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ABSTRACT
The development of new materials for spintronic applications, such as STT-MRAM,
continues to expand at a rapid rate, attracting a great deal of research interest. Our group has
tried to simplify the design of the perpendicular magnetic tunnel junction (pMTJ) stack by
replacing the complex Co/Pd multilayer synthetic antiferromagnet pinning layer with a CoPd
alloy. In my PhD work, I have studied systems in which these CoPd layers are used to pin the
reference layers of pMTJs. We have examined the influence of composition, thickness, and seed
layers on the coercivity, remanence and perpendicular anisotropy of CoPd alloys, and related
them to their structural properties and switching behavior utilizing various characterization
methods. Results utilizing First Order Reversal Curve (FORC) analysis, atomic force microscopy
(AFM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), magnetic
force microscropy (MFM), X-ray diffraction (XRD) and transmission electron microscopy
(TEM) will be detailed in this dissertation. It will be clearly shown that improved magnetic
properties depend upon improved crystal structure of the CoPd alloy, which in turn, depends
upon the seed layer upon which it is grown.
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Chapter 1: Introduction
1.1: Overview of Spintronics

In the recent technology roadmap, the interest is not only the use of the electron charge
but the electron spin to carry information, and this makes new generation of devices combining
standard microelectronics with spin-dependent effects1-6. This is as a result of the interaction
between the spin of carrier and the magnetic properties of the material7-9. This phenomena is
called spintronics10,11 or spin transport electronics where the intrinsic spin of the electron and its
associated magnetic moment plays a significant role in solid-state devices functionality.
Historically, spintronics first developed in the 1980s. Before then, F. Mott et al in 1933,
published the spin dependent conduction12,13 and forty years later, P. Tedrow14 and R.
Meservey14 reported experimental evidence of current spin polarization from ferromagnetic
metal and superconductor tunneling experiments. In 1960, Rashba et al15,16 brought up the idea
of electric dipole spin resonance and in 1975, Julliere6 et al experimentally observed tunneling
magnetoresistance (TMR) in magnetic tunnel junctions using Fe/GeO/Co. In 1985, spinpolarized electron injection was observed by Johnson and Silsbee17 from a ferromagnetic metal
to a normal metal. In 1988, the giant magnetoresistance (GMR) effect was discovered by Peter
Grünberg et al.3 and Albert Fert4 et al. independently. In 1990, Datta and Das18 proposed of the
design of a spin field-effect-transistor to use semiconductors for spintronics. Later in 1995, T.
Miyazaki et al8, N. Tezuka et al and J. S. Moodera et al7 extended M. Julliere’s6 low temperature
results to room temperature and with significantly higher TMR. The tunnel barrier used for these
1

experiments was aluminum oxide. In 2001, W. H. Butler et al9 proposed that crystalline bcc
(001) MgO sandwiched between Fe layers was both lattice-matched and band-matched, and
could theoretically achieve a TMR of 1000%. This was the so-called symmetry spin filtering
effect. In 2004, these predictions were experimentally confirmed independently by Yuasa 19 et al
and Parkin et al20, and MgO became the main tunnel barrier used for read heads and memory
applications. Shortly afterwards, Djayaprawira et al21 found that using sputtered amorphous
CoFeB with the MgO barrier resulted in easily fabricated high TMR devices, since a relatively
low temperature post-deposition anneal of 350 oC allowed bcc (001) CoFe to template from the
MgO. Since then there has been intensive research on CoFeB/MgO/CoFeB magnetic tunnel
junctions, with the highest TMR experimentally reported being over 600% 22.

1.2: Overview of MTJ (in-plane anisotropy)
Anisotropic magnetoresistive (AMR)23, discovered in 1857, which was used mainly in
hard disk drive (HDD)10 read heads for retrieving data because it was not sensitive enough to
pick up the small signals from small bits as HDD storage density continued to grow rapidly. The
discovery of the giant magnetoresistive (GMR)24 effect in 1988, the magnetic tunnel junction
(MTJ) with aluminum oxide barrier in 19918 and the magnesium oxide tunnel barrier9 MTJs in
2001 contributed largely to this growth. Today, MTJs are technologically applied in HDDs and
magnetoresistive random access memory (MRAM) 25. Another application of MTJs is to be used
for the STT-MRAM25,26 devices. It has the ability for smaller scaling, less power consumption.
An additional potential application is in building logic configurations by combining non-volatile

2

memories and logic circuits in order to overcome the scaling challenges in complementary metal
oxide semiconductor (CMOS) logic27, high speed, and unlimited endurance.
Giant Magnetoresistance (GMR) spintronic device works with the principle of the
electron spins polarize by the first magnetic layer. The second layer, if the moment not aligned
with polarizer’s moment, it get scatters the spins strongly but allow the spins to pass if its
moment is aligned. The resistance is then change depending on whether the moments of the
magnetic layers are parallel (low resistance) or antiparallel (high resistance) 24, 28, 29.
A Magnetic Tunnel Junction28,29 is a device made up of two ferromagnetic layers
separated by a thin insulating barrier. One of the ferromagnetic layers is fixed/pinned and the
other is free. The insulating barrier is usually aluminum oxide (Al2O3) or magnesium oxide
(MgO)9. MTJs work the same way as GMR as both the resistance of the spin valve and the
tunneling resistance are manipulated by magnetic field. However, MTJ devices have high
resistance because of their smaller tunneling current density. MTJs are made up of two types:
namely, in-plane MTJs and perpendicular MTJs. In-plane magnetic anisotropy materials are
utilized in spintronic device applications like HDD read heads, MRAM devices, spin logic
devices27, and gigahertz-range microwave devices10,30.

1.3: Perpendicular MTJ overview

As discussed above, though in-plane magnetic anisotropy materials and devices have
numerous advantages and practical applications, their use is still faced by problems in highdensity and low-power consumption applications31. Some of these challenges are: the thermal

3

stability is proportional to the free layer volume and when the cells size becomes smaller
especially from 50 nm and below, its data retention and reliable read operation is difficult to
maintain for a long time31. Another challenge of in-plane MTJs is that its aspect ratio (AR) 28,31
must be large enough to be stable. An in-plane MTJ obtains its anisotropy from elliptical shape
with large aspect ratio and when the technology node scales down to 22 nm and below, the shape
becomes difficult to control. The last challenge to consider is that in-plane MTJ has potentially
inefficient switching31. The effective demagnetization field contributes only to the critical
switching current and not the thermal stability, but in some cases if the value of the effective
demagnetization field becomes an order of magnitude larger than the anisotropy field, then it
leads to high power consumption32. Their perpendicular magnetic anisotropy materials
counterparts have the solution to these challenges such as reducing the critical current and
smaller size device scalability especially in STT-MRAM devices31. So in recent years,
researchers in the field of spintronics are seriously searching for new materials with
perpendicular magnetic anisotropy to replace the materials with the in-plane magnetic
anisotropy. The anisotropy of these thin-film materials is perpendicular or normal to the film
plane and good for many applications31. One of the goals of this work is to reduce the critical
current (Ic) by reducing the effective field32,33. Equations 1.1 and 1.2 shows the expression for
the effective field for in-plane magnetic anisotropy and perpendicular magnetic anisotropy
respectively32,33. The perpendicular magnetic anisotropy has a lower effective field leading to
lower critical current, hence they are the materials of choice.
𝐻𝑒𝑓𝑓 = 𝐻𝑘// + 2𝜋𝑀𝑠

(1.1)

𝐻𝑒𝑓𝑓 = 𝐻𝐾⊥ − 4𝜋𝑀𝑠

(1.2)

4

where Hk is the anisotropy field and Ms is the saturation magnetization.
Equation 1.3 gives the expression for the critical current.

𝐼𝐶 =

2𝑒 𝛼
ħ 𝜂

𝑀𝑠 𝑉 ∙ 𝐻𝑒𝑓𝑓

(1.3)

where, e is the electron charge, ħ is the reduced Planck’s constant, α is the Gilbert damping
constant, η is the spin conversion efficiency, and V is the volume of the free layer. In both Eq.
1.1 and 1.2, Heff consists of combining Hk with the demagnetization tensor and 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 z-direction, the anisotropy field reinforces the
applied field, thus the negative sign for the demagnetization factor 32-34.
Another goal of this work is to reduce the stack complexity25 in CoFeB-MgO-based
perpendicular magnetic tunnel junctions (pMTJ’s) for spin torque transfer random access
memory (STT-RAM).[5,10,25,35-40] by replacing the conventional methods for achieving
perpendicular magnetic anisotropy in the pinned layer such as Co/Pd or Co/Pt multilayers as a
synthetic antiferromagnet (SyAF) [38,41] or the fully crystalline L10 pinning layers[36] with CoPd
alloys. The CoPd alloys simplifies the stack complexity unlike the multilayered SyAF and do not
necessarily need to be deposited and annealed at high temperatures [30, 42] like the L10 layers.
The perpendicular magnetic anisotropy [43-46] of CoPd alloys allowed them to be
investigated in magneto-optics research in the past but they have not been applied as pinning
layers for pMTJ’s.
In perpendicular magnetic tunnel junctions, there is a so-called the free layer or storage
layer which has two stable states. The downwards magnetization and the upwards magnetization
are shown in the schematics in Figure 1 and Figure 2 below.
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Figure 2: Free layer with upwards
magnetization

Figure 1: Free layer with downwards
magnetization.

In order to observe the resistance of the free layer, a reference/fixed/pinned layer is added
for magnetoresistive read-out. If the magnetization of both the free layer and the pinned layer are
in the same direction, the spin current (conduction electrons) easily penetrate, giving it a low
resistance (parallel configuration) shown in Figure 3.
If the magnetization of the free layer and the pinned layer are in opposite directions, the
spin current (conduction electrons) is difficult to penetrate, giving it a high resistance
(antiparallel configuration) shown in Figure 4. Equation 1.4 shows the magnetoresistance
formula.
Reference
layer
Free layer
Figure 3: Low resistance

𝑅𝐴𝑝 −𝑅𝑝
𝑅𝑝

𝑀𝑎𝑔𝑛𝑒𝑡𝑜𝑟𝑒𝑖𝑠𝑡𝑎𝑛𝑐𝑒=

Figure 4: High resistance

…………………………………………………........................ (1.4)

Now to prevent the reference layer itself from switching, we add the pinning layer with
the schematic shown in Figure 5.
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Figure 5: Magnetoresistive read-out with a pinning layer

In this work, we have studied the properties of CoPd alloys as a function of composition,
thickness, and seed layers47-49. Besides, first order reversal curves (FORC) have been applied as
a fingerprint to study the switching mechanism of the CoPd alloys films in this work.
This dissertation is outlined as follows: First, we discuss the overview of spintronics
based on MTJs as an introduction chapter followed by chapter 2 being the introduction to FORC
and chapter 3 basically about the various equipment and tools utilized in this work to either
deposit, characterize or analyize our samples. Second, we discussed the results in this section
which is divided into six chapters. Chapter 4 detailed the CoPd alloy as a function of
composition47, how it is utilized to fabricate MTJs, and the application of FORC method to study
their switching mechanism. The CoPd alloy thickness optimization48 is detailed in chapter 5. In
chapter 6 and 7, we embark on a study of seed layers where the structural characterization and
properties related to the magnetic properties are discussed in chapter 6 using AGM, AFM, XRD,
SEM, EDS, and TEM methods48. We then study the detailed switching mechanisms of these
alloys samples in chapter 7 using FORC and MFM methods49. Also, we demonstrated in chapter
8 that we can get information of a single or individual layer within a complex stack utilizing
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FORCs50. We finally treated FePt granular films51 by simulation in chapter 9 as a method of
raising the areal density of magnetic recording media and presented conclusions in chapter 10.
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Chapter 2: First Order Reversal Curves (FORC)
2.1: Introduction
In this chapter, we give detailed introduction of First Order Reversal Curves (FORC) 52-56
as a powerful tool for studying the switching of perpendicular magnetic anisotropy materials and
magnetic tunnel junctions. FORC uses the raw data directly from experiment without altering it
to give more valuable information about the magnetic properties of the material than the
conventional hysteresis loop measurement method alone can provide ,57,58. At the nanoscale level
where spintronic devices are made of very thin multilayer structures, the internal switching of
these materials especially those with many magnetic entities with magnetic interactions, FORC
is the best tool to use58,59. Our FORC measurements, just like hysteresis loops, were done using
the Alternating Gradient Magnetometer (AGM) and utilized the open-source FORC+ software to
calculate their FORC distributions/ diagrams.

2.2: A Brief History of FORC

The idea of FORC was started in 1986 by I. D. Mayergoyz at the University of Maryland.
He suggested computing the Preisach distribution as the crossed partial derivative of M (H, HR)
where H is the applied field and HR is the reversal field, but did not have the data or software to
actually do it52,60. He therefore in 1991 derived the FORC distribution from the FORC curves. In
1999, a group at the University of California, Davis, wrote their own Labview program and
published the first real FORC results61. On April 25-27, 2003, the first international workshop on
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magnetism, hysteresis, and the FORC method was held at the University of California, Davis.
Almost 100 people from 12 countries attended61. In 2008, the Micromag 2900 Alternating
Gradient Magnetometer (AGM) from Princeton Measurement Corp (PMC) included software
that can do FORC measurement. Also in 2008, R. J. Harrison at the University of Cambridge
wrote software (“FORCinel”62) to compute the second derivative using locally weighted
regression smoothing and this was done for only the irreversible switching FORC distribution
ignoring the reversible part. In 2013, R. Egli at the Central Institute for Meteorology and
Geodynamics, Austria, wrote software called VARIFORC63 to compute the second derivative
and worked out how to do averaging to allow more averaging in some areas than others. This
was also done for irreversible switching FORC distribution, ignoring the reversible switching
distribution. There are other groups that wrote programs or software to compute the second
derivative that have not been listed here. However, in 2016, P. B. Visscher at The University of
Alabama, Tuscaloosa, wrote FORC+50,64,65, software: a method for including the reversible
switching field distribution. This software computes both the reversible and the irreversible
switching field distribution together making it different from the conventional FORC software.
FORC+ does not do averaging. Also, it has the capability to correlate the various parts or
positions of the FORC curves to their corresponding points on the FORC diagram using a cursor.
Figure 6 shows (a) the FORC+ curves, (b) FORC+ irreversible switching field distribution, (c)
FORC+ irreversible switching field distribution rotated 45 degrees, and (d) the FORC+
reversible switching field distribution respectively. In FORC+ orange represents positive
Preisach density and blue represents negative Preisach density. For comparison, Figure 7 shows
a VariFORC distribution representing the conventional FORC calculation for only the
irreversible switching field. Attached to it is a color scale bar for the distribution. In both cases
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the film is a single layer Co 35Pd65 composition with a full stack of Si/MgO/Co 35Pd65/MgO. The
physical meaning of Hb and Hc are interactive (bias) field distribution and coercive field
distribution respectively.

Figure 6: FORC+ distribution of Co 35Pd65

Figure 7: VariFORC distribution of Co 35Pd65

2.3: How FORC Method Works

In FORC method we calculate the FORC diagram from the FORC curves using the raw
data obtained directly from experiment utilizing a FORC software and doing a physical
interpretation of the fingerprint from the FORC diagram to better understand the internal
switching behavior of our films magnetically or structure-wise. A FORC is measured using an
alternating gradient magnetometer (AGM) by saturating a sample in a large positive applied field
Hsat, decreasing the field to a “reversal field” HR, then sweeping the field slowly back to Hsat,
while recording the magnetization M(HR, H)1 at discrete values of the field H.53,59 This process is
repeated for many values of HR yielding a series of FORCs defining the function M (HR, H)53.
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The FORC distribution is then defined as the crossed partial derivative of the magnetization with
respect to HR and H given by equation 1.66,67,68. A FORC diagram is then a density plot of
ρ(HR,H) computed from the FORC curves M (HR, H) – we can interpret it as a probability
distribution in the coercivity and bias if we transform coordinates to the coercivity Hc = (H - HR
)/2) and the bias field Hb = (H+ HR)/2.

𝜌(𝐻𝑅 , 𝐻) = −

1 𝜕 2 𝑀(𝐻𝑅 , 𝐻)
2 𝜕𝐻 𝜕𝐻𝑅

(2.1)

FORC+ as well as VARIFORC63 were used to calculate the FORC distributions and plot
the FORC diagrams as shown in figure 8 where the correlation of the FORC equations to their
corresponding FORC curves and FORC diagrams (irreversible and reversible distributions) are
given. It also shows the distribution of the switching field behaviors in our samples’ FORC
curves. However, the physical interpretation of some of the FORC signatures are not well
understood. The presence of a negative peak (blue color) could either be interpreted as particle
interactions or increasing slope of a reversible magnetization near a jump in the film
stacks52,53,58,69,. In every magnetic system, if slope of the FORC curves increases as we move to
higher FORC curves (larger HR), it leads to the occurrence of a negative contribution in the
FORC function. When a FORC function lacks a negative peak or contain only a positive peak ,
then it is as a result of the upward jumps which contributes to the height of the jump hiding the
downward jumps which contributes only through the difference in slopes58. The lack of a
negative peak in FORC function could be due to Barkhausen noise 58,70 which is caused by the
movement of domain walls over defects in crystal lattice or physical damage in thin film
structure during various nanofabrication processes70such as sputtering, reactive ion etching or ion
milling systems. The absence of the negative peak is detected in samples with M-H loops closer
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to the hard axis or pot-bellied loops71. All square easy axis loops show both positive and negative
peaks in the FORC functions. Generally, the dipole (negative peak next to positive peak)
distributions represents irreversible switching well existing beyond the major-loop saturation
field58,72. Another interpretation of a FORC function is the spread of the function along Hb>0
axis. This normally happens when there a particle interaction as well as non-uniform
magnetization in the system58. One other advantage of FORC analysis that hysteresis loop
measurement alone cannot provide is the ability of FORC method to help us interpret or show
more detailed information about exchange biased magnetic films through both the main
distribution related to the exchange bias and satellite distribution related to the effect of inhomogeneities at the antiferromagnetic and ferromagnetic (AFM/FM) interface especially in InPlane MTJs57.
Contrary to the conventional FORC analysis where only the irreversible switching field
distribution is displayed due to the second order derivative of the Preisach distribution given in
equation 2.1, which vanishes for a reversible system, FORC+47,50,64 has included that component
where the reversible switching field distribution and their reversible fractions are calculated in
FORC analysis for each of the films. The second term in equation 2.2 vanishes in a reversible
system called irreversible SFD. FORC+ distribution added the first term, called reversible SFD
(R-SFD). For example, in our samples, we observed five different switching behaviors where
they start to switch from a positive saturation field to mostly an initial irreversible switching
behavior followed by a mostly reversible switching to a final irreversible switching behavior and
then to a negative saturation field switching. Each of these switching behavior is shown in Figure
8.

