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ABSTRACT 

 

In recent years’ Spintronic devices have drawn a significant amount of research attention.  

This interest comes in large part from their ability to enable interesting and new technology such 

as Spin Torque Transfer Random Access Memory or improve existing technology such as High 

Signal Read Heads for Hard Disk Drives.  For the former we worked on optimizing and improving 

magnetic tunnel junctions by optimizing their thermal stability by using Ta insertion layers in the 

free layer. We further tried to simplify the design of the MTJ stack by attempting to replace the 

Co/Pd multilayer with CoPd alloy.  In this dissertation, we detail its development and examine the 

switching characteristics. Lastly we look at a highly spin polarized material, Fe2MnGe, for 

optimizing Hard Drive Disk read heads.  
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1.INTRODUCTION 

 

1.1 OVERVIEW OF MAGNETORESISTANCE 

 

 Magnetism has been known about since antiquity. Its first practical application was being 

used in needles in ancient compasses which have been used since 400 BC [1], as shown in Figure 

1. The knowledge of magnetism stayed at this basic level until relatively modern times. The first 

documented report of magnetoresistance was attributed to Lord Kelvin in 1857. He found that 

there was a change in resistance in Fe and Ni when a magnetic field was applied across the 

sample.[2] 

 

Figure 1.1: ancient Chinese compass [1] 

 

 The modern study of spintronics started in earnest when two research groups headed by 

Albert Fert[3] and Peter Grünberg[4] discovered very large magnetoresistance effects in Fe/ Cr 

superlattices. For this work they would be awarded the Nobel prize in physics in 2007.  This effect 

would come to be known as giant magnetoresistance, from here on called GMR.  
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 Further work would show that GMR is not only limited to the Fe/Cr ML system but it also 

extended in general to systems that had conductive magnetic layers separated by conductive non-

magnetic layers. It has become common to use a trilayer structure consisting of two ferromagnetic 

layers separated by a non-magnetic layer instead of a multilayer system. [5] An example of this 

trilayer structure can be seen in figure 1.2. The root cause of magnetoresistance (MR) comes from 

the asymmetry in the spin bands in ferromagnets, which split into majority and minority spin 

bands. In normal nonmagnetic metals these bands usually are reflections of each other but in 

ferromagnets one band is larger than the other like the example in figure 1.2 

 If both ferromagnetic layers are aligned in the same magnetic direction than they will have 

matching majority and minority spin channels and thus a current passed from FM1 to FM2 will 

experience low resistance. This is because only one spin experiences a high resistance. The 

opposite is also true: if the magnets are anti-parallel, then their majority and minority spins will 

both face scattering at the interface and thus will lead to a high resistance. [5,6] These two states are 

shown in figure 1.2.  

 

 

Figure 1.2: Tri-layer GMR structure in both parallel and anti-parallel states 
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 Suppose  we deposit a GMR stack, like the one shown above, onto a wafer where we would 

have the stack: FM1 / NM / FM2. If we attach electrodes to the surface of either side of the wafer 

and pass current though them, this would be called a current-in-plane GMR device, hereby referred 

to as CIP-GMR. If we pattern this device into a small pillar and add electrodes such that we could 

pass current from the bottom of the stack to the top, or vice versa, this configuration would be 

referred to as current-perpendicular-to- the-plane GMR or CPP-GMR.  

 

1.2 OVERVIEW OF TUNNELING MAGNETORESISTANCE (IN PLANE) 

 

 If we replace the conducting non-magnetic layer in a GMR device with a non-conducting 

material we can make a tunneling magnetoresistance  (TMR) device, also referred to as a magnetic 

tunnel junction (MTJ). It is notable that while the underlying physics has changed substantially 

the macroscopic behavior of the device works identically.[5] The physics changes in that instead of 

the electrons passing through a conductor, they must tunnel through an insulating barrier.  

 The initial work on TMR devices was done in 1975 by Julliére et al.[6] who discovered 

TMR which was initially thought to be a low temperature phenomenon.  By the 1990’s TMR 

research had advanced to the point where Moodera et al.[7] and Miyazaki et al.[8] reported much 

higher TMR in the 60% range at room temperature. Here Al2O3  was used as the tunnel barrier. In 

2001 Butler et al.[9] put forward the idea of using MgO as the tunnel barrier. He theorized that 

using an Fe / MgO / Fe trilayer would greatly boost the TMR response to 1000%.  This symmetry 

spin filtering arises from the crystal lattice matching of the Fe/ MgO interface and the shape of the 

energy bands.[9] 



4 
 

 In 2005 two groups S. Yuasa et al.[10] and S. P. P. Parkin et al.[11] independently showed 

experimentally that this prediction was true, using stacks with this trilayer demonstrating MTJ 

with 180%[10] and 220%[11] respectively. The next significant advancement was the replacement of 

Fe with CoFeB as the free and pinned layers, as demonstrated by D. D. Djayaprawira et al.[12] This 

step was revolutionary as it greatly simplifies the stack growth process as CoFeB is naturally 

amorphous. Upon annealing the boron will diffuse out of the CoFe into the surrounding layers, 

and the CoFe will crystallize by templating off the (100) MgO layer. This templating leads to a 

high-quality interface with strong lattice matching. In 2008 S. Ikeda reported the highest room 

temperature TMR effect to date with 600% and 1100% at 5K.[13]  

 

1.3 PERPENDICULAR MAGNETIC ANISOTROPY. 

 

 So far we have discussed films and devices with in-plane magnetic anisotropy. This is 

largely generated from shape anisotropy of a film. In recent years, there has been significant 

interest in films and devices with perpendicular magnetic anisotropy (PMA), where the anisotropy 

of the magnetic film is perpendicular, or normal, to the film plane. PMA is desirable for many 

applications, but for the purposes of this work we are most interested in its effects on the effective 

field (Heff). The in-plane expression of the effective field is given in equation 1.1 while the 

perpendicular expression for Heff is given in equation 1.2 in terms of the anisotropy field, Hk, and 

the saturation magnetization, Ms. The reasons for this preference will be further explained in 

section 1.4.  The effective field expression given in equations 1.1 and 1.2 consists of combining 

Hk with the demagnetization tensor. The tensor has components -1/2 from the shape anisotropy in 

the x and y directions of a cylinder while the z direction has the anisotropy of a flat plane. In the 
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z-direction, the anisotropy field reinforces the applied field, thus the negative sign for the 

demagnetization factor. [14] 

 

= + 2                                                                                                                   (1.1) 

= − 4                                                                                                                   (1.2) 

 

 
 There are three main ways of inducing perpendicular anisotropy in CoFeB; bulk crystalline 

anisotropy such as with L10 FePt and CoPt[15-18], interfacial anisotropy induced by  Fe/O 

interface[19,20], and strain induced and heavy metal induced anisotropy in multilayer systems such 

as Co/Pd and Co/Pt multilayers.[20, 22-25] In the first case the anisotropy comes intrinsically from 

the crystal structure which generates the uniaxial anisotropy as a consequence of the atomic 

interactions.[15,17] Interfacial anisotropy is generated in the Fe/O system when the O p2 orbital 

hybridizes with the Fe d3 orbital. This hybridization is sufficiently strong to pull a sub 1.2 nm 

thick layer of Fe perpendicular.[19,21] A similar phenomenon occurs in the Fe/Ta and Fe/Pd system 

in that the d3 and d5 orbitals are hybridized.[19- 21] Perpendicular anisotropy is induced in Co/Pd 

multilayers both from the heavy metal interfacial interaction[20] and strain that is generated from 

the dissimilar sizes of the atoms.[26] 
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1.4 NON-VOLATILE MEMORY APPLICATIONS 

 

 While there are many applications for spintronic devices the primary applications are for 

read heads for hard disk drives (HDD)[27] or for non-volatile memory such as magnetic random 

access memory (MRAM) and Spin Torque Transfer Random Access Memory (STT-RAM).[28]   

 

 1.4.1 HARD DRIVE DISKS READ HEADS 

 

 

Figure 1.3: Hard Drive Disk Read / Write Head and Platter [27] 

 

Hard disk drives primarily operate by recording data in the magnetic domains of a hard 

drive disk platter. This disk is read and written by the HDD head, which is positioned over the 

rapidly spinning platter. The bits are written by passing a magnetic field generated by the inductive 

writing element. The bits are read by a thin giant magnetoresistance (GMR) reader whose free 

layer is switched by the passing magnetic field of magnetic bits on the platter. A picture of a read 

/ write head and platter is shown in figure 1.3. 
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Hard disk drive read heads are a well explored area that has benefitted from many decades 

of industry attention. Currently efforts are focusing on increasing the spin polarization (P) and 

lowering the resistance area product (RA product).[29] To achieve high density magnetic recording 

we must achieve both fast switching, high spin polarization, and a low RA product. Doing this 

concurrently is difficult, but the leading candidates are Heusler alloys covered in section 1.5. 

 

1.4.2 MRAM AND STT-RAM 

 

 Magnetic Random Access Memory (MRAM) and its more advanced form, Spin Torque 

Transfer Random Access Memory (STT-RAM) have attracted much interest in recent years as 

they have the potential to replace the large transistor-based SRAM, capacitor-based DRAM, flash-

based solid state memory, or magnet-based hard disk drives.[27] Both MRAM and STT-RAM cells 

are built on top of existing CMOS based technology function similar to DRAM but replacing the 

capacitive element with a MTJ.[28,30-32] MRAM switches the MTJ by generating a magnetic field 

by passing the current through both the bit and word line. This field is used to switch the free layer. 

A major issue with this scheme is that it is rather large and has the potential to flip neighboring 

bits. This, among other reasons, is why MRAM has seen little commercial development, only 

being sold by a few companies such as Freescale[28] 

 STT-RAM switches the MTJ by using current through the bit.  To switch the system to 

parallel one passes current through the fixed layer across the tunnel barrier. This leads to a large 

polarized spin current passing though the free layer. If this current is larger than the critical current 

Ic given in equation 1.4, then the bit will either remain or become parallel with the fixed layer, 

leading to a low resistance state.[27] In equation 1.4, e is equal to the electron charge, ħ is the 
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reduced Planck’s constant, α is the Gilbert damping constant, η is the spin conversion efficiency, 

Ms is the magnetic saturation, V is the volume, and Heff  is the effective field.  To switch the system 

to an anti-parallel configuration one needs to pass current from the free layer side across to the 

reference layer. The electrons reflected from the pinned layer side will switch the free layer to the 

antiparallel state, or cause it to remain antiparallel, if the current is higher than Ic. This greatly 

simplifies the unit cell and allows for much smaller device sizes and prevents the stray field 

problem.[28] In figure 1.4 one can see a comparison of the two designs.  

 

=
ħ

∙                                                                                                                    (1.3) 

 

 

Figure 1.4: Comparison of MTJ based memory (a) MRAM and (b) STT-RAM Cell[28] 

 

 STT-RAM has several requirements before it becomes a viable technology that can 

compete with existing technology. The primary hurdles that need to be overcome are: high 

magnetoresistance to decrease signal to noise ratio, high thermal stability to insure that the data is 

preserved, shown in equation 1.4, and low switching current so that the system can be switched 

without damaging it, shown in equation 1.3.[28,33] Secondary concerns include read/write speed, 
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breakdown voltage, impedance matching, stack complexity and fabrication complexity.[28] In 

equation 1.4 Δ is the thermal stability, Ku is the anisotropy constant, V is the volume, kb is the 

Boltzmann constant, and T is the temperature. 

 

∆=                                                                                                                                         (1.4)  

 

1.5 HEUSLERS AND HIGHLY SPIN-POLARIZED MATERIALS 

 

 Heusler alloys are a collection of compounds that follow the formula X2YZ, where X, Y, 

and Z correspond to the elements in figure 1.5[34] and generally have the crystal structure L21.[34] 

These alloys were first discovered by Friedrich “Fritz” Heusler who discovered the compound 

Cu2MnAl, which interested him as the alloy was magnetic, while the constituent elements are non-

magnetic at room temperature.[35] This family of alloys contains many alloys with unique and 

interesting properties such as thermoelectric properties,[36] superconductivity,[37] and, most 

interestingly for us, half-metallicity.[38]  

 

 

Figure 1.5: Heusler Alloy Composition X2YZ[34] 
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 While not all Heusler alloys are predicted to be half metallic, a large number are predicted 

to be so.[38] This half metallicity is defined as having a polarization equal to one. An illustration of 

this can be seen in figure 1.6 and the equation used to derive it is shown in equation 1.6. Currently, 

among the highest reported spin polarizations experimentally observed is approximately 0.7 in the 

material system Co2Fe(Ge0.5Ga0.5).[39] The discrepancy between experimental observations and 

theoretical predictions is unclear, but even this relatively low spin polarization has many scientific 

and industrial applications, such as hard drive disk read heads with low RA products.[39] In equation 

1.5, p is the spin polarization, D↑(Ef) is the number of spin up electrons, D↓(Ef) is the number of 

spin down electrons and Ef is the energy in eV form the density of states calculation.  

