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by 

 

Davil Antonio Garcia 
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 In recent years, current data storage and semiconductors have begun 

to reach their fundamental limits. In current hard disk drive based data 

storage technology due to the size of the bit no longer being able to be 

reduced. And in semiconductor technologies due to current leakage effect 

in small devices. Because of this, we look to explore new approaches to 

optimize materials used in data storages devices. First a study of Co/Pd 
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multilayers using large current densities to permanently change the 

coercivity of the media due to electromigration induced surface diffusion of 

O2 leading to formation of CoO. Next, a study of Co/Pd multilayers using 

smaller current densities to reversibly change the coercivity of the media 

due to Rashba spin-orbit torques. Then, an in-situ TEM study of high 

temperature behaviors in nanocrystalline platinum thin films that paves the 

way for a standardized fabrication and high temperature TEM 

experimentation process for any thin film using our device design.  
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Chapter 1 

Introduction 

 

In the late 1950s IBM introduced random access method of accounting and control 

(RAMAC), hard disk drives (HDDs) that have been used in computers. This pioneered the 

random access feature for the main frame computers of the era, but the first generation 

hard disk drives were expensive and extremely bulky. As hard disk drives improved over 

time, they were incorporated into personal computers in the late 1980s. Today, HDDs are 

now used to store data in many electronic devices including computers, cell phones, mp3 

players and video game consoles. As can be seen in Figure 1 of IBM’s RAMAC, which is 

composed of fifty 24-inch magnetic disks with a 4.4MB capacity compared to a Seagate 

HDD with 125GB per square inch capacity, illustrating HDD improvement with a larger 

capacity in a smaller size over 58 years. Analysts have predicted that HDDs will now be 

needed for use in the consumer electronics market as the need for HDDs in computer 

applications may have been saturated[7].  

  

 

 

Figure 1. On the left, an image of IBM’s 305 RAMAC from 1956, with fifty 24-onch disks and 4.4 MB capacity. On the 

right, an image of Seagate's 6TB HDD with 125GB per square inch capacity 
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Longitudinal recording technology has long been used to store information in HDDs. 

In longitudinal recording technology, the magnetizations that occur longitudinally, or 

parallel to the disk surface, are used for storing information. In the late 1970s 

perpendicular recording was proposed to offer an alternative technology in which the 

magnetizations lie perpendicular to the disk surface in an effort to overcome some of the 

problems with longitudinal recording[8]–[10]. The reason for an interest in finding an 

alternative technology to longitudinal recording is to get away from the 

superparamagnetic limit faced by longitudinal recording. The advancements in 

perpendicular recording come from a use of materials and techniques that produce better 

recording layers and soft under layers (SULs), which would provide comparable or 

superior performance to the longitudinal recording media[11]–[15]. There have also been 

significant improvements to HDD head design[16], [17]. All of these factors make 

perpendicular recording a competitive alternative to longitudinal recording. 

1.1 Overview of Longitudinal Magnetic Recording 

Magnetic recording was invented a century ago by Paulsen. Magnetic recording relies 

on two basic principles; (1) The strong magnetic field at the poles produced by the magnet 

that can be used for reading information. (2) The polarity of the magnets themselves can 

be changed by applying an external field. With these two principles, it’s possible to write 

information. Because of this, a magnetic recording device would need to have certain 

components: a recording medium to store information, a write head to produce localized 

magnetic fields which is used for writing information, and a read sensor to convert the 
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magnetic field for the media to an electrical signal for reading the information. There are 

also other components that are used to position the head, interpret the voltages into bits 

and so on. 

Thin film media was considered as an alternative in the HDDs because it can provide 

a high saturation magnetization, a higher coercivity and smooth surfaces. Because of this, 

particulate media was phased out from HDDs several years ago. Thin film media is usually 

deposited by DC or RF magnetron sputtering onto substrates. The magnetic layer 

produced by sputtering is a polycrystalline material. Current recording media has several 

functional layers of thin films to achieve the desired performance. It is the magnetic layer 

that stores the information in the heart of the medium. Due to the polycrystalline films, 

the grains of the recording medium have random easy axis orientation with respect to the 

film plane and with respect to the track direction as well. The grains are also arranged in 

random positions and sizes within the thin film. Because of this randomness of the grains, 

a group of grains is used to store information. This group of grains acts as a large, single 

magnet, called a bit, which can be used to store information by aligning the net 

magnetization of all the grains in one direction. The size of the grouping of grains can vary 

anywhere from twenty to several hundred depending on the quality of the media and the 

read/write head of the HDD. As technology has advanced, less grains per bit are being 

used. These bits are used to store binary code of “1” and “0”. Grain size reduction can be 

achieved by using seed layers and/or under layers with small grain sizes or from the 

magnetic layer itself[18]–[28].  
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For longitudinal media, the signal produced by the recording medium will depend on 

the component of magnetization that lies parallel to the track direction. When a thin film 

media is deposited by sputtering, the randomness of the grain size and magnetization 

orientation occurs in such a way as to minimize the energy of the thin film. A solution for 

minimizing randomness is to improve the number of grains that have an easy axis along 

the film plane. Several under layers such as Cr, CrTi, CrV and CrMo have been used by 

various researchers to improve the c-axis orientation parallel to the film plane[18], [19], 

[24], [29]–[33]. Researchers have also reported that use of intermediate layers help to 

improve the easy axis orientation by improving the lattice matching between the Cr under 

layers and CoCrPt based magnetic layers[34].  

Improvements of the recording media are always focused on controlling exchange 

coupling between the grains. Even when the magnetic grains are small, having high 

exchange coupling enlarges the magnetic domains of the media, which in turn increases 

the smallest possible bit size, which then reduces the areal density of the film. The initial 

research on the reduction of exchange coupling between the grains depends on the 

surface morphology of the under layers. Rough surfaces were obtained when very thick 

under layers were deposited, which led to a physical separation between the magnetic 

layer grains[35]. When the grains were separated from each other the exchange coupling 

between the grains of the recording layer were reduced. The problem is that having thick 

under layers also leads to larger grain sizes in the recording layer. As a result, better 

methods were needed to separate the magnetic layer grains from each other. It was later 
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found that exchange decoupling can be obtained by compositional segregation at high 

temperatures[24]. Sputtering a recording medium that has two regions with different 

properties is possible. The core of the grain would have magnetic properties and the grain 

boundary would have nonmagnetic properties, resulting in a nonmagnetic grain boundary 

that would reduce the exchange coupling. 

The superparamagnetic limit is the physical limitation for longitudinal recording 

technology and the reason why there has been further interest in perpendicular 

recording. The biggest issue for longitudinal recording technology is still based on the 

write head materials that are used to write information. It is still possible to make 

longitudinal recording media that can provide thermal stability at higher areal densities 

than the present densities, however, writing and reading information from said mediums 

is still a challenge. 

 

1.2 Overview of Perpendicular Magnetic Recording 

Demagnetizing fields are experienced in any ferromagnetic or ferromagnetic system 

and are expressed as 

Hd=-NM,           (1) 

Where N is the demagnetization tensor which depends on the shape and direction of the 

magnet and M is the magnetization vector. The general rule is that the demagnetization 

field is stronger when the magnetic charges or the magnetic poles are nearer. In 

longitudinal recording, as the linear density increases, the distance between the magnetic 
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charges or the magnetic poles decreases [Figure 2(a)-2(c)]. This leads to an increased 

demagnetizing field.  

 

Figure 2. Illustration of magnetic charges and the associated demagnetizing fields for longitudinal and perpendicular 

recording (a) thin film, (b) low density, and (c) high density. The arrows indicate the direction of demagnetizing field. 

Block arrows are used to show the higher strength of demagnetizing field[7]. 

However, in perpendicular recording technology, the demagnetization field would be 

reduced at high linear densities. The reason for this lies in the orientation of the magnetic 

tracks. We look at these tracks as tiny magnets with a north pole and a south pole at each 

end (labeled by + and – signs in Figure 2). These poles are where the strongest fields are 

located. In longitudinal recording, these tracks lie horizontally, with the poles of the same 

polarity, such as north-north and south-south, facing each other, and experiencing strong 

forces from its neighboring tracks. In perpendicular recording, these tracks are lined up 

perpendicularly. The area where these tracks come into contact with one another 
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experience a much weaker force coming from the magnetic field of the neighboring 

tracks. 

The invention of double-layered perpendicular recording medium and the single-pole 

head design are crucial for the superiority of perpendicular recording over longitudinal 

recording. Together, these inventions provide superior writing performance on 

perpendicular recording than is possible in longitudinal recording. Figure 3 illustrates the 

writing process in longitudinal and perpendicular recording. In longitudinal recording, if 

the fringing field from the head is higher than that of the coercivity of the grain, the 

magnetization will be reversed and writing will be achieved. In the recording medium, the 

grains have different energy barriers because of the distribution in the size and anisotropy 

constant. In order to reverse all the grains at smaller time scales encountered in hard disk 

recording, the field from the head is made to be two to three times the coercivity of the 

material. In longitudinal recording, the maximum longitudinal recording field generated 

by a ring head (RH), the fringing field (Hf) is approximately 2πMs, where Ms is the 

saturation magnetization for the material[36]. For comparison, in perpendicular 

recording, the maximum recording field generated by a single pole head (SPH), the gap 

field (Hg) is 4πMs[37], [38]. In longitudinal recording, the weaker field is used to write the 

information. In perpendicular recording the higher write field is achieved by the use of a 

soft under layer and a single pole head as illustrated in Figure 3(b). In perpendicular 

recording the media is virtually placed in the gaps of the poles and hence under higher 

writing fields. The direct consequence of higher writing field is the ability to write onto a 
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higher anisotropy medium (higher Ku). The use of higher anisotropy media materials 

allows higher areal densities without compromising thermal stability of the recording 

data. 

 

Figure 3. Writing process in (a) longitudinal and (b) perpendicular recording. 

