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Abstract 

Energy consumption is growing rapidly in our technological world. Data storage and its energy 

consumption are therefore becoming an increasingly bigger problem.  Because of this a lot of 

research is focused on making computers not only faster but also more energy efficient. One of the 

possible directions for making data storage more energy efficient is using superconducting materials. 

A superconducting material can be influenced by the exchange field of a magnetic material and 

combining these two materials can make non-volatile memory devices. In this thesis the idea of using 

trilayer ferromagnetic/superconducting/ferromagnetic (FM/SC/FM) structures for energy efficient 

data storage is investigated. 

First the sputtering of a thin layer niobium and its superconducting behaviour is analysed. The thin 

superconducting niobium layer is sputtered with different powers (20 W, 50 W, 80 W) and pressures 

(1 ∗ 10−3 mBar, 5 ∗ 10−2 mBar, 1 ∗  10−2 mBar) and the influence on the critical temperature (𝑇𝑐), 

critical magnetic field (𝐻𝑐2) and the coherence length (𝜉) of the superconducting layer for these 

parameters are measured. We found that the best quality layers are obtained using 80 𝑊 power and 

1 ∗ 10−2 mBar pressure for sputtering the niobium layer. It was also found that the base pressure of 

the sputtering chamber strongly influences the superconducting properties of our layers.  

With this knowledge, bilayer FM/SC and SC/FM structures and trilayer FM/SC/FM structures are 

sputtered and the magnetic behaviour of the FM layers and the influence of the exchange field on 

the SC layer is investigated. When measuring the magnetic behaviour of the bilayer and the trilayer 

structures, no sharp hysteresis loops were found. This indicates that multiple different magnetic 

domains are present in the bilayer and trilayer structures. This problem could be overcome by 

improving the annexation of the layers and making the interfaces of the trilayer structure smoother. 

It was found that the interfaces greatly affect the magnetic behaviour of the bilayer FM/SC and 

SC/FM and the trilayer FM/SC/FM structures and thereby also effect the superconducting behaviour 

and this can be used in making energy efficient data storage using trilayer FM/SC/FM structures.   
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Chapter 1 

Introduction 

Computers chips are everywhere in our society. Televisions, smart phones, cameras, laptops and 

many more devices are used in our everyday life. One of the things that are most energy consuming 

for these devices is the data reading and writing. The energy consumption of data servers are 

growing rapidly and this will become a problem in the future [1][2]. In a study of Scott Holmes et al. 

in 2013, a research is done on the energy consumption of different computer devices and these are 

compared to the predicted energy consumption of superconducting computer devices. In figure 1, it 

is shown that an estimation of the power consumption for computation power of superconducting 

computer devices are a magnitude or more smaller than conventional computer devices,[3] but it is 

not possible to use only superconducting material for data storage.   

 

 

 

 

 

 

 

 

 

Nowadays multiple memory devices are used but all of these memory devices have their 

disadvantages. An example of a memory device is DRAM (dynamic random-access memory). DRAM 

works by using capacitors to store data. A high charge difference in the capacitor represents a “1” 

and a low charge difference represents a “0”. One of the problems for these DRAM memory devices 

is that capacitors always have a small leak current and therefore the capacitors need to be refreshed. 

Because of this, the memory device is volatile and constant electrical power is required. With using 

superconducting material, the way of saving data can be improved.[4][5]  

The goal of this thesis is to optimize the sputtering of a superconducting Nb layer and investigate the 

magnetic and superconducting behaviour of FM/SC/FM structures. With this knowledge, the first 

steps in making superconducting nonvolatile can be made. Thin layers of Nb are sputtered with 

different sputtering parameters (powers and pressures) and the influence of these parameters on 

the superconducting behaviour (the critical temperature 𝑇𝑐, the critical magnetic field 𝐻𝑐 and the 

coherence length 𝜉) of Nb are analysed and compared with other research[6]. With this knowledge 

ferromagnetic/superconducting/ferromagnetic (FM/SC/FM) trilayer structures are sputtered and 

investigated. To better understand the magnetic and superconducting behaviour of this trilayer 

structure, also the bilayer FM/SC and SC/FM structures are investigated. This is done to investigate 

the specific influence of the bottom FM layer and the top FM layer on the SC layer. 

Figure 1: Power plotted against the performance for conventional and superconductive computer systems. [3] 
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In these bilayer FM/SC, SC/FM and trilayer FM/SC/FM structures, the properties of the SC layer are 

modulated by the exchange field provided by the adjacent FM layer or layers. The Cooper Pairs 

binding energy is strongly influenced by the exchange field. The pairing of these electrons is 

weakened by the existence of a net exchange field.[7] There will always be a net exchange field for 

the bilayer structures but the trilayer SC/FM/SC structure can have a net exchange field of 

approximately zero. A schematic picture of the device and the net exchange field is shown in figure 2. 

When the net exchange field is zero, the superconducting behaviour will exist, but when the net 

exchange field is not zero, the superconducting behaviour can stop and this can respectively be a“1” 

and a “0”. Superconducting materials have zero resistance and because of this only a very small 

voltage is needed to generate a large current. This current can be measured and because only a 

really small voltage is needed, reading out the date is energy efficient. In a study of Bin Li et al. The 

resistance of the superconducting layer of FM/SC/FM structures for different magnetic orientations 

is measured and a result is shown in figure 3.  

 

 

 

 

 

 

 

 

 

 

From this figure it can be concluded that the magnetisation direction and thereby the exchange field 

has a great influence on the superconducting behaviour. The resistance of the superconducting layer 

is changed by changing the in-plane magnetisation direction. In this thesis the influence of the 

magnetisation of the ferromagnetic layers with a perpendicular magnetic anisotropy on the 

superconducting layer is investigated. 

Figure 2:  Schematic picture of the trilayer FM/SC/FM structure and the exchange field of the ferromagnetic layer. 

Figure 3: Different external applied magnetic fields shown in (a) and the resistance of a superconducting material for 
different magnetisation directions of the adjacent ferreomagnetic layers shown in (b). [7] 
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This report starts with explaining the theoretical background in chapter 2 where the important 

physics behind magnetism and superconductivity will be discussed. In chapter 3 the sputtering 

method and the various parameters will be explained. After that, information will be given about 

how the magnetic measurements are performed. In chapter 4 the results of the niobium layer will be 

presented and discussed as well as the measurements of the bilayer FM/SC and SC/FM. Furthermore, 

measurements on the full trilayer FM/SC/FM stack structure will be shown and discussed. In chapter 

5 all the results will be summarized and proposals for further research will be given. At last some 

acknowledgements for all the people that played an important role for this thesis will be written in 

chapter 6. 
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Chapter 2 

Theoretical background  

In this chapter, the theoretical background for this thesis is discussed for understanding the trilayer 

FM/SC/FM structures and its behaviour. First, the principle of magnetism and the exchange 

interaction will be described. After that the physical phenomenon of superconductivity is explained 

concluding with their characteristic lengths and the behaviour of the superconductor in the trilayer 

FM/SC/FM structure. 

