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Abstract 
New electronics and its reliance on wireless communication are 

increasing the importance of reliable current oscillators, especially 

among devices that needs to operate at several different RF bands. In 

the search to increase efficiency, reliability and controllability, the 

oscillators have been scaled down to the nanometer range. 

This thesis is based on work done to implement a spin-oscillator 

based on a spin-thermionic effect which utilises joule heating in a 

weak magnetic spacer to give a magnetoresistive oscillation. The focus 

has been on implementation of      alloys as the weak magnetic 

spacer, both by studying its magnetic properties experimentally as well 

as simulating the coupling behaviour. Magnetometry measurements 

of Curie temperatures showed greatest potential to alloys of 

concentrations        , though these do suffer from moderate 

transition slopes.  

Also mentioned is the work done on realising a     based 

magnetic tunnel barrier in the read-out junction of the structure, to 

increase magnetoresistance. Despite reported success of 

implementing these tunnel barriers by other groups and magnetically 

decoupled electrodes, no magnetoresistance was found and process 

quality must be improved. 

All structures were made in UHV conditions, deposited using a 

magnetron sputtering machine, using optical lithography and ion 

etching for patterning in the cases where full stacks was necessary for 

characterisation. 
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Introduction 
The field of magnetoelectronics, also known as spintronics, is emerging as an important 

field in solid state physics. The field started picking up momentum with discoveries of spin 

dependant transport and later the giant magnetoresistance by Fert [1] and Grünberg [2], 

which is now heavily used in data storage applications. [3] During the years, a number of 

different devices based on the interaction of the electron spin have been studied and 

developed, but most never reached a commercial success, primarily because of being 

overshadowed by the huge success of the Si semiconductor platform, which has proven 

cheap, powerful and with a relatively low development complexity. The physical limit of the 

Si-doped semiconductor platform is reaching its limit, with the latest devices making use of 

very complex doping, contact and field control techniques. Without its earlier advantage of 

low complexity and ease of development, solutions with other semiconductor, as well as 

alternative solutions such as spintronics, are growing more and more important. 

In later years, work has been done to construct nano-oscillators making use of the 

electron spin, hoping for good control at frequencies interesting for wireless 

communication around the gigahertz band. [4] It was recently proposed [5] [6] to use a 

weak magnetic layer to control the magnetoresistance in a structure. Following research in 

thermally assisted switching, it was proposed [6] to use this thermal excitation to heat this 

weak magnetic coupling layer, until it became paramagnetic and thereby losing its ability to 

couple its two neighbouring layers. With one of these layers kept pinned, the other will 

rotate magnetically with respect to this one. If the free layer is one electrode in a 

magnetoresistive junction, this will give a total resistance of the structure proportional to 

the coupling properties of the weak magnetic layer. 

This work is mainly focused on the usability of      alloys as the weak magnetic layer, as 

well as studying the read-out circuit, where some effort was put into producing a tunnelling 

magnetorestistive junction using a     barrier, roughly       thick, to greatly improve 

the magnetoresistive signal. The oscillator in itself is composed of a multilayer structure of 

AFM pinning layers, a read-out structure, the weak FM coupling layer and the final AFM 

pinning layers. Current running through the structure will polarise in the first pinning layer 

and then experience a low resistance thanks to the read-out layer being magnetically 

parallel thank to the weak FM coupling. The high current will produce joule heating in the 

weak ferromagnet, increasing the temperature over its Curie point, making it paramagnetic, 

making the AFM pinning layer lose its coupling with the read-out layers, which in turn twists 

to become anti-parallel, increasing magnetoresistance which in turn decreases current in 

the structure and lets the coupling layer cool down. As described in [6], this will lead to a 

self-excited oscillating state, mainly dependant on applied voltage. 

The work will first cover the theory needed to understand the principles of the work, 

such as basic magnetism, but also the very important different types of magnetoresistance, 

as well as the transfer of magnetic momentum. After that, a chapter describing the design 

of the structure, what equipment was used and how the different samples were made. 

Following that is the chapter where measurements and results are explained and analysed. 

A chapter with description and results of a simulation of the NiCu alloy follows, and the 

work is concluded with a chapter of final conclusions of all the work. 
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Theory 

Magnetism and magnetic properties 

Magnetism, the second half of the electromagnetic force, comes from the interaction of 

charged or non-zero spin particles with magnetic fields. In matter, this interaction and their 

generation of their own magnetic field mostly comes from the electron’s coupling with the 

nucleus and its inherent spin, called magnetisation. 

All electrons will react to an applied magnetic field by an opposing field proportional to 

the field strength. This can be seen as an analogy to Lenz’s law, which states that any 

induced current will oppose the change that created it. In a similar fashion, the orbital 

coupling, that is the coupling of the angular momentums of the electrons, will strive for a 

motion creating a magnetic field opposing that which is affecting it. This is a very weak 

effect compared to other magnetic effects, but is always present for all electrons under all 

circumstances of applied magnetic fields. 

The phenomenon of paramagnetism is the caused by free outer electrons, as these will 

try to minimise their energy by aligning to applied magnetic fields. This is a linear effect 

where the magnetism can be described by Curie’s law:     
 

 
, where   is 

magnetisation,   is the Curie constant,   the applied field and   the temperature of the 

system. In this case, the effect is non-existent without an applied magnetic field. 