13

𝑆𝐹𝐷 (𝐻) ≡

𝑑𝑀(𝐻,𝐻)
𝑑𝐻

=

𝜕𝑀(𝐻𝑅 ,𝐻)
𝜕𝐻

)

𝐻𝑅 =𝐻

+

𝜕𝑀(𝐻𝑅 ,𝐻)
𝜕𝐻𝑅

)

(2.2)
𝐻𝑅 =𝐻

Figure 8: The correlation of the FORC equations to their corresponding FORC parts.

2.4: FORC+ Reversible Fractions and FORC Curves Correlation with FORC Distributions
In FORC+, reversible fraction or percentage refers to the reversible switching field
distribution out of the total system which comprises both reversible and irreversible switching
field distributions (equation 2.2-2.3). Note that the area in this case is measured in emu. This is
can be seen in Figure 9.

Reversible fraction =

area under R-SFD
area under SFD

=

𝜕𝑀(𝐻𝑅,𝐻)
)𝐻𝑅=𝐻
𝜕𝐻
𝑑𝑀(𝐻,𝐻)
∫ 𝑑𝐻 𝑑𝐻

∫ 𝑑𝐻(
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(2.3)

Figure 9: The FORC+ reversible fraction calculation

Figure 10: Hysteresis loop, FORC curves, and distributions correlation and calculations

In Figure 10, FORC+47,50,64 allows us to directly correlate positions on the FORC curves
to points on the FORC distribution and these correlation is indicated by the arrows. The top
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positive peak comes from the wide part of the bow tie shape called the initial irreversible
switching, while the lower part of the bowtie shape called the final irreversible switching,
represents the lower positive peak further down the bias axis. The Preisach “string” connecting
the two main peaks represents the narrow part of the bow tie shape called its center. 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. VARIFORC distribution
representing the conventional FORC distribution attached to the right of Figure 10 shows the
correlation of points in its distribution to the FORC curves through the FORC+ curves and
distribution.
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Chapter 3: Equipment and Experimental Techniques
The various equipment utilized in this dissertation’s experimental work will be discussed
in detail in this chapter. The deposition equipment or tools used in this work are from Micro
Fabrication Facility (MFF). The structural and magnetometry characterization equipment are
located at Center for Materials for Information Technology (MINT). Occasionally, some few
equipment such as energy-dispersive X-rays (EDS), X-ray Photoelectron Spectroscopy (XPS),
and Scanning Electron Microscopy (SEM) located at Central Analytical Facility (CAF) are
utilized as well in this work for chemical or elemental analysis. All these equipment is located in
The University of Alabama. However, there are other equipment utilized in this work that are not
located at The University of Alabama. For instance, Transmission Electron Microscopy (TEM)
from Aristotle University of Thessaloniki, Greece (courtesy of Dr. Philomela Komninou), a
CAPRES Current-in-Plane Tunneling System (CIPT) from the National Institute of Standards
and Technology (NIST), Gaithersburg, Maryland, (courtesy of Dr. Robert D. Shull and Dr. P.J.
Chen) for electrical measurements, and Magnetic Force Microscopy, Seagate Technology,
Minneapolis, USA (courtesy of Dr. Wonjoon Jung and Dr. Jie Gong).

3.1: Deposition (SFI Shamrock Sputtering System).
Although, some of our samples have been given to us by our collaborators, most of our
samples used for this work were prepared in our Lab using the SFI Shamrock Sputtering System
shown in Figure 11. The Shamrock is a fully automated load-locked magnetron sputtering
system with seven guns or cathodes with different target materials, planets. There are two
operating modes in this system. The automated in touch (GUI) mode which is good for
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repeatability and the manual operating modes (MMI). The system has the following sputtering
capabilities: Direct Current, Alternating Current (AC), and radio frequency (RF). There is also a
rapid thermal annealing station which uses radiant heating lamps. There are a number of cathode
types to choose from: three-inch flat, three-inch conical and two-inch flat cathodes. The system
has a nominal base pressure varied between 2x10 -8 Torr and 5x10-8 Torr depending on the
system conditions such as the target in used and the system cleanliness. However, the base
pressure always used is 3x10 -8 Torr. This low pressure is achieved using a combination of a
mechanical pumps called roughing pumps and a high vacuum pumps comprising, cryo pumps,
and turbo molecular pumps.
The initial chamber pump down of the Shamrock is done using the roughing pump from
atmospheric pressure to a vacuum of 103-104 mTorr. The ultra-fast spinning of an array of
turbine blades from the turbo pumps that spin as fast as 800Hz or more to push the relatively
slow moving gas molecules up the turbine stack. This is backed up by a mechanical pump to
relieve the pressure at the top of the stack. The main contaminant in a vacuum system is the
water vapor and this is being freeze out by the use of the first stage of the cryo pump. This pump
is held at 77 K and uses ultra-cold temperature fins to freeze out the gases from the chamber of
the Shamrock.
The Shamrock works based on the principle of sputtering which is the ejection of atoms
from a target to form the film by the bombarding of the target with positive ions from an ionized
argon (Ar) noble gas. In order to generate these bombarding ions, a high voltage is applied
between the cathode and the anode of the sputtering system to generate a glow discharge called
plasma. This plasma is slightly positive and is sustained by the secondary electrons. Ar gas is
preferred because of luck of reactivity... On the other hand, if we want to grow oxides or nitride
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films, then the bombarding ions must come from reactive gases like oxygen and nitrogen.
Magnetron sputtering which is the confinement of plasma using a magnetic field is used to
increase the efficiency of the sputtering process. Before introducing the ionized gases, the system
is kept at a base pressure as low as 10-8 Torr in order to attain a high purity films.
There is a small chamber in the system called load-lock which is attached to the main
chamber and can easily be vented to ensure fast, repeatable processing. This helps the main
chamber to maintain its base pressure as low as possible while samples are pumped down in the
load lock. There is a robot arm in the system which is used to transfer samples from the load lock
to the main processing chamber.

Figure 11: SFI Shamrock Sputtering System

3.2: Etching (Intelvac ion mill -dry and Hydrofluoric acid (HF) –wet)
In this dissertation, there are two types of etching employed namely: dry and wet etching.
Etching is the removal of a material or part of a material. Wet etching is the process of using
liquid chemicals to remove the material. Wet etching in this work involves the use of
hydrofluoric acid (HF) to remove silicon dioxide over our CoPd pMTJ pads. This is all
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directional equal rates etching called isotropic. The second type of etching called the dry etching
or ion milling uses argon ion bombardment to remove the material atom by atom. Dry etching in
this dissertation employs Intelvac ion mill with a Veeco in source shown in Figure 12. This tool
has an adjustable stage angle and rotating stage for uniformity in the system. This system uses a
mechanical roughing pump and a cryo pump in its operation to achieve and maintain a low base
pressure. The system has a filament located at the base of the ion gun which ionizes the Ar atoms
and these Ar ions accelerated through the voltage biased Mo grids (coil gun), neutralized by the
neutralizing cable to ensure there is no surface charging. Once the etch rate is affected by stage
angle variation, the power variation causes a change in the shape of the ion beam. This type of
etching generally uses momentum transfer to physically remove the substrate material and does
not involve chemical reactions. However, it impacts the surface by Ar atoms to do the actual
etching.
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Figure 12: Intelvac Ion Mill

3.3: Magnetometry (Princeton Scientific Alternating Gradient Magnetometer (AGM))
In this dissertation, almost all films or samples used are magnetic and therefore their
properties need to be understood. The magnetic properties are studied and measured using the
AGM shown in figure 13 and occasionally the Vibrating Sample Magnetometer (VSM) by
measuring the hysteresis loop called M-H loop or curve and First-Order Reversal Curves
popularly known as FORC. These two types of magnetic measurement will be discussed in
details throughout this dissertation work.
AGM measurement is done by attaching a sample to a piezoelectric rod and placed within
the field of a powerful electromagnet with a maximum field of 1.8 T. In order to do M-H loop
measurement, a standard sample (Ni) of known magnetic moment (82.02 emu) is used to first
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calibrate the tool. This is done by initial autotuning and incremental autotuning with an applied
external field after manually positioning and adjusting the probe to align. The main idea of
autotuning is to set the field to match the resonant frequency of the sample and the magnetic
field gradient to oscillate to produce a force on the sample by voltage in the piezoelectric that the
sample is mounted to. With this the voltage can be correlated to the magnetization. The sample
probes could either be a parallel one for measuring in-plane M-H loops and FORCs or
perpendicular probe for measuring out-plane M-H loops and FORCs. For M-H loops, the field is
swept from a high positive DC offset pass to the gradient field, then to a large negative value and
back again to the positive value. The autotuned and incremental autotuning is done to ensure the
frequency, the phase and the quality factor values for the previous and the current are similar
before measuring. After autotuning, we optimized the sample’s X, Y, Z position by going to the
tools tab and optimize. The X position is optimized to minimum possible and the Y, Z positions
are optimized to maximum possible with an applied field. From there, the measurement is done
by going to measurement tab-Direct moment vs. field-Hysteresis with a dialog box for you to set
the incremental field. After M-H loop is finished measuring, we do background subtraction by
going to the tools tab-dia/paramagnetic adjustment (normally 70% by default) and set the
standard sample known moment to 82.02 emu by going to the tools tab-calibrate. We then
measure our sample after the calibration by replacing the standard sample with our sample and
with the same procedure do the M-H loop measurement. For the FORC measurement, we first do
the measurement using the standard sample and then replace it with our sample to do the M-H
loop for better alignment and finally measure the FORC. After the M-H loop measurement, we
go to measurement tab-Direct moment vs. field-First order reversal curves-FORCS (classic) and
then a dialog box appears and then the following external fields are applied: saturation field, the
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minimum and maximum bias field denoted by Hu (min) or Hb (min) and Hu (max) or Hb (max)
respectively, the coercive field (Hc) minimum and maximum, the number of FORCs, and the
averaging time and then execute it for the measurement which takes at least 50 minutes to run.
All these are done by sweeping the field and measuring as well as recording the voltage on the
piezoelectric.

Figure 13: Princeton Scientific Alternating Gradient Magnetometer (AGM)

3.4: Structural Characterization
In this dissertation work, the structural characterization is done using the Philips X’Pert
MRP X-Ray Diffraction System (XRD), Transmission Electron Microscopy (MFM), Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and Magnetic Force
Microscopy (MFM).
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The structural properties of our films are important for us to better understand our samples and
the effect they have on the magnetic properties. The structural equipment used in-house are the
XRD, AFM, and XPS. The Philips X’Pert MRP X-Ray Diffraction System shown in Figure 14:
utilizes a Cu Kα source with a very short wavelength of 1.5406 Ȧ and has a full x, y, z, omega,
Phi, and Psi control. X-rays are created by applying a high voltage to an X-ray vacuum tube to
accelerate the electrons that are emitted by thermionic emission of a heated filament or a hot
cathode released to a high velocity. These high velocity electrons collide with a metal target
called the anode and when the X-ray hits the sample, their path is altered and helps in identifying
the elements present and the structure to enable us fully define the material. An X-ray is made up
of an X-ray source, a detector and the sample mount with either the source and the detector
rotating or the sample and the detector rotating during analysis. Diffraction X-rays can either be
constructive or destructive interference when the peak of one wave coincide with the peak of the
opposite amplitude of the other wave cancel each other (out of phase). This tool helps us to
identify the crystal structure, crystallite size and micro strain, detect defects, residual strain
(macro strain), unit cell lattice parameters and Bravais lattice symmetry, identify amorphous
materials, texture orientation, and quantitative analysis of phase composition and characterize
polymorphs. In this work, XRD is performed on a 2-Theta-Omega scan over a range of 0 to 120
degrees and determine the emerging of Bragg peaks, coordinating the peak position and intensity
for the atomic positions and crystal structure determination. When the sample is exposed to an
X-ray beam, the beam is diffracted off from the sample to the detector to record the varying
number of X-ray counts. To normalize all the data, the dwell time is varied to record the number
of counts per second. Bragg’s law is utilized to correlate the actual crystalline spacing to that of
Bragg peaks.
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Where θ is the angle of diffraction, d is the distance between interplane of crystal, λ is the
wavelength, a is the lattice spacing, h, k, and l are the Miller indices.

Figure 14: Philips X’Pert MRP X-Ray Diffraction system

Transmission Electron Microscopy (TEM) has also been utilized to characterize the
structure of our films used in this dissertation. TEM works on the principles of applying a highvoltage electricity to the cathode to generate a beam of electrons from the electron source
through the anode and condense by the two condenser lenses, then passes through the objectives
lens to the sample on the motorized stage through a back-scattered electron detector and produce
a magnified image of the object. After the beam hits the sample, some of the electrons are
scattered back and detected by the back-scattered electron detector. Secondary electrons and the
X-rays created are detected and recorded by the secondary electron detector and the X-ray
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detector respectively. TEM helps to get an ultra-fine detail sample image and crystalline
structure directly from the local area diffraction pattern. The TEM measurements were
conducted by our collaborators at Aristotle University of Thessaloniki, Greece (courtesy of Dr.
Philomela Komninou).
Scanning Electron Microscopy creates images by scanning the sample using high-energy
beam (a focused electron beam) and these electrons in the beam interact with the sample. These
interaction produces various signals such as characteristic X-ray, secondary electrons, and
backscattered electrons and are collected by various detectors to obtain information about the
surface topography and the composition
Atomic Force Microscopy (AFM) is a very high-resolution scanning probe microscope
where a laser beam is focused on the back of a cantilever that moves up and down on the surface
of the sample and the deflections of the beam are captured by a diode for imaging, measuring,
and manipulating matter at the nano-scale level. The information is gathered by studying the
surface with a mechanical probe where piezoelectric elements are responsible for very precise
scanning. The cantilever is at a constant contact with the sample surface by applying a constant
force between the cantilever and the surface and this is suitable for hard samples.
Magnetic Force Microscopy (MFM) is a form of AFM but uses a magnetized tip or probe
to measure the magnetic force exerted on the cantilever tip. It can be used to detect magnetic
domains and walls as well as imaging the stray fields existing on the surface of the sample.
During lift mode scan, phase shift over various domains occur due to the effect of magnetic
forces. MFM for example is used to observe the domain structure pattern during magnetization
which works based on the principle of detecting the interaction between the sample and the
magnetically coated probe tip to scan the sample surface. It is very significant in thin films, bulk
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samples, and nanoparticles since it can reveal the magnetic structures scaled down to nanometers
resolution. In this dissertation, The MFM characterization were conducted by our collaborators at
Seagate Technology, Greater Minneapolis, USA (courtesy of Dr. Wonjoon Jung and Dr. Jie
Gong).

3.5 Chemical Analysis
In this work, most of our films are alloys fabricated from elementary targets and the
stoichiometry or the compositional optimization is very important. These chemical analysis were
done using the X-ray Photoelectron Spectroscopy (XPS) and the Electron Dispersive
Spectroscopy (EDS) from either the TEM or JEOL 7000 FE Scanning Electron Microscope with
an Oxford Xmax 80 mm silicon drift detector located at Central Analytical Facility (CAF)
(Curtesy by Rob Holler). The XPS were used to determine the peak shift or the possible
oxidation of the samples.
EDS were used to determine the stoichiometry of the films 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. While one can estimate the
atomic percentage based off the deposition rates, this assumes 100% density and further is not
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the most accurate way of estimating the correct composition. To directly measure the chemical
composition, we used EDS. Figure 15 shows the picture of the JEOL 7000 FE Scanning Electron
Microscope.

Figure 15: JEOL 7000 FE Scanning Electron Microscopy

3.6: Electrical Measurement
In this work, the electrical measurements were done using the Current-in-Plane
Tunneling System (CIPT) and the four point probe. The CIPT technique works by applying +V, V, +I, and –I when the four probes are placed on the film surface. The resistance of the different
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layers were measured by varying the spacing between the films layers or measuring the
magnetoresistance (MR) by applying a magnetic field. This techniques is useful in measuring
MR without patterning the films. If it is only the sheet resistance measurement is needed, the
four point probe method is used with the probes fixed. The electrical measurement of our MTJ
were conducted using the CAPRES Current-in-Plane Tunneling System from the National
Institute of Standards and Technology (NIST), Gaithersburg, Maryland, (courtesy of Dr. Robert
D. Shull and Dr. P.J. Chen).
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Chapter 4: CoPd Alloy Composition Optimization
4.1 Introduction
CoFeB-MgO-based perpendicular magnetic tunnel junctions (pMTJs) have been the
center of attention currently in spintronic research area because of their potential application for
spin torque transfer random access memory (STT-RAM)5,10,34,47 Some used perpendicular Co/Pd
or Co/Pt multilayers as a synthetic antiferromagnetic (SyAF) 38,41 in pinning the reference layer
where the stack of this scheme is complex. Others used the fully crystalline L1 0 material to pin
the reference layer where this scheme has to be annealed at high temperatures after
deposition29,42. In our work, we used the perpendicular CoPd alloys which solved the problem of
stack complexity and need not be annealed at high temperatures after deposition to pin the
reference layer for CoFeB-MgO-based perpendicular MTJs46,73. The planetary SF1 Shamrock
Sputtering System with in-situ rapid thermal annealing capability was used to deposit our films
and the Alternating Gradient Magnetometer (AGM) used to measure their hysteresis (M-H)
loops as well as their First-Order Reversal curves (FORC).

