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Abstract 

 

 

Researches in spintronics, especially those remarkably classified in the current 

induced spin-transfer torque (STT) framework, circumvent challenges with 

different materials and geometries. Perpendicular magnetic anisotropy (PMA) 

materials are showing capability of holding promise to be employed in STT based 

spintronics elements, e.g. spin-torque oscillators (STOs), STT-magnetoresistive 

random access memories (STT-MRAMs) and current induced domain wall motion 

elements.  

This dissertation presents experimental investigations into developing sputter 

deposited Co/Ni multilayers (MLs) with PMA and employs these materials in nano-

contact STOs (NC-STOs) based on giant magnetoresistance (GMR) effect and in 

pseudo-spin-valve (PSV) structures. The magnetostatic stray field coupling plays an 

important role in perpendicular PSVs. The temperature dependent coupling 

mechanism recommends that this coupling can be tailored, by i) the saturation 

magnetization and coercivity of the individual layers, ii) the coercivity difference in 

layers, and iii) the GMR spacer thickness, to get a well decoupled and 

distinguishable switching response. Moreover, this thesis focused on the 

implementation and detailed characterization of NC-STOs with strong PMA Co/Ni 

ML free layers and in-plane Co reference layers as orthogonal (Ortho) magnetic 

geometry in so-called Ortho-NC-STOs. The primary target of reaching record high 

STO frequencies, 12 GHz, at close to zero field, 0.02 Tesla, was achieved. 

However, in large external fields, >0.4 Tesla, an entirely new magnetodynamic 

object, a “magnetic droplet”, theoretically predicted in 1977, was discovered 

experimentally. Detailed experiments, combined with micromagnetic simulations, 

demonstrate the formation of a magnetic droplet with a partially reversed 

magnetization direction underneath the NC, and a zone of large amplitude 

precession in a region bounding the reversed magnetization. The magnetic droplet 

exhibits a very rich dynamics, including i) auto-modulation as a combine of droplet 

frequency with a slow time evolution (few GHz) of un-centering the droplet mode 

under the NC, ii) droplet breathing as reversible deformation of droplet mode with 

½ droplet frequency. All observation of droplet opens a new mechanism of 

excitation for future fundamental studies as well as experiments especially for 

domain wall electronics and nano-scopic magnetism. 
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Chapter 1 

Introduction 

Albert Fert and Peter Grünberg [1,2] jointly won the 2007 Nobel Prize in physics 

for their 1988 discovery of the giant magnetoresistance (GMR) effect in 

ferromagnetic/nonmagnetic metallic multilayers. This discovery has stimulated 

research into nanomagnetism and spintronics, resulting in the emergent of GMR-

based read-heads, magnetic random access memories (MRAMs), and magnetic 

sensors [3, 4]. GMR research shows great potential for applications in future 

industry and fundamental studies, especially when combined with other newly 

discovered effects at the nanoscale, such as the spin-transfer torque (STT) effect.  

In spintronics, the electron’s intrinsic dipole moment —spin—plays a fundamental 

role additional to that of the electron’s charge. John Slonczewski and Luc Berger 

[5,6] predicted that the current in GMR multilayers could transfer angular 

momentum from one magnetic layer to the local magnetization of another. 

Microwave voltage can be extracted from such devices [7] originated from 

magnetoresistance effect if the necessary conditions are present: i) a thin spacer 

much smaller than the spin-diffusion length [8]; ii) a sufficiently small device size 

to allow the spin-transfer torque to destabilize the magnetic moment; iii) sufficient 

nonlinearities to stabilize the precession. STT-based microwave oscillation driven 

by DC current was first observed by Tsoi et al. [9,10] using the point-contact 

geometry,  and thereafter in nanopillar [11] and nanocontact (NCs) [12] devices, all 

described as spin-torque oscillators (STOs). STOs are a novel class of microwave 

signal generators with an attractive set of properties, including a very large tuning 

range [12,13], very high modulation rates [14-16], small footprints [17], and the 

same compatibility with semiconductor technology as MRAM [18,19]. In addition, 

NC-STOs have recently been used as nanoscopic spin-wave injectors for magnonic 
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applications [20]. More generally, STOs can be thought of as perfect model systems 

for studying spin dynamics on length scales ranging from a couple of microns to a 

few nanometers, in different geometries and intermixed with other phenomena, 

such as the Spin Hall Effect (SHE) [21-23], domain-wall dynamics [24], 

thermoelectric effect [25,26], optical effects [27,28], mechanical effect [29], and 

other. As a side note, STT-based magnetoresistive random access memory (STT-

MRAM) devices are expected to show a great deal of promise in the near future 

[30–36]. And although this subject goes beyond the scope of this thesis, it requires 

knowledge for material optimization and magnetic effects in GMR structures.  

One desirable device in microwave electronics is an easily tunable ultra-wideband 

microwave-frequency signal source. STOs are known as microwave frequency 

generators which are easily tunable with current, although their output power is still 

not sufficiently high. They require very large external magnetic fields, on the order 

of a Tesla, in order to operate at high frequency. This is not easy to implement in a 

real device. For example, an NC-STO made on an in-plane GMR stack shows an 

operating frequency above 20 GHz in the presence of an external field of 1 T 

[13,37]. However, there is a strong vortex oscillation mode in such NC-STOs which 

is robust at zero Tesla [38,39], albeit limited to low operating frequencies (<2–3 

GHz). STOs constructed using magnetic tunneling junctions (MTJs) have been 

shown to be promising in terms of output power, but are still far from the desired 

high operating frequency [40,41]. Some experimental efforts in NC-STO research 

[42] have suggested that the low operating power originates from the impedance 

mismatch and microwave shunting existing between the GMR metallic structure, 

the NC, and the leads.  This may be solved in the future using different designs. 

Nevertheless, recent studies have suggested that STOs can be used as fast magnetic 

sensors [43], microwave detector and tunable frequency-selective microwave 

diodes [44–48]. Thus other properties than those strictly required for optimal 

oscillator performance can be utilized to develop STOs for future applications. 

Ongoing research is actively implementing various geometries and materials to 

improve STO output parameters and performance.  

Recent innovation in combining materials with both in-plane (IP) and out-of-plane 

(OOP) anisotropy has made low-to-zero field operation possible [49-52] in the 

nanopillar geometry. An alternative NC-STO architecture was recently 

demonstrated, using the so-called orthogonal pseudo-spin-valve (Ortho-PSV) 

structure with an IP reference layer (RL) and an OOP free layer (FL) [53]. Such 
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architecture shows significant promise, as the IP RL can be easily fabricated using, 

for example, Co or CoFe alloys with high spin polarization and spin-torque 

efficiency, while the OOP FL can be realized using [Co/Ni] multilayers (MLs) with 

a high spin polarization, a high spin-torque efficiency, a tunable saturation 

magnetization (MS), and a perpendicular magnetic anisotropy (PMA) with tunable 

strength (Hk).  

One particular advantage of using [Co/Ni] MLs as the FL in the NC-STOs in this 

thesis is that it allows us to test recent theories [54-56] that suggest the presence of 

magnetic droplets in PMA FLs. The history of this effect goes back 35 years to 

1977 [57], when Ivanov and Kosevich showed that if damping is ignored, the 

Landau-Lifshitz equation for an extended 2-dimensional PMA magnetic thin film 

can sustain a family of conservative magnetic solitons, named “magnon drops” 

[57,58]. Although other theoretical studies have since dealt with this possibility, 

there has, up until this thesis, not been any experimental demonstration of this 

phenomenon. To better understand this effect, one can suppose that light pulses in a 

virtually lossless optical fiber preserve their shape by balancing the opposite effects 

of dispersion (spreading) and nonlinearity (focusing). While the entire family of 

conservative magnon drops balances exchange (dispersion) with anisotropy 

(nonlinearity), the dissipative magnetic droplet must also balance energy gain (spin-

transfer torque) and dissipation (damping). This will single out a particular droplet 

precession frequency for a given drive current and applied field [55]. More 

generally, dissipative soliton systems—such as the NC-STOs studied here—are 

natural environments in which to study solitons pattern formation. Dissipative 

solitons are often robust attractors and can exhibit exotic dynamics, such as time-

periodic breathing [59]. 

Thesis outline 

The importance of GMR spin-valves (SVs) and NC-STOs, as briefly mentioned 

above, suggests that incorporating PMA materials in such structures will allow for 

novel phenomena in spintronics. The tuning and optimization of PMA materials by 

means of [Co/Ni] MLs and their implementation in GMR SVs and STOs are 

expected to garner a high level of attention. This thesis investigates (i) GMR 

[Co/Ni] perpendicular PSVs and their temperature-dependent coupling mechanism; 

(ii) [Co/Ni] MLs-NiFe competing-anisotropy tunable spring magnets, as both a 

novel effect and a novel composite material in spintronics. Furthermore, in high-
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PMA [Co/Ni] MLs, the thesis also presents the following results: (iii) achievement 

of high-frequency NC-STOs by tuning the operating frequency of NC-STOs 

devices built on Ortho-PSVs by means of tuning the PMA of a [Co/Ni] FL; and (iv) 

the first experimental observation of a dissipative magnetic droplet in NC-STOs, 

which has been waiting 35 years for experimental demonstration. Chapter 2 briefly 

addresses the experimental techniques frequently used in this thesis. A short report 

on tuning PMA MLs, the materials, and their initial characterization is described in 

Chapter 3. Chapter 4 presents original work on the temperature-dependent coupling 

mechanism in PMA PSVs (paper I and V). In Chapter 5 appears a description of 

combined anisotropy to achieve a tunable spring magnet (paper III). Chapter 6 

describes the highlighted results arising from NC-STOs made on Ortho-PSVs with 

[Co/Ni] MLs FL (paper II and IV). Chapter 7 briefly discusses the synchronization 

study of droplet pairs. In Chapter 8, the results will be summarized in a concluding 

section. The potential for future studies on the structures which arise from the 

examination of the magnetic droplet system is outlined, and future work with 

materials and designs will also be discussed. 
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Chapter 2 

Methods and techniques 

 

Most of the experiments carried out in this thesis can be briefly described as thin 

film material deposition, thin film material characterization, and final device 

characterizations. All materials and multilayers were deposited by the magnetron 

sputtering technique with DC or RF cathodes. Characterizations and measurements 

were based on magnetometry, magnetoresistance (MR), and microwave 

measurements with different techniques and instruments. For magnetometry 

measurements at room temperature and in both in-plane and out-of-plane field 

directions, an alternating-gradient magnetometer (AGM) with maximum field of up 

to ±1.4 T was used. For temperature-dependent magnetometry a superconducting 

quantum interface device combined with a vibrating-sample magnetometer 

(SQUID-VSM) working at various temperatures from 4 to 400 K and a maximum 

field of up to ±7 T was employed. MR was measured with a homemade four-point 

probe technique at room temperature. Low-temperature MR was carried out using a 

physical property measurement system (PPMS) equipped with a four-point probe 

MR measurement tool. Microwave measurements on STO devices were performed 

with a homemade setup described in the following chapter. 

