sFe,s-multilayers

We begin our presentation of the experimental results by showing our research on the de-
tection and quantification of the changes in the magnetization dynamics parameters of
NbN/CoysFezs-thin films, when these samples are cooled below their superconducting
transition temperature in the CHAOS cryostat. Here, we focus on the investigation of the
coherence peak in the Gilbert damping as predicted by [19,20]. As discussed in Section 3,
this coherence peak originates from the enhanced spin transport properties of supercon-
ductors at temperatures close to T, where an abundance of thermally excited BVQP are
formed. To this end, it is important to determine the net contribution of spin pumping
to the total extracted o. Thus, we utilize ip-BBFMR measurements on two sample series
with a varying CopsFey5 thickness dpy; and with or without a Pt spin sink [Pt (5 nm)/NbN
(20 nm)/Co025Fe75 (drm)/Ta (2 nm)] and [NbN (20 nm)/Co25Fe75 (dpav)/Ta (2 nm)]. By
analysing the ip-BBFMR results for these two sample series, we can directly quantify the
spin pumping contribution agp from the dryi-dependence of «. As a next step, we prove
that these results can be extended to cryogenic temperatures by illustrating the negligible
changes in the magnetization dynamics parameters for two NbN/Co,sFe;s-bilayers with
and without a a Pt spin sink, recorded over a broad range of temperatures spanning from
RT to slightly above 7. As a final result, we present the ip-BBFMR results for these two
samples upon traversing T down to the lowest stable temperatures possible in the CHAOS
cryostat. Most importantly, we indeed detect a small coherence peak in « in the expected
temperature region [0.7-0.8]7¢ for both samples. Finally, we utilize our thickness depen-
dent data to quantify the net change in spin pumping asp and compare our experimental
results to the theoretical calculations of Inoue ef al. illustrated in Fig. 3.5. We conclude this
chapter with a discussion of the physical origins of the significant reduction in the height
of the coherence peaks in our experiments.

5.1 In-plane-BBFMR results of NbN/Co,sFe;s-multiayer sample series

To extract the spin pumping contribution agp to the total Gilbert damping «, we pre-
pared two CoysFeys layer thickness series, one with a Pt spin sink [Pt(5 nm)/NbN (20
nm)/CoysFess (drpyv)/Ta(2 nm)] and one without [NbN (20 nm)/CoysFess (dpnv)/Ta(2 nm)]
by UHV sputtering. For the Co,sFe;5 layer we varied the thickness in the range

1Inm < dpy < 6 nm and measured their respective spectroscopic parameters by conducting
ip-BBEMR at the Bruker-electromagnet in the frequency range from

5GHz < f < 26.5GHz at room temperature. The results obtained for effective magneti-
zation po Mg and the Gilbert damping « are plotted as function of 1/dpwm in Fig. 5.1. We
note that the effective g-factor and the inhomogeneous broadening ;.o Hi,n did not display
a clear dependence on dry; and thus are not shown here. The results are in agreement to
the layer thickness series conducted in [36] for Co,sFeys.
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Figure 5.1: Ip-BBFMR results at room temperature for the layer thickness series’ comprising
NbN (20 nm)/CoysFess (dpy)/Ta (2 nm) with [red] and without [black] a Pt (5 nm)
spin-sink seedlayer. The effective magnetization (a) and net Gilbert damping (b) are
plotted as a function of 1/dpy. Their extrapolated saturation magnetizations are
poMPPt =(2.20 4 0.03) T and poMF' =(2.14 £ 0.03) T. The damping parameter «
is fitted linearly in the range, where magnon-magnon scattering is negligible. The
resulting fit parameters are listed in Table 5.1. The samples represented with a star
symbol are the ones investigated at cryogenic temperatures in the CHAOS cryostat.

From Fig. 5.1 it is clear that for both sample series Mg is directly proportional to 1/dpm.
We can extract the bulk saturation magnetization ;oM from the y-axis intercept. For
our two sample series we obtain o MI°Ft =(2.20 & 0.03) T [without Pt spin sink] and
poMFPt =(2.14 £ 0.03) T [with Pt spin sink]. These results nicely agree with previous ex-
periments conducted in the Master thesis of Luis Flacke and published in Ref. [44]. This
confirms that the magnetic properties of the Co,sFe;5 are not changed by the growth on
the superconducting NbN layer. The extracted Gilbert damping displayed in Fig. 5.1(b)
exhibits a much richer behaviour. For 1/dgy > 0.4nm ™!, we find a linear increase in « for
both sample series. In contrast, for 1/dpy < 0.4nm™! [highlighted in grey in Fig. 5.1 (b)],
we observe a non-systematic dependence on 1/dpy. We attribute this to more pronounced
magnon-magnon scattering in the thicker samples, which renders an additional relaxation
path for the oscillating magnetization. The magnitude of 2-magnon scattering is strongly
influenced by the surface roughness in our thin films and thus may vary from sample to
sample, as apparent from the scattering of the data points for thicker films. In order to
extract agp we utilize a linear fit to « for both sample series in the range 1/dpy > 0.4nm~".
The slope of this fit directly yields agp, while the intercept gives the intrinsic Gilbert damp-
ing a. We list the extracted fitting parameters in Tab. 5.1.

| Series | ag[107%] [ agp [107° nm] |
no Pt | 0.50 + 0.86 5.72 +£0.69
Pt 1.16 +0.38 6.30 £0.49

Table 5.1: Gilbert damping contributions extracted from the fit of a(dp,,) in Fig. 5.1 for both
sample series.

The intrinsic Gilbert damping « values are in the high 10~%-/low 10~3-range as expected
from previous results in [36,44,45] for Co,sFey5 . For a better comparison, we utilize agp to
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5.2 BBFMR results at cryogenic temperatures 33

calculate the spin mixing conductance Glfif according to [88].

yh? Glﬁf
4e? M

The resulting Glt | b, = (2.5£0.3) x 10 Q" 'm~2 and Gl p, = (2.7£0.2) x 101 Q~'m~?
again quantitatively match the values obtained in [36,80]. From these results we conclude
that the excellent magnetization dynamic properties of the Co,sFe;5 layer are not affected
when grown on NbN.

5.2 In-plane-BBFMR results at cryogenic temperatures

In order to extend our measurements to cryogenic temperatures, we inserted two samples,
namely a Pt (bnm)/NbN (20 nm)/CoysFe5 (2.6 nm)/Ta (2 nm) and a NbN (20 nm) /Co,sFe;5
(2.6 nm)/Ta (2 nm) sample into the CHAOS cryostat. We then conducted ip-BBFMR as a
function of temperature starting at RT and cooling down to slightly above T¢ [T >10K].
The extracted magnetization dynamics parameters as function of temperature are shown
in Fig. 5.2.
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Figure 5.2: Temperature dependence of the magnetization dynamics parameters for the samples
investigated in the CHAOS cryostat [black: NbN (20 nm)/Co,sFezs (2.6 nm)/Ta (2
nm)] and [red: Pt (5nm)/NbN (20 nm)/Co,sFe;s (2.6 nm)/Ta (2 nm)] for T>T¢. (a):
The g-factor displays no clear dependence on T, while the effective magnetization
decreases for increasing temperature due to the thermal excitation of magnons. (c) and
(d) illustrate the changes of the Gilbert damping « and inhomogeneous broadening
o Hinn, respectively. The increase in o and poHinn at low temperatures visible in the
sample with Pt-seed may originate from the enhanced conductivity of CopsFe5 for
low T', which improves the spin transport into Pt.

As evident from Fig. 5.2(a), the g-factor for both samples remains constant and exhibits
no strong temperature dependence. The effective magnetization in Fig. 5.2(b) increases
with decreasing T attributed to the corresponding increase in saturation magnetization.
Following the same line of arguments, the freezing out of magnon modes and the corre-
sponding contribution of magnon-magnon scattering to « is expected to reduce for lower
T. Indeed, in Fig. 5.2(c) we find a decrease in « for 100 K< 7" < 300 K for both samples.
However, for the sample with Pt spin sink one finds an increase in « for even lower T'.
This may indicate an enhancement in the spin pumping contribution to o and thus im-
proved spin transport conditions from the Co,sFe;5 layer across the NbN layer into the Pt
spin sink. For pioHi,p in Fig. 5.2(d) we find a temperature independent behaviour for the
sample without Pt spin sink. In contrast, poHin, increases with decreasing temperature for
the sample with Pt spin sink. Overall the spectroscopic parameters of Co,sFe;5 exhibit only
minor changes with 7" and hence we can assume that the values for agp, extracted at 300 K
are also valid at cryogenic temperatures.
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5.3 Detection of the superconducting coherence peak 35

5.3 Detection of the superconducting coherence peak

Upon cooling the samples down further, we entered the vicinity of the superconducting
transition temperature. Here we conducted BBFMR in the range from 2.5K to 7>T¢ in
steps of 1 K and 0.5 K in the region of interest around 7" ~ [0.7-0.8] T¢:. The measured mag-
netization dynamics parameters as function of the temperature normalized to the samples

respective T are illustrated in Fig. 5.3.
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Figure 5.3: Temperature dependence of spectroscopic parameters for the samples investigated in
the CHAOS cryostat in the proximity of Tc. Both The g-factor (a) and the effective
magnetization (b) display no clear dependence on temperature. (c) and (d) illustrate
the changes of the Gilbert damping « and inhomogeneous broadening 11 Hinn, respec-
tively. As theoretically predicted, a minor peak in o manifests in both samples for 7" ~
[0.7-0.8] T. Minor alterations are also visible in 1o Hinn, which slightly increases/de-
creases at 1 in the sample with/without Pt-seedlayer.

As expected neither the g-factor [see Fig 5.3(a)] nor the effective magnetization Mg
[see Fig 5.3(b)] exhibit any changes once the NbN-layer becomes superconducting and re-
main roughly constant within the examined range of temperatures. For the damping a in
Fig. 5.3(c) we do indeed observe minor peak-like structures with a maximum around 7" ~
[0.7-0.8] T for both samples. However, this maximum in « is more visible in the sample
without Pt spin sink [black symbols in Fig.5.3(c)]. The inhomogeneous linewidth yioHinn
in Fig. 5.3(d) changes only slightly below T¢: For the sample with Pt spin sink, (o Hinn
increases with decreasing 7', while for the sample without Pt spin sink, it reduces with
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decreasing T'. While the origin of this change is unknown, it reveals, that the measure-
ment of the FMR resonance line width AH for just one fixed frequency as performed in
previous studies [23,89] is not enough to draw definitive conclusions on the temperature
dependence of a. This would also explain the contradictory results of these two publica-
tions. While Bell et al. observed a reduction in AH [89], Jeon et al. claim that spin pumping
can either be enhanced or suppressed depending on the selected spin sink layer [23]. Our
results indicate that because both offset H;,, and slope a of AH exhibit changes below T¢,
one will either observe an increase or decrease in AH depending on the chosen microwave
frequency f. Thus, only BBFMR conducted over a broad range of frequencies f allows to
quantify the changes in « as a function of temperature.

In order to quantitatively compare the magnitude of our coherence peak to the theoretical
calculations of Inoue et al. in [19], we calculate the spin pumping contribution in the super-
conducting range normalized to that above T using our layer thickness series fit results

for agp from Tab. 5.1
T Aa-d
asp(T) _ 4 4 Badrv (5.2)
asp(Tc) asp
Here Aq is the deviation of « from its average value in the normal state [Tc < T <12K].

The results from this analysis are plotted in Fig. 5.4.
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Figure 5.4: Spin pumping contribution to the Gilbert damping agp normalized by its value in the
normal state above T¢ as a function of reduced temperature for the NbN/CopsFeys-
bilayers without (a) and with (b) Pt-seedlayer. This procedure allows to compare the
magnitude of the coherence peak with the theoretical predictions of Inoue et al. [19].
In (a), we additionally plot one exemplary theoretical curve from the results in Fig. 3.5
as a green line. Our peak value is substantially lower than its theoretical counterpart,
which may be caused by large values of normalized \yq and mean free path [;,. The
height of the coherence peak has been found to sensitively depend on these two pa-
rameters.

Upon matching our experimental results to the theoretical predictions, it becomes appar-
ent that the real coherence peak position is slightly shifted in 7" and its value of ~5% is an
order of magnitude smaller than even the lowest results in [19] for the largest normalized
spin diffusion length Aed =100 and mean free path Ity =90. For comparison, we use avail-
able literature values for I =3.96 A [90], &0 ~ 5 nm [63,64] and A\gq =14 nm for NbN [91] to
calculate the experimental X:ﬁp =2.8 and I}, =0.08 in our case. Hence the calculations in [19]
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5.3 Detection of the superconducting coherence peak 37

would forecast a much larger coherence peak than observed experimentally, but there are
several arguments to explain our results. Firstly, the coherence length &, by which \,q and
li; are normalized, depends on the purity of the thin film according to [55,92]

0 ~1/2
§(T) = €(T) (1 46 Z(T)) , 53)
and is therefore diminished in our samples. Here {>°(T") represents the coherence length
of an idealized bulk sample in the absence of scattering [l — oc]. By inserting the upper
literature values in Eq. (5.3), we receive the reduced £(0) ~ 1.4 nm. Consequently, realistic
values for \J3” and [, are larger by a factor of roughly 4 for our investigated samples, but
nonetheless remain much lower than their theoretical counterparts. However, it must be
noted that the calculations of Inoue et al. [19] were performed for an insulating ferromagnet
assuming no spin backflow from the superconducting spin sink. Neither of these presump-
tions are valid in our case, Co,sFess is a ferromagnetic metal (FM) and spin memory loss
may substantially contribute to asp [81,82]. For a FM the coherence peak is expected to be
diminished due to the suppression of superconductivity at its interface when charge carri-
ers from the superconducting layer are able to enter the adjacent FM [28,93,94]. Our results
indicate, that NbN is resilient enough to maintain fractional superconductivity even at the
interface and thus exhibits a minor coherence peak. To test this conjecture, we fabricated
a similar sample using the superconductor Nb, exhibiting much lower critical magnetic
fields than NbN, and recorded the magnetization dynamics parameters as function of tem-
perature. The results for a and 19 Hinp, for this thin film are illustrated in Fig. 5.5.
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Figure 5.5: Gilbert damping « (a) and inhomogeneous broadening jio Hj,1, (b) as a function of re-
duced temperature for a Nb (40 nm)/Co,sFezs (2.6 nm)/Ta (2 nm) sample. Instead
of exhibiting a coherence peak slightly below T, the Gilbert damping « abruptly re-
duces to a lower value and steadily decreases for lower temperatures. This indicates
the blocking of spin pumping into the Nb-layer, as superconducting BVQP are sup-
pressed at the interface by the proximity of CoysFezs. The further decrease in o for
lower T' is due to the freezing out of the remaining quasiparticles. Conversely, the
inhomogeneous linewidth poHin, discontinuously increases at Tc and converges to-
wards a value that is slightly larger than in the normalconducting range.