 Although perpendicular recording has many advantages over longitudinal 

recording, it has not been used until recently. The areal density demonstrations on 

perpendicular recording media were lagging behind that of longitudinal recording. One 

reason for this was that longitudinal recording was able to achieve smaller grain size than 

perpendicular recording. Also, the perpendicular media studied in the early 2000s had 

higher compositions of Cr in order to obtain the desired grain boundary segregation. The 

presence of more Cr also led to a reduction in the anisotropy constant of the grains. If the 

anisotropy constant is not high in perpendicular recording, some of the grains may 
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undergo thermally assisted switching. Such grains would be a source of DC noise. Despite 

these setbacks, perpendicular recording became the most likely technology to be 

implemented in the next generation HDDs[11], [15], [20], [39]–[41]. 

1.3 Random Access Memory 

Random access memory (RAM) is a form of computer data storage. A random access 

memory device allows data to be read and written in the same amount of time regardless 

of the order in which the data is accessed. In contrast, the time required to read and write 

data varies significantly depending on their physical locations on the recording medium, 

due to mechanical limitations. RAM can be either volatile or non-volatile typed of 

memory. Volatile memory is where stored information is lost if the power is removed, an 

example of this is Hard Disk Drives. Non-volatile memory is where stored information is 

retained regardless of power, an example of this is flash memory. Integrated-circuit RAM 

chips were first introduced in October 1970, with the Intel 1103 being made available 

commercially. In the early 1990s multiple patents were filed over the use of RAM[42]–

[44]. Paul E. West and Jamshid Jahanmir applied for a patent in 1990 for a high density 

computer memory which ultilizes a probe operating with two degrees of freedom over a 

memory area. The probe was driven using piezeoelectric elements arranged to drive the 

probe parallel to the plane of the memory surface. The probe is moved over the surface 

at a distance to produce a current from Schottky or Field effect which is shown in Figure 

4. The authors add that they are limited unless an apparatus to rapidly read and write the 

data is provided[42].  
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A year later, in 1991, Donald J. Redwine was awarded a patent for a dynamic random 

access memory cell array. In the patent the authors suggest an array design of pillars 

created through etching and a deposition of materials on the pillars to create the storage 

Figure 4 (a) shows a change in voltage but no change in current while (b) shows a chance in 
current but no change in voltage, allowing the head to pick up the two different degrees of 

freedom 

Figure 5 (a) a plan view of a dynamic memory cell array (b) a cross section of an etched 
pillar with media material deposited on top 
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media as shown in Figure 5. This would lead to a memory device of smaller size and 

optimum layout[44]. 

1.3.1 Magnetoresistive Random Access Memory 

Magnetoresistive random access memory (MRAM) is a non-volatile random access 

memory technology. Data in MRAM is stored by magnetic storage elements as opposed 

to electric charges or current flows. The elements are formed from two ferromagnetic 

plates, each of which can hold a magnetic field, separated by an insulating layer. One of 

the two plates is a magnet that is pinned to a certain polarity, while the other plate’s 

magnetic field can be changed using an external field to store memory. Reading is 

accomplished by measuring the electrical resistance of the cell, if the two plates have the 

same polarity it would be considered a “1” while two plates of opposing polarities would 

be considered a “0”. S. Tehrani, et al. fabricated and demonstrated 1-Mbit MRAM circuits 

with less than 50-ns access and cycle times using Magnetic Tunnel Junctions. Figure 6 

shows the single MTJ MRAM cell that was used in the study. Current in the top conductor 

provides an easy axis switching field, and the current in the bottom conductor provides 

the hard-axis switching field in the device. MTJ MRAM can operate at a much higher speed 

than the current MRAM devices[1]. Recent research has demonstrated MRAM devices 
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with 1ns setting times with a single cell, which are better than the current accepted 

theoretical limits of DRAM[45]–[47]. 

1.4 Magnetic Tunnel Junctions 

In 1857 the first investigation on how to alter the flow of electrons in a metal by 

directly varying the direction of the local magnetic moment came with the discovery of 

the anisotropic magnetoresistive (AMR) phenomenon[48]. The AMR effect was used 

mainly in HDD read heads for data retrieval to meet the rapidly growing demands for 

storage capacity[49]. The giant magnetoresistive effect, which is a quantum mechanical 

magnetoresistance effect observed in thin-film structures composed of alternating 

ferromagnetic and non-magnetic conductive layers where a significant change in the 

electrical resistance depending on whether the magnetization of adjacent ferromagnetic 

layers are in parallel or antiparallel, was discovered in 1988[50]. Figure 7 shows a simple 

schematic for a four point measurement MTJ. In the four point set up, a current is applied 

Figure 6 A single MRAM cell in "write" mode. In the inset: the 
material stack for the MTJ cell[1] 
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and the voltage drop that passes through the insulator is measured. After the 

ferromagnetic/insulator/ferromagnetic structure of the MTJs was established, labs began 

to investigate different compositions for the devices. T. Miyazaki, et al. demonstrated a 

2.7% large magnetoresistance ratio with a NiFe/Al-Al2O3/Co composition at room 

temperature[51]. J. Moodera, et al. performed an experiment in which they varied the 

thickness of their aluminum oxide insulating layer while holding the two ferromagnetic 

stack thicknesses constant. It was determined that for their Co/Al2O3/NiFe MTJs an 

aluminum oxide barrier thickness between 1.0 and 1.6 nm was optimal[52]. In 1998, R. C. 

Sousa, et al. investigated the effects of thermal annealing on an MTJ stack of 

NiFe/CoFe/Al2O3/CoFe and determined that annealing their composition at 200°C 

resulted in an increase in TMR. The TMR increased further up to 240°C where at which it 

began to decrease[53]. In 1994, T. S. Plaskett, et al. performed an experiment where the 

material used for the MTJ insulating layer was varied to investigate the effect on the MTJ. 

The MTJ composition was NiFe/oxide/Co with Al2O3, Al-Al203 and MgO being used for the 

insulating layers. It was observed that the NiFe/MgO/Co samples had a junction 

Figure 7 Schematic of MTJ for four point measurement[2] 
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resistance about 800 times larger than the electrode resistance, making it possible to 

probe the junction magnetoresistance[54]. S. Ikeda, et al. prepared an MTJ composition 

of Ta/CoFeB/MgO/CofeB/Ta with perpendicular magnetic anisotropy and showed a high 

tunnel magnetoresistance ratio over 120% with high thermal stability at dimensions as 

low as 40 nm diameter[55]. W.G. Wang, et al. investigated the effects of annealing on a 

CoFeB(1.1-1.2 nm)/MgO/CoFeB(1.1-1.7 nm) composition. It was observed that the PMA 

of the system has a very sensitive dependence on high temperature annealing. The TMR 

of the MTJ was observed to be 120% larger after a 30 minute anneal at 300°C however 

further increase of the temperature or anneal time resulted in a decay of the TMR[56].  

1.5 Co/Pd Magnetic Thin Films 

Multilayer magnetic films consisting of laminated structures of Co/Pd pairs exhibit 

relatively high perpendicular magnetic anisotropy. The thickness of each individual Co/Pd 

pair in the laminated stack can have a great effect on the thin film’s local magnetic 

properties[57], [58]. The alloy-like behavior is dominant at the interfaces and results in a 

perpendicular magnetic anisotropy of the Co atoms. The thicknesses of the Co and Pd 

layers within each local pair could be used as vertical gradients of important local 

properties such as the magnetization and coercivity field. A stack of Co/Pd Multilayers can 

be viewed as a 3D structure with local properties tailored to specific applications[7]. In 

1958, P.F. Carcia, et al. investigated the magnetic properties of Pd/Co thin film layered 

structures. It was determined that Pd/Co thin films with alternating layers of Pd and Co 

exhibit perpendicular anisotropy with Co thicknesses below 0.8 nm[57]. H.J. Richter states 
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that magnetic recording density is reaching its fundamental limit due to grain size. Once 

the grain size limit is reached, the aerial density can no longer be increased without 

further grain size reduction[59]. In 2006, S. Khizroev, et al. purposed the exploration of 

three-dimensional magnetic recording as a next generation recording technology to 

increase aerial density without decreasing grain size. Figure 8 shows a schematic of the 

the 3D magnetic media[3]. In the 3D media, each stack is separated from the next with a 

thin insulating layer. Each magnetic stack has a differing coercivity and magnetic moment 

from the other two magnetic layers. This allows for the reading and writing of the bits. 

Each bit the head passes over will have a different total magnetization based on the 

summation of the magnetizations of the stacks it is composed of. 

 

Figure 8 (a) schematic of a recording system and (b) 
schematic of 3D magnetic media[3] 
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Chapter 2 

Literature Survey 

 

The goal of our research is to control the magnetic properties of ferromagnetic thin 

films. Classically, this was done by composition, application of magnetic field, domain size 

and process engineering to name a few. Novel techniques for engineering magnetic 

properties in a material have been proposed such as magnetic heterostructures, 

nanosystems and strain engineering. In this chapter we will look at various techniques to 

control the magnetic properties of ferromagnetic thin films. 

2.1 Heterostructure Engineering 

S. Hashimoto, et al. showed that films with thin Co layers below 8Å exhibit the easy axis 

of magnetization perpendicular to the film plane. The interfacial anisotropy is the 

dominant origin of the perpendicular magnetic anisotropy, although there exists the 

contribution of the stress-induced anisotropy for the films with the relatively short 

periodicity at the high argon pressures(>15mTorr) with the tensile stress[60]. The 

thickness was then reduced even further where the use of a compositionally modulated 

structure induces perpendicular anisotropy in Co/Pd with a well defined maximum in 

magnetization and anisotropy when the Co layer thickness is 2 Å and the Pd layer 

thickness is 9 Å was discovered[61]. O Hellwig, et al. proved that using a laminated 

hard/soft layer approach in order to lower Hc in Bit Patterened Media based on Co/Pd ML 



17 
 

systems. The laminated hard/soft system shows a more consistent coercivity versus areal 

density behavior[62]. B. Hu, et al. determined that substrate Argon milling was effective 

to achieve a high coercivity magnetic media. Higher processing pressure was found to 

favor the granular structure of Co/Pd MLs[4]. T. Asahi, et al. determined that changes in 

the microstructure induced by a Carbon underlayer caused an observed enhancement of 

the magnetic exchange decoupling in Co/Pd multilayer media. These have been the key 

techniques used to alter the magnetic properties thus far in magnetic Co/Pd thin 

films[63]. Adding a laminated hard/soft layer, altering the thicknesses of the stack layers 

and argon milling the substrate surface have all been effective ways of altering the 

magnetic properties of magnetic thin films. Argon milling the substrate proved to more 

than triple the coercivity of the thin film from about 750 Oe to about 2250 Oe as can be 

seen in part (c) of Figure 9. It also decreases the surface roughness (Ra) values by a factor 

Figure 9: (a) shows an AFM image with no argon milling (b) shows ab AFM image with argon 
milling and (c) shows the hysteresis loops of both no argon milling and argon milling[4] 
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of 10 from 0.791nm to 0.077nm as shown in parts (a) and (b) of figure 9. It is reported 

that increasing the thickness of Co while holding the Pd thickness constant increases the 

coercivity of the thin film up until 0.26nm, at this thickness the coercivity begins to 

decrease again, as shown in part (a) of figure 10. This is followed by keeping the Co layer 

thickness constant while varying the thickness of the Pd layer, a similar change in 

coercivity was observed at 0.55nm as seen in part (b) of figure 10[4]. 