 

=
↑ ↓

↑ ↓
                                                                                                                        (1.5) 

 

 

Figure 1.6: energy band and polarization 
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2. EQUIPMENT AND EXPERIMENTAL TECHNIQUES 

 

In this chapter we will discuss in detail the experimental equipment used in this 

dissertation.  Most of the equipment is located at the University of Alabama in one of the following 

three facilities.  The fabrication equipment is located at the Micro Fabrication Facility (MFF).  The 

surface analytical equipment is located in the Central Analytical Facility (CAF).  The 

magnetometry and transport characterization were performed using the equipment at the Center 

for Materials for Information Technology (MINT).  Other electrical measurements were performed 

at the National Institute of Standards and Technology (NIST), Gaithersburg, Maryland. 

 

2.1: DEPOSITION 

 

 In this dissertation, all samples were prepared in-house, and thus the sample preparation 

and deposition is critical.  The first step in most of our experiments is to deposit films using the 

SFI Shamrock sputtering system, which is a seven-gun fully automated, load-locked magnetron 

sputtering system. The system’s nominal base pressure usually remains around 3x10-8 Torr but 

varies from 2x10-8 to 5x10-8 Torr, depending on system cleanliness and which targets are in the 

system. While the system is reconfigurable, the normal set up entails: two planar three-inch 

diameter DC magnetron cathodes, two three-inch conical (S-Gun) DC magnetron cathodes, one 

planar two-inch diameter DC magnetron cathode, one planar three-inch diameter RF magnetron 
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cathode and one rapid thermal annealing station that employs radiant heating lamps.  The system 

also has AC sputtering capabilities.  The system has two operating modes: the first being “MMI” 

which is the manual operation mode, the other mode is “In-touch” which is the automated 

operating mode.  These two modes enable us to either quickly perform runs using MMI while the 

automated mode allows our processing to be highly repeatable, which is critical in MTJ stacks.  A 

photo of this system is shown in figure 2.1.  

 

 

Figure 2.1: SFI Shamrock Sputtering System 

 

 The Shamrock sputtering system, as the name implies, uses sputtering as its mechanism 

for deposition. Sputtering is the process of ejecting atoms from a target by bombarding it with 

positive ions.  This is usually accomplished by ionizing a noble gas, such as Ar, for 

“bombardment”. Noble gases are preferred to ensure that no chemical reactions occur.  This rule 
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has an exception for the deposition of oxides or nitride films that use the reactive gases, oxygen 

and nitrogen, as the “bombarding” ions.  These bombarding ions are generated by passing a high 

voltage between the cathode and anode of the sputtering system, which generates a slightly positive 

glow. This cloud of glowing ions is called a plasma.  To greatly increase the efficiency of the 

sputtering process the plasma is confined using a magnetic field: this is referred to as magnetron 

sputtering.  To ensure that the composition of the plasma is nominally pure it is important that the 

system is maintained at a low base pressure on the order of 10-8 Torr, prior to introduction of the 

ionizing gas.  To further improve the base pressure and ensure fast and repeatable processing, the 

system is equipped with a load-lock, which is a smaller chamber attached to the main chamber that 

can be easily vented. This allows the main chamber to remain at a low pressure while samples are 

pumped down in the load lock.  The samples are then transferred from the load lock to the main 

processing chamber by use of a robot arm. 

 To achieve this low base pressure a combination of both roughing and high vacuum pumps 

are used.  Roughing pumps are generally simple mechanical pumps while high vacuum pumps 

generally take three forms; oil diffusion pumps, turbo molecular pumps, or cryo pumps.  The 

Shamrock system employs turbo pumps as well as the first stage of a cryo pump.  Turbo pumps 

operate by using ultra-fast spinning  of an array of turbine blades that spin at 800 Hz or faster.  

These ultra-fast moving blades will physically impact the relatively slow moving gas molecules 

and push them up the turbine stack.  It is necessary for the turbo pump to have a backing 

mechanical pump to relieve the pressure at the top of the stack. The roughing pump is used to 

perform the initial chamber pumpdown from atmosphere to a “rough” vacuum of 103 - 104 mTorr.  

The other type of pump that we employ to reach very low pressures is a cryo pump, which uses 

ultra-cold temperature fins to literally freeze out the gases from the chamber.  The first stage of 
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the cryo pump used in the Shamrock is held at 77 K, and is used primarily to freeze out water 

vapor, the main contaminant in a vacuum system.  

 While the Shamrock was the primary deposition system used, it was occasionally more 

expedient to use the electron-beam evaporator, a photograph of which can be seen in figure 2.2.  

This tool is a four crucible, crystal oscillator feedback controlled, Denton electron-beam 

evaporation system.  Similar to the Shamrock sputtering system, it is critical that one first achieves 

a high base vacuum on the order of 10x-7 Torr.  This low pressure is achieved by using a roughing 

and cryo pump combination, as described above.  

 

 

Figure 2.2: Denton Electron Beam Evaporator 

 

 The target material, in this case small pellets or chunks of source material, is evaporated or 

sublimed by using a concentrated electron beam.  This beam of electrons is generated by a filament 

and its position is controlled by magnetic fields.  These fields can be altered to affect the location 
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of the electron beam. Changing the position of the beam is very critical for materials that sublime, 

such as SiO2, as the area under the beam will become depleted. Materials that first melt before 

evaporating will refill the depleted area there, so beam control is not as critical. 

 The substrate temperatures obtainable in the Shamrock are limited to about 500 oC, because 

the chamber is constructed from aluminum.  In order to deposit Heusler alloys, we found that we 

needed to deposit the samples at very high temperatures during deposition to achieve epitaxial 

growth. To accomplish this, we employed the “RASCAL” sputtering system, which is a custom-

built system constructed by Dr. Gary Mankey and his graduate students. This system is a manually 

operated four-gun RF based sputtering system with a base pressure in the low 10-9 to high 10-10 

Torr range. This pressure is achieved by using both a cryo and turbo pump and Conflat metal 

flanges instead of O-rings. The system is load-locked so the main body of the system can be kept 

under vacuum. Once loaded, the sample is attached to a vertical bar that allows you to move it up 

and down the system, as seen in figure 2.3. This allows one to position the sample in front of 

different measurement or deposition equipment. The substrate is directly heated by a thermal heat 

lamp located behind the sample plate. This can reach temperatures of 850 oC and is monitored by 

a pyrometer, see figure 2.4. The samples are attached to the plate by spot welding in place using 

either Ta or W wire.  
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Figure 2.3: RASCAL Sputtering system 

 

 This deposition system has several in-situ characterization capabilities including Staib 

Instruments reflection high-energy electron diffraction (RHEED) and an Omicron Nano 

Technology Auger spectroscopy system.  RHEED operates by firing an electron beam at the 

sample surface so that it scatters and the reflected light shines onto a phosphorus coated screen. 

When the electrons impact the screen, the glow pattern observed on the screen can provide useful 

data about the film properties. To properly perform RHEED one needs to be able to finely control 

the sample position and rotation. Since this is not possible in this system it is mainly used to 

confirm the crystallinity of the sample, as a non-crystalline sample will give a diffuse pattern while 

a crystalline sample gives a stronger, clearer pattern.  

 The Auger spectroscopy is so named as it is based on the Auger effect in that when one 

fires a stream of electrons at a target material, it will promote electrons to higher electron energy 
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levels. These promoted electrons will eventually relax and generate electrons from the surface. 

These reflected electron energies relate to the atoms on the surface of the sample. This allows us 

to determine the relative quantities of desired elements and measure the amount of contamination 

in the sample.   

 

 

Figure 2.4: RASCAL Sputtering system deposition plate 

 

2.2: ETCHING  

 

 In the above section, we discussed equipment that adds material to the samples. In this 

section, we discuss how material is removed.  The two primary methods of etching used in this 

dissertation are dry and wet etching. The dry etching was accomplished by employing an Intelvac 

ion mill with a Veeco ion source, shown in figure 2.5. To insure uniformity the system has a 
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rotating stage and adjustable stage angle.  Similar to the Shamrock and e-beam evaporator 

mentioned above, the system needs to achieve a low base pressure before operation. This is 

accomplished by employing a mechanical roughing pump and a cryopump.  

 The etching process occurs when Ar atoms are ionized by the filament at the base of the 

ion gun.  These Ar ions are then accelerated through the voltage biased Mo grids, which operate 

on a similar principle to a coil gun.  Once they pass through this grid they are neutralized by the 

neutralizing cable, which ensures that there is no surface charging.  The actual etching occurs when 

the Ar atoms impact the surface (note this is purely a physical process that does not leverage 

chemical reactions). It is important to note that changing the power may affect the shape of the ion 

beam and changing the stage angle will affect the etch rate. 

 

 

Figure 2.5: Intelvac Ion Mill 
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 Wet etching with acids is sometimes more effective than ion milling as it can be highly 

chemically selective.  It is important to remember that this etching will be isotropic, etching at 

equal rates in all directions, rather than anisotropic, preferring one direction or angle.  The most- 

often used etchant in this dissertation was hydrofluoric acid (HF) used to remove SiO2 over MTJ 

pads.   

 Oxide etching was also performed using the STS Advanced Oxide Etcher (AOE). This 

system etches films by employing a plasma etch that sputters away the film and leverages different 

process gases to allow for selective etching. These gases include: Ar, O2, CF4, C4F8, and H2. This 

leveraging allows the AOE to selectively etch oxides at a rate 50 times higher than other materials. 

The AOE is shown in figure 2.6. 

 

 

Figure 2.6: STS Advanced Oxide Etcher 

 

 



20 
 

 

2.3: MASKING 

 

 So far we have discussed processes that will affect the entire sample at one time.  In this 

section, we discuss how we can section off parts of the wafer to selectively modify other parts of 

the wafer through later processing.  The main tool employed in the photomasking process is the 

Karl Suss MA-6 mask aligner, shown in figure 2.7. Photolithography processing usually follows 

the following steps: 

 

1) Clean wafer using ultrasonic cleaning or N2 blowing 

2) Spin on photoresist using the Solitec or Laurell spinner 

3) Bake photoresist to harden resist and drive off moisture 

4) Clean and insert mask in mask aligner 

5) Insert wafer and align mask and wafer. 

6) Expose with ultraviolet light to break atomic bonds in photo resist. 

7) Oscillate in developer to etch away exposed photo resist 

8) Clean wafer in DI water and bake to solidify resist to prepare for further processing. 

9) Descum wafer in YES plasma asher. 
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 Figure 2.7: Karl Suss MA-6 Mask Aligner 

 

2.4: MAGNETOMETRY 

 

 As most materials studied in this dissertation are magnetic, it is critical that we are able to 

understand their magnetic behavior.  The most common method of doing this is by measuring the 

hysteresis loop, sometimes called the M-H loop or curve.  While there are many different ways of 

making these measurements, in this dissertation we used two primary tools, A Princeton Scientific 

Alternating Gradient Magnetometer (AGM), shown in figure 2.8, and a Quantum Design Dynacool 

PPMS with a Vibrating Sample Magnetometer (VSM) attachment, shown in figure 2.9. 
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Figure 2.8: Princeton Scientific Alternating Gradient Magnetometer (AGM) 

 

 Alternating Gradient Magnetometry (AGM) is a measurement technique in which the 

sample is attached to a piezoelectric rod and placed within the field of a powerful magnet: in this 

case, one with a maximum field of 1.8T.  First the field is tuned to the resonant frequency of the 

sample. There is an automated set of tools that performs this calibration.  After tuning, the magnetic 

field gradient is oscillated to produce a force on the magnetic sample. This force is measured as a 

voltage in the piezoelectric that the sample is mounted to.  Through careful calibration, using a 

standard sample of known magnetization, this voltage can be correlated with the magnetization, 

as the deformation of the piezoelectric is repeatable and predictable.  To measure the hysteresis 

loop we sweep the field from a high positive DC offset, to the gradient field, to a high negative 

value and back again.  For example, if we wanted to measure a hysteresis loop with a 1 T field we 

start by setting the field to 1T DC offset, then relaxing the field till we reach the origin, then 

applying negative field until we reach -1T DC offset.  Once there we will gradually relax the field 
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until we once again pass through the origin, and then apply more field until we reach 1T DC offset.  

While we have been sweeping the field, we have also been measuring and recording the voltage 

on the piezoelectric. 

 

 

Figure 2.9: Quantum Design Dynacool PPMS with VSM 

 

 Occasionally the AGM was not able to tune to the samples due to their low magnetization 

or the sample was not saturating at 1.8 T.  In these cases the Quantum Design Dynacool VSM was 

employed to measure these samples.  Vibrating Sample Magnetometry (VSM) works similarly to 

AGM but changes how the sample is oscillated and measured.  In VSM the sample is mounted on 

a glass rod attached to a vibrator that oscillates rapidly. This oscillating position replaces the need 

for the oscillating field used in the AGM.  Similar to the AGM the VSM also places the sample 

into a strong magnetic field, but in this case, instead of applying an oscillating field with a DC 

offset, the system simply applies the DC signal.  To measure the sample the system uses small 
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pickup coils that are located close to the sample, to record the generated magnetization.  In this 

case, we directly measure the field and do not have to infer it from voltages. While this 

measurement system is capable of higher quality measurements, it is also much slower. 