Certain materials have a shifted electron density of states with respect to spin direction 

because of Hund’s rule of electron energy minimisation. Hund’s rule describes the 

preferred electron configuration in an atom, in what ordering of spin and angular 

momentum they accumulate. This means that a certain spin direction will be preferred and 

more filled than the other. This leads to spontaneous magnetisation, where the outer free 

electrons will align their magnetic angular momentum in either a parallel or alternating 

ordering. These orderings are called ferromagnetism for parallel alignment, 

Antiferromagnetism for full alternating ordering, or Ferrimagnetism, which is an alternating 

ordering where one spin direction is more prevalent than the other.  These magnetisation 

orderings are graphically represented in Figure 1. 

Ferromagnetic materials, which are not coupled to other magnetic materials, can change 

their preferred ordering by applying a magnetic field of opposite polarity. The field needed 

to switch the polarity needs to overcome a certain field strength, giving rise to a hysteresis 

effect where the field will not switch for any field applied in between the switching fields, 

as can be seen in Figure 2. 

Also seen in Figure 2 is the effect of intrinsic anisotropic properties of the material, such 

as crystal structure, lattice bound magnetostriction shape anisotropy and surface 

anisotropy. Common for all these effects is that geometrical properties change the band 

structure in such a way that there will be a preferred magnetic direction for the intrinsic 

field. Switching the magnetic polarity in the preferred direction will be easy with a small if 

any spring effect, while an unfavoured direction will be very difficult to switch and might 

even have to be saturated in the opposite direction in order to change polarity. 
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These effects are short in length, which means that over relatively large distances, one 

will find magnetic domains, where the magnetic ordering is minimised with respect to the 

local anisotropy effects. 

All of these couplings get disordered by temperature and have a temperature where it is 

fully paramagnetic because of thermal excitation. For ferromagnets this temperature is 

called the Curie temperature and is especially important in this work, as this is the effect of 

transition from ferromagnetism to paramagnetism which used to control the magnetic 

coupling through the weak magnetic layer. For antiferromagnets, this temperature is called 

the Néel temperature and governs the upper boundary of the temperature the material can 

handle before losing its magnetic ordering, becoming paramagnetic. 

When all contributing electrons are aligning their magnetic moment in the same 

direction, one has reached the magnetic saturation, where and stronger applied magnetic 

field will not contribute to increase the magnetisation of the material further. 

 
Figure 1: Graphical representation of geometrical ordering of spin precession direction 

for different magnetisation orderings. 

 
Figure 2: A typical signal from a ferromagnetic material, Nickel in room temperature. In 
this case there is a slight spring effect where the magnetisation will return to the same 

polarisation if the field should be released before the switching region is reached. This is 
governed by anisotropy effects. 

Magnetoresistance 

First discovered by William Thomson in 1856, magnetoresistance is the phenomena 

when a material changes its electrical resistance because of an applied magnetic field. The 

applied field shifts the electron density of states, making the electron bands of a certain 

spin direction become more filled or available respectively. This leads conductance to be 

dependent on the spin angle because of spin dependent scattering with respect to the 

electron bands. [7][8] 
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Certain metals, such as ferromagnets like Ni or Fe have an intrinsically shifted density of 

states for the spins. If the difference of the density of states is large enough, so that the 

spins in one direction will be nearly filled while the other spin will be partially filled, the 

spins in the direction with nearly filled density of states will have a higher resistivity than 

for the electrons of opposite angle, because of a change in the effective electron mobility. 

The higher the degree of difference in density of states, the more the passing electrons will 

polarise, leaving the current polarised to a certain degree in a certain spin direction.  

Magnetoresistance is the main mechanism used to control the electron current in the 

oscillator structure, and is therefore important to understand. For the special cases of 

multilayer magnetoresistance, it is usually quantified by a magnetoresistance ratio 

         
  

  
 
      

  
 

where the Resistances    and     is for when the magnetic layer alignments are parallel 

and antiparallel respectively. This is a technology which has been heavily used to increase 

performance of magnetic read systems as in hard drives, where bit density have grown 

enormously. 

 
Figure 3: Conceptual description of magnetoresistance, in a multilayer structure of 
parallel and anti-parallel magnetisation. Spin currents of parallel orientation to the 

magnetisation of the magnetic conductor has a lower mobility and thus higher 
resistance and vice versa. In this case when the spin current is parallel to the 

magnetisation, electrons will scatter and flip in the available states in the band structure 
where the anti-parallel spin will not. (The magnetic moment is 

    
 

   
      , and thus antiparallel to the spin direction of electrons) 

Anisotropic magnetoresistance 

The anisotropic magnetoresistance (or AMR) is when the magnetoresistance is 

asymmetric in space because of the anisotropy of the material. This comes from anisotropy 

in the electron bands because of structural characteristics. AMR is a weak magnetoresistive 

phenomenon, but is easily implemented in an electric structure. [7] 

Giant magnetoresistance 

As found by Fert [1] and Grünberg [2], this effect is more strongly seen when letting a 

polarised electron travel through a tri-layer of a ferromagnetic, non-magnetic and 

ferromagnetic structure. When the magnetic moments of the ferromagnetic layers are 

parallel, electrons travelling through will experience a (relatively) low electric resistance, 

while in the anti-parallel state it will experience a high electrical resistance. This effect is 

called Giant Magnetoresistance, GMR, and is stronger than AMR because of high interface 

scattering when the spin polarised electrons from the first ferromagnetic tries to enter the 

second if it should have an anti-parallel alignment. [8] 
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Tunnelling magnetoresistance 

Electron tunnelling is a quantum mechanical effect where the probability of an electron 

entering an insulator from a conductor is non-existent, but its probability to exist in the 

conductor on the other side of the insulator exists. Classically the electron would never pass 

through this barrier, but it has been proven that electrons can “pass through” this 

insulating barrier, into the conductor on the other side, a phenomenon called tunnelling. 

The probability is acquired through the electron wave equations, which depend on the 

potential and width of the insulating barrier.  