As expected, the behaviour of the damping a with temperature in Fig. 5.5(a) is quite
different than that of the previous NbN samples, displaying no coherence peak but in-
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stead an immediate reduction in o once the Nb-layer transitions into its superconducting
state. We attribute this result to the suppression of spin pumping at the Nb/Co,sFe;s-
interface, due to the absence of BVQP to carry angular momentum under the presumption
that the superconducting phase is greatly depleted in the vicinity of the Co,sFe;s-layer and
only gradually recovers within the lengthscale {(7"). Following this chain of reasoning,
the observed further decrease in « is due to the freezing out of the remaining BVQP with
temperature. These results are in line with those in [89] for Nb, however the observed
change in j1o Hinn at Tc weakens this comparison, as Bell et al. merely observed a decrease
in total FMR linewidth AH at a fixed microwave frequency f =9.5 GHz. These results
for the Nb/Co,sFe;5 samples support our theory that the detected superconducting coher-
ence peak is much smaller than theoretic predictions due to the interfacial reduction of
the SC phase. Nonetheless, it can be detected because of the resilient nature of NbN en-
abling it to manifest a substantial amount of BVQP for angular momentum transport at
the interface. Hence, no such coherence peak is observed in samples containing the less
resilient Nb instead. Taking into account additional measurements conducted during this
thesis [ Appendix B.2], we find a superconducting coherence peak of varying magnitude
and temperature width in almost all NbN/Co,sFess-samples. This strengthens the case,
that its origin lies in the manifestation of BVQP to carry angular momentum and not in
noise-related measurement fluctuations around 7¢. Thus, our measurements provide first
time evidence that the manifestation of a superconducting coherence peak is not limited to
FMI/SC-heterostructures, but can also be detected in low-damping FM in direct contact to
resilient SC’s.
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6 Manifestations of superconductivity in VN A-based BBFMR

In the previous section, we illustrated how the magnetization dynamics parameters of a
thin film of the ferromagnet Co,sFe;5 change with temperature when brought into con-
tact with a superconductor. In particular, we were able to detect a peak-like structure in
its damping parameter o, which indicates enhanced spin transport properties below T¢.
However, these are not the only measurement parameters exhibiting changes when the
sample becomes superconducting. In addition, both the perfect conductance and expulsion
of magnetic fields in the superconductor significantly affect key measurement quantities
in VNA-based BBFMR. This chapter is dedicated to illustrate and explain these changes.
The perfect conductance effect alters the sample’s surface impedance Z.g and thereby the
magnitude of the complex transmission parameter |S2;|. We illustrate these changes and
utilize an existing formula for |S2;(Zeg)| derived by Schmidt et al. [95] together with an
expression of Z.g for superconductors to fit the recorded behaviour of | S| as a function of
sample temperature. By using this approach we obtain estimates for both 7z and the Lon-
don penetration depth A1, of the superconducting layer. We compare the latter to literature
values and discuss the feasibility of our method. Thereafter we show how the expulsion of
the oscillatory magnetic driving field h,¢ in the superconducting layer can either enhance
or reduce the inductive coupling strength L, between sample and CPW and consequently
the FMR amplitude. For the former case the ferromagnet is sandwiched between SC and
CPW, effectively being driven from both sides, while in the latter case the superconductor
is grown on top of the FM layer and attenuates h,s and thereby diminishes L. To this end,
we used NigyFeyo[Permalloy, Py] as our FM, because the magnetization dynamics parame-
ters of Co,sFe;5 change dramatically, when altering the growth conditions. Permalloy has
a higher a making the detection of changes in spin pumping more challenging, but is more
resilient and thus does not exhibit changes upon for example inverting the sample’s stack
sequence. Finally, we discuss how these parameters vary depending on the used supercon-
ducting material and show our experimental results for different superconductors.

6.1 Effect of superconducting layers on the complex transmission parameter
|S21]

In our experiments, a very simple way to determine the transition temperature for our
samples placed in the CHAOS cryostat is to measure the magnitude of the complex trans-
mission parameter |Sy;| on the VNA while cooling it down slowly. Once the sample tem-
perature drops below T, a dramatic increase in |Sy;| occurs rising further for lower tem-
peratures until it approximately takes the form of an unloaded CPW for these cryogenic
temperatures as illustrated in Fig. 6.1(a).
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Figure 6.1: (a): Magnitude of the complex transmission parameter |Ss1| as function of frequency
f for a sample with the stack sequence Pt (5 nm)/NbN (16 nm)/Py (6 nm)/Ta (2 nm)
recorded both slightly above and far below the superconducting transition tempera-
ture T¢. A drastic improvement in transmission below T¢ becomes apparent, with
|S21| taking roughly the form of an unloaded CPW. In (b) the recorded change in |Sa1 |
at a fixed microwave frequency f =30 GHz is shown as a function of normalized tem-
perature, steeply increasing once the NbN-layer becomes superconducting. It is fitted
using Eq. (6.4) to extract the London penetration depth Ar, =(1.12 & 0.06) pm.

To unambiguously attribute this phenomenon to the sample’s superconducting transi-
tion, we recorded |S21| at a fixed frequency of 30 GHz as a function of sample temperature.
The results are shown in Fig. 6.1(b). As the observed changes in |Sy;| manifest abruptly
and no further alterations occur for T>7¢, it is reasonable to presume that the changes in
|S21| are indeed caused by the onset of superconductivity. For a quantitative description
of the observed behaviour we used the results of Schmidt et al. in [95]. They derived an
expression for |Ss1| normalized by the transmission parameter of an unloaded CPW |[SY, |.

Zest|l
X exp <_h/02Z0ff’) . (6.1)

Here [ represents the sample’s length on the CPW, Z.g and Z, stand for the thin film sur-

S21
SHh

face impedance and unloaded CPW-impedance, respectively. Additionally vy = w/v,, is
the complex propagation factor and vy, is the phase velocity of microwaves in the CPW.
From Eq. (6.1) it becomes clear why for T<T(, |S21| looks like that of an unloaded CPW
as the magnitude of Z.g is very small in the superconducting phase. For its quantitative
description in our SC/FM-heterostructures we use the following expression [55]:

1 n .
Zegt(w) = 5#(2)002)\2300% — 1 oW Aeff (6.2)

In this case, 0y is the normal conductance of the superconducting layer, n,, /n is the fraction
of the normalconducting phase below T and A.g is the thin film London penetration depth
defined in Eq. (3.9). We simplify Eq. (6.2) by only considering its imaginary part, usually
being the dominant contribution for temperatures not too close to the transition tempera-
ture. The T-dependence of |S21| is then just governed by that of the London penetration
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depth Ar,, most commonly described by the Casimir-Gorter-model [96]:

AL(0)

V1= (T/Te)*

By inserting Eq. (6.2) into (6.1) and taking its temperature dependence into account, we

AL(T) = (6.3)

obtain the final result

_ |oNC ~ ollpowAi (0)
|S21| = |So1 | + |AS21| exp < 2 Zodsc(1 — (T/To)h) (6.4)

for our fitting function with |S)C| representing the complex transmission magnitude in the
normalconducting range and |ASs; | being its change below T¢. The resulting fit curve is
shown in Fig. 6.1(b). When applying the values dsc¢ = 16 nm, | = 6 mm, v, = 1.8 - 108 m/s
[used by Schmidt et. al. in Ref. [95]] and Z; =50 (), the extracted London penetration depth
is A\, =(1.1240.06) pm, which is considerably larger than literature values for NbN, ranging
from 200 nm to 400 nm [42,43]. However, just like for the coherence peak in section 5, a
correction factor according to [55,92] must be applied of the form

0 1/2
AL(0) = AT°(0) (1 + Sl(o)> : . (6.5)
Using I =3.96 A [90] and Af°(0) = 300 nm, we obtain Ar,(0) ~ 1 um, which agrees well with
our experimental results. It should be noted that an unusually large A1, has been observed
for SC/FM-bilayers in Ref. [97], where it was attributed to the depletion of the supercon-
ducting fluid density ng at the FM interface. However, in our samples the large A\;, may as
well be explained by finite size effects and a reduction in the superconducting coherence
length &, due to changes in the normalconducting mean free path of the superconducting
layer as established in chapter 5.

6.2 Effect of superconductivity on the inductive coupling strength L,

Another key property which indicates the transition into superconductivity is the ampli-
tude of the FMR signal, which is a direct measure of the inductive coupling strength be-
tween sample and CPW, being either enhanced or attenuated below T depending on the
stack sequence. If the superconductor is located below the ferromagnetic NigyFe,,, we see
a stronger FMR signal and conversely if it is ‘sandwiched” between FM and CPW, it di-
minishes the detected change in transmission AS>;. Exemplary BBFMR-measurement re-
sults as a function of temperature for two NbN/NigyFe,-heterostructures with opposite
stack sequence, are illustrated in Fig. 6.2. For the sample with NigyFe;, being placed in be-
tween the NbN layer and the CPW we indeed observe a drastic increase in the FMR signal
strength below T [see Fig. 6.2 (a)]. In contrast, if the NbN is in between the NigjFe,, layer
and CPW we find as predicted a reduction in the FMR signal strength in the superconduct-
ing state [see Fig. 6.2 (b)].
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Figure 6.2: Magnitude of the change in [S2;| in the vicinity of the ferromagnetic resonance
recorded at a frequency of 10 GHz and plotted as a function of both reduced tem-
perature and external field for two samples with opposite stack sequences [(a): Pt (5
nm)/NDbN (16 nm)/NigyFe,, (6 nm)/Ta (2 nm), (b): NbN (5 nm)/NigyFe,, (6 nm)/NbN
(16 nm) /Pt (5 nm)]. In (a), an immediate enhancement in FMR amplitude manifests
below T increasing further for lower temperatures to approximately 7 times the mag-
nitude of the normal range. For the inverted sample (b) the opposite effect occurs
with the signal strength decreasing to about 0.4 times its value above T¢. This indi-
cates that this phenomenon is caused by superconducting screening currents, which
either enhance or attenuate the CPW driving field h,+ depending on the sample’s stack
sequence.

These findings can be well explained by superconducting image charge currents re-
pelling the field of the CPW h,¢. Hence we are dealing with a system, where the ferro-
magnetic layer is exposed to driving fields from both the CC of a CPW at distance ds, hgpw,
and superconducting image currents flowing directly at its interface h>. Depending on the
sample’s stack sequence, these two components either add for Substrate/SC/FM-samples,
where the ferromagnet is driven from both sides, or oppose each other for substrate/FM /SC-
structures, where the superconducting image currents effectively shield the FM from hrCfPW.
Both cases are schematically illustrated in Fig. 6.3(b).
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sgn=+1 T>T, sgn=-1

Figure 6.3: Illustration of the driving field components h' affecting the ferromagnetic sample for
sgn = *1 above (a) and below (b) the superconducting transition temperature 7¢. For
T > T¢, the FM-layer is asymmetrically driven from its top side by the driving field of
the CPW h“FW_ This results in an equal precession magnitude for the macrospin mag-
netization m independent of the stack sequence. In the case T < T, superconducting
image currents create an additional driving field contribution h5¢, which depending
on the stack sequence either enhances or depletes the total driving field h' and corre-
spondingly the precession amplitude of m for sgn = +1 or sgn = —1 respectively.