 

2.5: FERROMAGNETIC RESONANCE (FMR)  

 

 The damping parameter α and effective magnetization were measured using a customized, 

fully automated, broadband variable temperature ferromagnetic resonance (FMR) capability using 

coplanar waveguides with a frequency range of 2–50 GHz in Dr. Tim Mewes’ laboratory. From 

these measurements we were able to extract the anisotropy constants (Ku), effective anisotropy 

(Keff), interfacial anisotropy (Ku,i), and  bulk anisotropy (Ku,b).  

 

2.6: STRUCTURAL CHARACTERIZATION 

 

 While it is important to understand the magnetic properties of the samples it is also 

important to understand the structural properties of the films we deposited.  The majority of 

physical characterization was performed using a Philips X’Pert MRP X-Ray Diffraction system, 

which has full x, y, z, omega, phi, and psi control. It utilizes a Cu Kα source with a wavelength of 

1.5406 Å.  This instrument is shown in figure 2.10.  This system works by exposing the sample to 

an X-ray beam that is then diffracted off the sample into an X-ray detector.  The incident angle 

affects the intensity of X-rays diffracted from the sample and thus will vary the number of X-ray 

counts recorded by the detector.  As the dwell time is often varied the number of counts per second 

is recorded to ensure that all the data is normalized.   To relate the Bragg peaks to the actual 
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crystalline spacing we must use Bragg’s law given in equation 2.1 where d is the Bragg peak 

distance, a is the lattice spacing, and h, k, and l are the Miller indices.  

 

=                                                                                                               (2.1) 

   

 

Figure 2.10: Philips X’Pert MRP X-Ray Diffraction system 

 

 While this system allows for many types of measurements, here we have utilized two 

methods, X-Ray Reflectivity (XRR) and X-Ray Diffraction (XRD).  XRR is the process of 

positioning the X-Ray beam close to the plane of the sample and scanning from 0.1 to 4.1 degrees 

from the surface.  This allows us to measure the Bragg peak oscillations and determine the film 

thickness based on the separation between the oscillatory peaks.  The other primary measurement 

technique we used is XRD where we perform a 2-Theta-Omega scan over a broad spectrum of 
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peaks, often from 20 to 70 degrees.  This is useful as we can examine what Bragg peaks emerge 

and coordinate both the intensity and peak position to determine the atomic positions and thus 

from this determine the crystal structure.    

 Occasionally it is not possible to use XRD to measure the crystal structure of the sample 

as the signal is not strong enough to overcome the background signal.  In these cases, we used a 

FEI Tecnai F-20 Transmission Electron Microscope (TEM), shown in figure 2.11, to characterize 

the crystal structure.  This instrument uses high power electrons to actually penetrate (or transmit 

though) the sample.  These transmitted electrons are then recorded. This transmission event 

imparts a diffraction pattern on the electrons that can be measured on a phosphorescent screen.  

From this we can not only extract the crystalline structure from the local area diffraction pattern, 

but we can also directly image the sample with ultra-fine detail.       

      

 

Figure 2.11: FEI Tecnai F-20 Transmission Electron Microscope 
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2.7: CHEMICAL ANALYSIS 

 

 During my research it was often necessary to sputter an alloy from elemental targets.  While 

one can estimate the atomic percentage based off the deposition rates, this assumes 100% density 

and further is not the most accurate way of sputtering the correct composition.  To directly measure 

the chemical composition, we used Electron Dispersive Spectroscopy (EDS) & Wave Dispersive 

Spectroscopy (WDS).  For EDS we used a JEOL 7000 FE Scanning Electron Microscope with an 

Oxford Xmax 80 mm silicon drift detector, which is shown in figure 2.12.  

 

 

Figure 2.12: JEOL 7000 FE Scanning Electron 
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 EDS works by measuring the energy level of the X-rays emitted from the sample after 

bombarding it with an electron beam.  All elements generate unique X-ray spectra, each element 

emitting a characteristic set of peaks corresponding to the electron shells, K, L, M, N, and O.   As 

an electron microscope has very fine control over the electron beam one can get very high 

resolution mapping of chemical composition.  As we primarily worked with thin films in this 

dissertation, we usually used a larger averaging area, as the X-ray plume largely comes from deep 

within the sample and thus only a small percentage of the measurements comes from the film.  

 

  

 

Figure 2.13: JEOL 8600 EPMA 

 

 Occasionally EDS was not able to accurately measure the composition of the sample due 

to peak overlap. In this dissertation, the most prominent example is Fe and Mn.  In this case we 
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used the JEOL 8600 EPMA that is equipped with five WDS spectrometers, shown in figure 2.13.  

WDS works based off a similar principle as EDS but instead of measuring the energy of the X-

rays it measures the wavelength.  As the system has five separate spectrometers one can set each 

one to measure only one element in the sample.  To further improve accuracy each spectrometer 

is calibrated with pure elemental standards before each measurement.   

 

2.8: ELECTRICAL MEASUREMENTS 

 

 To measure transport phenomena, we employed two tools: a Dynacool Physical Property 

Measurement System (PPMS), shown in figure 2.6, and a CAPRES Current-in-Plane Tunneling 

System (CIPT).  The former system measures the transport by directly connecting leads to the 

surface of the film or device with thin aluminum or gold wire.  Once in the system the sample 

temperature can be controlled from 400K to 1.8K and a field can be applied up to 9T.  This allows 

us to measure both resistance versus temperature and make MR measurements at both room and 

cryogenic temperatures. 

 The CIPT system works by placing four probes on the surface that apply +V, -V, +I, and –

I. If these probes were fixed, we could only measure sheet resistance.  But by varying the spacing 

between the layers we can measure the resistance of the different layers.  By also applying a 

magnetic field we are able to estimate the magnetoresistance.  This technique is very valuable as 

it allows us to measure MR without the need to pattern the films. These CIPT measurements were 

conducted by our collaborators at NIST, Dr. Robert D. Shull and Dr. P.J. Chen. 

 It is often important to determine the sheet resistance of a thin metallic film. This is most 

easily determined by using a four-point probe measurement.  This tool uses a four-point contact 
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head, similar to the CIPT tool, but with fixed probe spacing and no magnetic field, to measure the 

sheet resistance in ohms per square. This quantity is extremely useful as it allows us to determine 

the intrinsic resistivity of the film by dividing through by the thickness. 

 

2.9: OPTICAL MEASUREMENTS  

 

 Transparent films have additional characterization options, as we are able to pass photons 

through the samples and observe how they are affected.  The two optical measurement systems 

employed in this dissertation are an ellipsometer and a Nanospec.  The ellipsometer[40] shines a 

polarized laser on to the thin film and measures the change in polarization upon reflection to 

establish the refractive index and thickness independently. The Nanospec is a 

spectrophotometer[41], which works by shining light on the surfaces of the film and measuring the 

interference between the light reflected off the surface and the light reflected off the Si substrate. 

The thickness is extracted for a fixed refractive index. As these two measurement techniques use 

separate methods of establishing the thickness their correlation indicates a high likelihood that it 

is accurate.   
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3. DEVICE FABRICATION AND TESTING 

 

 We are able to learn a great deal about a sample from blanket film studies, as we have 

described above.  But to understand the transport and switching properties of the samples we need 

to fabricate the blanket films into devices.  As fabricating devices requires a good deal of 

processing and has a significant amount of unexpected complexity, I will take the next few pages 

to describe in detail our processing methods.  

 Following the steps, we outline below in combination with our mask set, the finished wafer 

has 64 magnetic tunnel junction devices.  They are addressed by a letter and number system, where 

the letter represents the row and the number represents the column.  Thus, the top left device is A1 

while the bottom right is H8.  Each consists of three layers: the bottom electrode, micropillar/ 

insulator layer, and the top electrode.  An optical micrograph of a finished device can be found in 

figure X.1. This gives us a device with two bottom electrodes, a pillar that contains the magnetic 

tunnel junction and two top electrodes.  This allows us to test with a positive current and positive 

voltage attached to one set of electrodes while the other set is attached to the negative voltage and 

current.   

 All 64 of the devices are the same with the exclusion of the micropillar.  Rows A-C have 

3 micron diameter circles, Rows D-F have 12 by 6 micron ellipses, while Row G & H have 6 

micron diameter circles.  This selection of sizes and shapes provides useful information.  
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Figure 3.1: Finished Device 

 

3.1: DEVICE FABRICATION 

 

 The first step in any wafer fabrication process is selecting the substrate to fabricate on. All 

devices fabricated in this study were grown on 3-inch diameter silicon wafers with 500 nm of 

thermally grown silicon dioxide.  The bottom electrode, 40 nm of Ru, and the MTJ stack, described 

above, were deposited in the Shamrock sputtering system with a base pressure of 3x10-8 Torr at 

room temperature.  All metallic films were deposited using DC sputtering and the MgO was 

deposited using RF sputtering. At this point the cross section of the wafer looks like figure 3.2.A. 
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Figure 3.2: Cross Section of Device Fabrication: (A) Blanket sputtered films (B) Photo Resist 
mask of bottom Electrode (C) Etched Bottom Electrode (D) Silicon Dioxide planarization 

 
 

 After the initial deposition the next processing step is masking the material that will 

become the bottom electrode.  This is accomplished by standard photolithography methods using 

a MA6 Karl Suss Mask Aligner with a 1000 W mercury arc lamp light source, Solitec 5110 

Spinner, and vacuum hot plate.  The resist used was Shipley S1818,[42] a positive photoresist.  

Before the start of the photolithography processing the wafer was cleaned with high pressure 

filtered nitrogen.  The photoresist was dispensed using a 3mL syringe and was then spun on the 

wafer using the Solitec spinner: first at 400 RPM for 3 seconds to spread the resist and then at 

2500 RPM for 30 seconds to reach the desired thickness.[42]   To help solidify the resist we 

performed a soft bake on the wafer for one minute on a 115 oC hot plate, which prepares the wafer 

for pattern transfer. 

 The first photo mask, named Mask 0, has both the bottom electrodes and alignment marks 

for the next three masks.  Before inserting the mask into the aligner, it is important to inspect the 

mask for damage and clean the mask with acetone soaked wipes.  As this is the first mask no 
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aligning is needed but it is important that one zeroes the stage before exposure: this will help all 

further steps.  The aligner should be set to “Vacuum contact” and set for six seconds of exposure.   

After this the wafer is ready for development.  

 To develop the wafer, we used MF-319[43] developer which will dissolve any area which 

was exposed to UV light.  This occurs because the UV-light from the lamp breaks the chemical 

bonds in the resist and makes it more susceptible to the developer.[42] After development it is 

important to use an optical microscope to inspect the wafer for defects.  To ensure that the photo- 

resist mask will survive processing and clean the non-masked section of the wafer we perform two 

post-processing steps.  For the first step, we use a 5 minute hard bake on a 115 oC hotplate for 

hardening the resist.  For the second step we use a descum step which consists of a 200W two 

minute plasma ash at 1 Torr of oxygen.  This will burn off any organic contaminants that may be 

on the surface and should clean up any undeveloped photoresist left in unmasked areas.  At this 

point the wafer is represented by Figure 3.2.B. 

 Now that the mask is in place we can etch the bottom electrode.  As our stack is composed 

of many different materials, chemical etching would be too complicated so ion milling was 

selected. The ion mill used was an Intelvac ion mill with a beam voltage of 200V, a/b ratio of 1, 

and beam current of approximately 65mA.  These settings provide a relatively flat etch profile 

over the whole wafer.  The etch time was determined experimentally by etching the stack in one 

minute intervals while monitoring the stack thickness through resistivity measurements.  For this 

etch the time was 18 minutes with an angle of 80o from the plane, 10o from the normal.  This angle 

was selected as a future etch needs this sharp angle to insure shorting does not occur.  At this point 

the cross-section of a device on the wafer should look like figure 3.2.C. 
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 Now that the bottom electrode has been defined we need to re-planarize the wafer to make 

sure we have a smooth surface for the upcoming photolithography step.  This was accomplished 

by sputtering SiO2 at the same thickness as we etched away in the previous step, in this case 80 

nm.  The deposition was performed in the Shamrock sputtering system at a base pressure of 3x10-

8 Torr using an AC power supply.  To achieve high quality SiO2 we reactively sputtered a silicon 

target with a gas flow of 50 SCCM of Ar and 2.5 SCCM of O2.  This gas flow ratio was determined 

experimentally and yields a fairly dense SiO2 layer with a refractive index of about 1.5.   At this 

point the cross section of a device should look similar to Figure 3.2.D.  

