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Abstract 

                                                                     

Thermal stability is one of the critical issues for applications of nano-magnets for spin-

logic applications. Our work is focused on the thermal stability in perpendicular magnetic tunnel 

junctions (p-MTJs) for MRAM and STT-RAM purposes. Most of the research so far has been 

focused on p-MTJs based on CoFeB/MgO interfacial anisotropy as the sandwich structures with 

bcc ferromagnetic electrodes and MgO spacer have large magnetoresistance due to coherent 

tunneling of electrons with ∆1 symmetry. It has been demonstrated that this interfacial anisotropy 

by itself is not sufficient to reduce the p-MTJ diameter down to 20 nm.  To overcome this 

problem, we have proposed and investigated hard-soft composite structures: [Co/Pt multilayers]/ 

(non-magnetic element) /CoFeB/MgO, to control the perpendicular magnetic anisotropy (PMA) 

of the CoFeB soft layer by exchange coupling with Co/Pt multilayers having bulk anisotropy. Ta 

has been studied as the first non-magnetic insertion element, since it helps in crystallization of 

CoFeB by absorbing the B. The other elements studied as insertions are V and Zr, since they 

have low damping constants. A micromagnetic model has been set up on the basis of 

experimental results and ab-initio calculations to study the effect of insertion thickness and 

damping parameter on switching current density and switching time. To understand the 

mechanism of CoFeB/MgO interfacial anisotropy, low temperature scaling of interface 

anisotropy (Ks(T)) and saturation magnetization (Ms(T)) is measured, since at low temperature 

(T), Ks(T) vs Ms(T) scaling is sensitive to the details of the anisotropy mechanism. For the first 

time, we experimentally show that for CoFeB/MgO, Ks(T) scales as Ms(T) 2.2, hence indicating 

the two-ion type anisotropy as the dominant mechanism.   
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Chapter 1 Background 
 

1.1. Introduction 

 The current RAM (Random Access Memory) that exists in our computers is volatile in 

nature, which means the computer forgets everything in the RAM once the power is shut off. The 

solution to this problem is non-volatile RAM which retains the memory even after the power is 

shut off.  Research is ongoing for various types of non-volatile RAMs e.g. ferroelectric RAM, 

magnetoresistive RAM (MRAM) and spin transfer torque RAM (STT-RAM). In MRAM and 

STT-RAM the data is stored in the form of magnetic storage elements instead of electric charge 

approach used in conventional RAM. MRAM uses the magnetic field to switch the magnetic 

moments and in STT-RAM, the direction of magnetization in the ferromagnetic layer is switched 

with the help of the torque from the spin polarized current. STT-RAM has an edge over MRAM 

as it consumes less power and has better scalability. The magnetic tunnel junction (MTJ), which 

is the basic memory unit in the STT-RAM and MRAM, consists of two ferromagnetic layers 

separated by an oxide layer, typically MgO. One ferromagnetic layer acts as a pinned layer and is 

harder to switch. The other layer, called the free layer, is easier to switch and acts as the 

recording layer. The important parameters for the MTJ are Magneto Resistance (MR), thermal 

stability, critical current density and switching time. In this chapter, I will: 1) give a brief 

introduction to these parameters, 2) compare perpendicular MTJs (p-MTJ) against the in-plane 

MTJs to emphasize the importance of p-MTJs, 3)  review the current status of thermal stability in 

the perpendicular MTJs based on the interfacial and bulk anisotropy and 4) discuss the 

importance of seed layer in CoFeB/MgO based MTJs. In the end, I will state purpose of my 

research work and outline of the dissertation. 
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1.2. MTJ parameters  

1.2.1. Tunneling magnetoresistance (TMR)  

The tunneling magnetoresistance of the MTJ is defined as          
 

                                                                 
21

21

1
2

PP
PPMR

R
RR

P

PAP

−
=

−
=  

 
where RP and RAP are the resistances across the barrier when free layer and fixed layer are 

aligned parallel and anti-parallel to each other respectively. The P1 and P2 are the spin 

polarizations for the free layer and fixed layer. The TMR effect was first observed by Julliere in 

1975 [1]. He observed 14% TMR at 4.2 K in Fe/Ge-O/Co MTJ structure. In 1995 Miyazaki et al 

[2] and Moodera et al [3] made MTJs with amorphous aluminum oxide (Al–O) barrier and 3d 

ferromagnetic electrodes. They reported around 18% TMR at room temperatures. In 2001, Butler 

et al. predicted TMR over 1000% in epitaxial MTJs with a crystalline MgO barrier based on first 

principle calculations [4]. The predictions were based on the dominant tunneling of Δ1 spin 

polarized Bloch states in the majority channel as shown in Figure 1.1. Later in 2004 two groups 

[5, 6] independently reported TMR ratios of about 200% at room temperature (RT) in MTJ’s 

with a crystalline MgO (001) barrier layer. A further discovery by Djayaprawira et al. [7] utilized 

amorphous CoFeB electrodes that template from lattice-matched (001) MgO during the post-

deposition annealing process reported even higher TMR values. This led to a universal switching 

over to MgO-based magnetic tunnel junctions (MTJs) for data storage and other applications 
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Figure 1.1. First principle calculations study showing the dominant tunneling of Δ1 spin 
polarized Bloch States through the MgO barrier in Fe/MgO/Fe structure [Ref. 4]. 

1.2.2. Thermal stability  

 The thermal stability defines how stable the free layer is against the thermal fluctuations 

at room temperature. The “0” and “1” in the STT-RAM and MRAM are defined by the TMR and 

hence the parallel or anti-parallel configuration of the two ferromagnetic layers. To switch the 

free layer from one direction to the other along the easy axis, the magnetic bits in the free layer 

have to overcome the energy barrier as shown in Figure 1.2. This energy barrier is defined as:

VKE ub = , where uK  is the effective magnetic anisotropy and V is the nucleation volume of the 

free layer. Thermal stability is usually measured in terms of thermal stability factor Δ defined as: 

Δ=Eb/kBT, where kBT is thermal energy at the temperature T. From Arrhenius’ law,𝜏𝜏 =

𝜏𝜏0𝑒𝑒𝐸𝐸𝑏𝑏 /𝐾𝐾𝐵𝐵𝑇𝑇 , to make the magnetic bits thermally stable for 10 years, Δ should be at least 60. 

Therefore, as the volume of p-MTJs shrink to increase the recording density, Ku has to be 

increased to keep the magnetic bits thermally stable. Magnetic anisotropy may have different 

origins and mechanisms as it can be intrinsic or due to relativistic electronic effect throughout 
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the thickness of the film or it can be induced by surface/interface effects, pair ordering, shape 

and stress.   

 

Figure 1.2. Cartoon representation of the energy barrier for the free layer to switch between two 
directions along the easy axis. 

1.2.3. Critical current density and switching time  

The critical current density is the minimum amount of current density required to switch 

the ferromagnetic layer due to the transfer of angular momentum from the spin polarized current. 

The expression for the switching current density for perpendicular magnetic tunnel junction (p-

MTJ) is: 

                                                    )4(
)0( SK

SAPP
C MH

pg
VMA

I π
α

−=
⊥

−  

where Ms, V and α  are the saturation magnetization, volume and Gilbert damping constant of 

the free layer, respectively. 
⊥KH is the perpendicular uniaxial anisotropy field for free layer in p-

MTJ. This switching phenomenon due to the torque from spin polarized current was predicted 

independently by John Sloncewski [8] and Luc Berger in 1996 [9]. The modified Landau-

Lifshitz-Gilbert (LLG) equation with Slonczewski’s STT term can be written as: 
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dMF

dt
= γMF × Heff −  

α
MF

MF ×
dMF

dt
 +  γβIMF × (MP × MF) 

Where γ is the gyromagnetic ratio, α is the damping constant of the free layer, MF, P are the 

magnetization of the free layer and pinned layer respectively. The spin torque phenomenon is the 

converse of the TMR effect, where spin polarized electrons or current causes the magnetic 

moments to precess in the ferromagnet thereby switching from anti-parallel to parallel alignment 

and vice versa. The basic critical current density requirement for the Gbit scale STT-RAM is 

5X105 A/cm2
. Switching time is the time taken by the free layer to switch from one direction to 

other along the easy axis and it should be less than 20 ns to outdo the DRAM and less than 3 ns 

to replace SRAM.  

1.3. In-plane vs perpendicular MTJ 

There are two types of MTJs based on the easy axis orientation of the magnetic moments 

in the free layer and fixed layer: 1) In-plane MTJ, 2) p-MTJ. For in-plane MTJs the magnetic 

moments in the free layer and fixed layer are in the plane of the film and in p-MTJ the magnetic 

moments in both the ferromagnetic layers are perpendicular to the plane of the film. For in-plane 

MTJ and p-MTJ, the critical current for switching from parallel to anti-parallel direction can be 

written as: 

)2(
)0( || SKdip

SAPP
C MHH

pg
VMAI π

α
++=−  …… In-plane MTJ 

)4(
)0( SKdip

SAPP
C MHH

pg
VMAI π

α
−+=

⊥

−  …… Perpendicular MTJ 

where Ms, V and α are the saturation magnetization, volume and Gilbert damping constant of 

the free layer respectively. Hdip is the dipole field from the reference layer on the free layer and p 
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Figure 1.3. Switching mechanism from one direction to the other along the easy axis in (a) In-
plane MTJ (b) p-MTJ.  

is spin polarization of the current. 
||KH and 

⊥KH are the in-plane and perpendicular uniaxial 

anisotropy fields for free layer in the in-plane MTJ and p-MTJs respectively. In the in-plane 

MTJ, the thermal stability depends only upon the
||KH and the energy barrier of the magnetic bits 

against the thermal fluctuations is 2/
||
VHM KS . In p-MTJs, the thermal stability is proportional to 

)4( SK MH π−
⊥

and the energy barrier of the magnetic bits against the thermal fluctuations is

2/)4( VMHM SKS π−
⊥

 . Therefore in the in-plane MTJ, the switching current has to overcome 

the magnetostatic energy although it does not contribute towards the thermal stability. In the p-

MTJ, the switching current is directly proportional to the thermal stability contribution term. 

Figure 1.3 shows the switching comparison between the in-plane MTJs and p-MTJs. In both the 

structures switching from one direction to the other along the easy axis happens by precessional 

motion. Due to precessional nature of the switching, in the in-plane MTJs, the magnetic moment 

has to overcome the magnetostatic energy to precess out of the film plane. In case of p-MTJs, the 

magnetostatic energy helps in the switching.  
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From the above discussion, we see that p-MTJs need less switching current than in-plane 

MTJs due to favorable magnetostatic energy. However to align the magnetic moments 

perpendicular to the surface of the film, either there should be asymmetry in the crystal structure 

or there should be some type of interactions at the surface between the ferromagnetic layer and 

barrier layer. The parameter used to measure the strength of the free layer magnetic moments to 

stay perpendicular to the film plane is called perpendicular magnetic anisotropy (PMA).  

 

 

Figure 1.4. Magneto-resistance and Saturation field as a function of Cr insertion thickness in 
Fe/Cr/Fe system [Ref. 10]. 

1.4. Interlayer exchange coupling 

The interlayer exchange coupling was observed by Parkin et al. in 1990 [10]. They 

observed that in the Fe/Cr/Fe structure, the two Fe layers can align in a ferromagnetic or anti-

ferromagnetic manner depending upon the Cr thickness. The coupling oscillates between 

ferromagnetic and anti-ferromagnetic with increasing Cr insertion thickness.  The magnitude of 

magnetoresistance oscillated between zero and finite values, following the oscillating 

ferromagnetic and anti-ferromagnetic coupling. The zero value of magneto-resistance 
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corresponds to the parallel alignment of the Fe layers and finite values correspond to the anti-

parallel alignment of the Fe electrodes. 