2.1 Sputter deposition technique 

A simple definition of sputter deposition is that it is a physical vapor deposition 

technique mediated by ejecting small pieces of materials from a target and 

depositing them onto a substrate. Material ejection is handled by a neutral gas, such 

as argon, which does not react with the sputtered material.  
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Confocal configured sputtering includes tilt-compatible sputter sources which can 

deliver a uniform layer. They are capable of depositing layers from single or 

various sources while the substrate is rotating. This results in a uniform layer and 

surface with uniformity better than +/- 2% on substrates twice the diameter of the 

targets, i.e. on 4” substrates (Fig. 2.1). Moreover, it is possible to make a gradient 

thickness layer without the substrate rotating. A valuable wedge layer can be 

fabricated using this technique, which has advantages for studying materials with a 

wide range of thicknesses in one step and for avoiding sample-to-sample variation. 

This technique is employed to study the adjoined [Co/Ni]4-NiFe multilayers in this 

thesis. 

 

Fig. 2.1: (a) Schematic representation of targets and substrate attitude in sputtering. (b) Seven 

sputtering targets. Note the ring on each frequently used target where most of materials have been 

sputtered. 

The deposition rate depends upon the deposition pressure, the power, and the 

distance from the substrate for a given target. A high deposition rate can be 

achieved with materials such as aluminum—which has excellent heat-transfer 

properties and can be sputtered using DC. On the contrary, a slow deposition rate is 

found with MgO and SiO2, as they have poor heat-transfer properties and are 

nonconductive, so they must be sputtered with RF.  

When using the sputtering technique, it is not necessary to reach the melting point 

of the targets, as would be the case in evaporation techniques, another common 

method of deposition. However, high-energy particles (with temperature >100,000 

K) move inside sputtering and make a layer, but the temperature does not reach a 
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value high enough to damage the targets. This technique has thus become a useful 

method for metallization in semiconductor technology.  

Before fabricating the multilayer stacks for the spin valves and STO devices, we 

optimized the deposition parameters for different powers and gas pressures, in order 

to obtain smooth multilayer interfaces and stacks. Roughness is usually detrimental 

and degrades the performance of the spin-valve and STO devices, and increases the 

coupling between magnetic layers.  

2.3 Magnetometry 

Following the fabrication of the magnetic layers and GMR spin valves, one way to 

determine the switching mechanism and magnetization reversal of individual layers 

and their interactions in the GMR stack was magnetometry. This method measures 

the sample’s responses to the external magnetic field, based on different sensing 

techniques, such as induction, force, and optical responses. The two most common 

magnetometers are the AGM and the VSM. Another sensitive mechanism is the 

combination of VSM and a SQUID element, which increases measurement 

accuracy and performance. Here, we briefly address two techniques used in this 

thesis. 

 2.3.1 AGM 

Alternating-gradient magnetometers, e.g. shown in Fig. 2.2, apply an alternating 

field-gradient in order to generate a periodical force in the presence of DC field. 

This force can be measured using a piezoelectric sensor, which is proportional to 

the field-gradient and to the magnetic moment of the sample. The frequency of the 

field gradient is tuned to the mechanical resonance of the transducer, in order to 

obtain high sensitivity. The field gradient is produced by a pair of small coils, while 

the DC field produced by larger coils including an electromagnetic core. We often 

measure the magnetization of samples at two orientations, in-plane and out-of-

plane. For each of these orientations we employ a suitable specific probe. This 

measurement needs an initial autotune to find the operating frequency for the 

sample’s weight and magnetization. It then takes a few minutes to perform the 

whole hysteresis loop measurement. 
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Fig. 2.2: AGM measurement, including AGM setup with a probe holding a sample to meausure in-

plane hysteresis loop. 

2.3.2. SQUID-VSM 

We will first discuss the VSM. A sample is placed inside a uniform magnetic field, 

in order to be magnetized, positioned at the end of a long rod holder and between 

the electromagnetic poles. The long holder is connected at its other end to a 

piezoelectric transducer, producing a periodic vibration. Usually the vibration 

direction is perpendicular to the magnetic field. The magnetic flux produced around 

the sample can then be measured by pickup coils, which are sensitive only to the 

time-dependent magnetic flux. Such a voltage can be sent to a lock-in amplifier and 

compared with a reference. The measured signal is proportional to the 

magnetization of the sample. By sweeping the magnetic field, samples become 

magnetized to different values, and therefore the whole hysteresis loop can be 

determined.  

A VSM-SQUID is a new system which benefits from using a SQUID amplifier 

inside the VSM electronic circuit, increasing the signal to noise ratio and therefore 

the measurement sensitivity. The advantage of this new system is that its 

measurement concept is the VSM technique, while its electronics have been 

improved. It uses also a superconducting coil which can produce ±7 T very quickly. 

The whole core of this system operates in He vapor on top of LHe, which reduces 

LHe consumption. It can reach any temperature between 4 and 400 K in a few 

minutes. This equipment can measure the hysteresis loop or temperature-dependent 

magnetization for both in-plane and out-of-plane directions. 
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2.4 Giant magnetoresistance (GMR) 

Magnetoresistance is a very frequently met word in spintronics. Simply put, the 

change in electrical resistance with magnetization is called MR. GMR is a similar 

concept, but refers to the high value of MR found in magnetic multilayers by the 

winners of the 2007 Nobel Prize in physics, Albert Fert and Peter Grünberg [1,2]. 

This effect arises from a significant change in electrical resistance of adjacent 

ferromagnetic layers in parallel (P) or antiparallel (AP) alignment. More precisely, 

GMR is the dependence of electrical resistance on the angles between the 

magnetization orientations of successive magnetic multilayers. The resistance is 

low for P alignment, and high for AP alignment in collinear magnetization 

geometry. This concept has triggered the rise of spintronics as a new field of 

electronics and has been used widely in memories and sensors.  

The GMR ratio is defined as (RAP-RP)/RP, where RAP indicates resistance for AP 

state and RP indicates resistance for P state. A high value of the GMR ratio is 

required for spintronics applications. GMR is studied for current into the plane of 

layers (CIP) and also for current perpendicular to the plane of layers (CPP) 

geometries. CIP-GMR can be measured after deposition of the layers by launching 

a four-point probe: two outer probes connected to the current source while two 

inner probes measure the voltage across the sample while an external field is 

applied, Fig. 2.3(a,b). It can also be measured in advance by fabricating voltage and 

current contact leads on the samples. To achieve the spin-transfer torque effect in 

spin valves, a high spin-polarized current, and hence the CPP geometry, is required. 

This can be achieved by fabricating either nanopillar or nanocontact GMR spin 

valves. 

 

Fig. 2.3: A four-point probe homemade angular-dependent GMR setup, (b) PPMS GMR chip carrier 

with a sample placed on it and wire connected. 

http://en.wikipedia.org/wiki/Albert_Fert
http://en.wikipedia.org/wiki/Peter_Gr%C3%BCnberg
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In this thesis, a homemade GMR measurement setup was used. It includes a four-

point probe, and the external field can be applied at different angles by rotating the 

GMR probe, Fig. 2.3(a). Therefore, room temperature in-plane and out-of-plane 

GMR loops, as well as their angular dependency, can be measured.  

Low-temperature GMR measurement was carried out with a physical property 

measurement system (PPMS). Samples were placed on a chip carrier equipped with 

four voltage and current leads, Fig. 2.3(b). The wires were connected by silver paste 

to the leads connected to male legs placed underneath. Chip carrier goes inside a 

holder with the same female contact leads. The holder can rotate and the GMR can 

be measured at different angles. PPMS is slower than VSM-SQUID in reaching a 

set temperature, and this is even slower using the GMR chip carrier. For this reason, 

special care needs to be taken to obtain the correct measurement for a desired 

temperature.  

2.5 Fabrication of nanocontact spin-torque oscillators 

Having characterized the GMR spin valves and MLs and achieved promising 

results with the initial measurements, we then started to deposit the same structures 

on 4” wafer suitable for fabrication. Moreover, an investigation of the uniformity of 

the wafers was required. We note that processing temperatures should not go above 

200 °C, as that could destroy the interface quality, and hence the PMA MLs in the 

spin valves. We only briefly mentioned the fabrication of STOs here. 

The GMR films were patterned to an 8×16 μm
2
 mesa using optical lithography, and 

then coated with an SiO2 interlayer dielectric deposited by chemical vapor 

deposition.  The nanocontact area was defined using electron-beam lithography and 

reactive ion etching through the SiO2.  Finally, a 1.1 μm Cu/100 nm Au top 

electrode was patterned using optical lithography, sputter deposition, and lift-off.  

 

2.6 Microwave characterization 

Room temperature STO characterization was carried out in a setup facility with 

current, field, and angle variation. To detect the generated microwave signal, a 

custom-designed nonmagnetic ground-signal-ground microwave probe was used. 

The current was fed to the device using a precision current source, through a bias 

tee connected in parallel with the transmission line. The signal was amplified using 
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a broadband microwave amplifier, and finally detected with a spectrum analyzer. 