In the cases where the electrodes are ferromagnetic, the tunnelling probability can be 

controlled by the magnetic alignment of the two layers, as first shown by Julliere in 1975 

[9], hence called tunnelling magnetoresistance, TMR. When they are in parallel alignment, 

the electrons will tunnel through in accordance to the normal tunnelling parameters. The 

tunnelling probability decreases sharply with increased anti-alignment, because of 

decreased probability of the tunnelling electron to exist in the opposite conductor. 

Slonczewski [10] proposed in 1989 an approximation to the tunnelling conductance, which 

has proven effective for cases of homogenous conductors 

            
                          

Where the interface conductance between the ferromagnetic conductors and the barrier 

is 

     
 

  
 
                  

       
        

  
 

 

       

And the spin polarisation of the interfaces is given by 

    
         

       

         
       

 

Here   is the tunnelling barrier thickness,    and    the wavenumbers of the electrons of 

the relevant spin direction,   the wavenumber for electrons inside the barrier, while   is 

the angle between the magnetic moment of the two ferromagnetic conductors, showing 

the direct relationship between the tunnelling conductance and the magnetisation angle. 

Because of this, TMR yields a very high magnetoresistance ratio, the difference between 

the highest and lowest resistance, but the fragile tunnelling barrier limits the total current 

one such junction can handle in turn. 

The MR ratio is very dependent on the tunnelling barrier, where film thickness, 

homogeneity and perhaps most importantly the interface quality are all very important 

factors to achieve any magnetoresistance at all. 

This work has been concentrating on the use of     as the tunnel barrier in a 

                multilayer, following the reports of MR ratio of up to 500% in room 

temperature conditions by Yuasa in 2007 [11], one of the highest MR ratios at room 

temperature reported to date. Magnetoresistance of over       has been reported [12], 

for low temperature conditions, using a double tunnel junction geometry, achieving 

resonance tunnelling magnetoresistance. 
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Spin torque transfer 

The previous assumption for achieving magnetoresistance has been that we are using a 

ferromagnetic layer with a fixed magnetic polarity, which sets a preferred spin direction. 

For a magnetic layer which is not held by external means, the magnetic moment of 

incoming electrons will affect free electron band, in effect injecting its magnetic moment 

into the layer. This term is called spin torque transfer, and opens up for the possibility of 

not needing external magnetic fields to control the magnetic properties in the structure, 

this can be changed through careful planning of the magnetic coupling between the layers, 

under what level of currents their magnetic moment switches and how these levels lie with 

respect to the other layers. [13] 
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Design and fabrication 

Spin Thermionic Oscillator design 

The spin thermionic spin oscillator is a current oscillator that operates by using 

magnetoresistive layers that change their magnetic direction in an oscillatory behaviour to 

control the current. The main concept of the structure is that a magnetoresistive read layer, 

using either GMR or TMR junctions, is coupled on one side to a pinning layer through a 

weak ferromagnetic coupling layer. The pinning layer is magnetically locked and will 

polarise any current passing through it to a specific direction, the weak ferromagnetic 

coupling layer will transfer this polarisation to the other electrode and cause these to be 

aligned, giving a low magnetoresistivity. When the weak coupling layer is heated by the 

high current caused by the low resistivity, it will come close to its Curie temperature and 

become paramagnetic and therefore break the coupling between the read layer electrodes 

and that of its pinning layer, causing the now free electrode to change magnetic polarity 

and increase magnetoresistance by not being aligned to the pinning layer any more, 

increasing resistivity in the linear stack as a whole and thereby lowering the current. The 

power generated for a constant voltage is proportional to the conductivity       . This 

leads the stack to cool, again increasing the coupling and lower magnetoresistance, coming 

back to its starting conditions, completing a cycle in a self-excited oscillatory state as 

described in [6] and seen in Figure 4. The negative current-voltage slope incurred by the 

magnetoresistance needs to be sufficiently steep so the stack can cool, the electrodes 

magnetically realign and magnetoresistance to decrease so one returns to the earlier 

current-voltage branch. 

 

 
Figure 4: Expected current-voltage behaviour of the spin thermionic oscillator, where 
the magnetoresistive change makes the structure change from one current-voltage 
behaviour to another.  The solid line shows the stationary oscillatory state. Figure 

borrowed from [6] 
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The simplest design of the spin thermionic oscillator is seen conceptually in Figure 5. The 

read layer is magnetically coupled to a pinning layer, where the antiferromagnetic ordering 

of the antiferromagnet fixes the magnetic orientation of the ferromagnet, giving it a 

preferred orientation. In our case,      is used as the antiferromagnet, while       is 

used as the ferromagnetic layer. 

The other ferromagnetic layer is also      , as the work of Yuasa has shown this 

combination to work well as the conductors when making     based TMR junctions. [11] 

This free layer is coupled through the weak magnetic layer to the pinned magnetic layers on 

the top of the structure, modelled as the bottom pinning layer. The interlaying weak 

magnetic layer is in our case chosen to be an      alloy, where the nickel is diluted with 

copper to lower its Curie temperature while hopefully retaining a fast enough transition 

slope. 

This means that the important aspect of the structure is to realise the weak coupling 

layer, and to see to that it is this coupling layer that is the main heated layer. In this work 

we will assume heating is done through direct joule heating and that the coupling layer will 

produce the most of the heat by having the largest relative resistance through greater film 

thickness. 

Another important issue is to maximise the magnetoresistive effect of the read out layer, 

which was attempted by implementing a TMR layer of    , to reach the negative current-

voltage slope needed to achieve the current oscillations as shown in Figure 4. 