1.5. Current status of thermal stability in p-MTJs  

1.5.1. Thermal stability in surface anisotropy based p-MTJs  

In 2010, R. Shimabukuro et. al. performed the first principle calculations on the Fe/ MgO 

and MgO/Fe/MgO structures to study the effect of electric field on magnetocrystalline anisotropy 

(MCA) [11]. They observed that even at zero applied field, the major peaks of Fe correlate with 

O p orbitals because of hybridization of Fe dz
2 and O 2p orbitals and this hybridization pushes 

the minority Fe dz
2 bands above the Fermi level, Figure 1.5. As a result of this hybridization the 

Fe electrode has perpendicular magnetic anisotropy. 

 

The first experimental study confirming this theoretical observation was reported in 2010 

by Ikeda et. al. [12]. In this work, the authors fabricated the following stack: Ta (5 nm)/ CoFeB 

(tCFB)/ MgO (1 nm), where tCFB is the thickness of CoFeB layer. As shown in Figure 1.6, for 

tCFB=2 nm, the in-plane is the easy axis, whereas for tCFB = 1.3 nm, the OP is the easy axis. The 

anisotropy of the CoFeB layer in term of bulk and surface anisotropy can be written as: 𝐾𝐾 =

Figure 1.5. Density of states of Fe 
(solid lines) and O (dashed lines) 
atoms for: (a) Fe (b) Fe/MgO [Ref. 
11]. 
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 𝐾𝐾𝑏𝑏 + 1
2

 𝜇𝜇0𝑀𝑀𝑠𝑠
2 + 𝐾𝐾𝑖𝑖

𝑡𝑡𝐶𝐶𝐶𝐶𝐵𝐵
, where Kb is the bulk anisotropy and Ki is the interfacial anisotropy. They 

plotted the K*tCFB as a function of tCFB to separate the contribution from the interfacial and bulk 

anisotropy of the CoFeB layer. From this plot, the Kb was found to be negligible, therefore the 

net anisotropy was due to the interfacial anisotropy. This shows that the PMA is coming from the 

interface and it is not bulk property of the CoFeB layer. The interfacial anisotropy was measured 

to be 1.3 mJ/m2. For the patterned magnetic tunnel junctions with 40 nm diameter, a thermal 

stability factor of 40 was reported.  

 

 

Later, the experiments were performed to study the thermal stability as a function of p-

MTJ diameter [13, 14]. It was shown that thermal stability factor in p-MTJs based on interfacial 

anisotropy is about 40 for surface areas ranging from 1600 to 5000 nm2. As shown in Figure 1.7, 

the thermal stability factor stays constant when the p-MTJ diameter shrinks from 150 nm to 40 

nm. In these reports, the authors discussed that this particular behavior of thermal stability can be 

Figure 1.6. In-plane and out-of-
plane M-H loops for Ta/CoFeB 
(X)/MgO system: (a) X = 2 nm (b) 
X = 1.3 nm [Ref. 12] 
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explained with the help of activation volume and nucleation switching. For CoFeB based p-

MTJs, the activation volume of about 40 nm was reported.  This means that only a portion of the 

free layer surface area contributes towards the thermal stability. In 2011, p-MTJs with diameter 

of 20 nm were fabricated and thermal stability factory around 29 was observed [15]. This study 

is in agreement with other studies reporting 40 nm activation volume.  When the diameter is 

reduced below 40 nm, the volume contributing towards thermal stability decreases and hence the 

energy barrier decreases. 

 

 

Figure 1.7. The thermal stability of CoFeB/MgO perpendicular magnetic tunnel junction as a 
function of free layer area. The thermal stability factor stays constant for the p-MTJ diameter 
between 44 nm to 76 nm [Ref. 13]. 

1.5.2. Thermal stability in bulk anisotropy based p-MTJs  

The thermal stability can be increased by using electrodes with large perpendicular 

volume anisotropy (PMA). The L10-crystalline ordered alloys like FePt, CoPt and fcc 

multilayers like Co/(Pd, Pt) are good candidates for perpendicular magneto resistive random 

access memory (p-MRAM) [16], as they have large perpendicular anisotropy and hence higher 

thermal stability and overall recording figure of merit [17]. There are various reports of 
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fabricating the p-MTJ with such electrodes [18]. The major drawback of using them as 

electrodes in p-MTJs is their lattice mismatch with the MgO barrier and absence of fully spin 

polarized ∆1 symmetry states causing lower tunneling magnetoresistance (TMR) [4]. Figure 1.8 

shows TMR in a p-MTJ stack fabricated with Co/Pt multi-layers as the ferromagnetic electrodes. 

They compared this stack with p-MTJ stack fabricated using CoFeB as electrodes.  They 

observed TMR of about 112% in CoFeB based p-MTJs whereas in the CoPt-ML based p-MTJs, 

less than 20% TMR was reported. 

 

Figure 1.8.  TMR for the MTJ stack fabricated with Co/Pt multi-layers as the free and fixed 
ferromagnetic electrodes [Ref. 18] 

1.5.3. Thermal stability in the p-MTJs with hard/soft composite free layer 

To overcome the thermal study problem in interfacial anisotropy based p-MTJs, various 

studies are reported using a hard/soft composite free layer approach [19, 20]. In these studies the 

Co/Pt or Co/Pd multi-layers have been used as the hard layer. The Co/Pt-ML and Co/Pd-ML 

have large PMA due to the interface interactions between the Co and Pt/Pd atoms. Moreover, the 

PMA and switching field in such multi-layers can be easily tuned by changing the number of 

multilayers or thickness of the Co or Pt/Pd layers. The CoFeB helps in maintaining the high spin 
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polarization and (001) growth of MgO. In such p-MTJs the high thermal stability was reported, 

but TMR was found to be low attributed to the lack of texture in MgO and CoFeB.  

 

1.6. The effect of seed layer on CoFeB/MgO interfacial anisotropy  

In 2011, there were two studies performed to see the effect of the Ta as the seed layer and 

cap layer on the crystallization of CoFeB/MgO stack [21, 22]. They deposited the in-plane MTJ 

structure: Ta(5nm)/ Ru(10nm)/ Ta(5nm)/ Co20Fe60B20(6nm)/ MgO(2.1nm)/ Co20Fe60B20(3nm)/ 

Ta(5nm)/ Ru(5nm) on the SiO2/Si substrate with rf magnetron sputtering. The samples were 

annealed at different temperatures to study the TMR vs annealing temperature (Ta), Figure 1.9. 

They performed the transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDAX) studies to understand the crystal structure and distribution of elements 

after annealing at different temperatures. Figure 1.11 shows the top and bottom stacks as a 

function of annealing temperature. For the as-deposited stack, the CoFeB above and below the 

MgO barrier is amorphous in nature. After annealing at 500οC, the annealing condition for 

maximum TMR, B diffuses into Ta layer and CoFeB crystallizes into bcc CoFe. For annealing at 

600οC, the TMR decreases as B diffuses back towards the CoFeB and there is some amount of B 

at the CoFeB/MgO interface. It was reported that  the Ta seed helps in the crystallization of 

amorphous CoFeB into bcc CoFe by absorbing the B.  

Figure 1.9. Cartoon of the hard soft 
composite free layer. 
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Figure 1.10. TMR as a function of annealing temperature for Ta/Ru/Ta/CoFeB/MgO/CoFeB/Ta 
structure [Ref. 21]. 

 
 

 

Figure 1.11. TEM images of the (a) Ta/Ru/Ta/CoFeB/MgO/Ta and (b) Ta/MgO/CoFeB/Ta/Ru 
stacks showing the crystallization of CoFeB and MgO after annealing at 500° C [Ref. 21].         
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Figure 1.12. TEM images of the (a) Ta/Ru/Ta/CoFeB/MgO/Ta and (b) Ta/MgO/CoFeB/Ta/Ru 
stacks showing the crystallization of CoFeB and MgO after annealing at 650° C [Ref. 21]. 

 
 

 

 

Figure 1.13. High resolution stem 
image at the interface between the Fe 
and MgO substrate, obtained along 
the MgO [110] direction [Ref. 24]. 
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The TMR behavior with annealing in p-MTJs is different than the in-plane MTJs. Wang 

et. al. performed an annealing study on the perpendicular MTJs [23]. They observed that in p-

MTJs the annealing temperature to obtain high TMR is comparatively lower than the in-plane 

MTJs.  From the first principle calculations, it has been shown that the hybridization of Fe-3d 

orbital and O-2p orbital at the Fe/MgO interface leads to the interfacial anisotropy [11]. In 2010, 

Wang et. al. performed a TEM study on epitaxial Fe films grown on the MgO substrate. As 

shown in Figure 1.13 the Fe atoms relax on top of the O atoms of the MgO substrate [24], hence 

the interfacial anisotropy should increase with longer annealing times, since the crystal structure 

improves. For longer annealing time, the interfacial anisotropy degrades even though the 

crystallization improves in p-MTJs [23]. The reason behind this degradation is that the best 

window for Fe-O and Co-O has been exceeded [25] and hence further annealing deteriorates the 

PMA.  

1.7. Purpose of the study 

From the above discussion, we notice that p-MTJs based on the interfacial anisotropy do 

not have sufficient thermal stability to scale down the STT-RAM to Gbit scale. The hard/soft 

composite structures address the issue with thermal stability but they have lower TMR attributed 

to the lack of texture in MgO and ferromagnetic electrodes. It has been shown the seed layer and 

cap layers especially Ta are very important for the crystallization of CoFeB by absorbing the B. 

The purpose of this study is to fabricate a hard/soft composite structure to combine the bulk and 

interfacial anisotropy. To achieve this goal, we have divided the study into following steps:  

a) To investigate the PMA in a hard/soft bilayer structures separated by Ta and other non-

magnetic insertions.  

b) To study the effect of insertion thickness on the critical current density and switching time. 
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c) To investigate the low damping insertion elements like V, Zr instead of Ta. 

d) To study the effect of micro-magnetic exchange tensor on the switching mechanism in 

hard/soft bi-layer structure. 

e) To understand the mechanism of CoFeB/MgO interfacial anisotropy. 

1.8. Outline of the chapters 

In chapter 2, the various experimental techniques used for my dissertation research are reviewed. 

In chapter 3, we experimentally fabricate the CoPt-ML/Ta/CoFeB/MgO hard/soft composite 

structure to combine the CoPt-ML bulk anisotropy and CoFeB/MgO interfacial anisotropy. The 

effect of Ta insertion thickness on the PMA and interlayer exchange coupling between the two 

ferromagnetic layers has been investigated. 

In chapter 4, we have set up a micromagnetic model on the basis of ab-initio calculations and 

experimental results to study the effect of interlayer exchange coupling parameter on the 

switching current density and switching time. 

In chapter 5, we have experimentally investigated the effect of low damping insertion on the 

PMA and interlayer exchange coupling. Micromagnetic simulations have been performed to 

investigate the effect of damping on critical current density and switching time. 

In chapter 6, we have performed a micromagnetic study to understand the effect of micro-

magnetic exchange tensor on the switching mechanism in hard/soft composite structures. We 

studied the hard soft structures based on hcp Co and L10 FePt.  

In chapter 7, we have studied the low temperature scaling of Ks(T) vs Ms(T) to understand the 

mechanism of the CoFeB/MgO interfacial anisotropy. 

Chapter 8 summarizes the results of the research work and proposes the future work. 
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Chapter 2 Experimental techniques 
 

2.1. Introduction 

In the last chapter, we reviewed the literature and stated the purpose of my dissertation 

research. To achieve this goal, I used the following experimental techniques: thin film 

deposition, magnetometry, structural characterization, metrology, device fabrication and 

transport measurements. Thin films were deposited using the physical vapor deposition (PVD) 

technique in the Shamrock sputtering system. For magnetometry, we used an alternating gradient 

magnetometer (AGM), vibrating sample magnetometer (VSM) and superconducting quantum 

interference device (SQUID) magnetometer depending upon the nature of the measurement. The 

structural characterization techniques used involve optical X-ray diffraction, X-ray reflectivity 

and energy dispersive X-ray spectroscopy (EDX). The X-ray diffraction and X-ray reflectivity 

were performed using a Philips X-ray diffractometer and energy dispersive spectroscopy was 

performed using a JEOL 7000 SEM. For the metrology, I used optical spectroscopy, four point 

probe and ellipsometry. In this chapter, I will give a brief introduction to all the experimental 

techniques used for my dissertation study. 