In order to quantify the resulting change in inductive coupling strength Ly we follow the
approach by Rosa in [98] and model the superconductor and center conductor of the CPW
as two current-carrying sheets of width wc., length [ and separation é;, which provides a

Lip = 09 [m <2—l - 1)] , (6.6)

mutual inductance L1 of

47 R

where R is given by

5s \2
R = w2, + 62 (L) (MCC) exp [ s arctan ( s > — §] . (6.7)
\/ wgc + 652 Wee Wee 2
Below T¢, the superconducting NbN is in the Meifiner-phase under the assumption A,y <
Hcy and responds to the oscillatory driving field h,¢ by generating image currents Isc to
prevent the magnetic field from entering. By treating the superconducting NbN-layer as a
perfectly conducting sheet of width w.. and length /, its geometric self-inductance Ly, can
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44 6 Manifestations of superconductivity in VNA-based BBFMR

be calculated as [98]:

20 1
Lgeo = gzz [m (wm + 2)] (6.8)

The total inductance of the superconducting layer Lgc comprises both the geometric self-
inductance L, and the kinetic inductance Ly,

Lsc = Lgeo + Lyin. (69)

For superconductors, the kinetic energy of charge carriers is non-negligible due to their
long mean free paths. In a charge current, it is equivalent to the energy invested in creating
the corresponding magnetic field, which can be related to the kinetic inductance Ly, of a
conductor. Regarding superconducting thin film strips of length /, width w.. and thickness
d, the latter takes the form [99,100]
poAL(T)? -1
Lyin(T) = ————, 6.10
kin(T) wod (6.10)
in the case d<\j, which is valid in our samples. Following the single lumped-element-
inductor approach in [29] to describe the sample-CPW-system, we can relate Isc to known
quantities with

(6.11)

By using the quantified superconducting image currents in Eq. (6.11), we can derive a new
expression for the net total driving field A, at the position of the FM layer

SC 77(27 wcc)

hyg = hffpw +hy = (I +sgn-Isc)

2Wee
20 |1 277 6.12
n(z7 wCC)I ln (wCC + §) + wccb ( )
= —~—2—"— |1+sgn- 5 ,
2 n (2 - 1)

where sgn = £1 denotes the stack sequence [sgn = +1 for Substrate/SC/FM and sgn = —1
for Substrate/FM/SC]. Both contributions to h,¢ are plotted in Fig. 6.4(a) as function of ds
for \;, =1 pm to match the results of section 6.1.
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Figure 6.4: (a): Decay of the driving field components felt by the ferromagnet as a function of
spacing between sample and CPW 6. hGPW represents the contribution generated by
the CC of the CPW, while the field generated by image currents in the SC in direct
contact to the ferromagnetic layer is represented by h5C. (b): Decay of the driving
field component generated by the SC hSC as function of & using varying Ar. For
lower Ap, its contribution is reduced. In the absence of kinetic inductance [A;, =0 pm]
the magnitude of A5 is equal to that of the CC.

If we instead insert lower values for A;, which are more in line with the literature re-
sults, the magnitude of A5" decays with decreasing A, and converges towards hGEW for

Lyin, =0H as illustrated in Fig. 6.4(b). The net driving field h,s scales quadratically with the
inductive coupling strength L in Eq. (4.5) so we can determine the alteration of the FMR

amplitude caused by superconducting image currents with

(6.13)

2
L _ (1Y 4
Lo '

= CPW
hrf

Since we are able to extract d; experimentally by applying the data processing of Berger
et al. [29], outlined in depth in chapter 7, we can obtain a quantitative estimate of Ar, by
adjusting its value so that the theoretical enhancement/attenuation factors for the distance
6P match our experimental findings. The resulting theoretical L5"/Lg for sgn = +1 (a)
and sgn = —1 (b) are shown in Fig. 6.5 as function of s for varying values of \;,. We marked
the experimentally determined sample spacing ds™" =[20-30] pm and scaling factor ranges
for L5/ Lo [extracted from Fig. 7.5(a) and (b)] as grey rectangles.
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Figure 6.5: Theoretically expected enhancement (a)/ attenuation (b) of the FMR-amplitude as a
function of J; for varying A;,. From the data analysis procedure in [29], we extract
0P =[20-30] pm and observe an experimental increase in amplitude of 5.5-7.5 for
sgn = +1 and an attenuation of 0.3-0.5 for sgn = —1. These ranges are marked as grey
boxes.

Notably the absence of Ly, leads to the overall increase of 4 times in signal amplitude
for sgn = +1 essentially describing a cavity resonator, where the sample is symmetrically
driven from both sides. Intuitively in this case sgn = —1 means perfect screening of any
driving field. For a value of A\;, = 550 nm, the curve of L(S)C /Ly intersects the experimen-
tal results in both (a) and (b) simultaneously. Conversely when using the result from the
previous section for A\;,> 1 pm, we receive too large magnification for sgn = +1 and even
enhancement for sgn = —1. The most likely explanation for this discrepancy is the fact that
perfect screening of external magnetic fields in our superconducting thin films is likely not
valid with a fraction of h{"'WV transmitting the SC in reality. Hence our quantitative model
overstates the effect of superconductivity in our samples.

6.3 Results for FM/SC-bilayers using different superconductors

In the previous sections we found, that both the complex transmission factor |S2;| as func-
tion of temperature and the change in inductive coupling strength between sample and
CPW L5C/ L below T can be modelled by analytic expressions that both depend strongly
on the London penetration depth Ar,. Hence when using a different superconducting ma-
terial these parameters are expected to exhibit dramatic changes, which would lend cre-
dence to our theoretical calculations. To this end, we grew samples with comparable stack
sequence and changed the material of the superconducting layer, thereby altering the Lon-
don penetration depth \;,. We investigated the enhancement factor L3¢/ Lg for sgn = +1
of three substrates with Pt (5 nm)/X/NigyFey; (6 nm)/Ta (2 nm), where X represents Nb
(40 nm), Nb,(TizoN (16 nm) and NbN (16 nm) respectively. Here, we had to grow a sub-
stantially thicker film of Nb to obtain an experimentally accessible 7. Additionally, we
recorded their complex transmission factors |S2;| as a function of temperature at 30 GHz
[Fig. 6.6] and fitted them according to Eq. (4.2) to extract A;,. The results are listed in the
table of Fig. 6.6.
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Figure 6.6: Left: Recorded behaviour of |Ss1]| as a function of temperature at the fixed frequency
f =30 GHz together with a fitted theory curve according to Eq. (6.4) to extract the Lon-
don penetration depth Ar, for samples comprising Pt (5 nm)/X/NigyFepy (6 nm)/Ta (2
nm), where X represents Nb (40 nm), NbTizoN (16 nm) and NbN (16 nm) respec-
tively. Right: Table listing the extracted values of A, as well as the enhancement factor
L§€ /Ly for the used superconducting materials. The raw data from which the latter
was extracted is given in B.3.

From the results in Fig. 6.6 it becomes clear, that the behaviour of |S2;(T")| indeed varies
with the used superconducting material apparent in the sharpness of its transition in the
vicinity of T¢. As expected the London penetration depth A, is the largest for NbN and
the lowest for Nb and is also larger than literature values by a factor of 4 for all the inves-
tigated materials [55]. This is again attributed to the growth of relatively "dirty” SC with
low mean free path [ or the depletion of the superconducting fluid density at the SC/FM
interface. Overall both the fit quality and the observed changes in the behaviour of | Sy (T')]
with the used SC material indicate that our approach, while being overly simplified, indeed
provides a measure of \r,. For the enhancement factor, we found that L3¢ /Ly is roughly
constant for the used superconducting materials being only slightly larger for NbN than in
the other samples. However, in the case of the thicker sample comprising Nb, it is unrea-
sonable to compare this quantity with the other superconductors as it may contain larger
image currents and consequently screen a bigger fraction of the external driving field. The
enhancement factor for Nb,TizoN can be explained reasonably well assuming a London
penetration depth A;, = 300 nm being roughly half the value used for NbN which agrees
well with literature values [101].

Lastly, we discuss the expected temperature dependence of our model, which is rather
complicated as the two contributions to Lgc scale opposite with temperature as Le, de-
creases with the superconducting image currents and Ly, increases proportional to )\i(T ).
Yet the observed effects as function of temperature in Fig. 6.2 decrease monotonously with
rising 7', following the expected behaviour of L, in the absence of Ly,. Here, it must
be noted that the validity of our local-response model, where the superconducting current
distribution mirrors that of the CC, is limited, however the development of a more sophis-
ticated approach taking into account the magnitude of electromagnetic waves propagating
from the CC and spreading throughout the superconducting layer goes beyond the scope
of this thesis. Therefore, we can only hand-wavingly argue, that the image currents tra-
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48 6 Manifestations of superconductivity in VNA-based BBFMR

verse a rectangular path with a width that might be substantially larger than that of the
CC effectively reducing the impact of Lyi,. This train of thought is an alternate explana-
tion for the discrepancy between our theoretically predicted and experimentally measured
enhancement factor. Furthermore a 7-fold increase in FMR-amplitude has already been ob-
served in samples containing thick Au backing layers instead of superconductors and thus
in the absence of a sizeable Ly, [95]. These experimental results seem to indicate that our
theoretical model may not suffice to describe the observed effect. There are several argu-
ments to explain an enhancement of more than 4 in BBFMR-experiments. For one thing in
thin films, it is feasible to assume that a fraction of the external oscillatory driving field h,¢
transmits the sample without being absorbed by the FM. This fraction is likely to change
in the presence of a superconducting layer below its transition temperature. Alternatively,
we note that the CPW detects only the upper half of the flux ®4,, generated by the precess-
ing macrospin M of the FM layer in the normal state. This fraction is enhanced below T,
where the underlying superconductor expels the lower half of ®4y,, from its interior via im-
age currents and thereby essentially enhances the flux felt by the CPW. Consequently in the
superconducting state the FM is not only driven with twice the driving field h,¢, enhancing
the signal amplitude by a factor of 4, but the CPW also detects twice the net flux generated
by the dynamically precessing M. This would give rise to an overall signal-enhancement
factor of 8. We assume that in reality all these effects play a role and would need to be taken
into account for a realistic model of the physics in this system.
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7 Inductive detection of Spin-Orbit Torques in SC/FM heterostruc-
tures

The development of novel spintronics devices for memory or logical applications requires
the fast switching of the magnetization M in ferromagnetic layers via means of parame-
ters that are easily controllable and applicable in nanoscale environments. For this purpose
spin-orbit torques [SOT] are of vast interest as they allow the control of M with electrical
currents or fields [72] as first demonstrated by Miron et al., who used in-plane currents
through a NM with large spin-orbit interaction to switch the perpendicular magnetization
of a FM [102].

The physical origin of these torques is the coupling of the electron’s orbital angular mo-
mentum with its spin, which can be used in manifold ways to affect the ferromagnetic
magnetization. A prominent example is the conversion of charge currents through a heavy
metal with large SOI into a perpendicular spin current via means of spin-dependent scat-
tering mechanisms [103] and directing it into an adjacent FM, where it can exert a torque
on M. This effect is called the spin Hall effect [SHE] [104, 105].

We phenomenologically distinguish between two types of SOT depending on their orienta-
tion with respect to M: The damping- and field-like SOT. As the name suggests, damping-
like torques have the same symmetry as the damping-contribution of the LLG equation
and point towards the equilibrium position of the magnetization. The previously explained
SHE is one example [106]. Conversely, the symmetry of field-like torques is that of an ex-
ternal magnetic field applied perpendicular to both M and the damping-like torques. As
an example we name the Rashba-Edelstein effect, where a current flowing at a NM/FM-
interface exerts a field-like torque via Rashba-spin-orbit interaction [107,108].

For now we have only been talking about effects, where charge currents in NM/FM-thin
films create SOT and thereby affect the magnetization. However, we know from Onsager
reciprocity [109] that the reversed process, where a dynamically precessing ferromagnet
induces a charge current flow, is also possible. The most common example for Onsager
reciprocity in this system is the relation between Faraday’s and Ampere’s law. Here, a
precessing magnetization in the FM layer induces a charge current in the NM due to Fara-
day’s law. On the other hand, a charge current flowing in the normal metal according to
Ampere’s law creates an Oersted field, which acts on the magnetization in the ferromag-
net [72]. The method to detect SOT outlined in this chapter relies on this reciprocity and
probes the inverse spin orbit torques [iSOT], in contrast to other methods probing the direct
SOT like e.g. employed by Miron et al. [102].

We start our analysis of the spin-orbit torques in SC/FM-heterostructures with the goal to
detect and quantify the spin current j; injected from our FM via spin pumping into the Pt
layer by investigating the iSHE in these samples and comparing it for samples with and
without spin sink layer. To this end, our first task was to reduce the layer thickness of
NbN dsc as much as possible while maintaining a reasonable 7¢ to increase the magnitude
of j, entering the Platinum. We hence reduced dsc from 20 nm to 16 nm in our experi-
ments. Additionally we aimed to invert the sample’s stack sequence from Substrate/N-
M/FM [sgn = +1] to Substrate/FM/NM [sgn = —1] as the anticipated sign change in
the parameters related to SOT would allow us to unambiguously attribute them to the
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50 7 Spin-Orbit Torques in SC/FM heterostructures

corresponding field- and damping-like iSOT effects. As explained in Chapter 6, we used
NiggFe,q as our FM instead of Co,sFeys for its resilient growth properties. Within the course
of this chapter we will illustrate and compare the results of BBFMR in magnetization dy-
namics parameters and iSOT analysis for 4 FM/SC-samples varying both sgn = +1 and
with or without a Pt spin sink. Their stack sequences are shown in Tab. 7.1, where the used
framing color also represents the color of their data points in the following plots of this

chapter.

‘ ‘ no Pt spin sink ‘ Pt spin sink ‘

TaOx (2) NiFe (6)

sgn = +1 NiFe (6)
NbN (16)

AlOx (2)

NbN (16) NbN (16)

sgn = —1 NiFe (6) NiFe (6)

NbN (5) NbN (5)

Table 7.1: List of samples, whose BBEMR results are on display in this chapter. We varied both
the stack sequence sgn = =+1 and the application of a Pt (5 nm) spin sink layer to
investigate their respective changes in the parameters related to iSOT. The used colour
of the sample framing denote that used for the experimental results of this chapter and
the number in brackets denotes the thickness of the respective layer in nm.