The two parts were isolated and analysed as separate parts, with the assumption that 

their integrated behaviour would be mostly unaffected. Figure 5 shows the general 

functions of the different layers of the structure, marking out the two layers of focus by 

being darker. 

 
Figure 5: Conceptual outline of the complete spin-thermionic oscillator 

NiCu as a weak magnetic spacer 

This work has concentrated on the use of      alloys as the weak ferromagnetic 

coupling layer in a thermally controlled TMR spin-valve. The alloy was chosen for its 

presumed magnetically linear dilutive properties in its bulk form, which had good potential 

properties for magnetic decoupling in an applicable temperature range. A relevant work 

was performed by Kravets et. al. [14], where      was explored in the range of    
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     nickel concentration to analyze the creation of nickel clusters in a phase separation 

which affect the linearity of the curie temperature with respect to the alloys copper 

concentration. 

The method of fabrication as well as characterization of thickness is similar to that done 

and described later in this work. The      concentration was additionally determined using 

X-ray dispersion spectroscopy analysis and magnetic properties using Ferromagnetic 

resonance spectrometry with the ability to measure out of plane magnetization. The result 

of their measurements corresponds well to measurements shown later in this work that 

show that the curie temperature phase diagram of the thin film is non-linear and differs 

from bulk      when increasing the copper dilution. A broadening of the FMR signal for 

higher concentrations of copper indicate a magnetic non-uniformity, which points towards 

a phase separation of nickel and copper clustering in the thin films. The group also 

calculated the phase diagram using density functional theory using a similar Hamiltonian as 

used later in this work, but in a more advanced superstructure. The calculations were made 

using a advanced computational package (FLAPW method with the Wien2k package), which 

is what would probably be necessary to improve the tri-layer simulation discussed in the 

Spin Coupling Simulation chapter. 

As discussed earlier in the design of the spin-oscillator, the choice of material for the 

weak ferromagnetic spacer alloy needs to be chosen with the following requirements; The 

material should become paramagnetic in a temperature range slightly higher than the 

operation temperature of the device and the transition between magnetic coupling 

(ferromagnetic) and the decoupled paramagnetic state needs to be sufficiently short to 

support the self-oscillation. The material also needs to be magnetically stable when cycled 

both by magnetic field and temperature. 

Earlier studies in the group by S. Andersson [15] were done on several candidates to find 

an optimal alloy. As well as     , studies were also performed on     ,      and 

          .  

The      material choice has a steep magnetization curve in a relevant temperature 

range, caused by a transition from a FCC crystal structure to a BCC crystal structure. 

Unfortunately there is a hysteresis in the phase transition which makes the material 

unsuitable. 

While a Curie temperature of       and a steep magnetization curve make      an 

interesting material, the alloy has a very large magnetic coercivity which would affect the 

switching behavior when coupled in a magnetic structure. 

Lastly the      alloy known as permalloy containing roughly            and 

           with a few percentages of    to lower the Curie temperature. The coercivity 

and magnetostriction of the alloy is very low, which makes it seemingly ideal for the 

purpose as a weak switching layer. The control of the stochiometry is very important for the 

alloy though, as the Curie temperature strongly depends on    concentration, changing it 

tens of degrees for every percentage of      of    mixed in the alloy. This makes the alloy 

very difficult to deposit in a controlled fashion and therefore unsuitable as the weak 

ferromagnetic spacer. 

This leaves      as the most interesting alloy as a weak ferromagnetic spacer out of 

those investigated. One inherent problem when using current-in-plane measurement to 
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characterize the magnetoresistance is that the relatively low sheet resistance of the alloy 

keeps a large amount of the current from reaching the read-out circuit. This is described by 

the equation given by Worledge and Trouilloud as given in the Current-in-Plane tunnelling 

section of the measurement chapter, where the very low top electrode sheet resistance 

will, together with the relatively high bottom electrode sheet resistance, create a need for a 

short spacing between the probe contacts that might be difficult to realise and control. 

Fabrication equipment 

The main techniques used to manufacture the      samples and stack structures were 

using magnetron sputtering, optical lithography and Ion gun etching. While plain films were 

made of all samples for measurement of magnetic properties with the VSM setup, only the 

TMR samples were also patterned so as to test for point contact magnetoresistance. 

Magnetron sputtering was done by using an ATC Orion sputtering system, delivered by 

AJA international. 

Prior to etching the structure was made by coating with a negative resist, ma-N 1407, 

which was then exposed through optical lithography using a Karl Süss MJB3 Mask aligner 

with a pattern of          pillars. 

Etching was done using a custom built Argon Ion miller. 

AJA - ATC Orion sputtering system 

An AJA Orion sputtering system was used to deposit thin films in UHV conditions, at a 

base pressure of          . The system has several sputtering targets and almost all layers 

were deposited in the same, low pressure environment. The exception is the gold contacts, 

which were deposited in another system, but also in a low pressure environment.  

Magnetron sputtering is performed by exciting a gas into a plasma state, followed by 

using magnetic fields to accelerate these ions into the source material (called the “target”) 

that one wishes to deposit. On impact, the high energy ions release their energy to the 

target, making it release clusters of atoms or molecules that will then travel in a straight 

line away from the target. When these particles reach a surface, they will adsorb and create 

a film. As the sputtering system sees to that the distribution of impact by the plasma ions 

are spread on the target is as homogeneous as possible, the resulting deposited film has 

very good uniformity, as well as low amount of defects thanks to being made in low 

pressure. Since the material beam can be blocked quickly, combined with relatively low 

deposition rates, the technique has a very good thickness control, making it possible to 

deposit thicknesses with low deviation down to the nanometer range. 