2.2. Thin film deposition 

All the samples fabricated during my research were deposited using PVD in the SFI 

Shamrock MR/GMR sputtering system, Figure 2.1.The Shamrock is a load locked, sputter-up 

planetary deposition system with off-centered sputtering targets. This combination of planetary 

motion and off centered sputtering targets helps in uniform deposition over six inch wafers and 

repeatable thicknesses with a precision of 1 Å. The Shamrock has three modules: 1) Cassette 

Module, 2) Transfer Module and 3) Sputter Module. Cassette Module is used for loading and 

unloading and the cassette inside it has sixteen slots for loading wafers. This module is isolated 
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Figure 2.1. Schematic of SFI Shamrock sputtering system in MFF cleanroom. 

from the transfer module by a slot valve and has its own turbo pump and two dry pumps to pump 

it down quickly to the 10-7 Torr range. This isolation between the cassette module and the 

remaining system allows user to load and unload the samples while maintaining high vacuum in 

the transfer and sputter Modules. The transfer module acts as a bridge between cassette and 

sputter module. However there is no vacuum isolation valve between these two modules. The 

robotic arm inside it transfers the wafers between the cassette module and sputter module. The 

transfer module has one dry pump, one turbo pump and one cryopump to pump down the 

transfer module and sputter module. The system can reach to the base pressure around 2*10-8 

Torr if left overnight to pump down. The sputter module has seven cathodes and hence can have 

up to seven different target materials in the chamber.  In our system only six positions are used 

for the sputtering cathodes and one remaining position is used for an infrared lamp array for in-

situ heating. Films can be deposited using DC, RF or AC magnetron sputtering. We used five 

DC and one RF cathode for our research. There is a turntable inside the sputter module, which 

holds four substrates face down. The Shamrock can be operated via two interfaces: 1) MMI 

mode (Manual Mode Interface) and 2) Intouch mode. In MMI mode the user has more control 
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and there are not many interlocks to prevent user error. Therefore, it is not a recommended mode 

for the deposition. The Intouch mode is recipe-driven and there are sufficient safety interlocks to 

prevent the crashes.  

2.3. Magnetometry  

Magnetometry is a technique to measure the magnetic properties of the samples such as 

saturation magnetization, coercivity and anisotropy. The MINT center at the University of 

Alabama has three magnetometers: a vibrating sample magnetometer (VSM), an alternating 

gradient magnetometer (AGM) and superconducting quantum interference device (SQUID). 

During my research, I used all three depending upon the nature of the measurement. Here, I will 

discuss briefly their principle of measurement and my experience with their operation. 

2.3.1. Vibrating Sample Magnetometer (VSM)  

VSM uses electromagnetic induction to measure the magnetization of the sample. There 

are two magnetic poles to apply the magnetic field and two pick up coils to pick up the magnetic 

signal of the sample. The magnetic field from the poles magnetizes the sample. The sample is 

vibrated either parallel or perpendicular to the magnetic field. Due to the vibration, the flux 

through the coil changes causing an induced emf according to Faraday’s law. Although the latest 

VSM have sensitivity of the order of 10-7 emu, but the one available for use in the MINT center 

has sensitivity in the 10-4 emu range. Therefore this magnetometer was used only for the thick 

films with high magnetic moment.   

2.3.2. Alternating Gradient Magnetometer (AGM) 

In AGM, a small varying magnetic field is applied in addition to the static field. The 

static field magnetizes the sample and varying field creates field gradient which exerts sinusoidal 

force on the sample. This movement of the sample is picked up by piezoelectric element which is 
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part of the sample holder. The AGM at the MINT center has the sensitivity of the order of 10-7 

emu and is the best choice for the samples with small magnetic moment. This tool is very 

sensitive to the sample size and position of the sample inside the magnetic poles, therefore the 

user has to be very careful to measure the sample accurately. The first and most important step of 

operation is to perform the magnetic moment calibration and position optimization with the YIG 

sphere. Since in my research, the actual samples to be measured were thin films, therefore just 

relying on the YIG sphere calibrations and position optimization is not sufficient. It is hard to do 

the sample position optimization with thin film sample having small signal as the diamagnetic 

signal due to the substrate dominates over the thin film’s ferromagnetic signal. To make the 

calibration and sample position optimization practical for thin film samples, the calibration 

process was repeated with a thin film (200 nm CoPt) sample with known magnetic moment. 

Next, the Z axis position for the optimized CoPt sample was noted and the same Z position was 

used to measure the actual samples. One should be careful that the size of the CoPt sample used 

for calibration and thin film sample to be measured should be approximately same.  

 

 

 Figure 2.2. Micromag 2900 Alternating Gradient Magnetometer. 
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2.3.3. Superconducting Quantum Interference Device (SQUID)  

The SQUID magnetometer uses Josephson junctions and it can measure very minute 

magnetic signal. There are two types of SQUIDs: DC SQUID and RF SQUID. The RF SQUID 

uses one Josephson junction and hence is not very sensitive. The DC SQUID uses two Josephson 

junction and is more sensitive than RF Squid. The SQUID we have at the MINT center is a DC 

SQUID. This tool is expensive to operate as it needs liquid He. Therefore, it was used only for 

the samples, where we needed temperature dependent measurements or where the M-H loop 

behavior was not understandable from the AGM. The plastic straws are used as the sample 

holder. Users have to be careful that the sample is perfectly in-plane or out-of-plane depending 

upon the measurements required. 

2.4. Structural Characterization 

2.4.1. X-ray reflectivity (XRR) 

 X-ray reflectivity is an effective technique to measure the thickness of the thin films. For 

my samples, the thickness of the individual layers is very important. The other way of measuring 

the thickness of thin films is by using a profilometer. The Veeco Dektak profilometer in the 

micro fabrication facility (MFF) has an error range about 10nm, therefore the film thickness 

should be at-least 100 nm to measure with less than 10% error. XRR can measure the thickness 

of films as thin as 20 nm very accurately.  The measurements were performed on the Phillips 

XRD. In this system, a Cu source is used to produce the X-rays with wavelength 1.54 Å. When 

the X-rays hit the surface of the film at a small angle to the surface, then a part of the beam gets 

reflected and a part is refracted. The same phenomenon repeats when the beam hits the interface 

between the film and substrate as shown in Fig 3. The interference occurs between the beams 

reflected from the air-thin film interface and from the thin film-substrate interface to produce 
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fringes as shown in Figure 2.4(a). The maxima and minima in the intensity correspond to the in-

phase and out-of-phase interference of the reflected waves. The maxima or minima positions are 

fitted using the Bragg’s law: 2dsin(θ)=nλ. The slope of the plot between 2sin(θ)/λ and n gives the 

thickness of the film as shown in Figure 2.4 (b). 

 

 

Figure 2.3. Schematic of X-ray reflectivity. 

 
 
 

 

Figure 2.4. (a) XRR fringes for the Ta sample (b) the plot between n and 2*sin (θ)/λ to find the 

thickness of the sample. 
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2.4.2. Energy dispersive X-ray spectroscopy (EDX)  

EDX is an analytical technique used to investigate the chemical composition of a sample. 

Each element in the periodic table has its own unique atomic configuration which consists of 

different energy levels called shells. To characterize the chemical composition of a sample, it is 

bombarded with X-rays or an electron beam. This bombardment excites the electrons in the atom 

and causes them to jump from their ground energy state to the excited energy states leaving a 

hole behind. When an electron from a high energy level jumps back to the lower energy level to 

fill the holes, then X-ray photons with energy equal to the difference in the two states are 

emitted. The X-ray dispersive spectrometer analyzes the energy of the photons and counts the 

number of X-ray photons emitted from the sample. Each element has unique energy levels and 

therefore the energy of the X-ray photons for each atom is unique. The energy of the photons 

corresponds to a particular element and number of the photons accounts for the concentration of 

that particular type of element in the sample. One has to be very careful about the overlapping 

peaks in the X-ray spectrum. As shown in Figure 2.5, the two spectra belong to the same sample 

Co2FeAl deposited on: a) Si substrate and b) carbon tape. For the sample deposited on Si 

substrate, the Si peak from the substrate overlaps with Al peak from the Co2FeAl film. We can 

observe that the Al concentration is masked by the comparatively large number of X-ray photons 

from the Si substrate, hence giving the wrong atomic% for the Al.   
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Figure 2.5. EDX analysis for the chemical composition of Co2FeAl on the C-tape and Si 
substrate. 

2.5. Metrology 

2.5.1. NanoSpec 

NanoSpec works on the principle that the intensity of the reflected light from a 

transparent film is based on the thickness of the film. The intensity is measured with respect to a 

silicon reference. The formula used to measure the thickness is: 

𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑠𝑠𝑠𝑠 =
𝜆𝜆

2𝑖𝑖𝑖𝑖
[𝑔𝑔 − �𝜙𝜙𝑠𝑠 − 𝜙𝜙𝑓𝑓�] 

Here 𝜙𝜙𝑠𝑠 is the phase of the light reflected from the air/silicon interface, 𝜙𝜙𝑓𝑓  is the phase of the 

reflected light from the Si/SiO2 interface and 𝜆𝜆 is the wavelength of the monochromatic light. 
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The intensity of the reflected light from the air-silicon interface is different than the one from the 

film-silicon case. 

 

 

Figure 2.6. Nano spec system in the UA cleanroom facility 

2.5.2. Four Point Probe 

This is a very simple technique which is used to measure the resistance of the sample. 

The resistance of the sample is determined by flowing current through the outer probes and 

measuring the voltage at the inner probes. This technique was used to measure the resistance of 

the thin films at different points to check for the uniformity of the film.  Although the uniformity 

of the film can be measured with other techniques like XRR, but it is a very time consuming 

measurement.  Therefore, an efficient way is to measure the thickness at one point on the sample 

by XRR for accurate thickness measurement and then compare the resistance measurements at 

different points.  
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2.6. Device fabrication 

2.6.1. Photolithography  

Photolithography is a process of transferring the pattern on a mask to the thin films using 

a light-sensitive polymer called photoresist. Photoresist is an organic compound that changes its 

chemical structure on interaction with light and is divided into two types: positive and negative. 

The positive photoresist becomes more soluble in the developer solution after exposure to ultra-

violet light. The negative photoresist behaves in the opposite manner on exposure to light. It 

becomes insoluble in the developer solution after the interaction with light. The following steps 

were used to transfer the mask pattern to the thin film. 

• Coat the photo-resist uniformly on the thin film coated wafer using a spin coater. 

• Bake the wafer. 

• Expose the wafer to ultraviolet light using a Karl-Suss MA-6 mask aligner. 

• Remove the exposed photoresist using a developer solution. 

• Etch the thin film in an ion mill using the patterned photoresist as a mask. 

2.6.2. Ion Mill  

Ion mill is a dry etching technique and was used to remove the thin film not protected by 

the photoresist. The ion mill uses an ion source to generate ions which are accelerated by an 

accelerating voltage. The accelerating voltage determines the energy with which the beam hits 

the substrate. Once the beam passes through the accelerating chamber, it is neutralized before 

hitting the substrate. Low pressure (2x10-7 torr) is maintained to have a long mean free path and 

avoid the multiple collisions have good directionality. In Ion Mill, the beam voltage and stage 

angle are two important parameters. 
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Figure 2.7. Intelvac ionmill system in UA clean-room facility. 