We begin the discussion of our experimental results by illustrating the magnetization
dynamics parameters of these samples and compare them to that obtained for Co,sFe;s5
from chapter 5. As a follow up, we turn our attention to the iSOT in these samples.
We use the amplitude A and phase ¢ from the fits of our BBEMR raw data to determine
the normalized inductance L and show how to extract the so-called iSOT conductivities
(0797 — oF) and 0507 from its slope in the real and imaginary part. In similar fashion to
the results of chapter 5, we verify that these parameters exhibit only minor changes when
cooling the samples down to cryogenic temperatures slightly above T and thereby ver-
ify that this method of quantifying SOT is also valid for low temperatures. We then show
results for L below T¢ and discuss how the method of [29] has to be adapted for SC/FM-
heterostructures. Thereafter, we plot the inductive coupling strength L as well as the iSOT

conductivities (afSOT — af ) and adSOT as function of the reduced temperature and discuss

the dramatic changes manifesting in the superconducting range. For the former o5°7,
we are able to relate our observations to the so-called quasiparticle mediated inverse spin
Hall effect [QMiSHE] [30], while changes in the latter have to our knowledge not been re-
ported yet. However, we presume its origin is a Rashba-like confinement of electrons at the
SC/EM-interface by the BCS-gap parameter A. To conclude our experimental results, we

show the iSOT data obtained in symmetric SC/FM/SC-sandwiches and in oop-geometry.
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7.1 Magnetization dynamics parameters of the samples below T¢ 51

7.1 Magnetization dynamics parameters of NbN/Nig Fey,-bilayers below T¢

We begin by illustrating the magnetization dynamics parameters of the NbN /NigyFe, sam-
ples at cryogenic temperatures in the vicinity of T¢ in Fig. 7.1. Their temperature depen-
dence upon cooling from RT to low temperatures is shown in the Appendix B.4. In partic-
ular the temperature dependence of a will provide us with insight on what to expect for
the damping-like iSOT 05°7 in the superconducting state.
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Figure 7.1: Temperature dependence of magnetization dynamics parameters for the samples
from Tab. 7.1 measured in the CHAOS cryostat in the range from above T¢ to 2 K.
Both The g-factor (a) and the effective magnetization (b) remain constant throughout
all samples. (c) and (d) illustrate the changes of the Gilbert damping o and inhomoge-
neous broadening (1o Hinn respectively for the samples with sgn = +1. The apparent
decrease in « indicates a suppression of spin pumping into the superconductor. In
panels (e) and (f) the Gilbert damping « and inhomogeneous broadening 1o Hinn for
the samples with sgn = —1 are shown, respectively. Here an increase in o becomes
apparent at temperatures below T¢.

In agreement with the results for NbN/Co,sFeys heterostructures both g-factor [Fig. 7.1(a)]
and effective magnetization o Mg [Fig. 7.1(b)] remain roughly constant within the exam-
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ined range of temperatures for all samples. For more clarity, we plotted o and inhomo-
geneous broadening 1o Hin, separately for the samples with stack sequence sgn = +1 and
sgn = —1. Regarding the former in Fig. 7.1(c) & (d), we observe a continuous decrease in
damping a decaying more gradually than for the Nb/Co,sFes-film in Fig. 5.5 and remain-
ing constant for even lower temperatures. Notably, their damping differs above T, due to
spin pumping into Pt, and takes approximately the same value for 7" < T¢. This strongly
indicates that in these samples spin pumping in the superconducting state is also mediated
by BVQP and hence it freezes out for lower temperatures. However, we do not detect a
coherence peak in neither sample. We attribute this to the larger FMR resonance width AH
in Permalloy, where subtle changes of agp are overshadowed by other contributions to c.
Again, we observe a change in poHin, below T, the origin of this observation is not clear.
Surprisingly, in samples with the inverted stack sequence sgn = —1 in Fig. 7.1(e) & (f),
a coherence peak manifests itself again, which is especially pronounced in the green data
points of the NbN/NigyFe,o-bilayer devoid of Pt. For this finding we must make several

remarks:

¢ The growth of NbN on Permalloy led to detrimental superconducting properties in
the inverted samples with a reduced transition of 6-8 K instead of from 9-11 K and
thereby likely entailed a SC/FM-interface that is less transparent to the injection of
spin currents. Hence, we observe a lower total Gilbert damping « in these samples.
According to Gubin et al. [58], a reduced mean free path [ is a possible explanations
for the observed reduction in T¢ with respect to the samples with sgn = +1. As
established in chapter 5, this reduces the superconducting coherence length ¢, and
thereby the normalized theoretical parameters Asq and mean free path l;y, which in
turn determine the magnitude of the coherence peak. Their drastic reduction in the
inverted samples might give rise to a visible peak.

* We note that a perfect inversion of the stack sequence for the sgn = +1 samples is not
possible as Permalloy couldn’t be grown on a Ta seedlayer while still maintaining
comparable magnetization dynamics parameters. Therefore, we chose to provide for
it the same growth conditions as in the normal case and grew a thin NbN seedlayer,
that is not becoming superconducting on itself.

* Lastly, we must note that the signal strength reduction to 0.4 times its magnitude in
the normal state in the inverted samples affects the fitting quality for worse signal to
noise ratios and leads to falsified results. An indicator of this is that 11 Hin, (7) mirrors
the behaviour of o(7") in contrast to the results in chapter 5, where we detected peak-
like structures in samples with enhanced FMR-amplitudes.

While we can not entirely rule out that the results in (e) are indeed generated by the
manifestation of BVQP, we deem the problematic fitting process with low signal to noise
ratio the more likely origin of this result.

52



7.2 Results for Spin-Orbit Torques in SC/FM-heterostructures 53

7.2  Spin-Orbit Torques in NbN/NigFe,,-heterostructures
7.2.1 Results in the normalconducting range

For the inductive method to analyse iSOT we start by plugging the background-corrected
change in the complex transmission parameter AS>; as defined in Eq. (4.2) into Eq. (4.9)
and obtain

So1 — 531 — Ae'® [ny(wa HO) + Xzz(w7 HO)]
S9 Co+ C1Hy fo M

ASy = . (7.1)
This result is inserted into Eq. (4.5), which relates ASy; to the inductive coupling strength
L between sample and CPW under the usual assumption wLg < Zj to obtain

= 1 Aeiq} ZO
L= — 7.2
poMs Co + C1Ho 7 f 72

where we introduced the normalized inductance L = L/[xyy(w, Ho) + Xz (w, Ho)].
The results of this data processing are shown in Fig. 7.2(a) and (b) displaying L in real and
imaginary part respectively, for all the samples enlisted in Tab. 7.1 at room temperature.

Im(L) (fH)

NbN/Py  P/NbN/Py
Py/NbN  Py/NbN/Pt

0 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 0O 5 10 15 20 25 30 35

f (GHz) f (GHz)

Figure 7.2: Real (a) and imaginary part (b) of the normalized inductance L at room temperature
for all the investigated samples. The y-axis intercept of Re(L) in (a), denoting the
inductive coupling strength Lg is almost the same in all samples, but the absence
of a sign change of the slopes in (a) upon stack sequence inversion indicate varying
Faraday and Rashba-Edelstein contributions (¢7°T — o). This shows, that inversion
of the stack sequence leads to different interfacial properties at the SC/FM-interface.
The samples containing a Pt spin sink exhibit a large iSHE as apparent from the slopes

of Im(L) in (b).

The real parts of the normalized inductive coupling strength Re(L) in Fig. 7.2(a) have
a similar y-axis intercept for all of the samples and decay linearly with frequency. For its
imaginary part Im(L) in Fig. 7.2(b), the samples display different behaviours. The one
with sgn = +1 containing Pt exhibits a large positive slope, while its inverted counterpart
displays a slight negative slope. The samples without platinum spin sink both show small
positive slopes. All converge towards the origin for zero frequency, which is expected as in

the DC limit [ f =0 Hz], the inductance must be strictly real.
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The behaviour of L in real and imaginary part can be linearly described with

Re(L) = Lo + Re(L;) - f (7.3)
Im(L) = Tm(L;) - f. (7.4)

We distinguish between the frequency-independent normalized inductive coupling strength
offset Lo between ferromagnetic layer and CC as defined in Eq. (4.5) and the complex slope
L;. This term stems from currents flowing in the normal metal that are induced by the os-
cillating part of the magnetization 0m/0t and are hence linear in frequency. With the help
of L; we can extract the spin orbit torque conductivity o5°T, which is a complex quantity
that comprises both field- and damping like spin-orbit torques. In analogy to Ohm’s law
j = oE, it relates 9m/0t to the charge current in the normal metal [29]

SOT _ ;80T | j(o$0T _ 5F) (7.5)

g O¢ ).

Here 'f” and 'd” denote the field- and damping-like spin orbit torques respectively. The
SOT _ of )
while the latter JSOT quantifies the inverse spin Hall effect. In our samples O'SOT is pri-

former corresponds to both Faraday 'F” and inverse Rashba-Edelstein effect (o}

marily created by the conversion of spin currents originating from the spin pumping into
heavy metals like e.g. Pt with large SOI.
The inductive coupling strength L; between NM and CPW is related to o5°T as follows:

Lj =i - sgn - Lyan(ds, wCC)ZFUMaSOT, (7.6)
where 7)(Js, we.) accounts for the finite spacing as defined in Eq. (4.6) and L2 is the mutual
inductance between sample and CPW. We note that the polarity of L; depends on the stack
sequence. The FM layers in our samples are commonly sandwiched between various ma-
terials and we hence observe contributions to 0°°T from both sides. As we will see, in most
samples this is not a problem, as in the presence of heavy metals the impact of one side will
be dominant, however in their absence deviations in the behaviour of 05°T from typical
expectations can occur. We select the same sign convention for sgn as used in chapter 6.
By again modelling the sample-CPW system as two identical current-carrying sheets with
finite spacing ds, we can apply Eq. (6.6) for their mutual inductance Li2. By applying this

data procedure, we are hence able to extract the spin orbit torque conductivities (o7°T —oT')
and 05T out of our BBFMR raw data from the obtained frequency-dependence of L. In

Fig. 7.3 we plot these quantities as function of temperature in the range above T¢.
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Figure 7.3: Extracted field- (a) and damping-like (b) iSOT conductances (07°T — of) and 05T
plotted as a function of 7" in the normal state for a broad range of temperatures span-
ning from RT to slightly above T¢. Both iSOT parameters remain roughly constant
for all samples except for the Pt/NbN/NigyFeyo-trilayer with sgn = +1 including a Pt
seedlayer. Here we observe a decrease in 05°T and a sign change in (67°" — of') with
rising temperature. We attribute the former to enhanced spin pumping properties and
the latter to stronger Faraday currents in Pt for low temperatures.

From these results, it becomes apparent that the iSOT in our samples remain roughly
constant with temperature save for the black data points of the Pt/NbN/Py-trilayer, which
exhibit a sign change in (67°T — of) and a substantial decrease in the magnitude of o5°7T.
Starting our discussion with the field-like SOT in Fig. 7.3(a), we note that the samples with
matching sgn also display similar (67T — of) at room temperature. We attribute their
growing divergence with reducing 7" to a stronger contribution of Faraday currents in the
Pt layer for its enhanced conductivity. Upon comparing samples with opposite sgn, we
note that they possess a similar magnitude, but opposite signs. A possible explanation for
this is a Rashba-like confinement of electrons at the bottom NbN /NigyFe,-interface in all
samples. Following this train of thought, the opposite sign is just an artefact of our data
procedure and the upper FM/SC-interface in our inverted samples is indeed of low trans-
parency and hence not contributing to (67°T — of). This argument supports the results of
section 7.1, where we attributed their lower a to reduced spin pumping. For the damping-
like 0597 in Fig. 7.3(b), the observations are more straightforward. It is generated by the
conversion of spin pumping into charge currents via the iSHE in heavy metals like Pt or Ta.
Consequently, we observe a substantial 05°T in the black data points of the Pt/NbN/Py-
trilayer with a Pt seed- and Ta cappinglayer. The contributions of these two materials add
due to their opposite sgn and spin Hall angle sign. In order to single out the impact of the
Ta-layer to 0597, we turn our attention to the red data points of the sample identical ex-
cept for the Pt-seedlayer. Here, we observe a smaller positive value roughly constant with
temperature. We deduce that the resulting 7-dependence in the black data points is caused
by enhanced spin pumping into Pt at lower 7'. For the inverted samples we observe a low
UCSIOT, which indicates only minor spin pumping in these samples. The negative sign for
the green data points belonging to the inverted sample without Pt can only be explained by
spin pumping into the bottom NbN-layer under the assumption of a minor negative spin
Hall angle following the results in [31]. This backs the assumption of a transparent bottom
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NDbN /NigyFe,j-interface in the inverted samples. Notably, the growth of a Pt cap layer still
impacts 05T despite of the bad quality of the top NigyFe,,/NbN-interface. Consequently,
we detect a small but finite contribution of spin pumping into Pt in the inverted samples.

As a final remark, we note that one can use aﬁOT

in our samples to quantify the spin Hall
angle ©gy of Pt, Ta and NbN in the spirit of [81], but forego its determination here as we
are dealing with complicated multistacks, where multiple materials contribute to the total
o397 . From a qualitative viewpoint, we can explain the results well by assuming they are

governed by spin pumping into these respective layers.

7.2.2 Results in the superconducting range

For the data below T, we observe dramatic changes to L. Depending on the stack se-
quence, we either observe an enhancement or attenuation of L and hence we plot L(f)
separately for the samples with sgn = +1 (a) and sgn = —1 (b) in Fig. 7.4.
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Figure 7.4: Real and imaginary part of the normalized inductance L for our sample series with
sgn = +1 (a) and sgn = —1 (b) below the superconducting transition temperature

T =~ 0.5 - Tc. The apparent changes in inductive coupling strength L5¢ have already
been discussed in chapter 6. However, the slopes related to 05T also exhibit dramatic
alterations. In (a), the imaginary part of L does not intercept 0 at f =0 Hz, which we
attribute to Faraday currents in the superconductor.