4.2 Experimental Detail
In the CoPd alloy compositional optimization, films were prepared using high vacuum
(10-8 Torr) DC sputtering from elemental targets for the co-sputtered CoxPd100-x alloy34,47. The
CoPd alloys were deposited at 0.8 Pa of Ar, using DC magnetron sputtering with the system base
pressure of 4x106 Pa. The MgO seed layer and tunneling barrier layers were deposited using the
RF magnetron sputtering at 0.26 Pa of Ar. DC magnetron sputtering was done at 0.26 Pa of Ar
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for all the other layers. Six different samples were made with varied Cobalt (Co) compositions
being nominally 20%, 25%, 30%, 35%, 40%, and 50% atomic fractions. They were then
annealed at 400oC for 5 minutes after deposition. Si / SiO2 / MgO (5) / CoxPd100-x (50) / MgO (5),
is the layer stack with the numbers enclosed in parentheses being the layer thicknesses in nm34,47.
The detailed schematic structure of the stacks (not to scale) is shown in Figure 16.

Figure 16: The layer structure of the stacks for compositional optimization (not to scale)

4.3 Magnetometry Results
After the film deposition, the Alternating Gradient Magnetometer (AGM) was used to
measure the hysteresis (M-H) loops as well as their First-Order Reversal curves (FORC). The MH loops of these composition films are shown in Figure 17 through Figure 22. It was observed
that the M-H loops shifting from a square easy axis shape to a bow-tie shape corresponding to
Co concentration of 25% to 50% respectively34,47, 71. As the concentration of Co shift from 50%
to 25% atomic fraction, the anisotropy of the film shifts out-of plane. Basically, it is hard to both
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quantitatively and qualitatively visualize the sample information using the M-H loops alone.
Parameters such as coercivity (H c), remanence (Mr), saturation magnetization (M s), squareness
(S*), magnetic anisotropy field (Hk), and magnetic anisotropy constant (Ku) were extracted and
plotted (more details on these parameters can be seen in reference 1 and 2) 34,47. The 25% of Co
concentration was then concluded to be the best optimized composition of the CoPd alloy
because we observed the highest remanence (Mr/Ms), coercivity (Hc), perpendicular magnetic
anisotropy constant (Ku) and field (Hk) in it.
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Figure 17: Out-of-plane M-H loop for
Co20Pd80

Figure 18: Out-of-plane M-H loop for
Co25Pd75

Figure 19: Out-of-plane M-H loop for
Co30Pd70

Figure 20: Out-of-plane M-H loop for
Co35Pd65
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Figure 21: Out-of-plane M-H loop for
Co40Pd60

Figure 22: Out-of-plane M-H loop for
Co50Pd50

4.4 FORC Analysis of Single Layer CoPd Alloy Composition
Our FORC 52,53,57,59,69 measurement were done from the AGM and using the new
FORC+50,64,65 software, FORC curves and FORC diagrams were plotted to further study the
internal switching behavior of our samples to get a much better understanding of the magnetic
properties.
Figure 23 -Figure 28 show the FORC plots of our films where section (a), (b), (c), and (d)
represent the FORC+ curves, FORC+ distribution (irreversible switching field distribution),
FORC+ distribution rotated 45 degrees (irreversible switching field distribution), and reversible
switching field distribution respectively. We observed our FORC results to have an interesting
dynamic switching characteristic, where increasing the Co concentration changes the positive
FORC peak from an L-shape to a straight-two peak structure in the FORC diagram This
correlates to the M-H loops shifting from a square easy axis shape to a bow-tie shape
corresponding from Co concentration of 25% to 50% respectively. The physical interpretation of
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this signature (positive peak(s) behavior) is not yet understood. The cause of the straight-two
positive switching peaks or distributions in our samples may be attributed to little reversible
switching occurring. However, how little the reversible switching occurs depends from sample to
sample. Some samples have more reversible fraction than others. For examples in our films, the
reversible fraction decreased gradually from Co concentration of 20% to 30% and then started to
increase rapidly from Co concentration of 35% to 50% as shown in Figure 29. Generally, we
observed films with higher coercivity to have lower reversible switching as shown in Figure 29.
In our samples, we observed five different switching behaviors where they start to switch
from a positive saturation field to an initial irreversible switching behavior followed by a mostly
reversible switching to a final irreversible switching behavior and then to a negative saturation
field switching.
The FORC curves of some of our samples resemble those of Davies et al59, in which they
observed labyrinthine stripe domains. They were able to do transmission X-ray micrographs
shown in Figure 30 and observed that the switching nucleates with small bubbles followed by
elongate into worms, then to labyrinthine stripe domains formation, and finally to small
unreversed bubbles, which are difficult to completely eliminate and cause structure in the FORC
diagram below the apparent saturation field. Based on this analogy, we think our samples should
have similar microscopic structural behavior. The coercivity and the anisotropy become highest
at where the two positive peaks become a one L-shape peak as the Co concentration decreased.
Overall, we observed the reversibility switching behavior to increase with increasing the Co
concentration for the compositional optimization FORCs.
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Figure 24: Co25Pd75 FORC+.

Figure 23: Co20Pd80 FORC+.
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Figure 25: Co30Pd70 FORC+

Figure 26: Co35Pd65 FORC+

Figure 27: Co40Pd60 FORC+

Figure 28: Co50Pd50 FORC+
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Figure 29: CoXPd100-X composition as a function of FORC+ reversible fraction and magnetic
coercivity
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Figure 30: Transmission X-ray micrographs of Co/Pt multilayer59

4.4 CoPd Alloy Magnetic Tunnel Junction (MTJ) Experimental details and Magnetometry
Finally, we have applied the perpendicular CoPd alloys as a pinning layers in fabricating
a fully CoFeB-based pMTJ films and used current-in-plane tunneling (CIPT) measurements to
characterize them72 courtesy by our collaborators ( P. J. Chen and R.D. Shull) at NIST. This was
done with a varied CoPd alloy composition and annealed at 400 oC for 5 minutes using in-situ
rapid thermal anneal34,47. The layer structure of the stack is given as Si / SiO 2 / 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 shown in Figure 31. Nominal
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Co concentrations of 20%, 25%, 30%, and 50% MTJs were fabricated. The M-H loops and
CIPT34,47 measurement of these MTJs are shown in Figure 32 through Figure 37 respectively for
Co concentration of 20%, 25%, 30%, 50% and CIPT. The M-H loops show similar behaviors as
observed in the single layer composition samples. In our CIPT measurement, we observed a
correlation between the maximum Ku values and the maximum magnetoresistance (MR) values
for the 25% Cobalt (Co)34,47. This iindicates that the MR value will be dramatically improved
when we further refine our pMTJ trilayer, specifically the MgO barrier layer.

Figure 31: A schematic diagram of the MTJ stack (not to scale)
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Figure 32: Out-of-plane M-H loop for
Co20Pd80 MTJ

Figure 33: Out-of-plane M-H loop for
Co25Pd75 MTJ

Figure 34: Out-of-plane M-H loop for
Co25Pd75 MTJ

Figure 35: Out-of-plane M-H loop for
Co30Pd70 MTJ
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Figure 37: MTJ CIPT measurement 34,47

Figure 36: Out-of-plane M-H loop for
Co50Pd50 MTJ

4.5 FORC Analysis of Single Layer Composition Vs. MTJs
The Figures 38 through Figure 49 are the FORC+ and VariFORC analysis of the
comparison of the perpendicular magnetic tunnel junctions (pMTJs) and their corresponding
single layer composition films. Note that VariFORC plots are used to represent the conventional
FORC software for comparison’s sake.
FORC analysis of these pMTJs shows that the switching behavior of the MTJs and their
corresponding single layer composition films are similarly observed. It can be interpreted that the
CoPd alloys based pMTJs switching behavior is highly dependent on the Co concentration and
the CoPd alloy thickness in the stack. We think the overshadowing of the other layers in the
pMTJs stack switching pattern by the CoPd alloy layer is because of it being so thick (50 nm)
compared to the CoFeB free layer thickness (1 nm).
The FORC+64,65 reversible switching increased with increase in coercivity from Co 20%
to 25% atomic fraction and then increased with decrease-in coercivity from Co 30% to 50% for
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the MTJ’s. On the other hand, the single layer composition films showed an increase of FORC+
reversible switching with a decrease of magnetic coercivity from Co concentration of 20% to
30% as well as shown an increase of reversible switching with a decrease- in magnetic coercivity
for the Co concentration of 50%. Figure 50 is a graphical representation of the Co % at % atomic
fraction as a function of magnetic coercivity and FORC+ reversible switching for both the single
layer composition and their corresponding MTJ films. In general, there is more reversibility
switching in the MTJs films than the single layer films, may be due to the free layer in the MTJ
stack. Both the single layer composition and their corresponding MTJ films have shown the shift
of the positive FORC peak from an L-shape to a straight-two peak structure in the FORC
diagram This correlates to the M-H loops shifting from a square easy axis shape to a bow-tie
shape corresponding from Co concentration of 20% to 50% respectively.
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Figure 38: Single layer Co 20Pd80 FORC+

Figure 39: MTJ Co20Pd80 FORC+

Figure 40: VariFORC distribution for Co 20Pd80 (a) MTJ and (b) Single layer
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Figure 41: Single layer Co 25Pd75 FORC+

Figure 42: MTJ Co25Pd75 FORC+

Figure 43: VariFORC distribution of Co 25Pd75 for (a) MTJ and (b) single layer
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Figure 44: Single layer Co 30Pd70 FORC+

Figure 45: MTJ Co30Pd70 FORC+

Figure 46: VariFORC distribution of Co 30Pd70 for (a) MTJ and (b) Single layer
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Figure 47: Single layer Co 50Pd50 FORC+
Figure 48: MTJ Co50Pd50 FORC+

Figure 49: VariFORC distribution of Co 50Pd50 for (a) MTJ and (b) Single layer
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Figure 50: CoPd alloy composition as a function of reversible fraction and magnetic coercivity

4.6 Magnetic Force Microscopy (MFM) Analysis of Single Layer CoPd Alloy composition
Preliminary Magnetic Force Microscopy (MFM) characterization of these films indicate
labyrinthine stripe domains formation and nucleation switching 59. The AFM and the MFM
images of size is 5x5 µm2 show honeycomb or labyrinthine stripe domain switching with white
and reddish color representing “spin up and spin down” or different polarities 74,75,76 in Figure 51
and Figure 52.
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Figure 51: CoPd alloys compositional
optimization AFM analysis.

Figure 52: CoPd alloys compositional
optimization MFM analysis.

4.7 Summary
In our CoPd alloy single layer composition optimization, it is observed to have 20-25%
atomic fraction of Cobalt with the highest perpendicular magnetic anisotropy. This CoPd has
been applied to pin the CoFeB layer for our fully fabricated MTJs and it function well as an
effective perpendicular pinning layer34,47. Our MTJs can operate in practical devices since the
Curie temperature for CoPd alloys with Co. at % higher than 15% are higher than 400K34,47.
With this reason, they have the potential to replace the more complex pinning schemes.
Preliminary Magnetic Force Microscopy (MFM) characterization of these films indicate
labyrinthine stripe domains formation confirming the “fingerprint” of domain wall motion and
nucleation switching behavior predicted by our FORC analysis .
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Chapter 5: Co25Pd75 Thickness Optimization

5.1 Experimental details
Previous studies done by our group47 indicates that 50 nm thick is the best optimized
thickness for MTJ fabrication34,47. However, for as device dimensions shrink, 50 nm is too thick
and therefore the need existed to further optimize to find a much lower thickness with the same
qualities for our MTJ fabrication. In this chapter, we considered a stack with a Co 25Pd75
optimized composition in our thickness reduction studies. The full stack is given as Si/ MgO (13
nm)/ Co25Pd75 (X)/ Ta (5 nm), where X= 10 nm, 20 nm, 30 nm, and 40 nm thickness. The films
were sputter deposited using the SFI Shamrock Sputtering System and annealed at 400 oC for 8
minutes. Figure 53 shows the schematic diagram of the stack not to scale.
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Figure 53: Schematic diagram of the stack (not to scale)

5.2 Magnetometry results
Using the AGM, out-of-plane hysteresis (M-H) loops (OOP)52,69 measurements were
done and the results indicated a switching of a nearly hard axis composite pot-bellied loop71 to an
easy axis square loop corresponding to a shift from 10 nm to 20 nm thickness. Since it is hard to
both quantitatively and qualitatively visualize the samples’ information on the M-H loops alone,
parameters such as coercivity (H c), remanence (Mr), saturation magnetization (Ms), the product
of saturation magnetization and thickness (M st), squareness (S *), magnetic anisotropy field (Hk),
and magnetic anisotropy constant (Ku) were extracted and plotted as shown in Figure 61 –Figure
67 below. Based on these analysis, all parameters except (Hc) have shown a linear increase- with
increase in Co25Pd75 thickness. Note that the squareness (S *) were determined using the ratio of
the remanence (Mr) to the saturation magnetization (Ms). The magnetic anisotropy field (Hk) also
known as the internal field and magnetic anisotropy constant (Ku) were calculated using the

51

formulas Hk = Hs - 4πMs and Ku = (HkMs)/2 respectively, where the external field (Hs) was
determined by taking the 95% of the saturation magnetization of the in-plane M-H loop (IP) of
the films, for example, shown in Figure 60. Although the 10 nm is the thinnest and has the
highest coercivity among all, it has shown as the one with the lowest M r, Ms, Mst, S*, Hk, and Ku.
Since our focus is pMTJs, we need an out-of-plane easy axis square loop with relatively high Hc,
Mr, Ms, Mst, S*, Hk, Ku, and is the thinnest as possible. The 20 nm, the 30 nm, and the 40 nm all
have an out-of-plane easy axis loops with these qualities but the 20 nm is the thinnest among
them next to 10 nm and therefore is ideal for the best optimized thickness for pMTJs. Figure 54
is an overlay plot of the out-of-plane M-H loops for the various thickness and Figure 55 shows
the normalized overlay out-of-plane M-H loop plots. Figure 56, Figure 57, Figure 58, and Figure
59 are the individual out-of-plane M-H loop plots for 10 nm, 20 nm, 30 nm, and 40 nm
respectively.
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Figure 54: Out-of-plane M-H loops for the various thickness47

Figure 55: Normalized out-of-plane M-H loops for the various thickness.
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Figure 56:10 nm out-of-plane M-H loop

Figure 57: 20 nm out-of-plane M-H loop

Figure 58: 30 nm out-of-plane M-H loop

Figure 59: 40 nm out-of-plane M-H loop
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Figure 60: 30 nm in-plane and out-of-plane MH loop

Figure 61: Coercivity as a function of
thickness

Figure 62: Mst as a function of thickness

Figure 63: Saturation magnetization as a
function of thickness
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Figure 64: Hk as a function of thickness

Figure 65: Ku as a function of thickness

Figure 66: Mr as a function of thickness

Figure 67: Squareness as a function of
thickness

5.3 First Order Reversal Curves Results
Next, FORC34,52,53,57,59,69 measurement were done from the AGM and using the new
FORC+50,64,65 software, FORC curves and FORC diagrams were plotted to further study the
internal switching behavior of our samples to get a much better understanding of the magnetic
properties. As the samples shift from 40 nm to 10 nm, there is a shift from an L-shape positive
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peak (orange color) to a random-shape positive peak observed correlating to the M-H loops
shifting from an easy axis square loop to a nearly hard axis composite pot-bellied loop. Also,
there is a negative peak (blue color) observed in 20 nm, 30 nm, and 40 nm previously considered
as particle interactions but can be attributed to increasing slope of a reversible magnetization
near a jump in these stacks52,53,58,69. In every magnetic system, if there is difference between
slopes, it leads to the occurrence of a negative contribution in the FORC function or diagram.
However, there is an absence of the negative peak in the 10 nm thick stack This absence of the
negative FORC peak or the presence of only a positive peak is as a result of the upward jumps
which contributes to the height of the jump hiding the downward or lower jumps which
contributes only through the difference in slopes58. The absence of the negative peak in the
FORC function could be due to Barkhausen jumps 70 or noise which is caused by the movement
of domain walls over defects in crystal lattice or physical damage in thin film structure during
various nanofabrication processes50. The absence of the negative peak is detected in samples
with M-H loops closer to the hard axis or pot-bellied loops71. All square easy axis loops show
both positive and negative peaks in the FORC functions. Generally, the dipole (negative peak
next to positive peak) distributions represents irreversible switching well existing beyond the
major-loop saturation field58. The reversible percentage for 10 nm, 20 nm, 30 nm, and 40 nm are
16%, 17%, 9%, and 14% respectively. A critical look at the 20 nm FORC diagram shows a noisy
dipole tail which could have a physical meaning with further development. This feature is absent
in the 10 nm, 30 nm and 40 nm FORC diagrams. A detailed discussion of the physical
interpretation of this fingerprint will be done in chapter 7. Note that these feature are washed
away by conventional FORC software because of the averaging. In FORC+ distributions, the tail
could either be noisy or dipole. A noisy tail is an indication of sudden switching. Note that this
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occurs if and only if the major hysteresis loop has a sharp drop or discontinuity. The tail is at
exactly the same value of H as the discontinuity in the LOWER branch of the major hysteresis
loop, so it is really a sharp rise, not a drop. It is "noise" in the sense that it is different each time
you do the experiment. If you do the experiment many times and averaged the results, it would
go away. The other features in the FORC distribution would remain same. It is caused by the
fact that at this H the slope dM/dH is very large. There are always small random errors DeltaH
in measuring the field, but if dM/dH is large, these translate into large errors DeltaM = dM/dH *
DeltaH in the measured M, which show up as noise in the FORC distribution.
On the other hand, a dipole tail is an indication of "holdout bias" (described in NIST
paper)72. There are local defects that are very hard to switch (they switch at a large negative HR),
and whether they are switched or not (as HR decreases) changes the field at which the sudden
switching takes place as H increases, because they can act as local nuclei for sudden switching.
This is NOT noise. When there is a dipole tail, there is sudden switching so there is also a
noisy tail. But they are different things, you should not confuse them. The reverse is not true
because you can have a noisy tail with no dipole tail.
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Figure 68: 10 nm FORC+ plots

Figure 69: 20 nm FORC+ plots

Figure 70: 30 nm thick FORC+ plots

Figure 71: 40 nm FORC+ plots
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5.4: FORC Analysis of Thickness Optimization Vs. Single Layer Composition
In the thickness optimization study, the 20 nm thick film of Co 25Pd75 alloy with an MgO
(13 nm) seed and a 5 nm Ta cap seen in Figure 72 shown higher reversible switching, higher
coercivity, and square easy axis loop relatively to the single layer. Comparatively, the single
layer composition film of 50 nm Co 25Pd75 alloy with an MgO (5 nm) seed and cap layer of MgO
(5 nm) shown in Figure 73 has lower reversible switching, lower coercivity and a wasp-waisted
or bow-tie M-H loop. Both have shown an out-of-plane anisotropy, a noisy dipole tail, and the Lshape positive FORC distribution.