2.7. Transport Properties 

2.7.1. Physical Properties Measurement System (PPMS) 

PPMS is an analytical tool which can perform a number of electrical measurements like 

DC resistivity, AC transport and Heat capacity over a range of applied magnetic field and 

temperature under low pressure. The magnetic field can be applied up-to 5 Tesla and temperature 

ranges from 4.2 K (boiling point of liquid He) to 400 K. To apply the high magnetic field tool 

uses the superconducting magnets. It is an expensive tool as it needs He to apply the magnetic 

field and to lower the temperature for the low temperature measurements. I used this tool to 

measure the magneto resistance (MR) property of the MTJs. The tool has 3 channels and hence 

can measure the 3 samples at the same time. The sample has to be mounted on a sample holder 

and need to be wire bounded for the measurements. The tool is controlled by the LabVIEW 

program which allows user to set the variable like temperature, magnetic field etc.     
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Chapter 3 Interlayer exchange coupled composite free layer for CoFeB/MgO based p-
MTJs 

 
 
3.1. Introduction 

In the previous chapter, we discussed that bcc ferromagnetic electrodes are important for 

the coherent tunneling of electrons with ∆1 symmetry [4], and p-MTJs can be fabricated using 

bcc electrodes by relying on the interfacial anisotropy [12,26,27]. We observed from the 

previous studies that the interfacial anisotropy based p-MTJs lack the thermal stability to reduce 

the p-MTJ diameter down to 20nm [13-15]. We also discussed the issues with p-MTJs based on 

the perpendicular electrodes and hard/soft electrodes [16-17, 28-30]. The motivation was given 

behind investigating the hard/soft electrodes with non-magnetic insertion to solve the problem 

with thermal stability. In this chapter, we have investigated the effect of Ta insertion thickness 

on PMA in the [Co/Pt multilayers] / Ta / CoFeB composite free layer. The amorphous CoFeB is 

used as the soft layer as it helps in MgO (001) growth [7] and Ta is used as the insertion element 

as it helps in crystallization of CoFeB by absorbing the boron [21-22].  Strong interlayer 

exchange coupling was observed between the Co/Pt multilayers (CoPt-ML) and CoFeB up to 0.5 

nm Ta thickness. PMA increased with increasing Ta insertion thickness due to the enhancement 

of the CoFeB/MgO interfacial anisotropy. 

3.2. Experimental details 

All samples were deposited in a seven-gun Shamrock sputter deposition system (base 

pressure 5 x 10-8 Torr) and the Ar sputtering pressure was maintained at 2 mTorr. Films were 

deposited by dc magnetron sputtering from three-inch diameter elemental targets and MgO was 

rf sputtered using a compound target. For all the stacks, Ta (5 nm)/Pt (10 nm) was used as the 

seed layer (SL).  The samples were rapid thermally annealed at 4000C for 8 minutes in a vacuum 
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annealer as this maximized the interfacial anisotropy in the Ta (5)/CoFeB (1.3)/MgO (2)/Ta (5) 

(all thicknesses in nm) stack. Thickness calibration was performed using XRR and 

magnetometry measurements were performed with a Princeton Scientific alternating gradient 

magnetometer (AGM). 

3.3. Results 

3.3.1. Optimization of squareness and coercivity in Co/Pt-ML 

We first deposited various SL/[Co X/Pt Y]2 stacks in order to maximize squareness (S) 

and coercivity (Hc) in terms of Co and Pt thickness. Figure 3.1(a) shows the Hc and S 

dependence on the Co thickness for 1.5 nm thick Pt.  Hc increased with increasing Co thickness 

up to 0.8 nm, but the S decreased at the same time. The 0.5 nm thick Co was chosen as it had the 

highest S. Next, Hc and S were measured for various Pt thicknesses keeping Co constant at 0.5 

nm. Hc increased with decreasing Pt thickness, reaching its maximum value for 0.8 nm, Figure 

3.1(b). The S remained at more than 0.90 for the Pt thicknesses studied in 0.8 - 1.8 nm range.  

Next, we studied the Hc and S as a function of number Co/Pt bilayers within stacks of 

SL/[Co 0.5/Pt Y]Z , where Y = 0.5, 0.8, 1 nm and Z =2, 4, 6, 8. As shown in Figure 3.1(c), for 

the stack with 0.5 nm thick Pt, a sharp increase in Hc was observed with increase in the number 

of bilayers.  There was no significant change in Hc for stacks with 0.8nm and 1nm thick Pt with 

change in the number of bilayers, Figure 3.1(c).  But S increased with increase in the number of 

bilayers for all the Pt thicknesses, reaching a maximum value close to one, Figure 3.1(d). 

Therefore, 0.5 nm Pt based 6 bilayers simultaneously achieved the maximum Hc and S and were 

used as the hard layer in the composite free layer for the further investigation.  
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Figure 3.1.  Coercivity (Hc ) and squareness (S) dependence on: (a) Co thickness for 1.5nm thick 
Pt, (b) Pt thickness for 0.5 nm thick Co.  (c) Hc and (d) S dependence on number of Co/Pt 
bilayers. 

3.3.2. Effect of Ta insertion thickness on PMA 

To investigate the effect of Ta insertion on the PMA in the composite free layer, we 

deposited the following stacks: SL/[Co (0.5)/Pt (0.5)]5/Co (0.5)/Ta (X)/CoFeB (1)/MgO (2)/Ta 

(5), where X is Ta insertion thickness (all thicknesses in nm). The Pt layer of the SL/[Co (0.5)/Pt 

(0.5)]6 stack next to Ta insertion was removed to enhance the ferromagnetic coupling.  

Figure 3.2(a) shows the out-of-plane (OP) M-H loops for the Ta insertions up-to 0.5 nm. 

For Ta insertions less than 0.6nm, the ferromagnetic coupling was strong enough to switch the 

CoPt-ML and CoFeB together in both stacks. OP M-H loop went from tilted to square as the Ta 
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insertion increased from 0 nm to 0.2 nm indicating the improvement in PMA. With further 

increase in Ta thickness the M-H loops looked similar in shape, but the Hc increased.  

Figure 3.2. (a) OP M-H loops for stack with Ta insertions less than 0.6 nm (b) Exchange field as 
a function of Ta insertion thickness (c) IP M-H loops for stack with Ta insertions less than 0.6 
nm (d) Hc and Hk dependence on Ta insertion thickness. 

Figure 3.2(b) shows the exchange field (Hexc) as a function of Ta insertion thickness and 

the inset shows the minor loops for the CoFeB. The exchange field was calculated from the 

CoFeB minor loops (not all M-H loops shown in inset). The interlayer coupling remained 

ferromagnetic in nature for Ta thicknesses up to 0.7 nm, and the interaction turned to anti-
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ferromagnetic in nature at 0.8 nm. The Hexc decreased sharply from 0.6nm to 0.8nm Ta insertion 

changing from positive (ferromagnetic) to negative (anti-ferromagnetic). The coupling remained 

anti-ferromagnetic in the 0.8 nm to 1.8 nm Ta thickness range and decreased in magnitude with 

increasing Ta thickness.  

The in-plane (IP) M-H loops for the Ta insertions up-to 0.5 nm show the strong hard axis 

behavior, Figure 3.2 (c). The magnetization hard axis grew stronger in the IP direction with 

increase in Ta insertion thickness.  As shown in Fig 2(d), Hc and Hk increased as a function of 

Ta insertion thickness. For the stack with 0.5 nm thick Ta insertion, Hc and HK values were 

approximately 536 Oe and 11 kOe respectively.  

The PMA of the composite free layer comes from the bulk as well as CoFeB/MgO 

interfacial anisotropy. To find the cause behind the increase in Hk, we deposited the following 

two stacks: stack (A), SL/[Co (0.5)/Pt (0.5)]5/Co (0.5)/CoFeB (1.6)/Ta (5) and stack (B), SL/[Co 

(0.5)/Pt (0.5)]5/Co (0.5)/Ta (0.5)/CoFeB (1.6)/Ta (5), (all thicknesses in nm). The MgO layer 

was removed to eliminate the interfacial anisotropy coming from the CoFeB/MgO interface. The 

1.6 nm thick CoFeB was used to compensate for the 0.6 nm dead layer caused by the Ta cap 

[31]. The stacks A and B were compared with the 0 nm Ta insertion composite free layer stack 

referred as stack (C): SL/[Co (0.5)/Pt (0.5)]5/Co (0.5)/CoFeB (1)/MgO (2)/Ta (5). The OP and IP 

M-H loops for the stacks (A) and (B) have almost  same Hc and Hk as the stack (C), Figure 

3.3(a, b).  The similar OP and IP M-H behavior for stacks (A) and (B) excluded the possibility of 

CoFeB/Ta interface contribution towards the PMA with increasing Ta thickness. The comparison 

of OP and IP M-H loops for (A) and (C) suggested that the CoFeB/MgO interface does not 

contribute towards the PMA in stack (C). From the above two comparisons, we can conclude 
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that increase in PMA in composite free layer with increasing Ta insertion thickness comes from 

the CoFeB/MgO interface.  

 

Figure 3.3. (a) and (b) show OP and IP M-H loops for the following stacks: (A) SL/ [Co 0.5/Pt 
0.5]5/Co0.5/CoFeB 1.6/Ta 5, (B) SL/[Co 0.5/Pt 0.5]5 Co0.5/Ta 0.5/ CoFeB 1.6/Ta 5 (C) SL/[Co 
0.5/Pt 0.5]5/Co 0.5/ CoFeB 1/MgO 2/Ta 5. 

3.3.3. PMA as a function of CoFeB thickness 

Next, we studied the PMA dependence on the CoFeB thickness (tCoFeB). The tCoFeB was 

varied from 1 nm to 1.9 nm. Figure 3.4(a) shows the in-plane M-H loops for all the tCoFeB 

studied. For all the studied thickness, the fully perpendicular magnetic behavior was observed. 

The Hk and Hc decrease linearly with increasing tCoFeB, indicating the decrease in PMA, Figure 

3.4 (b). Hc is calculated from the out-of-plane M-H loops (not shown here). 
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Figure 3.4. (a) In-plane M-H loops for SL/ [Co 0.5/Pt 0.5]5/Co0.5/CoFeB (tCoFeB)/Ta 5 stack 
where tCoFeB=1nm, 1.3nm, 1.6nm, 1.9 nm. (b) Hc and Hk as a function of tCoFeB. 

3.4. Discussions 

From the first principle calculations, it has been shown that the hybridization of Fe-3d 

orbital and O-2p orbital at the Fe/MgO interface leads to the interfacial anisotropy [11].  During 

the annealing, the Ta insertion helps in crystallization of CoFeB by absorbing the B [21-22]. As 

the CoFeB crystallizes, the Co and Fe atoms sit adjacent to the O atoms of the MgO barrier [24] 

and hence the interfacial anisotropy increases for the optimum annealing time. For longer 

annealing time, the interfacial anisotropy degrades even though the crystallization improves in p-

MTJs [23]. The reason behind this degradation is that the best window for Fe-O and Co-O has 

passed [32] and hence further annealing deteriorates the PMA. For thinner Ta insertion, the 

ferromagnetic coupling can be due to the pinholes. As the insertion thickness increases, there is 

reduction in pinholes leading to decrease in ferromagnetic coupling strength. The increase in 

interfacial anisotropy with increasing Ta insertion thickness can be explained due to its 

increasing capacity to absorb B. 

In the limit of infinitely strong interlayer coupling between the CoFeB and CoPt-ML, the 

effective anisotropy of the composite layer can be written as the volume average of the 
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anisotropies of individual CoPt-ML and CoFeB sub-layers:
CoFeB

CL

CoFeB
CoPt

CL

CoPt
CL KKK

t
t

t
t +=

  where tCL, 

tCoPt and tCoFeB are the thicknesses and KCL , KCoPt and KCoFeB are the corresponding magnetic 

anisotropies of the composite layer, CoPt-ML and CoFeB  sublayers. In terms of magnetic 

anisotropy energy density of the composite layer ( CL
uK ), the above equation can be modified to 

the following form: 
DemagCoFeB

CL

CoFeB
CoPt

CL

CoPtCL
u KKKK

t
t

t
t −+=

. As the increase in CL
uK  with increase in Ta 

insertion thickness (Figure 3.4) comes from the CoFeB/MgO interface, the difference in CL
uK  (∆

CL
uK ) between two Ta insertion thicknesses can be written as: 

CoFeB
CL

CoFeBCL
u KK

t
t ∆=∆

. The CL
uK∆

between 0 nm and 0.5 nm thick Ta insertion is 2.5x106 erg/cm3 and tCoFeB , tCL are 1 nm and 4 nm 

respectively. Plugging these values in the above equation, we get 9x106 erg/cm3 increase in 

KCoFeB as the Ta thickness grows from 0 nm to 0.5 nm. Therefore, the net change in CoFeB/MgO 

interface anisotropy is 0.9 erg/cm2, which is about two thirds of the surface anisotropy reported 

for the CoFeB/MgO based free layer [12].  