2.1 Magnetism 

Magnetisation of a material is caused by orbital moments of the electrons and the spin (up and 

down) in the outer shell of the atoms. If the outer shell of the atoms is completely filled or 

completely empty it will not generate a magnetic moment because all electrons spins are paired. 

When an external magnetic field is applied on a material that has atoms with filled outer shells, the 

material (for example Neon) can show a repulsion of that field and this is called diamagnetic. For 

atoms with an uncomplete filled outer shell, the electrons are not always paired and therefore a 

magnetic moment can be created. In a crystal structure can different orientations of the spins cause 

different magnetic behaviour. The first possibility is that the electron spin will not align in a certain 

way. This is called paramagnetic. An example of a material with this behaviour is aluminium. An 

external applied magnetic field can align these spins in a certain direction. The material will then be 

magnetised but when the external applied magnetic field is removed, the magnetisation of the 

material will become zero again. The electron spins of the outer shell in a material can also have an 

alternating alignment (for example Chromium). This is called anti-ferromagnetic. The last possibility is 

that the electron spins can all align parallel in a material (for example Iron) and this is called 

ferromagnetic. An extra important phenomenon to mention is that ferromagnetic material can have 

a so called easy axis and a hard axis in which the spins of the electrons can get aligned. When an 

external applied magnetic field is oriented in the same direction as the easy axis of the ferromagnetic 

material, a hysteresis loop will be measured shown in figure 4. What we can see from this figure is 

that the material “remembers” the external applied magnetic field and for 𝐻 = 0 a magnetisation is 

still present. This magnetisation is called the remanence field. The ferromagnetic material also 

withstands a certain external magnetic field before the magnetic moment becomes zero and that is 

called the coercive field. One important side note that should be mentioned is that all these magnetic 

effects are greatly influenced by the temperature. A higher temperature causes more fluctuations in 

the alignments of the magnetic moments of the electrons and this causes the total magnetic 

moment of the material to decrease. For lower temperature, there will be less disorder and 

therefore the total magnetic moment will increase.[8][9]  
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2.1.1 Exchange interaction 

The reason why electrons align in a certain way is because of the exchange interaction. This is a 

quantum mechanical effect that occurs for identical particles. The total state of an electron includes 

the orbital wave function and also the spin state:[10] 

Ψ = 𝜓(𝑟) ∗ 𝜒(𝑠),     (1) 

Where Ψ is the total quantum state, 𝜓(𝑟) is the orbital wave function and 𝜒(𝑠) is the spin state. The 

Pauli Exclusion Principle tells us that two electrons cannot occupy in the same state. This means that 

it is necessary that the total state of a two electron system is antisymmetric. This implies that the 

orbital wave function of the two electrons is important. If the orbital wave function is antisymmetric, 

the spins should be symmetric and if the orbital wave function is symmetric, the spins need to be 

anti-symmetric. Heisenberg generalised this spin-spin interaction with the equation:[11] 

 

ℋ = −2∑ 𝒥𝑖𝑗𝑆1
⃗⃗  ⃗

𝑖<𝑗 ∙ 𝑆2
⃗⃗  ⃗,     (2) 

where 𝑆1 ⃗⃗ ⃗⃗  and 𝑆2
⃗⃗  ⃗ are the spins of the two electrons, the factor 2 is for correcting the summation and 

𝒥𝑖𝑗 gives the strength of the exchange interaction between the two spins. If 𝒥𝑖𝑗 > 0, this will give an 

antiparallel orientation of the spins and if 𝒥𝑖𝑗 < 0, this will give a parallel orientation of the spins. 

This equation is for a two electron system but when more atoms are involved this exchange 

interaction factor 𝒥𝑖𝑗 factor will strongly be influenced by the symmetry of the lattice and will 

therefore become extremely hard to predict in magnitude and sign.  

The exchange interaction between two spins can cause a shift in the energy band for the two spin 

directions and can make one spin direction more energy favourable then the other. This effect will 

cause the material to become ferromagnetic and will be influenced by the density of states of the 

electrons with different spins at the fermi level. This is called the Stoner model and a schematically 

picture of the shift in the energy band for the different spins is shown in figure 5. [9][11][12][10][13]  

 

Figure 4: The magnetisation plotted against the magnetic field in the easy axis for a ferromacnetic material. The reminance 
field is given by 𝐵𝑟  and the coercive field is given by 𝐻𝑐.[12] 
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2.2 Superconductivity 

2.2.1 Resistance 

Superconductivity is a physical phenomenon that has not been known for a very long time. The first 

measurements that showed superconducting behaviour was done on April 8, 1911. This 

measurements was done by Heike Kamerlingh Onnes et al. He did the first measurements on the 

resistance of Mercury (Hg) at really low temperatures and found that close to 4.2 K, the resistance of 

ultrapure Mercury becomes zero and this is shown in figure 6.[14] After this discovery, the same 

behaviour was found for other metals, but what is different is the critical temperature (𝑇𝑐) where the 

resistance drops to zero, some materials have an even lower 𝑇𝑐, for example Al (𝑇𝑐 of 1.1 K) and 

some materials have a higher 𝑇𝑐, for example Lead (𝑇𝑐 = 7.2 K).[8] When the resistance drops to 

zero this implies that a current can exist that does not decay over time. This was studied by File and 

Mills and they concluded that the decay time of the supercurrent can be more than 100000 years. 

This supercurrent that is caused by pairing of electrons in a certain way (Cooper Pairs) influences the 

magnetic behaviour of the material as discussed below.[8][15][16] 

 

 

 

 

 

 

 

 

 

Figure 6: The resistance of ultrapure Mercury is plotted against the temperature. First measurement on the resistance of Hg 
for really low temperatures.[8] 

Figure 5:  A schematical picture of the Stoner effect. The density of states is plotted against the energy level for the 
electrons. From this picture it is possible to conclude that the density of states at the fermi level plays a mayor roll 

in the strength of the ferromagnetic behaviour. 
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2.2.2 Meissner effect 

The magnetic behaviour of a superconducting material was studied since the discovery of 
superconductivity and in 1933 Walther Meissner and Robert Ochsenfeld found that below 𝑇𝑐  the 
field lines of an applied magnetic field are pushed out of the superconducting material, i.e.  
𝐵 = 0 inside the material. This is called the Meissner effect and this is schematically shown in figure 
7. This happens both for the case where first the material is cooled down below 𝑇𝑐 and is then placed 
in a magnetic field, but also for the case that first a magnetic field is applied and then it is cooled 
down below 𝑇𝑐. Superconducting material is thus not comparable to an ideal conductor because an 
ideal conductor will not always push out the magnetic field lines and 𝐵 ≠ 0 inside the material. 
Because of this it is clear that if a material goes to the superconducting state is a phase transition. 
This behaviour also means that a superconductor shows perfect diamagnetic behaviour for 𝑇 < 𝑇𝑐 
for low applied fields. The magnetic behaviour for higher external applied fields will be discussed 
next.[8][15][17] 

 

 

 

 

 

 

 

 

2.2.3 Type I and II Superconductors 

The Meissner effect happens at low external applied magnetic fields but when this magnetic field is 
increased some superconducting materials behave different than others. There are 2 different types 

of behaviour that can occur and this is schematically shown in figure 8. Type I superconductors will 
show the Meissner effect untill a certain point what is called the critical magnetic field (𝐻𝑐). If the 
external applied magnetic field exceeds this 𝐻𝑐, the superconducting behaviour will stop and the 
material will again behave as a normal metal. 