We begin our discussion with the results in Fig. 7.4(a). Apart from the already discussed
dramatic increase in inductive coupling strength Ly due to superconducting image cur-
rents, we observe a rather noisy behaviour of L in both real and imaginary part. The oscil-
latory features are reproducible and stable with temperature, decaying only in magnitude
Ly for rising T. Superimposed on this pattern, we find a linear dependence on frequency.
Notably, the results look suspiciously similar for both samples indicating that the presence
of a Pt spin sink layer does not impact Lg. The inverted samples in Fig. 7.4(b) for sgn = —1
also roughly maintain a linear scaling with f in the superconducting state. An attenua-
tion of Ly is caused by the screening of the oscillatory driving field h,; as established in
section 6.2. Finally, we note that the results of L for the blue and green data points are very
similar regardless of the inclusion of a Pt spin sink in the inverted samples.
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In the following, we explain the modifications, that need to be made, to adapt the existing
theory of Berger et al. for the application to superconducting materials instead of normal

metals.

¢ First and foremost, we must account for the different strength of the driving field
h.t below T due to superconducting image currents. As h,¢ scales quadratically
with the magnitude of the inductive coupling strength, we normalize our results by
multiplying the square root of the experimentally determined enhancement factor
L€/ L. The resulting inductive coupling to SC via SOT Ejsc takes the form

isc L3°

. hw
j = t-sgn- Lo Ton(f;s, wcc)m o5, (7.7)

¢ According to the results of Berger et al. [29], the contribution of Faraday currents to
o597 is reciprocally proportional to the effective surface impedance Z.4, assumed
to be constant with frequency. To account for superconductors we insert the SC-

expression for Z.g from Eq. (6.2) into the formula for afF derived by Berger et al.

SF _ cHoMsdpn . eMsdpy - dsc
B hZeg(w) hw)?

(7.8)

The resulting of scales inversely with w and thus when plugging it into Eq. 7.7, its
frequency dependence cancels out. The resulting contribution of Faraday currents to

L takes the form
- . edpmdscLia [ L3C
Ly =1- . - Os, Wee ) - 7.9
F t-sgn 4A% Lo 77( w ) ( )

Thus, Faraday currents create an offset Ly in the imaginary part below Tc. We

do indeed observe a substantial y-axis intercept for the samples with sgn = +1 in
Fig.7.4(a). By plugging its magnitude into Eq. (7.9), we obtain another method to
extract the London penetration depth A;,. For the used samples it takes the values
AL = (1.9 £ 0.3) pm [black data points] and A;, = (2.8 £ 0.7) pm [red data points]
respectively. These values are a factor 2 larger than those extracted by fitting | S|
and obviously a lot higher than literature values. As a concluding remark about this
subject we mention the research of Silva et al. [97,110] who measured the resistance p
of superconducting thin films as function of frequency and observed similar effects.

We now briefly turn our attention towards the temperature dependence of the enhance-
ment/attenuation factor L3C/Lg in the superconducting range. We proposed that the
value of L§€/Ly is governed exclusively by superconducting image currents Isc follow-
ing Eq. (6.12) of the previous chapter 6. Furthermore, we discussed its relative magnitude
and were able to show that the kinetic inductance Ly;, only plays a minor role in our mea-
surements by comparing the results for various superconducting materials. Thus, in the
absence of a diverging contribution of Ly;,, we expect the enhancement/attenuation effect
of L§® /Ly to monotonically diminish with the superconducting image currents for rising 7.
To test this conjecture, we plot the measured enhancement/attenuation-factor as function
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of reduced temperature in Fig. 7.5 both for the samples with sgn = +1 (a) and sgn = —1
(b).
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Figure 7.5: Enhancement and attenuation of the normalized inductive coupling strength L5C /Ly
as function of the reduced temperature for samples with sgn = +1 (a) and sgn = —1
(b). The results are plotted together with the normalized BCS-superfluid density ng/n.

The results shown in Fig.7.5(a) and (b) are in agreement with our expectations. In

Fig. 7.5(a), we observe the continuous reduction in L5®/ Ly from roughly 7 to 1 with ris-
ing T. Likewise in the inverted samples shown in Fig.7.5(b), the attenuating effect of the
superconducting layer diminishes for elevated temperatures. Furthermore, we empirically
found that we can describe the temperature dependence for all samples with that of the
superfluid density from the ordinary BCS-theory ns, indicated as purple lines in Fig.7.5(a)
and (b). While they match the general trend of our experimental results remarkably well,
deviations are visible especially in vicinity of the transition temperature. Thus one mac
conclude that the theoretical calculations of Inoue et al. [19] from Fig. 3.5 for the spin sus-
ceptibility x in the presence of impurity spin-orbit scattering would match our results
better. However when applying this theory to our case we found that the used correc-
tion terms primarily reduce the magnitude of n4(7") and leave its temperature dependence
mostly unchanged. Consequently, we attribute this deviation at temperatures close to 7¢ to
a non negligible influence of the kinetic inductance Ly;,, which is expected to increase dra-
matically with 7. To comprehend how the superconducting image currents j,. are related
to the superfluid density n,, we use the naive expression

jsc = _Qens(T) Vs, (710)

where e is the electron charge and vy is the velocity of the superconducting phase. Since
these image currents give rise to a net driving field that quadratically scales with L¢ ac-
cording to Eq. (6.13), we would expect the enhancement/attenuation to scale quadratically
rather than linearly with ns. However we have already established in chapter 6, that this
theoretical model does not suffice to explain the physics in our samples. Hence we merely
note a surprising correspondence between the temperature dependence of L€ /Lo and ns,
the origin of which is left up to debate for future studies on this subject. Nonetheless, this
observation is a strong evidence that the superconducting image currents are responsible
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for the enhancement/attenuation effects observed in the superconducting state.

Starting our discussion of the iSOT in the superconducting range with the damping-like
torque, we plot 05°7T as function of reduced temperature for both the samples with sgn =
+1 and sgn = —1 in Fig. 7.6(a) and (b).
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Figure 7.6: Extracted damping-like iSOT conductances o5°7T plotted as a function of reduced tem-

perature for the samples with sgn = +1 (a) and sgn = —1 (b). In the normal state, the
samples including Pt exhibit a positive ¢5°T due to iSHE. Conversely below T¢, the
results of samples with comparable stack sequence exhibit very similar and negative
o597 for both sgn irrespective of Pt sink layer.

Regarding the dampinglike iSOT in Fig. 7.6(a), we in particular observe a substantial
o397 in the Pt/NbN/Py-trilayer, while the red data points of the NbN/Py-bilayer ex-
hibit smaller positive values. Below T¢ the o5°T of both samples take small negative
values decaying slightly further for lower 7T'. The inverted samples in Fig. 7.6(b) exhibit
a similar behaviour though greatly diminished in magnitude. The blue data points of the
Py/NDbN/Pt-trilayer assume only slight positive values in the normal state, while those
of the Py/NbN-bilayer are negligible. In the superconducting state they also both exhibit
slight negative values. The results of the normal state are easily understood. Both samples
containing a Pt spin sink exhibit a positive 05°T, especially pronounced in the black data
points of that with sgn = +1. We attribute this to a high transparency at its NbN /NigyFe,-
interface. Below the superconducting transition temperatures, the values of o5°T drop
into the negative range with or without Pt spin sink. This can either be attributed to the
superconductor blocking spin currents or that it exhibits altered spin transport properties
altogether. Following the former train of thought the remaining damping-like iSOT origi-
nates from spin pumping into either the Ta cap layer in Fig. 7.6(a) or the NbN bottom layer
in Fig. 7.6(b). For (b), this explanation works well as the green data points of the sample
without Pt exhibit no change below T apart from a cusp-like structure that is attributed to
noisy fitting. However for the samples in (a), this theory no longer holds as for spin pump-

SOT as seen in the red data

ing into the Ta cap layer we would expect a minor positive o
points above Tc. While the error bars here are substantial, the general trend in all our in-
vestigated samples was to exhibit negative 05°T when cooled below the superconducting
transition temperature. Hence, we attribute this observation to altered properties of a spin

current carried by BVQP in NbN. Hence our 05°7 indicates the fraction of this BVQP spin
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current that is converted into a charge current via the iSHE. This proposed Quasiparticle
mediated inverse spin Hall effect [QMiSHE] has been theoretically predicted in [111-114]
and demonstrated experimentally to our knowledge only by Wakamura et al. [30] in a non-
local spin injection device also using Permalloy as the ferromagnetic spin current injector
and superconducting NbN as detector. Wakamura et al. found that below T the detected
voltage signal due to the iSHE Vigug in the NbN wire is enhanced up to 2000 times com-
pared to that in the normal state. This was attributed to a large spin Hall resistance A Rsy
for temperatures substantially below the superconducting transition temperature, where
the BVQP are greatly depleted [30,115]. In our experiments, we are dealing with a sys-
tem, where the equilibrium distribution of the BVQP governed by the Fermi distribution
function fy(Eyx) = 1/(e®</k¥8T 4 1) is perturbed by a spin current j, injected from the ad-
jacent FM layer. In a linear response approach, we can model the shift of the quasiparticle
distribution 6 fx , as [111,114]

Sfxo = —0 [%} O s (7.11)
Here dp is the difference in chemical potential between spin up and spin down quasipar-
ticles generated by the spin current j,. The shift in quasiparticle distribution is illustrated
in Fig. 7.7(a) together with the Cooper-pair density as function of .
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Figure 7.7: (a): Quasiparticle distribution functions § f, and & fi for spin up and spin down BVQP.
The injection of a spin current generates a spin imbalance, which yields a splitting of
the 6 fi by dps. (b): Nonequilibrium distribution of quasiparticles on the excitation
spectrum Ey. Due to the spin imbalance, the QP excitation states are filled asym-
metrically, which generates a relative shift du, between the chemical potentials of the
superfluid p, and quasiparticles p. Illustration is based on Fig. 1. in [111].

From the quasiparticle excitation spectrum Fy in Fig. 7.7(b), we notice that different mag-
nitudes of the nonequilibrium distribution of 6 fi create an asymmetric filling of Ej with
respect to {x with more spin-up electrons in the hole-like branch than spin-down electrons
in the electron-like one. Hence, the spin imbalance created by an injected spin current j in
turn gives rise to charge imbalance d1.q between the Cooper-pair chemical potential ji;, and
that of the BVQP, 115. Through this mechanism, a spin polarization of the BVQP condensate
via the injection of a spin current entails a simultaneous charge polarization. Consequently,
just like in the normal state, a BVQP spin current j; is partly converted into a transverse
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BVQP charge current j, by means of spin-dependent scattering processes [111,112,114]. We
are able to detect the flux generated by this dynamic j, as a change in inductive coupling
strength between sample and CPW, whereas Wakamura et al. [30] measured the accumula-
tion of electron- and holelike QP on opposite sides of his superconducting NbN antennas
as a voltage signal .

We will not detail the involved calculations from Ref. [111] and merely enlist its most im-
portant results. For nonlocal devices the spin Hall resistance A Rsyy generated by quasipar-
ticles is proportional to both quasiparticle resistance pq, and spin Hall angle ©gy. Follow-
ing [30, 115], the former can be obtained by normalizing the normal state resistance p, to
the amount of QP populated above the superconducting gap A. This share is governed by
the Fermi distribution f,(A(T"))

pap = Pu/[2fo(A(T))]- (7.12)

From this expression the increase in p;, for low temperatures immediately becomes appar-
ent, as the Fermi distribution takes lower values for rising gap values A(T). The spin
Hall angle ©sy comprises two contributions namely side jump scattering, which is in-
dependent of T" and skew scattering rising with decreasing temperature proportional to
Xs(T')/2fo(A(T)). As a result, in non-local spin current experiments, a dramatically en-
hanced spin Hall resistance ARgsy as observed by Wakamura et al. is in agreement with
theoretical predictions.

In contrast, in our experiments we measure the flux generated by j, instead of ARgy. For
BVQP charge currents, the contributions of pq, and ©sy counteract eachother as the part of
Jq governed by Ogp is reduced by pqp. The corresponding damping-like SOT conductivity
is 0597 o Ogp/pqp in accordance to [29]. Consequently its net temperature dependence
is governed by the BVQP spin susceptibility xs(7"). This result is intuitive as it relates the
QP charge current generated by the QMiSHE to the density of the BVQP, xs(7"). However,

our results for o597

in Fig. 7.6 do not exhibit the expected freezeout with decreasing tem-
perature, but rather increase in magnitude at lower temperatures. Here, it is important
to keep in mind, that in the presence of impurity spin orbit scattering, a finite fraction of
BVQP survives even at T =0 K [19]. Hence, this share can generate a sizeable QMiSHE for
low temperatures. Furthermore in the works of Takahashi et al. [111], the spin diffusion
length As has been assumed to be equal to that in the normal state. However, experiments
in [116] revealed extremely long spin diffusion lengths in the pym-range of superconducting
Al-wires in the presence of a Zeeman-field. An increasing A for lower 7" would counterbal-
ance the decreasing xs. Additionally, Ref. [112] hints at a continuous evolution of the QP
charge polarization with temperature. In simple terms, the transport of a constant spin cur-
rent j, with temperature requires a larger spin imbalance 615 for a lower fraction of BVQP.
As previously established, a large 615 entails a strong charge imbalance 4 in the filling
of the QP excitation spectrum. To our knowledge this continuous evolution of the BVQP
charge polarization with temperature has so far not been taken into account. We note that
the similarity in 0597 throughout our samples in Fig. 7.6 suggests that the BVQP-mediated
spin-current can not enter the opposite Pt layer.

Summarizing, by using existing theoretical models for the quasiparticle-mediated inverse
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spin Hall effect [QMiSHE], we can satisfactorily explain our results for the damping-like
SOT 39T below Tc. Deviations in our quantitative magnitude of this effect from results of
Wakamura et al. originate from the different applied detection methods.