2.2  Strain Engineering 

The idea of controlling local magnetization using electric fields for ultra-low-power 

spintronics has resulted in an increased interest in multiferroic and magnetoelectric 

materials[64]–[69]. Existing approaches involving natural multiferroics are either limited 

by weak ferromagnetism at room temperature[70] or are effective only at low 

temperatures[71], [72]. One new avenue to overcome those issues is the use of strain-

mediated coupling in piezoelectric/magnerostrictive bilayer structures[73]–[79]. N. Lei, et 

al. demonstrated the possibility of generating sizeable anisotropy changes through 

Figure 10: shows variations of the bilayer thicknesses in (a) the Co thickness is varied while in (b) the Pd 
thickness is varied[4] 
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induced strains driven by applied electric fields in hybrid piezoelectric/spin-valve 

nanowires. PZT is grown by Pulse Laser Deposition (PLD) on SrTiO3. The spin valve 

materials (MgO, CoFeB, Cu, Co, IrMn, Pt) were sputtered and then the electrodes were 

Electron Beam Evaporated. The entire device can be seen in Figure 11. It is observed that 

applying a biased field of 7.5-11mT, depending on the region, resulted in the 

magnetization reversal being initiated by domain nucleation and proceeds by domain wall 

propagation along the wire. The influence of the gate voltages on the domain wall 

propagation: the GMR ratio changes with applied voltage due to the Pinned Layer 

magnetization, the coercivity of the free layer is largely increased under stress[5]. 

Currently, there are two main method used to test the effects of strain on magnetic 

thin films, one is through epitaxial strain and the other is done by applying a mechanical 

strain. Epitaxial strain is due to the lattice mismatch between the atoms of the substrate 

and the atoms of the deposited magnetic thin film. Applying mechanical strain is done by 

Figure 11: (a) In the absence of applied voltages on the 
piezoelectric layer, the domain wall propagates freely in 
the magnetic strip. (b) domain wall propagation in the 

magnetic strip can be controlled by voltages through the 
lateral magnetoelectric coupling device. (c) a single 

domain wall is injected from a large reservoir and its 
position is monitored by measuring the GMR between 
the two electrodes. The induced stress results in a local 

modification of the domain wall dynamics.[5] 
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depositing a piezoelectric thin film via Molecular Beam Epitaxy (MBE), followed by 

depositing the magnetic thin film on top of the piezoelectric. A voltage is then passed 

through the piezoelectric layer to elongate it in one direction and therefor applying more 

strain to the magnetic thin film, which can now be observed while applying the strain.  

2.2.1  Epitaxial Strain 

Q. Gan, et al. deposited 100nm of SrRuO3 on a (001) SrTiO3 substrate via Off-Axis 

Sputtering and then performed XRD on the samples and compared them to a free SrRuO3 

thin film. The freestanding thin film was strain free while the thin film deposited on the 

SrTiO3 exhibited a strain due to the lattice mismatch at the growth interface. The SrRuO3 

deposited on the SrTiO3 substrate exhibited a 20% increase in the saturation magnetic 

moment which was determined by the use of a superconducting quantum interference 

device magnetometer[80]. 

2.2.2  Mechanical Strain 

The other method for strain engineering is to apply mechanical strain via a 4 point 

bending method that can be seen in Figure 12. The resulting effects of strain on the 

hysteresis of the Ni can be viewed in Figure 13. It was successfully demonstrated that it is 

possibly to gradually control the coercive field of ferromagnetic single domain 

nanostructures by controlling the strain state and applying anisotropic strain on the order 

of 1000 ppm. They were able to produce stain-induced coercive field changes in patterned 

300 x 100 x 35 nm3 Ni nanostructures deposited on an Si/SiO2 substrate using 
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magnetoelastic effects. The coercive field values changed as a function of the applied 

anisotropy strain (~1000 ppm) between 390 and 500 Oe[6].   

Almost all of the Co/Pd thin films were sputtered. It was determined that the 

preparation technique has a large impact on the microstructure of the magnetic thin 

film[4], [60], [62], [63], [81]. The thin films were then analyzed with AFM and MFM to 

observe their surface roughness and magnetic domains[4], [63]. Hysteresis loops of the 

thin films were obtained either by MOKE analysis[4], [62], [82] or by Vibrating Sample 

Figure 12: four point bending system used to apply strain[6] 

Figure 13: hysteresis loops of Ni under different applied 
strains[6] 
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Magnetometer (VSM)[60], [61], [63]. The crystalline structures were determined via X-

Ray Diffraction (XRD)[60], [63], [81]. Transmission Electron Microscopy (TEM) was used 

to observe the cross sectional multilayer composition[62], [81]. 

From this research we have a good understanding of strain engineering in thin films, 

however, there are some questions that are left unanswered that we can help answer. 

For example, most of the thin films were not free standing, so the thin film/substrate 

interaction could be effecting the thin film properties. Also, there is little to no TEM, SEM 

or MFM data, we have very little idea what is actually happening in the microstructure 

and the domain structure. We can make free standing thin films and test the effects of 

strain on them while under TEM, giving a new look at what is occurring on the microscale. 
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Chapter 3 

Study of Electric Current Induced Permanent Coercivity Change in Co/Pd Multilayer 

Thin Films 
 

3.1 Introduction 
 

Current-induced domain wall (DW) motion has been experimentally verified and can 

be used in spin-based devices[83], [84]. But the current required to induce the DW motion 

results in Joule heating[85]–[87] and can change the behavior of the ferromagnetic thin 

film. The applied current is in the range of 107 A/cm2[83], [88]. Such a large current may 

cause electromigration (EM) in ferromagnetic thin films.  EM can change the 

microstructural behavior leading to degradation of device performance[89]. Another 

aspect of EM, however, is that it can also be used to tailor the properties of materials at 

nanoscale. Recently, current induced in-situ TEM 𝑂2
−migration has been observed in 

metal/metal oxide interface[90]. This behavior has been used to control the 

ferromagnetic properties. There are similar other examples where properties as well as 

structure are modified and controlled using EM[91]–[93]. This motivated us to 

experimentally understand the effect of electric current on ferromagnetic properties of 

compositionally modulated structure of Co and noble metal.  

Compositionally modulated structure of Co/Pd multilayer has been proposed for 

various memory and spintronic devices[4], [82], [94], [95]. Thin films with Co layers below 

8 Å exhibit the easy axis of magnetization perpendicular to the film plane[60]. 

Perpendicular anisotropy in Co/Pd with a well-defined maximum in magnetization and 
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anisotropy when the Co layer thickness is 2 Å and the Pd layer thickness is 9 Å was 

discovered[61]. The coercivity of Co/Pd multilayers can be controlled using substrate 

argon milling and higher processing pressure was found to favor the granular structure of 

Co/Pd MLs[4].  The interfacial anisotropy is the dominant origin of the perpendicular 

magnetic anisotropy, although stress may also contribute especially for the films with the 

relatively short periodicity at high argon pressures (>15mTorr)[60]. Multilayered Co/Pd 

has columnar grain structure that exhibit periodicity in the columns[58], [96], [97].  

Further, a laminated hard/soft layer approach can also be used to tune the coercivity in 

Bit Patterned Media (BPM) based on Co/Pd ML systems[62]. It can be seen that 

ferromagnetic properties of compositionally modulated structures of Co/Pd can be tuned 

by thickness and processing control. We chose to work on Co/Pd multilayer thin films to 

understand the effect of high density current. In this chapter, we report the experimental 

observation of coercivity change in Co/Pd multilayer thin film with perpendicular 

anisotropy. We utilized Focused Magneto-Optical Kerr Effect (F-MOKE) system and 

Magnetic Force Microscope (MFM) to study the changes in ferromagnetic behavior. The 

observed behavior can also be utilized to control the ferromagnetic properties in 

multilayer heterostructure thin films. 
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3.2 Device Fabrication 
 

The device fabrication for this process always starts with a 400 micron silicon 

wafer. 300 nanometers of amorphous SiO2 is deposited on the front side of the wafer via 

LPPECVD to provide an electrical and thermal insulating layer under the specimen. Next 

an image reversal photolithography is performed for the first front liftoff step. AZ5214 

photoresist is spun at 4000RPMs for 45 seconds, then baked at 100°C for 60 seconds. This 

is followed by the resist being exposed to a UV light source under the first step lithography 

mask for 13.5 seconds. Next the wafer is baked again 110°C for 60 seconds and then 

exposed in a flood exposure for 60 seconds. This step is the actual image reversal step 

where the inverse of the lithography mask is put onto the wafer. Finally, the wafer is 

developed in MIF 300 developer for 45 seconds and then rinsed in water and blown dry 

with nitrogen gas. Following this, the lithography is observed under an optical microscope 

to insure that all of the features came out nicely and that all of the lines show visible 

undercutting, which ensures that after the deposited material is lifted off, it will come off 

cleanly with straight lines. The first lithography is a rectangle with a length of 100 microns 

and a width of 20 microns. The Co/Pd depositions is done via AJA DC Magnetron 

Sputtering. All sputtering was done with a chamber pressure of (<9.0e-7) when not 

sputtering and 4.4 mTorr during sputtering. First a 1 nanometer seed layer of Tantalum 

was DC sputtered at 5% power at a rate of 0.388A/s. Next a Co/Pd composition of 

[Co(0.35nm)/Pd(0.55nm)]x20 was DC sputtered. The Cobalt was sputtered at 7.5% power 
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at a rate of 0.355A/s while the Palladium was sputtered at 2.5% power at a rate of 

0.442A/s. All rates can be seen in Table 1. The wafer is then placed in PG remover to lift 

off the resist and the excess metal with it. It is then rinsed in water and blown dry with 

nitrogen. The same lithography process is repeated but this time with a different mask 

that contains electrodes and electrode arms that connect to the Co/Pd specimen. 