For type II superconductors something else happens. When the external applied magnetic field 
exceeds a certain point 𝐻𝑐1, the energy can be lowered by having domains of normal metal with 
trapped flux of the external applied magnetic field. This is called the lower critical field and these 
normal domains are called vortices. These vortices have a specific amount of flux going through what 
is called the magnetic flux quantum 𝜙0. This magnetic flux quantum is a physical constant with a 

value 𝜙0 =
h

2e
≈ 2.0578 ∗ 10−15 Wb. When the external applied magnetic field becomes even 

higher, the area of the vortices will become smaller and more vortices are created in the 
superconducting material till a certain point 𝐻𝑐2, what is called the upper critical field. After this 
point no superconducting behaviour takes place and the material is again in the normal metal phase. 
This is also shown in figure 8 b.[8][15][16]  
 
 
 
 

Figure 7: Schematic representation of the Meissner effect. The arrows show the applied magnetic field. 
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The resistance and magnetic behaviour for superconducting material described above can be 
explained by the forming of Cooper Pairs and that will be discussed next. 

2.2.4 Cooper Pairs 

Cooper Pairs are a pair of electrons that are bound together because of quantum effects but it can 

also be explained with classical physics. This bonding is possible because there is almost no thermal 

energy. Therefore there are almost no lattice vibrations. An electron will have a coulomb attraction 

with the positive cores of the atoms and because of this coulomb attraction the cores will move 

closer to the electron. When the cores move closer to the electron they will also move closer to each 

other and thus a positive charged area will exist that has a larger coulomb attraction than the 

electron-electron repulsion and thus two electrons can be bound. This is called an electron-phonon 

interaction and can bind electrons over long distances. 

The quantum mechanical description is that the electrons are paired due to the exchange interaction 

discussed earlier. This means that because electrons are fermions, the Pauli Exclusion Principle hold. 

The Cooper Pairs can have an angular momentum of 𝐿 = 2, 1, 0 and a spin state of 𝑆 = 1, 0 but not 

all combinations can exist because the total state needs to be anti-symmetric. Because the Cooper 

pair has a spin of 𝑆 = 1 or 𝑆 = 0 they will act as (quasi) boson particles. This means that the Cooper 

Pairs can stay in the same quantum state. In most cases the paired singlet state is energy favourable 

but for some cases a triplet state for the Cooper Pairs can exist. Examples are Heavy Fermion 

Superconductors and Helium-3 superfluid’s. [10][15][16][18][19][20] 

2.2.5 Characteristics Lengths and Critical Temperature 

A superconducting material can be characterised by its critical temperature 𝑇𝑐, its London 

penetration depth 𝜆 and its coherence length 𝜉. As we have seen, the critical temperature is really 

important for knowing the specific temperature for which a material will show superconducting 

behaviour. This critical temperature can be measured by measuring the resistance of the material as 

a function of 𝑇 or by measuring the magnetisation of the material for different temperatures. 

Because of the Meissner effect, an external applied magnetic field will be pushed out of the 

superconducting material and therefore a change in the field lines of the external applied magnetic 

field can be measured. This change in the external applied magnetic field will be influenced by the 

temperature and if the temperature becomes higher than 𝑇𝑐, the external magnetic field will become 

the same as for the normal material. This can also be understand by the equation:[15] 

Figure 8: A schematical picture of the behaviour of type I and type II superconductors for a changing applied magnetic field. 
Also the different critical fields 𝐻𝑐, 𝐻𝑐1 and 𝐻𝑐2 and different states are shown.[8] 
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𝐻

𝐻𝑐(𝑇=0)
= 𝐶 (1 −

𝑇

𝑇𝑐
)
𝑛

,     (3) 

In this equation is 𝐻 the external applied magnetic field, 𝐻𝑐(𝑇 = 0) is the critical field for whitch the 

superconducting material will behave as a normal metal when the temperature is zero, 𝐶 and n are 

constants, 𝑇 is the temperature and 𝑇𝑐 is the critical temperature of the superconductor. When 

measuring in a really low external applied magnetic field in the range of mT the left side of this 

equation will become close to zero because 𝐻𝑐 is in the order of one Tesla and therefore 𝑇, for which 

the superconducting material will start behaving as a normal material will be close to 𝑇𝑐.[8][15][21] 

The coherence length scale can be seen as the size of the Cooper pairs. It is the length for which two 

electrons are coherent with each other and this decays exponentially. You can describe the 

coherence length as the length in which the Cooper Pairs will lose the influence of the interface with 

for example a normal metal. A superconducting material will have an energy bandgap because of the 

pairing of electrons but this bandgap becomes smaller if it is close to the surface or close to the 

interface with another material. This means that it takes some distance before the Cooper Pair state 

will go back to a normal electron state without a bandgap and a schematically picture of this 

phenomena is shown in figure 9. The bandgap and thus the Cooper Pairs will not immediately be 

broken after they are in the normal metal. The metal therefore also has a coherence length. This is 

called the Proximity effect and this is also shown in figure 9. For a type II superconductor this 

coherence length is given by:[8][15][16] 

𝜉 = √
𝜙0

2𝜋𝐻𝑐2
 ,      (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: (a) A schematical picture of the energy gap caused by the Cooper Pairs is shown.  
(b) A schematical overview of the influence on the energy gap and the coherence lengths of the superconductor and the 

normal metal are given. 
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We have talked about the Meissner effect before that says that an external applied magnetic field 

will be pushed out of the superconducting specimen but at the surface some field lines will still 

penetrate. The depth for which this field lines penetrate into the superconductor is called the London 

penetration depth and this is shown in figure 10. The London penetration depth can also be 

calculated with the equation:[15] 

         𝐻𝑐1 =
𝜙0 

4𝜋𝜆2
(ln(κ) + 0.08) ,                       (5) 

where 𝜅 =
𝜆

𝜉
. One good thing to mention is that for type I superconductors, the ratio 𝜅 between 𝜆 

and 𝜉 is lower than one and for type II superconductors this ratio is higher than one.[8][15][16]  

 

 

 

 

 

 

 

 

