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Abstract

On the hunt for spin triplet superconductivity in
ferromagnet-superconductor multilayers, additions were made to an RF

insert with an open co-planar waveguide. The low loss setup, with a -1dB
per GHz characteristic, was used to obtain FMR spectra with a vector
network analyzer. A superconducting coil was designed to generate

magnetic fields in situ at cryogenic temperatures. Many cobalt-niobium
thin film multilayers were created by means of e-beam evaporation. The

FMR spectra were recorded at room temperature and cryogenic
temperatures as low as 4.5K. The spectra were analyzed to determine the
linewidth of the FMR resonance above and below the critical temperature

of different thicknesses of the superconducting layer. The initial results
are promising, but not sufficient to conclude decreased gilbert damping

in the ferromagnet below the Tc of the superconductor.
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Chapter 1
Introduction

Superconductivity continues to produce thought provoking discoveries.
Electron transport without energy dissipation is a core property of super-
conducting materials and has led to many groundbreaking innovations.
Electrons do not only carry charge across materials, but spin as well. Spin
is an intrinsic property of particles that describes their internal angular
momentum. Electrons belong to the class of spin 1

2 fermions and within
superconductors they come together to form cooper pairs. These cooper
pairs require antisymmetric pairing and were long believed to exist only
as opposite spin pairings, or ’singlet’ states. This exclusion principle can
be overcome by attaining antisymmetry through another component: the
momentum or frequency of the electrons. Cooper pairs of equal spin
can thereby be formed through these alternative pairings, creating spin
triplets. A huge potential is unlocked by net-spin carrying triplet states.
It is where the fields of superconductivity and spintronics meet. Like sin-
glet states, non-polarized triplets are pulled apart by the exchange inter-
action inside ferromagnets. The triplet states however, can become spin
polarized by a spin rotation process. The generation and control over spin
polarized currents has a great many applications in modern technology,
making spintronics an ever-relevant field. The long-standing research into
spin currents almost celebrates a decade’s existence. The field drew new
breath when non-collinear ferromagnetic multilayers were found to gen-
erate long range triplet correlations. Work has been done to create such
misaligned ferromagnetic structures. This led to interest in spin textured
devices and recently Lahabi et al.(2018) [13] have shown dynamic control
of triplet supercurrents by using a ferromagnetic vortex in a cobalt disk.
Further research to these correlations has largely been done in Josephson
junctions, for example by Bell et al.(2008) [2]
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The goal of this project is to simplify research into long range triplet cur-
rents by way of a hands-on method to obtain FMR resonance spectra in
thin films. By successfully showing the presence of triplet currents in FM-
SC multilayers, we open many lines of inquiry into the inner workings
of superconducting materials and can start to probe the more exotic com-
posites. This thesis will lay a part of that groundwork. First, the basic
concepts that are important for understanding the dynamics of magnetic
systems are explained. Some common measurement methods and the un-
avoidable technical language will be introduced. This is finished with the
explanation of a piece of research into spin triplets that is indicative of our
line of inquiry. The third chapter describes and characterises the equip-
ment used for obtaining FMR spectra. Additionally, the samples to be
put under test are listed. Then, the initial results at room temperature are
presented. The discussion of these results informs alterations to the mea-
surement methodology. One of the additions is a superconducting coil
designed specifically to produce local, homogenous magnetic fields. This
design process will be explained in the fifth chapter. Then the stage is set
to present the FMR spectra taken at cryogenic temperatures. The result-
ing linewidth measurements will be discussed and conclusions are drawn.
Lastly, a critical look is taken at further steps to potential research.
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Chapter 2
Theory

2.1 Ferromagnetic Dynamics

Magnetism at the macro scale is the result of smaller interacting mag-
netic moments inside the material. These neighbouring elements can in-
teract through many pathways and lead to a great number of complex
behaviours. Generally, a magnetic system will tend toward a minimum in
the total of the free energy.

Etotal =
∫

ϵex + ϵan + ϵdem + ϵZee + ϵstress + ϵms dV (2.1)

The first term is due to the exchange interaction between magnetic mo-
ments. Second is the anisotropic energy, which is determined by the crys-
tal structure of the material. Third is the demagnetization energy, which
increases with the strength of stray fields in an effort to locally align mo-
ments parallel to the edge of the material. Fourth is the Zeeman energy
due to an applied external field and defines properties as the hysteresis
loop of the material. Lastly, are the terms for mechanical stress applied to
the material and magnetostriction [5].
Specifically in ferromagnets, the exchange interaction between electron
spins drives them to order in parallel and gives rise to an overall mag-
netization. To simplify the inner workings of a magnetic system, we can
consider only the combined magnetization vector, as depicted in Figure
2.1a

dM
dt

= −γM × H +
α

Ms
M × dM

dt
(2.2)
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2.2 Spin Pumping 4

Figure 2.1: Schematic showing the precession of the magnetization vector M
around a local field He f f . a) shows the precession when no net damping is
present. b) shows how damping realigns M with the local field. Image from
Verhagen(2014) [22]

Here M is the magnetization of the magnetic system, H is the effective lo-
cal magnetic field. Parameter γ is the gyromagnetic ratio, α is the Gilbert
damping factor and Ms is the material dependent saturation magnetiza-
tion. The first term in equation 2.2 describes how the magnetization will
tend to rotate around any effective local field present inside the system
and is known as the precession term. Additionally, the magnetization will
tend to align with the local field as shown in schematic 2.1b. The strength
of this damping term is determined by the prefactor α

Ms
. We can therefore

describe the dynamic relaxation of the magnetic system by closely exam-
ining the damping factor α. The LLGE is a powerfully simplistic formula
to describe the complex dynamics of magnetic systems.

2.2 Spin Pumping

If we imagine a ferromagnetic system in equilibrium with the local field,
an excitation of the effective field can bring the magnetization vector of the
ferromagnet out of alignment. For this to work, the driving field needs a
strong orthogonal component to the local field. As mentioned in the pre-
vious chapter, the overall magnetization will gyroscopically move around
and align with the effective local field vector. This precession occurs at the
Larmor frequency, which can be derived from the precession term in the

4



2.2 Spin Pumping 5

Figure 2.2: a) shows the density of states of electron spin distribution. Both up
and down states are filled up to the Fermi level EF. In b) a ferromagnet imparts its
momentum onto available electrons and introduces an imbalance in the distribu-
tion of spin states. Through spin flip relaxation the system can return to equilib-
rium. If an adjacent layer is present, the spin relaxation process can be accelerated
by injecting a spin polarized current into this layer. From verhagen2014 [22], orig-
inally adapted from czeschka2011 [6]

LLG equation:
ωLarmor = −γHext (2.3)

If, however, the local field is continuously excited at the Larmor frequency,
we prevent the magnetization from relaxing over time and it will maintain
gyroscopic motion. This is the working principle behind many magnetic
resonance phenomena such as electron paramagnetic resonance (EPR), nu-
clear magnetic resonance (NMR) and ferromagnetic resonance (FMR).
The pathway through which the ferromagnet relaxes its magnetization is
largely by spin-carrying electrons present in the material. The electrons
exist within a distribution of up and down spin states. As the magnetiza-
tion is imparted upon the electrons, a spin imbalance arises. In order to
return to an equilibrium state, the electrons can undergo a process of spin
flip relaxation, which is shown in more detail in Figure 2.2.
If the rate at which the ferromagnet induces a spin polarization onto the
electrons exceeds the rate at which the spins can relax, a spin accumula-
tion will build up in the ferromagnet. This spin polarized current can then
move into an adjacent material in ohmic contact with the ferromagnet.
This opens new pathways for the spins to relax, which in turn changes the
dynamics which control the damping in the precession of the magnetiza-
tion vector. This phenomenon is aptly named Spin Pumping.