Figure 72: Co25Pd75 thickness optimization
FORC+

Figure 73: Co25Pd75 single layer FORC+

5.5: X-Ray Diffraction Analyis (XRD)
The X-ray diffraction analysis (XRD) shown in Figure 74 indicates that there is no peak
shift in either the CoPd alloy or the other elements involved in the thickness optimization films.
However, the XRD peak intensities increased with increase in thickness. As shown in Figure 75
and Figure 76 (with the same scale for all the films), the CoPd (111) and CoPd (200) peaks are
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clearly visible in the 40 nm film and barely seen in the 10 nm film and this observation is
expected as XRD peaks are well developed in thicker films than thinner ones.
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Figure 74: A stack XRD plots of the various thickness reduction for Co 25Pd75
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Figure 75: XRD analysis of 10 nm, 20 nm, 30 nm, and 40 nm thickness for Co 25Pd75
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Figure 76: XRD of 10 nm, 20 nm, 30 nm, and 40 nm thickness with the same scale for
Co25Pd75

5.6: Scanning Electron Microscopy (SEM) Analysis
Scanning Electron Microscopy (SEM) was utilized in micrographing the grain size of
each of the Co25Pd75 alloy thickness optimization films. Figure 77 through Figure 80 shows the
micrographs corresponding to 10 nm through 40 nm thickness films. The results indicated that
the average grain size is about 11 nm -17 nm determined by imageJ software procedure and
calculated by drawing a straight line from one end of the image to another end of the image. The
length of the line is measured and the number of grains along the line is counted. The average
grain size is then the ratio of the length of the line to the number of grains along the line. In order
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to get a good estimate of the grain size, three or more different lines were drawn at different
positions of each image and the individual grain size was determined.The overall average grain
size was calculated by taking the mean of the three or more measurements done in that image.
Note that all measurements were done to one standard or global reset scale. Figure 81 shows a
plot of the total average grain size of the thickness SEM images as a function of the Co25Pd75
alloy thickness optimization films. It was observed that the grain size increased linearly with
respect to the increasein Co25Pd75 alloy thickness48,77.

Figure 77: SEM image of 10 nm thickness

Figure 78: SEM image of 20 nm thickness

Figure 79: SEM image of 30 nm thickness

Figure 80: SEM image of 40 nm thickness
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Figure 81: Grain size determined by SEM as a function of Co 25Pd75 alloy thickness

5.6 Summary
In summary, we have shown that a 20 nm thick of Co 25Pd75 is the best optimized
thickness and is a potential candidate for pMTJ fabrication. In the next two chapters, we will
consider fully the effect of seed layer on the magnetic properties of CoPd alloy into details.
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Chapter 6: Seed Layer Optimization (Magnetometry, AFM, XRD, and TEM Analysis)

6.1: Introduction
Seed layers are required to improve the crystallinity of the CoPd alloy, compensate for
the difference in the atomic distances within the film and substrate (the lattice mismatch). . The
goal is to achieve the desired highly smooth face-centered cubic texture fcc (111).
Typically seed layer materials are used to provide a face-centered cubic (fcc) substrate to
give the CoPd layer perpendicular magnetic anisotropy (PMA) and for this to be possible the
CoPd alloy system must have a highly textured smooth fcc (111) structure78. It has shown studies
that CoCr and CoPd films have similar magnetic properties and are good perpendicular magnetic
recording materials even at room temperature78. Note that CoPd and CoPt alloys have larger
damping than CoFeB/MgO which make them of interest as a thermally stable free layer material
in high density STT-MRAM applications79.

6.2: Experimental details
A dc-magnetron sputtering in a planetary SFI Shamrock sputtering system with in-situ
rapid thermal annealing capability has been used to co-deposit CoPd alloys from elemental
targets onto the four different seed layers34,47. The CoPd alloys were co-sputtered from elemental
targets at 0.8 Pa of Ar, using DC magnetron sputtering with the system base pressure of 4x106
Pa. The MgO seed layer was deposited using RF magnetron sputtering at 0.26 Pa of Ar. DC
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magnetron sputtering was done at o.26 Pa of Ar for all the other layers. The detailed schematic
structure of the stacks (not to scale) is shown in Figure 82
All the magnetic structure and properties were characterized by using Princeton
Alternating Gradient Magnetometer (AGM). A Bruker AFM was used for surface
characterization of each film. X-ray diffraction (XRD) spectra were taken using a Philips X’Pert
Pro diffractometer with a Cu K-α source (1.5405 Å). The TEM was utilized to observe the
crystallinity of the different layers in the samples. The energy dispersive spectroscopy (EDX)
was used for the elemental analysis of the samples.
CoPd alloys samples were prepared with constant thickness of 20 nm and a constant
composition of Co (25%) and Pd (75%) (i.e. Co 25 Pd75) grown on four different seed layers with
varied thickness and capped with a 5 nm Ta. Post-deposition annealing was done in-situ- using
rapid thermal annealing at 400 oC for 8 min34,47. The samples were cooled in vacuum. The stacks
were deposited onto thermally oxidized silicon (Si) substrates and the stacks are as follows (with
the numbers in parentheses being thickness in nanometers)
Si/ SiO2/ Seed layer/ Co25Pd75 (20)/ Ta (5),
where seed layer = MgO (5), Ta (5), Ta (5)/Pd (5) or Ta (5)/Ru (5)/ Ta (5).
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Figure 82: Full Stack for Seed Layers on Co 25Pd75 Alloy (not to scale)

6.3: Magnetometry
Figure 83 -figure 86 shows the normalized individual out-of-plane hysteresis (M-H)
loops for Co25Pd75 alloy grown on MgO, Ta, Ta/Ru/Ta, and TaPd seeds respectively. An overlay
plot of the normalized M-H loops for all the seed layers is shown in Figure 87. It was found that
the highest coercivity is obtained for the Ta/Pa seed layer (2.894 kOe) followed by Ta/Ru/Ta
seed layer (1.941 kOe).The coercivity for the Ta seed layer and the MgO seed layer are (0.476
kOe) and (0.421 kOe) respectively.
Since it is hard to both quantitatively and qualitatively visualize the samples information
on the M-H loops alone, parameters such as coercivity (H c), saturation magnetization (M s),
magnetic anisotropy field (Hk), magnetic anisotropy constant (Ku), magnetic remanence (Mr),
and squareness (S *) were extracted and plotted as shown in Figure 88–Figure 93 below.
Generally, all parameters for all the seed layers have shown an increasewith increase in
coercivity (Hc) except for the Ms which increased with decrease in coercivity. Note that the
squareness (S*) were determined using the ratio of the remanence (Mr) to the saturation
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magnetization (Ms). The Ta/Pd seed bilayer shown the highest in Hc Mr, Ms, S*, Hk, Ku, and the
lowest in the Ms among all the seed layer.

Figure 83: MgO seed out-of-plane M-H loop

Figure 84: Ta seed out-of-plane M-H loop

Figure 85: Ta/Ru/Ta seed out-of-plane M-H
loop

Figure 86: Ta/Pd seed out-of-plane M-H loop
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Figure 87: Co25Pd75 alloy with different seed layers out-of-plane M-H loops overlay plot

Figure 88: Coercivity as a function of seed layer

71

Figure 89: Ms as a function of various seed
layer

Figure 91: Ku as a function of seed layer

Figure 90: Hk as a function of seed layer

Figure 92: Remanence as a function of seed
layer

Figure 93: Squareness as a function of seed
layer

6.4: Atomic Force Microscopy Analysis (AFM)
Our initial thought was that it may be the film roughness that causes the rise in the
coercivity but after Atomic Force Microscopy (AFM) study, it was found out that all the four
seed layers on Co25Pd75 alloy films have equal surface roughness below 0.15 nm. This result has
ruled out surface roughness as the main cause of the increased in coercivity with the different
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seed layers and therefore called for further characterization or analysis. Figure 94-Figure 97 are
the AFM images of the four seed layers on the 20 nm Co25Pd75 alloy films.

Figure 94: AFM image of Co 25Pd75 alloy on
MgO seed

Figure 95: AFM image of Co 25Pd75 alloy on
Ta seed

Figure 96: AFM image for Co 25Pd75 alloy on
Ta/Ru/Ta seed

Figure 97: AFM image for Co 25Pd75 alloy on
Ta/Pd seed

6.5: Scanning Electron Microscopy (SEM)
The scanning electron microscopy (SEM) was utilized in micrographing the grain size of
each of the Co25Pd75 alloys on the four seed layer films77. Figure 98 through Figure 101 shows
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the micrographs corresponding to MgO, Ta, Ta/Ru/Ta trilayer and Ta/Pd bilayer seeds
respectively. The results indicated that the average grain size is about 8 nm -12 nm determined
by imageJ software procedure. Figure 102 shows a plot of the total average grain size of all the
seed layer SEM images as a function of the Co25Pd75 alloy on the seed layer films. It was
observed that the grain size increased linearly with respect to the increase in coercivity of
Co25Pd75 alloy on all seed layers. The seed layers with the highest coercivity showed the smallest
grain size and larger grain size for smaller coercivity films. Since the Co 25Pd75 alloy thickness
for all the seed layers is 20 nm, a comparison of the grain size of the seed layers with the
thickness optimization films described in details in chapter 5 is plotted together shown in Figure
103. It is observed that the MgO (5 nm) seed layer in the seed layer optimization films has the
same grain size as that of the 20 nm thickness reduction film grown on the MgO (13 nm) seed.
Generally, all seed layers have their grain size less than the 30 nm and 40 nm thickness films.
The 10 nm thickness film has its grain size more than all the seed layer except the MgO (5 nm)
seed layer which is grown on top of the 20 nm CoPd alloy meaning that the type of seed layer
used in a particular film has effect on the grain size of that film. The energy dispersive
spectroscopy (EDX) was conducted using the SEM to determine the stoichiometry of the various
seed layers to obtain the atomic percentage of the cobalt to palladium composition and the results
is shown in Table 1 below.
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Table 1: The cobalt and palladium atomic percentage calculation by EDS
Seed layer

Cobalt atomic %

Palladium atomic %

MgO

22

78

Ta

18

82

Ta/Ru/Ta

18

82

Ta/Pd

14

86
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Figure 98: SEM image of Co 25Pd75 alloy on
MgO seed

Figure 99: SEM image of Co 25Pd75 alloy on
Ta seed

Figure 100: SEM image of Co 25Pd75 alloy on
Ta/Ru/Ta seed

Figure 101: SEM image of Co 25Pd75 alloy on
Ta/Pd seed
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Figure 102: Grain size as a function of seed
layer

Figure 103: Grain size as a function of seed
layer and thickness reduction

6.6: X-Ray Diffraction Analysis (XRD)
X-ray diffraction (XRD) spectra were collected on the four heterostructures, as shown in
Figure 104. All films were determined to be well aligned with respect to each other using the
position of the Si (100) substrate peak. The presence and position of CoPd (111) (2θ = 40.7º)
peaks indicate that all seed layers provide fcc (111) texture and are not epitaxially straining the
CoPd layer. All samples show CoPd (200), CoPd (111), and Ta (202) peaks at 40.7, 43.2, and
37.1 degrees, respectively.
We note that the films with strongest CoPd (111) intensity, and ostensibly the best crystal
quality, coincide with the use of a Ta initial seed layer followed by at least a second buffer layer
(Pd or Ru/Ta). Without the second layer, we see a marked drop in the CoPd (111) intensity,
suggesting that the second buffer layer plays a decisive role in crystal quality. This is important
in light of the coercivity data shown in Figure 88, as the CoPd (111) intensity appears coincident
with increased magnetic coercivity. While not causative proof, the results suggest that higher
crystallinity films should possess higher coercivity78. In the case of the heterostructure with
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Ta/Pd seed layer, one may be able to attribute the coercive increase to higher atomic content of
the Pd in the stack, as previously observed1. However, the heterostructure with Ta/Ru/Ta seed
layer also has strongly enhanced coercivity, suggesting that interfacial quality and crystallinity
could play a major role as well. The Co 25Pd75 alloy XRD stack plots for the various seed layers is
shown in Figure 105. and Figure 106 is Co25Pd75 alloy XRD individual plots for the various seed
layers. Figure 107 is a plot of the degree of crystallinity or noise to peak ratio determined by
origin software found to increase with increase in coercivity (the Ta/Pd bilayer has the highest
degree of crystallinity). The ratio of the CoPd (200) to CoPd (111) peaks were calculated and
plotted as shown in Figure 108 and the results indicated an increased with decreased in
coercivity (MgO seed has the highest peak ratio).
Scanning electron micrographs were taken of the 20 nm CoPd on the various seed layers,
as shown in Figure 10. Grain sizes for the samples with the various seed layers are shown in
Figure 11, as estimated by ImageJ software. The samples with the highest coercivity appear to
also have the finest grains, as discussed above.
Grain sizes were also plotted in Figure 11 from the XRD spectra using the DebyeScherrer analysis shown in equation 6. There is much less of a change in grain size, and the
grains are much larger. Since this analysis is representative of grains in the z direction, whereas
the data from the SEM are representative of grains in the x-y direction, the difference is
understandable.
𝐾𝜆

𝜏 = 𝛽𝑐𝑜𝑠𝜃 ……………………………………………………………………………………
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(6.1)

Where, τ is grain size (nm), K is shape factor (0.9), λ is X-Ray wavelength (m), β = Δ
(2θ) is the line broadening at full width half maximum (FWHM) in radians, θ is Bragg angle
(degree).
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Figure 104: Co25Pd75 alloy XRD overlay plots for Ta/Pd seed, Ta/Ru/Ta seed, Ta seed, and
MgO seed

Figure 105: Grain size extracted from SEM and XRD as a function of seed layer and thickness
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Figure 106: Co25Pd75 alloy XRD stack plots for Ta/Pd seed, Ta/Ru/Ta seed, Ta seed, and
MgO seed
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Figure 107: Co25Pd75 alloy XRD plots for Ta/Pd seed, Ta/Ru/Ta seed, Ta seed, and MgO
seed

Figure 108: Degree of crystallinity for CoPd

Figure 109: CoPd peaks ratio as a function of
seed layer
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6.7: Transmission Electron Microscopy Analysis (TEM)
6.7.1: Experimental
The microstructure of the films was investigated in cross-section orientation by
transmission electron microscopy (TEM) and high resolution transmission electron microscopy
(HRTEM). Cross-section TEM (XTEM) specimens were prepared by the sandwich technique.
Mechanical grinding followed by focused Ar+ ion milling in the GATAN PIPS was used to thin
the specimens to electron transparency. HRTEM observations were performed using a 200 kV
JEOL 2011 microscope with a point-to-point resolution 0.19 nm.

6.7.2: Results
XTEM and HRTEM were used to determine the microstructure of the different layers up
to the atomic scale. Figure 110 presents XTEM images of the four samples showing the
Co0.25Pd0.75 layer deposited on a (a) Ta/Pd bilayer seed , (b) Ta seed layer, (c) trilayer Ta/Ru/Ta
seed and (d) MgO seed layer, capped by a 4 to 5 nm thick Ta layer. As it is seen, the measured
thickness of the Co0.25Pd0.75 layer is equal to 20 nm, the different seed layers are clearly visible,
while the Ta capping layer is amorphous with higher surface roughness in the Ta seed and the
Ta/Ru/Ta seed samples76,80,81.
For all the four samples, the microstrure of Co0.25Pd0.75 is polycrystalline resulted from
the “columnar like” growth mode of the layer, which is clearly visible in the Ta seed sample of
Figure 110 (b). Moiré fringes, indicated by arrows, are formed due to superposition of differently
oriented crystallites along the projection direction.
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Figure 110: Cross-section Bright field (BF) TEM images of the 20 nm thick Co0.25Pd0.75 layer
grown on (a) Ta/Pd bilayer seed, (b) Ta seed layer, (c) trilayer Ta/Ru/Ta seed and (d) MgO
seed layer.