2.3 FM/SC/FM structures 

The Cooper Pairs in a superconducting material proximity to a ferromagnet the superconducting 

behaviour will  be influenced by the exchange fields. In FM/SC/FM structures, the Cooper pairs will 

feel the influence of both the ferromagnetic layers if the superconducting layer is smaller than the 

coherence length. A consequence of this is that the preferential spin direction of the Cooper Pairs 

will be dictated by the net exchange field of the FM layers. This way the Cooper pairs will not break if 

the net exchange field is zero and the superconducting behaviour will not be influenced. If there is a 

net exchange field, this will influence the spin direction and the Cooper Pairs will break. Therefore 

the superconductivity behaviour will stop. In bilayer FM/SC and SC/FM structures, there will always 

be an exchange field and therefor the superconducting layer will always be influenced. The influence 

of the trlayer FM/SC/FM structure is schematically shown in figure 11.[7] 

 

 

 

 

  

Figure 10: Schematical picture of the London penetration depth. In this picture is B the external applied magnetic field and 𝜆 
the penetration depth. 
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Figure 11: A schematical representation of the influence of the exchange fields of the ferromagnetic layers on the 
Cooper Pairs of the superconducting layer. (a) A net the exchange field of aproximatly zero and (b) the exchange 

field is not zero and the influence on the spin of the Cooper Pair is shown.  
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Chapter 3 

Experimental setup 

In this chapter, the technical details of the sample fabrication and measurements will be discussed. 

This chapter will start with discussing the sample preparation and sputtering method. After that the 

VSM-SQUID machine used for magnetometry will be discussed. 

3.1 Sample preparation and Sputtering 

 The sample preparation starts by dicing a small piece of B-doped Si wafer. First, this silicon is cleaned 

in acetone using an ultrasonic bath for about 3 minutes. This procedure was repeated using 

isopropanol alcohol (IPA). The sample is then blown dry by using a nitrogen blower. The last step is to 

glue the sample on a sample holder for the sputtering deposition. We have used a face-to-face 

sample holder for all sputtering except the last wedge sample.  

The sample is then loaded into the ultra-high vacuum sputtering cluster. This cluster reaches base 

pressures in the order of 10−9 mBar. The sputtering deposition is done by creating an Argon plasma 

on the surface of the sputter target of the specific metal to be deposited. The Ar+ are accelerated and 

collide with the target, ejecting some of the targets atoms. The ejected material is deposited on a 

sample placed close to the target, making a smooth thin metallic film. The sputtered atoms can have 

a big difference in ejection energy and this is influenced by the parameters of the sputtering. These 

parameters are, the distance between the target and the sample, the pressure of the argon plasma 

and the power applied on the plasma. More distance between the target and the sample or having a 

higher pressure of Argon plasma will lower the energy of the atoms that reach the sample. Using a 

higher power will increase the energy of the atoms that reach the sample. Therefore these 

parameters will influence the growth of the sample and therefore also the smoothness and grain 

structure of the thin metallic film. A schematic picture of the sputtering is shown in figure 12.[22] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Schematic representation of sputtering. 
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3.2 VSM-SQUID 

In order to measure magnetisation versus temperature or magnetisation versus external applied 

magnetic field in our samples we used a squid enhanced VSM machine. VSM stands for vibrating 

sample magnetometer and SQUID stands for superconducting quantum interference device. This 

machine combines the two setups to make a really precise measurements method. A normal VSM 

machine measures magnetic properties by vibrating a sample inside a magnetic field. This vibrating 

sample will induce a voltage in the detection coil because of the changing magnetic flux and this way 

the magnetic moment can be measured. For thin film samples, the measured signals are really small. 

Therefore a higher signal-to-noise ratio is needed and this is done by combining it with a SQUID. A 

SQUID setup uses a superconducting coil containing two Josephson Junctions. These Josephson 

junction maintaining a bias current and the voltage measured across the device is therefore 

influenced by a changing magnetic flux of the coil. The magnetic flux influences the phase of the 

oscillating voltage at the Josephson functions and therefore by counting the oscillations, you can 

measure the change in flux.  Because of this really precise measurements can be done. A schematic 

representation of the setup is shown in figure 13. [23] 

For using this machine first a sample need to be cut in a small squared piece. This piece is put into a 

straw loaded into the VSM-SQUID machine. With this all temperature and external magnetic field 

measurements are done. [24] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Schematic representation of the working principle of the VSM-quid.The detection coil measures the position of the 
sample shown in the left part. The  signal of the sample  is shown in the middle. The SQUID coil that can measure signle flux 

quantums is shown in the right.[24] 
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Chapter 4 

Results and Discussion 

In this chapter all the results will be shown and discussed in two different parts. Part one will discuss 

all the measurements done on the Nb superconducting layer. Part two will discuss the 

measurements on FM/SC stacks.  

 

4.1 Optimization of Niobium layer 

All measurements done for the optimization of the Niobium layer is done on samples with the 

structure (Ta(4)/Nb(x)/Al(2.5)) with different thicknesses for the Nb layer where the numbers 

between the brackets refer to the thickness of the layer in nm. The Tantalum is used for better 

growth upper layers and the Al is used to cover the Niobium layer. A cartoon of the schematics 

structure is shown in figure 14. 

 

 

 

 

 

The growth rate of the samples for tree different powers (20𝑊, 50𝑊 and 80𝑊) and three different 

pressures (1 ∗ 10−3 𝑚𝐵𝑎𝑟, 5 ∗ 10−3 𝑚𝐵𝑎𝑟, 1 ∗ 10−2 𝑚𝐵𝑎𝑟) are measured with an atomic force 

microscope. The results are shown in figure 15. 

 

In figure 15 a, we see that there is a linear relation between the growth rate and the sputtering 

power. If more power is used a faster growth rate can be achieved. For the pressure in figure 15 b we 

see an inverse relation. More pressure causes a lower growth rate. This can be explained by the fact 

that if more pressure is used, more atoms are between the target and sample and therefore more 

collisions takes place. This causes that the sputtered atoms lose energy and therefore less atoms will 

reach the sample. 

Figure 15: The growth rate is plotted against the power (a) and pressure (b). 

Figure 14: Schematic representation of the layer structure. 
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After this measurements we measure the magnetisation versus the temperature for a fixed applied 

magnetic field. We also measure the magnetisation versus an external applied magnetic field for a 

fixed temperature to characterise the superconducting Nb layers. All these measurements are done 

using the VSM-SQUID discussed before that measure the change in field lines caused by the Meissner 

effect. When measuring on the superconducting Nb layer we found that the order of cooling down 

and applying a magnetic field can influence the curve of magnetisation of the superconducting 

sample. This is shown in figure 16. For this measurement, first the temperature is dropped to 4 K, 

then a magnetic field of 1 mT is applied and then the measurements are done. The difference 

between the two curves is that for the zero field cooling (ZFC) measurement, there was not external 

applied magnetic field when cooling down to the superconducting state and for the field cooling (FC) 

measurements there was an external applied field when cooling down. 