One clear advantages of using magnetron sputtering over certain other physical vapour 

depositions is that the high energy makes it able to deposit materials which would 

otherwise be very difficult to deposit with techniques such as electrical or pulsed laser 

evaporation. Thanks to this, materials with high binding energies, such as oxides, can be 

deposited directly. Despite this, reactive sputtering, where the ion gas is not only the inert 

Argon but also mixed with a reactant such as oxygen or nitrogen, is used to deposit an 

oxide or nitride film. 

Optical lithography 

Optical lithography is a fast way of fabricating temporary layers of certain patterns used 

to block etching or strip away unwanted deposition. 
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The first part of the process is to coat the sample with an optically sensitive resist, either 

one that hardens during exposure or which breaks down under exposure of high energy 

light, most often ultraviolet. These are called negative and positive resists respectively. For 

negative resist, the exposed resist is polymerised and hardens during exposure while the 

unexposed resist will break down and be washed away during the development phase. 

Positive resist which is exposed will break down and be easily removed during 

development, leaving the unexposed resist. All of these are sensitive to high energy lighting 

and most often requires use of a yellow room. 

After the resist has been coated and exposed, the pattern must be developed by 

submerging the sample in a solution which dissolves the resist which has either been 

broken down or not hardened, depending on type. 

Now we can either etch our sample, using our resist as a sacrificial layer, or deposit a 

wanted material directly on top of the resist, which would then leave our inverted pattern 

when the resist is washed away later. 

The optical lithography in this work was done using a Karl Süss MJB3 mask aligner, and 

ma-N 1407 negative resist. 

Etching 

The removal of materials is an important process step for the different geometric 

structures needed to realise the different micro and nano components used in modern 

technology. Acids, bases and other chemicals are used to dissolve and remove unwanted 

material. Another method is to use energised particles or compounds to mill away or react 

with the material. Important considerations when choosing an etching process is the 

questions of selectivity, which exposed materials are to be etched and how fast, as well as 

isotropy, as certain etchants will etch in all directions, possibly creating unwanted 

geometries. 

Wet etching is the process of using liquid etchants for material removal as the sample is 

immersed in a bath of etchant, covering all exposed surfaces of the material. For this 

technique it is very important to take care with the selectivity as unfortunately the process 

is very isotropic, as the etchant wills spread in all direction because of the liquid pressure. 

Dry etching is the use of either highly reactive gas molecules in a low pressure, or that of 

milling, the use of highly energetic ions which bombards the target and uses its kinetic 

impact to knock away the materials. While Ion milling yields the best anisotropic result of 

these methods, creating highly defined structures, it suffers from poor selectivity compared 

to carefully chosen reactive etching processes. 

In this work, Ion milling was chosen as the separation of the pillars were important. The 

machine used was a custom built Argon ion miller, having a base pressure of          , 

and operating at pressures of          . Typical etch rates of metals were     

        . 

NiCu alloy fabrication 

The main focus of this thesis is to determine whether or not an      alloy could be used 

as a weak magnetic spacer in the oscillator structure. The goal was to find a concentration 

with good magnetic coupling properties, which had a Curie temperature close to the sought 

after operating temperature of           . Old studies of the      alloy [16] claims 
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that concentrations of        should be the most relevant to examine. As such, four 

samples were fabricated, where the Nickel concentration was calculated to be 

              respectively. The samples were made by co-sputtering Nickel and Copper 

onto a non-rotating substrate, which had a concentration gradient within the limits wanted. 

This was cut into smaller samples roughly        in size of the wanted copper 

concentrations. By doing rate estimations of Nickel, Copper and the simultaneous      

depositions, the concentration gradient in relation to radial position of the substrate was 

calculated, as can be seen in Figure 6. The total thickness would vary over the sample, 

which would have to be taken into account when measuring the magnetisation. The 

relative standard deviation of the individual points of copper and nickel was          , a 

fact one can see by comparing the deposition rates of the two metals individually and that 

found for the alloy, which match each other very well. 

 
Figure 6: The statistics of the      deposititions. Deposition rates in angstroms per 

second and the concentration of Nickel in     . No changes seemed to affect the rates 
of running both Nickel and Copper at the same time as depositing them individually. 
Each sample would contain an average concentration, while the actual concentration 

would vary slightly within the sample. 

MgO MTJ fabrication 

Another important part to realise the oscillator was to increase magnetoresistance, so as 

to realise the negative IV slope. As described in the theory chapter, magnetoresistance can 

be further increased by using a tunnelling junction. While TMR used to be done with 

aluminumoxide, predictions that     would provide magnetoresistance of orders of 

magnitudes higher were proven correct [11] and work was done on making a working     

magnetic tunnel junction. 

Previous work by Freescale [17] found reactive deposition of    to create the     

layers to give the best results, so this was chosen as the method of depositing the 

tunnelling barrier. Because tunnelling magnetoresistance is very sensitive to the structure 

of the barrier, it was tested to presputter a thin layer of magnesium before the oxide layer, 

so that the crystal growth would be improved and give better magnetoresistance. 

Magnesium was sputtered in an atmosphere of not only Argon but also a certain 
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concentration of oxygen. It was found that oxygen concentrations 
  

     
 below    did not 

fully oxidise, and concentrations around    seemed to give the best results. The sputtering 

pressure was altered slightly but showed no real effect except for deposition stability and 

as such was kept at         during deposition. 

To be able to analyse the samples, TMR structures was made, as shown in Figure 7. 

Tantalum and Permalloy was put on the bottom as buffer layers, the      is 

antiferromagnetic and used to pinned the       ferromagnetic electrode on one side, 

letting the other electrode be free, capped by a layer of Tantalum with Gold dusted on top 

to create a sufficient contact for point-contact measurements. 