 While this does accomplish what we wanted planarization to do, filling the areas in between 

the devices with SiO2, we still have photo resist and SiO2 on top of the devices.  To remove this 

undesired material, we used a “lift off” method to remove the resist and SiO2 above it.  This was 

performed using an ultrasonic clean and an acetone bath.  We implemented a two-bath method to 

ensure that the removed material did not etch the surface.  The first bath was 5 minutes, to remove 

the bulk of the material, while the latter was 15 minutes, to remove the remaining material.  At this 

point the cross section of a device should look similar to Figure 3.3.A and the top view of the 

devices will look similar to Figure 3.4.A. 
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Figure 3.3: Cross Section of Device Fabrication: (A) Post Lift Off (B) Photo Resist Mask of 
Micro Pillar (C) Etched Micro Pillar (D) Silicon Dioxide Barrier 

 

 

Figure 3.4: Simplified Top View of Devices: (A) Only Bottom Electrode & Stack (B) Definite 
Micro pillar and Silicon Dioxide Barrier Layer (C) Top Electrode (D) Finished Device 

 
 
 The next step in processing is to define the micropillar.  This is a critical step as it defines 

the actual device shape and will have a significant effect on the device performance.  Rows D-H 

usually have few problems but the 3 micron circles in row A-C usually have problems and will not 

develop using standard methods.  This problem arises not only from the features being too small 
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but because they are both small and isolated, being nearly 1 mm from the next feature.  This can 

lead to them becoming over-exposed thus not developing properly. This occurs because there is 

nothing to block the surrounding light from reflecting into the pillar or resist.  A further problem 

that arises with small patterns is pattern shifting. This occurs when a piece of photoresist debonds 

from the surface and reattaches in a different location.  

 To overcome the debonding problem we first perform a dehydration bake using a 115 oC 

vacuum hot plate for 5 minutes.  This will drive off most of the water vapor on the surface. Next 

we coat the wafer with MP-90[44] adhesion promoter.  To apply the promoter we pour the solution 

onto the wafer and allow it to set for one minute and then dry the wafer by spinning at 4000 RPM 

for one minute.  Note it is important to have the wafer already on the spinner while letting the 

solution sit on the wafer.  To cure the promoter we bake the primer on the surface by using a 115 

oC vacuum hot plate for 5 minutes.  These steps will ensure that the resist adheres much better to 

the surface.  

 The photoresist was applied to the wafer and the mask was cleaned exactly as we did in 

the first photo step in the same way.  The mask is designated “Mask 1” and defines the micropillar. 

To prevent over-exposure of the 3 micrometer diameter pillars the exposure time was decreased 

from 6 seconds to 3.3 seconds, this may need to be adjusted depending on the resist age.  Other 

than this alteration, all exposure settings were the same as in the first photo step.  This does have 

the unfortunate effect of causing the photoresist to be under-exposed and thus less susceptible to 

the developer.  To resolve this issue we used a two dish development process: developing for 50 

seconds in one dish of MF-319 and then using 300 seconds in a second dish of MF-319 (note these 

times may have to be adjusted to account for small changes in resists or ambient conditions).  At 

this point the cross section of a device should look similar to Figure 3.3.B.  
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 After development it is important to check the wafer for defects using the optical 

microscope.  While in most cases one can simply perform a quick survey of the wafer, in this case 

it is extremely important to check all 64 devices at high magnification to ensure that the pillars are 

fully formed.  The remainder of development was performed the same way as the first photo step.  

A five minute 115 oC hard bake was used to harden the resist and a two minute, 200 Watt descum 

was used to clean the sample and remove stray photoresist.  

 The next step is probably the most critical step in device development, the etching of the 

micropillar.  This step needs to etch though the entire stack and leave only the bottom electrode.  

To successfully do this we need very accurate information about the etch rate of the different 

materials in the stack.  This was accomplished by performing an etch study on the wafer.  This 

study consisted of measuring the sheet resistance of the sample before the first etch and then 

etching in one minute intervals.  This allowed us to examine the sheet resistance and therefore 

infer the current thickness of the film. The measurements were confirmed by calculating the total 

resistivity of the multi-material stack as a series of resistors in parallel. 

 To ensure that there is no shorting between the bottom and top electrodes, an etch angle of 

80o was selected to ensure sharp sidewalls.  As we performed the etch study at the same angle we 

confirmed our desired etch time, which in this case was nine minutes.  While, ideally, one would 

stop etching at the bottom electrode, it is better to over etch on this step and decrease the thickness 

of the electrode than to not remove the entire stack.  At this point the cross section of a device 

should look similar to Figure 3.3.C.  It is critical at this stage to perform an additional short etch 

at a shallow angle, 10o, for approximately 1 minute to clean up any re-deposition that occurred 

during etching. If one fails to do this there can be shorting along the sidewalls.   
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 Now that we have etched the micropillar it is important that we keep the sample under 

vacuum as much as possible, to ensure that the oxidation of the sidewalls is minimized.  To 

encapsulate the pillar, we employed reactively sputtered SiO2 to act as a passivation layer between 

the top and bottom electrodes. The passivation layer thickness was chosen to be 40 nm, as it is the 

same thickness as the stack and was sputtered in the same way as described above. A slight 

alteration was made at this step in that we inserted 30 minute cooling breaks every 10 minutes to 

ensure that the photoresist on the pillars did not overheat. At this point the cross section of a device 

should look similar to Figure 3.3.D. 

 The next step should be trivial as it is a standard lift-off procedure.  This consists of a 5 

minutes ultrasonic acetone bath followed by an IPA rinse, to remove the bulk of photoresist. 

Following this a 15 minutes ultrasonic acetone bath followed by an IPA rinse was used to clean 

the wafer. After this step the cross section of a device should look similar to Figure 3.5.A and the 

top should look similar to Figure 3.4.B. Unfortunately this step caused us considerable problems 

during device fabrication.  I believe these issues came from the resist overheating during the SiO2 

deposition. To resolve this issue we inserted several breaks into the deposition to allow the wafer 

to cool.  This does extend the deposition time drastically but did help resolve the issue. Another 

useful technique we employed was using a plasma ash to help remove the resist crust. 
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Figure 3.5: Cross Section of Device Fabrication: (A) Post Lift off (B) Deposition of Top 
Electrode (C) Masked Top Electrode (D) Etched Top Electrode 

 
 

 To complete the circuit, we needed to fabricate the top electrode. The first step to 

accomplish this was sputtering 20nm of Ru.  This material was selected as it is a low resistance 

metal that does not readily oxidize, and even if it does the oxide conducts, and does not suffer from 

many adhesion problems.  The thickness was selected to be thick enough to insure a low resistance 

but thin enough to reduce the likelihood that the internal stress will cause the film to peel off. After 

this step the cross section of a device should look similar to Figure 3.5.B.  

 Now that we have deposited the top lead material we need to define it into the correct 

shape.  This is accomplished using Mask-02 and the same parameters used in the initial photo step.  

This mask defines the shape of the top electrode that looks similar to a second inverted horse shoe 

shape.  After this step the cross section of a device should look similar to Figure 3.5.C. 

 Now that the top lead material and photoresist mask is in place, we can etch the top 

electrode. This etching was accomplished with a 5 minute, 45o ion beam etch (IBE).  The etch time 

was determined experimentally by performing an etch study on a SiO2 sample that was attached 

to the wafer holder when the top electrode was deposited.  After this step the cross section of a 
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device should look similar to Figure 3.5.D. After etching, the photoresist was removed using an 

ultrasonic cleaning.  This left the cross-section of the wafer looking similar to Figure 3.6.A and 

the top view looking similar to Figure 3.4.C. 

 

Figure 3.6: Cross Section of Device Fabrication: (A) Post Wafer Cleaning (B) Defined Windows 
to Bottom Electrode (C) Etched Top Electrode (D) Post Wafer Cleaning 

 

 Now we have essentially completed the device with the exception that we need to be able 

to access the bottom electrode.  To accomplish this we need to remove some of the SiO2 above the 

bottom lead.  To remove only the SiO2 and not harm the top electrode we masked off most of the 

wafer, only leaving the area above the bottom electrode exposed.  This was accomplished using 

an image reversal photo resist AZ 5214.[44] This resist will make a negative image of whatever 

mask is used. The photoresist processing is similar to S1818 with some differences.  This 

processing was based off Clariant LLC development strategy[44] with some modifications.   

 Similar to S1818, AZ 5214 processing starts by dispensing the photoresist onto the wafer 

using a 3 mL syringe. To reach the desired thickness the wafer is spun at 2500 RPM for 60 seconds: 
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this should give us a thickness of 1.4 micrometers.  To firm up the resist we employed a soft bake 

using a hotplate at 95oC for 45 seconds.  Now to imprint the pattern we inserted mask 3 into the 

aligner and used a 3.5 second hard contact exposure; this broke the bonds in the exposed area. 

Then we used a reversal bake to crosslink the exposed resist, which was performed with a hotplate 

set at 115oC for one minute.  To expose the rest of the resist we employed a 9 second flood 

exposure.  It is important to note this is performed without the mask in the Suss.  To develop the 

resist we use the same development process as in the first photo step.  After development we 

inspected the wafer for errors using the optical microscope.  To strengthen and firm up the resist 

we used a hard bake using a hotplate at 115oC for 5 minutes.  Lastly we used a descum process to 

clean the wafer.  This consisted of using the plasma asher for two minutes at 200W and one Torr 

of oxygen.  At this point the cross section of a device should look similar to Figure 3.6.B. 

 Now that the majority of the wafer has been masked we can etch the SiO2 away to reach 

the bottom electrode.  To accomplish this we used a reactive ion etcher, STS AOE (Advanced 

Oxide Etcher). As the oxide etcher etches extremely quickly we only employed a 15 second etch 

with a C4F8 pressure of 8.5 mTorr.  This will quickly etch the SiO2 while barely etching anything 

else.  At this point the cross section of a device should look similar to Figure 3.6.C. A final 

ultrasonic cleaning for 15 minutes was performed in an acetone bath.  After this step the cross 

section of a device should look similar to Figure 3.6.D and the top view would look similar to 

Figure 3.4.D. 

 At this point wafer fabrication is complete and we can now start dicing the wafer up so that 

each device can be tested individually.  The dicing was performed using a diamond scribe and a 

ruler by placing the ruler on the wafer then using the scribe to trace a line on the wafer until it 

cleaves along the crystal planes. Note with (100) silicon wafers it is very important to only scribe 
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at 0o degrees or 90o to the wafer flat. It is very important to blow the wafer clean after cutting, as 

the wafer will be covered in silicon debris after the wafer cracks.  If all cutting is done correctly 

this should yield 64 devices to test.  It is important to note that at least some devices will be 

damaged during cutting due to the unpredictable nature of scribing and cracking. 

 

3.2 TRANSPORT MEASUREMENTS 

 

 Now that we have fabricated and diced the devices we can test their transport properties 

using the Physical Properties Measurement System. Before inserting the sample into the PPMS we 

need to connect the device to the holder. These connections are formed using a wire bonder, which 

connects thin aluminum wires from the pads on the devices to the pads on the holder.  It attaches 

these wires by using ultrasonic vibrations to melt the wire and solder it to the surface.  

 

 

Figure 3.7: Device Pad connections 
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 As stated above, in Chapter 2, the PPMS is able to measure the transport properties of 

devices. It can do this by applying a positive voltage to one pad, a positive current to another pad, 

and then using the two remaining pads to measure the returning voltage and current, as shown in 

figure 3.7.  This allows us to measure the junction resistance through Ohm’s Law: voltage equals 

current times resistance.  Since we can measure the resistance and the PPMS allows us to change 

the magnetic field we can directly measure the magnetoresistance effect.  To perform the MR 

measurements we first cool the sample down, 100 K  in this case, and then apply a strong positive 

magnetic field, 4 kOe in this case.  Once this high field is applied we sweep the field to a high 

negative field value, -4kOe, and then sweep back to the high positive value.  The step size can be 

constant or varied depending on the nature of the sample. Plotting the field versus resistance gives 

us the MR curve, as shown below.  

 Below in figures 3.8 and 3.9 we show two MR v H, or switching, curves, which were 

measured on the PPMS described in Chapter 2. The sample stacks were: Si / Ta (2) / CoFeB (1) / 

MgO (1.6) / CoFeB (1) / Ta (0.3) / [ Co (0.3) / Pd (1)] x 5 / Co (0.3) / Ru 1.3 / [ Co (0.3) / Pd (1) ] 

x 9 / Ru (10), with the numbers enclosed in parentheses being the layer thicknesses in nm. These 

device sets were fabricated as described above with the exception that the devices shown in figure 

3.8 were fabricated with only the 80o etch, whereas those in figure 3.9 used the two-step method. 

As you can see from these two data sets, the two angle etch is critical to making high quality, 

reliable devices that are short-free. These shorts occur due to redeposition during the initial etch 

which is removed during the second etch step. 

 



45 
 

 

Figure 3.8: MR curves of devices from stack without two step micro pillar etch.  
 