Measurements were done with current, field, or angle sweep and DC voltage over 

the device was also recorded simultaneously, Fig. 2.4. 

 

Fig. 2.4: Schematic of the DC and microwave characterization of STOs. 

There are other experimental techniques, such as Atomic Force Microscopy (AFM), 

Magnetic Force Microscopy (MFM), Transmission Electron Microscopy (TEM), 

and X-ray diffraction (XRD) used in this thesis. However, since they were not used 

frequently here, discussion of them has been avoided. 
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Chapter 3 

Perpendicular magnetic anisotropy of [Co/Ni] multilayers 

 

As mentioned earlier, part of this thesis focuses on the fabrication and 

characterization of PMA MLs, tuning their magnetic anisotropy to utilize in spin-

valve structures and spin-torque oscillators. After the initial observation of PMA in 

[Co/Ni] MLs by Daalderop et al. [60], extensive studies have been carried out on 

such MLs over the last 20 years. Co and Ni are closely lattice-matched (aCo,fcc = 

0.35447 nm and aNi,fcc =0.35236 nm) [61], which results in high-quality ML growth. 

The interface anisotropy in these magnetic transition metals favors perpendicular 

anisotropy. Previous reports on PMA in [Co/Ni] MLs with various thicknesses [62–

68] are consistent with an interface-anisotropy model. [Co/Ni] perpendicular 

interface anisotropy has been demonstrated, with (111) the strongest orientation, but 

it has also been shown to occur with (100) and (110) oriented MLs. In addition, the 

magnetocrystalline contribution for the (111) seed structures influences PMA, thus 

leading to the presence of PMA over a relatively broad range of Co and Ni 

thicknesses in (111)-oriented MLs. Growth conditions, including gas pressure, 

vacuum order, deposition rate, and seed layer materials and topology, were reported 

to be essential in influencing the (111) texture, and hence the PMA of [Co/Ni] MLs 

[68–71]. Post-processing techniques such as annealing [72,73] and ion irradiation 

[74] were studied as tools for tailoring the magnetism of [Co/Ni] MLs. There are 

several reports on the annealing effect on PMA of [Co/Ni] MLs, and different 

temperatures were suggested, above which PMA would degrade [73,75,76]. 

However, reports commonly suggest that PMA is present until 220 °C and then may 

decrease, depending upon the seed and cap layers and the [Co/Ni] thickness ratio. 

Ion irradiation was carried out to make a laterally graded anisotropy, called droplet 
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magnetization growth, where PMA is strong at a certain place in thin film but 

decreases with distance [77]. [Co/Ni] ML synthetic antiferromagnets have also been 

demonstrated though the insertion of a thin Ru layer [78]. The ferromagnetic 

resonance (FMR) effect has been studied over a wide range of layer numbers and 

thicknesses of [Co/Ni] MLs [79-82], indicating a Gilbert damping parameter of 

about 0.03–0.04. Spin polarization obtained from first principal calculation was 

found to be up to 70% at the Fermi level [83], a promising number. Considering 

together all these properties with the PMA tunability of [Co/Ni], it is thus 

considered a standard golden soft PMA thin film, similar to an NiFe in-plane thin 

film. GMR as high as 8% was found [76,84], indicating a strong potential 

application in spintronics. Therefore, [Co/Ni] PMA MLs have garnered high levels 

of attention for spintronics, especially in subjects requiring PMA materials, such as 

for those based on the STT effect: STOs [85-53], STT-MRAMs [30–36], and STT-

mediated domain-wall memories and elements [24]. Other Co/Pd(Pt) PMA MLs are 

interesting materials for the same objects with older histories. These include some 

work relevant to this thesis [86,87],  but are not included. 

3.1. Deposition and characterizations 

Two decades ago, in the first report on the experimental realization of PMA [Co/Ni] 

MLs [60], a Co/Ni thickness ratio of 1/2 was suggested. However, other reports 

later presented other values for this ratio and showed strong PMA. The optimum 

value for this ratio can be very dependent upon growth conditions and even upon 

the material quality of vendors. In order to achieve PMA in [Co/Ni] MLs, a number 

of parameters, including seed layer, thickness of constitutive layers, thickness ratio 

of constitutive layers, and the repeating number of MLs, were examined.  

Fabrication of such MLs is not easily repeated. We attempted to achieve useful 

properties, which at first glance included an in-plane saturation field (Hk) Hk>MS, 

low-to-zero in-plane remanence, a square-like out-of-plane hysteresis loop, and 

linearly in-plane saturation. In order to decrease the sample-to-sample variation and 

other experimental discrepancies in such very thin layers (0.2–0.5 nm) which are 

very sensitive to environmental conditions, all the required structures needed to be 

deposited in a short schedule. A brief thin-film characterization and the variation of 

some parameters, along with their effect on the [Co/Ni] PMA MLs, will be 

presented here.  
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Several materials have been recommend for the seed layer supporting (111) texture 

for [Co/Ni] PMA MLs. In this thesis Au, Cu, and Pd were examined and resulted in 

large PMA. Fig. 3.1 shows the X-ray diffraction (XRD) measurements using a CuKa 

radiation source for the following two samples:  

#1: Ta5/CuN20/Ta5/[Ni0.8/Co0.4]5/Cu6/Co0.4-[Ni0.8/Co0.4]2/Ta5,  

#2: Ta5/[Ni0.8/Co0.4]5/Cu6/Co0.4-[Ni0.8/Co0.4]2/Ta5,  

the numbers represent thicknesses in nm, which differ in the seed layer only: that is, 

there are different thickness contributions of Cu and Ta and a small addition of 

nitride to the Cu in order to prepare a smooth surface for the deposition of top 

 

Fig. 3.1: XRD patterns of two different MLs including Ta, Cu, Co and Ni layers. 

 

Fig. 3.2: (a) Perpendicular hysteresis loop of [Co/Ni] MLs with different repetition numbers, 2, 3, 4 

and 5; (b) In-plane hysteresis loop of the same samples. 
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layers [88]. Sample #1, with more Cu contributions, shows two peaks for Cu (111) 

and (200), while sample #2 only contains Cu (111) and is shifted toward Ni and Co 

(111) peaks. Peaks for Co and Ni (111) are not distinguishable, as they are merged 

together with Cu (111). Sample #2, with less Cu inserted in the structure, moved 

toward the peak position of Ni and Co. A general consequence is that this structure 

definitively has (111) orientation and will show PMA.  

Fig. 3.2(a) shows OOP hysteresis magnetization loops for 5 different repetition 

numbers, n, of [Co/Ni] MLs. These are Ta5/Au10/[Ni1/Co0.4]n/Ta5, where the 

numbers are thicknesses in nm and n takes on the values 2, 3, 4, or 5. The inset in 

Fig. 3.2(a) shows the coercivity of these samples, as increasing with n. All loops 

show square-like magnetization with 100% remanence. The IP hysteresis loop of 

the same sample is shown in Fig. 3.2(b). All samples saturate linearly at rather high 

IP magnetic fields Hsat=Hk-MS, with remanence less than 8%. For n=2, the IP loop 

breaks in two different regions, which may suggest an inhomogeneous PMA. 

Interestingly, by increasing the value of n and the coercivity, Hsat and PMA do not 

necessary increase in the same trend. The inset in Fig. 3.2(b) shows the Hsat for n=4 

with maximum value between all samples. PMA decreases with increasing n>4. 

The exact value where PMA starts to decrease is dependent on the thickness ratio of 

Co and Ni in the MLs [89,paper III]. Saturation magnetization of these MLs can be 

defined as  

MS=(MCo×tCo+MNi×tNi)/ttotal 

where t indicates the thickness of the corresponding layer. Since these samples are 

repeated similarly without an additional layer, they will have the same MS. 

Therefore each sample with high Hsat will have higher PMA, as it needs a higher 

field to lay down the [Co/Ni] ML magnetization to IP. However, using the IP loop 

and the Sucksmith-Thompson technique [90], a better estimation of Hk can be 

determined.  The exact estimation of (Hk-MS) can be carried out using Hall effect 

[91], FMR [53,80,92], and torque magnetometry [93] measurements. With greater 

practice depositing [Co/Ni] MLs, especially with varying the thickness ratio and the 

deposition rate of the Co and Ni layers, the IP remanence and coercivity can really 

be made to come close to 0 with linear sheered response indicating homogeneous 

PMA MLs.  For example the IP magnetization loop of the [Co/Ni] MLs shown in 

Ref. [paper I], with n=2 and 5, shows a linear response with zero remanence and 

coercivity. As an additional note, the bulk magnetizations of Ni and Co are 485 
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emu/cc and 1400 emu/cc, respectively. However, while they are very thin in the 

PMA ML stack, they show lower magnetization than their bulk value.   

 

Fig. 3.3: Perpendicular hysteresis loop of [Co/Ni] PMA MLs with different Cu seed layer thicknesses. 

The coercivity of PMA MLs can have an important role in the coupling mechanism 

of PMA PSVs [paper I]. A detailed understanding of this parameter would be useful 

in designing proper PMA GMR ML stacks. Fig. 3.3 shows the perpendicular 

hysteresis loop of Ta5/Cut/[Ni1/Co0.4]2/Ta5, where the numbers are thicknesses in 

nm with different thicknesses of the Cu seed layer, t. It has been recently confirmed 

by Shaw et al. [92] that with increasing thickness of the Cu seed layer, coercivity 

increases rapidly, while PMA does not change significantly. It may even reduce for 

thicker Cu seed layers. The increase in coercivity comes from the increase in the 

number of pinning sites originated from the roughness. The influence of 

temperature on the coercivity and PMA of [Co/Ni] PMA MLs and the PMA of 

PSVs with different spacer thicknesses and ML repeating number are presented in 

ref. [paper I and paper IV]. 

One interesting characterization technique for PMA materials is to study their 

magnetic domain. Fig. 3.4(a) shows the perpendicular hysteresis loop of 

Ta5/Cu20/[Ni0.6/Co0.3]5/Ta5 (numbers are thicknesses in nm), and its MFM 

domain for the AC-demagnetized state is shown in Fig. 3.4(b).  