 
Figure 7: The TMR structure used to test the     barriers. The tunnelling barrier was 
varied in size and deposition parameters, and the gold contact was dusted on top in a 

separate system. 

The samples were prepared for etching by using photolithography. The resist used was 

the negative resist ma-N 1407, spun to nearly a micrometre to ensure that the pillars were 

not etched. The sizes of the pillars were         . 

The sample was then etched by an Argon ion gun, taking care not to etch all the way 

through the     layer, so as to avoid connection with other pillars nearby. There was later 

a suspicion of problems with redeposition of materials on the edges, making thin layers of 

conductors around the tunnelling barriers. To avoid this, the etch rate needed to be 

specifically controlled and kept low. This is a method which has worked for previous 

samples, but where the resistance area product has been significantly lower, making it less 

sensitive to unwanted conductance around the edges. 
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Measurements techniques 

VSM 

A Vibrating Sample Magnetometer measures magnetic moment by vibrating a sample so 

it induces a current in nearby coils, which are connected so that signals not specifically from 

the sample are averaged out from the two sources. This contraption is then put in a large 

controlled magnetic field, which is used to examine the sample in different external fields. 

The machine used in this work was made by Lake Shore Cryotronics, the VSM of model 

7300. Also used was the model 73034 High Temperature Oven, to examine magnetic 

transition through different states. The VSM could handle fields in the sample space up to 

10 kG, though most of the work was conducted in the range of 100 to 2 000 G. The oven 

could handle temperatures up to 1200 Kelvin, but in this work not used above 380 degrees 

Celsius. 

A slight ferromagnetic signal, large enough to disrupt our measurements, was detected 

when using the oven, forcing us to take care of this signal by making background 

measurements with a non-magnetic    sample and compensating for this when calculating 

the magnetisation of the tested samples. The background signal can be seen in Figure 8, 

where one can see the slight ferromagnetic hysteresis. This signal disappears at      , 

making the K-type thermocouple, which contains nickel, the most likely suspect. At 

temperatures at or above the Curie temperature, the signal turns from ferromagnetic to 

paramagnetic, but becomes increasingly noisy, a problem assumed to come from 

interaction with the heat inducting coils. 

To overcome this problem and get a more accurate measurement, the ferromagnetic 

magnetisation was calculating by taking the difference between the slopes of the signal 

when it became linear, assuming that the ferromagnetic response would be saturated at 

this stage. This also negates any para- and diamagnetic signals, singling out the 

ferromagnetic response. To further decrease background noise, the temperature was let 

equilibrated until the current of the heater made negligible noise contributions. A good PID 

control implementation for the heat controller is important to achieve this. 

 
Figure 8: VSM background signal. At room temperature, a          hysteresis can be 

seen. 
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Point contact magnetoresistance 

A point contact magnetoresistance setup is close to ideal for studying magnetoresistance 

in a current-perpendicular-to-plane geometry, where the current is transmitted through 

the structure, making this measurement setup very close to that of how the structure 

would work integrated in a circuit. In its most basic form, the measurement applies a signal 

to the structure and measures       when varying voltage or current. 

In this measurement setup, the contact is made by a single thin wire making physical 

contact to the top of the structure, grounding the structure through the edges. This is later 

compared to a four point measurement to increase the sensitivity of the measurement. 

Because of the way of contacting, the structure needs to be characterised into pillars, but 

the size still needs to be significant enough so that a good contact can still be made. Special 

care has to be taken into account for the resistance in series, both that of the setup and the 

point contact resistance. The magnetic field was applied by putting the sample holder 

inside an electromagnet. [18] 

Current in Plane tunnelling 

CIPT is a technique where the magneto resistance is measured by sending the current in 

the plane through a four point measurement setup. When performing the measurement 

enough of the current needs to flow through the non-magnetic tunnel barrier. Because of 

this the probe distance which measures MR is dependent on the top, bottom and barrier 

layer resistances. As described by Worledge and Trouilloud [19], the optimal probe spacing 

can be found by scaling the distance   with the function 

   
  

     
 

This method quickly gives results for the MR and RA of the structure, without needing 

any post-processing. This makes it especially useful to optimise different deposition 

parameters such as deposition method, deposition conditions and structure design. 
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Results 

     weak magnetic layer Results 

The      samples were cut into small pieces, roughly         in size, of what was 

estimated to be Nickel concentrations of             and     respectively. Their 

magnetic response were then carefully measured, using the VSM, in temperature steps 

from room temperature until the samples reached its Curie temperature. Measurements 

were made by sweeping the field in the easy axis of the sample, up to       . The Curie 

temperature for each material was estimated by a rough approximation of where the 

magnetisation became zero, the data as can be seen in Figure 9. When needed, a 

mathematical model was used to improve the accuracy, using either a linear or an 

exponentially decreasing fit. 

Comparing the results for the      alloys with early research on the alloys [16], as we 

can see in Figure 10, the actual manufactured concentrations seem to be off by roughly five 

percentage units. This is slightly outside of the standard deviation of the rate tests used in 

calculating the concentrations, which could point to effects of non-homogeneity, like 

clustering of copper inside the nickel. We can also see that the samples which should have 

concentrations of     and     respectively, seems to be of the same effective 

concentration, the main difference being slightly lower background noise during the 

         sample measurement. For this reason, the     sample was excluded when 

comparing the magnetisation slopes.  