Chromium/Gold is used at the metals for the electrodes. They are both Electron Beam 

Evaporated at a pressure of 5.0e-6 at a rate of 1.0A/s. 20 nanometers of Chromium acts 

as an adhesion layer to help the gold to stick to the silicon wafer. Without the chromium 

the lattice mismatch of the gold and silicon atoms will be too great for the gold to 

maintain adhesion[98]. 200 nanometers of gold is then deposited on top of the 

chromium. After this the wafer is once put in PG remover to lift off the resist and cleaned 

in water and blown dry in nitrogen. The fabricated device can be seen in Figure 14(a). 

Material Power (%) RF/DC Pressure (mTorr) Rate (A/s) 

Ta 5 DC 4.4 0.388 

Pd 2.5 DC 4.4 0.442 

Co 7.5 DC 4.4 0.376 

 

 

 

Table 1: contains all of the material sputtering parameters for Co/Pd multilayer 
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3.3 Experimentation and Results 
 

Once the devices were fabricated, we analyzed the devices using a F-MOKE system 

and using Scanning Probe Microscopy (SPM) techniques. First, the devices were measured 

using the perpendicular signal of an F-MOKE system with a focusing spot of ~ 1 μm to 

make sure that magnetic behavior hasn’t changed due to processing. The device exhibits 

the magnetic properties that are desired; perpendicular anisotropy as shown in Figure 

14(b) for an out-of-plane hysteresis measurement. Once the magnetic properties of the 

device were verified using F-MOKE, an atomic force microscope (AFM)/MFM study of the 

device could be performed. The device is connected to a current source (Keithley 6221) 

and a nanovoltmeter (Keithley 2182A) so four-point measurements could be carried out 

while AFM/MFM images were being taken. The voltmeter was connected to the two inner 

terminals, while the current source was connected to the two outer terminals to measure 

the changes in resistance as can be seen in Figure 14 (a). First, AFM and MFM images were 

Figure 14 (a) SEM micrograph showing the device design and (b) F-MOKE for Co/Pd multilayer thin film 
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taken with a Dimension 3100 SPM system using an ultra high coercivity moment MFM 

probe (PSENS-UHCM, coercivity ~1 T and moment-1x10-14 emu) at the tip scan height of 

10 nm while no current was supplied to the device as shown in Figure 15(a), (b). We do 

not have information on the field generated by the MFM tip. It is evident from Figure 

15(b) that the magnetic domains of the sample were continuously being switched to 

match the magnetization of the MFM tip. This is due to the magnetic field of the MFM 

probe being greater than the coercivity value of the sample. In Figures 15 (c) and 15 (d), 

both AFM and MFM images of the sample were taken after 26 mA (6.5 x 107 A/cm2) of 

current was supplied to sample for ~ 30 minutes. Since these images were taken with the 

same MFM probe and scan height, it is noticeable that the magnetic moment of the 

sample decreased after the application of a relatively large current. This means that a part 

of the thin film thickness of the magnetic multilayers became non-ferromagnetic.  From 

Figure 15 (d), it is possible to further notice that there is no evidence of magnetic domains 

switching. Therefore, the coercivity value of the sample has increased and become 

greater than the magnetic field produced by the MFM probe. 

We believe that if the microstructure of the Co/Pd thin films changes, we will observe 

a permanent change in resistance. As we raised the magnitude of the applied current 

starting at 5 mA, we noticed that the 26 mA (~6.5 x 107 A/cm2) of current for 30 minutes 

condition also resulted in ~24% permanent increase in resistance of the specimen. 

Resistance measured at 0 mA and 5 mA is ~313 Ω which increased to ~381 Ω for applied 

current of 26 mA.  From the AFM image shown in Figure 15 (c), it can be seen that the 
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surface structure of the material have changed. The applied current density is similar to 

the current density being used for DW motion[83], [88]. For a Co/Pd multilayer system, 

significant variation in composition and presence of thick capping layer does not allow a 

comparative analysis of current density[99].  

 To ascertain the changes in the magnetic properties we acquired another 

hysteresis loop of the specimen using the F-MOKE system. The hysteresis curve is 

measured five days after the MFM imaging. The results from this measurement are shown 

in Figure 16 (a). It can be observed that perpendicular anisotropy of the film is retained 

Figure 15  (a) AFM micrograph at no currnet, (b) MFM micrograph at no current, (c) AFM micrograph after 26mA 
current for 30min, and (d) MFM micrograph after 26mA current for 30 min, all the images have a scan size of 7.5µm 
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while the coercivity of the material has increased by about 8.8 times. This change in the 

coercivity is restricted to the center of the specimen along the length. This behavior can 

be attributed to Joule heating due to high-density current since heating is non-uniform in 

thin films. We repeated the experiment on multiple devices and coercivity change is 

reproducible. 

 

To understand the observed behavior, we need to discern the temperature effects 

from EM behavior. We know the change in resistance due to applied current. We placed 

the device on a heater and temperature vs resistance data is acquired. The resistance 

change due to current corresponds to an approximate temperature rise of 70°C resulting 

in final temperature of ~95°C. However, the photolithography itself requires heating of 

photoresist at 110°C and as already stated it does not change the hysteresis behavior. We 

Figure 16 Co/Pd multilayer specimen: (a) increased coercivity after passing 26mA current 
and (b) effect of temperature on coercivity 
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recorded the hysteresis loop at temperatures 150°C, 250°C and 350°C in air to verify the 

temperature effects. We observed that hysteresis loop does not change significantly until 

150°C and then it slowly softens as the temperature is increased as shown in Figure 16(b) 

and finally collapses at 350°C (not shown in fig 16(b)). This further confirms that the 

increase in coercivity for our chosen Co/Pd thin film composition is not primarily due to 

current-induced heating. The device used for temperature effects (figure 16(b)) has 

similar composition but is not from the same wafer as rest of the devices. Initial coercivity 

of this new specimen is higher than the rest of the specimens, which may be attributed 

to thickness change due to drift in sputtering parameters. 

From F-MOKE results, we can conclude that the columnar structure of the thin films 

is still intact. Results presented here indicate that perpendicular anisotropy is retained 

while coercivity increased significantly. From the results presented earlier for effect of 

temperature, we can confirm that only Joule heating due to current is not responsible for 

the observed change in coercivity. Composition of Pd in the thin films is significantly larger 

than Co. The current density in this experiment is sufficient to activate EM. EM may cause 

diffusion and grain growth in nanocrystalline thin films at low temperature[100]. Residual 

stress in thin films can also contribute towards the diffusion at lower temperature[101]. 

Co/Pd thin films have columnar microstructure. We hypothesize that EM causes the 

diffusion of O2 from surface and Pd from the layers to grain boundaries. The reduced 

thickness of the layers leads to increased coercivity. This increase in coercivity is 

significantly higher than experimentally achieved using reduced Pd layer thickness13. 
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Coercivity can also be controlled by reducing the Co layer thickness. Hellwig et al. 

achieved coercivity of 27 kOe for a Co layer thickness of 2.5-3 Å[62]. Hu et al. also 

observed a peak in coercivity at 2.5 Å[4]. Co layer thickness in current study is 3.5 Å. 

Reduction in layer thickness of both Co and Pd layers due to EM induced diffusion will 

results in increased coercivity.  It may be also important to note that EM can cause 

diffusion of O2 from the surface which can cause reduction in magnetic moment of the 

thin film due to formation of CoO as stated earlier. CoO mediated enhanced coercivity 

has been observed in Co/Pt and Co/Pd multilayer systems[102], [103]. In order to prove 

our hypothesis of O2 diffusion, we carried out the EM experiment inside a glovebox to 

ascertain whether we observe the change in coercivity. We applied 26 mA current for 

through the specimen for 5 mins. We observed complete collapse of the hysteresis loop 

as shown in figure 17 instead of coercivity increase. The observed change in magnetic 

behavior can be related to destruction of layered structure due to high density current 

and absence of O2 diffusion. This clearly proves that O2 diffusion is the underlying 

Figure 17 Hysteresis loop before and after passing 26mA current through 
the specimen in Argon atmosphere 
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mechanism responsible for increase in coercivity. Figure 18 shows the initial hysteresis 

loop prior to current being passed in blue, immediately after current was passed through 

the sample, another hysteresis loop was taken and is shown in red. While the coercivity 

increases very slightly, it is a minor increase compared to the increase that occurs after 

five days. 

3.4 Conclusion 
 

In conclusion, we undertook an experimental study on the effect of high density 

current on ferromagnetic behavior of Co/Pd multilayer thin films. We observed an almost 

8.8 times change in coercivity of the Co/Pd multilayer thin films using magneto-optic Kerr 

effect measurement due to high-density current. We experimentally observe that this 

change cannot be attributed to only Joule heating due to electric current. We propose 

that the underlying mechanism for the observed behavior is electromigration induced 

surface diffusion of O2 leading to formation of CoO. Electromigration induced reduced 

thickness of Co and Pd layers along with increased grain-boundary separation may also 

contribute towards the observed coercivity change. 