 
Figure 3.9: MR curves of devices from stack with two step micro pillar etch.[45] 
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4.TA-INSERTIONS IN DOUBLE MAGNETIC TUNNEL JUNCTIONS 

 

4.1 MOTIVATION FOR DOUBLE MAGNETIC TUNNEL JUNCTIONS 

 

 As with many other sections of this dissertation, here we discuss a way of improving the 

performance of MTJs, in this case by improving their thermal stability (∆), writing current, and 

breakdown voltage.  As mentioned in Chapter 1, the thermal stability is the factor that controls 

how long an average bit will maintain its current magnetic direction. Having a value greater than 

60 is considered critical to maintaining bits for longer than 10 years.[32] The equation for the 

thermal stability is shown in equation 4.1. In this equation, we have four terms: the anisotropy 

constant (Ku), the volume (V), the Boltzmann constant (kb), and the temperature (T). While we 

cannot vary kb or T and Ku is dependent on the interface we can vary the V. 

 

∆=                                                                                                                       (4.1) 

 

 In this chapter, we seek a way to improve the TMR and thermal stability by converting our 

normal single MTJ format into what we call a double MTJ format.[46] This means we replace our 

normal format of ferromagnet / insulator / ferromagnet with ferromagnet / insulator / ferromagnet 

/ insertion layer / ferromagnet / insulator. It has been shown that doing this can improve the thermal 
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stability by a factor of 1.9 in a 70 nm pillar diameter.[47]  This near doubling of the thermal stability 

comes from the fact that we are doubling the thickness of the recording layer, ferromagnet / 

insertion layer / ferromagnet, while keeping it pulled perpendicular.[47] Further the DMTJ stack has 

an added advantage as the two MgO barriers have a smaller voltage drop than a single MTJ; thus 

the overall breakdown voltage is decreased[28] For these reasons double magnetic tunnel junctions 

have attracted considerable interest as of late.[28,46-53] MTJ’s using this structure have been 

successfully patterned and function at sizes down to 11nm.[49]  

 The most critical aspect of this stack is keeping the thick recording layer perpendicular. If 

this is not achievable, the writing current will be pushed too high to be practical.[28] As we are only 

focusing on the perpendicularity of the recording layer we reduced the thickness of the bottom 

layer to a magnetically dead state to act as a seed layer to the MgO. In any actual device the 

reference layer would be pinned using a perpendicular synthetic anti-ferromagnet. However, our 

interest here is to make sure that the recording layer stays out of plane.  

 As a sample does not have to be 100% in-plane or 100% out-of-plane, it is useful for us to 

have a metric to define the degree of perpendicularity of a sample. As almost all of the anisotropy 

from this sample will come from the interface we define this quantity as Interfacial Perpendicular 

Magnetic Anisotropy (IPMA), which is defined in equation 4.2.[54]  On this scale 100% IPMA 

means that it is fully perpendicular while lower values indicate it is not fully out of plane. 

 

4.2: EXPERIMENTAL PROCEDURE 

 

 The stack selected was Si/ Ta 5/ Co20Fe60B20 0.6/ MgO 2.0 / Co20Fe60B20 Y/ Ta X/ 

Co20Fe60B20 Y/ MgO 2.0 / Ta 5 (nm) where X was varied from 0.5 to 1.1 (nm) and Y was varied 
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from 0.9 to 1.7 (nm), with a step size of 0.2nm.[48] The Ta thickness (X) range was varied to be 

close to the minimum thickness, to insure a continuous layer, while the maximum was selected as 

1.1 nm since larger thicknesses prevented exchange interaction. The CoFeB thickness (Y) was 

varied from its smallest possible value with measurable signal, near the dead layer, to a thickness 

large enough to ensure it is no longer perpendicular. All samples were sputtered in the Shamrock 

sputtering system at 5x 10-8 Torr. All targets were sputtered using DC magnetron sputtering with 

the exception of MgO which used RF sputtering. A separate set of samples was annealed at 400oC 

for 8 minutes in the Shamrock sputtering system using radiant heat lamps. All the samples were 

of identical size as they were precut to 3 x 3 mm2 using a dicing saw. All sputtering rates were 

calibrated using X-ray reflectivity with the exception of MgO which was calibrated using 

ellipsometry and Nanospec measurements. Descriptions of all tools used above can be found in 

Chapter 2.   

 The magnetic properties were measured using both Alternating Gradient Magnetometry 

(AGM) and Ferromagnetic Resonance (FMR).  The AGM was used to measure the saturation 

magnetization (Ms) and the saturation field (Hsat), defined as the point where the demagnetization 

field matches the applied field.   FMR was used to measure the effective magnetization (Meff), 

which was determined by fitting frequency vs. resonance field, as well as the Gilbert damping 

coefficient.  
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4.3: RESULTS AND DISCUSSION 

 

 

Figure 4.1: Plots of magnetization out of plane vs. applied field for thickness ranges of CoFeB 
0.9-1.7 nm and Ta 0.5 – 1.1 nm (unannealed)[46] 

 
 

By looking at the individual M-H loops, presented in figure 1, we immediately see several 

trends. Increasing Ta thickness decreases the magnetic saturation which also corresponds with 

increasing perpendicular anisotropy. We also see that there are two distinct regions of interest, a 

mostly out-of-plane region with Ta 0.7 to 1.1 nm and CoFeB 0.9 to 1.1 nm with the exception of 

Ta 0.7 nm and CoFeB 1.1 nm. The remaining sections show hard axis loops, indicating in-plane 
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magnetization. To help illustrate how the thickness of the various layers affects the degree of 

perpendicularity we plotted the saturation field versus thickness in figure 4.2.  

 

 

Figure 4.2: Hsat (Oe) vs CoFeB 0.9-1.7 nm and Ta 0.5 – 1.1 nm (unannealed)[46] 
 

 
 As we had limited time and resources we focused our FMR analysis on the most interesting 

samples in the top left region of figure 1. This means we limited our search to 0.5 to 0.9 nm of Ta 

and 0.9 to 1.3 nm of CoFeB.  FMR analysis was performed on both the as-deposited samples as 

well as those that were rapid thermally annealed at 400oC for 8 minutes. This allowed us to measure 

the effective magnetization (Meff) of this subset. By using this data we estimated the interfacial 

perpendicular magnetic anisotropy (IPMA). This quantity directly measures the degree of 

perpendicular anisotropy that is generated from the CoFe/MgO interface, as defined in equation 1. 

 

=   ⤬  100%                                                                                           (4.1) 
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Table 4.1: As-deposited samples [46] 

 

 
 

Table 4.2: Rapid thermally annealed samples at 400oC for 8 minutes[46] 

 
 
 

 
 

Figure 4.3: Plot of IPMA vs. CoFeB (nm) and Ta (nm) for unannealed samples[46] 
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Figure 4.4: Plot of IPMA vs. CoFeB (nm) and Ta (nm) for rapid thermally annealed samples at 
400oC for 8 minutes[46] 

 
 
 Table 4.1 & 4.2 show the saturation magnetization, effective magnetization, and the 

calculated IPMA for each combination of Ta and CoFeB thickness for both the unannealed and 

annealed samples. In figure 4.3 and 4.4 we plot the IPMA versus both Ta and CoFeB thicknesses. 

From both graphs it is clear that the IPMA is much more perpendicular in the bottom right. In fact, 

the annealed samples for CoFeB = 0.9 nm with Ta at 0.7 and 0.9 nm are both 100% perpendicular. 

This data shows us several immediate trends in that IPMA correlates with higher Ta thickness and 

lower CoFeB thickness, which makes intuitive sense.  This data was plotted using Minitab 

statistical software.   

 Lastly, we were interested in investigating the anisotropy constant (Ku). As we were 

measuring a thin film with no known bulk anisotropy we assumed it to be equal to the Interfacial 

Anisotropy Constant (Ku,i). We derived this constant by using equation 4.3. (Note that this is 

usually expressed in an in-plane format; however, in this case we are using the out-of-plane 

format.) Holding the Ta thickness constant and varying the CoFeB thickness we can then extract 
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the Ku,i  value from the slope of this line.  We have plotted the resulting Ku,i  in figure 4.5. It is 

important to remember that more negative values indicate a more perpendicular behavior. 

 

4 = 4 + ,                                                                                                             (4.3) 

 

 
 

Figure 4.5: FMR results for Ku,i
[46] 

 
 
 As we can see from figure 4.5 the data is not straightforward and needs some explanation.  

The as-deposited samples are roughly all equivalent as they fall within the error bars of the 

experiment. These error bars were estimated based on reported tool characteristics.  The results for 

the annealed samples are somewhat harder to explain. Standard theory suggests that annealing 

should improve the crystallization of the CoFe / MgO interface, thus increasing the anisotropy. Kui 

for Ta = 0.7 and 0.9 nm show slightly higher anisotropy. For Ta = 0.5 nm the anisotropy decreases 

sharply, perhaps because the ultra-thin Ta = 0.5 nm layer was not able to stay continuous during 

annealing. 
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4.4: CONCLUSIONS 

 

From the data presented above on Si/ Ta 5/ CoFeB 0.6/ MgO 2.0 / CoFeB Y/ Ta X/ CoFeB 

Y/ MgO 2.0 / Ta 5 (nm) stacks we can conclude that an optimized MTJ of this type will maximize 

the Ta thickness while still insuring the layers are coupled. One must also remember  

that increasing the Ta thickness also decreases the Ms and makes the sample harder to measure. 

The CoFeB should be thin enough that it is perpendicular while not being magnetically dead. 

Lastly we have shown that the interfacial anisotropy does not vary with layer thickness and is 

only affected by annealing. This makes sense as the interface should not change based on the 

thickness. 
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5. PERPENDICULAR MAGNETIC ANISOTROPY IN COXPD100-X ALLOYS 

 

5.1: INTRODUCTION 

 

 In recent years a significant portion of spintronics research has focused around CoFeB-

MgO-based perpendicular magnetic tunnel junctions (pMTJ’s) for spin torque transfer random 

access memory (STT-RAM).[5,27,28,30,32,33,55-58] Methods for achieving perpendicular magnetic 

anisotropy in the pinned layer include using  Co/Pd  or Co/Pt multilayers as a synthetic 

antiferromagnet (SyAF) [56,59] or having a fully crystalline L10 pinning layer.[33] The multilayered 

SyAF adds to the complexity of the stack, while the L10 layer needs to be deposited or annealed 

at high temperatures.[17, 60] 

 CoPd alloys have been investigated in magneto-optics research in the 1990’s because of 

their perpendicular magnetic anisotropy.[61-64] However, there has been very little exploration of 

CoPd alloys as pinning layers for pMTJ’s. The similar alloy CoPt has also been demonstrated to 

possess similar perpendicular anisotropy and be utilized in a pMTJ.[65-69] In this paper we have 

studied the properties of CoPd alloys as a function of composition, seed layers, thickness, growth 

temperature and post-deposition annealing. We have deposited pMTJ stacks pinned with 

perpendicular CoPd alloys and characterized them with current-in-plane tunneling (CIPT) 

measurements.[70] 
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5.2: EXPERIMENTAL DETAILS 

 

 CoPd alloys were co-deposited from elemental targets onto a variety of seed layers by dc-

magnetron sputtering in a planetary SFI Shamrock sputtering system with in-situ rapid thermal 

annealing capability. The system base pressure was 4 x 10-6 Pa.  The CoPd alloys were co-sputtered 

from elemental targets at 0.8 Pa of Ar, using DC magnetron sputtering. The MgO seed and 

tunneling barrier layers were deposited using RF magnetron sputtering at 0.26 Pa of Ar. All other 

layers were DC magnetron sputtered at 0.26 Pa of Ar. The sputter powers for Co and Pd were 

chosen after EDX analysis to determine the composition of the CoxPd100-x alloys.   

 CoPd alloy samples were prepared varying both the thickness and composition of the film. 

In our thickness studies, we held the composition constant at equal parts Co and Pd while we varied 

the thickness of the film. In our compositional studies, the CoPd thickness was held constant at 50 

nm, grown on a 13 nm MgO seed layer and capped with 3 nm MgO. Post-deposition annealing 

was performed in-situ using rapid thermal annealing at 400oC for 5 minutes. The samples were 

allowed to cool in vacuum. Our experiments show that Ta/Pt and Ta/Pd function equally well as 

seed layers.  

 Perpendicular magnetic tunnel junction stacks were deposited to explore the use of a CoPd 

alloy to pin the CoFeB layer perpendicular. In a series of pMTJ’s, the CoPd composition was 

varied. The layer structure of the stacks was Si / SiO2 / MgO (13) / CoxPd100-x (50) / Ta (0.3) / 

CoFeB (1) / MgO (1.6) / CoFeB (1) / Ta (5)/ Ru (10), with the numbers enclosed in parentheses 

being the layer thicknesses in nm. These stacks were in-situ rapid thermally annealed at 400oC for 

5 minutes after deposition.  
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5.3: RESULTS AND DISCUSSION 

 

 Figure 5.1 (a) and (b) show the effect of thickness variation on the perpendicular anisotropy 

of the Co50Pd50 film annealed after deposition at 450oC. At lower thicknesses the films are in-

plane. The perpendicular anisotropy increases with thickness and the film becomes fully 

perpendicular at 50 nm. The sample structure was Si (100) / MgO (10) / Co50Pd50 (x) / anneal 

(450oC) / MgO (3), where (x) = 10, 20, 35, 50, 75 and 100, with the numbers enclosed in 

parentheses being the layer thicknesses in nm.  From the normalized M-H loops as shown in Figure 

1, it is evident that the nucleation field increased with increased thickness in the out-of- plane 

loops.  