 

 

 

 

 

 

 

 

 

This difference is probably caused by the fact that if you cool down when a magnetic field is already 

applied you will trap some vortices in the sample. Because of this some external magnetic field lines 

go through the sample, which causes a change in the magnetisation. More information about this 

can be found in the reference [25]. Because of this, it is always important to know howthe 

measurements starts. What also can be seen from figure 16 is that there is no difference in the drop 

for which the magnetisation stops changing. This is important because this drop tells us the critical 

temperature 𝑇𝑐 and that will be discussed now. 

Characterizing the superconducting Nb layers can be done by investigating the critical temperature 

(𝑇𝑐), the lower and upper critical field (𝐻𝑐1 and 𝐻𝑐2), the London Penetration Depth (𝜆) and the 

Coherence Length (𝜉). When measuring the magnetisation against the temperature combined with 

the knowledge of equation 3, it can be concluded that the drop in magnetic moment is the 𝑇𝑐. A 

typical measurement is shown in figure 17. Because Nb is a Type II superconductor, a 𝐻𝑐1 and 𝐻𝑐2 

can be extracted from the graph with the magnetisation plotted against the external applied 

magnetic field as shown in figure 18.  

Figure 16: Measurement done on (Ta/Nb/Al). 
The negative magnetisation in logarithmic scale is plotted against the temperautere for a ZFC upsweep of the temerature 

and a FC downsweep of the temperature . 
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We define 𝐻𝑐2 at the point where the magnetisation reaches our noise floor shown in figure 18 a. 

This point is 𝐻𝐶2. In figure 18 b we define 𝐻𝑐1 at the point for which the linearity in the graph stops. 

Extracting 𝐻𝑐1 can be difficult and in almost all measurements, this precise extraction was not 

possible. This is because our measurements do not have enough data points around 𝐻𝑐1. A way to 

make this extraction better possible is to make a more precise measurements with more data points. 

All results are extracted the same way as this results and are shown appendix A. 

With the values of 𝐻𝑐1 and 𝐻𝑐2 and the equations 4 and 5 it is possible to determine the Coherence 

Length, the London Penetration Depth and the ratio between these two. The intrinsic values for the 

characteristic parameters of superconducting Nb are 𝑇𝑐 = 9.25 K, 𝜉 = 39 nm, 𝜆 = 52 nm and 

𝜅 = 1.28.[16] In our measurements we found values for 𝑇𝑐 that are a little lower that the intrinsic 

value. For 𝜉 we find values that are half the intrinsic value.  If we estimate the London penetration 

 

Figure 17: Measurement done on sample (Ta(4)/Nb(1800s)/Al(2.5)). 
The magnetisation in logarithmic scale is plotted against the temperature for an external applied magnetic field of 1 𝑚𝑇. 

Figure 18: Measurement done on sample (Ta(4)/Nb(1800s)/Al(2.5)). (a) The magnetisation in logarithmic scale plotted 
against the external applied magnetic field. From this figure 𝐻𝑐2 is extracted. (b) A zoom in of the start of graph a. In graph 

b, the magnetisation is plotted against the external applied magnetic field. From this graph 𝐻𝑐1 is extracted. 
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depth and the ratio between the coherence length and the London penetration depth with the 

measured 𝐻𝑐1 using equation 5. We find values that are two or more times higher. The conclusion 

we can make from this is that our samples are not pure and that our samples are contaminated with 

some other atoms.  

We will from now on focus on the Coherence Length because it is most important for our research 

about FM/SC/FM trilayer structures. To evaluate if the sputtering power and sputtering pressure has 

influence on the critical temperature and coherence lengths, a comparison is done. In this research 

first three samples were made with a sputtering time of 1800𝑠 to calibrate the deposition rate. The 

three samples are sputtered with the powers (20𝑊, 50𝑊 and 80𝑊). After that three new samples 

with a well defined thickness of 50𝑛𝑚 is sputtered. These three samples are also sputtered using 

three different powers (20𝑊, 50𝑊 and 80𝑊). The results of 𝑇𝑐 and 𝜉 for these six samples are 

shown in figure 19. 

 

From figure 19 a, we see the same trend takes place. From this we can conclude that the thickness 

does not affect the behaviour of the critical temperature for thick films. Furthermore, we see that 

the critical temperature is influenced by the base pressure of the sputtering chamber. This can be 

explained by the fact that the critical temperature will become lower if the sample has more 

impurities. Therefore it is important to sputter the samples with a low base pressure. Our values for 

𝑇𝑐  ~ 9.1 K are close to the literature values  𝑇𝑐 = 9.25 K.[16] 

Figure 19 b shows that the base pressure also has an influence on the coherence length. Again this 

can be explained with the fact that more impurities can cause a lower 𝜉. What also can be seen is 

that the 𝜉 is smaller than the literature value 𝜉 = 39 nm[16]. Furthermore we see that the samples 

with different thicknesses and a low base pressure do not show the same behaviour as the samples 

with the same thicknesses and a high base pressure and more research is needed to find the relation 

between the power, thickness, base pressure and the coherence length. 

After this three samples with different pressure (1 ∗ 10−3 mBar, 5 ∗ 10−2 mBar, 1 ∗  10−2 mBar) 

and the same power of 80𝑊 is sputtered and compared with earlier samples that were sputtered 

with 80𝑊. This is shown in figure 20. 

  

 

Figure 19: (a) 𝑇𝑐 is plotted against the sputtering power for six samples.(b) 𝜉 is plotted against the sputtering power for the 
same samples as in (a). 
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Figure 20 a shows that the sputtering pressures influences 𝑇𝑐. This could be explained with the fact 

that a higher sputtering pressure causes less impurities in the sample. From figure 20 b there is no 

specific trend found. More measurements are needed to find a clear relation between the Pressure, 

and Coherence Length. 

From all these results we conclude that the best superconducting Nb layers are sputtered with 80 W 

power and 10−2 mBar pressure because no clear relation is found for 𝜉 and this parameters gives 

the highest value for 𝑇𝑐 . We also try to keep the base pressure as low as possible. These parameters 

are the best because a high 𝑇𝑐 will mean that end goal that is a nonvolatile memory device will also 

have a higher 𝑇𝑐 what is good because then less cooling is needed to achieve superconductivity. 

 

To fully understand the behaviour of the trilayer FM/SC/FM structures, first the behaviour of the two 

separated bilayer structures are investigated. First we will discuss the FM/SC layer. For these samples 

first the FM layer is sputtered and the SC layer is sputtered on top of the FM layer. After that we will 

discuss the behaviour of the SC/FM structures where the SC layer is sputtered first. The results will 

end with discussing the full FM/SC/FM structure. 

 

 

 

 

 

 

 

 

 
 

Figure 20: (a) 𝑇𝑐 is plotted against the sputtering pressure of the plasma and compaired with measurements of other 
samples mentioned before. (b) 𝜉 is plotted against the sputtering pressure of the plasma and also compaired with 

measurements on other sample mentioned befores. 
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4.2 Trilayer FM/SC/FM structure 

For understanding the magnetic and superconducting behaviour of the trilayer FM/SC/FM structure 

we have first done measurements on the bilayers FM/SC and SC/FM structures.  