It is worth mentioning that in contrast to previous studies for the determination of the spin
Hall angle in superconductors [30,31], our measurement technique measures the currents
rather than voltage Vsu induced by the inverse spin Hall effect. In his research Wakamura
et al. [30] was able to demonstrate that the observed Vsy in his devices was dependent on
the distance dsy between the voltage probes. He attributed this phenomenon to the relax-
ation of the quasiparticle current into the Cooper-pair condensate within a characteristic
length scale that he named the charge imbalance length \,. As a consequence, the mag-
nitude of the detected Vs depends on dsy, which explains why in Ref. [31] no iSHE was
detected. Moreover, the charge imbalance length A, decreases with rising temperature and
thus Vs in [30] exhibits the opposite dependence on 7' than theoretically predicted. Our
measurements detect the integrated flux of charge currents induced via iSHE and are hence
independent of \q. This is why we are able to observe the theoretically predicted scaling
of osy with 7. Summarizing, our measurement technique circumnavigates the problems
of voltage-based methods for the determination of ©gy for being exclusively sensitive to
the current generated via iSHE.

Finally, we turn our attention towards the arguably most peculiar results in Fig. 7.4, the
unexpected change in the slope of Re(L) below T¢. While changes in Tm(L) were expected
for the altered spin pumping properties in superconductors, this finding suggests the man-
ifestation of an unexpected current-flux due to the inverse Rashba-Edelstein effect at the
SC/FM-interface. For comparison we plot the field-like SOT conductivities (07°T — oF) as
function of reduced temperature for samples with sgn = +1 (a), (c) and sgn = —1 (b), (d)
separately in Fig. 7.6. As previously established, the Faraday currents contribute to o597
only in the normal state and we consequently highlight the corresponding temperature
range with an orange background.
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Figure 7.8: Extracted field-like iSOT conductance (0f°T — oF) plotted as a function of reduced
temperature for the samples with sgn = +1 (a) and sgn = —1 (b). From our calcu-
lations, we deduce that o} creates an offset in Im(L) below T¢ and only contributes
to or above Tc. We marked the corresponding temperature range with an orange
background. For both stack sequences we plot the temperature dependence of one
sample together with the normalized superconducting gap parameter A in (c) and
(d). They match astonishingly good indicating a Rashba-like confinement of electrons
at the SC/FM-interface due to the superconducting gap A.

We begin our discussion for the field-like iSOT below T with the resulting (67°T — of)
of the normal samples in Fig. 7.8(a). In the normal state, we detect negligible values for the
Pt/NbN/Py-trilayer [black data points] and a minor positive (c£°T — oF) for the NbN /Py-
bilayer [red data points]. Below T¢, both samples exhibit a large positive (079 — of') that
gradually increases for decreasing 7". Here the data for both samples coincide astonish-
ingly well irrespective of Pt seedlayer. As previously established, Faraday currents due not
contribute to the slope of Re(L) in the superconducting state. Therefore we attribute its
large value entirely to the inverse Rashba-Edelstein effect denoted by o¥°T. Moving on to
the results in (b), we observe minor negative values in the normalconducting range. Just
like in (a), the blue data points of the inverted Py /NbN/Pt-trilayer are slightly lower than
the green ones of the Py/NbN-bilayer. Hence we infer that this difference is generated
by Faraday currents in the Pt layer. For T' < T, the data points of both samples gradu-
ally approach zero with decreasing temperatures. While the general trend of (0797 — of)

—of
here is the same as for the normal samples, the magnitude of the changes below T is a
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lot lower. As demonstrated in Fig. 7.8(c) the results can be matched well to the temper-
ature dependence of the superconducting gap A(T") following the BCS theory. While we
do by no means understand this peculiar result from a quantum mechanical standpoint, it
is nonetheless worth mentioning that this correspondence hints at a Rashba-like confine-
ment of electrons by the potential A(7) at the FM/SC-interface. The reason for this bold

claim is simply that o7°T

scales linearly with the Rashba-parameter ar, which is in turn
proportional to the gradient of the confining potential VV' = A(T') [53,107]. The gap A is
suppressed at the FM/SC-interface due to the proximity effect. For the sake of simplicity,
we assume that it increases linearly inside the NbN layer A(z, T") = Ao (T")z/&o. In this sim-
ple picture, the superconducting gap does indeed define the temperature dependence of

SOT which can be

09T, Moving on to the results in Fig. 7.8 (b), we observe a decrease in o
easily understood under the premise that the bottom NbN/Permalloy interface exhibits a
substantial inverse Rashba-Edelstein effect in the normalconducting state, while the upper
interface does not contribute. Below T, a Rashba-like confinement of electrons manifests
at the upper FM/SC-interface and gives rise to an additional contribution to 0¥°T. The
magnitude of this contribution is lower than that in Fig. 7.8 (a), which we attribute to the
reduced interface quality. To test this assumption we again plot 67°" for one sample to-
gether with the gap parameter A(T') as a function of reduced temperature in Fig. 7.8(d).
Again we observe a very good agreement between superconducting gap A(7') and o7°T.

The field of superconducting spintronics is still in a very early phase and we were not
able to find existing literature nor derive a theoretical model explaining this manifestation

SOT
f

of o7~ in superconductor/ferromagnet-heterostructures. Thus, we can only provide an

overview over the scarce research we were able to find on this subject.

* On the experimental side a Rashba-interaction in SC/FM-interfaces has to our knowl-
edge been experimentally observed only by Nadj-Perge et al. [117] for 1D-Fe-chains
deposited on top of superconducting Pb. They attributed it to the strong spin-orbit
interaction of the heavy metal Pb.

* Theoretical research on this topic by Bobovka et al. [118] revealed that supercurrents
injected into ferromagnetic layers can generate field-like spin-orbit torques. Con-
versely, Mironov et al. showed that the presence of Rashba-spin-orbit interaction at
SC/FM-interfaces should give rise to the flux of a spontaneous charge current flowing
along the interface [119,120]. Hence from a theoretical standpoint the Onsager reci-
procity of currents giving rise to SOT and in turn SOT inducing currents also holds
true in these systems. Hence, the used method of data analysis should be valid.

We conclude by noting that the observed field-like SOT ¢7°T in the superconducting phase
are quite substantial, as they are of the same magnitude as the damping-like SOT o507
observed in Py /Pt-structures by [81]. The switching of the out-of-plane magnetization in a
ferromagnetic layer by utilizing the damping-like SHE has already been demonstrated by
Miron et al. [102]. Following this approach, we propose that our observed field-like spin
orbit torque in SC/FM-interfaces can likewise be utilized for the switching of an in-plane
M by applying substantial currents in the superconducting layer. As these currents flow
without dissipation, this approach might reduce the heating effects commonly found in

spintronics devices. We will discuss this prospect in depth in chapter 9, where we outline
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our experimental result for a device fabricated to probe this dissipationless switching via
GMR.

7.3 Concluding remarks

We conclude this chapter by illustrating and discussing some of our additional results in
the field of spin-orbit torques in superconducting materials.

In the course of this master’s thesis we have been exclusively investigating the effects of su-
perconductivity in SC/FM-bilayers using different stack sequences and brought them into
contact to HM layers to investigate spin pumping effects. In literature, however, it is more
common to use symmetric SC/FM/SC-sandwiches [23,28,89]. Yet in our experiments we
realized that the superconducting transition temperature varies drastically with the used
seedlayer to grow NbN on. Particularly when grown on Permalloy, 7 was reduced by up
to 4K. As a result, a major shortcoming of existing literature is the fact that the instanta-
neous transition of both SC layers in unison at the same temperature is taken for granted
and hence they merely rely on transport measurements to determine 7. Thus, alterations
in the magnetization dynamics parameters observed in these papers can in reality not ex-
clusively be attributed to altered transport properties of superconductors but might just as
well originate from noisy fitting, when the opposite layer transitions into superconductiv-
ity. Moreover, superconducting image currents are present in both SC layers and impact
the inductive coupling strength L. Here, it is not certain whether this leads to an atten-
uation or enhancement of the net Ly. Furthermore, their different transition temperatures
might induce a complicated behaviour of the corresponding FMR amplitude A with tem-
perature, which can also give rise to features in the magnetization dynamics parameters
through noisy fitting. Our inductive spin orbit torque analysis procedure is sensitive to Ly
and hence we can determine the transition temperatures of both SC layers simultaneously
in our samples. To probe the inductive coupling in symmetric SC/FM/SC-structures, we
fabricated a sample comprising 16 nm NbN/6 nm NigyFe,y/ 16 nm NbN/ 2 nm AlOy. Its
resulting inductive coupling strength in the superconducting range normalized by that of
the normal state is plotted in Fig. 7.9(a) as a function of 7'/T¢. Here Tz denotes the higher
transition temperature of the bottom NbN layer.

The change in inductive coupling strength exhibits a cusp-like shape and is enhanced by

a factor of merely 1.3 when compared to the normalconducting range. We can match its

bottom

. , where we

behaviour well by assuming two separate condensate densities n5°® and n
used the analytic expression nl o 1 — (T/T%)* for the sake of simplicity. The extracted
transition temperatures are T,” = 7.5K and T8°%"*™ = 8 K. These results reveal that the
transition temperatures of top and bottom superconducting layer deviate only slightly and
that the change in FMR amplitude is also rather small in these structures.Fortunately this
suggests that symmetric SC/FM/SC-sandwich samples can be reliably used to investigate
changes in the magnetization dynamics parameters, as their inductive coupling strength
Ly appears to remain roughly constant with temperature and the T¢ of the two layers are

in close proximity.
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Figure 7.9: (a): Change in normalized inductive coupling strength in the superconducting phase
L§€/ Ly as function of the reduced temperature for the symmetric SC/FM/SC-sample.
From the matching curve using two separate condensate densities n!°? and nPottom,
we can simultaneously extract the T¢, of both superconducting layers. The extracted
transition temperatures are 75" = 7.5 K and 72°"**™ = 8.0 K. (b): Enhancement factor
L§€/ Ly of NbN/Py-bilayer with sgn = +1 grown on a Pt (5 nm) spin sink as func-
tion of reduced temperature together with superfluid condensate density ngcs ex-
tracted from BBEMR results in oop-geometry. The temperature-dependence of field-
and damping-like SOT (0£°T — o) and 0597 in this configuration are shown in (c)
and (d) respectively. The former is plotted together with the superconducting gap
parameter A.

Finally, we note that the lower saturation magnetization of ;oM =1T in Permalloy ad-
ditionally permitted the performance of BBFMR in oop-geometry in the CHAOS cryostat.
Using this configuration, the superconducting NbN layer responds to the perpendicular
magnetic field by letting it penetrate in the form of normalconducting vortices. Hence,
we expect changes in both the inductive coupling strength and iSOT when compared to
ip-geometry. Since the recording of an entire temperature series is rather time consum-
ing we decided to perform oop-BBFMR at varying 7' for only one sample namely the
Pt/NDbN/NigyFeyo-trilayer with sgn = +1 and a 5 nm Pt spin sink layer. The results of
these measurements are shown in Fig. 7.9(b)-(d). We start with the discussion of the induc-
tive coupling strength L5C /Ly in (b). The formation of vortices with normal cores depletes
the superconducting fluid density ns and hence we observe an enhancement factor of only
up to 5 as opposed to 7 in ip-geometry. For both field- and damping-like iSOT in 7.9(c) and
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(d), we observe the same qualitative changes in the superconducting range as in Fig. 7.6
and 7.4. Merely their quantitative magnitude seems to be reduced in the presence of vor-
tices. Notably, the matching of field-like iSOT with the superconducting gap parameter A
works discernibly worse, which hints to vortices present at the SC/FM-interface depleting
the 2DEG confined by the potential A. In this picture, we essentially view the vortices

as leaks through which electrons can enter the SC layer. The behaviour of 65T

supports
this model as, while being reduced in the superconducting range, it still exhibits a large
positive value that can only be explained by substantial spin pumping into the Pt layer.
We note that the values of 05°7 in the normal range for ip- and oop-geometry deviate in
magnitude. This effect is attributed to a difference in spin pumping for different geome-
tries and has also been observed as a varying agsp in [36], though its precise origin remains
unknown. This phenomenon is called spin pumping anisotropy.

To summarize, we observe the same qualitative changes in both the inductive coupling
strength and iSOT as detected in ip-geometry, but their respective quantitative values are

reduced for the presence of vortices with normal cores in this geometry.
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8 Summary

In this thesis, the magnetization dynamics of ferromagnetic metals in direct contact to su-
perconducting materials have been investigated at cryogenic temperatures. To this end, we
used the Superbowl sputtering machine for the in-situ growth of FM/SC-heterostructures.
The blanketed film was mounted flip-chip onto a coplanar waveguide at the end of a dip-
stick and placed into the CHAOS cryostat which provides an environment where both tem-
perature and external magnetic field can be varied in a vast range. For its characterization
a ferromagnetic resonance technique using a coplanar waveguide and a vector network
analyzer [VNA] has been used. The first experiments were dedicated to the detection of
a peaklike structure in the Gilbert damping « theoretically predicted by Ref. [19] as func-
tion of temperature in the FM Co,sFe;5 adjacent to the superconductor NbN. Furthermore
we discussed how the exotic properties of superconductivity like perfect conductance or
the screening of external fields via image currents additionally impact further measure-
ment quantities in VNA-based broadband FMR. In particular, we observed that the latter
can drastically impact the measured amplitude of the FMR resonances and derived a sim-
plified theoretical model to explain and quantify this effect. Thereafter, we employed an
amplitude sensitive data analysis procedure developed by Berger et al. [29] to analyse spin-
orbit torques in our SC/FM-structures in both the normal- and in the superconducting state
for the first time. In the latter we outlined how to modify the existing theory to account
for the exotic properties of superconductors and altered inductive coupling Lo. Finally,
we showed both field- and damping-like iSOT as a function of temperature and discussed
their dramatic changes below T¢. With our novel analysis protocol, we were able to relate
the reduction in the damping-like iSOT parameter to the freeze-out of superconducting
particles mediating the spin current. This finding matches with previous results [23,89], as
a freeze-out behaviour is also evident in the well-established Gilbert damping parameter
a as function of temperature. Moreover, we report the discovery of a previously unknown
Rashba-SOT at the SC/FM-interface, which might be employed for the dissipationless in-
plane switching of the magnetization M in a FM layer. Our findings reveal symmetry and
strength of iSOTs at the SC/FM interface and provide guidance for future superconducting

spintronics devices.