For the composite layer, the total thickness of the ferromagnetic layer is 4 nm and 

saturation magnetization is around 900 emu/cc. The thermal stability factor 

(∆=Eb/kBT=KuV/kBT) for the free layer with 20 nm surface diameter is plotted in Figure 3.5 as a 

function of Ta insertion thickness. The ∆ increases with increase in Ta insertion thickness and is 

as high as 152 for 0.5 nm. 
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3.5. Summary 

In summary, we studied the effect of Ta insertion thickness on the PMA of the composite 

free layer. For Ta insertions less than 0.6 nm, the ferromagnetic exchange was strong enough to 

switch the two layers together. The PMA increased with increase in Ta insertion thickness due to 

the enhancement of CoFeB/MgO interface anisotropy. The net increase of 0.9 erg/cm2 in 

CoFeB/MgO interface anisotropy was observed as the Ta insertion thickness grows from 0 nm to 

0.5 nm. The thermal stability factor for the composite free layer is sufficiently large to reduce the 

p-MTJ diameter to 20nm.  

This work was partly supported by NSF Grants DMR 1235396. This work made use of 

computing facilities at the Trinity Centre for High Performance Computing, supported by IITAC, 

the HEA, and the National Development Plan.  

 

 

 

Figure 3.5. Magnetic anisotropy 
energy density ( CL

uK ) and Thermal 
energy barrier (∆) for 20 nm circular 
nano-dots as a function of Ta 
insertion. 
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  Chapter 4 Effect of interlayer exchange coupling parameter on switching time and critical 
current density in composite free layer 

 

4.1. Introduction 

In the previous chapter, we have fabricated a [Co/Pt-ML]/Ta/CoFeB composite free layer 

stack experimentally [33]. The Ta was used as the insertion element as it helps in crystallization 

of CoFeB by accumulating boron atoms upon annealing [21-22].  We observed that with increase 

in the Ta insertion thickness, the PMA of the composite layer increases due to increase in 

CoFeB/MgO interfacial anisotropy, but the interlayer exchange coupling parameter decreases. 

The exchange coupling parameter is a significant factor as it plays an important role in defining 

the switching field [34] and energy barrier for the composite free layer [17]. As the exchange 

constant decreases in magnitude, the energy barrier of the composite layer decreases, as only part 

of the hard layer’s anisotropy contributes towards the anisotropy of the free layer. Therefore, we 

experimentally confirmed that increase in CoFeB/MgO interfacial anisotropy over-compensates 

for the loss due to the decrease in interlayer exchange coupling up to 0.5nm thick Ta insertion, 

with overall increase of thermal stability due to combined interface and bulk type anisotropies in 

the composite free layer [33]. An important remaining question is whether the critical current 

and switching time remain favorable for applications using the aforementioned composite 

structures.  

In this work, we study the effect of interlayer exchange coupling parameter on the 

switching time and switching current density in [Co/Pt multi-layer]/ Ta/CoFeB composite free 

layer. The micromagnetic model to study the effect of interlayer coupling on the switching 

current density and switching time was set up on the basis of experimental results and ab-initio 

calculations of the Fe/MgO and Fe/Ta interfaces. The fundamental magnetic parameters for the 
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micromagnetic model were extracted from the experimental results. The CoFeB/MgO interfacial 

anisotropy was found to be 0.9 erg/cm2 [33]. The material parameters extracted from 

magnetometry measurements for the Co/Pt-ML and CoFeB are shown in the table I. 

Table 4.1. Fundamental magnetic properties of CoFeB and Co/Pt-ML 
 

Layer  

Type 

     Exchange 

 erg/cm 

Anisotropy 

erg/cm3 

Magnetization  

       emu/cm3 

CoFeB        1.6x10-6         0        1060 

Co/Pt-ML        1.6x10-6     8.5x106        1000 

  

The ab-initio calculations were performed for the Ta/Fe and Fe/MgO interfaces to 

parameterize the Ms parameter at the interfaces. We employed the projected augmented plane 

wave method (PAW), [35] implemented within the VASP package [36]. The generalized 

gradient approximation [37] was used for the exchange-correlation energy. A monkhorst-pack 

11×11×3 k-point grid was applied to fully optimize the atomic configurations.   

4.2. Results and Discussion 

4.2.1. Magnetization for Fe atoms as a function of distance from Fe/MgO and Fe/Ta interfaces 

Figure 4.1(a) shows the Fe atoms magnetization behavior in the MgO/Fe/MgO structure 

observed from the ab-initio calculations. The interfacial and bulk lattice parameters for Fe/MgO 

calculations were extracted from the experimental results [24]. We found that the magnetic 

moment of Fe atoms is enhanced at the interface with MgO, and for the next nearest Fe atom, 

there is a sharp decrease in the magnetic moment.  The magnetic moment converged to the bulk 

value of Fe with increasing distance between the Fe atoms and interface.    
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Figure 4.1. Ab-initio calculations to 
study: a) the Fe atom magnetization 
behavior in MgO/ Fe/ MgO structure, b) 
the relaxation of Ta and Fe atoms at the 
Ta/Fe interface, c) atomic magnetic 
moment behavior of Fe atoms  near 
Fe/MgO and Fe/Ta interfaces. 
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Figure 4.2. The cartoon representation of the modeled stack. 

For the Ta/Fe interface, the lattice parameter for Ta was relaxed in the z-direction, Figure 

4.1(b). As the crystallization occurs from the CoFeB/MgO interface, the in-plane lattice 

parameters for Ta were constrained to the experimental value of the lattice parameter for the Fe 

atom. We observed that the Fe to Fe atoms spacing for the relaxed structure is large near the 

Fe/Ta interface compared to the bulk value. Whereas the Ta to Ta atoms spacing near the Fe/Ta 

interface is smaller than the bulk value. The magnetic moment of the Fe atoms next to Ta 

decreased, which has been experimentally observed in leading to a dead magnetic layer. From 

ab-initio calculations, it was noticed that only the Fe atoms which are nearest neighbors to the Ta 

atoms suffered loss in magnetic moment, whereas the next nearest neighbors remained 

unaffected, Figure 4.1(c). The comparatively large dead layer observed in experimental results 

can be due to surface roughness at the Ta/Fe interface, which significantly increases the surface 

area.  

Based on these results of interface calculation, the micromagnetic model was set up as 

shown in Figure 4.2. The CoFeB layer was divided into three sub-layers: 1) CoFeB-Ta 2) bulk 
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CoFeB and 3) CoFeB-MgO. The magnetizations of three sub-layers were set up on the basis of 

ab-initio results.  The CoFeB/MgO interfacial anisotropy was implemented as bulk anisotropy in 

the CoFeB-MgO layer. To study the effect of the interlayer exchange coupling on the switching 

current density and switching time, we used the STT extension module of the object oriented 

micromagnetic framework [38]. A spin polarization of 0.7 was used for the polarizer layer. 

4.2.2. Switching current density and switching time as a function of interlayer exchange coupling 

parameter  

To investigate the switching current and switching time dependence, the interlayer 

exchange coupling (IEC) parameter was varied between 0.05 and 0.5 erg/cm2. For IEC less than 

0.05 erg/cm2, the switching occurs only in the soft CoFeB layer. For values equal to and greater 

than 0.05 erg/cm2, the coupling was strong enough to switch the two layers together. Figure 

4.3(a) shows the magnetization switching as a function of simulation time for the range of the 

IEC parameter studied at a fixed current density of 7x106 A/cm2. The switching time increased 

exponentially with increasing interlayer coupling parameter and had the highest value of about 

9.8 ns for the 0.5 erg/cm2 IEC, Figure 4.3(b). Figure 4.4 shows the critical current density as a 

function of interlayer coupling. The current density was increased in steps of 1x106A/cm2. The 

switching current density increased with increasing interlayer coupling and became constant for 

the IEC parameter greater than 0.3 erg/cm2.   
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Figure 4.3. (a) Magnetization switching for different interlayer exchange parameters at the 
constant current density 7x106 A/cm2. (b) Switching time as a function of interlayer exchange 
parameter. 

 

Figure 4.4. Critical current density for the hard/soft composite structure as a function of 
interlayer exchange parameter between the hard and soft layers. 

4.2.3. Switching mechanism comparison between the strong and weak IEC parameter 

 Next, we compare the switching diagram for the IEC parameters 0.5 erg/cm2 and 0.05 

erg/cm2 at constant current density 7x106 A/cm2, as shown in Figure 4.5. For the IEC parameter 

0.5 erg/cm2, the coupling was strong enough to switch the soft and hard layer together 
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coherently. In the case of IEC parameter 0.05 erg/cm2, the switching was still strong enough to 

switch the two layers together, but the switching was incoherent.  For the coherent switching of 

the CoFeB and Co/Pt ML, the effective anisotropy of the composite layer can be written as the 

volume average of the anisotropies of individual CoPt-ML and CoFeB sub-layers:

CoFeB
CL

CoFeB
CoPt

CL

CoPt
CL KKK

t
t

t
t +=

  where tCL, tCoPt and tCoFeB are the thicknesses, and KCL, KCoPt and 

KCoFeB are the corresponding magnetic anisotropies of the composite layer, Co/Pt ML and 

CoFeB sub-layers. As the insertion thickness increased, the interlayer exchange coupling 

decreased [33]. For the weaker exchange two layers behaved incoherently and only a fraction of 

the hard layer’s anisotropy contributed towards the anisotropy of the composite layer.      

4.3. Discussions 

We observed experimentally that with increasing Ta insertion thickness, the PMA 

increased because of enhancement of the CoFeB interfacial anisotropy. This means that increase 

in PMA due to enhancement in the interfacial anisotropy has a larger benefit than the loss due to 

weakening of the coupling parameter. Now from the STT simulations we observed that the 

critical current density and switching time decreased with increasing Ta insertion thickness.  

Therefore increase in Ta thickness helps in increasing the energy barrier and decreasing the 

switching current density and simulation time. Hence, the composite layer with non-magnetic 

insertion (Ta) may have high PMA, low switching current density and switching time as 

compared to the conventional single material free layer.  
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Figure 4.5. (Color online) Switching diagram for the IEC parameters 0.5 erg/cm2 (left) and 0.05 
erg/cm2 (right) at the current density 7x106 A/cm2. Bottom layer is the polarizer layer, middle 
layer is the CoFeB layer with interfacial anisotropy and top layer is the Co/Pt-ML with bulk 
anisotropy.  

4.4. Conclusions 

In summary, we have studied the effect of Ta insertion thickness on switching current 

density and switching time. The critical current density and switching time decreased with 

decrease in interlayer coupling parameter. Therefore, based on our prior result, Ta insertion 

thickness in the composite layer can be chosen in the range where it is accompanied by the 

increase of the PMA [33] and decrease of the switching current and switching time.  
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Chapter 5 Low damping insertion elements in interlayer exchange coupled hard/soft 
composite structure 

 

5.1. Introduction 

In our previous chapters, we investigated the effect of Ta insertion thickness on the PMA, 

inter-layer exchange coupling and effect of exchange coupling on the critical current density and 

switching time. The Ta insertion helps in increasing the PMA in CoPt-ML/Ta/CoFeB/MgO 

hard/soft structure even the though the interlayer coupling decreases with increase in insertion 

thickness. We also noticed that interlayer exchange coupling parameter can be used to find a 

right balance between the thermal stability, critical current density and switching time.  

In this chapter, we have investigated the effect of V and Zr insertions on PMA in the 

[Co/Pt multi-layers] / [V, Zr] / CoFeB composite free layer and the results are compared with Ta 

insertion. The motivation to investigate the V and Zr insertion comes from our previous work, 

where we reported that Zr and V interface with CoFeB gives much lower damping constant as 

compared to the Ta insertion [31].   The amorphous CoFeB is used as the soft layer as it helps in 

MgO (001) growth [7]. For both the layers coupling stays ferromagnetic in nature for all the 

thickness studied. Up to certain thickness of insertion, the PMA increased with increasing 

insertion thickness. 