4.2.1 Bottom FM/SC bilayer structure  

For the bottom FM/SC structure we have first sputtered a Ta layer. This Ta layer is sputtered as 

bottom layer on the Si for a smoother and better growth for the subsequent layers. For the FM 

material we have chosen a Pt(4)/Co(0.8)/Pt(0.3) layer structure. We have done this because Pt/Co/Pt 

is a strong ferromagnetic layer structure a high perpendicular magnetic anisotropy (PMA). This 

means that these structures have a directional magnetic dependence perpendicular to the surface 

and therefore these structures have a high coercive field.[26] For the SC layer we have used a 

Al(3)/Nb(15)/Al(3) structure because we have already measured on Nb/Al structures. The full bottom 

bilayer FM/SC structure sputtered is (Ta(4)/Pt(4)/Co(0.8)/Pt(0.3)/Al(3)/Nb(15)/Al(3)/Pt(3)). The 

critical temperature for this bottom FM/SC layer bilayer structure is measured and shown in figure 

21. These measurements are done after sweeping the external applied magnetic field.  
 

 

 

 

 

 

 

 

 

 

 

The value of 𝑇𝑐 has dropped from 9.1𝐾 to approximately 6𝐾. This is caused by the fact that a net 

exchange field of the ferromagnetic layer influences the binding energy of the Cooper pairs. 

Therefore the superconducting behaviour will be influenced and 𝑇𝑐 will become lower.  

After this the magnetic behaviour for different external applied magnetic fields in different 

temperatures is investigated. Measurements are done for three different temperatures 

(300𝐾, 10𝐾, 3𝐾) and are shown in figure 22 and 23. As we can see in figure 22, a hysteresis loop is 

measured as expected for the ferromagnetic layer. For the 300 𝐾 measurement a coercive field of 

25 𝑚𝑇 is found. For the 10 𝐾 measurements a coercive field of 0.45 𝑇 is found. The difference in the 

measured coercive field can be explained by the fact that the magnetic behaviour of a ferromagnetic 

material is greatly influenced by the temperature. This means that the coercive field will become 

higher and that is seen in figure 22 a and b. 

 

 

Figure 21: The negative magnetisation in logarithmic scale is plotted against the temperature for an external applied 
magnetic field of 1 𝑚𝑇. For this bilayer FM/SC structure 𝑇𝑐 is aproximatly 6 𝐾.  
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Another thing that can be seen is that the hysteresis loop has an extra curvature. This can be caused 

by interface effects. These interface effects are probably caused by the fact that the interfaces are 

rough and grains have grown when sputtering. More research is needed to find the precise reason 

for the specific curvature.[27] 

 

 

In figure 23 the magnetisation is measured when the temperature is beneath 𝑇𝑐. The first thing that 

is interesting is that the magnetisation for the descending external applied field is negative and the 

magnetisation for the ascending external applied magnetic field is positive now. This can be 

explained by the Meissner Effect discussed earlier. What also can be seen is that there is a sharp drop 

in magnetisation. This drop is at an external applied magnetic field of 0.6 T. This drop could be 

caused by the fact that the ferromagnetic layer switches although this switch happens at an external 

applied magnetic field lower than the drop seen in the magnetisation. The difference in coercive field 

could be explained by an increase of 𝐻𝑐𝑜𝑒𝑟𝑐𝑖𝑣𝑒 from 10 K to 3 K, but this does not explain the sharp 

change in magnetisation when descending the external applied magnetic field. Another interesting 

thing is that the superconducting behaviour does not stop when the exchange field of the FM layer is 

present. This is an unexpected result and more research is needed to understand the 

superconducting behaviour with respect to the exchange field and how the exchange field 

influences 𝑇𝑐 and 𝜉.  

 

 

 

 

 

 

 

Figure 22: Measurements on bottom bilayer FM/SC structure (a) The magnetisation is plotted against the applied magnetic 
field for a temperature of 300 K. (b) Tthe magnetisation is plotted against the applied magnetic field for a temperature of 

10 K. The red arrows indicated that it is a descending magnetic sweep measurement. The black arrow indicated that it is an 
ascending magnetic sweep. In both graphs a hyrsteresis is shown. 
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Figure 23: The magnetisation is plotted against the external applied magnetic field for a temperature of 3 K. The black 
curve is the ascending measurement. The red curve is the descending measerment. The blue curve is for comparison with 

the hysteresis curve found for for a temperature of 10 K what is also shown in figure 22 b. 
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4.2.2 Top SC/FM bilayer structure  

For the top SC/FM bilayer structures we have chosen Pt(0.3)/Co(0.3)/Ni(0.7)/Co(0.3)/Pt(3) as the FM 

layer. We have chosen for this structure because Co and Ni are both strong ferromagnetic materials 

and that layered structures have a high perpendicular magnetic anisotropy. Another reason is that 

we want a different top and bottom FM layer because then two coercive fields and thus two sharp 

drops in magnetisation can exist in the full FM/SC/FM stack. We have made samples with one, two, 

four and six repeats of the Co/Ni structure. We also made samples with different superconducting Nb 

layers of 15 nm, 10 nm and 5 nm. For the rest we have chosen the same criteria as for the bottom 

FM/SC structure. The full top bilayer structure sputtered is 

Ta(4)/Pt(4)/Al(3)/Nb(X)/Al(3)/Pt(0.3)/[Co(0.3)/Ni(0.7)]x/Co(0.3)/Pt(3).The magnetic behaviour of this 

structure is shown in figure 24. 

 

 

 

 

 

 

 

 

 

We observe no hysteresis curve for these samples meaning that the easy axis of the FM layer is not 

out-of-plane and the hard axis of this FM layer is measured. This means that the sample does not 

show a perpendicular magnetic anisotropy. This is probably caused by the fact that the interface 

between the SC/FM layers is rough or grains are present. We have tried two things to get a 

perpendicular magnetic anisotropy. We have tried two and four repeats of the 

Co(0.3)/Ni(0.7)/Co(0.3) FM layer and we have made the Nb layer not 15 nm but 10 nm to try to 

achieve FMA but still almost no hysteresis is measured. Therefore we have used six repeats of the 

Co(0.3)/Ni(0.7)/Co(0.3) FM layer and made the Nb layer 5 nm thick and the result of this is shown in 

figure 25. 