Figure 111 shows an HRTEM image of the Ta/Pd seed bilayer, projected along <110> Si
zone axis. An amorphous SiO2 layer, 1 nm thick, on the Si surface is clearly seen as well as the
amorphous thin Ta layer, with varying thickness from 3 nm to 4 nm and the crystalline Pd layer
on top. The spacing of the lattice fringes, visible all along the image, is measured equal to 0.25
nm corresponding to the 111 lattice fringes of fcc Pd.
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Figure 111: : HRTEM image of the Si/SiO2/Ta/Pd seed bilayer, projected along <110> Si
zone axis, showing the thin amorphous SiO2 layer in between Si and the amorphous Ta and
the crystalline Pd seed bilayer.

The good crystalline quality of the Co 0.25Pd0.75 layer deposited on the Ta/Pd seed is
illustrated in the cross-section HRTEM image of Figure 112, projected along <110> Si and
<110> Co0.25Pd0.75 zone axes. A 35 nm wide single crystalline Co0.25Pd0.75 “column” is shown
together with an enlargment of the area indicated by the white square given as inset. The
measured spacing of both lattice fringes, forming an angle of 70.53 o, equals to 0.22 nm
corresponding to the d-spacing of the (111) planes of FCC Co0.25Pd0.75 alloy with a lattice
constant of 0.38 nm (closer to the pure fcc Pd 0.39 nm that to the fcc Co 0.354 nm). This was
verified in several areas revealing the prefered growth orientation of the Co0.25Pd0.75 layer with
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the <111> Co0.25Pd0.75 axis being parallel to [001[Si along the growth direction. It is noticed that
that this is also the actual orientation of the Pd seed layer as is shown in Figure 111, but a clear
strucrural or chemical interface between the Pd seed and the Co0.25Pd0.75 layer cannot be clearly
identified. The Ta capping layer appears to be amorphous72,76,80,81.

Figure 112: HRTEM image of the Si/SiO2/Ta/Pd/ Co 0.25Pd0.75/Ta sample, projected along
<110> Si // <110> Co0.25Pd0.75 zone axes. The FCC structure of the Co 0.25Pd0.75 layer and the
<111> growth direction are revealed.

The structure of the Si/SiO2/Ta /Co0.25Pd0.75/Ta sample, projected along <110> Si zone
axis, is presented in the HRTEM image of Fig.113. The different layers are clearly distinguished,
with a thinner than in the previous sample SiO2 amorphous layer (about 0.5 nm), 5 nm
amorphous Ta seed, 20 nm of Co 0.25Pd0.75 and the amorphous Ta capping layer. The measured
spacing of the observed lattice fringes equals to the (111) lattice planes of FCC Co 0.25Pd0.75, as
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indicated in the image, with the preferred growth direction along the <111> axis.signalize
Co0.25Pd0.75 is polycrystalline with crystalline “columns” being smaller in size than in the
previous sample. Several moiré fringes are formed due to the superposition of misoriented
superimposed crystallites along the projected direction72,76,80,81. The smaller the size of the
coalesced columns the higher the number of the grain boundaries formed between adjacent
columns, leading possibly the lower coercivity of the sample.

Figure 113: HRTEM image of the Si/SiO2/Ta/Co 0.25Pd0.75/Ta sample, projected along <110>
Si zone axis. The 20 nm thick polycrystalline Co 0.25Pd0.75 layer in between the amorphous Ta
seed and the Ta capping layers are clearly visible.

b
The atomic structure of the Co 0.25Pd0.75 layer on the trilayer Ta/Ru/Ta seed, viewed along
<110> Si // <110> Co0.25Pd0.75 zone axes, is depicted in the HRTEM image of Figure 114. The
thin amorphous SiO2 layer on Si surface is lacking from the observed area whereas its thickness
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is very small in other areas of the sample. The first Ta seed as well as the Ta capping layers
appear to be also amorphous for this sample, while the 4 nm Ru followed by 4.2 nm Ta seed
layers are crystalline. Both Ru and Ta layers are polycrystalline, with the first grown along the
[0001] direction of the hcp Ru and the second along the <111> direction of the fcc Ta. This is
identified by the measured spacing of the lattice fringes observed in these layers, equal to d 0002 =
0.214 nm and d111 = 0.24 nm for the Ru and Ta layers respectively. The fcc structure of the
Co0.25Pd0.75 layer is revealed projected along the <110>zone axis. The lattice fringes of the
{111} lattice planes of the structure are indicated in the enlarged part of the layer given in the
inset.

Figure 114: HRTEM image showing the fcc structure of the Co 0.25Pd0.75 layer on the trilayer
Ta/Ru/Ta seed, viewed along <110> Si // <110> Co 0.25Pd0.75 zone axes.
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The polycrystalline fcc Co 0.25Pd0.75 layer on MgO seed is illustrated in the HRTEM
image of Figure 115. The thickness of the amorphous SiO2 layer on Si surface, equal to 2.5 nm,
is much higher than in the one observed to the other samples. A polycrystalline 3.5 nm MgO
seed layer is observed oriented with the <001> zone axis along the growth direction. This is
concluded from the spacing of the observed lattice fringes, measured equal to 0.212 nm as the dspacing of (002) planes of fcc MgO. The image shows a part of the polycrystalline Co 0.25Pd0.75
layer, the upper part has been thinned during the specimen preparation thinning process. An fcc
Co0.25Pd0.75 crystallite, surrounded by the white line, is also oriented along the <111> growth
direction. The Co 0.25Pd0.75 crystallites has a much smaller size than those grown on the other seed
layers.
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Figure 115: HRTEM image of the Si/ SiO2/ MgO/Co 0.25Pd0.75/Ta sample, viewed along <110>
Si zone axis, showing the amorphous SiO2, the polycrystalline MgO seed and a part of the
polycrystalline Co0.25Pd0.75 layer. An fcc Co0.25Pd0.75 crystallite is also indicated.

6.8 Summary
The study of the effect of the four seed layers deposited on Co 25Pd75 alloy magnetic
properties (coercivity specifically) were done and characterized using AFM, XRD, TEM, and
AGM. XRD results suggest that while the initial Ta seed layer may not have much effect on the
coercivity, a second buffer layer can be the decisive factor in the increased coercivity. In the case
of the heterostructure with Ta/Pd seed layer, one may be able to attribute the coercive increase to
higher atomic content of the Pd in the stack. However, the heterostructure with Ta/Ru/Ta seed
layer also has strongly enhanced coercivity, suggesting that interfacial quality and crystallinity
could play a major role as well. The TEM results indicated that the smaller the size of the
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coalesced columns the higher the number of the grain boundaries formed between adjacent
columns, leading possibly the lower coercivity of the sample (Ta seed film). Also, it was
discovered that Co 25Pd75 alloy coercivity is highly dependent on seed layer and can be concluded
that 20 nm of Co25Pd75 alloy with Ta/Pd seed layer appears to be a viable candidate for the
pinning layer in perpendicular MTJ s for STT-RAM.
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Chapter 7: Seed Layer Optimization (MFM and FORC Study of Switching Mechanism)

7.1: Introduction
Recent research on CoPd alloys with perpendicular magnetic anisotropy (PMA) has
suggested that they might be useful as the pinning layer in CoFeB/MgO-based perpendicular
magnetic tunnel junctions (pMTJ's) for various spintronic applications such as spin-torque
transfer random access memory (STT-RAM)34,47. We have previously in chapter 6 studied the
effect of seed layer for Co 25Pd75 alloy stack based on the structure (by AGM, AFM, XRD, EDS,
and TEM) in understanding the basic caused of the dynamic rise in the coercivity of these CoPd
films. In this chapter, we have studied that these films do not switch coherently and therefore the
coercivity is determined by the details of the switching mechanism. We show that information
can be obtained about the switching mechanism from magnetic force microscopy (MFM) 74-76
together with first order reversal curves (FORC) 53,57,59, despite the fact that MFM can only be
used at zero field. We observed that these films switch by a mechanism of domain nucleation
and dendritic growth into a labyrinthine structure, after which the unreversed domains gradually
shrink to small dots and then disappear59. As mention earlier in chapter 4 (our single layer
composition optimization study) that some of our films are similar to those Davies et al found in
single Co/Pt multilayer films59 using the X-ray transmission micrograph82-84 where their films
switched symmetrically by domain wall motion and nucleation, ours is switching asymmetrically
from domain dendritic to nucleation.
Experimentally, CoPd alloys have the advantage of being easier to fabricate than
multilayer films. We have prepared Co 25Pd75 films by DC magnetron sputtering from elemental
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targets, using four different seed layers, as described in the previous chapter 34,47. The Co25Pd75
alloy is 20 nm thick in the stack and the schematic of the layers is given in Figure 82. The 20 nm
Co25Pd75 alloy is grown on four different seed layers with the experimental details discussed
previously in chapter 6. The stacks were deposited onto thermally oxidized Silicon (Si)
substrates and the stack is Si/ SiO2/ Seed layer/ Co25Pd75 (20 nm)/ Ta (5 nm) where seed layer =
MgO (5 nm), Ta (5 nm), Ta (5 nm)/Pd (5 nm) or Ta (5 nm)/Ru (5 nm)/ Ta (5 nm).
Of the four seed layers that we have tried (MgO, Ta, Ta/Pd, Ta/Ru/Ta), two of them
(MgO and Ta seeds), do not have stable perpendicularly magnetized states. They begin to switch
already at H=0 and therefore would not be useful for a pMTJ devices. These seeds (MgO and Ta)
have shown the lowest coercivity among all. However, the Ta/Ru/Ta trilayer and the Ta/Pd
bilayer have shown a tremerious rise in the magnetic coercivity and do not switch at H=0 which
make them have a stable perpendicular magnetized states very useful in pMTJ devices.

7.2 Switching Mechanism: FORC and MFM
The mechanism by which a thin magnetic film switches when the magnetic field is
changed has been studied by various imaging techniques such as MOKE (magneto-optical Kerr
effect)59,74,82 and Lorentz microscopy 83,84. These techniques are difficult and time-consuming. As
a result, it is attractive to use the more accessible technique of magnetic force microscopy
(MFM), but MFM cannot easily be used in a nonzero magnetic field, and only one of the states
along a hysteresis curve (the remanent state, the red dot in Figure 116) has zero field. For a
general point along the curve at a field 𝐻𝑅 , we must return the field to 𝐻 = 0 in order to scan an
MFM image, and this may change the structure of the film. However, we find that in many
systems, returning to 𝐻 = 0 does not change the structure significantly, and MFM can be used to
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determine the switching mechanism. We will assume that the field 𝐻𝑅 at which we want to
determine the structure during switching is negative, as it is in a system with high remanence
(𝐻𝑅 < 0). One indicator of whether the structure changes is whether the magnetization changes
as we increase the field from 𝐻𝑅 to zero. Conveniently, there is a widely-used technique that
measures exactly this, called First Order Reversal Curve (FORC) method 53,57,59. Two FORC
curves are shown with the hysteresis loop in Figure 116. They are measured by decreasing the
field from positive saturation to a “reversal field” 𝐻𝑅 , and then increasing the field, measuring
the magnetic moment 𝑀(𝐻, 𝐻𝑅 )52,69 at approximately equally-spaced values of the field 𝐻. In
the schematic Figure 116, and in many real FORC curves shown in Figure 117, the
magnetization does not change very much along the FORC curve from 𝐻𝑅 (green dot) to zero
(red dot). Even this small change may be mostly due to reversible rotation of the magnetization
rather than irreversible switching or domain wall motion.
In order to test for this we can subtract off the reversible part and plot only the
irreversible FORC curve. To define the reversible part 𝑀𝑅 (𝐻) of the magnetic moment, note that
the switching field distribution (SFD) for the down-switching (upper) part of the hysteresis loop
magnetization 𝑀𝑢 (𝐻) = 𝑀(𝐻, 𝐻𝑅 = 𝐻) is customarily 52,64,65,69 defined by 𝑆 (𝐻) =

𝑑𝑀𝑢 (𝐻)
𝑑𝐻

, so

that

𝑆 (𝐻 ) =

𝜕𝑀(𝐻, 𝐻) 𝜕𝑀(𝐻, 𝐻𝑅 )
𝜕𝑀(𝐻, 𝐻𝑅 )
=
)
+
)
𝜕𝐻
𝜕𝐻
𝜕𝐻𝑅
𝐻𝑅 =𝐻
𝐻𝑅 =𝐻

(7.1)

The first term on the right vanishes in an irreversible system (with nonzero coercivity) while the
second vanishes in a reversible system – thus it is natural 64,65 to regard the first term as the
reversible SFD (R-SFD)
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𝑆𝑟𝑒𝑣 (𝐻) =

𝜕𝑀(𝐻, 𝐻𝑅 )
)
𝜕𝐻
𝐻𝑅 =𝐻

(7.2)

and the second term as the irreversible SFD

𝑆𝑖𝑟𝑟 (𝐻) =

𝜕𝑀(𝐻, 𝐻𝑅 )
)
𝜕𝐻𝑅
𝐻𝑅 =𝐻

(7.3)

We can then define the reversible moment by integrating the R-SFD:
𝐻

𝑀𝑟𝑒𝑣 (𝐻) = ∫ 𝑆𝑟𝑒𝑣 (𝐻′)𝑑𝐻′ + 𝐶

(7.4)

−∞

where C is an arbitrary additive constant which we can choose so that the positive and negative
saturation values agree: 𝑀𝑟𝑒𝑣 (−∞) = −𝑀𝑟𝑒𝑣 (∞). We may also define a reversible fraction
∞

𝑓𝑟𝑒𝑣 ≡

∫−∞ 𝑆𝑟𝑒𝑣 (𝐻′ )𝑑𝐻′

(7.5)

∞

∫−∞ 𝑆(𝐻′ )𝑑𝐻′

95

Figure 116: Schematic hysteresis loop M (H), showing the remanent state (red square) that can
be imaged using MFM. Two FORC cureves are also shown. On the upper FORC, the red dot
at the beginning of the FORC is on the switching path, and when the field is turned off to
make an MFM, we move along the FORC to the blue dot.

Figure 117: FORC curves of CoPd alloy film with TaPd seed. Green dots are two points on
the downward switching curve (upper branch of hysteresis loop). Note that the magnetization
changes very little when the field is turned off (blue points).

In an MFM measurement, a vibrating magnetic tip (approximately a vertical point dipole)
is swept across the surface of the sample – the changes of phase or amplitude measure
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approximately 3, 4, 5 𝜕 2 𝐻𝑧 /𝜕𝑧 2 . Over a large uniform domain, the stray field H vanishes, so the
method is primarily sensitive to domain walls. If the sample anisotropy is very small, the
passage of the tip can switch grains or move domain walls, which causes streaking in the image,
so we can only study samples with reasonably large anisotropy. In our case, of our four samples
with different seed layers, only the TaPd and Ta/Ru/Ta seeds yield enough anisotropy
(coercivity) to provide a good MFM image. The highest coercivity is obtained with the TaPd
seed, whose FORC curves are shown in Figure 117. It can be seen that the system switches
rather abruptly at about -3 kOe, and if we stop at 𝐻𝑅 , one of the red dots along the reversal path
(the upper hysteresis loop) and increase the field to zero (blue dot), the total moment does not
change much.
Figure 118 is a copy of the FORC curves in Figure 117, with insets showing the MFM
images at various points. There is no visible change in the saturated state as the field is reduced
from ∞ to 0 (upper right image, the remanent state). But the next image (labeled 0.9 Ms) shows
dendritic growth of reversed domains. Since the magnetization is changing very rapidly with 𝐻𝑅
in this region, we have positioned this image in the M-H plane by estimating its 𝑚 ≈ 0.9𝑀𝑠
rather than by its 𝐻𝑅 . It would probably be very difficult to capture the exact field and location
of the nucleation event, but the mechanism is clear. The dendritic growth of a reversed region
with a spongey texture continues until it fills the area (in the next image, 𝑚 ≈ 0). The reversed
region then densifies until there are only isolated patches unreversed (𝑚 ≈ −0.9𝑀𝑠 ); the last
(lower left) image at 𝐻𝑅 = −3550 Oe has 𝑚 ≈ −𝑀𝑠 but there are still some unreversed spots
visible. A last image at 𝐻𝑅 = −4000 Oe is not shown because it looks completely saturated.
This MFM visualization method does not work for all PMA (perpendicular magnetic
anisotropy) films. In particular, the CoPt multilayer film used by Davies et al59 (imaged by
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MOKE) switches by domain wall motion in a labyrinthine structure as ours does, but the motion
is highly reversible near zero field (a wasp-waisted hysteresis loop71) so the domain walls move
if the field is turned off – MFM can therefore not be used for imaging. The most important
reason for this difference may be the thickness – their film was much thicker (50 nm) than ours
(20 nm), which increases the demagnetization fields and makes stripe domains more stable than
a uniform saturated state at zero external field. Another notable difference is that rather than the
sudden nucleation of reversal in Figure 118 (so that the actual nuclei cannot be imaged), they
observe gradual growth of reversed nuclei as the field is decreased, similar to the patches of
unreversed nuclei we see at 𝐻𝑅 = −3550 Oe. It is noted that domain wall motion (labyrinthine
stripe domain) switching show multiple nuclei while in the dendritic growth mode shown few
nuclei.
The traditional use of FORC curves is to compute a “FORC distribution”:

𝜌(𝐻𝑅 , 𝐻) = −

1 𝜕 2 𝑀(𝐻𝑅 , 𝐻)
2 𝜕𝐻 𝜕𝐻𝑅

(7.6)
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Figure 118: FORC curves of CoPd alloy film with TaPd seed, as in Figure 117, with insets
showing 10 µm x 10 µm MFM images at xxx points of the switching field. It is difficult to get
the moment M in the MFM image to be exactly the same as one of the FORC curves, but since
the FORC curves are very similar, we can sketch what the curve would look like at the
moment value of the MFM.