5



2.3 Spectrum Analysis Methods 6

2.3 Spectrum Analysis Methods

The characterization of an FMR resonance spectrum has been done through
many different methods. Depending on measurement system and sam-
ple, a relatively broad range of frequencies is common for FMR spectra
and is an important consideration for spectrum sampling. Other consider-
ations are the number of active elements in the spectrometer, comparison
of measurement and reference signals and the level of direct relation to the
Gilbert damping factor. To extract a Gilbert damping factor from a broad-
band spectrum three techniques are most used, each exploiting a niche in
these considerations. Each technique requires a method of applying a non-
driving external field to control the resonance frequency of the FM and is
usually fulfilled with Helmholtz coils.

PIMM
A method using a direct relaxation dynamic is the Pulsed Inductive Mi-
crowave Magnetometer (PIMM) technique. By modulating an input fre-
quency source with a square wave on the order of Kilohertz a pulse gen-
erator is created that can ’flick’ a FM sample with a short driving field.
The relaxation of the FM over nanoseconds can then be measured using a
high-frequency oscilloscope as shown in Figure 2.3. The absorption can be
quantified through an FFT of the response after subtraction of a reference
measurement. The reference signal is not easily obtained and involves
saturating the FM in the same transverse orientation as the driving field
to measure a reference without damping. An important application of this
technique is found in Jeon et al [10], who circumvents the reference FFT
by rectifying the signal using a diode to obtain a dc-voltage that can be
compared to the input pulse. Thereby eliminating contributions of other
frequencies from the measurement signal.

SL-FMR
Another method often encountered is field-variable FMR at a fixed driving
frequency. This can be done with use of a microwave cavity or stripline.
The cavity is supplied with a driving field matching the natural resonance
frequency of the cavity. Although a cavity has a high quality factor, the
resonance frequency and its sensitivity change upon introduction of an
FM sample. The geometry of the cavity ensures uniformity of the driving
field. The external field is varied to match the FM resonance to the tuned
cavity. When the external field is varied around this resonance field an
FMR spectrum can be measured from the return signal. Cavities are lim-
ited in their broadband frequency application. For low loss FM samples,
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2.3 Spectrum Analysis Methods 7

Figure 2.3: Graph (a) shows a typical time response for an FM film sample in
pulsed inductive microwave magnetometry (PIMM) measured by an high sample
rate oscilloscope. Graph (b) shows the FFT of the response in (a) with a lorentzian
fit and an indication of the full width half maximum (FWHM). Image from Kalar-
ickal et al [12]

the FMR resonance can couple to the cavity resonance and prohibit mea-
surement [15]. Using a stripline in field-swept FMR eliminates the practi-
cal disadvantages of a cavity system, but both techniques suffer from the
indirect relation to the Gilbert damping, which is defined by frequency
broadening in the FMR spectrum. A measurement in field broadening of
the spectrum requires conversion.

VNA-FMR
A method truly benefiting from its simplicity makes use of a vector net-
work analyser (VNA) and a stripline such as a coplanar waveguide (CPW).
A VNA can function both as a generator of a driving field and as a spec-
trum sampler. It does this by comparing output and return signals into
S-parameters. In Figure 2.4 is shown how the signals at different ports
are combined to 4 distinct measurement parameters. Specifically, the S21
parameter is a measure of the loss through the entirety of the connected
system. To acquire a spectrum holding only contributions from an FM
sample, a reference measurement must be made to subtract the microwave
characteristics of the system. Furthermore, modern VNAs offer a wide
range of operating frequencies, allowing higher frequency FMR spectra

7



2.4 Resonance Linewidths 8

Figure 2.4: Diagram showing the signal flow of a 2-port VNA in terms of S-
parameters. Parameter S21 is defined as the forward transmission coefficient de-
fined as the ratio between outgoing wave b2 and incident wave a1 under condition
of no return transmission a2. Image from Rhode&Schwarz [19].

to be measured. It can be challenging to manage the impedance of the
FM-coupled CPW as this can introduce frequency dependent distortion in
the spectrum. Some distortions and offsets can be mitigated by consider-
ing phase shifts and reflection parameters, conveniently provided by the
VNA. Analytically, spectra can be cleaned by fitting a Lorentzian distribu-
tion to a normalised absorption spectrum.
VNA-FMR has gained interest in recent years. Nano-fabricated magnetic
systems and spintronics are important fields of study in modern technolo-
gies. As VNAs have had widespread use in systems diagnostics for mi-
crowave applications such as antennas and communication systems, com-
mercially available VNAs are financially viable and offer a large number
of capabilities. Since the turn of the century, more papers have been pub-
lished on thin film FMR, a number of which make use of VNAs such as
[17], [23], [7], [21]. For a more in-depth comparison between FMR meth-
ods the following sources are quite useful [12], [16].

2.4 Resonance Linewidths

With a direct relation between linewidth broadening and the gilbert damp-
ing, all that rests is defining the linewidth to be taken from absorption
spectra. Many definitions exist, two of which will be highlighted and a
third will be introduced.
The most common method, often used in bandwidth analysis, is the full
width at half maximum (FWHM) definition. This definition is refreshingly
self-explanatory, as it takes the width at half of the maximum absorption
peak, similar to Figure 2.5. A second, very similar definition is the peak-
to-peak width (∆PP). This requires taking a derivative of the measured

8



2.4 Resonance Linewidths 9

Figure 2.5: a shows a typical FMR resonance spectrum. b shows the derivative of
the spectrum in a and both have an indication of the ∆PP linewidth.

Figure 2.6: a shows an asymmetrical FMR resonance spectrum with its equivalent
indication of ∆PP linewidth. b shows the alternative 90-percent width definition
of linewidth for the same spectrum as in a.

spectrum and determining the distance between its maximum and mini-
mum, thereby defining the linewidth in terms of the inflection points of
the absorption spectrum.
Both methods are analytically easy to apply but require relatively clean
spectra or necessitate fitting a distribution. Additionally, these methods
are only well defined for symmetrical distributions. For asymmetrical
spectra, the linewidth is skewed as shown in Figure 2.6a. To define a
linewidth in such case with some measure of standardization, a 90-percent
peak width will also be defined. The average between 85% and 95% of the
maximum absorption peak is taken left and right of the resonance peak.
The distance between these averages is than taken to be the 90-percent
peak width. This process is shown in Figure 2.6b.
A method to compare frequency swept and field swept linewidths is out-
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2.5 F-N and F-S Heterostructures 10

lined by Kalarickal2006. The FMR resonance peak positions are consistent
across both type of measurements. By comparing the Kittel formulas in
terms of fKittel(Hext) and HKittel( f ) a conversion relation can be obtained.

∆H =
∆ f

|γ|PA( f )
(2.4)

PA( f ) =

√
1 +

(
|γ|µ0Ms

4π f

)2

(2.5)

Where ∆H is the field linewidth, ∆ f is the frequency linewidth and PA( f )
is a conversion factor dependent on the resonance peak frequency.