 

 
Figure 5.1. Normalized Hysteresis loop of Co50Pd50 over various thickness; (a) In-Plane (b) Out-

of-plane.[70] 
 

 Further experimentation showed that the sample can be deposited at room temperature as 

long as the in-situ post-deposition annealing is performed. As this simplified the sample processing 

and potentially would make it more viable for industrial applications, we eliminated the pre-

heating step and only performed the in-situ post-annealing step 



58 
 

 If we hold thickness constant, at 50 nm, and vary the composition of the Co and Pd we see 

interesting behavior.  As we decrease the percentage of Co, we see that the loops shift from a 

bowtie shape to squarer loops.  The normalized hysteresis loops over various compositions are 

presented in Figures 5.2(a) and 5.2(b). As these graphs can be hard to quantify visually, we have 

extracted the important parameters and plotted them in Figure 5.3. 

 

 
Figure 5.2 Normalized hysteresis loops over various Co compositions fixed at 50nm; RTA 400oC 

for 5 min (a) In-Plane (b) Out-of-Plane. [70] 
 

 In Figure 5.3(a) we plot the remnant magnetization (Mr) as a proportion of the saturation 

magnetization (Ms). This is related to the squareness of the M-H loop. As one can see, Mr/Ms 

increases as we decrease the Co composition until we pass 22 % Co (atomic fraction), at which 

point it drops, the highest value being 0.9.  This shows quite clearly that the alloy is becoming 

more perpendicular as we decrease the amount of Co in the system. Once we pass a critical point, 

the alloy acts more like pure Pd.  

The coercivity Hc vs. composition is plotted in Figure 5.3(b).  A sharp rise in the coercivity 

is seen at about 30% Co. This increase in coercivity arises as the system transitions from switching 

as independent domains to switching uniformly. The saturation magnetization (Ms) is plotted vs. 

Co% in Figure 5.3(c) and is seen to be a straight line in relationship to the atomic percentages. 
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This decrease occurs because we are removing ferromagnetic Co atoms and replacing them with 

paramagnetic Pd. The anisotropy field (Hk), which determines the amount of field needed to 

switch the sample was found by determining the saturation field (Hs) using the 95% rule, which is 

the applied field that induces a magnetization that is 95% of saturation, and equation 5.1 below. 

Hk is plotted vs. Co composition in Figure 5.3(d) which correlates well with the Mr/Ms plot. In 

Figure 3(e) we plot the anisotropy constant using equation 5.2. The highest Ku is at 22.7% Co 

composition, which agrees well with Figures 5.3(a) and 5.3(c).  

 

Hk=Hs - 4πMs                                                                                                          (5.1) 

 

Ku=(Ms Hk)/2                                                                                                                               (5.2) 
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Figure 5.3: (a) Mr/Ms (b) Coercivity (c) Saturation Magnetization (d) Anisotropy Field (e) 

Anisotropy Constant; over variation of Co composition[70] 
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 Figure 5.4: dM (emu/cc) /dH (Oe) v. H(Oe) 

 

In Figure 5.4 we plot the derivative of the first sweep of the MH loop depicted in figure 

5.2. We can derive from this figure that the distribution in switching field is proportional to the 

percentage of Co% in the system. Interestingly, the two samples with the highest derivatives in the 

switching field distributions are the 35.0% and 22.7% samples. This makes intuitive sense as both 

samples have the steepest slopes at the switching point.   

 As shown in the X-ray diffraction spectra in Figure 5.5, the crystal structure of the film 

was determined to be fcc with a clear (111) peak observable in all samples at roughly 42o,[24,66] 

while 39.4% Co to 14.9% Co show a weak (200) peak at roughly 48o.[24] The shifting of the major 

peak to the left as the Pd concentration increases may be due to increasing strain in the lattice as 

the larger Pd atoms substitute for the Co. Similar shifts were observed by N. Nozawa, et al.[66] 
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Figure 5.5: X-ray diffraction spectra of CoPd vs. variation of Co composition, Cu Kα source[70] 

 

 Analysis of our XRD spectra shows that the (111) peak position gradually shifts as we 

adjust the composition as shown in figure 5.6 (a). The (111) peak is also well developed enough 

that we can extract the full width at half maximum, shown in figure 5.6 (b). This allows us to use 

the Sherrer equation to estimate the grain size,[71] which is shown in figure 5.6(c).  Lastly we 

estimated the lattice constant based on the peak position, which is shown in figure 5.6 (d). As one 

can see the lattice increases as we add larger Pd atoms.       
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Figure 5.6: X-ray diffraction spectra analysis[70] 

 

 Magnetic tunnel junction stacks were deposited as a function of CoPd alloy composition 

as follows: Si / SiO2 / MgO (13) / CoxPd100-x (50) / Ta (0.3) / Co20Fe60B20 (1) / MgO (1.6) / 

Co20Fe60B20 (1) / Ta (5)/ Ru (10), where x is the atomic percentage of Co and the numbers enclosed 

in parentheses are the layer thicknesses in nm. In Figure 5.7.a we show the hysteresis loops of the 

magnetic tunnel junctions. These hysteresis loops correlate with what we observe in Figure 5.2. 

Our CIPT measurements are shown in Figure 5.7.b.  As we can see, the maximum MR correlates 

with the maximum Ku values seen in Figure 5.3.e, at 25% Co. Further refinement of the MTJ 

trilayer, particularly the MgO barrier layer, will undoubtedly improve the MR.  
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Figure 5.7: (a) Hysteresis loops of all MTJ stacks (b) CIPT MR% V. Co% at.% 

 
 

With our current experimentation we have attempted to vary the thickness, composition, 

and with previous work, the annealing temperature. Upto this point we have focused on MgO as a 

seed layer. In the following paragraphs we will investigate several seed layers and how they affect 

the magnetic properties. In figure 5.8 we examined the stacks Si / X / Co25Pd75 (20) / Ta (5), where 

X is 1) MgO (5), 2) Ta (5), 3) Ta (5) / Pd (5), and 4) Ta (5) / Ru (5) / Ta (5), with the numbers 

enclosed in parentheses being the layer thicknesses in nm.  

 

 

Figure 5.8: Effects of Seed Layers on Co25Pd75 Alloy (a) Hysteresis Loop (b) Coercivity V Seed 
Layer 
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As one can see from the above figure the most notable effect of varying the seed layer is a 

dramatic change in coercivity (Hc). This figure also demonstrates that the CoPd alloy is 

perpendicular for films as thin as 20 nm. Initially we thought that the increase in coercivity came 

from a decrease in film roughness. To investigate this surface roughness, atomic force microscopy 

was performed, and it was found that all samples had a roughness below ~15 Å. This is within the 

noise level of the microscope, so roughness is not likely to be the source of the difference in Hc.   

 

 
5.4: CONCLUSIONS 

 

 We have explored CoPd over various ratios of Co to Pd. We have found that it has the 

highest perpendicular magnetic anisotropy at 20-25% (atomic fraction) Co. Further, we have found 

that CoPd is effective at perpendicular pinning of the CoFeB layer of a MTJ. As the Curie 

temperatures for CoPd alloys with Co at.% higher than 15% are higher than 400 K, this means 

they should be able to operate in practical devices.[72] Hence CoPd alloys have the potential to 

function as a simple replacement for other more complex pinning schemes.  

 

  



66 
 

 

 

 

6. COPD ALLOY FIRST ORDER REVERSAL CURVES 

 

6.1: FORC INTRODUCTION 

 

 First Order Reversal Curves, here referred to as FORC, is an experimental technique that 

allows us to examine the internal switching behavior of a magnetic sample. This measurement is 

performed using the AGM described above. This starts by saturating the sample well past the point 

that the sample reaches the magnetic saturation (Ms), which is called Hsat. The field is decreased 

until we reach a reversal field Hr. The field is then swept back to Hsat in a series of regular field 

steps. We then increase Hr and keep switching back in H steps, thus giving a series of curves. At 

each point we measure magnetization, yielding M(Hr,H). To resolve the switching field 

distribution, we take the partial derivative shown in equation 6.1.[73-75] 

 

( , ) =
∂ ( , )

∂ ∂
                                                                                                   (6.1) 

 

 As Hr and H can be somewhat hard to interpret, it is more useful to transform them into the 

coercivity (Hc) and the bias field (Hb). The equations used for this transformation are given in 

equation 6.2 and 6.3. This transformation acts as a 45o degree transform of the axis. This then gives 

us a distribution of switching field and allows us to determine where the sample is switching based 

on the peaks in the plot. We can determine the coercivity based on how far along the Hc axis a 
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peak is located. We can also gain information about any magnetic interactions based on how far 

from the axis peaks are located. We can gain additional information about the range and breadth 

of the coercivity based on the width of the peak.[73-75] It is important to remember that FORC 

measurements only capture the irreversible part of the magnetization curve. So if one uses a sample 

with a purely reversible magnetization the FORC analysis would show nothing.  [73-75] 

 

=
( )

                                                                                                                               (6.2) 

=
( )

                                                                                                                               (6.3) 

 

 

Figure 6.1: FORC example (a) FORC distribution (b) positive bias MH loop (c) negative bias 
MH loop, note color is designed to show bias not positive or negative distributions 
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 In figure 6.1 we show an example of idealized hysteresis loops and how they would be 

expressed in a FORC distribution.  Figure 6.1.b is an idealized square hysteresis loop that has a 

positive bias and Figure 6.1.c represents a similarly idealized loop with a negative bias.  Since 

these loops are idealized they are represented by points; any real-world FORC distribution would 

be a roughly Gaussian shape distribution.  

 

 

Figure 6.2: FORC (a) point selection (b) FORC Calculations  

 

∂ ( , )

∂ ∂
= ( ) − ( ) + ( ) −  ( )                                                              (6.4) 

 

 In Figure 6.2 we illustrate how the FORC curves are transformed into the FORC 

distribution.  As stated above, each FORC measurement is made up of several FORC curves. The 

AGM breaks each curve into several evenly spaced points.  In this example, in figure 6.2.a, we see 

two FORC curves, and along this we have selected two points A and B. Below these we have two 

interpolated points D and C which are located on the lower FORC curve.  We can then translate 

points A, B, C, and D over to the FORC distribution in the Preisach plane.  Then we can use 

equation 6.4 to solve for .  
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6.2: COPD ALLOY FORC 

 

 In our studies of the CoXPd100-X alloy composition in Chapter 5  we noted interesting 

behavior where the  M-H loops transition between a bowtie and a square shape. We were interested 

in studying the internal switching characteristics and dynamics of this transition. To study this we 

performed FORC analyses on all six of the samples. The raw measurements are is shown in figure 

6.3, which correlate to the corresponding M-H loopsin figure 5.2.  

 To interpret figure 6.3, we need to perform the partial differential equation 6.4. As this 

calculation is difficult to perform manually, an automated calculation program is often used. We 

used two software packages VARIFORC[76] and FORC+[77].  VARIFORC is a widely used 

program that performs a complicated algorithm that varies the size of the differentiated area.[76] 

FORC+ is a newly developed program created by Dr. Peter Visscher at the University of Alabama 

that directly performs the FORC analysis without doing any variations of the matrix size.[77] Figure 

6.4 shows the VARIFORC analysis while figure 6.5 shows the FORC+ analysis. 
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Figure 6.3: First Order Reversal Curves of CoxPd100-x alloy. (a) Co47.8Pd52.2 (b) Co39.4Pd60.6 (c) 
Co35Pd65 (d) Co27.6Pd72.4 (e) Co22.7Pd77.3 (F) Co14.9Pd85.1 
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Figure 6.4: VariFORC Analysis of CoxPd100-x Samples (a) Co47.8Pd52.2 (b) Co39.4Pd60.6 (c) 
Co35Pd65 (d) Co27.6Pd72.4 (e) Co22.7Pd77.3 (F) Co14.9Pd85.1 
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Figure 6.5: FORC+ Analysis of CoxPd100-x Samples in all plots the horizontal axis is Hc (Oe) 
while the vertical axis is Hb (Oe) (a) Co47.8Pd52.2 (b) Co39.4Pd60.6 (c) Co35Pd65 (d) Co27.6Pd72.4 (e) 

Co22.7Pd77.3 (F) Co14.9Pd85.1 
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6.3: RESULTS AND DISCUSSION 

 

 In the VariFORC analysis, figure 6.4, the changes in the 2nd derivative are represented by a 

color scale. In the FORC+ analysis, positive Preisach density is represented by red coloring while 

negative Preisach density is represented by blue coloring.  The intensity of the color represents the 

magnitude of the derivative.  For example, if there was a delta function in the M(H,Hr) input into 

FORC+ analysis one would see a blank screen with four squares of color together: two positive 

red squares, one in the upper left and lower right of the four squares, and the two remaining squares 

would be blue.  