More results on the effect of the ML repeating number and the [Co/Ni] thickness 

ratio are discussed in ref. [paper III].  
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Fig. 3.4: Perpendicular hysteresis loop of [Co/Ni] PMA MLs (a) and its MFM picture (b). 

To summarize, material growth and conditioning for fabrication of future devices, 

the effect of the thickness ratio of the constitutive materials, the seed layer and the 

texture, the repeating number, and other parameters were briefly addressed in this 

chapter. 
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Chapter 4 

Perpendicular magnetic anisotropy pseudo-spin-valves 

 

4.1 Importance of the investigated systems 

Spin valves are structures showing a combination of classical and quantum physics. 

They have found many applications in industry. Such spintronic devices usually 

have an architecture of two magnetic layers separated by a metallic or insulating 

spacer (Fig. 4.1(a)), respectively known as spin valves or magnetic tunneling 

junctions. We refer mainly here to STT-MRAM and to STOs, and to different types 

of magnetic sensors, such as read heads. With the decreasing size of electronic 

elements, the application of PMA materials has shown promise. Understanding the 

physical mechanism of spin valves constructed from such materials is thus an 

ongoing endeavor in spintronics.  

In such a device, there is a coupling between magnetic layers which can be 

detrimental to the device’s functionality, and needs to be minimized. There are four 

significant kinds of coupling mechanisms, depending upon material, thickness, and 

the interfaces between layers. They are: (i) direct magnetic coupling through 

pinholes in the metallic or insulating spacer layer [94], (ii) indirect exchange 

coupling via the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [95], (iii) 

orange-peel (Néel) magnetostatic coupling [96,97] due to correlated roughness at 

both spacer interfaces, and (iv) magnetostatic coupling by stray fields [98,99]. The 

first two coupling mechanisms occur only when there is a thin spacer layer, usually 

of thickness less than 3–4 nm. Discussion of these two mechanisms is beyond the 

scope of this thesis. The third can become important when there is a very rough 

interface between constitutive layers. We are thus left to consider magnetostatic 
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coupling. This mechanism becomes significant when magnetic layers are in a 

multidomain state, or when the lateral size of the structure is reduced [98-100]. This 

coupling has thus an important role in materials with PMA, because they are in the 

multidomain state [96,98-102]. The effect can progressively reduce the remanent 

magnetization of the hard layer by repeatedly switching the soft layer [103,104] and 

also lowering the nucleation field of layers [105]. As stray fields originate from the 

magnetic domains, different domain sizes or shapes can lead to drastically different 

stray field amplitudes, and therefore interaction strengths.  

4.2 Magnetostatic coupling and domain replication 

Magnetostatic coupling has been very well studied experimentally in perpendicular 

pseudo-spin-valves (PSVs) made with [Co/Pt] MLs and a Pt spacer [100,106]. The 

concept of this coupling is based on the replication of the magnetic domain or a 

domain mirror with the same orientation. A stray field can thus penetrate through 

the spacer and affect other layers. In Fig. 4.1(b), a schematic representation of how 

a spin valve can be magnetostatically coupled by a stray field coupling is given. In 

this state, the mechanism of magnetization switching of the PSVs is not a simple 

superposition of isolated magnetic layers, and it is affected significantly by stray 

fields (Fig. 2(a,b)). 

 

Fig. 4.1: (a) a schematic representation of PSVs grown on Si/Ta5/Cu20/Ta5; (b) a schematic 

representation of magnetic domains with up and down states. Their stray field penetration through the 

spacer layer results in magnetostatic coupling. 

This stray field simply depends upon the spacer thickness and magnetic parameters 

of the magnetic layer. It decays with increasing spacer thickness [106,107]. 

However, greatly increasing the spacer thickness is not the appropriate way to 

reduce this coupling, i.e. it results in significant GMR reduction. The material 

parameters should be manipulated to minimize this effect. In order to study this 

issue, the effect of PMA, coercivity, and the magnetization of magnetic layers on 

the magnetostatic coupling mechanism was investigated in [Co/Ni] PMA PSVs at 
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different temperatures. By manifesting the coercivity, PMA and magnetization of 

PSV layers, and therefore their magnetostatic stray field, with temperature, 

thickness of ferromagnetic layer (repeating numbers), and the spacer thickness over 

a whole scenario, a wide range of PSVs were studied.  

4.3 Room-temperature magnetization loop of PMA PSVs 

Here, we study the coupling with a PSV [Ni/Co]5/Cu/[Ni/Co]2 and isolated [Ni/Co]5 

and [Ni/Co] 2 layers. Room-temperature hysteresis loops, measured with the applied 

field perpendicular to the film surface, of the isolated [Ni/Co]2 and [Ni/Co]5 MLs, 

are shown in Fig. 4.2(a). The coercivities of the [Ni/Co]5 and [Ni/Co]2 MLs are 28 

and 78 Oe, respectively. Although the [Ni/Co]5 ML shows a reduced coercivity and 

remanence as compared to the [Ni/Co]2 ML, the easy axis of both MLs is indeed 

perpendicular to the film plane. The hysteresis loops measured with the applied 

field parallel to the film plane (inset of Fig. 4.2(a)) not only reach saturation in a 

considerably larger field, but have a vanishing coercivity and remanence, consistent 

with an in-plane hard axis.  

 
Fig. 4.2: (a) Hysteresis loops of isolated [Ni/Co]2 and [Ni/Co]5 MLs measured with the applied field perpendicular 

to the film surface. The inset shows measurements with the applied field parallel to the film surface. (b) Hysteresis 

loop of a PSV with tCu =4.6 nm spacer layer with the applied field perpendicular to the film surface along the 

derivative of the descending branch [from paper I].  
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The hysteresis loop and the derivative of the descending branch for the full PSV 

film stack with tCu = 4.6 nm are shown in Fig. 4.2(b) for the field perpendicular to 

the film surface. Clearly, the behavior of the PSV is not a simple superposition of 

the individual MLs shown in Fig. 4.2(a), and the overall shape is consistent with a 

highly coupled reversal of the constituent MLs [108-110]. Additionally, while the 

loop derivative may suggest two switching fields, the locations of each peak (peak 1 

= 19 Oe; peak 2 = 168 Oe) do not correspond to the switching fields of the 

individual MLs. Therefore, despite the existence of a thick spacer layer, all PSVs 

studied at room temperature show that reversal of the magnetic layers proceeds by 

vertically correlated domains through the entire PSV film stack, due to strong 

dipolar coupling through the Cu spacer. This effect checked PSVs with Cu spacer 

thicknesses from 1 to 10 nm; all show the same effect. 

4.4 Temperature-dependent coupling in PMA PSVs 

The temperature-dependent hysteresis and MR loops for a PSV with tCu=4.6 nm are 

shown in Fig. 4.3(a) and 4.3(b), respectively. Along with an overall broadening and 

increase in coercivity with reduced temperatures, is a distinct decoupling of the 

[Ni/Co]2 and  [Ni/Co]5 MLs.  This is most clearly seen at 50 K, where the hysteresis 

loop shows two distinct steps corresponding to independent reversal of the [Ni/Co]5 

(H=±170 Oe)  and [Ni/Co]2 (H=±700 Oe) MLs. As the majority of the magnetic 

signal is expected to be from the thicker [Ni/Co]5 ML, its switching can be clearly 

distinguished from the thinner [Ni/Co]2 ML. The derivative of the descending 

branch of the temperature-dependent hysteresis loops all show two distinct peaks at 

300 K (see Fig. 4.2(b)), and the absolute value of the location of these peaks is 

plotted as a function of temperature in Fig. 4.3(c). As the temperature is reduced 

from 300 K, both peaks 1 and 2 show a small increase as 175 K is approached. A 

splitting is observed as the location of peak 2 begins to show a pronounced increase 

as the temperature is decreased beyond 175 K. Accompanying the splitting of the 

derivative peaks is a sudden increase in the maximum MR (Fig. 4.3(d)), which 

shows a pronounced increase for T<175 K as the [Ni/Co]5 and [Ni/Co]2 MLs 

decouple at reduced temperatures [paper I].  

Reducing the measurement temperature below 175 K results in a complete 

decoupling of the [Ni/Co]2 and [Ni/Co]5 MLs, as evidenced by the distinct 

switching fields (Fig. 4.3(a,c)) and the rapid increase in MR (Fig. 4.3(b, d)). Further 
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evidence of this complete decoupling is found by measuring selected reversal 

curves at T=50 K (see Fig. 8 in paper I). The location of the derivative peaks (Fig. 

4.3(c)), which begin to significantly diverge for T<175 K, should now be 

interpreted as the switching fields of the individual [Ni/Co]2 and [Ni/Co]5 MLs.  In 

fact, the locations of the derivative peaks in Fig. 4.3(c) show good quantitative 

agreement with the coercivities of the isolated [Ni/Co]2 and [Ni/Co]5 MLs (see Fig. 

6 in paper I) for T< 175 K.  

 

 

 

  

4.5 Effect of spacer thickness on the temperature-dependent coupling 

This coupling mechanism was probed as a function of spacer thickness in series of 

nominally identical PSVs. In Fig. 4.4, the temperature where the [Ni/Co]2 and 

[Ni/Co]5 MLs begin to decouple, termed Tdecouple, is plotted for tCu≥3 nm. Clearly, 

the temperature at which the MLs decouple strongly decreases as the spacer 

becomes thinner. For thin spacer layers, where the dipolar interactions are strongest, 

it takes a lower temperature and therefore a larger relative difference in ML 

coercivity to break the dipolar coupling. It is also noted that, for tCu< 3 nm, it is not 

Fig. 4.3:  Hysteresis loops of the (a) magnetization and (b) magnetoresistance for the PSV 

with tCu=4.6 nm, measured at the indicated temperature. The temperature dependence of the 

major loop derivative peak locations and magnetoresistance are shown in (c) and (d), 

respectively [from paper I]. 
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possible to observe any decoupling, even at our lowest possible measurement 

temperature of 1.8 K, which indicates the onset of another coupling mechanism 

[paper I]. 