2.5 F-N and F-S Heterostructures

To grasp the dynamics of spin polarised currents it is necessary to consider
the interface between multiple different materials. These ferromagnetic
multilayers, or heterostructures, are depicted in Figure 2.7.
The FM layer, upon excitation, generates a spin polarised current enter-
ing the adjacent material. In the case of an F-N multilayer, the normal
metal gains an asymmetric spin distribution, that can equalize through
many processes, primarily spin flip scattering. This then translates to an
increased gilbert damping factor inside the FM layer, the strength of which
is highly dependent on the material. The spin accumulation inside the nor-
mal metal occurs over a distance at which the normal metal effectively dif-
fuses the spin current, the spin diffusion length λsd. In metals this length
can range anywhere from a few nanometres to a few hundred nanome-
tres. Naturally, this is the same process as occurs in a F-SC multilayer
above the superconductor’s critical temperature. Below the superconduc-
tors Tc, the electrons inside the SC layer form cooper pairs and the result-
ing superconducting energy gap prevents the spin polarised current from
effectively penetrating the SC layer. However, due to the proximity effect
at the interface with the FM layer, spins can accumulate over a distance
of the superconducting coherence length ξsc. This can be understood as
the length scale over which the wave characteristic will remain consistent
while maintaining superconductivity. It is sometimes more plainly con-
sidered as the size of a coherent cooper pair. Generally, a large portion of
the polarised spin current will be reflected at the F-SC interface, maintain-
ing a damping factor close to the natural state of the FM layer. This means

10



2.5 F-N and F-S Heterostructures 11

that at the transition temperature a F-SC multilayer will experience a sud-
den drop in the gilbert damping or in other terms a decrease in spectrum
linewidth.

Figure 2.8a shows the sudden drop in linewidth below Tc for different
thicknesses of a niobium SC layer. This linewidth sharpening can be quite
large. The difference between the above and below Tc linewidth increases
with the thickness of the niobium, up to the diffusion length. There is also
a characteristic increase in linewidth right before the transition. A pecu-
liar effect happens when an additional layer is added beyond the SC layer,
specifically of a material that is considered to be a good spin sink such as
platinum. Platinum very effectively dissipates spin accumulation, boast-
ing a spin diffusion length in the single digits. This is attributed to the
large spin orbit coupling (SOC) platinum experiences. In these Pt capped
multilayers, the linewidth broadens below Tc for Nb-layers thinner than
the coherence length. This is shown by the plot in Figure 2.8b.
One explanation is the existence of long range spin triplet states across the
FM and SC layers. Within the SC layer, there are singlet correlated cooper
pairs that are a combination of equal and opposite spins (| ↑↓⟩ − | ↓↑⟩).
Additionally, there are triplet correlated cooper pairs once again with zero
net spin projection (| ↑↓⟩+ | ↓↑⟩). Both these cooper pair types exist partly
within the FM layer. Neither are very long lived inside the FM layer, as
the exchange interaction decouples the cooper pairs quickly. However,
the triplet cooper pairs can be turned into a stable net-spin carrier through
spin rotation (| ↑↑⟩+ | ↓↓⟩). Experimentally, this has been done using mul-
tiple adjacent FM layers with non-collinear magnetization axes. Such FM
’spin mixing’ layers create triplet states in one spin orientation as the per-
pendicularly magnetized FM layer rotates the triplet onto another plain.
The multilayers in Figure 2.8 do not contain a spin mixing FM layer. It is
predicted that the large SOC in combination with ferromagnetic exchange
can also generate equal spin triplet correlations in multilayers [3]. These
equal spin triplets are not pulled apart by the exchange interaction inside
the FM and can carry a spin current. It is possible therefore that long range
triplets can reach across the SC layer into the spin sink layer, where they
are dissipated. As such, damping would increase and linewidth would
broaden as presented. In theory, one could make many multilayers with
different thicknesses of the SC-layer and by examining the FMR linewidth
broadening, could deduce the coherence length of the SC material.

11



2.5 F-N and F-S Heterostructures 12

Figure 2.7: a is a diagram showing the precessing magnetization vector M(t) gen-
erating a spin polarised current Js into an adjacent normal metal, causing a local
imbalance in spin distribution. This provides an additional gilbert damping con-
tribution αsp. below the transition temperature Tc in b, where the superconduct-
ing energy gap 2∆ prevents a spin polarized current from affecting the supercon-
ducter further than the coherence length ξsc. Borrowed from Jeon et al.(2018) [10].

12



2.5 F-N and F-S Heterostructures 13

Figure 2.8: a is the temperature dependence of the field swept FMR linewidth
(FWHM) for Nb/Py/Nb samples for various Nb thicknesses obtained at 20GHz
resonance. The dashed lines indicate Tc. On the bottom the resonance field for
each datapoint is shown. b shows the equivalent of a for Pt/Nb/Py/Nb/Pt spin
sink samples. Borrowed from Jeon et al.(2018) [10].
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Chapter 3
Setup

In this chapter the setup for VNA-FMR experiments will be introduced.
The original setup could perform FMR experiments in a cryogenic vessel,
but for the purposes of this project multiple additions had to be made,
which will be discussed in later chapters.

3.1 Insert with Co-planar Waveguide

The insert on which the waveguide is fastened consists of an RVS rod with
heat shielding plates along its length. At the end a solid copper block is
screwed with brackets for a waveguide and supports for a sample holder
as can be seen in Figure 3.1. Through the insert run semi-rigid RF cables
with SMA connectors on both sides. One cable is connected directly to the
SMA connector on the waveguide and one cable is looped underneath the
copper block and connected with 2 90-degree male-female SMA connec-
tors unto the waveguide. At the head of the insert, the semi-rigid cables
are connected to additional connectors for outside interfacing. The VNA
that was used is a Rhode&Schwarz 14GHz VNA with N-type connections.
This means the cables connecting the insert to the VNA are either N-type
to SMA or require a N-type to SMA converter to interface the VNA. N-
type and SMA connectors are accurate for applications up to 11GHz and
12GHz, respectively, but this can be increase to 18GHz in air dielectric
connectors [18]. These connectors commonly use the 50 ohm impedance
standard.
The waveguide on which our samples are placed is an open co-planar
waveguide. It consists of two main conductive lines to carry EM waves:
the signal line and ground planes. The CPW that was used is a double-

14



3.1 Insert with Co-planar Waveguide 15

Figure 3.1: Top down view of the waveguide and RF components at the end of
the insert.

layer PCB with the dielectric layer fully contained within the ground plane.
There’s coupling between the signal line and the ground plane on both
the sides and the bottom of the CPW. This type of CPW is simply called a
grounded coplanar waveguide (GCPW) in which the bottom ground layer
helps confine the EM waves by limiting parallel modes [7]. CPWs can be
designed to fit specific needs through tailoring their complex impedance
and are often easy to manufacture. A change in impedance of the CPW
can lead to reflections at the connecting interfaces. These reflections not
only reduce the effective field strength through the CPW but can also cause
frequency-dependent interference in response or reflection measurements.
Schematic 3.2 shows the way a CPW can be represented electronically. A
sample coupling to the CPW would show a change in inductive coupling
constant C. The characteristic impedance of a waveguide system can be
calculated with the following expression:

Z0 =
R + iwL
G + iwC

. (3.1)

Commonly, all applications are designed with a 50 ohm impedance to
minimize impedance mismatch. As long as samples placed on the stripline
are of similar material, size and placement, their local field strength cou-
pling can be assumed to be the same. A waveguide and sample not de-
signed with a specific coupling factor in mind, however, will result in
impedance mismatch between the connectors and the waveguide.
The insert also contains a 4-point Cernox resistance sensor for temperature
readout via a lock-in amplifier. For quicker recovery after a cryogenic mea-

15



3.2 Characteristic Response Insert 16

Figure 3.2: Electronic representation of the waveguide-sample system, where the
length of transmission wire dx is defined by resistance R and inductance L. The
conductance of the waveguide is given by G and the sample is represented by the
coupling constant C. Borrowed from De Haan(2019) [7]

surement, a heating element is added. All connecting wires are soldered
to a MIL spec connector to be interfaced with outside the insert. This con-
nects to a custom breakout box. Exact details of the equipment used can
be found in Appendix A.