 Both analyses show similar results for sub figures a, b, c, d, and f. The two figures are 

notably different in sub figure e. In compositions with Co from 47.8% to 27.6% both studies show 

two primary positive peaks of high intensity with two smaller blue peaks, one located in the central 

area that sits in the center of the crescent shape made by the two peaks, with the last peak located 

under the lower part of the crescent.  At 47.8% the two peaks are furthest apart on the Hb axis and 

are close to the Hc axis.  As the Co concentration is decreased the peaks slowly move together on 

the Hb axis and they move forward on the Hc axis.  This rise in coercivity agrees with what we see 

in figure 5.3.b.  

 The two programs interpret figure 5.1.e, Co 22.7% at., very differently. In the FORC+ 

analysis the pattern in the previous sub figures continues and the crescent continues to collapse.  

In the VariFORC interpretation of this sample we see a notably different behavior as we see the 

crescent shape replaced by a large negative region next to a large positive region.  The line 

separating the two shapes seems to also cause several other positive and negative echoes to appear. 
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As this anomaly does not appear in the FORC+ analysis which directly performs the calculation 

without trying to do any smoothing it is probably more accurate.  In the last sub figure 6.4.f and 

6.5.f we see the two parts of the crescent meet, indicating that the system is now switching together 

instead of switching separately.   

 Several research groups have performed FORC measurements on samples with bowtie 

shapes these largely fall into two camps: nanostructures (dots, or antidots patterns)[78-80], multilayer 

systems,[81-83] or both.[84]  In all of these papers a crescent-shaped pattern was observed that looked 

similar to the pattern seen in figure 6.4.a-d and 6.5.a-e. J. E. Davies et al.[83], who also found a 

crescent shape, was able to perform Transmission X-Ray Microscope (TXRM) on the samples and 

directly image the magnetic domain.  They found that their samples were forming a stripe domain 

when the field was near the axis. It is possible that a similar phenomenon  may be occurring in our 

samples.    

 

 

Figure 6.6: Hysteresis loop correlation and calculations 
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 In figure 6.6 we examine the FORC curve from figure 6.3.a and the FORC+ distribution 

from figure 6.5.a.  The FORC+ allows us to directly correlate positions on the FORC curves to 

points on the FORC distribution; arrows have been drawn that show this correlation.  The top 

positive peak comes from the wide part of the bow tie shape while the lower part of the bowtie 

represents the lower peak further down the bias axis.  The Preisach “string” connecting the two 

main peaks represents the  narrow part of the central bow tie.  Lastly we see a small negative peak 

represented by the blue peak at the bottom when the system is switching to the saturated state.  The 

less intensely-colored area, where it oscillates from blue to red, represents noise in the system that 

would roughly cancel out .  

 

6.4: CONCLUSIONS 

 

 We have shown that that, as the CoPd alloy decreases in Co concentration from a 1:1 ratio 

to lower concentrations of Co, that the system transitions from having two switching peaks to a 

single uniform switching peak.  If our samples are similar to J. E. Davies’ samples[83] then this 

represents our system transferring from a stripe domain switching pattern to a uniform switching 

behavior.  This would indicate that our system has five types of switching behavior. At fields over 

5000 Oe all samples are uniformly saturated.  Once we decrease the field below the saturation field 

we pass through the region where stripe domains are nucleated, which would correspond to the 

first peak.  Next is a region where the system behaves linearly in the stripe domain region.  Once 

the system approaches -Hs the stripe domain collapses, which represents the second peak in the 

FORC distribution. The last section where the field is more negative than -Hs represents where the 

field is again fully saturated.  
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7. FE2MNGE THIN FILMS 

 

7.1: FE2MNGE INTRODUCTION  

 

 Half metallic alloys have a wide range of applications such as spin filters,[38] spin 

polarizers[38] and high signal GMR devices.[38,39,85-87]   As stated in the introduction the Heusler 

family of alloys is predicted to have a large number of half-metallic alloys.[34]   The system 

Fe2MnGe is an interesting Heusler alloy that was predicted to have an L21 crystal structure[88]  but 

has also been predicted to have a D022 crystal structure.[89]  Experimentally, two groups have 

indicated that they observed a D019 crystal structure, the first using ball milling[90] while the second 

team used arc melting from elemental sources.[91] The first team used XRD as their primary 

evaluation method while the second team employed both XRD and SAD TEM. The fact that all 

three seem to agree indicates a high probability of it being correct. 

 We are interested to see if this material can be made in a thin film and to see if we can 

affect crystal structure and achieve a metastable state by varying the substrate used for film 

deposition.  To that end four substrates have been selected. We used MgO (100), from MTI alloys, 

to see if the L21 phase could be formed in a metastable state, TED Pella, Inc. holey carbon TEM 

grid supported on a Cu mesh to examine the film without a substrate, and C and M-plane sapphire, 

from MTI alloys, to see if we could grow epitaxial D019 phase Fe2MnGe.  
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7.2: EXPERIMENTAL DETAILS  

 

 All films described in this chapter were deposited using the “RASCAL” sputtering system 

described in Chapter 2.  To prepare for deposition, we first thoroughly leak-checked the system to 

ensure our pre-annealing pressure was around 1x10-9 Torr (note that during annealing this pressure 

may rise to 1x10-8 Torr). The annealing lamp, which is located behind the sample plate in a Ta 

oven, was calibrated using a pyrometer. This allowed us to consistently set the temperature based 

on the voltage applied to the lamps.  Elemental 1.5-inch diameter Fe, Mn, and Ge targets were 

ordered from ACI alloys. Each gun was calibrated using a crystal quartz monitor.  We then 

estimated how much flux was needed per gun based off these initial rates using equation 7.1, where 

R is the deposition rate,  is the density in g/cc, M is the Moller mass in g/mol and c is the relative 

rate of deposition.  These initial rates were refined with WDS measurements on the Joule 8600, 

that functions as described in Chapter 2.  

 

= × × ×                                                                                                                     (7.1)  

 

 Annealing causes a significant change in system pressure as we adjust the annealing 

temperature. The standard procedure is to increase the heater voltage in a two-step method, first 

increasing the voltage to 20V and allowing a half hour for the sample to outgas, then increasing 

the voltage to 40V, roughly 600oC, the deposition temperature. After reaching this temperature we 

allow an additional half hour for the sample to outgas. In figure 7.1 we show the mass spectrometer 

results before, during, and after the sample heating.  



78 
 

Bef
ore

 2
0V

 1
 m

in

20
V 1

5 m
in

20
V 3

0m
in

40
V 1

 m
in

40
V 1

5 
m

in

40
V 3

0m
in

Afte
r D

ep

10-9

10-8
P

re
ss

u
re

 a
n

d
 M

a
ss

 S
p

e
c

 Pressure
 Mass (18)
 Mass (28)
 Mass (44)

 

Figure 7.1: Mass Spectrometer results at various times before, during, and after sample heating. 

 

 As one can see in the figure above, we show the system pressure as reported by the ion 

gauge and the partial pressures of three mass spectrometer peaks: mass (18) which is H2O, mass 

(28) which is N2 or CO, and mass (44) which is CO2. The lowest values for all peaks and the 

system pressure come from the before heating measurement. Once the heater is turned on and set 

to 20V the N2 and CO2 pressure spike but gradually return to normal. The system pressure peaks 

at roughly 15 minutes and then starts to recover. This trend is also true for the water vapor in the 

system. Once we set the temperature to 40V we see a similar trend in the system pressure, N2, and 

CO2 as we saw in the 20V region. Unlike the 20V region the H2O never seems to decrease in the 

40V region. After the deposition the H2O and CO2 recover while the system pressure and N2 

remain high. 
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7.3: C PLANE SAPPHIRE 

 

 C plane sapphire was initially selected in an attempt to epitaxially grow D019 Fe2MnGe. 

Two sizes of substrates were used: 1 cm x 1 cm and 3 mm x 3 mm.  The former size was selected 

to enable easy XRD measurements while the latter was chosen to enable magnetic measurements.  

The samples were held in place by W wires that were spot welded in place. The deposition time 

was selected to be 500 s, which was confirmed by XRR measurements to give a film thickness of 

roughly 16 nm, with a deposition temperature of approximately 600oC, using the pre-determined 

deposition powers.  

 In situ Auger, shown in figure 7.2, and RHEED, shown in figure 7.3, measurements were 

performed for surface characterization. The Auger data shows that we do have all three elements 

present: Fe and Mn are represented by the peaks between 500 eV and 700 eV while Ge is 

represented by the two peaks located between 1,100 eV to 1,200 eV. While it can be hard to directly 

calculate composition from Auger energies we were able to also perform WDS measurements that 

showed our composition is roughly Fe 45.5%, Mn 27.5%, and Ge 27%. This seems to agree with 

what we see in the Auger data.    

 In Figure 7.2 we show the RHEED measurements. We cannot vary the stage rotation so 

we cannot properly characterize the crystal structure but we can confirm if the sample is crystalline 

or not. As one can see from the figure below there is a clear dot pattern, thus meaning we have a 

crystalline sample. As the RHEED analysis indicates a crystalline sample we performed XRD 

measurements shown in figure 7.4.  
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Figure 7.2: Auger Spectrum of C-plane Sapphire 

 

 

Figure 7.3: RHEED Spectrum of Fe2MnGe on C-plane Sapphire 

 

 Unfortunately, the XRD spectrum in figure 7.4 does not correlate with either the DO19, 

L21, or any other immediately recognizable crystal structure. Initially it was believed that the film 

may have oxidized but the lack of a large peak at 500 eV in the Auger spectrum indicates that the 
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surface is mostly oxygen free.  Electron backscatter diffraction (EBSD) measurements were 

performed to help identify the crystal structure. The results are shown in figure 7.5.  

 

  

Figure 7.4: XRD measurements of Fe2MnGe on C-plane Sapphire 

 

 

Figure 7.5: EBSD measurements of C-plane Sample 
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 In the above figure, we see both an SEM of the sample with the EBSD measurements that 

are attempting to match pure Fe, Mn, and Ge crystal structures.   This data shows that the system 

may be segregating into individual phases and is not properly alloying into a stable phase. This 

conclusion should be held in some doubt as the system gave a low confidence value during the 

measurement.  Further the roughness of the system, which is visually apparent, indicates that the 

film is not properly wetting the surface.   

 

7.4: M PLANE SAPPHIRE 

 

30 40 50 60 70 80 90 100 110 120
10-1

100

101

102

103

80
.9

o

8
7

.8
o

67
.8

o

6
0

.8
o

42
.6

o

C
ou

nt
s/

s

2-theta

022417 Fe2MnGe M-plane

3
9.

8o

 

Figure 7.6:  XRD measurements Fe2MnGe on M-plane Sapphire 

 

 M Plane sapphire was used, as we hoped this sample would allow the D019 phase to grow 

epitaxially.  These samples were deposited in a similar manner as the ones described above.  Due 
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to sample charging both Auger and RHEED analysis were not able to be performed.  XRD analysis 

of this sample is shown in figure 7.6. Unfortunately, this XRD pattern does not match any of the 

expected XRD patterns.  

 

7.5: HOLEY CARBON TEM GRID 

 

 We attempted to see if we could replicate the bulk results with our thin film deposition 

system by depositing on a holey carbon TEM grid.  This would allow us to examine the film as 

independently from the substrate as possible.  We selected “TED PELLA, INC. Ultrathin C film 

on Holey Carbon Support Film, 400 mesh, Cu” which consists of small circular Cu meshes with 

an ultra-thin carbon mesh draped between them.  This allows us to perform TEM studies directly 

after deposition without any sample preparation. The deposition characteristics were the same as 

described in section 7.3.  

 

 

Figure 7.7: TEM images of Fe2MnGe on a Holey Carbon TEM Grid 
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 While the film does not fully cover the samples, as many areas lose the carbon support grid 

during handling and deposition, in figure 7.7 we show a close up of one of the grains that did form 

on the grid.  This sample shows evidence of a well-ordered structure and seems to form crystalline 

grains.  To evaluate the crystal structure, we performed selected area diffraction (SAD) analysis 

that shines the electron beam through the grid and the electrons diffract off the atoms.  If this is a 

large single crystal there will be a dot pattern. If it consists of many randomly oriented grains then 

the sample will show a ring pattern, as it is in fact many dot patterns transposed on one another. In 

our sample, we observe a ring pattern as the beam shines through many grains. In figure 7.8 we 

show the pattern and in table 7.1 we list the diameters of each ring.  

 

 

Figure 7.8: SAD of Fe2MnGe on a Holey Carbon TEM Grid 970 mm 
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Table 7.1: SAD of Fe2MnGe on a Holey Carbon TEM Grid 

Color Diameter (mm) 

Light Blue 24.00 

Orange 34.35 

Gray 41.41 

Yellow 54.12 

Blue 64.00 

Green 72.24 

 

 

Figure 7.9: Comparison of SAD of Fe2MnGe bulk on left[11] and  
Sample on a Holey Carbon TEM Grid 970 on right 

 

  Correlating SAD diffraction patterns to crystal structures is known to be difficult but 

directly comparing two SAD patterns can be done rather easily though geometric comparisons, if 

they were taken with the same camera length, and in this case, they used the very same camera. 