5.2. Experimental details 

To investigate the effect of Zr and V insertions on the PMA in the composite free layer, 

we deposited the following stacks: SL/[Co (0.5)/Pt (0.5)]5/Co (0.5)/(Zr, V) (X)/CoFeB (1)/MgO 

(2)/Ta (5), where X is insertion thickness (all thicknesses in nm). All samples were deposited in a 

seven-gun Shamrock sputter deposition system (base pressure 5 x 10-8 Torr) and the Ar  
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Figure 5.1. (a) Out-of-plane (OP) M-H loops for the exchange coupled composite structures:  
Ta (5)/Pt (10)/[Co (0.5) /Pt (0.5)]5/Co (0.5)/V (X)/CoFeB 1/MgO (2), X=0, 0.5, 0.7, 0.9, 1.1 (all 
thicknesses in nm). The Co/Pt multi-layers and CoFeB are ferromagnetically coupled up-to 0.9 
nm thick insertion. (b) OP M-H loops for the exchange coupled composite structures: Ta (5)/Pt 
(10)/[Co (0.5) /Pt (0.5)]5/Co (0.5)/Zr (X)/CoFeB 1/MgO (2)/Ta (5), X=0, 0.5, 0.7, 0.9 (all 
thicknesses in nm). The Co/Pt multi-layers and CoFeB are ferromagnetically coupled for all the 
thickness studied. The coercivity decreases as the insertion thickness increases from 0.7 nm to 
0.9 nm indicating decrease in PMA due to weak ferromagnetic coupling.  
 
sputtering pressure was maintained at 2 mTorr. Films were deposited by dc magnetron sputtering 

from three-inch diameter elemental targets and MgO was rf sputtered using a compound target. 

Thickness calibration was performed using XRR and magnetometry measurements were 

performed with a Princeton Scientific alternating gradient magnetometer (AGM). The stacks 

were annealed at different conditions to optimize the PMA. For V insertion the optimum 

annealing temperature was 250° C for 15 min and for Zr insertion the optimum temperature was 

200° C for 30 min. 
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Figure 5.2. Out-of-plane (OP) M-H loops for the composite structures: Ta (5)/Pt (10)/[Co (0.5) 
/Pt (0.5)]5/Co (0.5)/Ta (X)/CoFeB (1)/MgO (2)/Ta (5), X=0.5, 0.6, 0.8 (all thicknesses in nm), 
showing the change in nature of coupling with increasing insertion thickness. 

5.3. Results 

5.3.1. Effect of insertion thickness on PMA 

Figure 5.1 (a) and (b) show the out-of-plane (OP) M-H loops for composite stack with the 

V and Zr insertions respectively. For both the insertions, the interlayer coupling stays 

ferromagnetic in nature for all the thicknesses studied. In the composite layer with Ta insertion, 

we found the change in nature of coupling as the thickness of the insertion increases, Fig 2. The 

OP M-H loop for the 0.7 nm Zr insertion start tilting indicating the degradation in the PMA. This 

degradation in OP behavior is due to the weakening of coupling between the hard and soft layer 

with increase in Zr thickness.  In case of V the two layers are ferromagnetically coupled up to 0.9 

nm thick insertion. For the 1.1 nm thick insertions the two layers get decoupled because of the 

weakening exchange between the hard and soft layer.  
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Figure 5.3. (a) shows saturation field (Hk) and (b) shows coercivity (Hc) behavior for V and Zr 
insertions as a function of insertion thicknesses in the following stacks: Ta (5)/Pt (10)/[Co (0.5) 
/Pt (0.5)]5/Co (0.5)/V, Zr /CoFeB (1)/MgO (2)/Ta (5) (all thicknesses in nm). The Hk and Hc 
values are extracted from the M-H loops along the hard axis (in-plane) and easy axis (out-of-
plane) respectively. 

For the V and Zr insertions, the Hk increases with increasing insertion thickness up to 0.9 

nm and 0.7 nm respectively, Figure 5.3(a). This increase in Hk shows the strong hard axis 

behavior in the in-plane direction. For 0.9 nm thick Zr insertion there is sharp drop in the Hk to 

4.4 kOe indicating the reduction in OP behavior. For 1.1 nm thick V insertion, when the two 

layers switch separate, the Hk is not shown in the plot as we were not able to measure the Hk of 

the soft layer reliably. For V insertion the Hc of the composite layers increases with increasing 

insertion thickness up-to 0.9nm. For 0.9 nm thick insertion, the maximum Hc of 680 Oe was 

observed.  For Zr insertion, there is small increase in Hc with increasing insertion thickness up to 

0.5 nm. For 0.7 nm thick insertion the Hc decreases to 250 Oe. The maximum Hc of 370 Oe was 

observed for Zr insertion. 
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Figure 5.4. Magnetic anisotropy energy density (Kµ) and Thermal energy barrier (Δ) for 20 nm 
circular nano-dots as a function of insertion thickness in the following hard/soft composite 
structures: Ta (5)/Pt (10)/[Co (0.5) /Pt (0.5)]5/Co (0.5)/[Ta, V, Zr] (X) /CoFeB (1)/MgO (2)/Ta 
(5), where X is the insertion thickness of Ta, V and Zr (all thicknesses in nm). 

For both insertions in the composite layer, the total thickness of the ferromagnetic layer is 

4 nm and saturation magnetization is around 950 emu/cc. Figure 5.4 (a) and (b) shows the 

magnetic anisotropy energy density (Ku) and thermal stability factor (∆=Eb/kBT=KuV/kB T) 

comparison for the V, Zr and Ta insertions as a function of insertion thickness. The data for the 

Ta insertion is from the previous chapter. The composite layer with Ta insertion has higher Ku 

and ∆ value than V and Zr insertions for the same thickness of insertions. This means Ta 

insertion is more effective in increasing the PMA as compared to the V and Zr insertions. But 

with increase in Ta insertion thickness beyond 0.5 nm, the coupling changes from ferromagnetic 

to anti-ferromagnetic in nature, hence limiting the thickness of insertion. In case of V insertion 

there was strong ferromagnetic coupling up to 0.9 nm. For 0.9 nm thick insertion, the composite 

layer with V insertion has Ku and ∆ values comparable to the maximum values achieved by the 

Ta insertion. 
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5.3.2. Effect of damping constant on switching current density and switching time 

Next, we investigate the effect of damping constant on switching time and critical current 

density for the weak interlayer exchange coupling (IEC) and strong interlayer exchange coupling 

between the two ferromagnetic electrodes. For the 0.6 nm thick Ta insertion, the Hexc is 

approximately 400 Oe. The exchange parameter is calculated using the following equation: 𝜎𝜎 =

𝐻𝐻𝑒𝑒𝑒𝑒𝑖𝑖𝑀𝑀𝑠𝑠(𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐵𝐵)𝑡𝑡(𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐵𝐵). The Ms for CoFeB is around 900 emu/cc and thickness is 1nm. 

Plugging these values in the above equation, we get the interlayer exchange coupling constant 

around 0.036 erg/cm2. For this value of IEC parameter, the two ferromagnetic layers switch 

separate experimentally as well as in the simulation. For 0.05 erg/cm2, the two layers switch 

together and this value is studied as the weak exchange coupling parameter. The strong coupling 

refers to the case when there is no insertion between the two ferromagnetic layers and the IEC 

parameter used for this case is 0.5 erg/cm2. For both the cases, the damping constant values 

studied for the CoFeB layer are 0.01 and 0.005. The 0.01 corresponds to the value reported for 

the Ta seed and 0.005 corresponds to the value reported for the V seed. The values studied for 

the bulk layer are 0.04 and 0.01 which corresponds to CoPt-ML and hcp Co [39, 40]. 

For the weak coupling, not a significant difference was observed between the switching 

time for the 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐵𝐵 = 0.01 𝑣𝑣𝑠𝑠 0.005 and 𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 = 0.01 𝑣𝑣𝑠𝑠 0.04, Figure 5.5. The difference in the 

critical current density is limited by the step size of 1A/m2. Within this limitation, the critical 

current density stays same for the two cases. For the strong interlayer coupling, there is large 

difference between the switching time and critical current density between the two cases. 

For 𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐵𝐵  = 0.01 erg/cm2 and 0.005 erg/cm2, the switching time is 8.5 ns and 9.25 second 

respectively.  For 𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖 =0.01 and 0.04 erg/cm2 the switching time is 4 ns and 9.25 ns 

respectively.  
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Figure 5.5. Effect of Gilbert damping constant (α) on switching curves in hard/soft composite 
structures for the weak and strong interlayer exchange coupling (IEC). For the hard layer, the 
compared values of α are the experimental values of Co/Pt-ML (α=0.04) and hcp Co (α=0.01). 
For the soft layer, the compared values of α are the experimental values of Ta/ CoFeB/ MgO 
(α=0.01) and V/CoFeB/MgO (α=0.005) structures. Switching curve comparison between α=0.01 
and 0.005 for the soft layer while α for the hard layer is constant at 0.04: (a) IEC = 0.05 erg/cm2, 
(b) IEC=0.5erg/cm2. Switching curve comparison between α=0.01 and 0.04 for the hard layer 
when α for the soft layer is constant at 0.01: (c) IEC = 0.05 erg/cm2, (b) IEC=0.5erg/cm2.  

5.4. Discussions 

The interlayer coupling decreases with increasing Ta, V and Zr insertion thickness. 

Therefore, PMA of the composite layer should decrease with increasing thickness. On the 

contrary, we observed that PMA increases with increase in insertion thickness up to certain 

thickness, 0.9 for V and 0.7nm for Zr, before it starts decreasing. In the previous chapter, we 

observed that increase in PMA is due to enhancement of the CoFeB/MgO interfacial anisotropy. 
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This means that initially up to certain insertion thickness, the increase in interfacial anisotropy 

dominates the decrease due to weakening of the coupling parameter and after certain thickness 

the effect is vice-versa. Although the increase in PMA due to 0.9 nm thick V insertion is 

comparable to 0.5 nm thick Ta insertion, but effect of damping on the switching current density 

and switching time diminishes as the insertion thickness increases.   

5.5. Conclusions 

In summary, we studied the effect of V and Zr insertions thickness on the PMA and 

switching time in the composite hard/soft structure. For both the insertions, the interlayer 

exchange coupling remains ferromagnetic for all the thicknesses studied. The PMA increased 

with increasing insertion thickness up to 0.9nm for V and 0.7 nm for Zr.  The 0.9 nm thick V 

insertion has the thermal stability factor comparable to 0.5 nm Ta insertion. From micromagnetic 

simulations, we observe that the effect of lower damping insertions on the switching current 

density and switching time is significant for strong interlayer exchange coupling case.  
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Chapter 6 Micromagnetic exchange interaction tensor and magnetization reversal in 
hard/soft composite structure 

                                                              

6.1. Introduction 

A basic magnetometry characterization of PMR media often involves interpretation of the 

out-of-plane (OP) and in-plane (IP) magnetization loops of the thin film alloys [41].  