3.2 Characteristic Response Insert

Before any FMR spectra can be measured, it is important to characterize
the way RF signals are transmitted through the setup. Dissipation and re-
flections through the cables and connectors are unavoidable. This loss of
signal will ultimately reduce both the amplitude of the driving field expe-
rienced by the sample and the return signal measured. Because smaller
wavelengths have more opportunities of scattering through the setup, it is
common to see the transmission signal decline with increasing frequency.
Any significant dips at specific frequencies can indicate lossy connections
or faulty cables. This was used to select RF-parts with the least overall
loss and stable frequency response. There was access to 3 different sets of
semi-flexible RF-cables that connect the insert to the VNA. The full spec-
tra of the final insert with different sets of cables are plotted in Figure 3.3.
As explained in section 3.3, VNA measurements express the signal loss in
terms of the S21 parameter. We will analyze only the magnitude of this sig-
nal (expressed in decibels) and leave phase rotational data outside of our
analysis. The difference in transmission of the different cables is largely
due to their quality and length. Minimizing this length is a direct way to
improving the transmission. The relatively short blue cables to the VNA
(<1m length) also have the smallest periodic noise characteristic. Periodic

16



3.3 Sample Preparation 17

Figure 3.3: Full cycle transmission through the insert and connecting cables as
measured by a VNA for a wide range of frequencies. The waveguide did not
contain a sample for the spectra used to measure the connecting cables. A sample
of Co(30nm)Nb(30)Pt(5nm) was placed on the waveguide for the example sample
measurement

patterns are often caused by small damages inside the cable that accumu-
late over extended use. Sticking with the blue cables, the insert performs
exceptionally well with full cycle loss of -11dB at 10 GHz. Compared to
De Haan [7] and Van Dinter [21], who achieved -20dB and -13dB at 10Ghz
respectively. This will ensure we lose as little signal as possible in our FMR
measurements. The addition of an FMR sample also greatly influences the
transmission. This is in part because the sample absorbs and dissipates
some of the signal. Additionally, the sample changes the impedance of
the waveguide to the connecting wires, increasing reflection of the signal.
This makes the background transmission partly dependent on the type of
sample used.

3.3 Sample Preparation

A large range of samples was prepared for the spectrum measurements.
As a base, 300nm of oxidized silicon substrate was used. Each sample was
cut to be roughly the same dimension of 8mm by 3mm with an estimated
10% margin between samples. This gives the samples after deposition of

17



3.3 Sample Preparation 18

a ferromagnetic layer a preferential magnetization axis along its long side.
For the ferromagnetic layers, cobalt was readily available and easy to work
with. Creating a thicker cobalt layer increases the magnitude of absorp-
tion, which makes it easier to detect in FMR measurements. However,
due to the limited availability of cobalt it was determined to use 30nm
Co as a sufficient FM layer. This was deposited, as are all other layers,
by means of e-beam evaporation. The exact parameters of which can be
found in Appendix B. For the normal metallic and superconducting layer,
niobium was used. Above its critical temperature niobium functions as a
normal metal with an effective spin diffusion length of 35-45nm [8]. Be-
low Tc, niobium is a superconductor with a coherence length on the order
of 18nm at T=4K. This was derived from the zero-temperature length by
Jeon et al.(2018 supplementary), in other words a ’dirty limit’ coherence
length [11]. To confidently show the shift from spin diffusion length to
coherence length as the dominant exchange distance below Tc, a gradient
of sample thicknesses was used. These niobium thicknesses range from
10nm Nb to 50nm Nb in steps of 10nm, all preceded by a 30nm cobalt
layer. To probe the exact length of the coherence length in niobium, each of
these samples was made with a counterpart containing a Pt(5nm) capping
layer. There is evidence platinum has special surface interactions with su-
perconducting niobium. To compensate for these alterations to the surface
dynamics inside the superconductor we can test the samples with a lesser
spin sink capping layer. So lastly, to examine the spin sink characteristics
of the Platinum, a third set of samples could be made with a copper or alu-
minum capping layer as applied by Louis2016 [14], which have relatively
low SOC, making it a bad spin sink material. [10] The critical temperature
of bulk niobium is generally taken to be Tc=9.2K. For thin films the super-
conducting transition is suppressed and Tc lowers as thicknesses decrease.
As the temperature for resistance measurements does not decrease below
4.2K, it becomes increasingly harder to find Tc for tNb<10nm [20]. For
several samples the Tc was measured and taken as the halfway point of
the transition in the resistance. No superconducting transition was found
for the Co(30nm)Nb(10nm) sample.
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Chapter 4
Room Temperature Ferromagnetic
Resonance

Aside from supplying our dynamic system with a microwave driving field,
an external constant field is needed to influence the resonance frequency.
In this section we’ll examine a basic way of generating (homogeneous) ex-
ternal magnetic fields. We will use this to measure and analyze our first
set of ferromagnetic resonance spectra at room temperature.

4.1 Initial Testing

A simple way to supply an external field is by using permanent magnets.
Neodymium magnets are especially useful for tabletop measurement as
they are strong and come in many different shapes. A square magnet of
10x10x5 mm was used for preliminary testing. Naturally, the beginning of
any project involves familiarizing oneself with new equipment and mea-
surement techniques. For sake of brevity, a large portion of trial and error
will not be discussed. However, this initial period can be summarized
into a single lesson: to prioritize real time feedback as a diagnostic tool.
Once the VNA was not only used for data acquisition, but its internal an-
alytics were used to show FMR resonance spectra in real time, significant
progress began to be made.
For the first full spectrum measurement a sample of Co(30nm)Nb(30nm)Pt(5nm)
was evaporated on 300nm silicon substrate. Even though this is not a sim-
ple bulk ferromagnet, at room temperature this sample can be considered
as a ferromagnet and normal metal heterostructure. This should not affect
the ferromagnetic resonance spectrum in a meaningful way. The sample
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4.2 Permanent Magnets 20

is placed face down onto the center trace of the waveguide and secured
with a plastic sample holder. To control the height of the magnet (and the
field strength) the magnet was attached to a ruler held above the waveg-
uide by a tabletop jack. For each measurement the zero-field background
spectrum is subtracted from the resonance spectrum. The combined spec-
tra are plotted in Figure 4.1a. It should be noted that al spectra have been
smoothened with a 4% rolling average window (depending on resolution
this comes down to 30MHz). The FMR absorption dips are clearly visi-
ble in the spectra. However, at higher resonance frequencies the spectrum
drifts from the baseline and the absorption loses shape. These distortions
increase drastically whenever an object enters within a 10mm radius of
the open waveguide. Likely, this is caused by inductive coupling between
the RF signal leaking from the waveguide into the surrounding free space
and any object therein. This leads to an impedance mismatch between the
waveguide and the SMA connectors on the RF cables. To test this, the same
configuration was measured with a non-ferromagnetic silicon substrate
sample, which is shown in Figure 4.2. This clearly excludes the sample as
a source of these distortions and we can use the substrate measurement to
clean our initial spectrum measurement, shown in Figure 4.1b.