The coercive field of this sample is 2.8 mT. This is lower than the coercive fields for the bottom 

FM/SC layer at 300 K discussed earlier. This is probably caused by the fact that a larger volume gives 

a smaller magnetisation. Furthermore we see that it is no hard switch but a smooth switch. This is 

probably causes by the fact that the easy axes is not completely out-of-plane and a multi domain 

state exist for these external applied magnetic fields. It is thus possible to get the easy axis  

out-of-plane and Ta can aslo be used as interfacial layer to get PMA and this will be shown in 

measurements done at the Full trilayer FM/SC/FM structures 

 

Figure 24: The magnetisation is plotted against the external applied magnetic field at 300 K. 
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4.2.3 Full trilayer FM/SC/FM structure 

With this knowledge we have made trilayer samples to get more knowledge about the full device. 

For this trilayer samples we have used the same bottom FM and top FM layer as discussed. The full 

trilayer FM/SC/FM structure sputtered is 

Ta(4)/Pt(4)/Co(0.8)/Pt(0.3)/Pt(4)/Nb(5)/Pt(0.3)/[Co(0.3)/Ni(0.7)]x/Co(0.3)/Pt(3).  We have 

investigated the effect of the Al layers between the SM layer and the FM layers. For doing 

measurements on the full stack we first investigated the influence of two interfaces with the Nb 

superconducting layer. We measured the superconducting behaviour when the Nb layer was placed 

between two Al layers and when the Nb layer was placed between two Pt layers. With the Al layers 

𝑇𝑐 = 5.6 K and without the Al layers 𝑇𝑐 = 7.5 K and this is plotted in figure 26. This means that the Al 

layers greatly influence 𝑇𝑐. 

  

 

 

 

 

 

 

 

 

 

Figure 25:  Magnetisation plotted against the external applied magnetic field for the bilayer SC/FM structue. The black curve 
is the ascending measurement. The red curve is the descending measerment. 

Figure 26: Magnetisation plotted in logarithmic scale plotted against the temperature. The black curve is for the sample with 
Al layers. The red curve is for the sample without the Al layer. 
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We have chosen to not use the Al layers in our last samples because even without the Al layers 𝑇𝑐 is 

still higher than the boiling point of Helium. For the rest the same criteria as for the bilayer structures 

are used. We made FM/SC/FM sample with a Nb layer thickness of 5 nm and four repeats of the 

Co(0.3)/Ni(0.7)/Co(0.3) to see if both switches of the two FM layers can be measured.  

We measured the magnetic behaviour and that is plotted in figure 27. 

 

 

 

 

 

 

We see that two switches in magnetisation in this full stack FM/SC/FM are present, but the hysteresis 

curve is not completely symmetrical around a zero external applied magnetic field. This is caused by 

a remanence field of the magnet of the VSM-SQUID. The two switches are caused by the two FM 

layers. The bottom FM layer causes the 𝐻𝑐𝑜𝑒𝑟𝑐𝑖𝑣𝑒 around 15 mT. The other less sharp switch is 

caused by the top FM layer. This less sharp switch indicated that there are multiple magnetic 

domains present in the FM layer what makes it more difficult to store data. 

We have seen that the interfaces with the Nb layer are important for the magnetic behaviour of the 

FM layers. Therefore we have tried to make a wedge sample that has two Ta layers above and 

underneath the Nb layer because Ta has good annexation behaviour and a schematic structure is 

shown in figure 28.  

 

 

 

 

 

 

This wedge sample is investigated by a magneto-optic Kerr effect (MOKE) measurements to see for 

which thickness of Ta a perpendicular magnetic anisotropy for the FM layers can be found. MOKE 

measures the changes in light polarisation caused by the magnetic surface. In figure 28, the MOKE 

measurements for different Ta thicknesses are shown. 

Figure 27: Magnetisation plotted against the external applied magnetic field for the full stack FM/SC/FM structure 
measured at 300 K 

Figure 28: Schematic representation of the sample with Ta wedge. The bottom FM layer is Pt(4)/Co(0.8)/Pt(0.3) and the top 
FM layer isPt(0.3)/[Co(0.3)/Ni(0.7)]4/Co(0.3)/Pt(3). 
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Figure 29: Measurements on the magnetic hysteresis loop of the sample with different Ta thicknesses. Graph a with a Ta 
thickness of 0.33 𝑛𝑚. Graph b with a Ta thickness of 0.93. Graph c with a Ta thickness of 1.33 𝑛𝑚. Graph d with a Ta 

thickness of 3.33 nm and graph e with a Ta thickness of 4.6 𝑛𝑚. 
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The general trend found is that Ta helps by getting a PMA. Figure 29 a shows almost no out-of-plane 

magnetic anisotropy is measured for a Ta thickness of 0.33 nm. We do see a small switch in 

magnetisation that could be caused by a small out-of-plane magnetisation, but the graph also has 

almost no difference between the ascending and descending external applied magnetic field 

measurement what indicates that the magnetisation is in-plane. For thicker Ta layers we do see that 

the shape becomes steeper. For a Ta layer thickness for 1.33 nm an even steeper hysteresis curve is 

measured indicating that there is more out-of-plane magnetisation. This change in steepness is 

measured until a Ta layer thickness of 3.33 nm and that is shown in figure 29 d. For this thickness a 

switch is found for an external applied magnetic field of 3.4 mT. After this point almost no change in 

the magnetisation curve is measured and for a Ta thickness of 4.6 nm the same hysteresis shape is 

measured and shown in figure 29 e. The other curvature in the hysteresis can be explained by the 

fact that multiple magnetic domains are present in the sample. To see if this is true, a measurements 

of the magnetic moment of the surface of the sample is measured with a Kerr Microscope and this is 

shown in figure 30. This is a measurement instrument that measures the change of polarisation of 

the reflected light on the sample caused by the magnetic moment of the sample. This way pictures of 

the magnetic domains of the surface of a sample can be made. 

 

 

 

 

 

 

 

 

This is not preferred in a memory device that uses the magnetic direction to make memory and more 

research is needed to find a way to control this behaviour. 

 

 

 

 

 

 

 

 

Figure 30:  Measurement done with Kerr microscope. The magnetisation is measured and multiple magnetic domains 
structures are found. The white regions have its magnetic moment in a different direction then the gray regions.  
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Chapter 5   

Conclusion 

In this research the optimization of a thin layer superconducting Nb has been investigated. The 

influence of different sputtering parameters on the superconductivity of niobium layers is 

investigated. Secondly bilayer FM/SC and SC/FM structures and trilayer FM/SC/FM structures has 

been investigated.  

  The growth and the superconducting behaviour of the Nb layer for tree powers (20 W, 50 W 

and 80 W) and tree pressures (1 ∗ 10−3 mBar, 5 ∗ 10−2 mBar, 1 ∗ 10−2 mBar) is measured. It was 

found that the power has a linear relation with the growth rate. It was also found that increasing the 

pressure will result in a lower growth rate.  