 

 

4.6 Effect of magnetic layer thickness on room temperature coupling of PMA 

PSVs 

The coupling effect in PMA PSVs is introduced above in detail. Interestingly, by 

increasing the magnetic layer thickness from 2 to 5 nm, the coupling can change as 

a result of the changes in the properties of the magnetic layer. Fig. 4.5(a) shows the 

room temperature hysteresis loop measured with a perpendicularly applied field of 

the isolated top-[Ni/Co]n and bottom-[Ni/Co]5 layers. The coercivity determined 

from the major hysteresis loops for the top layers is shown in Fig. 4.5(b).  There is a 

clear increasing trend to a maximum value for n=4 and a slight reduction in 

coercivity for the n=5 top layer. This slight decrease may be due to the fact that the 

PMA degrades with increasing n [89]. Additionally, the coercivity for the bottom 

layer is lower than for those deposited on the Cu spacer [92], highlighting the 

important role of the underlayer.  

Perpendicular hysteresis loops for the complete PSVs with various values of n are 

shown in Fig. 4.6(a). The hysteresis loops for these structures are not simple 

superpositions of the hysteresis loops of isolated top and bottom layers shown in 

Fig. 4.5(a). By increasing n, the saturation field shows a steady increase, Fig. 

Fig. 4.4: Dependence of the decoupling temperature, Tdecouple, as a function of the spacer 

thickness, tCu [from paper I]. 
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4.6(b). Two switching fields can be derived from the derivative of the 

magnetization loop, also shown in Fig. 4.6(b) as peak 1 (low field) and peak 2 (high 

field). Peak 1 decreases from 55 Oe for n=2 to a very low field, 4 Oe for n=4, and 

then increases to 60 Oe for n=5. Peak 2, on the other hand, increases monotonically 

with n. The remanence value, Fig. 4.6(b), increases with n, and reaches a maximum 

value for n=4. For n=5, however coercivity of individual MLs may be high, but the 

magnetization of both magnetic layers in PSV should be very similar. Hence stray 

fields and also coupling are expected to increase.  

 

Fig. 4.5: (a) OOP hysteresis loop and (b) coercivity for layers. 

 

Fig. 4.6: (a) Hysteresis loop of PSVs with applied field perpendicular to the film surface; (b) saturation 

field, peak position from derivative, and remanence from the magnetization loop. 

The dependence of the Tdecouple on n is represented in Fig. 4.7. It is now 

straightforward to explain the role of n in coupling. By increasing n from 2 to 4, as 

coercivity increases, Tdecouple similarly increases. For n=5, since both layers have 

large magnetization, the same domain size, lower temperature and higher coercivity 
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difference are needed to reach higher coercivity and to decouple. The hysteresis 

loops with reversal plots of PSVs at 50 K, Fig. 4.8(1-d) represent completely 

decoupled layers for PSVs with n=2, 3, and 4, while for n=5 complete decoupling 

does happen. The coercivity difference is not large enough to reduce the stray field 

coupling effect in this sample.  

 

Fig. 4.7: Tdecouple versus n. 

 

Fig. 4.8: Perpendicular hysteresis loop of PSVs with n=2, 3, 4 and 5 (a-d), measured at 50 K, along 

with their reversal curves. 
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4.7 Effect of temperature cycling on magnetization of PMA PSVs 

The effect of stray field and its temperature dependence is described in previous 

sections. One may think that this stray field can be manipulated with a temperature 

sweep in a remanence state of one layer, without an external magnetic field, as a 

further probe for understanding the coupling effect. The thermally irreversible 

reduction in magnetization by temperature cycling (TC) of the sample around the 

Curie point of the soft magnetic layer in a PMA PSV and the domain replication 

have already been shown in [105]. However, such an irreversible change in the 

magnetization of PSVs was observed because of the decreasing of the soft 

magnetization around the Curie point. The questions can arise of what happens to 

the coupling mechanism of PSVs with the TC effect when the layers have strong 

ferromagnetic properties far from their Curie point, and how domain replication 

occurs? 

 

Fig. 4.9: (a) Hysteresis of PSV loop at 100 K, inset show hysteresis at 200 K; (b–d) TC for 3 

remanence states. 

To examine domain replication at a remanence state of one layer, while another 

layer possess domains, a TC is carried out for a PSV with the following structure: 
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[Ni(0.8)/Co(0.4)]5/Cu(3.6)/Co(0.4)-[Ni(0.8)/Co(0.4)]2 (thicknesses in nm), with 

Tdecouple=150 K. As can be seen in Fig. 4.9(a), layers are coupled at temperatures 

higher than 150 K (inset of Fig.4.9(a)) due to domain replications, while they begin 

to decouple at temperatures lower than 150 K. A temperature-cycling study for 3 

remanence states (shown in Fig. 4.9(a)) of a PSV is presented. TC involves the 

following steps: at room temperature, PSVs are demagnetized, and at zero field the 

temperature is set to 100 K, where layers are decoupled. Then the magnetic field is 

applied perpendicularly to the samples before being switched off, thus resulting in a 

remanence state. Then, the TC starts from 100 K (below the Tdecouple) and moves to 

Tmax, before cycling back to 100 K. Tmax varies between 150 K and 250 K for 3 

remanence states (Fig. 4.9, b–d). The temperature path for Fig.4.9(b–d) is shown by 

the arrows in Fig.4.9(c). In Fig. 4.9(b), the TC causes weak domain replications 

because of the lack of domains at remanence. Fig. 4.9(c) shows TC for 100% 

remanence of the soft layer, an obvious domain replication and a significant 

reduction of magnetization of the PSV. This is because of the hard layer, which still 

has up and down domains can replicate same domains in the soft layer while the 

temperature increases and the magnetization reduces, because the sample is in a 

multidomain state. This process is not significant for 100% remanence of both 

layers in the PSV, because no domain exists for remanence at saturation, Fig. 

4.9(d). It is therefore possible to progressively reduce the magnetization of PSV 

with TC. Here, the reduction of magnetization is about 2% after each temperature 

cycle. 

4.8 Summary and Conclusions 

In this chapter, effect of stray field coupling in perpendicular [Co/Ni] PSVs is 

studied under field and temperature cycling, with variable parameters, e.g. spacer 

thickness, ferromagnetic layer thickness, resulting in different coercivity and 

saturation magnetization of individual layers. A general statement on such studies 

suggests that there is a competition in coercivity difference and saturation 

magnetization which is significant at reduced temperatures. Since, at elevated 

temperatures, the coercivity of isolated MLs are very similar, the stray fields 

emanating from the ML are thus able to initiate reversal domains in another, 

thereby resulting in a correlated reversal of both MLs. In essence, the PSV is now 

behaving as a [Ni/Co]x ML with x=7,8,9,10 bilayers for n=2, 3, 4 and 5, 

respectively, almost as if the Cu spacer was absent.  However, at reduced 

temperatures, the reversal properties of the constituent ML begin to diverge.  The 
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coercivity of the ML (with n=2, 3, 4) increases to a point where the stray fields 

emanating from the [Ni/Co]5 ML are no longer sufficient to initiate its reversal. 

Therefore the [Ni/Co]n and [Ni/Co]5 MLs behave independently. For n=5, the 

saturation magnetization produces a strong stray field, despite the high room-

temperature coercivity of the isolated layer. Additionally, because the coercivity of 

the isolated layers do not increase significantly at reduced temperatures, the 

coercivity difference in layers needs a lower temperature in order to reduce or break 

the stray-field coupling. Moreover, as spacer thickness increases, the stray field 

strength decreases and also coercivity of [Ni/Co]n increases and Tdecouple increases in 

a cost of undesirable reduction in the GMR. Finally, TC confirmed the domain 

replication. 
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 Chapter 5 

A combined anisotropy system 

 

The development of novel magnetic structures suitable for spintronic applications 

requires delicate engineering of the magnetic configurations and anisotropies of the 

constituent magnetic layers. By combining magnetic layers with PMA and in-plane 

magnetic anisotropy (IMA), added benefits such as a variable magnetization tilt 

angle and tunable damping have been shown [86,87]. A variable tilt angle 

introduces an additional degree of freedom that can lead to a rich phase diagram for 

STT switching and precession [86,111–113]. 

The first demonstrations of such materials relied on a strong magnetocrystalline 

anisotropy in (112)-textured D022 MnGa [114] and in (111) and (101)-textured L10 

FePt with tilt angles [115,116]. Unfortunately, in order to develop the right texture 

and a high anisotropy energy, prohibitively high deposition and/or post-annealing 

temperatures are required. It is therefore desirable to find a tilted material system 

that does not require high annealing temperatures and where the tilt angle can be 

easily tuned over a broader range. Therefore, to avoid such issues, a system 

combined with PMA and IMA [86] is desirable for future STT devices. This does 

not need annealing, and magnetization orientation can be tunable with thickness and 

the magnetization parameters of constitutive layers.  

Historically NiFe has been the gold standard for soft in-plane magnetic materials. 

Similarly, [Co/Ni] MLs have rapidly become the equivalent standard for soft 

perpendicular magnetic materials with strong PMA. Here, by taking advantage of 

the competition between the PMA of the [Co/Ni] ML and the IMA of the NiFe, a 
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new ideal candidate for a soft magnetic material, where a tailored magnetization tilt 

angle is desired, is demonstrated. 

5.1 Uniform spring magnet in wedge-NiFe on [Co/Ni] PMA MLs 

Films were grown on a Ta (5 nm)/Cu(8 nm) seed layer and capped with an 

additional 5 nm of Ta. The seed layers promote a (111) texture in order to ensure a 

strong PMA in the [Co/Ni] MLs [71,73, 117]. NiFe was deposited as a wedge layer 

by an oblique deposition technique. The NiFe wedge thickness varies from 1.8 to 

4.0 nm (Fig.5.1). This approach allows for a systematic study of how tNiFe affects 

the reversal, while minimizes sample-to-sample variations in the [Co/Ni] ML. 