4.2 Permanent Magnets

Although the ≤6GHz resonances are clear, the distortion still affects higher
resonance frequencies. To improve on the uniformity and strength of the
external field, differently shaped magnets were tested. It was expected
that cylinder bar magnets could improve field uniformity over the square
magnets, because the square magnets have cornered edges. By stacking
multiple square magnets we can increase the field strength over a single
magnet. Figure 4.3a was obtained by using a handheld gaussmeter. The
cylindrical bar magnets produce insufficient field and have increased dis-
tortion at higher frequency resonance as seen in Figure 4.3b. We see a nor-
mal FMR spectrum around 4GHz, but this is overshadowed by the volatil-
ity above 7GHz. This is likely caused by the bars extending over de con-
nections to the waveguide due to their size. It seems the SMA-connectors
contribute more to the leaking RF-fields than the waveguide itself. The
best result was obtained by using a stack of 3 square magnets. The output
field can be increased significantly while staying a safe distance from in-
ductively coupling to RF-components and will be applied for all RT FMR
measurements from here on.
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4.2 Permanent Magnets 21

Figure 4.1: a RT FMR spectra of Co(30nm)Nb(30nm)Pt(5nm) thin film for a per-
manent magnet at varying heights supplying in plane external field. b The same
FMR spectra after subtraction of the response from a non-ferromagnetic sample
under similar measurement.
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4.2 Permanent Magnets 22

Figure 4.2: RT Spectrum of non-ferromagnetic substrate sample for a permanent
magnet at varying heights supplying in plane external field.

Figure 4.3: a Magnetic field strength as measured by gaussmeter for different
shapes of neodymium magnets at varying distance from the magnet. b RT FMR
spectra of Co(50nm)Nb(20nm) when supplied with an in plane external field from
two different cylindrical bar magnets held at 8mm from the waveguide.
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4.3 Effective Magnetization

An easy-to-overlook component of FMR experiments is the discrepancy
between the applied field and the internal field experienced by the ferro-
magnet. By increasing the external field we can align the internal mag-
netic moments inside the ferromagnet and saturate it up to the saturation
magnetization Ms. Changes in this material dependant quantity can shift
the resonance frequencies and the magnitude of the RF signal absorption.
One factor affecting Ms is the thin film anisotropy. Local differences in
crystal structure, the macroscopic shape of the thin film and surface inter-
actions contribute to the total anisotropy of the sample, which works to
resist alignment of the magnetic moments. We will model this as a single
factor adjustment K to Ms and define an effective magnetization Me f f :

Me f f = Ms −
2K
Ms

(4.1)

The relationship between resonance frequency and the external field is
nicely described by the Kittel formula. It is derived from 2.2 in absence
of damping:

fKittel =
γ

2π

√
Hext(Hext + µ0Me f f ) (4.2)

Where the gyromagnetic ratio γ is given by:

γ =
gµB

h̄
(4.3)

By taking the resonance frequencies and field strengths of the previous
section, the Kittel formula can be fitted and compared to expected val-
ues for our thin film samples. Aside from the saturation magnetization,
the Kittel formula depends largely on the Landé g-factor, which linearly
decides the gyromagnetic ratio γ. Prior research repeatedly shows the g-
factor to be thickness dependent [9]. In this case, we set g = 2.10 for 30nm
of cobalt and Ms = 1.44e6 A/m.
The fit for Co(30nm)Nb(30nm)Pt(5nm) in Figure 4.4a shows a high value
for the effective field equal to 1.66 T. It is close to the theoretical satura-
tion magnetization and differs only by roughly 8%. The same process was
undertaken for a thin film sample of evaporated Co(30nm)Nb(20nm) as
shown in Figure 4.4b. A very similar result was found with an effective
field of 1.72 T.
Although these values differ significantly from similar applications such
as Jeon et al.(2018), who found between 0.78 and 0.88T for 6nm permal-
loy in a niobium stack, and Chen et al.(2007) who found 1.01 to 1.36T
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4.3 Effective Magnetization 24

Figure 4.4: a RT Resonance frequencies of Co(30nm)Nb(30nm)Pt(5nm) thin film
on Si thermal oxide substrate with kittel formula fit in red. The fitting formula
used is fKittel =

γ
2π

√
Hext(Hext + µ0M). The resulting effective magnetization is

shown in the bottom right corner. The literature values mentioned in the text are
plotted as the green dashed line following the kittel equation. b Similarly, the
resonance frequencies for Co(30nm)Nb(20nm) are fitted to the kittel formula.

for 30 to 360nm permalloy respectively. A precedent for anomalous ef-
fective field in evaporated permalloy with CPW-FMR has been found by
De Haan(2019), who comments that the empirical values seem off by a fac-
tor of 2 compared to his 1.0T assumption.
For the application of Cobalt, an explanation is presented by Beaujour et
al.(2006) [1], who proposes that the g-factor in cobalt thin films is signifi-
cantly higher in application than in theory for fcc Co films. In his analysis
of sputtered and evaporated thin films, an exceptional increase in g-factor
is found especially for the evaporated films, which differ by 16% up to
g = 2.49. The resulting effective magnetization shows an increasing trend
with ferromagnet thickness, leading to very similar values as found here.

Having established a methodology for room temperature FMR measure-
ments, the conditions to apply this technique at low temperatures are al-
most met. Before the next step, a few alterations were made. First of
which concern the generation of external magnetic fields in situ, as the
permanent magnets used at RT are too large and impractical to use inside
a cryogenic vessel.
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Chapter 5
Superconducting Coil Design

The goal is to create a way of generating variable magnetic fields in a con-
fined cryogenic system. Most commonly, cryo-magnetic measurements
are done using a vector magnet system integrated in the cryogenic ves-
sel that can supply an external field from a distance. For use in an un-
altered cryogenic vessel, a stand-alone coil wound with superconduct-
ing wire was made, which can be attached locally to the insert. The ab-
sence of resistance in a superconducting coil below its critical temperature
makes achieving higher field strengths easier and annihilates heat genera-
tion from powering the field compared to non-SC coils.