Figure 18: Hysteresis loops before and immediately after passing current through the sample 
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Chapter 4 

Study of Spin-Orbit Torque Induced Reversible Coercivity Change in Co/Pd Multilayer 

Thin Films 
 

4.1 Introduction 
 

Current-induced spin-orbit torques in ferromagnetic thin films are considered to 

be one of the prime candidate for the use of low-power device applications[104]–[107]. 

Spin-orbit torques may results from the spin-Hall effect as well as Rashba effect[108], 

[109]. The momentum-dependent splitting of spin bands in two-dimensional 

heterostructures is found to be a combination of atomic spin-orbit coupling and 

asymmetry of the potential in the direction perpendicular to the two-dimensional plane 

and is given the name Rashba effect[110]. The Rashba effect has been proposed as the 

mechanism to explain the current-induced torques with an in-plane current for many 

nanomagnetic devices[111], [112]. Further, the spin polarization and the interface current 

are found to be significantly enhanced because of the Rashba-Dresselhaus effect[113]. I. 

M. Miron et al. investigated current-driven spin torque induced by the Rashba effect and 

found that an electric current flowing in plane of the Co layer with asymmetric Pt and AlOx 

interfaces produces an effective transverse magnetic field of 1T per 108 A/cm2. They 

proposed that this was due to the combination of spin-orbit and exchange interactions 

due to the Rashba effect[114]. Using various experimental techniques (primarily 

electrical), the effects of spin-orbit torques have been measured over the years. But there 

is still uncertainty about whether the underlying mechanism is Rashba effect or spin-Hall 
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effect. This motivated us to explore the spin-orbit torques and their effect on magnetic 

behavior and microstructure of the FM/NM multilayer systems. Magneto optic Kerr effect 

has been used to measure the spin polarization in semiconductors[115], [116]. We 

decided to utilize focused perpendicular MOKE to observe the changes in magnetic 

behavior due to current-induced spin-orbit torques while also characterizing the 

microstructural behavior using a transmission electron microscope (TEM). 

4.2 Device Fabrication 
 

 To experimentally observe the effect of Rashba spin-orbit torques on the magnetic 

behavior of FM/NM thin films, we chose a Co/Pd multilayer system. The experiment was 

designed to observe the changes in magnetic hysteresis using MOKE measurement and a 

magnetic force microscope (MFM). Microstructural characterization was carried out by 

TEM. We utilized microfabrication to design and develop micro electro-mechanical 

systems (MEMS)-based devices with Co/Pd specimens that could be utilized for MOKE 

measurement, MFM, and in-situ transmission electron microscopy (TEM) 

characterization. To fabricate such devices we took a 300 µm highly doped silicon wafer 

and deposit a layer of 50 nanometers of Si3N4 via low-pressure chemical vapor deposition 

(LPCVD). The Si3N4 layer provides electrical insulation and also protects the specimen 

during the backside etch process. The complete fabrication process is shown in Figure 18. 

The specimen is patterned by the liftoff lithography using image reversal process as 

shown in Figure 19(a)-(b). The multilayer Ta(1nm)/[Co(0.35nm)/Pd(0.55nm)] x20 
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specimen is deposited via magnetron sputtering. The second photolithography liftoff 

process is then performed to pattern the device electrodes as shown in Figure 19(c)-(d). 

A composition of 10nm Ta/ 100nm Au is then deposited onto the wafer via Electron Beam 

Evaporation. The backside etch for TEM is carried out using silicon deep reactive ion etch 

(DRIE) as shown in Figure 19(e)-(f). This leaves a specimen supported by the Si3N4 layer. 

At this point the specimen is thin enough to be electron beam transparent for TEM. We 

also fabricated devices with 300 nm PECVD SiO2 instead of Si3N4 and without TEM hole 

underneath the specimen. This set is fabricated for magnetic force microscope and 

magneto optic Kerr effect based hysteresis measurement since it is easy to transport and 

handle an unetched device.  

Figure 19 (a) shows the image reversal lithography (b) shows the specimen deposition and liftoff (c) shows the second 
lithography process for the electrodes (d) shows the electrode deposition and liftoff (e) shows the backside lithography 

for silicon etching (f) shows the backside silicon etching process to make the specimen freestanding 
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4.3 Experimentation and Results 
 

Individual devices were then gold-bonded for characterization. In order to 

understand the behavior of Co/Pd thin films, we carried out in-situ magnetic force 

microscopy (MFM) measurements. We carried out resistance measurement by applying 

a known current through the outer two electrodes while measuring voltage drop across 

inner two electrodes. 

 

Figure 20 (a) shows an SEM of the whole device with the Si3N4 membrane under the specimen (b) shows a free 
standing specimen and (c) shows a further magnified image of the freestanding specimen 

This process was carried out in the presence of air. The resistance is found to 

increase from 310 Ω to 380 Ω for a current density of ~ 1010 A/m2 to 5 × 1010 A/m2. But 

once the electric current is switched off; resistance value returned to 310 Ω. This suggests 

that even at these high current densities grain and domain structure along with the 
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composition did not change. MFM scans at 5 × 1010 A/m2 could not be acquired due to 

electrostatic interactions between the specimen and scanning tip.  

 Next, we carried out focused P-MOKE acquisition while applying the electric 

current to observe the effect of spin-orbit torques on magnetic behavior of the thin film. 

Similar to resistance measurement, we increased the applied direct current and recorded 

to the corresponding P-MOKE data. In the first set of experiments when the current 

density was increased to 4 × 1010 A/m2, we found that coercivity of the thin film started 

to decrease, but when we removed the applied electric field it reverts back to original 

hysteresis curve as shown in Figure 21. We repeated the experiment with different 

specimens, resulting in similar behavior. Then we raised the current density to 5 ×

1010 A/m2, and we observed almost complete demagnetization of the thin film. But once 

again magnetic behavior is restored when the electric field is removed. These 

observations clearly show that coercivity of the thin film is being reduced when an electric 

field is applied. We know that high current density can cause significant heating in the 

specimen. We heated the specimen while measuring the resistance without any electric 

field in order to find the rise in temperature that may cause the change in resistance 

observed due to high-density electric current. We found that a temperature rise of ~47 K 

results in observed change in resistance. This shows us that temperature rise is most likely 

not the reason for underlying coercivity reduction. 
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Figure 21 shows the effects of applying current to the hysteresis loop of the Co/Pd multilayer. As current is applied to 
the specimen, the coercivity is reduced, once the current is removed, the hysteresis returns to its original shape 

 

 Next, we conducted a Physical Property Measurement Systems experiment while 

applying the electric current to gather data in an attempt to be able to calculate the spin-

orbit torques in the thin film.  To do this a different specimen design was necessary. A 

new lithography mask was prepared for the specimen with a new geometry so we could 

conduct the experiment. The remainder or the process remained unchanged, including 

the deposition of the Co/Pd Multilayer. 

 



40 
 

 

 

Figure 22 shows an image of the new device sign with a specimen geometry optimal for 

measuring voltage drops across the width of the specimen. When a charge current is 

applied across a conductor, the spin-orbit interactions will cause a separation of electron 

spins known as the spin hall effect. By applying current across the length of the specimen 

using a current source (Keithley 6221) and measuring the 1ω and 2ω voltage drops along 

the width of the specimen using a lock-in amplifier (Stanford Research Systems SR830 

DSP) we can collect these values and hope to be able to calculate the spin torques created 

by the current. This is done by holding the current and frequency constant and varying 

the strength of the field at two different set angles then comparing the data at the two 

angles to each other. The new specimen design is also beneficial for any For the 

Figure 22 shows the new specimen design. (a) shows a double hall bar design that can be used for both spin hall effect and 
thermal conductivity and (b) shows a single hall bar device that can be used for spin hall effect 
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experiment, the current was set to 25 mA and the frequency was set to 12 Hz. For the 

first experiment the angle Φ was set to zero, which corresponds to the sample being in-

plane with the field while the field passes through the width of the sample.  

 

Figure 23 (a) shows the plot of the 1ω data at Φ=0° and (b) shows the plot of the 2ω data 

at Φ=0°. The sample was then rotated 90 degrees so that the sample was still in-plane 

with the field, but this time, the field is running along the length of the sample, this 

corresponds to Φ=90°. 

Figure 23 (a) shows the plot of the 1Ω voltage drop versus the applied field at Φ=0° (b) shows the 
plot of the 2Ω voltage drop versus the applied field at Φ=0° 

Figure 24 (a) shows the plot of the 1Ω voltage drop versus the applied field at Φ=90° 
(b) shows the plot of the 2Ω voltage drop versus the applied field at Φ=90° 
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Figure 24 (a) shows the plot of the 1Ω data at Φ=90° and (b) shows the plot of the 2Ω data 

at Φ=90°. Masamitsu Hayashi presented a way to calculate the spin torque by using a 

ratio of the first derivative of the 1ω value to the second derivative of the 2Ω value at two 

different orientation angles[117]. With the data we acquired, we were unable to perform 

the necessary calculation at this time.  

4.4 Discussion 

 

Rashba spin-orbit torque results from the inversion assymmetry at the FM and NM 

interface. To characterize the microstructural effects of high-density current and 

interfacial stresses, we carried out an in-situ TEM experiemnt for the Co/Pd thin films 

specimen. For this experiment, we took a device with the TEM hole and place it inside of 

a custom chip carrier and mounted it with silver paste. Silver paste not only acts as an 

adhesive but is essential to ground the specimen in the electron beam. The electrodes of 

the device were then wire-bonded to the electrical contacts on the TEM chip, and the 

chip was then placed in a customized electrical feedthrough TEM holder. Once the device 

was placed in the TEM we took an initial image with no current passing through the 

specimen. Upon applying small amounts of current to the specimen we notcied a small 

increase in the resistance of the specimen, but no change in the topology of the specimen. 

Furthermore, upon removing the applied current, the resistance of the specimen 

returned to its initial value. We increased the current to replicate the resistance change 
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observed during earlier in-air experiments. We found that the current density of ~ 1010 

A/m2 is sufficient for the resistance change, and any further increase in current density 

results in irreversible grain growth and reduction in width of the specimen as shown in 

Figure 25(a)-(b). The current density required is 5 times smaller than in air experiments. 