Interpretation of experimental measurements for these thin film alloys and media design 

simulations rely on the micromagnetic modeling which requires detailed knowledge of 

fundamental magnetic properties such as anisotropy K, magnetization Ms, and micro-magnetic 

exchange stiffness A. While K and Ms are often well characterized, much more ambiguities exist 

about the A parameter value, character, and its composition dependence.  For example, it has 

been suggested that some features of OP and IP magnetization loops can be explained by the 

spin-orbit interaction driven anisotropic exchange with an unrealistically large exchange 

anisotropy [42, 43]. In this work, we systematically investigate the role of the micromagnetic 

exchange tensor on the interpretation of OP and IP magnetization loops and the magnetization 

switching mode of hcp CoCrPt alloy and L10 FePt based hard/soft composite nanostructures. We 

use electronic structure calculation methods [44, 45] to quantify magnetic interactions [46-48] 

and the OOMMF micromagnetic simulation package [49] to investigate effect of the anisotropic 

exchange tensor. In our study, we consider a crystal symmetry driven anisotropic micromagnetic 

exchange tensor. The anisotropy parameter of the micromagnetic exchange tensor was quantified 

using ab-initio calculations of the spin spiral structure [44, 45] in different crystallographic 

directions. In our micromagnetic simulations, hcp CoCrPt alloys and L10 FePt have been studied 

for two ratios of the IP to OP micromagnetic exchange constants: (i) A|| = A⊥ and (ii) A|| = 0.5 

A⊥ for CoCrPt and A⊥ = 0.5 A|| for FePt. The latter ratio is based on results of ab-initio 
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calculations for the spin spiral magnetic excitation with vectors q = (001) and q = (110). We 

emphasize that this exchange anisotropy ratio A|| = 0.5 A⊥ originates from a different mechanism 

than the one considered in [43]. In reference [43], the exchange anisotropy is defined as spin-

orbit driven two-ion anisotropy. Here we exclude spin-orbit driven effects as minor contribution 

to the difference between A|| and A⊥ constants.  We consider differences of A|| and A⊥ constants 

solely due to hcp symmetry-driven features of Co electronic structure.  Further we investigate the 

effect of this realistic exchange interaction tensor on switching behavior by considering hard/soft 

bi-layer system. We find that in hcp CoCrPt based composite structures, the exchange interaction 

tensor leads to a profound change in the magnetization switching mode, from curling to vortex 

type. In L10 FePt based nano-structures although the switching mechanism is similar, but there is 

large difference in the coercivity between the two cases.  

This chapter is organized in the following manner. In Section 6.2, we describe details of 

the model used in this study and computational details for simulations of magnetization 

switching in hcp CoPtCr thin film nano-structures. In Section 6.3, we describe the results and 

discuss the main conclusions derived from our computational results. We highlight the effect of 

the exchange interaction tensor on the magnetization switching mode in 30x30 nm dots relevant 

to hcp CoPtCr and L10 FePt based ECC media. We find that, as predicted by ab-initio 

calculations, the large difference in exchange excitation energy along (001) and (110) direction 

has significant impact on switching behavior.  

6.2. Method and Approach 

In this work, we adopt a multi-scale simulations approach combining electronic ab-initio 

structure calculations with micromagnetic theory.  The ab-initio calculations quantify the 
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magnetic exchange interactions [44-47] and micromagnetic theory investigates the role of the 

anisotropic exchange tensor on the magnetization reversal.  Firstly, we use the Heisenberg model  

).1( jiijex mmJE −= ∑                       (1) 

where mi  are magnetic moments, to  calculate energy of a planar spin spiral density wave given 

by the following distribution )0),(),(()( iii rqSinrqCosmqm 
= . In the limit of long wavelength 

approximation, it leads to the following expression     

2AVqEex =                               (2) 

where A is the exchange stiffness constant. Secondly, we determine micromagnetic exchange 

tensor elements as defined below    
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using ab-initio calculations of a spin spiral structure [44,45]  for wave vectors q along  (001) and 

(110), as plotted in Figure 6.1.  The Eq. (3) definition leads to a generalized micromagnetic 

exchange energy functional  

 𝐸𝐸𝑒𝑒𝑒𝑒𝑖𝑖 ≅ 2∫𝑑𝑑𝑑𝑑����⃗ 3∇m���⃗  𝐴𝐴 ∇m���⃗                     (4) 

with normalized magnetization m. In Figure 6.1(a), we plot results of the first principles 

calculations for exchange energy as a function of the wave vector squared for hcp Co. According 

to equation (2), the slope of this linear dependence is proportional to the exchange constants (A|| 

and A⊥) of the exchange stiffness tensor, equation (3). For L10 FePt, the exchange energy is 

plotted as function of spin spiral wave vector (Figure 6.1(b)). In Figure 6.1, (001) dependence 
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corresponds to A⊥ and (110) for hcp Co, (100) for L10 FePt correspond to A|| components of 

equation (3) tensor. Next, we use this model to investigate how the exchange interaction tensor 

influences the switching behavior in the hard/soft composite layer. For the hcp Co based 

composite layer, the hard layer is hcp Co70.2Cr10Pt19.8  and the soft layer is fcc Co. For the L10 

FePt based composite layer, the hard layer is L10 FePt and soft layer is disordered FePt. The 

fundamental magnetic parameters for all the layers studied are given in the table 1. 

 

Figure 6.1.  (a) The exchange energy of spin spiral magnetic excitation in hcp Co  calculated as a 
function of the wave vector squared q2  for  spin spiral wave vectors q=q(001) and  q=q(110). (b) 
The exchange energy of spin spiral magnetic excitations in L10 FePt  calculated as a function of 
the wave vector squared q  for  spin spiral wave vectors q=q[001] (open squares)  and  q=q[100] 
(open circles). 

For both materials studied the in-plane dimensions are 30 nm by 30 nm, and the thickness 

is 15 nm for the hard layer and 4.5 nm for the soft layer. In both magnetic layers the easy axis is 

along the direction perpendicular to the plane of the film. 

To investigate the magnetization switching we have used the object oriented 

micromagnetic simulation software OOMMF [49] developed by NIST. For simulation purposes,  
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Table 6.1. Fundamental magnetic propertied of hcp CoCrPt and L10 FePt 

 
 Layer  

Type 
(Exchange)⊥ 

erg/cm 
(Exchange)|| 

erg/cm 
Anisotropy 

erg/cm3 
Magnetization  
       emu/cm3 

hcp 
CoCrPt  

Soft [11]      1.64x10-6  1.64x10-6     2.06x106        1342 

 Hard [10]      1.64x10-6       0.45x10-6      5.6x106          736 
 

 Soft 1.6x10-6 1.6x10-6 0        1400 
L10 FePt Hard 0.8x10-6 1.6x10-6       7x107        1400 

 

both the layers are divided into small cells with a mesh size 1nm by 1nm in the plane 

perpendicular to the easy axis and 0.5nm along the easy axis. The implementation of the 

isotropic exchange is straightforward, as it can be implemented by using the uniform exchange 

feature throughout the individual layers, and the six-neighbor feature to set up the interfacial 

exchange between the two layers. As illustrated in Figure 6.2, to investigate the exchange tensor 

effect, we subdivided each layer into sub-layers perpendicular to the easy axis. Each sub-layer 

has the same dimensions as the bi-layer structure in the plane perpendicular to the easy axis and 

thickness equal to the cell size, 0.5nm. Each sub-layer is treated as a different region, since in 

OOMMF a region is a space with the same intrinsic magnetic properties. Within each sub-layer 

the exchange is set up using the uniform exchange feature of the OOMMF and between sub-

layers the exchange is set up using the six-neighbor feature. To check the correctness of our 

implementation, we performed calculations for the limiting case of A|| = A⊥. The results were in 

agreement with the isotropic exchange setup using the in-built option of OOMMF. 
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Figure 6.2. Schematic drawing to illustrate implementation of anisotropic micromagnetic 
exchange interaction tensor. 

6.3. Results and discussion 

6.3.1. Magnetization curves for spatially isotropic and anisotropic exchange 

To investigate the entire switching process, all simulations are performed starting from 

the fully saturated state, i.e., magnetic moments in both hard and soft layers are aligned along the 

easy axis. Subsequently, an external magnetic field is applied in opposite direction along: 1) the 

easy axis (perpendicular to the film plane, α=00), 2) along the hard axis (in the film plane, 

α=900), 3) α=150and 4) α=450 with respect to the easy axis.  The simulations have been carried 

out for two cases: (a) limiting case A|| = A⊥ and (b) A|| = 0.5A⊥ for hcp CoCrPt, A⊥ = 0.5 A|| for 

L10 FePt. 

(a) hcp CoCrPt/fcc Co 

Figure 6.3 (a) shows the comparison between the two cases, in case of external magnetic 

field applied along the easy axis,α=00. The first difference is noticed in the interval   0-2000 Oe.  

During this interval the M-H curve for case (a) holds its magnetization and then makes a sudden 
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drop, whereas in the case (b) the reduction in magnetization is gradual. After this point both the 

hysteresis curves follow the same path until the switching of the hard/soft structure occurs for 

case (b). As we can see from Figure 6.3 (a), case (a) has higher coercivity and switches at 200-

300 Oe higher magnetic field than case (b).  

Figure 6.3 (b) and Figure 6.3 (c) show the M-H curves, when the external magnetic field 

is applied at α=150 and at 450 to the easy axis, respectively. As α increases, the difference 

between the two curves diminishes. For α=150, the difference in coercivity for the two exchange 

cases is about 150 Oe and for α=450 is practically zero.  

 

 
 

Figure 6.3. M-H curves for hcp CoCrPt/fcc Co for the external field applied at different angles 
with respect to the easy axis. a) 00 (along the easy axis) b) 150 c) 450 d) 900 (in the film plane). 

 
For the external field applied in the plane of the film, α=900, no significant difference has 

been observed between the coercivity for the two cases, see Figure 6.3 (d). In the simulation, the 
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system is saturated along the applied field direction and then allowed to relax. Both curves 

follow different paths, but converge to give the same value of coercivity. 

The simulated M-H curves have a unique kink, typically not observed in the experimental 

data. Both the demagnetization and total energies drop by 65x10-13 erg and 60 x10-14 erg, 

respectively, between the two states before and after the kink. Since there is such a large drop in 

the demagnetization energy, we speculate that the kinks are due to shape effects and may not be 

observed in cylindrical shapes, which are closer in form to the actual grains. Thermal energy 

contribution may be another factor that makes the kink disappear in the experimental 

measurements. The ratio of the total energy to the thermal energy is of the order of 15. 

According to the Neél–Arrhenius law, during an experimental measurement, the system will 

jump a number of times between the two states before and after the kink, and the measured value 

will be the average of the two.  

(b) L10 FePt/fcc FePt 

Figure 6.4 (a) shows the M-H loops for the two cases when the switching field is applied 

along the OP (α=00) direction. For the case (a), the switching happens at higher switching field 

as compared to the case (b) and there is a large coercivity difference ( ∆𝐻𝐻𝑖𝑖) approximately 0.7T 

between the two cases. Figure 6.4 (b) and (c) show the M-H loops for the two cases when 

switching field is applied at angle 450 and 150 respectively. As the switching field goes from OP 

to IP, ∆𝐻𝐻𝑖𝑖 decreases and subsequently goes to zero, Figure 6.4 (d).  
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 Figure 6.4.  M-H curves for L10 FePt/fcc FePt for the external field applied at different angles 
with respect to the easy axis. a) 00 (along the easy axis) b) 150 c) 450 d) 900 (in the film plane). 

6.3.2. Study of switching behavior for the OP case 

To understand how the exchange tensor affects the coercivity, we studied in detail the 

switching behavior of the hard/soft structure in OP case (α=00). In this case, the difference in 

coercivity is the largest, thus it is expected that the difference in the reversal mechanism may 

also be the most significant.  

(a) hcp CoCrPt/fcc Co 

Figure 6.5 shows the top and side cross-sectional snapshots of the simulated bi-layer 

structure, just before the switching occurs. As shown in Figure 6.5, for the case (a) the switching 

occurs via curling mode, whereas for the case (b) it occurs via vortex formation. As can be seen 

from the side cross-sectional view for the case (b), the vortex formation happens only in the top 
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soft layer. The switching starts from the periphery of the vortex extending to the core. The core 

holds up till the last moment before it gives up and the whole structure switches. 

 

 
 

Figure 6.5.  Magnetization switching snapshots: (a) top, (c) side cross-sectional views for the 
case A|| = A⊥, and (b) top, (d) side cross-sectional views for the case A|| = 0.5A⊥. The color bar 
represents the perpendicular component (along easy axis) of the magnetization. 