5.1 Field Strength

The resonance frequencies at which the system can be measured are first
and foremost determined by the strength of the external field. From the
Kittel formula we can estimate the necessary strength to measure up to
8GHz resonance to be 60mT. In general, a Helmholtz configuration that
makes use of two identical coils is preferred for applications where the
uniformity of the field is of great importance. For reasons that’ll be elab-
orated later, we’ll instead focus on designing the coil as a single cylinder.
The following formula determines the field strength at the centre of a finite
coil where the radius to centre is larger than the width of the coil:

B(T) =
µ0NI

2R
(5.1)

The number of wire windings N, the current I and the radius R will greatly
inform our designing process.
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5.2 Practical Considerations 26

5.2 Practical Considerations

The strongest limitation we have to consider is that the radial size of the
coil must be smaller than the entry of our cryogenic vessel. For a standard
cryogenic vessel this comes down to less than 50mm. The width cannot
be larger than the 18mm waveguide due to the distortions caused by lossy
connectors mentioned in Section 5.2. These considerations together limit
the number of windings of wire we can loop around our coil base. That
leaves one last knob to turn to control the output field of our coil: The cur-
rent. Keeping in mind inefficiencies in the final coil, using currents on the
order of 1A should suffice.
The coil base was milled out of PEEK (Polyether Ether Ketone), which
has great thermally insulating properties and is resistant against cryogenic
temperatures. The walls of the coil base are only 0.5mm thick, which for a
thermoplastic like PEEK makes it prone to breaking at the edge. By filling
the coil base with wire, we provide support and reduce its fragility.
As a proof of concept, a coil with 120 windings of 0.11mm diameter Cu-
coated NbTi wire was wound. This coil has a room temperature resistance
of 74 ohms. For a tabletop field measurement, we use a probe-type gauss-
meter. Naturally, we are interested in the field through the center of the
coil, but due to the measurement surface lying parallel to the probe, mea-
surements could only be taken outside the coil base as seen in Figure 5.1a.
It averaged 0.26mT per 0.1A of current. This is only 58% of the expected
output.
Due to shortage of wire, the final coil has 2600 windings of a different
0.12mm diameter Cu-coated NbTi wire. For this, roughly 340 meters of
wire was used. The final characteristics of the coil are summarized in Ta-
ble 5.2. This coil has a room temperature output of 6mT per 0.1A. This
is 73% of the calculated value and should suffice for our goals. The na-
ture of our experiment requires regularly interchanging the sample on the
waveguide. The coil, which fully encompasses the waveguide, must eas-
ily be removed and reconnected. To do this, pin connectors were added
to the inside of the coil base matching the pins soldered to the connecting
wires, see Figure 5.1b. To hold the coil base in place, two L-brackets are
used. These brackets are screwed onto the setup with spring sinkers to
prevent loosening during thermal expansion. The area of the coil base in
thermal contact with the rest of the setup is limited. The requirement of
ease of use, together with size limitations, is what makes a Helmholtz coil
setup impractical in this case.
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5.3 Resistive Heating 27

Figure 5.1: a Initial N=120 coil with the hall probe held just outside the centre
of the coil for field measurements. b Pin connectors attached to the inside of the
N=2600 coil.

Figure 5.2: Table of the defining characteristics of the final superconducting coil.

5.3 Resistive Heating

The limit on the current through the coil is a lot lower than the theoret-
ical limit of the NbTi-wire, at least if the temperature is to be controlled.
Any low temperature measurement inside a cryogenic vessel comes with
the practical concern of ohmic heating through the wires. Although the
superconducting coil experiences very little heating, the connecting wires
will mostly exist above the critical temperature for the wire. Estimating the
heating can be difficult because the wire experiences a gradient of temper-
atures. If we assume simple copper wire of the same gauge as the NbTi,
resistivity at an average low temperature and a max current of 1A we can
estimate the total power through the wires as 4W. A good rule of thumb
is that 1W for an hour will boil away a liter of liquid helium*. Fortunately,
there’s a simple trick we can apply. By dividing the connecting wires
into multiple parallel bundles we distribute the current over many paths,
decreasing the current per bundle. Practically, we have now increased
the number of heating sources linearly, but because the power generated
scales with I2 we still reduce the heating output as shown in Equation 5.2.

*Back-of-the-napkin wisdom kindly provided by Tjerk Oosterkamp
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5.4 Field Matching and Results 28

For a 4 bundle setup for example, the power output is reduced by 1
4 . The

same can be achieved by simply using a thicker wire to reduce the resis-
tance, but we’re limited by a single gauge of superconducting wire.

P(W) = RI2 =
ρLn
πr2

(
I
n

)2

(5.2)

With n the number of wires, ρ the resistivity, L the length and r the radius
of the wire. Lastly, there’s the possibility of the coil losing superconduc-
tivity. This can happen as either the helium boils away too far to keep
the coil cool or the coil experiences more than its critical magnetic field.
As the field strength produced by the coil for AC current is dependent on
the change in current, it is possible for the coil to lose superconductivity
when the input current is abruptly stopped. In which case, the coil dis-
charges its full inductive energy capacity as heat. With Equation 5.3 We
can estimate the energy capacity of the coil using the self-induction L. For
a 1A scenario this gives roughly 0.16 Joules of energy. Even if we assume
the energy dissipates over several seconds, this still proves a danger as
liquid helium expands to 200 times its volume just above its boiling tem-
perature. For this reason, all cryogenic vessels are equipped with safety
pressure valves.

Eind =
LI2

2
(5.3)

Two thermal anchors are added to contact the helium bath below the in-
sert. The coil is finished with a layer of thermally conducting GE-varnish,
which improves the thermal contact between the anchors and the coil. It
also prevents damage to the wire during handling. The final dimensions of
the coil only allow for 0.5mm margin with the width of the vessel, thereby
maximizing the available space.

5.4 Field Matching and Results

To assess the generated field created by the coil in situ, a Hall probe could
be used. Although probes exist that can measure broad ranges and op-
erate at cryogenic temperatures, they are hard to come by and require
significant investment. The relation between supplied current and field
output of the SC coil was obtained with a different approach. The low
temperature resonance frequencies with the supplied current were taken
and compared to RT resonances obtained using a permanent magnet with
known field strength. Essentially, the coil output was mapped onto a kittel
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Figure 5.3: Table showing the heating per second as measure by the cernox ther-
mometer for different input currents and initial temperatures.

relation obtained at RT. This was done for a sample of Co(30nm)Nb(20nm)
using spectra measured at 0.2, 0.25, 0.3, 0.35 and 0.4A at T=9K. From this, a
simple conversion factor α was found. The ferromagnetic properties of the
sample change between RT and cryogenic temperatures. So does the sat-
uration magnetization, which prevents a true mapping of resonance fre-
quencies. Regardless, precise determination of field output is not essential
for determining peak broadening in the FMR spectra.

Bcoil = αI (5.4)

α = 63.8 ± 0.14
mT
A

(5.5)

During these calibration measurements an oversight in the design of the
coil was found. For measurements at T≤10K, the thermal contact with the
helium bath is strong and fluctuations in the temperature are negligible.
At higher initial temperatures the thermal contact is less good and a steady
increase in temperature is seen during measurement sweeps (which usu-
ally takes 20-25 seconds total). By examining later measurements, an indi-
cation of the temperature increase per second can be given. From Table 5.3
It is clear that the heating is significant and larger than could be caused by
the connecting wires alone. The culprits are the soldered pin connectors
as seen in Figure 5.1b These are high resistance compared to the supercon-
ducting wiring. Due to the placement of the Cernox thermometer on the
bottom plane of the insert, directly opposite the pin connectors, it is pos-
sible the thermometer is overestimating the temperature increase of the
sample. Regardless, by keeping the frequency span no larger than nec-
essary the time to completion can be minimized without sacrificing mea-
surement resolution.
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Chapter 6
Cryogenic Resonance Spectra

In this chapter the first testing of the insert at temperatures below 20 Kelvin
will be discussed. Complications arriving from the new environmental pa-
rameters will be examined and improvements on the methodology are im-
plemented. Any adjustments in measurement goal are explained, which
will prepare the discussion of the results of the cryogenic FMR measure-
ments for thin film heterostructures.