This is attributed to vacuum conditions as well as the lack of a heat sink due to TEM hole 

underneath the specimen. More importantly, we recorded selected area electron 

diffraction (SAED) pattern for the Co/Pd thin films. SAED pattern can be used to identify 

the presence of residual stresses as well as any structural asymmetry. From the SAED 

pattern recorded for the Co/Pd multilayer thin films, we can clearly observe structural 

asymmetry since ring patterns are not circular but elliptical as shown in Figure 25(c). We 

are unable to index the ring pattern observed in this work because of the diffused rings. 

The diffused rings suggest an extremely small grain size. We would like to specify that the 

TEM micrographs presented in this study do not show the cross-section of the thin films. 

Further increase in current resulted in grain growth and reduction in the width of the 

specimen as shown in Figure 25(b). 
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Jamali et al. studied the effects of current-induced spin-orbit torques in 

ferromagnetic nanowires with composition Ta(4nm)/Ru(20nm)/[(Co/Pd)]22/Ta(4nm) with 

perpendicular anisotropy. Using a lock-in technique and the first and second harmonics 

of the Hall voltage, they found that the longitudinal torque is ~1.17e-8 kOe*cm2/A and 

the ratio of the transverse to the longitudinal torque is ~4.3[99]. This was attributed to 

the presence of dissymmetric lattice distortions, which may result in the emergence of 

intrinsic spin-orbit torque[118] and strong momentum scattering at the Pd/Co interfaces 

contributing to the in-plane torque[119], [120]. From the SAED pattern presented in 

Figure 4(c), we can confirm the presence of dissymmetric lattice distortions in the Co/Pd 

multilayer presented in this study. We propose that the Rashba spin-orbit torque is the 

primary reason for the observed reversible change in coercivity because coercivity is a 

bulk property as compared to spin-hall effect induced spin-orbit torques that is edge 

effect. The virtual magnetic field induced by Rashba effect makes the magnetization 

Figure 25 (a) shows a TEM image of the specimen prior to current being applied (b) shows a reduction in the width of the 
same area of the specimen after a current density of ~ 1010 𝐴/𝑚2 is applied (c) shows an asymmetry of the structural 

ring pattern in an SAED 
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direction tilted out of the easy axis[121] and reduces the coercive field for the thin film 

specimen observed in this work. 

4.5 Conclusion 

 

In conclusion, we carried out in-situ MOKE and TEM characterization of the Co/Pd 

multilayer thin films. We observed reversible coercivity change when direct current is 

applied. Rashba spin-orbit torque is proposed to be the underlying reason for the 

coercivity change. Spin-Hall effect can also induce spin-orbit torque, but it is not present 

in bulk where as coercivity is a bulk phenomenon. Hence coercivity reduction is due to 

Rashba spin-orbit torque. Further, using TEM, we also confirmed the presence of 

dissymmetric lattice distortions in Co/Pd multilayers. 
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Chapter 5 

Study of In-situ Transmission Electron Microscope High Temperature Behavior in 

Nanocrystalline Platinum Thin Films 

 

5.1 Introduction 
 

Nanostructured/nanocrystalline materials have been found to display unique and 

desirable properties such as superplasticity and high strength. These properties can be 

related to the deformation mechanisms active in nanostructured materials that are 

unavailable in similar materials with larger feature sizes due to geometrical 

confinement[122]. Observed deformation behavior in nanocrystalline materials can be 

summarized into three distinct sets of mechanisms: (1) Dislocation slips, twinning and 

stacking faults: Fine-grained nanocrystalline materials may not be able to sustain 

dislocation plasticity. Some experimental results indicate discrete dislocation activity, and 

these results have been corroborated by MD simulations[123]. A significant number of 

observations report twinning and stacking faults as deformation mechanisms[124]–[127]. 

(2) Grain boundary (GB) sliding, grain rotation and diffusion: GB mediated mechanisms 

are predominant deformation mechanisms in fine-grained nanocrystalline 

materials[128]–[130]. These mechanisms become active even at room temperature. (3) 

Stress-driven or thermally activated curvature-driven GB migration[131]: Stress-driven 

thermally activated curvature driven GB migration is particularly intriguing, as it leads to 

grain growth and a loss of nanocrystalline grain structure[101], [129], [132]–[134]. All of 

these deformation processes compete with one another as the temperature is raised. 
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From the current understanding of room-temperature behavior of nanocrystalline 

materials, we believe GB migration and GB diffusion mechanisms are dominant for grain 

sizes below approximately 80 nm. For grain sizes above 80 nm, dislocation-based plastic 

deformation processes are dominant mechanisms. Absence of extensive dislocation 

mediated deformation results in limited ductility in nanocrystalline materials. 

Deformation behavior of nanocrystalline materials at elevated temperatures is an 

intriguing problem especially for plastic deformability of high-strength materials[135]. In 

this work, we report an in-situ transmission electron microscope (TEM) approach to study 

the deformation behavior at elevated temperatures in 75 nm nanocrystalline Pt thin film. 

Nanoscale thin films require an experimental setup that has high-resolution 

quantitative measurement capability. Further, high-resolution microscopy is required to 

observe the deformation mechanisms active at nanoscale. In-situ TEM experimentation 

has inherent advantages since it can provide quantitative as well as microstructural 

information regarding the deformation. TEM has high-resolution capability to observe 

grain boundary sliding, dislocation motion[136], twinning[137] and other microstructural 

phenomena. Usually a special TEM holder is utilized for straining the specimen inside the 

TEM while also heating or cooling it. Historically, an electron transparent specimen is 

fabricated by thinning the bulk samples. This is then attached on a special TEM holder to 

apply mechanical strain[138]–[140]. These room-temperature straining experiments 

resulted in understanding of underlying deformation processes, but quantitative 
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information regarding applied stress and resulting strain was unavailable. This technique 

is also being used for investigating thin films mechanical behavior[133], [141]–[144].  

One of the popular techniques to carry out in-situ TEM test for mechanical 

properties is nanoindentation[145]–[151]. Nanoindentation usually provides 

approximately single crystal deformation response[130], [152]. Traditionally, 

nanoindentation is not suitable for characterization at elevated-temperature. Technical 

issues surrounding the use of nanoindentation at elevated temperatures include heat 

management, thermal equilibration, instrumental drift, and temperature-induced 

changes to the shape and properties of the indenter tip[153]. But this technique has been 

modified to study material behavior at elevated temperatures[149], [154]–[156]. Most of 

the experiments have been reported at and below 405°C. Another method of in-situ TEM 

experimentation is to fabricate a MEMS-based tensile testing device small enough to be 

placed inside the TEM chamber. One such device includes on-chip force as well as 

deformation measurement[157], [158]. Recently a SiC-based MEMS device has been 

proposed to study high-temperature behavior of materials[159], [160]. Over the last few 

years, electrothermal actuator based MEMS uniaxial tensile testing setup have become 

ubiquitous. These setups can be used for uniaxial tensile loading, fatigue as well as high-

temperature material behavior[161], [162]. We decided to utilize electrothermal actuator 

based setup for our current study of deformation behavior at elevated temperature. 
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5.2 Experimentation and Results 
 

In this section, we will describe the experimental setup and experimental 

procedure. We designed the electrothermal actuator with an inclination of an angle 5° as 

shown in Figure 26(b). The central part of our device design is the freestanding thin film 

specimen, which is held by a force sensor beam. The other end of the specimen is 

attached to the thermal actuator. Thermal expansion of the electrothermal actuator 

beams results in uniaxial tensile loading onto the specimen. We integrated the 

electrothermal actuator beams with a four-probe design[163]. This allows us to apply a 

direct current through the specimen using two electrodes. The Joule heating due to direct 

current raises the temperature of the specimen. Voltage drop across the specimen is 

measured using two bottom electrodes. This four-probe resistance measurement 

technique is then utilized to measure the temperature rise through the specimen. 

Resistive heating creates a parabolic (approximately) temperature profile through the 

specimen with maximum temperature occurring at the midsection of the specimen. The 

temperature rise can be simulated using COMSOL modeling[100], [164]. We use COMSOL 

to model the MEMS device to ascertain the temperature distribution due to thermal 

actuator heating as shown in Figure 26(c). This model predicts the specimen edge 

temperature increase to be around 310 K. 

           The device is fabricated using micro/nanofabrication methods. The freestanding 

specimen is co-fabricated with these actuators, which eliminates the conventional 
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challenges in specimen gripping and alignment. The thin-film MEMS chip for in-situ 

testing was nanofabricated on silicon-on-insulator (SOI) wafers. As the first step, metal is 

deposited on the device layer of the SOI wafer using lift-off lithography. Then, lithography 

is carried out on the backside of the wafer using a thick positive photo resist. It is then 

patterned using a photo mask. After the lithography step, deep reactive ion etching (DRIE) 

is carried out for backside through-the-wafer etching to etch the hole needed for 

transmission of the electron beam. 

The next step is to carry out photolithography on the device side of SOI wafer. 

After completion of the front side lithography, device structure is etched into the wafer 

with DRIE. Once the DRIE is complete, individual devices are taken out from the wafer, 

and the buried silicon oxide is etched with the help of hydrofluoric acid (HF) vapor. HF 

vapors tend to etch Ti (adhesion layer) significantly[165]; photo-resist left after DRIE was 

found to be thick enough to protect the metal layer. Once the device structure is released, 

silicon underneath the Pt specimen was etched away using SF6 plasma from the backside 

by using the TEM hole as mask. Finally, photo-resist was stripped away by oxygen plasma 

to get the freestanding Pt specimen and the test setup. The freestanding platinum thin 

film is 140 μm long, 4 μm wide and 75 nm thick. 
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             In-situ TEM experiments require a custom-made TEM holder. This TEM holder is 

an electrical feed-through holder with 8 electrical inputs. Using micro/nano fabrication 

techniques, an experimental setup is developed that fits the space available in the TEM 

holder (3.9 mm × 3.2 mm) and that also has the force and displacement sensors to 

quantitatively measure the deformation. Figure 26(a) shows a schematic of the in-situ 

Figure 26 (a) Experimental setup including TEM holder, (b) SEM micrograph of a fabricated MEMS 
device, (c) temperature distribution in the MEMS device using COMSOL model and (d) COMSOL model 

of heating of specimen due to direct current 
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TEM MEMS experimental setup. The fabricated microchip device is wire bonded to set 

the proper electrical connection and then integrated onto the tip of the electrical biasing 

TEM specimen holder. The experiments were performed inside a JEOL 2010 TEM 

operating at 200 kV and Tecnai T12 operating at 120 kV.  