8.1 Superconducting coherence peak in NbN/Co,sFe;s-multilayers

In chapter 5 we outlined our efforts to detect a peak-like structure in the Gilbert damp-
ing of NbN/CoysFess-multilayers as a function of temperature, which has been predicted
by Refs. [19,20]. In order to compare our results to theory, we had to determine the net
contribution of spin pumping agp to the total «. Thus, we conducted two ip-BBFMR
layer thickness series at room temperatures for NbN (20 nm)/ Co,sFes (drv)/ Ta (2 nm)
grown with and without a Pt (5 nm) spin sink seedlayer for comparison. By fitting the
Gilbert damping « as a function of the reciprocal layer thickness of the ferromagnetic layer
drnv, we were able to extract values for agp, that matched well with previous studies on
CoysFeys [36,80]. Thereafter, we verified that these results are also valid at cryogenic tem-
peratures by illustrating the negligible changes in the magnetization dynamics parameters
for two NbN/Co,sFe;s-bilayers with and without a Pt spin sink seedlayer recorded over
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a broad temperature range reaching from RT to slightly above Tc. We presented the ip-
BBFMR results for these two samples below T in the CHAOS cryostat. Most importantly,
we indeed detected a small, but finite coherence peak in agp of about 5% magnitude within
the predicted temperature region [0.7-0.8]7¢ in both samples, which is significantly lower
than theoretical predictions in [19]. This discrepancy was attributed to the suppression of
superconductivity at the SC/FM-interface, when SC charge carriers are able to enter the
ferromagnetic metal. Furthermore, the absence of such a peak-like structure in samples
containing Nb as superconducting layer indicated that a resilient SC is required to observe
this phenomenon.

8.2 Manifestations of superconductivity in VNA-based BBFMR

The magnetization dynamics parameters of the FM layer are not the only measurement
quantities to exhibit changes, when the adjacent layer transitions into superconductivity.
The perfect conductance of SC changes the sample’s surface impedance Z.¢ and conse-
quently the magnitude of the complex transmission parameter |Sz;|. We illustrated this
effect and used an existing formula for |S;(Zeg)| derived by Schmidt et al. [95] to fit the
recorded behaviour of Sy | as a function of temperature. With this expression we were able
to simultaneously obtain estimates for both 7 and the London penetration depth A;,. The
larger values A;, =[1-2] pm in the latter, when compared to literature values, are attributed
to impurities in our thin film superconductors. Moreover, the expulsion of oscillatory mag-
netic driving fields h, in the superconducting layer can either enhance or reduce the sam-
ple’s inductive coupling strength Ly and consequently the observed FMR amplitude. In
our experiments with NbN /NigyFe,(-heterostructures we observed both an enhancement
by a factor of 7- and an attenuation by a factor of 0.4 as in the normal state depending
on the used stack sequence. In the enhancement case, the Permalloy was sandwiched be-
tween SC and CPW), effectively being driven from both sides, while in the attenuation case
the superconductor was grown on top of the FM layer and attenuated h, leading to a re-
duction of Ly. We derived a simple theoretical model to describe this effect and were able
to reproduce the observed behaviour by varying the impact of the superconducting ki-
netic inductance Lyi,. Finally, we discussed how these parameters vary depending on the
used superconducting material. Here, we found that the fitted London penetration depth
)\p, indeed changed as expected with the used SC, while the enhancement factor L§¢/ Ly
remained nearly unchanged despite expectations of a varying Lyiy.

8.3 Inductive detection of Spin-Orbit Torques in SC/FM heterostructures

In chapter 7 we aimed to detect and discuss possible changes in the field- and damping-like
SOT, which can be quantified using an FMR-amplitude sensitive data procedure derived by
Berger et al. [29]. Within the course of this chapter we showed and compared the results of
BBFMR for 4 different NbN/NigyFe)p-samples investigated in the temperature range from
3K to 300K. We examined how the inclusion of a 5 nm Pt spin sink in two of these samples
would impact in particular the damping-like SOT related to the spin Hall effect. We began
this chapter by illustrating and discussing the magnetization dynamics parameters of these
samples in the temperature range around T and discussed differences and similarities to

70



8.3 Inductive detection of Spin-Orbit Torques in SC/FM heterostructures 71

the results from those in chapter 5 for Co,sFe;s. For these four samples we found that their
effective magnetization 10 Meg and g-factor were comparable. For samples with sgn = +1
[Substrate/SC/FM], we observed a gradual reduction of « in the superconducting range,
while simultaneously the inhomogeneous line broadening 1o Hi,, was rising with decreas-
ing T'. Conversely, for the ones with inverted stack sequence sgn = —1 [Substrate/FM/SC]
we observed a peak-like structure in «, mirrored in the behaviour of pHin,. We attributed
its origin to the noisy fitting procedure in these samples below T due to the low FMR
amplitude. Afterwards we turned our attention to the iSOT and used the amplitude A and
phase ¢ from the fits of the BBFMR results to determine the normalized inductance L. To

quantify the magnitude of spin orbit torques, the so-called iSOT conductivities (c7°T — o)
and 0597 can be extracted from its slope in the real and imaginary part. In similar fashion

to the results of chapter 5 we showed that the extracted ¢5°7

exhibit only minor changes
when cooling the samples down to cryogenic temperatures slightly above Tt and thereby
demonstrated that this method of quantifying SOT is also valid for low temperatures. We
then displayed results for L below T¢ and discussed how the method in [29] has to be
adapted for SC/FM-heterostructures to investigate iSOT in SC/FM-heterostructures for
the first time. We showed that the dramatic changes in our inductive coupling strength
Ly in the superconducting state could be attributed entirely to image currents in the su-
perconductor by matching its temperature dependence to the superfluid density ns from

SOT
d

BCS-theory. Starting our discussion of the iSOT with the dampinglike 07", we detected a

dramatic change in 0597 particularly in the samples with sgn = +1, where irrespective of
the presence of spin pumping into Pt above T¢, it decreases to a minor negative value in
the superconducting temperature range. To the best of our knowledge this result can only
be explained by spin transport into the NbN-layer via BVQP. This so-called quasiparticle
mediated inverse spin Hall effect [QMiSHE] has previously been detected by Wakamura et
al. [30]. We modified theoretical calculations in [111,112,114] for our used current-sensitive

measurement method and found that ¢5°T

should decrease with temperature due to the
freezing out of BVQP, which we did not observe in our measurements. Based on the cal-
culations of Inoue et al. [19] however, we argue that a finite fraction of BVQP can manifest
even at 7' =0 K to carry spin currents with exceptionally long spin diffusion lengths [116].
The similarity in the temperature-dependent behaviour of both our extracted ¢5°T and
the Gilbert damping o reveal, that our inductive analysis approach provides a new way
to probe spin pumping into superconductors. Our arguably most peculiar result was the
detection of substantial field-like iSOT (afSOT — of) via the inverse Rashba-Edelstein ef-
fect below 7T¢. Following a linear approximation for A(z,T'), as the gap is reduced at the
SC/FM-interface due to the proximity effect, we attributed this result to the confinement
of electrons by the potential well of the superconducting gap A. As we could not find a
theoretical paper explaining this finding at the date this thesis was written, we merely out-
lined existing experimental and theoretical works in this field. Notably, an Onsager reci-
procity between superconducting image currents and Rashba-spin-orbit interaction can be
deduced from Refs. [118-120]. Regarding future spintronics devices, the discovery of this
field-like iSOT might pave the way towards the dissipationless switching of the magnetiza-
tion M of ferromagnetic layers. We concluded our experimental results with the discussion
of additional findings for a symmetric SC/FM/SC-sample and for applying out-of plane
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geometry. For the former experiment, we were able to extract the transition temperatures
T¢ for both superconducting layers simultaneously with our inductive analysis technique.
We found that they do not transition into superconductivity in unison at the same temper-
ature and hence a mere transport measurement as conducted in previous studies [23,28,89]
is not sufficient to characterize the superconducting properties in these samples. Finally, we
compared the iSOT in ip- and oop-geometry for one of our 4 samples and found that both
Lo and the ¢5°7 exhibit the same qualitative changes in the superconducting range merely
being diminished in magnitude due the presence of Abrikosov-vortices in the oop-case.
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9 Outlook

The field of superconducting spintronics is still in a very early stage and despite mani-
fold promising theoretical propositions and fascinating experimental results, the quantum-
mechanical mechanisms taking place at the interface between superconductors and ferro-
magnets are as of yet not fully understood. Its arguably most exciting prospects is the
dissipationless switching of the magnetization M in an adjacent FM and spin transport to
reduce heating effects in existing data storage and magnetic random access memory de-
vices. Promising results in this field for FM/SC-heterostructures are the detection of giant
spin Hall angles [30], the potential discovery of spin-triplett Cooper-pairs [22,23] as well
as the generation field-like spin-orbit torques [118]. In the course of this master’s thesis
we aimed at detecting changes of the spin-pumping properties of a FM adjacent to a thin
film superconductor. By conducting VNA-based BBFMR at cryogenic temperatures we
were indeed able to discover several theoretically proposed effects in our SC/FM-samples.
First of all, as suggested in [19] we did detected a small coherence peak of about 5% in our
NbN /Co,sFezs-thin films but not in those comprising Permalloy instead. We attributed this
to its larger linewidth A H overshadowing an enlarged spin pumping contributions. How-
ever, we should investigate several other FMs, favourably with low damping to verify this
assumption. Furthermore, we aim to extend our research to include ferromagnetic insula-
tors like YIG or GdN instead of metals as the coherence peak magnitude is expected to be
more pronounced when superconducting charge carriers are unable to enter the ferromag-
net [19]. Both the height and shape of the coherence peak allow to probe the dynamic spin
susceptibility of superconducting thin films potentially with a better signal-to-noise ratio
than in the common NMR-measurements of the spin-relaxation rates in bulk SC [121,122].
Additionally, our discoveries from chapter 6 offer manifold future application. Firstly, we
were able to fit |Sy;| as function of temperature to extract the superconducting London
penetration depth Ar,. This method to quantify 7 requires no bonding for transport mea-
surement leaving the thin film entirely unharmed. Moreover, we found that A;, does indeed
vary with the used superconducting material indicating the validity of our approach. Like
most methods for the determination of A;,, we are particularly sensitive to its changes with
temperature rather than its absolute magnitude. Hence, as we use merely estimates for
phase velocity vy, thickness of the superconductor dsc and Zp = 50 2, we observed the
right temperature dependence, but too high values for A;,. To reliably use our approach
for the precise quantification of the London penetration depth we therefore require both
precise values for these constants and more sophisticated expressions for the supercon-
ducting surface impedance Z.g(w) as provided for example in [97,123]. The enhancement
of inductive coupling between sample and CPW, Ly, in samples comprising a highly con-
ductive buffer layer has applications far beyond the field of superconducting spintronics as
it improves the signal-to-noise ratio in BBFMR to enable the detection of signals that were
previously too small to detect. Just one possible use is the measurement of spin pumping in
NM/FM-samples using thinner ferromagnetic metals, where its contribution to the Gilbert
damping agp is more pronounced.

Finally, our method used to detect and quantify spin-orbit torques in SC/FM-heterostructures
offers the intriguing possibility to study both superconducting spin Hall effects and the
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generation of supercurrents via the Rashba-Edelstein effect simultaneously as field- and
damping-like effects are phase shifted by 90° with respect to each other. Moreover, as pre-
viously established its sensitivity to currents rather than voltages allows us to quantify the
QMIiSHE without having to take the charge imbalance length \q into account. This is a
major advantage when compared to existing studies [30,31] of superconducting spin Hall
effects using non-local devices with superconducting strips.

Towards the goal of dissipationless switching, the substantial field-like SOT 7T detected
in our measurements offers a new and to our knowledge previously unknown possibility
in the application of substantial superconducting currents to control the in-plane magneti-
zation M of a FM layer via the Rashba-Edelstein effect. Our detected o797 is of the same
magnitude as the damping-like SOT 05T generated by the iSHE by Py /Pt-bilayers in [81].
The switching of an out-of-plane magnetization in a ferromagnetic layer by utilizing the
damping-like SHE has already been demonstrated by Miron et al. [102]. Consequently, we
propose that likewise we can utilize our observed field-like spin orbit torque in SC/FM-
interfaces to switch the orientation of M in an in-plane magnetized sample. However, a
major problem is the competition between the high current densities required to gener-
ate a sufficient torque to affect Ml and the limited superconducting critical current density
jc. Naive estimates suggested that both should be roughly of the same order of magni-
tude [102, 124, 125].