 

 

Final experimental and simulation results are represented in Fig. 5.2(a,b). These 

well explain the critical behavior of θM(z) from 0° to 90° within transition regions 

(2.6 nm ≤ tNiFe ≤ 3.0 nm), in which the magnetization tilt angle can be tuned freely 

as a function of tNiFe in whole structure. A striking feature of Fig. 5.2(b) is that the 

magnetization tilt angle is highly uniform through the entire [Co/Ni]-NiFe film 

stack. All these magnetic tailored exchange springs show particular promise as 

“free layers” in STT switching and oscillator devices. Details of the magnetization 

loop and simulation are presented in refs. [86,87] and [paper III]. 

Fig. 5.1: Schematic of a wedge-type Co[Ni/Co]4-NiFe deposited by magnetron sputter. 
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Fig. 5.2: (a) Estimation of magnetization tilt angle (θM) from experiment (circles) and simulation (line) 

as a function of tNiFe. The normalized remanences, mrem/mrem,ref  (solid squares),  are presented. The 

shaded region indicates the range of tNiFe in which the magnetization angle can be freely tuned; (b) The 

calculated tilt angle, θ(z), through the entire film thickness and of the uppermost NiFe layer, θTOP(z) 

(dashed-line). Z = 0 nm indicates the interface between [Co/Ni] and NiFe layer. On the left side, the 

variation range of the tilt angle is presented. 

As a supplementary note, based on previous studies [118,119] and FMR 

measurements on thin NiFe layers, the deposited NiFe exhibits thickness-dependent 

MS with a value of 0.110±0.012 T/nm for thickness below 4–5 nm. This will be 

very critical for fine simulations, due to the narrow transition regions.  
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Chapter 6 

Spin-torque oscillators with perpendicular magnetic anisotropy 

 

Interest in STT [5,6] is rapidly increasing among researchers of magnetism and 

spintronics, both on account of its potential applications and its fundamental 

importance to nanomagnetism. Until recently, the main applications of this 

technology were STT-MRAM and STOs used as novel nanoelectronic microwave 

devices. STOs have been investigated in both pillar and NC geometries. Although 

several magnetic configurations, including IP and OOP anisotropy fixed and free 

layers, have been implemented in the pillar STO geometry, in-depth studies of all 

possible configurations of the NC-STO geometry have not yet been performed. So 

far, NC-STOs have been studied in detail for in-plane anisotropy fixed and free 

layers [12, 121], which are crucial building blocks of future magnonics devices 

[122]. It is thus a worthwhile challenge to implement new magnetic configurations 

with PMA elements.   

6.1 Spin-torque oscillators with PMA [Co/Ni] multilayer free layer and in-

plane Co reference layer 

As mentioned earlier in the introduction, Ortho-SV structure with an IP reference 

layer (RL) and an OOP free layer (FL) has shown promising for future studies since 

the IP RL can be easily fabricated using either Co (as in this thesis) or CoFe alloys 

[53] with high spin polarization and spin-torque efficiency, while the OOP FL can 

be realized using [Co/Ni] MLs with a high spin polarization, a high spin-torque 

efficiency, a tunable saturation magnetization (MS), and a PMA with tunable 

strength (Hk). A schematic representation of an Ortho-NC-STO studied in this 

thesis is shown in Fig. 6.1. 
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This device works in only one current polarity (positive current), as depicted in 

Fig.6.1, meaning that electrons flow from FL toward RL. By increasing the 

perpendicular external field, RL’s angle starts to increase from IP (tilts), as shown 

also in Fig. 6.7.  

Several achievements of this device will be addressed and briefly discussed in the 

following sections including: (i) high-frequency STO operation at low fields, (ii) a 

magnetic-droplet STO and its different characteristics responses, and (iii) angular-

dependent droplet STO. 

6.2 High-frequency STO operation at low fields 

The FL precession frequency (f) is given by f=γμ0/2π[H+(Hk-MS)Cos(θ)], where γ 

is the gyromagnetic ratio, H the external field, and θ the FL precession angle [53]. 

So to increase the operating frequency, the easiest way in the lab is to increase the 

external field, which is not demanding for the application. Other possible ways are 

to increase the PMA or to decrease the MS of the FL. Fig. 6.2 shows the calculation 

of operating STO frequency versus effective anisotropy (Hk-MS) at different fields. 

So far, there is one similar device described earlier [53] which operated at ~9 GHz 

at µ0H=0.25 T, and is highlighted in the plot. The effective anisotropy is 0.068 T. 

The dynamics of this device at threshold is similar to ferromagnetic resonance [53], 

and then be referred to as FMR-like operation.  

In this thesis, Ortho-NC-STOs with high PMA FL were fabricated. The saturation 

magnetization of the [Co/Ni] free layer was found to be approximately μ0MS = 

0.9±0.05 T—somewhat reduced from the calculated 1.04 T expected from the bulk 

magnetization values for Co and Ni. Fig. 6.3 shows the IP and OOP MR and 

Fig. 6.1: Schematic representation of an Ortho-NC-STO with in-plane Co RL and PMA Co/Ni FL. 

This structure has Ta/Cu/Ta seed layer and is capped with Cu/Pd [from paper II]. 



Spin-torque oscillators with perpendicular magnetic anisotropy 

 

37 
 

hysteresis loops of an Ortho-SV. The progress of magnetization of the IP loop in 

the MR plot is indicated in Fig. 6.3(a), where the blue arrow shows the 

magnetization of the RL and the red arrow shows the magnetization of the FL. The 

IP magnetization loop shows both the square loop (around zero field) of the IP Co 

fixed layer, and the sheered hard-axis loop of the OOP free layer. From a linear 

extrapolation of the linear decrease in MR and the sheered FL loop in M-H (green 

dashed lines) a saturation field of μ0Hsat=μ0(Hk-MS)≈0.35 T can be estimated from 

both plots.  The Fig. 6.3(b) inset shows the magnetization loops at higher field. 

 

Fig. 6.2: Calculation of STO operating frequency with the effective anisotropy at threshold. 

To address two important points: (i) the MR measurement was carried out on 

extended films; the measurement for Ortho-NC-STOs will be affected by the STT 

effect; (ii) when increasing the effective anisotropy, a new phenomenon (magnetic 

droplet) can occur. Therefore to obtain a high-frequency STO, some parameters in 

the STO need to be changed, such as NC size and RL materials. Both of these 

effects will be discussed in the following sections. 

Ortho-NC-STO frequency and power (dB/noise) measured in the present of 0.2 T 

external field for a 65 nm NC size as a function of dc current is shown in Fig. 6.4. 

Onset frequency as a function of field for the same NC is shown in the inset of the 

same figure. Real NC size is determined based on Sharvin-Maxwell methods, as 

explained in appendix A, based on Ref. [123, 124]. 
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Fig. 6.3: IP and OOP MR (a) and magnetization (b) loops. Inset in (b) is the same plot at higher fields. 

 

 

Fig. 6.4: STO operating frequency versus current at µ0H=0.2 T. The inset shows the threshold 

frequency of two 63 and 65 nm NCs at different fields. 

(a

) 
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6.3 A magnetic-droplet STO: a medium for generating and manipulating 

dissipative droplet solitons 

It has been predicted theoretically [54-56] that NC-STOs with sufficiently large 

PMA should be able to sustain dissipative droplet solitons, closely related to the 

“magnon droplet” predicted by Ivanov and Kosevich in 1977 [57,58]. Until now, 

there has not been any experimental medium to produce this highly nonlinear 

phenomenon. Recent theories suggest NC-STOs with high PMA free layer can be a 

medium to produce magnetic droplet [54-56]. In this thesis, the first experimental 

observation of such a localized dissipative droplet soliton mode in Ortho-NC-STOs 

is studied [paper IV].  

To give a simple picture, a magnetic droplet is a medium under the NC with a 

magnetization opposite to that of the far region of the extended FL, as shown in Fig. 

6.5. As can be seen, the oscillation takes place in the boundary of the magnetic 

droplet, unlike the FMR-like oscillation described in previous section. 

 

Fig. 6.5: The nanocontact spin torque oscillator with an in-plane Co polarizer, tilting out of plane with 

increasing applied perpendicular field, and a perpendicular Co/Ni multilayer free layer with strong 

perpendicular magnetic anisotropy. The cross section of a reversed magnetic droplet is shown on top. 

Arrows surrounded by dotted circles indicate precession mechanism of droplet perimeter oriented 

from upward to downward. 
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Fig. 6.6: Frequency, integrated power (P), and MR as a function of perpendicular magnetic field at a 

constant current of -6 mA through an Ortho-NC-STO with 63 nm NC diameter. Below a droplet 

nucleation field of about µ0Hdroplet = 0.65 T, the ordinary FMR- like signal is observed, increasing 

linearly with a 28.7 GHz/T slope. The DC MR shows a linear decrease of -0.25%/T. At 0Hdroplet the 

frequency drops by 10.3 GHz and modulation sidebands appear. MR experiences a simultaneous jump 

by 0.1 % and its field dependence changes sign to a positive linear slope of 0.17%/T. The integrated 

power jumps from 5 pW to 200 pW in two steps and then decreases gradually with field to a constant 

value of about 50 pW. 
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Fig.6.6 shows the field dependence of the microwave signal from an Ortho-NC-

STO with an NC diameter of 63 nm. In low to moderate perpendicular fields, the 

device shows the expected linear FMR-like field dependence [53, paper II]. 

However, at a critical field of about 0H = 0.65 T, the precession frequency exhibits 

a dramatic drop of f = -10.3 GHz to a frequency that lies between the Zeeman and 

FMR frequencies, and the integrated power jumps by a factor of 40. A similarly 

dramatic transition can be observed as a function of current, as is explained in Ref. 

[paper IV]. The MR was measured both at -6 mA and at a lower current of -1 mA 

(inset of Fig. 6.6). Below 0.65 T, the MR exhibits an identical linear decrease for 

both currents, consistent with a linearly increasing OOP component of the fixed 

layer magnetization (Mz) and an increasingly parallel state (P) of the Ortho-SV. 