Two electrodes from the four-point probe configuration are utilized for applying 

known current, resulting in resistive heating, and the other two are utilized for measuring 

voltage drop across the specimen. Voltage drop across the specimen provides 

information about resistance change of the specimen and also helps in calculation and 

simulation of the temperature of the specimen. This experimental setup can be utilized 

for the materials that are conducting and can be deposited by physical vapor deposition 

(PVD) methods. Pt is selected because of its high melting point, absence of oxide layer, 

fine nano-grained microstructure and ease of deposition. We believe that resistive 
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heating in the current setup can heat the material to approximately 0.3 Tm. Beyond this 

temperature, electromigration and melting size effects become predominant and cause 

material to fail. 

Our experimental design provides two methods to carry out failure studies. One 

method is to heat the specimen to a point (known current) and then sequentially apply 

the strain to failure. The second method involves applying certain strain and then passing 

the current to raise the temperature until the specimen fails. Using only the first method, 

we recently carried out qualitative high-temperature studies using our MEMS device. In 

this experiment, we applied 1 mA direct current to the specimen to heat it and followed 

by applying voltage to actuate the electro-thermal actuators. Mechanical loading is 

carried out quasi-statically. We recorded video in order to understand the deformation 

mechanics in detail. Figure 27 clearly shows the deformation and failure process-taking 

Figure 27 (a)-(e) Snapshots from recorded video showing successive serration forming and failure at the middle section 
of the specimen, (f) snapshot showing no serration formation away from the central region of the specimen 
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place at the middle of the specimen (~ 30 μm in length). Using COMSOL simulation, we 

ascertained the maximum temperature at this section to be ~360 K as shown in Figure 

26(d). 

 We recorded the TEM images during and after the failure. Figure 28 shows the 

details of the deformation processes taking place. It clearly shows the grain growth during 

straining at elevated temperature. Average grain size of as-deposited Pt thin film is ~5 nm 

as shown in figure 28(a), whereas grains size distribution is much broader after the 

straining. Grains at the middle of the specimen have grown significantly, but there are a 

large number of smaller grains, too. Edge serration formation observed in this experiment 

is a unique deformation mechanism. The specimen fails by deformation as the cross 

section is reduced. In these experiments, we always keep the applied direct current 

constant. But as the cross-section reduces the localized temperature may be significantly 

higher than predicted by COMSOL. Hence, localized melting as failure mechanism cannot 

be ruled out. Once the specimen failed, we looked more closely at the mechanisms that 

might have been active. A simple look confirms presence of extremely large grains, a sign 

of grain growth. We initially hypothesized that it is curvature-driven grain boundary 

migration resulting in extensive grain growth throughout the specimen. After careful 

observation, we found that grain growth is a little different at the edges especially in the 

serrated region. Grains are larger near the edges as compared with interior of the thin 

film. There is significant fraction of smaller grains in the interior of the thin film.  Each 

serration at the edge is found to be a large individual grain of Pt as seen in Figure 28(c). 
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Applied mechanical strain is approximately 0.3% before the serrations formation but we 

could not get the strain information once the serrations started to form. This is attributed 

to curling of strain sensing thin film shown in figure 26(c). 

High-density direct current can cause electromigration, which may affect the 

deformation mechanism observed in this experimental setup. Before analyzing 

deformation behavior, we needed to ascertain the effect of electromigration on the thin 

film.  Effect of electromigration can be simulated by passing the current through the 

specimen without application of external strain. The observed behavior is presented in 

Figure 28. We observe extensive grain growth but the presence of any serration formation 

is not detected even at higher currents than in the strain experiment. Failure mechanism 

Figure 28 (a)-(c) TEM micrograph showing formation of edge serrations and (d) TEM 
micrograph showing melting failure in Pt thin film 
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is believed to be fracture due to electromigration-induced stresses. This confirms that 

observed behavior in the straining experiment is not an artifact due to electromigration. 

From the available data, grain growth due to thermally/stress-activated 

curvature-driven GB migration can be proposed to be the underlying deformation 

mechanism. But GB migration cannot explain the formation of serrations. Thermal 

grooving can also be a possible mechanism. But we did not observe any serration in the 

heating only experiment, which suggests that the thermal grooving is not the mechanism 

responsible for the observed behavior.  We propose that serration formation at the edges 

is primarily due to combined GB sliding and migration induced cavitation creep[166], 

[167] at the grain boundaries. Cavitation creep results from GB sliding at the triple 

Figure 29 (a)-(d) TEM micrograph showing the grain growth due only to direct current through the specimen 



57 
 

junctions usually aided by the high vacancy concentration. Figure 28(a) shows the advent 

of serrations while smaller grains are still dominant in the region. Figure 28(b) shows the 

formation of serrations at the edges and Figure 28(c) shows the final grain structure at 

the serrations. Average grain size at the edges is much bigger than the average grain size 

at the middle of the specimen. Grain size is still increasing grain growth is in progress. We 

propose that initially GB migration (grain growth) is the primary deformation mechanism. 

As the smaller grains disappear, they may leave a void especially close to the edge as 

observed in figure 28(a). Further, heating causes accumulation of vacancies at the GBs. 

This vacancy concentration forces the deformation mechanism to change from 

predominantly grain growth to a behavior described by GB sliding combined with grain 

growth. GB sliding combined with grain growth may create voids leading to formation of 

serrations at the edges as shown in Figure 30. 

 

Figure 30 (a) Grain growth as deformation mechanism and (b) mechanism of edge 
serration formation due to grain growth and GB sliding 
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At elevated temperatures, nanocrystalline material deform by GB curvature 

driven GB migration. Grain growth stops once a significant fraction of grains have reached 

a critical size. Once the equilibrium is reached, curvature-driven GB migration is no longer 

the primary deformation mechanism. Heterogeneity of grain sizes results in significant GB 

mismatch stresses leading to activation of GB sliding. GB sliding coupled with grain growth 

is the underlying mechanism responsible for edge serrations reported in the present 

study. 

5.3 Conclusion 
 

In conclusion, we developed a high-temperature in-situ TEM uniaxial tensile 

testing setup using MEMS based electrothermal actuators. Specimen heating is achieved 

by applying a direct current through the specimen. This method is only applicable to 

electrically conducting materials. Temperatures up to 0.3Tm can be achieved using this 

setup. Since heating is extremely localized, beam drift and device cooling do not pose any 

problem during the experiment. We carried out a qualitative high-temperature 

experiment on a 75 nm nanocrystalline Pt thin film. At the start of the experiment, GB 

migration-induced grain growth is observed. GB migration gives way to combined GB 

sliding and GB migration once a significant fraction of grains have reached a critical size. 

Grain growth and GB sliding lead to the formation edge serration in the specimen. This 

behavior is similar to cavitation creep. From the work done in this section, we were able 

to standardize a fabrication process that allows us to process multiple freestanding 
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devices per wafer of whatever materials we would like in high yield. This gives us the 

ability to make devices freestanding for the purpose of TEM and any other experiments 

where we want to observe the effects on a specimen with no interference from the 

substrate or any insulating layers under the specimen. Heating measurements is a great 

example of this. Any experiment involving heating is going to have heat loss to any 

insulating layer and to the substrate itself. By making the specimen freestanding, all of 

the heat is in the specimen, and for experiments done in vacuum, the heat is not lost to 

the environment. From the TEM experiment we were able to develop a standardized high-

temperature and mechanical experimental set up for future work. By using the same 

device design, we can fabricate devices using any material and by following the same 

procedure of straining the material and observing the change in the specimen in-situ TEM 

we can begin to characterized the effects of mechanical strain on materials. By doing a 

similar COMSOL simulation we can again determine if joule heating is a problem for the 

material being investigated. As stated previous, the initial grain size of the material will 

have an effect on how the material behaves when strained, so this standardized process 

could be very useful in characterizing many different thin films in the future. 
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Chapter 6 

Future Work 

6.1 Study of Thermal Conductivity in CoFeB/MgO Devices 
 

6.1.1 Introduction 
 

In this section we show preliminary data on a study of the thermal conductivity in 

CoFeB/Mgo MTJ devices. A CoFeB/MgO bilayer has long been used in MTJ devices. 

CoFeB/Mgo devices had been staple materials for MTJs due to their perpendicular 

magnetic anisotropy while having high thermal stability and low critical current for 

current induced magnetization switching[55], [168]–[170]. H. Meng, et al. investigated 

the effects of annealing on CoFeB/MgO MTJs with perpendicular anisotropy. It was 

observed that annealing is an effective method of improving PMA for a CoFeB/Mgo 

system. PMA was increased as the anneal temperature was increased up until 350°C, at 

which point the PMA was seriously degraded[171]. This led us to want to explore the 

effects of having multiple interfaces of CoFeB and MgO on the thermal conductivity of the 

device. We ultimately ended up with a composition of 

Ta(5nm)/[CoFeB(1nm)/Mgo(1nm)/CoFeB(0.8nm)/MgO(1nm)]10. 
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6.1.2 Device Fabrication 
 

 The device fabrication for this process is similar to that mentioned before in 

Chapter 3, it starts with a 400 micron silicon wafer. 300 nanometers of amorphous SiO2 is 

deposited on the front side of the wafer via PPECVD to provide an electrical and thermal 

insulating layer under the specimen. Next an image reversal photolithography is 

performed for the first front liftoff step. AZ5214 photoresist is spun at 4000RPMs for 45 

seconds, then baked at 100°C for 60 seconds. This is followed by the resist being exposed 

to a UV light source under the first step lithography mask for 13.5 seconds. Next the wafer 

is baked again 110°C for 60 seconds and then exposed in a flood exposure for 60 seconds. 