 
Figure 9: Experimental values of the nickel-copper alloys over temperature. One can 

clearly see that the magnetisation slope eases out with increasing copper concentration, 
making a concentration between         the most suitable, as the Néel 

temperature of      is around     . 
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Figure 10: Tabulated    of bulk          plotted in black, together with experimental 
results in red. Shifting the concentration of the experimental results by five percentage 

units makes the results correspond much better to previous results of [16] 

    tunnelling barrier Results 

The several different implementations of the     TMR junction was cut into two 

samples, one blank film and one characterised into pillars, both roughly         in size. 

The blank films was tested, using a VSM, for whether the electrodes were magnetically 

decoupled from each other first, to be sure that there was any point of testing for 

magnetoresistance. If the samples were shown to be decoupled, they were tested for 

magnetoresistance using a point contact magnetoresistance measurement setup, as well as 

two samples being tested using a CIPT magnetoresistance setup. 

VSM results 

Small blank films of the different samples were tested to see whether the electrodes 

were magnetically decoupled. Samples were saddled between each run and measured in 

the easy axis of magnetisation, were field sweeps between        proved sufficient. 

In Figure 11 three different examples of electrode coupling is shown. Using this data, 

samples that were not decoupled were scrapped and the process steps changed to improve 

the quality of the decoupling. The variance of the quality for the decoupling was at its 

lowest for samples where the barrier was           produced with 
  

     
   , with a 

thin buffer layer of magnesium for better growth. This was found in samples 19, 20 and 21 

and can be seen in Figure 12. The small dip around       which shows in both figures could 

not be determined but seems intrinsic to the material as it did not appear when measuring 

the      nor on the background signal measurements. 
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Figure 11: The magnetic response from three of the fabricated magnetic tunnel 

junctions. One can clearly see that sample number 3 has a non-blocking tunnelling 
barrier where the magnetic electrodes are coupled, while both samples 13 and 23 show 

different degrees of being decoupled from each other. 

 
Figure 12: Magnetic response from three tunnel junctions which had good consistent 

results and a clear magnetic decoupling. 

Point Contact MR results 

The MTJ’s which showed magnetically decoupled electrodes where patterned, given gold 

contacts and etched into small pillars, to be analysed for magnetoresistance using a point 

contact magnetoresistance measurement setup. 

Some of these samples showed total resistance values of the size of the bottom and top 

electrodes, meaning there was a clear physical contact through the tunnelling barrier. 

Other samples showed sizable resistances. The top and bottom electrode sheet resistances 

was measured to               and                  respectively. 

A total of ten decoupled samples were tested, but even after taking greater care in 

making the tunnelling barrier isolating to be sure to avoid contact, no magnetoresistance 

was identified in any of the samples. 

It is speculated that the reason for not being able to measure magnetoresistance is 

because of redeposition of material which creates a short circuit around the tunnelling 
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barrier. On earlier samples, the    values of the structure have been low enough so that 

one could still measure MR. In this case the    product was so high that the redeposition is 

probably enough to conduct enough current so as to make any MR too small to detect. As 

seen in the chapter of the TMR theory, the MR signal can be increased by decreasing the 

barrier thickness, but it is also be assumed that the barrier is already so thin that interface 

roughness and deposition defects to break the isolator is already a problem. Because of 

this, both manufacturing processes to minimise the    product and redeposition during 

etching is important to realise the TMR junction, but the interface of the tunnelling barrier 

should be investigated. 

CIPT Results 

The CIPT measurement was used to measure blank films of the     junctions, in a hope 

that this would give fast feedback to the process of improving the tunnelling barrier 

development. Unfortunately, the setup was new and suffered several problems during the 

measurement and could show no more magnetoresistance than the identical samples 

measured with the point contact measurement.  

We could not get an accurate measurement of the resistance-area product of the films, 

which means we could not get any reliable data to calculate the average distance of the 

electrical probes. The different probe spacings we tested had a pitch between      and 

     , making us able to detect magnetoresistance in samples with    values between 

         to          , in accordance to the probe spacing scale function mentioned in 

the theory chapter. According to the Yuasa review [11], the    product of a similar 

structure, that of          , has an    product which varies between       

         for thicknesses between        at    . Assuming that our       electrodes 

give somewhat similar    values, and that the conductivity does not increase by more than 

a magnitude, this would mean that we are within the limits given by our different probe 

distances. 

The ratio between top and bottom sheet resistances was          , which by being 

increased should significantly increase the magnetoresistance ratio. 

In this case the problem with redeposition is not a valid reason for not achieving 

magnetoresistance. This leaves us with the issues of the tunnelling barrier not being of 

good enough quality and of the sheet resistances not being optimised in accordance to the 

theory presented by Worledge and Trouilloud. [19] 
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Spin coupling simulation 
To further increase our methods of optimising the      alloy, a simulation program was 

written to quantify the behaviour of the alloy. The motivation was to be able to first prove 

the correctness of the simulator by seeing how it compared to experimental results. If it 

proved able to also simulate the different concentration levels, it was hoped to be used as a 

quick way of finding the wanted concentration of the alloy to be used in the structure, 

based upon the need of a specific Curie temperature. 

General function 

The program is based on a simple model of the three dimensional classical Heisenberg 

spin chain model, where the electron spins are allowed to rotate in the two spherical angle 

dimensions. It was assumed, and earlier shown in this work, that the copper in the nickel do 

not affect the magnetic properties directly but act as a diluter, giving an approximate linear 

relationship between the saturation magnetisation and the nickel concentration of the 

sample. The program uses pure Monte Carlo based transitions of the spin angle to 

determine the statistical stable state of the system in its current state. This is done by 

arbitrarily choosing a new angle of a chosen spin and testing its new energy level with that 

of its current and only change its spin if it is more energetically favourable. The energy of 

each spin was calculated with respect to its nearest neighbours, also taking into account a 

externally applied magnetic field, giving the Hamiltonian 

            
  

           

 

 

where          is the spin angle vector of each spin and            is the 

external magnetic field. The coupling constant is non-zero only for when   and   are nearest 

neighbours, giving us the coupling constant 

  
    
 

 

In this model, a constant is added to the coupling constant to fit it with the experimental 

data of the Nickel Copper Alloy, yielding and coupling constant           , where 

       gave the closest approximation to experimental data, as can be seen in <figure 

13> which shows a comparison of simulated pure Nickel against tabulated data, and <figure 

x2> which shows the simulated and experimental comparisons of four chosen alloys of 

Nickel and Copper. 