6.1 Initial Testing

In line with previous testing, the first sample to be lowered into the cryo-
stat was a Co(30nm)Nb(30nm)Pt(5nm) thin film sample. Between the liq-
uid helium bath and the top of the vessel, a gradient of temperatures rang-
ing from 4 to 150 Kelvin exists. The temperature at the waveguide on
which the sample is placed, is controlled by changing the depth of the
insert inside the cryostat. Spectra for two different field strengths were
obtained and are shown in Figure 6.1a. The spectra clearly show a dis-
ruptive quantity of noise. As the helium bath absorbs heat and boils off,
the vibrations from bubble nucleation affect the measured spectrum. Al-
though the FMR absorption is still visible, the magnitude of the noise will
worsen the determination of peak width. What’s more, a sudden decrease
in transmission at 6GHz is seen, likely caused by the VNA switching mea-
surement modes between lower and higher RF frequencies during the
sweep. This jump gets larger when the no-field baseline starts to drift
away from the baseline measurement taken for normalisation as the tem-
perature changes. To combat this problem, brushes were added to the
thermal anchors of the coil and the lower end of the insert (Figure 6.1b).
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Figure 6.1: a FMR resonance of Co(30nm)Nb(30nm)Pt(5nm) at T=9K for two dif-
ferent external field strengths. The green arrow marks the discontinuity in the
spectrum. b The coil attached to the insert and the copper wire brushes attached
to the copper block.

These brushes dampen the vibrations extended through the anchors to the
insert. Additionally, by committing to let the insert thermalise inside the
vessel for 3 to 4 hours before measurement, temperature differences are al-
lowed to equalize. Together, these interventions greatly improved the sta-
bility of later spectra. As explained in Section 3.4, the spin diffusion length
in niobium is on the order of 35-45 nm. To identify an increased Gilbert
damping upon introduction of a Pt capping layer, the Co(30nm)Nb(20nm)
and Co(30nm)Nb(40nm) can be compared to their Pt(5nm) counterparts.
For this reason, it was decided to start analytical measurements with the
20 and 40nm niobium samples.

6.2 Linewidth Results

The Co(30nm)Nb(40nm) sample has a Tc of 7.1K, the Co(30nm)Nb(20nm)
sample a Tc of 6.5K. Spectra were obtained for a multitude of fields at dif-
ferent temperatures, the exact set of measurements can be found in Table
8.2. Additional information on the measurement parameters and data pro-
cessing performed by the VNA can be found in Appendix C.
A subset of these measurements are shown in Figure 6.3. Two things are
of note. Firstly, the high-field spectrum in Figure 6.3c does not follow the
same trajectory of increasing magnitude as seen in the spectra obtained at
T=5K. This is likely caused by the quick temperature rise that occurs when
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powering the coil with lesser thermal contact as mentioned in section 5.4.
This might skew the calculated peak width for this particular spectrum.
Secondly, all spectra are asymmetrical in the sense that their response at
low frequencies is higher than that at high frequencies. The difference be-
ing more than half the peak magnitude. Chen et al.(2007) [4] also notes
asymmetrical absorption spectra for Permalloy (NiFe) films and proposes
it results from impedance mismatch in the combined waveguide-sample
system. To calibrate against this, phase rotation analysis could be per-
formed, which is outside the scope of this project. Practically, the peak-to-
peak width method utilising derivatives as described in section 2.4 seizes
to be a good measure of peak width. Henceforth the linewidth will be
examined using the 90-percent linewidth method as outlined in the same
section. The extracted 90-percent peak linewidths are plotted in Figure

Figure 6.2: Table showing the exact temperatures and external magnetic fields
for which spectra were obtained for both the Co(30nm)Nb(40nm) and the
Co(30nm)Nb(20nm) samples.

6.4. To reiterate, it is expected for the linewidth to decrease past the tran-
sition temperature. More so for Nb(40nm) than for Nb(20nm). There ap-
pears to be a downward trend, but especially the linewidths for Nb(40nm)
are inconsistent. To determine whether the results themselves are incon-
clusive or the measurement parameters could be tuned to improve the
differentiation resolution, the findings from Jeon et al.(2018, supplemen-
tary) were consulted. Figure 6.5 shows the FMR linewidth for samples
with different thicknesses of Nb. Each subfigure is comprised of 3 plots
at different temperatures, one above Tc and two below. It is clear the
linewidths above and below Tc diverge with increasing resonance fre-
quency. The difference in linewidth around 4-6GHz is marginal, prac-
tically indistinguishable for tNb = 30nm. If we analyse the tNb = 15nm
and tNb = 45nm plot around 5Ghz for example, we can estimate the field
linewidth broadening is 0.05mT and 0.2mT respectively. With help of
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Figure 6.3: A subset of obtained FMR resonance spectra above and below Tc for
different external field strengths. It shows Co(30nm)Nb(40nm) at a T=9.5K and b
T=5.1K. Similarly for Co(30nm)Nb(20nm) at c T=20K and d T=5K.

Figure 6.4: a 90-percent resonance linewidths as a funtion of temperature for the
full measurement set of Co(30nm)Nb(40nm). The dashed line shows the Tc of the
sample. b similarly for the measurement set of Co(30nm)Nb(20nm)
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Figure 6.5: FMR linewidth as a function of frequency f from FMR spectra of
Nb/Py/Nb at T = 2, 4 and 8K. The solid line are fitting curves used to deduce
the Gilbert damping constant α. Borrowed from Jeon et al.(2018, supplemen-
tary) [10].

Kalarickal et al.(2006) we can estimate this to correspond to 8MHz and
30MHz of frequency linewidth broadening, well within the measurement
resolution of the datasets. Another difference is that Jeon et al. finds
the linewidth to increase linearly with increasing resonance frequency,
whereas our samples neither show such a relation. It is clear that the dis-
cernability of a shift occurring around Tc improves at higher resonance
frequencies. Minding the biggest limitations of the setup, both in the
impedance matching of the waveguide and the heating of the coil at higher
power, it is preferred to obtain future measurements at higher resonance
frequencies, with a rough limit of approximately 8GHz resonance.
It was decided to test the Co(30nm)Nb(20nm)Pt(5nm) and Co(30nm)Nb(40nm)Pt(5nm)
samples before returning to the no capping layer samples to extend their
datapoints. During measurements however, the baseline transmission of
the insert kept changing erratically and below T=8K no FMR absorption
was seen. The FMR spectra above this temperature were of lesser magni-
tude and contained more distortions. Upon inspection of the spectra with-
out subtraction of a baseline the difference becomes more apparent (Figure
6.6). The previous measurements had an average background transmis-
sion of roughly -14dB and attenuation declined slightly as the tempera-
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Figure 6.6: The baseline transmission through the insert with Co(30nm)Nb(40nm)
sample, similar to Figure 3.3. Taken before and after the insert was compromised,
at different temperatures and external field strengths.

