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ABSTRACT 

 

Spintronics discusses about fundamental physics and material science in mostly nanometer size 

structures. Spintronics also delivers many promising technologies for now and the future. One of 

the interesting spintronic structures is called “Magnetic Tunnel junction” (MTJ). A typical MTJ 

consists of a thin (1-3nm) insulator layer sandwiched between two ferromagnetic layers. In this 

work, I present MTJ with perpendicular magnetic anisotropy (PMA) using an MgO tunnel barrier. 

The effect of different heavy metals (HMs) adjacent to the ferromagnets (FMs) on tunneling 

magnetoresistance (TMR) and PMA of the junctions are discussed. Namely, Ta, Mo, Ta/Mo, W, 

Ir, and Hf have been utilized in HM/FM/MgO structures, and magneto-transport properties are 

explored. It is shown that when Ta/Mo is employed, TMR values as high as 208%, and highly 

thermally stable PMA can be obtained. Some physical explanation based on electronic band 

structure and thermochemical effects are discussed.  

In the last part of this work, the newly discovered tunneling anisotropic magnetoresistance 

(TAMR) effect in antiferromagnets is studied, and clear TAMR is demonstrated for 

NiFe/IrMn/MgO/Ta structures. 
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 Introduction 

1.1 Spin Dependent Transport 

 

The tunneling phenomenon may have been appeared, for the first time, in a paper by Gamow  [1] 

where he had solved the theory of the alpha decay of a nucleus via tunneling  in 1928. The first 

spin dependent tunneling may also date back to 1975, when Jullier  [2] proposed his model on 

spin-dependent tunneling based on his experiment on a Magnetic Tunnel Junction (MTJ). A 

magnetic tunnel junction consists of two ferromagnetic (FM) layer sandwiching a thin insulating 

barrier as shown schematically in Figure 1-1. One of the ferromagnetic layers has normally 

stronger magnetization and it is referred to a “reference” or “hard” layer, while the other “soft” 

ferromagnetic layer is usually is called “free” or “recording” layer. The tunneling barrier is usually 

thin enough (1-3 nm) to allow the electrons from each electrode to tunnel through when a bias 

voltage is applied across the MTJ. The most important feature of an MTJ is that the resistance of 

the structure depends upon the relative orientation of the magnetization in the two ferromagnetic 

electrodes. The resistance is high (low) when the magnetizations of the two layers are parallel 

(antiparallel) to each other. Therefore, Tunneling Magnetoresistance (TMR) is defined based on 

the relative difference of the resistance (or equivalently conductance) in parallel (P) and 

antiparallel (AP) configuration. I will discuss this phenomenon later when explaining the Jullier 

model.  
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Figure 1-1: Schematic of a Magnetic Tunnel Junction (MTJ). A thin tunneling barrier is sandwiched between the two 

ferromagnetic layers 

 

Very importantly in the history of spin dependent transport phenomenon, two major experiments 

appeared independently in almost the same time in 1988 by Albert Fert  [3] and Peter Grunberg  [4] 

which led to discovery of Giant Magnetoresistance (GMR). Later, in 2007, the Nobel Prize in 

physics was awarded to these two physicists for the discovery of GMR effect. Nonetheless, after 

Jullier report in 1975, the experiments on spin dependent tunneling were very limited due to lack 

of experimental tools until 1995 when, again, two independent experiments by Moodera et al.  [5] 

and Miyasaki et al.  [6] reported TMR of more than 18% in MTJ with an amorphous alumina 

(Al2O3) tunnel barrier at room temperature. At that time, the reports by Moodera and Miyasaki 

attracted many attentions due to a very large TMR effect (18%) at room temperature. After several 

years of research and improving the sample growth conditions, and through optimization of the 

ferromagnetic materials and quality of the barrier, a much larger TMR of about 70% was 

reported  [7] for MTJs with Al2O3 barriers. In year 2001, it came a theory paper by W. Butler et 

al.  [8] that predicted the spin dependent tunneling can be largely enhanced if MgO barrier is used, 

and TMR can reach as high as 1000%. Soon after, in 2004, S. Parkin et al. [9] and Yuasa et al. [10] 

experimentally achieved TMR of 220% in MTJ with MgO barrier. Since then, a lot of new 

discoveries has happened for MTJs with MgO barriers that I will discuss in more details at the end 

of this chapter. 