Because of the large amount of computation that is performed for every spin transition 

test, the complexity or slowness of the program increases exponentially with the system 

size. Unfortunately the system needed to have a certain size for the physical geometry to 

be representative, so that weak coupling could be simulated in an accurate way. For this 

reason the simulation was first run many times to optimise system size and amount of test 

iterations for stable and accurate pure-nickel transitions, before the model could be used to 

simulate the alloy. 
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Figure 13: Model optimization compared to tabulated pure Nickel data of the exchange 
constant being modelled as           , where        gives the best conformality 

with tabulated data of pure Nickel. 
 

 
Figure 14 

[Top]: Experimental data of Nickel-Copper alloy spontaneous magnetization  
[Bottom]: Simulated data of Nickel-Copper alloy spontaneous magnetization. It can be 

seen that the model conforms worse for increasing copper concentrations, partially 
caused by the measurement inaccuracy discussed earlier.  
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Tri-layer behaviour 

When the model was shown to give satisfactory simulative data of the nickel-copper 

alloy, the code was modified to act as the coupled tri-layer junction of a pinned          

layer, the      alloy and then another layer of          as described earlier; whose 

relative magnetic orientation would give the wanted information of the magnetothermal 

relation of the junction. In effect, one want to achieve a fast and clean decoupling of the 

two      electrodes, as illustrated in Figure 15, letting the unpinned electrode rotate to 

change the magnetoresistive signal. 

 
Figure 15: Magnetic behaviour of the tri-layer structure 

Because of the large computational cost, the system size was chosen to be as small as 

possible but while still providing stable and accurate pure nickel simulation. The tri-layer 

behaviour was gotten through locking the first layer of Nickel-Copper and then changing 

the last layer into     . The spin of this last layer was extracted and compared to the 

locked spin to show decoupling. 

Figure 16 to Figure 19 show the comparison of the free      layer when it is coupled 

with a locked      layer through a      alloy ranging from     ,    ,     and     

nickel concentration, denoted by a   prior to its nickel concentration. The other part of the 

graph is the corresponding magnetic behaviour of the alloy itself as a free uncoupled layer, 

denoted by an n prior to its nickel concentration. It can clearly be seen that the coupling of 

the free layer follows the magnetisation of the coupling layer. 
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Figure 16: Comparison of a pure Nickel layer and the two      layers weakly coupled 

though pure Nickel 

 
Figure 17: When the weak coupling layer is diluted with       , the Curie temperature 

is visibly lowered, but a higher decoupling is also hinted by the final level of magnetic 
orientation. 
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Figure 18: Further weakening of the coupling layer can be seen at     dilution 

 
Figure 19: At 25% dilution we can clearly see that the coupling is still dependent on the 

coupling layer 
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Conclusions 
This work has focused on characterisation and building of tools for optimising 

components of a thermally controlled spin-electronic oscillator, namely achieving a high 

magnetoresistive ratio readout device via a     TMR junction as well as exploring the use 

of      as the coupling component in a joule heated oscillatior, both through physical 

characterisation as well as simulations. 

Issues with implementing both the     TMR read-out circuit as well as the      weak 

coupling layer have been identified and suggestions for future work are suggested. 

Magnetic tunnel junction 

The work on implementing tunnelling magnetoresistance using a MgO tunnelling barrier 

did not succeed, the reason was believed to be the difficulty in avoiding shorting the very 

thin tunnel barrier. This has been successfully done by other groups [11], so work with 

reducing redeposition during etch, lowering the    product and improving interface quality 

for probing will make this goal realisable for the structure. 

Also one should try to more accurately estimate the    product, so one can attempt to 

find the correct probe distances for a CIPT measurement, where one should also increase 

the ratio between top and bottom resistivity, for a higher magnetoresistive signal. 

Weak magnetic coupling layer 

The      alloys have been identified to have curie temperatures in ranges which are 

achievable using joule heating, making it feasible to use, but they lack a sharp transition at 

lower Nickel concentrations, which is what would make them interesting to use as this is 

what increases oscillation frequency. From the result of this work the operating 

temperature of the structure would be relatively high, and therefore the structure would 

be less energy efficient. 

The next problem if one wishes to use the      alloy is to see to that the layer is the 

primary layer being heated, either by making it the prime resistive layer or by implementing 

heaters by the form of tunnelling hot spots. 

Identifying the transition time of the      alloy’s coupling behaviour is an important 

next step, either by integration onto a working TMR structure or by a laser heated Kerr 

magnetometry setup, using a laser thermometer, to achieve sufficient heating and cooling 

times. 

Spin coupling simulation 

The simulation of the      alloy coupling layer fits well with experimental and 

theoretical data, while the coupling behaviour of the coupled free      layer seems to 

behave in the expected way. With more experimental datapoints the simulator can also be 

used to find the correlation with the coupling layer thickness. To further explore the time 

dependence new parameters have to be implemented which would make the model 

complex and therefore both difficult to implement as well as expensive to run with respect 

to time. 
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