In a system of independent Preisach hysterons 52,69,72, this can be interpreted as the
density of hysterons that switch down at field 𝐻𝑅 and back up at field 𝐻. In thin films, the grains
are far from being independent, but the FORC distribution has still been found to be useful as a
“fingerprint” of the system. This is especially true if we can determine the switching mechanism
by imaging and identify features in the FORC distribution that are associated with particular
mechanisms. This was done by Davies et al 59 for a Co/Pt multilayer film, using MOKE
(magneto-optic Kerr effect) for the imaging82-84. They found very fine-scale structure in the
FORC distribution which is very challenging to image using existing software, which uses
smoothing to suppress noise. The smoothing also suppresses the fine structure. The purpose of
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this work is to (1) show that we can often image switching more easily using MFM and (2) we
can avoid the necessity for data averaging by using a new visualization program (FORC+)50,64,65
which takes advantage of the averaging capability of the human eye by displaying positive and
negative density in complementary colors, so noise appears grey and the positive (orange) and
negative (blue) regions are strongly colored and highly visible. The size of the pixels in the
display corresponds exactly to the field increment used in the measurement.
The MFM images indicate that our films are asymmetrically switching and Figure 119
show the MFM images at various points with the hysteresis loop of the Ta/Pd seed at the center,
saturated at 8 kOe reversed back step-wisely indicated by the blue arrow with their
corresponding fields from positive saturation field to negative saturation field. Also, reversed
forwardly with saturation at 8 kOe indicated by the blue arrow (from the negative saturation field
to the positive saturation field) is shown in Figure 120 as well. Figure 121 is the M-H loop of the
Ta/Ru/Ta trilayer seed with MFM images at various points (fields) for only one direction. The
opposite direction is symmetry just like in the Ta/Pd bilayer seed.
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Figure 119: MFM images and reversed back step-wisely for Co25Pd75 alloy on Ta/Pd seed

Figure 120: MFM images and reversed forward step-wisely for Co25Pd75 alloy on Ta/Pd seed
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Figure 121: MFM images and reversed forward step-wisely for Co25Pd75 alloy on Ta/Ru/Ta
seed.

7.3 The Remanent State and the AC Demagnetized State of the Four Seed Layer Films
Figure 122 through Figure 125 shown the MFM images at both the remanent state and
the AC demagnetized (as-received) state of the CoPd alloy films on the MgO seed, Ta seed,
Ta/Ru/Ta trilayer seed, and Ta/Pd bilayer seed respectively. The AC demagnetized state is the
state at which the films are imaged at 50% to 50% of the while and dark spots respectively. It
could be concluded to be the coercivity state of the film (Magnetization being zero).
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Figure 122: MFM images for Co25Pd75 alloy on MgO seed (a) remanent state and (b) AC
demagnetized state.

Figure 123: MFM images for Co25Pd75 alloy on Ta seed (a) remanent state and (b) AC
demagnetized state.
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Figure 124: MFM images for Co25Pd75 alloy on Ta/Ru/Ta seed (a) remanent state and (b) AC
demagnetized state.

Figure 125: MFM images for Co25Pd75 alloy on Ta/Pd seed (a) remanent state and (b) AC
demagnetized state.

7.4: FORC Analysis of the Co 25Pd75 alloy on the Four Seed Layers
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In Figure 126, we show a display produced by the FORC+ program of Co 25Pd75 alloy on
the Ta/Pd bilayer seed. It has the FORC curves at the upper left labeled as (a), and below them
the irreversible switching field FORC distribution labeled as (b), rotated 45 degrees labeled as
(c), so the horizontal H axis is the same in both figures. One can then see which features of the
FORC curve give rise to the various features of the FORC distribution. Often it is useful to plot
the FORC distribution in the coercivity-bias field plane, where 𝐻𝑐 ≡ 12(𝐻− 𝐻𝑅 ) and 𝐻𝑏 ≡
1
(𝐻+ 𝐻𝑅
2

);

this is done in the lower right labeled as (c). The reversible fraction (Eq. 8) is 0.xx in

this case, and the reversible SFD (Eq. 5) 𝑆𝑟𝑒𝑣 (𝐻𝑏 ) is shown at the upper right (labeled as (d). The
large negative and positive R-SFD on the right may indicate a drift problem in the experiment –
fortunately, this does not affect the FORC distribution. The two graphs on the right share a
horizontal axis 𝐻𝑏 .
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Figure 126: A display from the FORC+ program for the TaPd seed: (a) FORC curves, (b)
FORC diagram, (c) FORC diagram rotated so the vertical axis is coercivity Hc, (d) bar graph
of reversible SFD (again positive=orange, negative=blue).

Figure 126(c) has an enlarged inset showing the only non-noise structure in the FORC
distribution. We will refer to it as a “dipole tail” because it hangs down along the 𝐻𝑅 axis and
has a positive (orange) component on the right and a negative (blue) component very close to it
on the left. Because they are so close together (one or two pixels, meaning one or two times the
field increment ∆𝐻) almost any amount of smoothing will drastically suppress them. For
comparison, we show in Figure 127 the display produced by a widely used FORC display
package (VariFORC63) that uses averaging over a distance SF (“smoothing factor”) = 5 pixels. In
this case the dipole tail is hard to see. We could make it more visible by decreasing SF, at the
cost of increasing the noise. The small positive and negative features along the top (Hc=0)
boundary are artifacts resulting from not waiting for equilibrium at the beginning of a FORC
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curve (giving it a “hockey stick” appearance). They do not appear in our FORC+ distribution
because we have used an option to replace the first point of each curve by an extrapolation. Note
that the dipole tail shown in Figure 126 is real but the “tail” along the HR axis afterwards is noise
(we referred it as noisy tail).

Figure 127: A smoothed display (produced by VariFORC 63) for the same system as Figure
126. The dipole tail is labeled but is very hard to see because of the smoothing.

The dipole tail was observed by Davies et al 59, who noted that it has an interesting
interpretation. It shows that changes are occurring in the film even after the hysteresis loop
shows it to be fully saturated. Note that the curves in Figure 117 are fully saturated at about -3
kOe, whereas the tail is clearly visible in the FORC distribution (Figure 126(b)) as low as 𝐻𝑅 =
−5 kOe. [Actually the tail in Figure 126(b) extends to arbitrarily low 𝐻𝑅 , but below -5 kOe the
positive pixels and negative pixels are mixed, so it is arguably noise (noisy tail). Above 5 kOe
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the positive density is clearly on the right and it is not noise.] We have observed this also in an
MTJ (magnetic tunnel junction) stack 72, and refer to it as “holdout bias” – a few unreversed
grains, too small to affect the hysteresis loop (but perhaps visible in the lower left inset in Figure
118), refuse to switch until about -5 kOe, and change (bias) the field at which the film switches
back because they provide nuclei for the back-switching.

Figure 128: Display from the FORC+ program, like Figure 126 but for the Ta/Ru/Ta seed: (a)
FORC curves, (b) FORC diagram, (c) FORC diagram rotated so the vertical axis is coercivity
Hc, (d) reversible SFD.

The other seed layer producing a reasonable coercivity and remanence is Ta/Ru/Ta. We
show the FORC+ display for this case in Figure 128. As for the Ta/Pd seed, there is a single
feature in the FORC distribution, a dipole tail. We can regard this as a “fingerprint” of the
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dendritic growth + densification switching mechanism, and this conclusion is confirmed by the
MFM images for this case, which are shown in Figure 119 through Figure 120.
The remaining two seed layers produced much smaller remanence and coercivity and
thus are probably not useful for applications – their FORC+ displays are shown in Figure 129
and 130 for Ta seed and MgO seed respectively. Note that the FORC structure in these cases is
very near zero coercivity and does not have the clear “dipole tail” form. However, it does have a
fingerprint consisting of a positive region just above a narrow (one or two pixels) negative stripe
– the negative stripe completely disappears upon smoothing, but is clearly visible in the FORC+
distribution.

Figure 129: Display from the FORC+ program for the Ta seed: (a) FORC curves, (b) FORC
diagram, (c) rotated FORC diagram, (d) reversible SFD.
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Figure 130: Display from the FORC+ program for the MgO seed: (a) FORC curves, (b) FORC
diagram, (c) FORC diagram rotated so the vertical axis is coercivity Hc, (d) reversible SFD.

7.5 FORC+ Reversible Fraction of the various Seed Layer Films
As shown in Table 2, the MgO seed has the lowest magnetic coercivity and the highest
reversible fraction among all the four seed layers. However, from the Ta seed to the Ta/Ru/Ta
trilayer seed and the Ta/Pd bilayer seed where there is a vast difference in the coercivity, they
almost show the same reversible switching (reversible fraction). This may be attributed to the
present of the Ta element in the seed layer which we think could be suppressing the reversibity
of the films during switching.
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Table 2: Shows reversible fraction and coercivity as a function of seed layer

Seed Layer

Reversible Percentage (%)

Coercivity (kOe)

MgO

20

0.421

Ta

5

0.476

Ta/Ru/Ta

7

1.941

Ta/Pd

6

2.894

7.5 Summary
We have shown from the FORC curves that MFM can be used (even at zero field) to
study the intermediate states of certain CoPd films during switching and elucidate the switching
mechanism. This method seems to work best for thin films (we used 20 nm) for which the
demagnetized field is not strong enough to force a stripe structure to form when the external field
is turned off. We find that the highest-coercivity Co25Pd75 alloy films switch by nucleation and
dendritic growth of a region of labyrinthine or spongey domains, within which the unreversed
domains shrink, becoming isolated islands, which shrink and disappear as the system approaches
negative saturation.
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Chapter 8: FORC+ Analysis of Perpendicular Magnetic Tunnel Junctions (Synthetic Co/Pt
Antiferromagnetic Multilayer)

8.1: Introduction
The use of the First Order Reversal Curve (FORC) method for characterization of
magnetic systems has grown rapidly in the last couple of decades53-55,85. We have studied
magnetic tunnel junction (MTJ) thin-film stacks using the First Order Reversal Curve (FORC)
method. These have very sharp structures in the FORC distribution, unlike most particulate
systems or patterned films. These structures are hard to study using conventional FORC analysis
programs that require smoothing, because this washes out the structure. We have used a new
analysis program (FORC+)64,65 that is designed to distinguish fine-scale structure from noise
without the use of smoothing, to identify these structures and gain information about the
switching mechanism of the stack. In this work, we have applied a new method (FORC+) for
FORC analysis to show that a detail information of a single layer can be extracted from a more
complex system which is not possible by the conventional FORC programs.
FORC was originally motivated by a model of a magnetic system as a collection of
independent particles (“Preisach hysterons”) with rectangular hysteresis loops, each completely
characterized by a down-switching field HR and an up-switching field H as shown in Figure 131.
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Figure 131: Hysteresis loop of a Preisach hysteron.

FORC has been extended beyond the independent particles and is easiest to use for
systems such as patterned films that can be reasonably approximated in this way because the
magnetostatic and exchange interactions are weak. In such systems, the FORC distribution 𝜌
computed from the FORC curves M (HR, H) as

𝜌(𝐻𝑅 , 𝐻) = −

1 𝜕 2 𝑀(𝐻𝑅 , 𝐻)
2 𝜕𝐻 𝜕𝐻𝑅

(8.1)

This can be interpreted as the density of hysterons with switching fields H and HR. However, it
has become apparent that the FORC distribution gives useful information about unpatterned
films56,59,86 as well, although the features seen in the distribution ρ are different from those of
particle assemblies, and cannot be interpreted in the same way. In this chapter, we argue that the
methods that have been developed for the computation and display of the FORC distribution for
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particle assemblies may not be appropriate for other systems. In particular, noise is a serious
problem in FORC analysis because a small amount of noise in the magnetization M produces a
large amount of noise in its numerical second derivative. This is usually dealt with by averaging
𝜌 over several field points (𝐻𝑅 , 𝐻)62,63 (smoothing) which works well when the field dimensions
of the structures are large compared to the field increment ΔH (when there is a broad distribution
of switching fields). However, in the case of unpatterned films, switching is often quite abrupt.
So 𝜌(𝐻𝑅 , 𝐻) has variations on a very small scale and is not practical to make ΔH much smaller
to perform smoothing. In this work, a visualization program (“FORC+”) 64,65 that makes it
possible to distinguish these features from noise without doing any smoothing has been used and
hence without washing out the features. This is possible by displaying the raw data in a color
scheme in which 𝜌 = 0 corresponds to black (or white, in figures designed to be printed on white
paper), and positive and negative 𝜌 are represented by complementary colors (i.e., colors that
add to white: orange and blue-green in this work). Then noise will appear as a finely divided
mixture of complementary colors, which appears grey from a distance. In a sense, the human eye
automatically does the averaging. A region in which 𝜌 has a positive average will have an
orange hue, and one in which 𝜌 is negative will have a blue-green hue.
The micromagnetic explanation59 for the sharpness of the FORC features of unpatterned
films involves domain nucleation and the growth of labyrinthine domains74 ; the ability to
visualize these sharp features thus enables us to make inferences about the switching behavior
without having to do actual real-space imaging.
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8.2: Experimental details
Figure 132.72 shows the full stack of the pMTJ where the sample was deposited onto a 20
cm diameter thermally oxidized Si wafer (oxide thickness 100 nm) using a Singulus TIMARIS
sputtering system87 with a base pressure less than 8 x 10-7 Pa (6 x 10-9 Torr).
The layer structure is as follows (with the numbers in parentheses being the thickness in
nanometers):
Si/SiO2/Ta (5)/ CuN (30)/ Ta (5)/ Co20 Fe60 B20 (1.1)/ MgO (1.0)/Co 20 Fe60 B20 (1.4)/ Ta (0.4)\ Co
(1) \ Pt (0.8)\ 3x [Co (0.25)\ Pt (0.8)]\ Co (0.6)\ Ru (0.85)\ Co (0.6) \ Pt (0.8)\ 13x [Co (0.25)/ Pt
(0.8)]/ Ta (5)/ CuN (10)/Ru (7).

Figure 132: Full Stack for a pMTJ (not to scale). M1, M2, and M3 are the separatelyswitching magnetic units, in the order in which they switch. We have lumped two physical
layers (the bottom multilayer ML2 of the SAF and the CoFeB pinned layer) together as M3
because they appear always to switch together.
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In this full pMTJ stack structure, the lower CoFeB layer is the free layer and is
perpendicularly magnetized due to interface anisotropies induced by the MgO barrier layer and
Ta seed layer. The pinned or reference layer consists of another CoFeB layer acting as a spin
polarizer. It is pinned through a thin Ta layer to a synthetic antiferromagnet (SAF) comprised of
a multilayer ML1 (three repeats of (Co/Pt)), which is antiferromagnetically coupled via a Ru
layer to ML2, another 13 repeats of (Co/Pt). The sample stack was annealed in a vacuum furnace
at a pressure less than 7x10 -2 Pa (5x10-4 Torr) at a temperature of 350 oC for 1 hour in the
presence of an out-of-plane magnetic field of 5 kOe.
The TMR (tunneling magneto-resistance) ratio and RA (resistance-area product) of the
full pMTJ stack were measured using current-in-plane tunneling (CIPT) in a perpendicular
magnetic field. The maximum TMR value was about 80% . 72

8.3: The mathematics of incorporating reversible switching field distribution to irreversible
switching field distribution in FORC+
The method of First Order Reversal Curves (FORCs) is a powerful and practical tool that
has been used for a number of years to extract information from magnetization measurements. It
provides information about hysteretic behavior, such as the joint probability distribution of
coercivity and bias field that cannot be obtained from the major loop (M-H loop) alone. A
FORC is measured on an alternating gradient magnetometer (AGM) by saturating a sample in a
large positive applied field Hsat, then decreasing the field to a “reversal field” HR, then sweeping
the field slowly upward, while recording the magnetization M(HR, H) at discrete values of the
field H53. This process is repeated for many values of HR yielding a series of FORCs defining the
function M(HR,H). The FORC distribution is defined as the crossed partial derivative of the
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magnetization with respect to HR and H as in Eq. (1). A FORC diagram is then a contour or
color-density plot of ρ(HR,H) – we can interpret it as a probability distribution in the coercivity
and bias if we transform coordinates to the coercivity Hc ≡ (H - HR )/2) and the bias field Hb =
(H+ HR)/2, as indicated in Figure 131.
The “FORC+” program65 we use in this work differs from previous FORC analysis
programs in two important ways. First, as mentioned in the Introduction, we can analyze the fine
structures that appear in FORC analysis of sheet films, even if they are only a few pixels wide,
because the use of a complementary-color scale makes smoothing unnecessary. Second, the
usual FORC distribution [Eq. (1)] does not preserve all the information contained in the FORC
measurement M(HR,H) – for example, if a system is reversible, M(HR, H) is independent of HR
and therefore its derivative, the Preisach density [Eq. (1)], vanishes – all information is lost in a
reversible system. By contrast, the FORC+ program displays a “FORC+ distribution” from
which the original M(HR,H) can be recovered exactly – no information is lost.
Mathematically, we may recover a first derivative from the second derivative [Eq.(1)] by
∞ 2 (
𝜕𝑀 (𝐻𝑅 , 𝐻) 𝜕𝑀(𝐻𝑅 , ∞)
𝜕 𝑀 𝐻𝑅 , 𝐻)
=
−∫
𝑑𝐻
𝜕𝐻𝑅
𝜕𝐻𝑅
𝜕𝐻𝜕𝐻𝑅
𝐻𝑅