1.2 Jullier’s model 
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Now let’s start by taking closer look at the transport properties in magnetic tunnel junctions. The 

simplest model was described by Jullier. To simplify the problem in his model, he had two 

important assumptions. First, he assumed that the spin of electrons is conserved during the 

tunneling process. Second, he presumed there are two independent channels of conduction for spin 

up or down electrons. In another word, spin up (down) electrons originating from one 

ferromagnetic electrode are allowed to tunnel only to available states of another electrodes with 

spin up (spin down). If the magnetization of the two ferromagnets are in parallel P configuration, 

then minority-spins tunnel to minority-spins and majority-spins to majority-spins. However, if the 

magnetization of the two ferromagnets are in antiparallel AP configuration, the minority-spins will 

tunnel to majority-spins and vice versa.   According to his model, TMR ratio of a magnetic tunnel 

junction can be express in terms of spin polarization of ferromagnetic layers: 

 

 𝑇𝑀𝑅 =
2𝑃1𝑃2

1 − 𝑃1𝑃2
 

 

1-1 

 

 

where 

 𝑃𝛼 =
𝐷𝛼↑(𝐸𝑓) − 𝐷𝛼↓(𝐸𝑓)

𝐷𝛼↑(𝐸𝑓) + 𝐷𝛼↓(𝐸𝑓)
 ;  𝛼 = 1,2. 
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Here 𝑃𝛼 is the spin polarization of a FM layer, and 𝐷𝛼↑(𝐸𝑓) 𝑎𝑛𝑑 𝐷𝛼↓(𝐸𝑓)are the densities of states 

(DOS) of the ferromagnetic electrode at Fermi energy (𝐸𝑓) for the majority-spin and minority-

spin bands, respectively. See Figure 1-2 for illustration of TMR effect in an MTJ. 
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Figure 1-2: Schematic of tunneling in MTJ based on Jullier model. 

In this model spin polarization is an intrinsic property of the material. If the material has no spin 

polarization at around Fermi level, P=0, and if the DOS is completely spin polarized, |P|=1.  

Experimentally, spin polarization of 3d ferromagnetic materials and many of their alloys were 

reported by Meservey and Tedrow  [11] and numbers between 0 to 0.6  were obtained for the 

whole range of the materials at 4.2 K.  One can quickly see when these values of P are plugged 

into equation 1-1, maximum TMR of around 100% can be achieved at low temperature. Given the 

fact that TMR of around 70% was reported at room temperature  [7], and the fact that at P will be 

reduced at room temperature due to thermal spin fluctuations,  It can be concluded that the 70% 

TMR is very close to the limit set by Jullier model. Furthermore, the reported P values for Fe, Co, 

Ni in Ref.  [11]  suggested that in all these three cases the tunneling is dominated by majority-spin 

electrons which was contradicting with the calculation of electronic structures of Ni and Co in 
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which much larger DOS for minority-spin electrons at Fermi level was predicted. Therefore, a 

better model was required to explain this discrepancies.  

1.3 Slonczewski’s model 

 

A more accurate theoretical  model for TMR was proposed by Slonczewski in 1989 [12] . In his 

model, there were two main assumptions. He considered tunneling between two similar 

ferromagnetic electrodes separated by a rectangular potential barrier. He also assumed that the 

bands for ferromagnets can be described by two parabola shifted strictly with respect to each other 

due to exchange splitting of the spin bands. See Figure 1-3 for the description of the model. He 

solved the Schrödinger equation by matching the wave functions of electrons across the junction 

and calculated the conductance as a function of the relative orientation of magnetization alignment 

of the two FM electrodes. In the limit of thick barrier, he found: 

 𝐺(Θ) = 𝐺0(1 + 𝑃2 cos Θ) 

 

1-3 

 

where 𝐺(Θ), the conductance, is a linear function of the cosine of angle Θ between the magnetic 

moments (see Figure 1-3) of the ferromagnets.  