Finally, the wafer is developed in MIF 300 developer for 45 seconds and then rinsed in 

water and blown dry with nitrogen gas. Following this, the lithography is observed under 

an optical microscope to insure that all of the features came out. The first lithography is 

a rectangle with a length of 100 microns and a width of 20 microns. The CoFeB-MgO 

deposition is done via AJA DC and RF Magnetron Sputtering. All sputtering was done with 

a chamber pressure of (<9.0e-7) when not sputtering and 4.4 mTorr during sputtering. 

First a 1 nanometer seed layer of Tantalum was DC sputtered at 5% power at a rate of 

0.388A/s. Next the CoFeB composition of 

Ta(5nm)/[CoFeB(1nm)/Mgo(1nm)/CoFeB(0.8nm)/MgO(1nm)]10 was DC and RF sputtered. The 

Ta was DC sputtered at 5% power at a rate of 0.CoFeB was DC sputtered at 10% power at 

a rate of 0.327A/s and the MgO was RF sputtered at 100% power at a rate of 0.159A/s. 

All rates can be seen in Table 2. The wafer is then placed in PG remover to lift off the resist 
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and the excess metal with it. It is then rinsed in water and blown dry with nitrogen. The 

wafer is then then placed in a Rapid Thermal Annealer at 300° for 60 minutes to crystallize 

the specimen. Then the same lithography process is repeated but this time with a 

different mask that contains electrodes and electrode arms that connect to the 

CoFeB/Mgo specimen Chromium(20nm)/Gold(200nm) are both Electron Beam 

Evaporated at a pressure of 5.0e-6 at a rate of 1.0A/s to form the electrodes. After this the 

wafer is once put in PG remover to lift off the resist and cleaned in water and blown dry 

in nitrogen. The fabricated device can be seen in Figure 31. 

 

 

Material Power (%) RF/DC Pressure (mTorr) Rate (A/s) 

Ta 5 DC 4.4 0.388 

CoFeB 10 DC 4.4 0.327 

MgO 100 RF 4.4 0.159 

Table 2: contains all of the material sputtering parameters for the Magnetic Tunnel Junction 

Figure 31: an optical image of the CoFeB/MgO device 



63 
 

6.1.3 Experimentation and Preliminary Results 
 

 The device was then wire bonded to a chip with larger electrode pads that had 

wires soldered to it. From there the device was placed in between the pole of an 

electromagnet in a Magneto Optic Kerr Effect system. The wires from the chip were then 

connected to signal generator where a signal of 0.2 was applied to the CofeB/MgO 

specimen at a frequency of 7 Hz. For the MOKE experiment, first the field was increased 

to a maxiumum of 2.5 kG and the 3 omega value was recorded. The applied field was then 

reduced at a rate of 0.5 kG down to -2.5 kG with the corresponding 3 omega values being 

taken along the way. The data is plotted in Figure 32. From the data we gathered, we can see 

that were is an obvious 3 omega response to a changing field in ambient conditions. At 2.5 kG, 

the 3 omega value was 0.0426 mV. When the external field was decreased to zero, the 3 omega 

value had a minimum of 0.0359 mV. When the field was reduced further to -2.5 kG, the 3 omega 
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Figure 32 shows the graph of 3ω versus applied field 
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value increased again to 0.0418 mV, almost back to its initial starting value. This change in 3 

omega corresponds to a 15.7% change in the 3 omega value. 

6.1.4 Dissusion and Future Work 
 

  To determine thermal conductivity we use a 3-Omega technique. When an AC voltage 

signal is used to excite a heater at a frequency ω, the periodic heating generates oscillations in 

the electrical resistance of the metal at a frequency of 2ω, which leads to a 3ω in the voltage 

singal, which is uded to infer the magnitude of the temperature oscillations. The frequency 

dependence of these oscilllations can be analyzed to obtain the thermal properties of the 

specimen. R. Frank, et al. were able to determine thermal conductivity and specific heat using the 

3ω technique which could be used for our devices[172]. The initial experiment that was 

performed was done in ambient conditions in which the heating of the specimen is being lost to 

the atmosphere. Ideally the experiment should be done in vacuum so that all the heat is 

transmitted through the specimen. In the future, this experiment will be done in a PPMS system 

under high vacuum, which will insure no heat loss. The PPMS system will also allow for large 

cooling of the device so that an experiment can we run on the effects on the 3ω versus 

temperature also. 
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6.2 Calculation of Spin Torque in Co/Pd Multilayers 
 

 M. Jamali, et al. invesigated current induced spin-orbit torques on Co/Pd ferromagnetic 

nanowires with perpendicular anisitropy. Using lock-in measurements and Hall voltage, torques 

in the nanowire were found. First and second harmonic Hall voltages were measured at different 

AC and DC currents and used to calculate the longitudinal torque to be ~1.17 x 10-8 kOe*cm2/A 

[99]. M. Hayashi, developed an analytical expression for the harmoic Hall voltages in evaluating 

spin orbit torques. After extensive derivations, Hayashi arrived at the equation 

𝐵𝛷 =
𝑓

2𝜔/

𝑓
1𝜔//

       (2) 

 

where the spin toque is related to the first derivitive of the second harmonic over the second 

derivative of the first harmoic at two different angles Φ[173]. This was the approach we took 

when trying to solve for our spin torques in Chapter 4.3. Using the data in Figure 22(a) and (b) and 

Figure 23(a) and (b) we used Origin Pro to calculate the first derivative of the second harmonic 

and the second derivative of the first harmonic then computed their ratio at two different angles, 

0° and 90°. The results can be seen in Tables 3 and 4. 
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Field (Oe) 1ω (µV) 2ω (µV) 1ω/ 1ω// 2ω/ 2ω//1ω// 

5500 431.1979 4.4396 0.1944 4.58E-05 -5.43E-07 -0.0119 

5000 334.0000 4.4399 0.1715 4.78E-05 1.17E-06 0.0245 

4500 259.6969 4.4384 0.1466 2.93E-05 5.18E-06 0.1769 

4000 187.4439 4.4347 0.1422 2.65E-06 -4.54E-07 -0.1715 

3500 117.4889 4.4389 0.1439 2.45E-06 1.25E-04 51.0128 

3000 43.5380 4.3099 0.1398 1.56E-05 1.30E-04 8.3496 

2500 -22.2723 4.3088 0.1283 1.93E-05 1.06E-06 0.0548 

2000 -84.7877 4.3088 0.1205 2.12E-05 -1.01E-04 -4.7588 

1500 -142.7306 4.4095 0.1072 3.62E-05 -1.30E-04 -3.5882 

1000 -191.9552 4.4389 0.0842 5.81E-05 -2.94E-05 -0.5063 

500 -226.9489 4.4389 0.0491 8.96E-05 -2.11E-04 -2.3506 

0 -241.0531 4.6495 -0.0054 1.07E-04 -6.90E-04 -6.4731 

-500 -221.5410 5.1287 -0.0575 8.18E-05 -4.79E-04 -5.8529 

-1000 -183.5920 5.1283 -0.0872 4.81E-05 -6.04E-05 -1.2545 

-1500 -134.3394 5.1890 -0.1056 2.93E-05 -4.14E-07 -0.0141 

-2000 -78.0112 5.1287 -0.1165 1.63E-05 -2.97E-05 -1.8141 

-2500 -17.8074 5.2187 -0.1219 1.10E-05 -3.09E-05 -2.8060 

-3000 43.9140 5.1596 -0.1275 9.85E-06 5.89E-05 5.9808 

-3500 109.7334 5.1597 -0.1318 6.32E-06 2.49E-07 0.0395 

-4000 175.6929 5.1593 -0.1339 5.03E-06 1.07E-06 0.2134 

-4500 243.5944 5.1587 -0.1368 5.54E-06 2.95E-08 0.0053 

-5000 312.4996 5.1593 -0.1394 4.19E-06 -5.73E-07 -0.1368 

-5500 382.9994 5.1593 -0.1410 3.19E-06 9.10E-08 0.0285 
 

Table 3 shows the 1ω and 2ω values differentiated at different fields at Φ=0 
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Table 4 shows the 1ω and 2ω values differentiated at different fields at Φ=90 

 

 Due to the data obtained in Figure 22(b) we were not able to proceed in the calculation 

beyond this point. The data curve did not fit the way it was supposed to and as a result the 

calculation was not correct. From here the experiment can be run again to aquire more data in 

the hopes that the data will be usable and the spin torque calculation can be completed for our 

devices in Chapter 4. 

 

Field (Oe) 1ω (µV) 2ω (µV) 1ω/ 1ω// 2ω/ 2ω//1ω// 

5500 84.14609 10.42994 -0.03273 -7.32E-07 3.60E-04 -491.978 

5000 100.5109 10.24989 -0.03236 -1.13E-06 5.70E-04 -502.558 

4500 116.5096 9.85978 -0.0316 -1.97E-06 5.90E-04 -298.969 

4000 132.1059 9.65949 -0.03039 -2.58E-06 5.91E-04 -228.479 

3500 146.8984 9.26925 -0.02901 -2.84E-06 7.50E-04 -264.275 

3000 161.1163 8.90943 -0.02755 -3.42E-06 8.74E-04 -255.199 

2500 174.449 8.39567 -0.02559 -5.79E-06 9.50E-04 -164.055 

2000 186.7035 7.95985 -0.02176 -9.95E-06 0.00114 -114.177 

1000 205.7194 6.55924 -0.00951 -1.18E-05 0.00169 -142.797 

0 205.7254 4.58851 0.00185 -1.07E-05 0.00197 -184.336 

-1000 202.0256 2.61573 0.01188 -1.06E-05 0.0017 -160.409 

-2000 181.961 1.1829 0.02308 -7.96E-06 0.00116 -145.539 

-3000 155.8701 0.29835 0.0278 -3.78E-06 7.51E-04 -198.545 

-4000 126.3511 -0.32002 0.03065 -2.57E-06 5.44E-04 -211.584 

-5000 94.57533 -0.78912 0.03294 -2.32E-06 4.78E-04 -206.098 

-5500 77.51863 -1.03218 0.03411 -2.34E-06 4.86E-04 -207.956 
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