(8.2)

where the first term on the right vanishes for large H, M(HR, H) saturates and is independent of
HR. Then we can recover M(HR,H) itself from
𝐻

𝜕𝑀(𝐻𝑅 , 𝐻)
𝑑𝐻𝑅
𝜕𝐻𝑅
𝐻𝑅

𝑀(𝐻𝑅 , 𝐻) = 𝑀 (𝐻, 𝐻) − ∫

(8.3)

where the first term can be obtained as
𝐻

𝑑𝑀(𝐻, 𝐻)
𝑑𝐻
𝑑𝐻
𝐻𝑅

𝑀(𝐻, 𝐻) = 𝑀(∞, ∞) − ∫

(8.4)

117

The integrand is often referred to as the “switching field distribution” or SFD, which naturally
separates into two terms:

𝑆𝐹𝐷 (𝐻) ≡

𝑑𝑀(𝐻, 𝐻) 𝜕𝑀 (𝐻𝑅 , 𝐻)
=
)
𝑑𝐻
𝜕𝐻
𝐻

𝑅 =𝐻

+

𝜕𝑀(𝐻𝑅 , 𝐻)
)
𝜕𝐻𝑅
𝐻

(8.5)

𝑅 =𝐻

The second term vanishes in a reversible system, so it is natural65 to regard it as the irreversible
SFD. Note that it is determined by the FORC distribution as in Eq. (2), so the only additional
information needed in our “FORC+” distribution is the first term, which we will similarly refer
to as the reversible SFD (the R-SFD):

𝑅-𝑆𝐹𝐷(𝐻) ≡

𝜕𝑀(𝐻𝑅 , 𝐻)
)
𝜕𝐻
𝐻

(8.6)

𝑅 =𝐻

Our final conclusion is that if we define the “FORC+ distribution” to contain the Preisach
(“FORC”) distribution as in Eq. (1), the R-SFD in Eq. (6) and the saturation magnetization
(needed for Eq. (4), this FORC+ distribution contains all the information necessary to recover the
original FORC curves. Note that although we refer to the FORC distribution and the R-SFD as
“irreversible” and “reversible” information, we are not assuming that the system can be
physically divided into reversible and irreversible components, such that the reversible
component has Eq. (6) as its SFD. The difficult problem of making such a subdivision has been
studied extensively15. The terminology “R-SFD” for Eq. (6) is justified by the fact that if a
system really did consist of a non-interacting purely reversible and a purely irreversible physical
component, Eq. (6) would depend only on the reversible component and would be its SFD.
FORC+ plots this R-SFD (computed as a simple finite difference65) (Figure 137, below) just
above the Preisach distribution, so the irreversible and irreversible parts can be visualized
together.
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8.4: Results
A low-resolution FORC scan with a field increment (∆H) of 126 Oe (10 kA/m) for a
large field range of -717 kA/m = -9 KOe < H < 9 kOe), to see where the interesting features of
the Preisach density (ρ) are located in the H-HR plane. This was done on a Princeton
Measurements model 2900 AGM72, which produces a file with the (H, M) measurements. This
data file can be dragged to the FORC+ program executable64,65, which displays both the FORC
curves and the Preisach density (ρ) in a window shown (with some additional annotations) in
Figure 133. Figure 133(a) has the FORC curves themselves, as well as the downward branch of
the major hysteresis loop (in blue) which connects the beginnings of all the FORC curves. The
field region scanned by the AGM is specified by the user by giving a range of H c (0 to 5 kOe in
this case) and of Hb (-3 to 4 kOe) and the number of FORCs (100, leading to ∆H = 126 Oe).
The last (lowest) FORC in Figure 133(a) is essentially the upward branch of the major
loop. The blue downward branch can be seen to have three steps M1, M2, and M3. The M1 and
M3 steps are fairly sharp, so we identify them with the switching of the strongly coherent Co/Pt
multilayers in Figure 132, the thinner ML1 corresponding to the smaller jump magnitude (and
first to switch) M1 (which also includes the pinned CoFeB layer), and the thicker ML2
corresponding to the larger jump magnitude M3. That leaves the free layer, which must produce
the more-complicated step M2. To help understand the structures in the Preisach plane (Figure
133(b)), the FORC+ program allows one to move a cursor around the Preisach plane while
another cursor shows the corresponding position in the FORC curves. In this way we can
identify regions of the Preisach plane in which each magnetic unit is switching, as indicated in
Figure 134. The blue arrow pointing downward and to the left follows the major loop, and we
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have indicated where units M1 and M3 switch down (rather abruptly) and the region where M2
switches down more gradually. As we follow a FORC curve to the right, the layers switch back
as indicated by the labeled regions. The switching of M1 and M3 is sudden, so the “Switch M1”
and “Switch M3” regions are tall narrow rectangles, whereas the “Switch M2” labels refer to
large regions bounded by the other rectangles.
The reader will note there are two regions labeled "Switch M1 up" -- in the upper such
region, the other units are unswitched (up) while M1 switches up and down, whereas in the lower
such region the other layers remain switched down while M1 switches up.

Figure 133: FORC curves (a) and Preisach distribution (b) for the pMTJ, with a coarse field
spacing. Orange represents positive density and blue, negative.
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Figure 134: Same as Figure 133 (b), but with labels to indicate which magnetic unit is
switching in each region of Preisach space.

Figure 133(b) shows several features stand out in the Preisach distribution, even though,
the details are clearer in the higher-resolution scans. There are several structures we will call
“dipolar tails” because they hang down in the HR direction (constant H) and have positive
density on one side and negative density on the other. This structure was seen in a single Co/Pt
multilayer by Davies et al56,59,86, who referred to it as a “vertical valley-peak pair”. In fact, we
can regard the part of our FORC measurement with HR above about 1 or 2 kOe as essentially the
FORC of a single layer M1. That is, the other layers do not begin to switch in this region.They
contribute only a constant bias field. We made a higher-resolution AGM FORC scan in this
region as shown in Figure 135 with a much smaller field increment 26 Oe. The effect of the free
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layer is apparent in the FORC curves (nonzero slope at the lower left) but because the free layer
is essentially reversible in this region, this has no effect on the Preisach distribution (ρ) as in
Figure 135(b).
The FORC curves are essentially the minor loop corresponding to the switching of this
layer. The FORCs strongly resemble those found by Davies et al59, as does the Preisach
distribution. In the insert at the right, we zoom in on the interesting structure in the Preisach
distribution (this is done with a single keystroke ‘Z’ in FORC+).
There is a horizontal positive ridge (labeled “1”) and a dipolar tail (“2” and “3”), rather
faint in comparison to the others discussed below. Davies et al59 noted that this tail is very
surprising, since it extends in HR below the apparent lower saturation field of layer ML1, where
there should be no dependence on HR and therefore the derivative (ρ) should vanish. They
offered a micromagnetic explanation for this phenomenon, that there are tiny un-reversed
domains (“nuclei") which are too small to be seen in the magnetometry, but facilitate the rereversal of the ML as H increases. Because they are eliminated only by going to very low HR,
this gives the system a hidden HR-dependence, allowing the derivative (the Preisach density (ρ))
to be nonzero. We will refer to this effect as “holdout bias” because the nuclei that hold out
against a strong reversing field shift (bias) the field Hsw at which the rest of the ML re-reverses.
We have found a way to quantify the holdout bias effect in a very simple model, and show that
the resulting Preisach density has the form seen in the experiments.
First, we write an equation reflecting the fact that the ML switches up from negative
saturation at a field Hsw(HR):
𝑀(𝐻𝑅 , 𝐻) = −𝑀𝑠 + 2𝑀𝑠 𝜃(𝐻 − 𝐻𝑠𝑤 (𝐻𝑅 ))

(8.7)
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where θ is the Heaviside step function (zero for negative argument, 1 for positive) whose
derivative is the Dirac delta function. The holdout bias function Hsw (HR) could be modeled as
𝐻

−∞
−∞
𝐻𝑠𝑤 (𝐻𝑅 ) = H𝑠𝑤
− H𝐻𝐵 exp ( ℎ𝑅 ), where Hsw
is the saturation switching field, HHB is a holdout

bias amplitude, and h is a tail length, but we will not assume a specific model here. A possible
form is sketched in Figure 136. To get the Preisach density, we take the derivative
𝜕𝑀 (𝐻𝑅 , 𝐻)
𝑑𝐻𝑠𝑤 (𝐻𝑅 )
= −2𝑀𝑠
𝛿(𝐻 − 𝐻𝑠𝑤 (𝐻𝑅 ))
𝜕𝐻𝑅
𝑑𝐻𝑅

(8.8)

and another derivative

𝜌=

1𝜕
−2

2

𝑀(𝐻𝑅 , 𝐻)
𝑑𝐻𝑠𝑤 (𝐻𝑅 )
= 𝑀𝑠
𝛿′(𝐻 − 𝐻𝑠𝑤 (𝐻𝑅 ))
𝜕𝐻𝜕𝐻𝑅
𝑑𝐻𝑅

(8.9)

where 𝛿′ is the derivative of the Dirac delta function, i.e. negative on one side and positive on
the other side of the curve labeled Hsw in Figure 136, in agreement with the experiments. The
factor dHsw/dHR is normally negative, putting the + signs on the right in Figure 136. This factor
makes the amplitude of the dipole tail vanish as HR → - ∞, also as seen in the experiments. We
have dashed the Hsw curve above the saturation region to remind the reader that this model needs
to be modified there, and we note also that to do a real quantitative fit we would need to spread
the δ function out into something like a Gaussian, so its derivative would be a Hermite function
(~ x exp(-x2)), but the present calculation gives a quick way to understand the qualitative effect of
holdout bias.
Because of the resemblance to the results of Davies et al59, we did conclude with some
confidence that the ML1 layer in our sample switches by a similar nucleation-and-domain-wallmotion mechanism, of which we captured magnetic force microscopy (MFM) images of the
domains with details in chapter 7 of this work confirming the fingerprint. The horizontal ridge
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(“1” in Figure 135) is also seen and discussed in ref. 59 (Davies et al); we will not try to analyze
it further here.
Surprisingly, we find that this form of bipolar tail occurs in three structures in the MTJ
Preisach distribution, each associated with the switching of a Co/Pt multilayer (at the top of a
“Switch M1” or “Switch M3” rectangle in Figure 134). The only other notable structures in the
Preisach plane are at H=0, and are associated with the switching of the free layer (M2). One is at
HR = -3kOe where unit M3 switches down, and the other is at HR = 0 near the zero-coercivity
line. These are very faint, if we look only at the FORC distribution. However, recall that this
distribution includes only irreversible phenomena. They are faint because the switching of the
free layer is mostly reversible. This is apparent from the FORC curves as seen in Figure 133(a),
but FORC+ can plot the reversible switching field distribution (R-SFD) so we can see the
reversible effects directly. It is useful to plot the reversible and irreversible distributions
together. Figure 137 shows the R-SFD (top) as a bar graph with the same color scheme as the
irreversible Preisach distribution below it. This allows us to use the same field axis (horizontal)
for the R_SFD as for the Hb axis of the Preisach distribution, if we let the Hc axis point
downward. We have normalized the scales so that each pixel of saturated orange color in the RSFD represents exactly the same amount of magnetization as each saturated pixel in the Preisach
distribution, so we can get a sense for the degree of reversibility from the relative amount of
color in the two graphs. In this case, the amounts of reversible and irreversible magnetization are
about equal. This avoids having to make an artificially sharp conceptual distinction between
reversible and low-coercivity irreversible material. When the coercivity becomes zero and the
material disappears from a conventional FORC display, in Figure 137, it simply moves from just
below to just above the horizontal axis.
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Figure 135: FORC curves (a) and Preisach plots (b) produced by using smaller field ranges
(0<Hc<1000 Oe, -1500 Oe<Hb<3000 Oe), ∆H = 26 Oe. We have labeled three regions (1, 2,
and 3) of the FORC curves, and the corresponding points in the Preisach distribution. Note
that there is a high-noise region just above point “1”, but it is clearly distinguishable from the
positive Preisach density feature at “1” because it has a mixture of positive (orange) and
negative (blue) pixels. These figures have a white background for printing- it is actually easier
to see the structures on a computer display with a black background 64.
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Figure 136: Schematic form for the holdout-bias function Hsw. The dipolar tail follows the
curved line, with positive density just to its right and negative density to the left.

Figure 137: The reversible (switching field distribution, above) and irreversible (Preisach
distribution, below) parts of the FORC+ display. The color scales are chosen so that each
saturated orange pixel represents exactly the same amount of magnetic moment.

In order to make the R-SFD a little more visible, we have halved the intensity of the
orange in it, which doubles the bar height if we keep the relative normalization correct. In order
to get a good view of the R-SFD, though, we need to grossly oversaturate the Preisach display so
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that even the noise is saturated (Figure 138, where the oversaturation = 64). It is then seen that
there are two sharp reversible peaks, one at H = 0 from the switching of the free layer, and one at
H = 2 kOe from the switching of multilayer M1. There is also a broad background, which
probably also arises from the free layer. There appears to be no reversible aspect to the
switching of the thicker multilayer M3.

Figure 138: The reversible switching field distribution (R-SFD) on a larger scale (more color
per emu) than in Figure 137. The lower part still shows the irreversible part of the
distribution, but is so oversaturated (64x) that it no longer conveys a correct impression of the
relative amounts of reversibility and irreversibility.

8.5: Summary
We have applied a new method for FORC analysis that is particularly well suited for the
study of unpatterned films, because it does not require smoothing in field and therefore can
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resolve the very sharp structures due to domain wall motion that are typically seen in the FORC
diagrams of unpatterned films. It also allows us to visualize the reversible and irreversible parts
of the system together, without making an artificial distinction between reversible and lowcoercivity materials. We have found out that a detail information of a single layer can be
extracted from a more complex system using FORC+ which is not possible by the conventional
FORC programs.
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Chapter 9: Modeling Interface Exchange Coupling: Effect on Switching of Granular FePt Films

9.1: Introduction
To raise the areal density of magnetic recording to ~ 20 Tbit/in2, there has been much
recent work on the use of FePt granular films89, because their high perpendicular anisotropy
allows small grains to be stable. However, their coercivity may be higher than available writehead fields. One approach to reducing the coercivity is to heat the grain (HAMR, or heat
assisted magnetic recording)90,91. Another strategy is to add a soft capping layer to help nucleate
switching via exchange coupling with the hard FePt grains.
Granular iron-platinum films of L10 structure89 are promising candidates for high-density
hard disk materials, possibly with heat-assisted recording90,91. It has been demonstrated89 that
small grain sizes (5 nm) can be produced by co-sputtering Fe, Pt, and C over a (100) texture
polycrystalline MgO intermediate layer of thickness 10 nm on an oxidized Si substrate. To
facilitate switching, they have deposited a soft magnetic layer (Co30Fe70) of thickness 2 nm over
the granular 8 nm FePtC layer. They have found that this cap layer reduces the coercivity and
saturation field by about 55% and 38 % respectively.
We have simulated a model of such a capped medium and have studied the effect of the strength
of the interface exchange and thickness of hard layer and soft layer on the overall coercivity.
Although the magnetization variation within such boundary layers may be complex, the net
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effect of the boundary can often be modeled as an infinitely thin interface characterized by an
interface exchange energy density. We show how to do this consistently in a micromagnetic
simulation.
Although the switching behavior in the presence of exchange, magnetostatic, and external
fields is quite complex, we show that by adding these fields one at a time, the main features of
the M-H loop can be understood. In particular, we find that even without hard-soft interface
exchange, magnetostatic coupling eliminates the zero-field kink in the loop, so that the absence
of the kink does not (as has sometimes been assumed) imply exchange coupling. The
computations have been done with a public-domain micromagnetics simulator that has been
adapted to easily simulate arrays of grains.
We have simulated a simple model of such a capped granular film, consisting of a 3 nm
layer of a soft material over an array of 6 × 6 × 6 nm grains of FePt. It is very inconvenient to
simulate large arrays with most existing micromagnetics programs, since the geometry and
properties of each grain must be specified separately. We have modified our public-domain
micromagnetics program AlaMag,92 so that we can specify one grain, and a single script-file
command “CopyObject 4 1 4 6. 6. 6.” constructs 16 copies in a 4 × 4 array in the xz plane, with 6
nm pitch. Our model is not designed to replicate all features of real FePt films or include all the
variables that might affect their performance, but is simplified to allow us to focus on the effect
of one variable, the interface exchange energy.
Near a grain boundary with weak exchange, the magnetization may vary rapidly on an
atomic scale, so the magnetizations in the bulk on the two sides of the boundary can differ by a
large twist angle θ. It is not practical to do a numerical calculation with small enough cells to
resolve this variation, but it is often found that on a macroscopic scale the details do not matter.
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What is important is the energy cost of this angular twist, often assumed to be σ cos θ, where σ is
an interface exchange energy per unit area. This has sometimes been treated in discrete
micromagnetic calculations by making the exchange interaction J between cells across the
interface as seen in Eq. (2) proportional to σ. However, the results of such calculations depend
strongly on the cell size of the discretization. We show below in Sec. 9.3 how to include
interface exchange in a micromagnetic calculation in such a way that the result (at least in simple
cases) is exactly independent of the cell size. Our result for the exchange compliance (the
reciprocal of J) can be thought of as including the compliance of parts of the discrete cells as
well as that of the interface itself. In this work, we have assumed the FePt grains are decoupled
from each other (interface exchange energy σ = 0), and we examine the coercivity as a function
of the soft-layer/FePt coupling.