 

Figure 1-3: Schematic of Slonczewki Model based on free electron model for setting up wavefunctions (a), and conductance as a 

function of Θ. 
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 𝑃 =
𝑘↑ − 𝑘↓

𝑘↑ + 𝑘↓
∙
𝜅2 − 𝑘↑𝑘↓

𝜅2 + 𝑘↑𝑘↓
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If we compare equation 1-4 with equation 1-2, we see extra terms which depends on decay rate of 

wave function 𝜅 = √(2𝑚 ℏ2)(𝑈 − 𝐸𝑓)⁄  inside the tunnel barrier. In another words, Slonczewski’s 

model implies that tunneling current not only depends on the spin polarization of the ferromagnets, 

but also it depends on the barrier height. In the limit of thick barrier both equations become the 

same, which is equivalent to say Jullier’s formula is an asymptotic limit of Slonczewski’s relation 

when the barrier is thick. In contrast, if the barrier is not very high, the TMR decreases when U is 

decreased, and may even change sign for very low barriers. As Sloncezewski pointed out in his 

paper, the result was very important because it indicated that the spin polarization of conductance 

is not an intrinsic property of the ferromagnet as it was suggested by Jullier’s model.  

Now let’s get back to the theory of tunneling in magnetic tunnel junctions which is one the most 

essential focuses of my dissertation. We learned from previous sections that the spin polarization, 

and consequently TMR, strongly depends on the way of matching wavefunctions at the interfaces. 

Given the fact that in MTJs the most common electrodes are 3d transition metals (Co, Fe, Ni, 

and/or their alloys), and due to their complicated electronic band structures, especially when 

interfacing with other materials such as heavy metals (we will discuss this in the following 

sections) or insulating barriers, it is a very delicate task to understand anatomy of TMR. In 

particular, to study the epitaxial systems such as the MgO based magnetic tunnel junctions, a more 

realistic approaches are required. Furthermore, surface and interface quality, existence of defects, 

metal-oxide hybridization, spin orbit coupling, interface resonance states, charge transfer, 

intermixing, strain, impurity in the barrier, and other imperfections are all reported to contribute 

to TMR  [8,13–19]. 

1.4 Magnetic Tunnel Junctions with MgO 

 

To understand the large tunneling magneto resistance of the MgO magnetic tunnel junctions, some 

essential ingredients must be considered. It is assumed that the structure for MTJ is 

Fe(001)|MgO(001)|Fe(001) for theoretical discussions, also the picture should, technically, be 
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valid for bcc-Co or CoFe alloys as I will address later. One of the most important features of the 

Fe(001) electrodes is the existence of a certain Bloch states with different symmetries at the Fermi 

energy as illustrated in Figure 1-4.  

 

 

Figure 1-4: Electronic band structure of Fe(001) for the majority (a), and minority (b) spin electrons. Adapted from Ref.  [20] 

 

As clearly seen from the Figure 1-4, by comparing the panel (a) and (b), the Bloch state with ∆1 

symmetry (spd hybridized states) has a large spin polarization at 𝐸𝑓, whereas Bloch states with ∆2 

(d states) and ∆5have smaller spin polarizations. In fact, the net spin polarization of Fe(001) is 

small due to presence of different states at the Fermi level for both majority and minority-spins, 

however, ∆1 band is fully spin polarized, which can lead to a very large TMR in MTJ with MgO 

barrier. It is theoretically  [8,13] expected that Fe ∆1 states dominate the tunneling through MgO 

barrier, in the ideal coherent tunneling, and it’s probability of tunneling is maximized for 𝑘∥ = 0 

direction, which is the (001) direction we are interested in. At this point we must consider particular 

electronic band structure of MgO(001) barrier for the second half of the story regarding the very 

large TMR in MgO based magnetic tunnel junctions. There are three kinds of tunneling states (also 

known as evanescent states) in the band gap of MgO(001) [ see Figure 1-5 ], namely : 

∆1, ∆5,  𝑎𝑛𝑑 ∆2́. As mentioned earlier, these states have specific orbital symmetries, and if we 

assume that the symmetry is preserved during the tunneling, then we see that Fe ∆1 states must 

couple with MgO ∆1 evanescent states as shown in the red line in Figure 1-5.  
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Figure 1-5: Tunneling DOS for majority-spin states for 𝑘∥ = 0 with parallel magnetization configuration. From reference  [21]. 