On the left side of figure 7.9 we observe the bulk SAD pattern generated by S. Keshavarz et al.[91] 

on the right side is the same SAD pattern shown in figure 7.8.  While it is hard to see in the printed 
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version, all the lines correlate, with the exception of the green line, which is somewhat dim in the 

original pattern.  The data indicates that when the samples are deposited in our system with 

minimal substrate interference, as the carbon lattice is amorphous, then it seems to replicate the 

bulk results.  

 

7.6: MGO (100) 

 

 Lastly, we wanted to see if we could form a metastable state of the L21 phase of Fe2MnGe 

by attempting to template the growth off MgO substrates.  The deposition followed the details 

given in section 7.3 with the exception that the deposition time was 1000 s. A thicker film was 

grown to try and improve the XRD spectrum. While we were not able to measure the Auger results 

due to technical issues the RHEED results are shown in figure 7.10 and show a very clear RHEED 

pattern indicating that the sample is crystalline.  

 

 

Figure 7.10: RHEED Spectrum of Fe2MnGe on MgO 
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 This clean, strong RHEED pattern indicated that proceeding with XRD studies were well 

worthwhile.  XRD analysis was performed and is shown in figure 7.11.  This XRD pattern only 

shows 4 peaks, the two expected substrate peaks MgO (200) at 42.9o and MgO (400) at 94.0o, and 

the two remaining peaks at 30.4o and 63.3o, which seem to correlate to Fe2MnGe (200) and (400) 

peaks. Interestingly, these peaks are sharp and clear indicating large grains and a well-ordered 

crystal structure.  Furthermore, the fact that we are only seeing the (100) series peaks indicates that 

this sample may be epitaxial.  To check this hypothesis, we attempted to measure the highest 

intensity at 45o off-normal for peak (220) which was predicted to be at 43.4o but was found at 

44.1o, as shown in figures 7.12 and 7.13. These results seem to indicate that we have stabilized the 

epitaxial L21 phase of Fe2MnGe on MgO 100 substrates. 
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Figure 7.11: XRD measurements of Fe2MnGe on MgO 
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Figure 7.12: Rocking Curve of Fe2MnGe on MgO at 44.1o 

 

 

Figure 7.13: Series of Rocking Curve of Fe2MnGe on MgO at from 42.8o to 44.3o 
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EDS analysis of this sample shows Cu contamination in the sample of roughly 16% at.  Investigations of 

this system showed it came from the Fe target being punched through. This matched with the EDS data 

which showed the Fe to be at 36% at. The Ge and Mn were roughly in line with what was expected.  It 

should be noted that EDS can be deceiving because Fe and Mn have peak overlap so the absolute value of 

these percentages should be held in some doubt. From the EDS map shown in figure 7.14, it appears that 

the Cu may be segregating away from the other elements.  

 

 

Figure 7.14: EDS map of Fe2MnGe with Cu contamination 

 

Interestingly when the Fe target was replaced with a new Fe target, and after the composition was 

re-verified, we failed to see the same XRD pattern. Instead we saw the pattern observed in figure 

7.15. Notably the (002) and (004) peaks are present but there are three additional peaks. We 

initially thought that these new peaks came from oxidation but the Auger spectrum in figure 7.16 

shows little oxygen.  
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Figure 7.15: XRD of Cu free Fe2MnGe 

 

Figure 7.16: Auger Spectrum of Cu Free Fe2MnGe 

 

 The above results made us wonder if the L21 crystal structure was not energetically 

favorable, even with the MgO substrate, compared to the closely related cubic structures, either 

partially occupied L12 or C1b. Both of these structures are very similar to L21 except they have half 
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as much of the X element: thus the system may try to be forming FeMnGe. These three crystal 

structures are impossible to distinguish based on XRD as they have the same symmetries. To test 

this hypothesis FeMnGe was prepared using the same deposition techniques as described above. 

As you can see, in figure 7.17, the XRD of the FeMnGe sample matches what we saw in figure 

7.11, indicating that we were probably growing epitaxial L12 or C1b FeMnGe. In figure 7.18 the 

Auger spectrum is shown and in that we can observe that there are somewhat smaller Fe peaks 

compared to figure 7.16. 
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Figure 7.17: XRD of C1b FeMnGe 
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Figure 7.18: Auger Spectrum of FeMnGe 

 

7.7: CONCLUSION 

 

 In this chapter, we have reported on depositing Fe2MnGe films on various substrates.  First 

we confirmed that the sample was receiving the correct amount of flux from each sputter gun.  This 

calibration was done with WDS and backed up by Auger measurements.  We were not able to 

identify the crystal structure that formed on the C and M plane sapphire substrates.  The thin film 

sample deposited on a TEM grid seems to match the bulk results compositionally from the SAD 

analysis.  Lastly it seems that we have been able to grow an epitaxial cubic alloy with either a L12 

or C1b crsytal structure of FeMnGe on the MgO 100 substrate.  
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8. CONCLUSIONS 

 

 In this dissertation, we have discussed several methods of improving spintronic GMR and 

TMR devices and showing how to fabricate them.  In the first chapter, we gave a short overview 

of the history of magnetoresistance effects and their development into modern giant 

magnetoresistance (GMR) and tunneling magnetoresistance (TMR) devices.  We found that 

modern GMR devices need high spin polarization materials and low RA products.  In the TMR 

section we discussed how MTJ could potentially enable a new universal memory called STT-

RAM.  To achieve this, we need to simultaneously have high TMR for low signal to noise ratio, 

high thermal stability for long term data storage, and low write current to allow for smaller, lower 

power devices.  

 In the second chapter, we focused on the equipment used to fabricate and test the samples.  

For deposition, we used three systems: a Denton e-beam evaporator, a SFI Shamrock, and the 

RASCAL sputtering system.  For masking we used a Karl Suss MA6/BA6 mask aligner.  For 

etching we used both wet etch, using acids, an Intelvac ion mill, and a deep reactive ion etch  

system (AOE)  for dry etching.  To perform magnetic measurements, a Princeton Scientific AGM, 

a Quantum Design Dynacool VSM, and a homemade FMR set up were used.  For chemical 

analysis, we employed a Joule 7000 FE-SEM with EDS attachment and a Joule 8600 with WDS.  

For electrical measurements we used a four-point probe, Quantum Design Dynacool PPMS system 
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and a Capres CIPT tool at NIST. Lastly for structural measurements we used a FEI Tecnai TEM, 

and Philips XRD.   

 In Chapter 3, we describe in detail how we fabricate magnetic tunnel junctions and how 

they are tested.  While this dissertation does not focus on MTJ fabrication, the author believes it 

was important that the information be preserved so future researchers would be able to reproduce 

these devices.  The key technical insight from this chapter focuses on the importance of using a 

two-step process during the micropillar etch.  While one should do the bulk of the etching at a high 

angle (~80o) the final few minutes of the etch needs to be at a low angle (~10o) to ensure that any 

redeposited material is removed from the side walls of the pillar.  Following the steps laid out in 

this chapter should provide enough detail for the reader to reproduce the devices described.  

 In chapter four we described methods of increasing thermal stability of an MTJ by 

converting the traditional single barrier format to a double barrier format.  This entails shifting 

from a Ta / CoFeB / MgO / [CoFeB] / Ta stack to a Ta / CoFeB / MgO / [CoFeB / Ta / CoFeB] / 

MgO stack, where the text in brackets indicates the free layer.  The formatting change doubles the 

volume of the free layer while maintaining the interfacial perpendicular anisotropy of a thin CoFeB 

layer pulled perpendicular by MgO. This effectively doubles the thermal stability without affecting 

the critical current.  

 We worked on optimizing the free trilayer structure by varying the CoFeB and Ta 

thicknesses in a matrix study, varying the CoFeB from 0.9 to 1.7 nm and Ta from 0.5 to 1.1 nm.  

Through this study we found the most interesting behavior to come from the region with CoFeB 

0.9 to 1.3 nm and Ta 0.5 to 0.9 nm, so we performed FMR measurements on this subset of samples.  

This was done so we could extract the IPMA, using this we can determine which samples have the 

highest perpendicular anisotropy.  We found that the most perpendicular samples come from ones 
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with the thinnest CoFeB and the thickest Ta layers.  We also determined the interfacial 

perpendicular anisotropy from the FMR measurements for as-deposited and annealed samples, 

where the annealing appears to improve the thicker samples, but degrades the thinnest one of 0.5 

nm.  

 In Chapter 5 we studied CoPd alloy systems that are a potential replacement for the more 

commonly used Co/Pd multilayers.  This alloy has the potential to greatly simplify MTJ stacks 

and replace the overly complicated multilayer structure with a simple alloy.  We first started by 

examining the effects of varying the thickness of the alloy with a composition of 50 at. % Co and 

50 at. % Pd.  We found that at low thickness it had a hard axis behavior out of plane while thicker 

samples shifted to a bow tie shape.  The in-plane measurements shifted from easy axis at low 

thickness to hard axis at higher thickness.   

Next we examined the effects of varying the composition of the sample and found that as we 

decreased the composition from Co:Pd 1:1, the bowtie shape transformed into a more traditional 

square easy axis loop.  This trend continued until we passed a roughly 1:3 ratio of Co to Pd. At 

this point the easy axis loop started to trend back to hard axis behavior.  The squareness (Mr/Ms), 

Hk and anisotropy constant (Ku) peaked at the same Co:Pd 1:3 ratio.  The coercivity peaked at 

roughly 30 % at. Co as the M-H loops shifted from the bowtie to square shapes.  The Ms was 

observed to decrease in proportion to the amount of Co in the system.  

 To examine the source of the PMA in the system we performed structural characterization 

using XRD analysis.  This data showed that the primary fcc (111) peak shifted to the left with 

increasing Pd content, indicating a higher lattice constant.  This increase in lattice constant 

indicates increased strain in the lattice. While this is not direct evidence that stress is inducing the 

perpendicular anisotropy, it does correlate. 
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 Part of the goal of this project was to show that CoPd alloys could replace Co/Pd 

multilayers in MTJ’s To that end, simple MTJ stacks were prepared using CoPd alloys over a range 

of compositions as the pinning layer. CIPT results were performed and it was found that that the 

samples with the highest anisotropy also showed the highest MR, ~50% MR at a 25 % at. Co.  

While this is moderate compared to pMTJ TMR values reported in the literature [16] it is comparable 

to other MTJs made here, with no special attention being paid to optimizing the MgO barrier. 

 Lastly we wanted to study the effects of varying the seed layer on the sample as well as 

whether this would decrease the overall thickness of the perpendicular CoPd films at the optimized 

composition. To this end we explored the following seed layers: MgO (5), Ta (5), Ta (5) / Pd (5) 

and Ta (5) / Ru (5) / Ta (5), with the numbers enclosed in parentheses being the layer thicknesses 

in nm.  It was found that the samples with the Ta / Pd seed greatly increased the coercivity, boosting 

it over 600%.  We also found that with the optimized composition the alloy layer could be made 

much thinner and retain its perpendicular properties down to 10 nm. 

 In Chapter 6, we took an in-depth look at the CoPd alloy composition study reported in 

Chapter 5 using first order reversal curves (FORC).  This is a powerful experimental technique 

that allows for the examination of the internal switching characteristics of a sample.  We employed 

two FORC evaluation software packages, VariFORC and FORC+, to ensure that any observed 

behavior was coming from the samples, not the software.  Both of the software packages agreed 

on all but of one the samples.  

  From our analysis, we were able to determine that the samples have a crescent shape 

switching behavior that slowly collapses as we decrease the amount of Co in the system.  This 

collapse mirrors the transition between the bowtie to square shape.  It is hypothesized that this 

transition occurs due to stripe domain formation transitioning to single domain switching.  
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 In Chapter 7, we described our experimental efforts on Fe2MnGe thin film deposition on 

various substrates including: C-plane sapphire, M-plane sapphire, holey Carbon TEM grid, and  

(100) MgO .  These substrates were selected to see how the substrate surface would affect the film 

growth.  It was hoped that the M-plane and C-plane substrates would help induce epitaxial growth 

Fe2MnGe in the D019 phase.  While the films were all shown to be crystalline, the predicted  D019 

crystal structure was not formed.   Our SAD results seem to indicate that it does form a 

polycrystalline phase on the TEM grid similar to the single-crystal bulk phase.  Lastly we used 

(100) MgO substrates with the hope that we could induce a metastable L21 phase.  Our results 

indicate that we were not able to grow a stable L21 phase. However, we were able to grow an 

epitaxial cubic phase of FeMnGe. 

 In conclusion, we have described four separate research projects.  First we showed methods 

of increasing thermal stability in MTJs while retaining their perpendicular anisotropy by using a 

trilayer structure CoFeB / Ta / CoFeB. Next we investigated CoPd alloys as a replacement for 

Co/Pd multilayers on MTJ’s.  Next we explored the internal switching behavior of CoPd alloy 

though use of FORC analysis.  Lastly we detailed our experiments on FeMnGe where we found 

that it grew a cubic phase that may be a partially occupied L12 or C1b phase. These research results 

should add to our overall knowledge in the field of spintronics. 
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