9.2: Model Granular System
To determine the effects of interface exchange, we have done simulations on a very
simple system consisting of a 3 nm thick soft magnetic capping layer (saturation magnetization
Ms = 1000 kA/m, anisotropy field H K = 0, bulk exchange constant A = 10-11 J/m, similar to
CoFe) over an array of 6×6×6 nm grains of FePt (Ms = 900 kA/m, HK = 2000 kA/m, A = 10-11
J/m), as shown in Figure 139. The state shown corresponds approximately to the point labeled
“Figure 139” in Figure 144 below. That is from downward saturation, an upward (y) field was
applied to switch the soft layer about half-way.
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Figure 139: Model system for simulation. Each 6 × 6 × 6 nm FePt grain (bounded by black
lines) is divided into eight 3 × 3 nm cells whose magnetization (red arrow) evolves according
to the Landau-Lifshitz equation. A 4 × 1 array of grains (i.e. the front quarter of a 4 × 4 array)
is shown for clarity – the actual systems were 2 × 2, 3 × 3, and 4 × 4. The FePt layer is capped
by a 3 nm thick soft layer.

9.3: Interface Exchange in Micromagnetic Simulations
The exchange energy in a uniform continuum ferromagnet is93
2

E

M 3
A
d r,
Ms

(9.1)

where A is a bulk exchange parameter (units energy/length) and Ms is the saturation
magnetization. In a numerical micromagnetic simulation, we divide the system into cells i with
average magnetizations Mi (“macrospins”); a discrete approximation to the energy is then a sum
over pairs of nearest-neighbor cells i and j
E   a 3 J ij M i  M j ,

(9.2)

i, j
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where the factor a3 is the volume of one cell and is inserted to make the formula for the field
acting on cell i simple:

E / a 3
0 H i  
  J ij M j .
M i

(9.3)

To determine the exchange coefficients Jij, we consider a simple system with a helical
magnetization: M(x) is in the yz plane, at an angle θ(x) from the z axis, where θ(x) has constant
gradient T = dθ/dx describing the “twist”. If the length (along x) of the system is L and the area
(in the yz plane) is S, the continuum energy (Eq. 1) is SLAT 2. It is a well-known result6 that this
will match the discrete energy (up to an additive constant) if
J ij  2 A / M s a 2 ,
2

(9.4)

Near a boundary with weak exchange, where it would require extremely small cells to
model the rotation in detail, it has been found useful to idealize the boundary as an infinitely thin
plane, with an energy depending on the total angle of rotation θ across the boundary. The
magnetization rotation within the bulk material in a grain g continues to be described by the bulk
exchange parameter Ag characterizing that grain, but we must add a term to describe the interface
energy
2

Mg  Mg' 2
M 3
E    Ag
d r    b
d r
g
b
M s,g
M s,g M s,g '
grains g
boundaries b

(9.5)

where σb is the interface exchange energy at boundary b between grains g and g’. In this
mathematical idealization, the magnetization M(r) varies continuously in the usual way within
each grain, but has a discontinuity at the interface. That is Mg and Mg’ are the values at a point of
the interface when we approach it from grains g and g’, respectively.
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Let us again assume a simple geometry in which the boundary is the yz plane and M(x)
depends only on x and is tilted at an angle θ(x) shown in Figure 140. We fix the angles at the left
and right: θ(-L) = 0 and θ(L) = θ0. There is now a discontinuity Δθ at the boundary (if the total
twist θ0 is nonzero) which can be related to the slopes by minimizing the energy in Eq. (5) per
unit area

E / S  A1T1 L  A2T2 L   cos( 0  LT1  LT2 )
2

2

(9.6)

with respect to T1 and T2, giving
2 A1T1  2 A2T2   sin( )

(9.7)

Figure 140: Tilt angle of magnetization in simple helical system. Lines are continuum
solution, dots are values at cell centers (cells shown at bottom).

The figure shows a case in which the exchange is stronger on the right (A2 > A1); so, the
twist rate T2 on the right is lower than on the left. To determine the constants J ij in the discrete
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model, we first assume that in the interior of each grain they are given by Eq. (9.4):

J 1  2 A1 / M s1 a 2 and J 2  2 A2 / M s 2 a 2 .
2

2

The discrete energy [Eq. (2)] reduces to

E / a 3  2 J i ,i 1 M si M s ,i 1 cos( i   i 1 ) ,

(9.8)

i

where i+1 is the cell to the right of cell i (the factor of 2 accounts for the term with i+1 and i
reversed). The energy minimization condition E /  i  0 in the interior of each grain requires
that the twist rate T be uniform (consistently with the continuum solution). At the two cells
touching the interface, it requires 2 A1T1  2 A2T2 as in the continuum solution, but also gives the
value of Jint at the interface itself
1
1
1
1 
 a 2 M s1 M s 2  


J int
a 4 A1 4 A2 

(9.9)

With this choice of Jint, minimizing the discrete energy gives exactly the same
magnetization at each cell as the continuum solution, independently of cell size. We will refer to
the reciprocal of the exchange “stiffness” J as the exchange “compliance”. The three
compliances that add up to give the total are those of the interface (~1/σ) and those of the halfcells between the interface and the cell centers where Mi is defined (~1/A). The code we have
used for the present calculations 92 uses Eq. (9) at the interfaces between components.

9.4: Results and Discussion
To understand the switching behavior and hysteresis loop of our system, it is useful to
look at the effects of several contributions to the field, one at a time. The magnetostatic field can
be conceptually divided into two parts: the intra-component field (we will refer to each FePt

135

grain, and the soft layer, each as a component) and the inter-component field. The intracomponent field gives rise to shape anisotropy. It causes the magnetization in the flat soft layer
to prefer to point in the film plane, but has no such effect in the FePt grains because their shape
has no preferred direction. The inter-component field has the effect that if the soft-layer
magnetization points up, there is an upward “bias” field in the FePt.
As discussed in Sec. 9.3, the exchange is also divided into parts namely: the bulk
exchange within each component, and the interface exchange. The FePt grains are so small that
the bulk exchange forces them to remain nearly uniform, although there can be significant
variations from uniformity in the larger soft layer. Finally, there is the anisotropy field

H anis  H K ( M z / M s ) zˆ , where the z axis is normal to the film.
If we ignore all of these fields, so each component is acted on only by the external field
Hˆz , they all switch exactly at H = 0 and the hysteresis loop is trivial. If we include only the

anisotropy field, each FePt grain acts like a Stoner-Wohlfarth particle, whose easy-axis loop
switches at ± HK; adding the soft layer that switches at H = 0 gives the loop shown in Figure 141.
Because the parts of each component feel the same field, they will rotate coherently and there
will be no field due to bulk exchange. The soft layer, and each hard grain, will behave as a
single macrospin.
If we now add the intra-component magnetostatic field (still in a single-macrospin
picture), this has no effect on the (cube-shaped) FePt grains, but introduces in-plane shape
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anisotropy to the soft layer. Thus the perpendicular loop we are making is a hard axis loop for
the soft layer, in which the magnetization changes linearly in H (Figure 142).
Next we add the rest (inter-component part) of the magnetostatic field, and do a full
(multi-macrospin) micromagnetic calculation (Figure 143). When the system is saturated
upward, this changes the switching of the soft layer by applying an upward (stabilizing) field,
delaying switching so it is further to the left than in Figure 142. After the soft layer switches, it
applies a demagnetizing (destabilizing) bias field to the FePt grains, moving their switching to
the right in Figure 143, from -HK = -2000 kA/m to about -1530 kA/m. This field is stronger near
the boundary of the film, so it could cause different FePt grains to switch at different fields. In
the system of 2×2 grains shown in Figure 143, all four grains are equivalent, so they switch at
the same field. If we make the same plot for the 3×3 system (not shown), we see that the corner
cells (which feel the strongest bias) switch first, and there are several jumps instead of one.
Finally, we examine the effect of the interface exchange at the soft-hard boundaries.
When these are decoupled (σ = 0), the soft and hard materials are coupled only
magnetostatically. When they are coupled, the switching of the soft layer exerts an exchange
force which tilts the hard grains as seen in Figure 139 and helps to nucleate switching in the hard
grains. The resulting loop for the larger system of 4×4 grains is shown in Figure 144. There is
no longer a plateau in the M-H loop where the soft layer has completely switched and the hard
layer has not yet started to switch, as there was in Figure 141-143. However, some features of
those loops remain: the first part of the switching has no vertical jumps, which indicate
irreversible reversals. The first part of the switching loop involves continuous rotation,
resembling a hard-axis loop. It is completely reversible, until the first vertical jump occurs.
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Figure 141: Hysteresis loop including only the anisotropy field. Cartoons show the
magnetization configuration at the corresponding position in the loop.

Figure 142: Loop including the anisotropy and intra-component magnetostatic field (i.e., shape
anisotropy).

To compare to an experimental M-H loop89, of course, we must use a large number of
grains and vary the grain size. This will smooth out the vertical jumps, and it will no longer be
possible to distinguish the continuous rotation in the upper left part of the loop from the jumps in
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the lower left part. The loop will look very similar to that of a collection of perpendicularanisotropy particles of varying anisotropy. However, the reversibility of the capped system
remains even after averaging over grain size. Thus a minor loop near saturation should have no
hysteresis, very different from the minor loop of an uncapped system.
We have also simulated in-plane loops, which are important in these systems because
they are used to determine the anisotropy field HK. It is taken to be the field at which the
extrapolated (approximately linear) hard axis loop reaches saturation95. We find that
extrapolation of the simulated loops reproduces the hard-layer HK very well (error << 1%).
The most important property of a granular system is its coercivity, which depends on the
interface exchange energy σ -- in Figure 9.5 (σ = 0) it is about 1500 kA/m, whereas in Figure 144
(σ = 0.003 j/m2) is has decreased to about 850 kA/m. We have computed these loops for a range
of exchange energies (Figure 145). For small systems, the coercivity may depend irregularly on
energy σ because the switching mechanism (the order in which the grains switch) may change.
Although one might expect a large size effect for these small systems, the result seems to
converge fairly quickly to an infinite-film limit.
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Figure 143: Hysteresis loop including the anisotropy field and entire magnetostatic field, but
zero hard/soft exchange.

Figure 144: Loop for larger (4×4 grain) system, showing multiple jumps as the hard grains
switch. The part labeled “Figure 139” corresponds to the snapshot in Figure 139, during the
reversible switching of the soft layer.

We see from Figure 145 that the coercivity decreases with increasing soft/hard exchange,
in agreement with the exchange-spring mechanism and with experimental results. 96,97 It is useful
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to look at the effect of the layer thicknesses on the coercivity. In Figure 146, we show the effect
of varying the thickness of the hard layer, with the soft layer fixed at 3 nm.
Of course, since the hard layer is the source of coercivity, we expect the coercivity to
decrease as the hard layer becomes thinner. The decrease is fairly small when t hard decreases
from 9 nm to 6 nm, but there is a large coercivity decrease when the hard layer becomes as thin
as the soft layer (3 nm). This is because the coercivity is defined as the field at which m z passes
zero. That is if the Mst of the hard layer is less than that of the soft layer, it is not necessary to
switch the hard layer at all to reach mz = 0. This coercivity decrease is not meaningful for
recording purposes, because no irreversible switching actually occurs.
Figure 147 shows the effect of changing the soft layer thickness—in general, a thicker
soft layer produces a lower coercivity by the exchange-spring effect. The main effect of the
interface exchange interaction is a drop in coercivity, as the coupling σ is increased. If the
stability dropped by an equal amount, this would not gain us anything. Clearly, a study of the
effect of interface exchange on stability would be very useful, but this would be very
computationally expensive if done by stochastic simulation. Calculations of activation energy
could be done by nudgedelastic-band methods98,99 but the stability also depends on the prefactor
(“attempt frequency”), which would require a Fokker-Planck approach.100
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Figure 145: Semi-log plot of coercivity as a function of soft/hard exchange coupling, for t hard =
6 nm and tsoft = 3 nm and several system sizes. Horizontal line segments at left and right are
Hc at σ = 0 and σ = ∞.

Figure 146: Coercivity for several values of hard layer thickness, as a function of soft/hard
exchange coupling. Soft layer thickness is fixed at t soft = 3 nm and the system size is 3×3×3
grains.
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Figure 147: Coercivity for several values of soft layer thickness, for thard = 6nm and tsoft = 3 nm
and several system sizes. Horizontal line segments at left are Hc (σ = 0).

9.5: Summary
We have constructed and simulated a model of a granular FePt recording medium with a
soft capping layer. The capping layer reduces the coercivity by an amount that depends on the
exchange coupling between the capping layer and the FePt grains. The capping layer adds a
reversible part to the hysteresis loop, which should be detectable by measuring partial M-H
loops.
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CHAPTER 10: Conclusions
We have conducted a thickness optimization as well as a seed layer optimization for
Co25Pd75 alloys. The coercivity of the CoPd films was found to be strongly dependent on the
crystal structure of the CoPd grown on different seed layers, with the highest coercivity obtained
for the finest grain size. Cross-sectional transmission electron microscopy HRTEM studies and
XRD analysis showed an fcc (111) structure for the Co 25Pd75 films elucidating the magnetic
behavior of these films.
From the thickness study detailed in chapter 5 above, it was determined that we could
reduce the CoPd thickness to 20 nm, and still have enough perpendicular anisotropy to fully pull
1 nm of CoFeB out-of-plane. The scanning electron micrographs (SEM) micrographs yield a
clearer idea of the grain size where the coercivity decreases as the crystallite size increases. This
trend is attributed to the larger number of grain boundaries for thinner films, and the coercivity
may be related to domain wall motion across grain boundaries.
We then embarked on a study of seed layers for further optimization of these 20 nm
Co25Pd75 films. The seed layers investigated were, MgO (5 nm), Ta (5 nm), Ta (5)/Ru (5/Ta (5)
nm and Ta (5)/Pd (5) nm. We note that the films with the strongest CoPd (111) intensity, and
ostensibly the best crystal quality, also have higher magnetic coercivity. In the case of the
heterostructure with Ta/Pd seed layer, one may be able to attribute the coercivity increase to
higher atomic content of Pd in the stack, as previously observed. However, the heterostructure
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with Ta/Ru/Ta seed layer also has strongly enhanced coercivity, suggesting that interfacial
quality and crystallinity could play a major role as well.
Scanning electron micrographs of the 20 nm Co 25Pd75 on the various seed layers were
taken and grain sizes for the samples with the various seed layers were estimated by ImageJ. The
samples with the highest coercivity (Ta/Pd bilayer seed film) appear to have the finest grains and
the largest grain size appeared for the MgO seed film which has the lowest coercivity among all.
Grain sizes were also estimated using the XRD spectra using the Debye-Scherrer analysis (full
width at half maximum or FWHM) for all the four seed layer samples. There was much less of a
change in grain size, and the grains are much larger. Since this analysis is representative of
grains in the z direction, whereas the data from the SEM are representative of grains in the x-y
direction, the difference is understandable.
We have shown from the FORC curves that magnetic force microscopy (MFM) can be
used (even at zero field) to study the intermediate states of some CoPd films during switching
and elucidate the switching mechanism. This method seems to work best for thin films (we used
20 nm) for which the demagnetization field is not strong enough to force a stripe structure to
form when the external field is turned off. We find that the highest-coercivity Co25Pd75 alloy
films switch by nucleation and dendritic growth of a region of labyrinthine or spongy domains,
within which the unreversed domains shrink, becoming isolated islands, that shrink and
disappear as the system approaches negative saturation. We have also shown that FORC+ is a
powerful tool for the study of switching of complex magnetic structures which can get detailed
information about single layer switching behavior from complex perpendicular magnetic tunnel
junctions (pMTJ).
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Based on our full study, we can conclude that 20 nm of Co 25Pd75 with a Ta/Pd seed layer
appears to be a viable candidate for the pinning layer in perpendicular MTJ’s for STT-RAM.
We therefore suggest in the future work to carry out barrier layer optimization, MTJ
fabrication using 20 nm Co 25Pd75 alloy on Ta/Pd seed, and search for new materials (half-metals)
or Heusler alloys with 100% spin polarization and perpendicular magnetic anisotropy as an
alternative for pinning layers in pMTJ for STT-MRAM application.
For the overview of this dissertation, we first discussed the overview of spintronics based
on MTJs as an introduction chapter 1 followed by chapter 2 being the introduction to FORC and
chapter 3 basically about the various equipment and tools utilized in this work to either deposit,
characterize or analyize our samples. Secondly, we discussed the results in this section which is
divided into six chapters. Chapter 4 detailed the CoPd alloy as a function of composition, how it
is utilized to fabricate MTJs, and the application of FORC method to study their switching
mechanism. The CoPd alloy thickness optimization is detailed in chapter 5. In chapter 6 and 7,
we embark on a seed layer study where the structural characterization and properties related to
the magnetic properties are discussed in chapter 6 using AGM, AFM, XRD, SEM, EDS, and
TEM methods. We then study the detailed switching mechanisms of these alloys samples in
chapter 7 using FORC and MFM methods. Also, we demonstrated in chapter 8 that we can get
information of a single or individual layer within a complex stack utilizing FORCs. We finally
simulated FePt granular films for high density media applications in chapter 9 and presented
conclusions as well as future plans in chapter 10.
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