 

 

It is worthy to mention that a nonzero current will also flow in AP configuration, but the 

conductance in P configuration is much larger, leading to a very large TMR. It is proposed that the 

tunneling for minority-spin in parallel state and conductance in AP states appear at finite 𝑘∥ due to 

resonant tunneling between interface resonant states  [8,13,22,23]. It should be pointed out that the 

∆1 Bloch state are not specific to Fe(001), and many other bcc ferromagnetic metals and alloys 

such as Co and CoFe have the highly spin polarized ∆1Bloch states. Markedly, it was shown that 

the TMR in CoFe/MgO/CoFe structures can be several times larger than Fe/MgO/Fe 

structures [24]. Another important point about TMR in MTJs with MgO is that the interface of FM 

metal with other metals, in particular heavy metals (HM) such as Ta, Mo, Ru, etc, has not been 

under in-depth investigation. I will discuss this later in the chapter when I am explaining the role 

of Mo on tunneling magnetoresistance of perpendicular MTJ with MgO barriers. The key idea here 

is that interfacing with different heavy metals may change the Fermi level of Fe(001) at MgO 
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interface and consequently the TMR will be changed (either enhance, in the case of Mo for 

instance, or suppress). 

Up to now, we have discussed the theory behind the large TMR in magnetic tunnel junctions with 

MgO barriers. It is interesting to look at experimental work in the same line as to see if the large 

TMR can be experimentally observed. A first relatively large TMR in MgO MTJ was reported less 

than a year after the theoretical prediction  [25], where a TMR of 60% at 30K (30% at room 

temperature) were observed on the Fe(001)/MgO/Fe(001) sputtered on GaAs substrate. This was 

still smaller than the highest TMR achieved in that time by Al2O3 barrier by more than a factor two 

(70%). One of the major challenges of fabrication of MTJ in early stages, and even up to now, is 

to achieve epitaxial interfaces of Fe(001)|MgO(001). Specifically, oxidation of Fe atoms at the 

interface was observed  [26]  which was shown, by first principle calculations, that will decrease 

the TMR  [27,28]. Now let’s take closer look at the problem since this is a pivotal point for 

understanding of the experimental challenges in the fabrication of a high quality MTJ, even up to 

now.  

 

Figure 1-6: Crystallographic relationship and interface structure of epitaxial Fe(001)/MgO(001) : (a) top view, (b) cross-sectional 

view, and (c) 3D demonstration.𝑎𝐹𝑒  and 𝑎𝑀𝑔𝑂  correspond to the lattice constants of Fe and MgO, respectively. (a,b) from 

reference  [29], and (c) from reference  [30]. 
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Figure 1-6 shows the ideal interface for Fe(001)|MgO(001). As can be seen from the schematics, 

there are no O atoms in the interface of first atomic layer of Fe in an ideal interface. However, for 

the case of non-ideal interface, O atoms are accessible to the first monolayer of Fe at the interface 

and Fe has excessive amount of O. This will hinder the effective coupling of Fe ∆1Bloch states to 

evanescent ∆1 states in MgO barrier, and consequently decrease the TMR very significantly. 

Therefore, oxidation state of the first one or two monolayers of Fe at Fe(001)|MgO(001) interfaces 

has considerable effect on suppression of TMR. This puts stringent conditions on fabrication 

process of the high quality MgO MTJs in order to achieve high TMR.  