Exactly at the transition observed in the frequency domain, MR for I = -6 mA 

exhibits a jump of 0.1%, and its field dependence changes sign: the Ortho-SV state 

is thus now becoming increasingly antiparallel (AP) with increasing Mz of the fixed 

layer. MR for I = -1 mA does not show any sign of transition and continues to 

decrease linearly, eventually saturating at -0.5% at about 1.6–1.8 T (not shown). 

This is consistent with the expected saturation field for the Co layer. There are 

modulation sidebands for droplet frequency. Since all measurements were carried 

out with only DC current drive alone, the observed modulation is unrelated to 

ordinary STO modulation [14,15], where the drive current contains an intentionally 

superimposed modulating current. The observed modulation must instead be 

intrinsic to the droplet and we call it automodulation later on. 

6.3.1 Droplet formation for different NC sizes from MR measurements 

The jump in R and the drop in frequency or droplet mode depends upon NC size, 

current, angle, and anisotropy. Fig. 6.7(a) shows a colormap of MR measurements 

carried out with field sweeps at constant currents for a 63 nm NC. There is a 

boundary where resistance immediately starts to increase, as also seen in Fig.6.6. 

This is called the MR at transition. Assuming that the nucleation is primarily driven 

by the perpendicular component of the spin-polarized current density (which at 

negative current polarity favors an AP orientation), one expects the required 

nucleation current to be inversely proportional to the OOP magnetization of Co RL, 

Mz. Since Mz is linearly proportional to the OOP field for the easy-plane Co RL, by 

plotting droplet onset current (Idroplet) vs. 1/H obtained from the MR at transition in 

Fig. 6.7(b), this assumption can be directly tested. It is indeed observed that the 

nucleation current is inversely proportional to the applied field, and that the slope of 
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this dependence furthermore scales with NC area, Fig. 6.7(b) inset, confirming that 

the droplet nucleation is governed by the perpendicular component of the spin-

polarized current density, regardless of applied field and NC size. 

 

Fig. 6.7: (a) A colormap of MR versus field and current, obtained from field sweeps in constant 

currents for an NC size of 63 nm. The boundary defines the droplet onset current (Idroplet);  (b) Idroplet 

for magnetic droplet formation as determined from MR measurements at different device currents for 

three different NC sizes: 63, 88, and 110 nm. For all three devices, Idroplet shows an inverse field 

dependence indicated by the three independent linear fits Idroplet = (dNC)×(1/H) (dashed lines). The 

inset shows a plot of (dNC) vs. NC area, together with a linear fit, indicating that the current density 

for droplet formation is independent of NC diameter. 

6.3.2 FMR-like, droplet fundamental and second harmonic frequencies 

The droplet response does not have automodulation in all field ranges. There are 

regions where there is droplet pure frequency, and moreover regions exist with 

other phenomena which are discussed later on. The general conclusion of the 

different NC measurements for automodulation field range suggests that this effect 

can be observed between 0.5 T and 1.2 T. Fig. 6.8(a) shows the current sweep of 

droplet mode measured for an NC with diameter of 65 nm at µ0H=0.4 T where there 

is no automodulation. A transition from FMR-like frequency to droplet frequency 

can be observed at I=3.7 mA. The second harmonic of the droplet mode is present 

in this figure.  

For further analysis, the STO frequency, linewidth, and power of all modes are 

shown in Fig. 6.8(b,c). Just after the transition from the FMR-like mode to droplet 

mode, the linewidth of the droplet mode decreases and reaches 25 MHz as a 

minimum value, and then increases. The integrated power of the droplet mode 
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shows a dramatic increase from a few pW in FMR-like mode to 300–400 pW in 

droplet mode. 

 

Fig. 6.8: (a) Current sweep of an NC of size 60 nm, measured at µ0H=0.4 T. Insets A and B in the 

figure show the spectrum at 3.65 and 4.05 mA as indicated by vertical lines; STO frequency, linewidth 

(b), and integrated power (c) are shown for each mode corresponding shape and color. 
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6.3.3 Automodulation effect in droplet 

As mentioned earlier, automodulation dynamic, as an intrinsic property of the 

magnetic droplet, depends upon STO parameters. Figs. 6.9(a,b) show the current 

sweep at µ0H=0.8 T for two different NC sizes, both indicating a transition from the 

FMR-like mode to the droplet mode, while the smaller NC, in panel 6.9(a), displays 

automodulation. The largest NC that showed automodulation was found to be 90 

nm. The reason for this automodulation may be the drifting of the droplet, which 

experiences a restoring force that leads to a damped gyrotropic-like motion of the 

droplet within the NC area with a period on the order of a nanosecond. Thermal 

“kicks” to the droplet could also explain its continued motion with a characteristic 

~1 GHz frequency. More discussions on automodulation can be found in Ref. 

[paper IV]. Automodulation with field sweep was already presented in Fig. (6.6). 

 

Fig. 6.9: Current sweep of Ortho-NC-STO at µ0H=0.8 T for two NC sizes: (a) 63 nm, and (b) 110 nm. 
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6.3.4 Breathing effect in droplets 

With the aid of dissipative droplet theory and micromagnetic simulations, another 

complex dynamic response of the droplet, called “breathing”—originating from a 

periodic kind of droplet deformation—can be identified. A periodic dynamics with 

signals at 1/2 and 3/2 of the droplet frequency for a perpendicular applied field (not 

shown) and 30° was observed (Fig. 6.10). To understand more about breathing 

mode, the results of the micromagnetic simulation are shown in the figure. More 

analyses and discussion are presented in Ref. [paper IV]. 

 

Fig. 6.10: (a) Observation of sidebands at 1/2 and 3/2 droplet frequency, consistent with droplet 

breathing. The signal at 3/2 frequency is much weaker and shown with its own scale; (b) 

Micromagnetic simulation of droplet perimeter deformations (breathing) with period half the 

precessional period for low field 0H = 0.5 T and NC diameter 80 nm. 
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6.3.5 Droplet onset frequency for different NC sizes 

In Fig. 6.11(a), the variation of STO droplet-frequency with NC size is presented; 

this agrees with what is predicted in Ref. [55]: the STO droplet-frequency decreases 

with increasing the NC size and it will be zero for infinite NC size. To show the 

field dependency of the droplet frequency, a comparison between the droplet-

frequency for NCs of 110 and 60 nm, as the NCs with biggest difference in droplet-

frequency, is depicted in Fig. 6.11(b). As can be seen, the difference is more 

pronounce at lower fields.  

 

Fig. 6.11: (a) STO frequency in droplet mode with NC size at 0.8 to 1.2 T, (b) The ratio of frequency 

drop for two NC sizes. 

6.3.6. Droplet at different angles of external field 

The existence of a droplet was tested at external field angles from 0° to 90° (angle 

with respect to film plane). Interestingly, the droplet is not only robust at 90°, it also 

shows a significant increase in power and a decrease in linewidth at 20°–30°. As 

MR shows a strong response when a droplet is present in medium field, its angular 

dependence can suggest whether the droplet exists there or not. Fig. 6.12 shows MR 

for an NC size of 100 nm measured with I=5 and 20 mA at 90° (panel a) and I=5, 

20, and 35 mA at 20° (panel b). MR with I=5mA at 90° linearly decreasing as Co 

rotates in the OOP direction as its hard axis and saturates at 1.8 T. However, the 

MR with I=20 mA at the same angle shows the presence of the droplet, as was 

discussed earlier. However, the MR at I=5 mA and 20° shows a decreasing trend in 

a complex fashion, as both Co RL layer and [Co/Ni] PMA FL rotate. The MR at 

I=20 mA at 20° shows a slight increase and change as the STT increases. Here, 
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although MR does not show a significant increase at it is seen at 90°, the droplet 

nonetheless exists. The MR shows a more significant increase at 35 mA in medium 

fields, a strong sign of droplet formation. To complete the discussion of MR and 

droplet formation at different angles, a whole angle and field scan of the STO 

shows a droplet present at 90° with strong power and dramatic changes in MR. 

These MR changes, along with the droplet signal, both weaken as the angle 

decreases, especially in the angle range between 70° to 50°. The Droplet comes 

with significant increases in power and decreases in linewidth with MR changes 

around 40°–20°; it then weakens as the angle decreases, but continues to exists even 

at 0°.  

 

Fig. 6.12: MR plots of an NC size of 100 nm, measured with currents before (5mA) and after droplet 

(20, 35 mA) formation at 90° (a) and 20° (b). 

 

Fig. 6.13: (a) STO droplet frequency with current at external field of 1.1 T; (b) linewidth and 

integrated power of the plot in (a). 
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Fig. 6.13(a) shows a droplet frequency measured for an NC of size 100 nm in the 

presence of an external field of 1.1 T applied at 20°. The linewidth and integrated 

power of the same measurement are shown in Fig. 6.13(b). As can be seen, this 

device shows a linewidth generally below10 MHz. The resolution bandwidth 

(RBW) for this measurement was 2 MHz. In order to obtain an accurate value for 

linewidth, a lower RBW must be employed. The power of the STO at 20°–30° is 

rather strong and the second harmonic of the STO frequency might be observed. 

6.4 Summary and conclusions 

In this chapter, implementation of strong PMA [Co/Ni] ML free layer in Ortho-NC-

STOs is studied. Onset frequency of STO and its field dependent at low external 

fields can be explained by an FMR-like response [53]. A red-shift frequency 

response with increasing current was observed as the precession angle declined to 

the film plane in this mode. For external field more than ~0.4 Tesla, a dramatic drop 

in frequency with field/current together with a jump in magnetoresistance were 

observed as strong electrical observation of “magnetic droplet” in this structure. 

High frequency oscillation in this mode is originated from the precession the 

boundary of a reversed magnetization underneath the NC. Magnetic droplet as a 

new nanoscopic magnetic object was shown to hold various dynamic responses. Its 

NC size, field and current dependent responses were addressed in this thesis briefly. 