To probe this exciting possibility we grew a ferromagnetic spin valve structure on top of a
superconducting bar to detect the switching of M via the GMR effect in CPP-geometry. In
Fig. 9.1 we illustrate the pattern of these GMR spinvalves as well as our used measurement
geometry. The fabrication process for these spinvalve is described in the Appendix A.2.
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Figure 9.1: Example of the pattern for the fabrication of superconducting GMR spin valve struc-
tures. Vertical bars of the SC are topped with a GMR stack, which are contacted via
Al pads. To achieve high current densities, the superconducting strip underneath the
stack exhibits constriction. We apply a large in-plane current [, within the supercon-
ducting NbN that should exert a torque on the magnetization of the FM1-layer. To
probe this effect, an additional small perpendicular current /; is driven through the
GMR-stack and we simultaneously measure its voltage drop V. Here the used SC
layer is NbN (30 nm) and the GMR stack comprises FM 1= Py (6 nm), NM= Cu (3 nm)
an FM 2= Fe (10 nm) respectively. Furthermore we grew a thin conducting Pt capping
layer on FM 2 to prevent oxidization, which is not shown for the sake of clarity.

Theses samples were then mounted on a dipstick and placed inside the MORIA-cryostat
to record the stack’s resistance for varying temperatures and magnetic fields. We applied
a small current /; through the spinvalve while driving a large current I, in the supercon-
ducting bar to generate a torque on the magnetization of FM 1. To probe the GMR effect
we measured the parallel voltage Vjp in a 4 point measurement. Unfortunately, in our
measurements we were not able to generate a sufficient current density in DC-operation
as the superconducting NbN-layer transitioned at jo =3 x 10° A/m?. This result is about
an order of magnitude lower than literature results suggest [124,125] indicating that jc is
also affected by the presence of a FM. By applying current pulses of At =110ps with a
6221 AC and DC current source, we could increase it to merely jc =5 X 10° A/m?. We found
that these values were too low to impact the magnetization M in FM 1. However, we did
unexpectedly detect changes in the GMR-effect itself below the transition temperature. In
Fig. 9.2(a) we show the magnetoresistive hysteresis-curve of our GMR-stacks both in the

normal- and superconducting state.

75



76 9 OQutlook

1.5 —o—T>T, 1 1.5 (b) 8

—o—T<T, @ 0 0 0 o 0g%8 8- '

<10 ] S10f ]
= 14
- =

05 ] Opst ]

0.0 : . . . 20000 0.0F ‘ ‘ ‘ ‘ .'

150 -100 -50 0 50 100 150 0 100 200 300 400 500

HoHeyg (MT) I, (A)

Figure 9.2: (a): Magnetoresistive hysteresis of the GMR spin valves recorded in the normal- and
superconducting state for I; =150 pA The relative magnitude and coercitive field of
the hard ferromagnet Fe H® is drastically reduced below T¢. (b): Value of the GMR-
effect as function of applied current I;. The critical current through the NbN-bars is
Ic =(370£10) pA . In the superconducting range, it increases linearly with I;, while
remaining constant in the normal state.

From the results in Fig. 9.2 it becomes apparent that in the superconducting state both
magnitude of the GMR effect and width of the hysteresis curve are drastically reduced.
Changes in the latter are expected as SQUID-magnetometry measurements for an un-
structured sample with identical stack sequence revealed that the coercitive field of the
hard ferromagnet Fe HE® varies with temperature. A dramatically reduced GMR effect
of spinvalves in contact to a superconducting material has been theoretically proposed in
Refs. [126,127]. This effect is attributed to Andreev-reflection where an incident electron
can enter the superconducting layer forming a Cooper pair with the retroreflection of a hole
of opposite spin but equal momentum [128,129]. In a simple picture, said reflected hole can-
cels the GMR as for parallel alignment of M in both FM, while the spin majority electrons
will experience low resistance R, they generate minority holes at the SC/FM-interface re-
flected back into the spinvalve under high R. Conversely for antiparallel alignment the net
resistance for electrons and holes is equal. Consequently, independent of the spin polar-
ization properties of the FM, the same net amount of charge carriers experience enhanced
and diminished magnetoresistance within the spin valve in CPP-geometry. Following this
train of thought, the finite remaining GMR-effect is generated by both quasiparticle trans-
mission and interfacial spin-flip scattering [126,130]. This leads us to the last surprising
finding of this Master thesis as we find that the GMR magnitude scales linearly with the
applied current I; in the superconducting phase as illustrated in Fig. 9.2(b). Our result
verifies these assumptions, as it is intuitive that the fraction of both transmitting and spin-
flipped charge carriers scales linearly with the applied current. Additionally, our fitted
linear curve almost perfectly intersects the origin, suggesting a complete suppression of
the GMR in absence of these mechanisms. One final open question for this experiment is
whether we can somehow enhance either transmission or spin-flip scattering to obtain an
enhanced magnetoresistance effect in the superconducting state. This may become possi-
ble since the Andreev-reflection is highly sensitive to the coherence length £, which can be
altered simply by choosing a different superconducting material.
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A Appendix: Sample Fabrication

A1 Sputtering parameters

Target material | P [W] | r [A/s] | T[°C] hysteresis | N,/ Ar-ratio
Nb 120 7.2 RT - -
NbN 120 4.0 400 yes 1.9/18.1
NbyTiz)N 54 5.4 700 yes 1.9/18.1

Table A.1: Sputtering parameters of the superconducting materials grown in the SP2. The above
were all grown at p =5 x 1073 mbar and MT2=80 mm in face-to-face configuration.

Target material | P [W] | r [A/s] | p[ 1073 mbar] | MT4 position [mm)] type
Al 40 1.4 5.0 70 tilt-in
CoysFeys 25 1.0 5.0 40 face-to-face
Co 30 3.8 10.0 70 face-to-face
Cu 30 1.3 5.0 70 tilt-in
Fe 80 1.9 5.0 70 tilt-in
NigoFean 80 2.1 5.0 70 tilt-in
Pt 30 4.2 5.0 52 face-to-face
Sio, 35 12 5.0 70 tilt-in
Ta 30 0.5 5.0 70 tilt-in
W 45 2.1 5.0 30 face-to-face

Table A.2: Sputtering parameters of the materials grown in the SP4. SiO, is RF-sputtered at the
parameters Cyyne =726, Cloaa =942. To ignite the plasma, the pressure is increased to
p =5 x 1072 mbar and the magnetron shutter is opened.
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A.2 Fabrication of the superconducting spin valves

The following section outlines the fabrication process for our superconducting spin valve
samples for magnetoresistance measurements at cryogenic temperatures. To this end we
spin-coated our samples with a homogeneous positive e-beam resist layer and wrote a
previously defined pattern onto it via electron beam lithography. Wherever the resist is
exposed to electrons, its chemical composition changes making it removable via the usage
of a suitable developer. For deposition and etching processes we again used the Superbowl
sputtering machine. It comprises of three major steps: the growth of the superconducting
bar itself, the patterning of the GMR-stacks and finally the deposition of Al-contact pads. In
the following we will describe the fabrication procedure for each step separately. We note
that our used recipe is based on that in [131], where the fabrication process is described in
greater detail.

A.2.1 The first step

Fig. A.1 illustrates the pattern that is repeatedly written on a blanketed SiO,-substrate. It
consists of vertical bars that are contracted underneath the future position of the spinvalves
to enlarge the current density in the superconducting layer underneath and consequently
the fieldlike torques via Rashba-Edelstein effect. Additionally alignment markers are writ-
ten at the edges of the substrate to define a coordinate system for the future writing pro-
cesses.

This pattern is then filled with both the SC-layer and the individual materials compris-
ing the spin-valve in the Superbowl sputtering machine. Finally it is capped with a thin
Pt layer, which has not been included in Fig. A.1 for the sake of clarity. The individual
parameters for the e-beam-writing- and sputtering process are listed in Tab. A.3.

Figure A.1: Pattern of the superconducting GMR spin valve structures after the first step of the
fabrication. The bar structure comprising both superconducting ground layer and
GMR spinvalve are deposited in the Superbowl sputtering machine.
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] First step \ Details
Resist coating [1] | PMMA 600K: 4000 rpm for 1 min
170 °C for 5 min
Resist coating [2] PMMA 950K: 4000 rpm for 1 min
170°C for 5 min
Exposure dose 7.0 ¢/m?, factor 1.25 for fine structures
Development [90-120]s in Ar 600-56
Deposition SV-recipe
Lift-off 2 min in hot Acetone [70 °C]
Short US pulses with the lowest power
level

Table A.3: Optimized parameters for the first step

A.2.2 The second step

In the next step we pattern the areas of the GMR-stack using the unconventional method
of negatively writing a positive resist. The reason for this method is that we needed an
etching-durable resist and were unlike [131] not able to use the negative resist maN-2403,
which was virtually irremovable from the GMR-pads after etching. Consequently we re-
sorted to the positive PMMA 33% and wrote with a reduced dose in the proximity of the
GMR-stacks. In the Superbowl sputtering machine, the surrounding area of the spinvalves
is etched down to the superconducting layer and subsequently filled with insulating SiO,
to even out the surface and avoiding short circuits between SC layer and the Al-contacts
structured in the next step. The sample’s pattern after the second step is shown in Fig. A.2.

Figure A.2: Pattern of the superconducting GMR spin valve structures after the second step of
the fabrication- The bars are etched down to the superconducting layer save for 4 x 4
pm? GMR-stacks, which are protected by resist. The missing volume is refilled with
insulating silicon dioxide to avoid a short circuit between SC and contact pads.
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| Second step | Details |
Resist coating PMMA 33%: 4000 rpm for 1 min
170°C for 2 min
Exposure dose 6.0 ¢/m?, factor 0.75 for the contact pads
Development [60-90]s in Ar 600-56
6 min Etching at EC=0.5 A (Process 1)
Deposition then SiO,-deposition at MT4=40 mm,
P=60 W and tilt-in configuration
Lift-off 2 min in hot Acetone [70 °C]
Short US pulses with the lowest power
level

Table A.4: Optimized parameters for the second step

A.2.3 The third step

In the last steps, we deposit Al contact 150 x 200 pm?-pads for wire bonding attached to
horizontal bars grown on top of the GMR stack. Furthermore the upper and lower end of
the superconducting bar is covered with a contact pad as shown in Fig. A.3.

Figure A.3: Pattern of the superconducting GMR spin valve structures after the third step of the
fabrication. Horizontal bars of Al are deposited on top of the GMR-stacks together
with contact pads for bonding.
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81

| Third step | Details
Resist coating [1] | PMMA 600K: 4000 rpm for 1 min
170 °C for 5 min
Resist coating [2] PMMA 950K: 4000 rpm for 1 min
170 °C for 5 min

Exposure dose

7.0 ¢/m?2, factor 1.25 for fine structures

Development [90-120]s in Ar 600-56

o 50 nm Al at MT2=40mm, P=30 W and
Deposition face-to-face configuration
Lift-off 2 min in hot Acetone [70 °C]

Short US pulses with the lowest power
level

Table A.5: Optimized parameters for the third step
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B Appendix: Miscellaneous Results

B.1 Mathematica code

Mathematica-code used to numerically calculate ns and A.

dsc = Pi/Exp[N[EulerGamma, 40]];
N[lambdal = 8/(7«Zeta[3])];

T= 0.1,

Tc = 10;

r = T/Tc;

Step = 0.1;

Gap = {};

Condensatedensity = {};

TList {};

For[i =T, T < Tc + Step, i++, r = T/Tc;

gap = Tanh[Pi/dsc*Sqrt[lambdal*(1 — r)/r]];

gapEV =

1000%1.764+Tc*1.38+10/( —23)/(1.6022+10A( —19))»
Tanh[Pi/dsc*Sqrt[lambdal*(1 — r)/r]];

d = dsc/(2+r)+gap; AppendTo[TList, T/Tc]; AppendTo[Gap, gapEV];
AppendTo[ Condensatedensity ,

1 — NliIntegrate[1/(Cosh[Sqrt[t”2 + d~2]])~2, {t, 0, 14}]];
T =T + Step];

data = Transpose@{TList, Gap, Condensatedensity };
Transpose@{TList, Gap, Condensatedensity} // TableForm
condensateplot = Transpose@{TList, Condensatedensity};
Gapplot = Transpose@{TList, Gap};

ListPlot[condensateplot, PlotRange —> {{0, 1}, All}, Axes —> False,
Frame —> True, PlotLabel —> {ns}]

ListPlot[Gapplot, PlotRange —> {{0, 1}, All}, Axes —> False,

Frame —> True, PlotLabel —> {\[CapitalDelta] "(meV)"}]
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B Appendix: Miscellaneous Results

B.2 Additional coherence peaks for NbN/Co;sFe,s-heterostructures
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Figure B.1: Gilbert damping « in the temperature range around 7 for various SC/FM-bilayers.

The samples in (a)-(c) comprise NbN (16 nm)/CoysFeys (3 nm)-samples with varying
seedlayers. In (d), the results for a NbN (20 nm)/ CozsFe,s (6 nm)-bilayer are shown.
In all samples a coherence peak at around [0.7-0.8]1¢ is visible albeit of different mag-
nitude and temperature width.
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Figure B.2: Raw data of the real part of the inductive coupling Re(L) for varying SC/FM-bilayers
with stack sequence [ Pt (5 nm)/X/NigyFey (6 nm)/Ta (2 nm), where X represents Nb
(40 nm), Nb7(TizN (16 nm) and NbN (16 nm) respectively] at T' = 0.57¢ normalized
to its y-axis intercept LYC in the normalconducting range.
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B.4 Temperature dependence of magnetization dynamics parameters for NbN/NigoFey,-
samples
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Figure B.3: Temperature dependence of spectroscopic parameters in the normalconducting range
for the NbN /NigjFe,;-samples investigated in the CHAOS-cryostat [See 7.1]. (a): The
g-factor displays no clear dependence on T, while the effective magnetization de-
creases for increasing temperature due to the thermal excitation of magnons. (c) and
(d) illustrate the changes of the Gilbert damping a and inhomogeneous broadening
o Hinn respectively.
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