Following the guideline for epitaxial interface of Fe(001)|MgO(001), some group reported a very 

large TMR value of 220%  [9,10], and more than 400% with Co/MgO/Fe and Co/MgO/Co at room 

temperature in 2004, and 2006 respectively. The later indicated that, as it was suggested by the 

theory  [24], Co will enhance the TMR. However, the experimental TMR values were still very 

smaller than the predicted 1000% in MgO tunnel junctions. To highlight again, achieving epitaxial 

Fe/Mg(001) interface with the right position of oxygen atoms ( Fe oxidation level) has been, and 

still is, a very big challenge. To address this challenge, CoFeB alloys were used as the 

electrodes  [31], and TMR values of up to 500% was obtained at the room temperature  [32] by an 

optimized composition of CoFeB, which turned out to be Co20Fe60B20 ( I have used this 

stoichiometry for fabrication of  the samples). The highest room temperature TMR achieved to 

date is around 604%  [33]. As I will discuss next, annealing at high temperatures is the key to 

achieve very large TMR in MgO MTJs. 

 

 

Figure 1-7: Schematic illustration of electron tunneling through a crystalline MgO(001) barrier with different symmetry of Bloch 

states. 
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It was shown, by Tunneling Electron Microscopy (TEM) image,  that for sputtered 

CoFeB/MgO/CoFeB trilayers [I may alternatively use CFB/MgO/CFB notation for this trilayers 

structure], both the top and the bottom electrodes were amorphous in as-deposited state  [31], while 

MgO barrier had a (001)-oriented poly-crystalline texture.  

As shown in Figure 1-7, 4-fold crystallographic symmetry in both ferromagnetic layers and the 

MgO barrier is required for the coherent tunneling of ∆1Bloch states. Henceforth, amorphous 

CoFeB electrodes were not expected to result in the giant tunneling magnetoresistance. Yet, 

crystallization of CoFeB electrodes in bcc(001) structure was observed during annealing at 

temperatures higher than 250oC  [34,35]. The Co20Fe60B20
 electrodes have fcc stable structure, but 

it crystallizes in bcc(001) when it is adjacent to MgO(001)  [34] with a very small (3.5%) lattice 

mismatch. This immediately implies that the MgO(001) acts as a template for crystallization of 

amorphous CoFeB layers in bcc(001) texture. This type of crystallization process is known as solid 

phase epitaxy  [10]. Therefore, it is justified, in the theory framework, to treat CFB/MgO/CFB 

structures as epitaxial MTJ because the microscopic structure of bcc 

CoFeB(001)/MgO(001)/CoFeB(001) is technically the same as that of epitaxial MTJ. 

Correspondingly, it is logical to think about the other interface of CoFeB electrodes. In a 

conventional magnetic tunnel junction (illustrated in Figure 1-8, the layer underneath the CoFeB 

electrode bellow MgO layer is usually referred as buffer (or seed) layer, and the layer above the 

CoFeB electrode on top of MgO is called capping layer.  

So, in the same manner of MgO epitaxy effect on CoFeB, we can think about the templating effects 

of buffer or capping layers on crystallization of CoFeB. In fact, it was found that different capping 

layers deposited on the top CoFeB layer can strongly impact the TMR in CFB/MgO/CFB 

MTJs  [36]. In this reference, the authors studied the effects of many different capping layer 

materials such as Ta, Ru, Cu, Ni0.8Fe0.2, Ir, and many more, on TMR of MgO tunnel junctions. 

They observe a much larger TMR with Ta and Ru capping layers compared to other materials. A 

Ni0.8Fe0.2 cap, for instance, showed fcc(111) structure, and when the MTJ was annealed, CoFeB 

crystallization started to take place at temperatures about 200oC which is 50oC below the 

temperature required for crystallization of CoFeB from MgO interface. 
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Figure 1-8: A standard magnetic tunnel junction structure with MgO barrier. The layer on top of CoFeB [above MgO] is called 

capping layer, and the layer below CoFeB [underneath MgO] is called buffer (or seed) layer. 

 

This means once the annealing temperature reaches to 250oC, CoFeB layer is already textured in 

fcc(111), and  solid phase epitaxy from MgO(001) cannot take place. Consequently, the coherent 

tunneling of ∆1band electron will not occur due to absence of a bcc(001) CoFeB structure, and 

therefore TMR drops significantly. This is one the most important considerations for making high 

quality magnetic tunnel junctions. 