The fundamental research into magnetic droplets in Ortho-NC-STOs is still open 

for future studies. Much unknown physics is yet to be elucidated in this 

dynamically rich system, including automodulation, breathing, spinning, and drift 

instabilities. 
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Chapter 7 

Mutual synchronization of droplet pairs 

 

This chapter briefly introduces the experimental observation of droplet interactions 

in the attempt to further understand more about droplets, knowing the interaction of 

two droplet sources very close to each other. Theory predicts that the droplets can 

move and propagate about 10 µm in a low damping medium [54]. That suggests 

that two very close droplets with distance of much less than 10 µm in a rather high 

damping medium could interact. Moreover, it has been shown [125,126] that STO 

pairs can interact with each other through a shared NiFe in-plane free-layer 

medium, resulting in a different output power and linewidth. This was primarily 

suggested as a method for increasing the output power and significantly decreasing 

the linewidth by synchronizing many STOs through their phase-locked spin wave in 

a shared free layer [127]. It is thus worth investigating the interaction of droplet 

pairs.  

To examine the above hypothesis, NC pairs each having a size of 100 nm, but with 

different distances from each other, were fabricated and characterized as briefly 

explained in this thesis. The structure is somewhat similar to that shown in Ref. 

[125], meaning that two NCs have a shared free layer, as schematically shown in 

Fig. 7.1. They are parallel and the current spreads into two NCs. Ideally each NC 

has the same amount of current as half of the main current sent to the device. A 

droplet can form at the same time under each NC and they can thereby interact. 

Usually the current swap in a constant field and frequency are recorded. 

The STO frequency diagram of a very close NC pair is shown in Fig. 7.2. Each NC 

is of 100 nm in size; the pair are separated by 160 nm from center to center, i.e. 60 
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nm edge to edge. Based on the real NC size calculation described earlier, the real 

size was about ~15 nm larger than nominal value, and so the NCs should be even 

closer to each other than the nominal size would suggest. The angle for this 

measurement was 30° with respect to plane and the external field varied from 0.5 to 

1.2 T. As a side note, the Oersted field produced from each NC could affect the 

other, and it competes with the external field. Its value is about 40 Oe/mA for a 100 

nm NC diameter obtained for an infinite wire. It has a maximum value at the NC 

edge and decreases toward both the center and the outside region of the NC. A 

complete calculation of the Oersted field for an NC-STO is given in Ref. [128]. 

That calculation shows the Oersted field for an NC of size >35nm is of higher value 

than that of an infinite wire with the same radius. Moreover, in the presence of an 

external field with some in-plane component, (30 degrees in this experiment), it has 

been shown theoretically [55] that the droplet shifts along the perpendicular field 

direction in the plane of the external field. So roughly speaking, the droplet is 

formed under asymmetric magnetic fields, which are even more complex in the 

case of two NCs.  

 

Fig. 7.1: Schematic representation of two adjacent NCs studied for mutual synchronization. The field 

direction is also represented. 
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Fig. 7.2: Recorded frequency of the current sweep for a droplet pair in different fields, (a)–(l). 
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Turning to the two-NC synchronization effect, variation of the external field 

dramatically affects the droplet pair frequency response, as shown in detail in 

panels (a) through (l) of Fig. 7.2. Starting from µ0H=0.65 T in Fig. 7.2 (a), the 

individual frequency of each droplet is clear. There is a frequency pulling between 

30 and 40 mA which becomes pronounced as the external field increases. At 

µ0H=0.75 T and 35 mA, in Fig. 7.2 (c), the signal strength degrades to a point 

where the two frequencies are similar, which we here call the crossing frequency, 

fc1 at Ic1=35 mA, where signal weakening beings. Interestingly, Ic1 decreases as the 

field increases, as indicated by the white dotted line, and at µ0H=0.9 T the signal 

power vanishes in a short current interval. After Ic1, both droplets show individual 

signals with pushing/pulling, and again the signal vanishes similarly to the other 

current sets, as indicated by the yellow dotted line. 

The signal pulling/pushing and vanishing continue for higher external fields, as 

shown in the right-hand panels. The above measurements were carried out with a 

resolution bandwidth (RBW) of 2 MHz. However, repeated measurement with less 

RBW showed the same result. Therefore, signal vanishing is not a measurement 

artifact and is real present in the samples. 

This measurement shows the interaction of very close droplets. As they reach the 

same frequency, they affect each other destructively. However, in order to discuss 

this experiment in detail, a micromagnetic simulation will be carried out. As was 

previously investigated, very close NCs for in-plane NiFe free layer not neither 

show individual STO signals nor destructive wave interaction [125]. An important 

consequence is that one droplet can easily disturb another. Despite having the same 

frequency, they will cancel each other and result in vanishing output power. 
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Chapter 8 

Conclusions and future works 

 

The research presented in this thesis is taken from a number of current research 

topics in spintronics, centered on the application of PMA elements in PSV-GMR 

stacks and NC-STOs devices. The main focuses were to study magnetostatic stray 

field coupling in PMA-PSVs and the dynamics of Ortho-NC-STOs, all including 

[Co/Ni] PMA MLs. The following is a list summarizing all the results: 

In PMA-PSVs and MLs 

1. Magnetostatic stray field coupling in PMA-PSVs exists at room 

temperature, even for large spacer thicknesses of 10 nm. It may reduce at 

low temperature due to increases in the coercivity of the constitutive MLs 

and dramatic difference in their coercivity values.  

2. The decoupling temperature increases with spacer thickness. A simple 

explanation is that it increases the coercivity of MLs on the thicker Cu 

spacer, and also decreases the stray field coupling when the layers are 

separated by thicker spacer layers. 

3. Magnetostatic stray field coupling in PMA-PSVs depends on the thickness 

of the constitutive MLs or on their repeating number, which influencing 

their coercivity, PMA and saturation magnetization. 

4. In competing PMA and IMA systems, by using standard low-damping NiFe 

IMA and [Co/Ni] PMA MLs, a tunable tilt angle uniform spring magnet 

can be designed which is suitable for application in free layer STOs. 
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In Ortho-NC-STOs 

1. Ortho-NC-STOs can operate at high frequency (12 GHz) in the presence of 

low external field (200 Oe). Frequency can increase to higher values, 

depending on PMA strength. 

2. Ortho-NC-STOs with large PMA [Co/Ni] ML free layer can introduce a 

medium for generation of field and current-tunable dissipative magnetic 

droplet solitons. This is highlighted in magnetic-droplet STOs. 

3. In magnetic-droplet STOs, an intrinsic automodulation can be observed 

originating from periodic hysteretic uncentering of the droplet core in the 

presence of an effective field in the system. 

4. In magnetic-droplet STOs, a high-frequency deformation of the droplet 

mode called the breathing mode was observed and simulated 

micromagnetically. 

5. Magnetic-droplet STOs can provide current and field tunable frequency 

shifters. 

6. Synchronization of magnetic-droplet STO pairs was observed where the 

output signal of the droplet pair vanished in a specific current interval. This 

observation however requires more satisfactory simulation in order to be 

given an appropriate physical explanation. 

Since many findings are new in magnetic-droplet STOs, and have not been 

addressed experimentally in any earlier literature, they may lack physical 

interpretation, given the limited time available for this thesis work. More 

satisfactory interpretations require future work. 

Future works 

STO operating frequencies can be further increased by increasing the PMA strength 

of free layers. For example, the PMA of MnGa has shown a 300 GHz FMR 

frequency [129]. However, based on theoretical predictions [55], when PMA 

increases, the droplet may form more easily in a lower field and current, which 

would not permit the STO frequency to increase. One suggestion is to decreasing 

the size of the NC, which in realistic fabrication is limited to 10–20 nm. Another 

way is to use another configuration of the fixed layer which has higher saturation 

value, and therefore does not easily tilt to produce perpendicular STT and the 

droplet on the free layer. However, it was initially seen that the droplet is 
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annihilated at higher fields >2.2 T for low current. The measurement of STO 

frequency was not possible because of instrument limitations. There is as yet no 

reason to claim that Ortho-NC-STO may not have FMR-like operating frequency at 

high external fields where the droplet has been annihilated.  

One interesting application of the droplet that can be suggested is as a magnetic-

domain wall injector in nanowire Ortho-NC-STOs. Micromagnetic simulation [130] 

shows a high yield domain-wall injection mechanism mediated by droplet STOs. 

This method could yield a reproducible domain-wall injection mechanism, tunable 

with external parameters. This may enable injecting a domain wall which carrying 

information, and so on. 

One important issue is how automodulation and breathing modes work, beside the 

droplet mode. This may be more easily observable in time-domain measurement. 

Injection locking and frequency modulation of the droplet mode with external 

microwave signals could address more about dynamical response of the droplet.  

As has been theoretically suggested by Hoefer [54], a droplet can propagate ~10 µm 

in a low-damping medium. Together with domain-wall injection mediated by 

droplet STOs in a nanowire, this may be pertinent to future spintronic devices 

which could be implemented in nanoelectronic logic elements, memories, and 

magnonics. 
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Appendix A 

Nanocontact size estimation 

 

After NC-STO fabrication, it is worth determining the real size of the NCs. The 

nominal sizes for processing were 50, 70, 80, 90, 100, 110, 120, 130, 140, 170, 200, 

250 and 300 nm. The real NC size, together with the mesa resistance R, can be 

obtained from the Sharvin(1/d
2
)-Maxwell(1/d) (SM) equation [123,124]; d here is 

the NC diameter. First, R for 9 different NCs with the same size was measured and 

then averaged. The average R for 50 nm has a small discrepancy, because R 

changes dramatically for small NC size with little variation. Fig. A.1 shows the 

measured R of half-mesa+NC vs. nominal size. The resistance based on the SM 

method is given by    
 

      
 

 

   
  ,  

where r is the NC radius, and x is a ring radius that should be added to or subtracted 

from r. Here, a, b (SM coefficients), c (R of half-mesa), and x are fitting parameters 

which were found to be 2860, 0, 2.47. and -8, respectively. The b parameter has a 

value for very small NC size in the ballistic regime [124], so here it is zero. 

Therefore, the real NC diameter is 16 nm more than its nominal value. Incidentally, 

fitting with and without considering the 50 nm size (with a little discrepancy) 

results in the same fitting parameters.  

 

Fig. A.1: NC size estimation based on the SM method. 
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