  Measuring the superconducting behaviour of the Nb layer showed us that the power and 

pressure sputtering parameters greatly influence the critical temperature of the superconducting Nb 

layer. The highest critical temperature measured is 𝑇𝑐 = 9.1 K, what is close to the intrinsic critical 

temperature of a thin layer Nb that is 𝑇𝐶 = 9.25 K. This was achieved by sputtering with 80 W power 

and 5 ∗ 10−2 mBar or 1 ∗ 10−2 mBar. The Coherence Length and the London Penetration Depth are 

also influenced by the sputtering parameters but more research is needed to find the real relation 

between the sputtering parameters and the characteristic lengths. At last it was found that the base 

pressure also greatly influence the characteristic lengths and the critical temperature. For higher 

base pressure a lower critical temperature was found. 

  After this knowledge is gained about the bilayer FM/SC and SC/FM structures. It was found 

that the for the FM/SC structure were the FM layer consist of Pt(4nm)/Co(0.8nm)/Pt(0.3nm), a 

hysteresis loop could be found. This hysteresis loop is influenced by the temperature. It was found 

that a lower temperature results in a higher coercive field. When going under the critical 

temperature of the SC layer a higher magnetisation was found but still a drop in magnetisation is 

found what could be caused by the coercive field of the FM layer. More research is needed to fully 

understand the magnetic behaviour for temperatures under the critical temperature. 

For SC/FM layers with the FM layer consisting Pt(0.3nm)/[Co(0.3nm)/Ni(0.7nm)]x/Co(0.3nm)/Pt(3nm) 

almost no out-of-plane magnetisation was found. We have tried multiple samples to reach an out-of-

plane magnetisation and this only happened when lowering the Nb thickness to 5 nm and repeating 

the FM layer 6 times. 

  For the full FM/SC/FM stack also the out-of-plane magnetisation was measured. We have 

measured the influence of When again lowering the thickness of the Nb layer to 5 𝑛𝑚 and repeating 

the upper FM layer 4 times a hysteresis loop with two different coercive field caused by the two 

different FM layer was found. The influence of Pt and Al interfaces on 𝑇𝑐 was investigated and it was 

found that the Al interfaces gave a higher value of 𝑇𝑐. This indicates that the interface have an effect 

on the superconducting behaviour. 

  At last we have tried to see if a Ta layer interface between the FM and SC layer would 

increase the out-of-plane magnetisation. For a thickness of 3.33 nm, a steep drop in the hysteresis 

loop was found. Also a multi domain state of the magnetisation was found.  

These results can be used to get more knowledge in sputtering superconducting layers and to get 

better insight in interfaces between FM and SC layers. This report can be the start of understanding 

the magnetic and superconducting behaviour of stacked FM/SC/FM layers that could be used for 

energy efficient non-volatile data storage.  
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  For next research, the grain growth on the superconducting and the ferromagnetic layers and 

the influence on the superconducting and magnetic behaviour can be investigated. This will help to 

better understand the influences of interfaces between ferromagnetic and superconducting material 

and can help by understanding how the perpendicular magnetic anisotropy can be influenced and 

controlled when making FM/SC/FM devices. Another idea is to investigate the influence of the 

magnetisation direction of the ferromagnetic layers on the superconducting behaviour in a 

FM/SC/FM structure. An in-plane exchange field can also influence the Cooper Pairs and this can be 

compared with measurements of an out-of-plane exchange field for FM/SC/FM structures. With this 

comparison, more knowledge can be gained about the influence of the exchange interaction of 

ferromagnetic layers on the Cooper Pairs in the superconducting layer. At last research needs to be 

done on switching the directing of the magnetisation and thereby the direction of the exchange field 

in FM/SC/FM structures. The challenge to gain a better understanding of FM/SC/FM structures can 

be achieved with these research ideas or other investigations and that could be the road for new 

more energy efficient computer devices in the future. 
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Appendix 

Appendix A: Results of the Niobium superconducting layers with different parameters 

 

Table 1: The results of the first tree superconducting Nb layers with different powers and different 

thicknesses. 

 

 

Table 2: The results of the second tree superconducting Nb layers with different powers and the 

same thicknesses. 

 

 

 

 

 

 

 

 

 

Sample Power (W) Distance 
(mm) 

Pressure 
(mBar) 

Thickness 
Niobium (nm) 

Growth rate 
(nm/s)(∗ 10−2) 

N1802012 20 108.7 5 ∗ 10−3 53.8 ± 0.8 3.34 ± 0.04 

N1802013 50 108.7 5 ∗ 10−3 141 ± 4 8.7 ± 0.2 

N1802014 80 108.7 5 ∗ 10−3 240 ± 2 14.7 ± 0.1 

Sample 𝑇𝑐  (𝐾) 𝐻𝑐1 (𝑚𝑇) 𝐻𝑐2 (𝑇) Coherence length 
(nm) 

N1802012 8.73 ± 0.04 6 ± 2 1,27 ± 0.03 16.1 ± 0.2 

N1802013 9.10 ± 0.04 4 ± 2 1,21 ± 0.03 16.5 ± 0.2 

N1802014 9.08 ± 0.03 3 ± 1 1.24 ± 0.03 16.3 ± 0.2 

Sample Power (W) Distance 
(mm) 

Pressure 
(mBar) 

Thickness 
Niobium (nm) 

N1803026 20 108.7 5 ∗ 10−3 50 ± 5 

N1803027 50 108.7 5 ∗ 10−3 50 ± 5 

N1803029 80 108.7 5 ∗ 10−3 50 ± 5 

Sample 𝑇𝑐  (𝐾) 𝐻𝑐1 (𝑚𝑇) 𝐻𝑐2 (𝑇) Coherence length 
(nm) 

N1803026 8.38 ± 0.03 6 ± 2 1.76 ± 0.04 13.7 ± 0.3 

N1803027 8.72 ± 0.04 7 ± 3 1.53 ± 0.04 14.7 ± 0.4 

N1803029 8.73 ± 0.03 4 ± 3 1.38 ± 0.04 15.4 ± 0.4 
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Table 3: The results of the tree superconducting Nb layers with different pressures. 

 

 

 

 

 

 

 

 

 

 

Sample 𝑃𝑜𝑤𝑒𝑟 (𝑊) Distance 
(mm) 

Pressure 
(mBar) 

Thickness 
Niobium (nm) 

Growth rate 
(nm/s)(∗ 10−2) 

N1803034 80 108.7 1 ∗ 10−3 66.2 ± 0.8 17.4 ± 0.2 

N1803035 80 108.7 5 ∗ 10−3 59.0 ± 0.3 15.5 ± 0.1 

N1803036 80 108.7 1 ∗ 10−2 53.4 ± 0.5 14.1 ± 0.1 

Sample 𝑇𝑐  (𝐾) 𝐻𝑐1 (𝑚𝑇) 𝐻𝑐2 (𝑇) Coherence length 
(nm) 

N1803034 8.90 ± 0.03 6 ± 2 1.36 ± 0.03 15.6 ± 0.3 

N1803035 8.92 ± 0.03 3 ± 1 1.24 ± 0.05 17.0 ± 0.3 

N1803036 9.07 ± 0.03 4 ± 1 1.36 ± 0.05 15.6 ± 0.3 