 
(b) L10 FePt/disordered FePt 

Figure 6.6 shows the top and side cross-sectional snapshots of the simulated bi-layer 

structure, just before the switching occurs in case (b). As shown in Figure 6.6, for both the cases 

the switching happens via the vortex formation in contrast with earlier studies on the role of 

interface exchange where switching mechanism was driven by the perpendicular DW formation 

[34]. At the moment the switching happens in the case (b), the soft layer still has the significant 

magnetic moment along the saturation direction in case (a). This can be explained with the help 

of anisotropy energy plot as a function of switching field, Fig 7(a). When the switching happens 
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in case (a), the anisotropy energy is almost half of the case (b). That means that more magnetic 

moments are deviated from the easy axis in case (b) than case (a). But because of weaker 

exchnage component in the OP direction, the exchange energy in case (b) is almost similar to 

case (a). 

 

 
 Figure 6.6. (a) and (c) show the top and side cross-sectional snapshots, respectively, of the 
magnetization switching for the case (a). (b) and (d) show the top and side cross-sectional 
snapshots, respectively, for the case (b). 
 

6.3.2. Effect of interfacial exchange on coercivity for the OP case 

We studied the effect of interfacial exchange (IE) on the coercivity difference between 

the two cases (∆𝐻𝐻𝑖𝑖), for the external field applied along the easy axis, (α=00). The simulations 

have been run for different values of IE varying from one eighth of the Bulk Exchange (BE) to 
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Bulk Exchange (BE) itself. As shown in Figure 6.8, with decrease in IE the ∆𝐻𝐻𝑖𝑖 decreases and 

with further decrease in IE becomes constant.  

 

 
Figure 6.7. (a) and (b) shows the behavior of anisotropy and exchange energy respectively as a 
function of switching field. 

 

 
 

Figure 6.8. Variation of coercivity difference between case (a) and case (b)  as a function of 
interfacial exchange for the external field applied along the easy axis, (α=00). 

6.4. Summary and conclusions 

In summary, we calculated principal axis constants of the micromagnetic exchange tensor 
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for hcp Co and L10 FePt from first principles.  It was found that A|| is almost half as strong as A⊥ 

for hcp Co and A⊥ is almost twice as strong as A||  for L10 FePt  The role of this large energy 

difference on the switching behavior of rectangular dots has been investigated using micro-

magnetic simulations. We compared OP and IP M-H loops for (a) A|| = A⊥ and (b) A|| = 0.5 A⊥ 

(hcp Co), A⊥ = 0.5 A|| (L10 FePt) for 30x30 nm rectangular dots, and found that the athermal 

coercive force differs between them. For hcp Co, we found that the magnetization switching 

mode is different for these cases. In case (a), curling is the switching mode and it changes to 

vortex formation in case (b).  Further, the differences between spatially isotropic case (a) and 

spatially anisotropic case (b) become more pronounced as interface interaction between hard and 

soft layers is increased to the bulk value.   For L10  FePt, we found that there is large ∆𝐻𝐻𝑖𝑖 

between these cases. As the external magnetic field goes from OP to IP, the ∆𝐻𝐻𝑖𝑖 decreases.   
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Chapter 7 Low temperature scaling of CoFeB/MgO interface magnetic anisotropy 
 

7.1. Introduction 

In recent years, there are intensive research efforts on p-MTJs utilizing CoFeB/MgO 

interface magnetic anisotropy (KS) [12, 29, 33]. It has been suggested on the basis of ab-initio 

calculations that microscopic origin of this interfacial magnetic anisotropy is the hybridization of 

Fe 3d and O 2p orbitals [11]. Despite importance of this recently discovered effect, further 

elaboration of CoFeB/MgO interfacial magnetic anisotropy is lacking.  There is no experimental 

study so far to understand the origin of this property in terms of single vs. two-ion contribution.  

For magnetic anisotropy of general origin (K), it has been shown that at low temperatures, the 

scaling of K(T) vs. M(T) is sensitive to details of the anisotropy mechanism [52].  Here, we 

report on our study of low temperature anisotropy vs. magnetization scaling for CoFeB/MgO 

interfacial magnetic anisotropy. 

7.2. Experimental details 

All samples were deposited in a seven-gun Shamrock sputter deposition system (base 

pressure 5 x 10-8 Torr) and the Ar sputtering pressure was maintained at 2 mTorr. Films were 

deposited by dc magnetron sputtering from three-inch diameter elemental targets and MgO was 

rf sputtered using a compound target. The samples were annealed at 3000C for 60 minutes in a 

conventional vacuum annealer. Thickness calibration was performed using XRR and 

magnetometry measurements were performed with a superconducting quantum interference 

device (SQUID) and DYNACOOL vibrating sample magnetometer. 
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Figure 7.1. In-plane M-H loop for Ta (5nm)/CoFeB (X)/MgO (2nm)/Ta (5nm) in the temperature 
range from 400 K to 5 K: (a) X=1.2 nm (b) X=1 nm. 

7.3. Results and discussions 

Figure 7.1 shows the in-plane M-H loops measured in the SQUID magnetometer for the 

samples with 1.2 nm and 1 nm thick CoFeB. For both the samples, the preferred axis of 

orientation for the magnetic moments is perpendicular to the plane of the thin film, hence in-

plane is the hard axis. The saturation field (Hk) in the in-plane direction for the 1.2 nm and 1 nm 

thick samples at 300 K (near room temperature) is about 2000 Oe and 5000 Oe, respectively. The 

saturation magnetization (Ms) for the 1.2 nm and 1 nm sample at 300 K is about 1175 emu/cc 

and 940 emu/cc, respectively. To study the Ms and Ks scaling as a function of temperature (T), T 

is varied from 400 K to 5K. Fig 2 (a) shows the variation of Ms as a function of temperature (T) 

for 1 nm, 1.2 nm and 1.5 nm thick CoFeB. For all the thicknesses, the Ms increases with 

decrease in temperature. For the 1 nm thick sample the change in Ms is largest, indicating a 

lower Curie temperature (Tc) as compared to 1.2 nm and 1.5 nm thick samples. The Ms increases 

by 73% from 400 K to 100K. For 1.2 nm and 1.5 nm thick CoFeB samples the Ms increases by 
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28% and 17%, respectively from 400 K to 100K.  Due to increase in Ms, the magnetostatic 

energy: 4*π*Ms also increases. This increase in magnetostatic field tends to pull the magnetic 

moments into the plane of the thin film. On the contrary, the saturation field (Hk) increases with 

decreasing temperature ranging from 1500 Oe at 400 K to 3500 Oe at 5 K as shown in Figure 7.2 

(b). This indicates the increase in PMA with decreasing temperature. It has been reported that the 

PMA in Ta/CoFeB/MgO hetero-structure is solely due to the CoFeB/MgO interfacial magnetic 

anisotropy [1]. Therefore, the increase in the Hk with lowering T means that interfacial magnetic 

anisotropy gets stronger.  

 

 

Figure 7.2. (a) Saturation magnetization (Ms) as a function of temperature (b) Saturation field 
(Hk) as a function of temperature. 
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Figure 7.3. Plot between ln[Ks(T)/Ks(5K)] and ln[Ms(T)/Ms(5K)] to determine the scaling factor 
(a) 1.2 nm thick CoFeB (b) 1 nm thick CoFeB. 

The effective spin Hamiltonian constructed and parameterized by Mryasov et. al. [4] to 

categorize the contribution from single ion anisotropy and two ion type anisotropy can be written 

as: 
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where d(0) corresponds to the single ion anisotropy and d(2) corresponds to the two ion type 

anisotropy. The contribution due to the type of anisotropies can be written as: 
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Here α corresponds to the relative contribution from the two ion anisotropy, thus 1-α corresponds 

to the contribution from single ion type anisotropy. The parametric temperature dependence or 

Ks vs Ms can be written in the low temperature limit as:  
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The single ion type anisotropy has a scaling factor of 3 and two ion type anisotropy has a scaling 

factor of 2. 

In Figure 7.3, we have plotted the ln[Ks(T)/Ks(5K)] vs ln[Ms(T)/Ms(5K)] for the 1.2 nm 

thick CoFeB and 1 nm thick CoFeB samples to find the scaling factor. The scaling factor (3-α) is 

about 2.13 for 1.2 nm CoFeB and 2.24 for 1 nm CoFeB, hence α is about 0.8 indicating the 

dominant contribution from the two ion type anisotropy term accounting for about 80 % of 

contribution to CoFeB/MgO interfacial magnetic anisotropy.  

7.4. Conclusions 

We studied the low T scaling of KS vs MS for CoFeB/MgO hetero-structures in the 

temperature range from 5 K to 400 K.  For all the CoFeB thicknesses studied, the Ms increased 

with decreasing temperature. For the sample with 1 nm thick CoFeB the rise in Ms with 

decreasing T is significantly larger than 1.2 nm and 1.5 nm thick CoFeB sample indicating lower 

Tc for 1 nm thick sample. The Hk increases with decreasing temperature, hence the interfacial 

magnetic anisotropy increases. It was observed that KS scales as a function of [Ms(T)] 2.2 . This 

result clearly indicates that the two-ion type anisotropy is the dominant mechanism of interfacial 

magnetic anisotropy.  
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Chapter 8 Conclusions 
 
 

For p-MTJs to be useful for STT-RAM and MRAM applications, the energy barrier 

against thermal fluctuations has to be atleast 60 kB T. In this dissertation, we have proposed and 

investigated the non-magnetic insertion separated hard/soft composite structures in the p-MTJ 

environment to increase the thermal stability. The low T scaling of Ks(T) vs Ms(T) is studied to 

understand the mechanism of CoFeB/MgO interfacial anisotropy. 

Hard/Soft composite structures [Co/Pt-ML]/(Ta, V, Zr)/CoFeB/MgO were fabricated to 

combine the bulk and interfacial anisotropy. For Ta insertions less than 0.6 nm, the 

ferromagnetic exchange was strong enough to switch the CoFeB and Co/Pt-ML layers together. 

The exchange coupling turned from ferromagnetic to anti-ferromagnetic in nature for insertions 

thicker than 0.7 nm. The PMA increased with increasing Ta insertion thickness due to the 

enhancement of CoFeB/MgO interface anisotropy. The net increase of 0.9 erg/cm2 in 

CoFeB/MgO interface anisotropy was observed as the Ta insertion thickness grows from 0 nm to 

0.5 nm. The thermal stability factor for the composite free layer is sufficiently large to reduce the 

p-MTJ diameter to 20 nm.  

The critical current density and switching time decreases with decreasing interlayer 

exchange coupling parameter. Therefore, increasing Ta insertion thickness helps in increasing 

the PMA and decreasing critical current density and switching time. 

For the low damping insertions V and Zr, coupling stays ferromagnetic in nature for all 

the thickness studied. The 0.9 nm thick V insertion is nearly as effective as 0.5 nm Ta insertion 

in increasing the PMA in such hard/soft composite structures.  

The damping parameters of the hard layer and soft layer has significant effect on the 

switching time and critical current density for the strong exchange coupling or thin insertion. For 
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the weak exchange coupling or the thick insertion, the bulk layer and soft layer damping constant 

does not have much effect on the switching current density and switching time. 

From first principle calculations, it was found that for hcp Co, A|| is almost half as strong 

as A⊥ and for L10 FePt, A⊥ is almost half as strong as A||.   The comparison was made between 

OP and IP M-H loops for 30x30 nm hcp Co/ fcc Co and L10 FePt/ fcc FePt hard/soft rectangular 

dots for isotropic vs anisotropic exchange. The a-thermal coercive force for the isotropic and 

anisotropic exchange differs for the both the structures. It leads to different switching mechanism 

in hcp Co/ fcc Co and different coercivity in L10 FePt/ fcc FePt structures for the isotropic and 

anisotropic exchange cases.  

To investigate the mechanism of CoFeB/MgO interfacial magnetic anisotropy (Ks), We 

studied the low T scaling of Ks vs saturation magnetization (Ms). The drop in Ms for 1 nm thick 

CoFeB with increasing T is much larger than 1.2 nm and 1.5 nm thick CoFeB, indicating the 

lower Tc for 1 nm thick CoFeB. For the first time we experimentally show that the CoFeB/MgO 

interfacial magnetic anisotropy (Ks(T)) scales as Ms(T)2.2. Hence the two-ion type anisotropy is 

the dominant mechanism of interfacial magnetic anisotropy. 
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