ture decreased further. In the current situation, the base transmission is
higher than previous and there are distortions visible around 5GHz. As
the temperature drops the background transmission of the insert rapidly
increases.
Changing samples, VNA measurement modes and interchanging the RF-
connectors on the insert yielded no improvement. One possible explana-
tion is that the waveguide connections were damaged during the measure-
ment cycles. During warmup outside the vessel ice accumulates on the in-
sert, sublimating from the surrounding air. If the insert is not sufficiently
dried before the next cooldown, water can freeze and break the sensitive
equipment. As the compromised insert prevented adequate measurement
below the Tc of all samples, it was decided to only take additional above Tc
measurements for the Co(30nm)Nb(20nm) and Co(30nm)Nb(40nm) sam-
ples to improve the existing results. The combined results with are shown
in Figure 6.7 and Figure 6.8.
The linewidth for Co(30nm)Nb(40nm) is highly inconsistent between the
older and newer measurements and were therefore not plotted continu-
ously. Frustratingly, a piece of the sample broke off in between the two
sets of measurements, shortening it by about 1/3rd. This should not af-
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Figure 6.7: Temperature dependence of the FMR 90-percent linewidth of
Co(30nm)Nb(20nm) for different resonance fields. The square markers indicate
the added measurements and the triangle markers previous results. The dashed
line indicates Tc.

Figure 6.8: Temperature dependence of the FMR 90-percent linewidth of
Co(30nm)Nb(40nm) for different resonance fields. The square markers indicate
the added measurements and the triangle markers previous results. The dashed
line indicates Tc.
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fect the damping characteristics and linewidth in an absolute sense, but it
can decrease the magnitude of the absorption spectrum. As we’re using a
non-standard definition of linewidth, it’s dependent on absorption magni-
tude in a way a FWHM-linewidth would not be. It’s fairly certain that this
linewidth shift is not the result the problems with the insert, as the newer
linewidths for Co(30nm)Nb(40nm) coincide with the older results. Only
two points were doubly measured: 12.4mT and 15.3mT at 9.5K. 15.3mT
falls in nicely and the 12.4mT datapoint differs by roughly 10%. There is a
possibility for a high reproducibility error, but there are too few repeated
measurements to draw conclusions.
With the limited results available, it cannot be concluded that the data
show a decrease in linewidth below Tc. It also does not show the same
linear increase in linewidth with increasing resonance frequency as found
by others. If there is a decrease in linewidth present in the data it is smaller
than the error introduced in the analysis method. Based on the uncertainty
in the data, no conclusive comparison can be made.
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Chapter 7
Conclusion and Outlook

To summarize, a lot of work was done to create a method to simplify re-
search into the interesting field of long-range spin triplet superconductiv-
ity. In the end, a low loss method of performing FMR measurements was
presented. The full system has a -1dB per GHz attenuation and it outper-
forms many other open coupled RF systems. It has been used to reliably
measure FMR spectra and can be used on many different sample com-
positions. Multiple different thin film heterostructure sample sets were
created with Cobalt-niobium FM-SC interfaces. For the low temperature
measurements, a superconducting coil was designed with many practi-
cal considerations and an 80mT local field limit in mind. The coil pro-
duces consistent, homogeneous magnetic fields locally. A subset of sam-
ples has been analysed measured at resonance frequencies between 1GHz
and 6.5GHz at both room temperature and cryogenic temperatures as low
as 4.5K. The results showed consistent, although asymmetrical FMR spec-
tra. The linewidths could not reliably be determined using conventional
methods. However, a small decline in linewidth below Tc was noted us-
ing a custom definition of linewidth. This would indicate a decreased
Gilbert damping coefficient for Ferromagnet-Superconductor heterostruc-
tures. Unfortunately, the project was cut short due to complications with
the insert. Unused sample sets entice further research and with a few rec-
ommendations, the full potential of the setup can be explored.
For more pronounced linewidth shifting, it is essential to measure at higher
resonance frequencies. At least ≥10GHz resonance, but 20GHz is most
common. The coil was designed to be capable of producing higher output
fields. These would be able to induce 12GHz resonance and potentially
even higher resonances. The heating produced by the pin connectors puts
a limit on this and could be unlocked by redesigning the connection to
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the coil. Unfortunately, the insert suffered from distortions at these higher
frequencies. Most SMA and N-type connectors degrade quickly and are
rated for only 500 matings. As wear increases the maximum operating fre-
quency decreases. The VNA’s converters and cables we’re relatively new,
but the insert RF-cables and the waveguide with its connectors had an un-
known amount of previous use. It is likely that the inability to prevent
distortion of the spectra at frequencies above 7GHZ is the result of degra-
dation of the SMA connectors on the insert. It is recommended to replace
these RF components and to design an open waveguide whose impedance
matching profile is determined with the coupling of a thin film sample in
mind. Analytically, the spectra could be improved by utilizing phase data
and applying sloped attenuation power to combat frequency dependent
losses. By repeating measurements, datapoints can be better differenti-
ated and a sense of the accuracy in the determination of linewidth can be
obtained.
Multiple lines of inquiry remain open and could lead to interesting results.
First and foremost, the setup can be used for the detection of increased
damping when a strong spin sink capping layer is added to F-SC multi-
layers. Additionally, the effect of SOC characteristics of the dissipation of
long-range spin triplets could be explored by using different materials as a
capping layer, such as Au and Cu in comparison with Pt. Lastly, many ex-
otic superconducting materials could be tested on their ability to generate
triplet states in adjacent ferromagnetic layers. With protocols informed by
the previous findings, more could be learned about the type of supercon-
ductivity in unconventional superconductors such as LSMO.
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Chapter 8
Appendices

8.1 A: Equipment Details

The following is a non-exhaustive list of the equipment used in the setup.

• VNA = Rhode&Schwarz ZNLE14 2-port Vector Network Analyzer

• Blue Cables = Rhode&Schwarz 50cm SMA-SMA semi rigid RF ca-
bles with attenuation -2.5dB per meter at 20GHz.

• Gaussmeter = Hirst GM07 Handheld Tranverse Hall effect meter

• Magnets = 10x10x5mm Nickel-coated Neodymium magnets

• MFLI = Zurich Instruments MFLI Lock-in Amplifier

• Cernox = LakeShore CX-SD Cernox cryogenic temperature sensor

• Custom Coax breakout box to MIL spec connector for readout
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8.2 B: Sample Fabrication Details 42

8.2 B: Sample Fabrication Details

The substrate that was used came from 300nm SiO2 thermal oxide wafers.
These were cut to roughly 8mm by 3mm pieces and cleaned in a clean-
room. This process involved drenching the substrate in acetone, leaving it
inside an ultrasonic bath and rinsing it with isopropanol. The deposition
was done using an e-beam evaporator. The non-capped samples were cre-
ated in one cycle. The batch of capped samples were first created with a
cobalt layer, on which the niobium and platinum was deposited for each
sample individually. The average deposition parameters for the materials
used are shown in Table 8.1.

Figure 8.1: Table showing the evaporation parameters per deposited material.
Deposition rate and temperature were constant across different samples. Cham-
ber pressure is approximate average per material.
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8.3 C: Measurement Parameters per Dataset

For all results shown in this report, the measurement parameters for the
VNA are listed here. The parameters per dataset are shown in Figure 8.2.
The common parameters across all measurements:

• Data type: S21 dB magnitude measurement

• Output power: -10dB

• Averaging factor: 4 sweeps continuous average

Figure 8.2: Table showing the VNA parameters per dataset as presented in this
thesis.
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