 

 

1.5 Magnetic Anisotropy 

 

In the previous sections, I discussed about the tunneling phenomena in an MTJ, but there is another 

key component of an MTJ which needs to be discussed, and that is the magnetic properties of the 

junction from anisotropy point of view. Ferromagnetic single crystals exhibit ‘easy’ and ‘hard’ 

directions of the magnetization which means that the energy required to magnetize a crystal 

depends on the direction of the applied field relative to the crystal axes. Magnetic anisotropy is the 

energy required to switch the easy-axis magnetization to the hard-axis magnetization. In ultrathin 

magnetic films and multilayers the underlying physics for a preferred magnetic moment 

orientation (easy axis) might be very different. This is mainly due to pronounced presence of 
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symmetry-breaking elements such as interfaces. By changing the thicknesses of the individual 

layers and selecting appropriate materials, it seems feasible to tailor the magnetic anisotropy. In 

particular, it is very interesting to change the preferential direction of the easy axis in magnetic 

materials from the in-plane, which is almost the case for many thick films, to the direction 

perpendicular to the plane. This phenomenon is generally referred to as perpendicular magnetic 

anisotropy (PMA). The PMA is due to a magnetic anisotropy at the interface, which is totally 

different from the magnetic anisotropy in the bulk. The PMA was predicted back in 1954 by Neel, 

and the first PMA experiment was reported in ultrathin NiFe in 1968  [37]. The effective magnetic 

anisotropy energy density 𝐾 (J m−3) for a ferromagnetic layer with thickness of t can be 

phenomenologically separated into a volume contribution 𝐾𝑉 (J m−3) and a contribution from the 

interface 𝐾𝑆 (J m−2) [Here only one interface is consider, Ki may be used interchangeably as Ks]: 

 𝐾 = 𝐾𝑒𝑓𝑓 = 𝐾𝑉 +
𝐾𝑆

𝑡
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Equation 1-5 is vastly used to experimentally determine 𝐾𝑉 and 𝐾𝑆 that can be obtained by a plot 

of the product 𝐾𝑒𝑓𝑓 versus t.  

 

Figure 1-9: Plot of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝑐𝑓𝑏 versus CFB thickness. An interfacial PMA of 1.67 erg/cm2 was obtained from the Y-intercept. 
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Figure 1-9 shows a typical example of such a plot for one of MTJs in my study (W/CFB/MgO 

MTJ). The negative slope indicates in-plane magnetization due to a negative volume 

anisotropy 𝐾𝑉, while the intercept at zero CFB thickness indicates a positive interface 

anisotropy 𝐾𝑆, favouring perpendicular magnetization. PMA can only be realized for thicknesses 

below 1nm. In other words, bulk contribution dominates at CFB thicknesses of more than 1nm 

leading to overall in-plane anisotropy. To continue in more details, some background knowledge 

of magnetic anisotropy is required. The physical origin of the magnetic anisotropy is classified to 

be coming from either intrinsic effects such as Spin Orbit Coupling (SOC), or from dipole-dipole 

interactions which may, depending only on the shape of the sample, become dominant in finite 

size samples. There are several sources for magnetic anisotropy which I will discuss in the 

following subsections;  

1.5.1 Magnetic dipolar anisotropy (shape anisotropy) 

 

A magnetic field associated with a magnetization �⃗⃗�  can be generated according to so called dipolar 

magnetic field. At a relatively far distance 𝑟 can be given by: 

 𝐻𝑑𝑖𝑝 =
1

4𝜋
[
3(�⃗⃗� ∙ 𝑟 )𝑟 

𝑟5
−

�⃗⃗� 

𝑟3
] 
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Due to inverse cubic dependence of the field on the distance,𝑟, this is considered a long range 

magnetic interaction which can sense the boundaries of the sample. For instance, the shape effect 

of the dipolar interaction in ferromagnetic layers with elliptical shape can be described by an 

anisotropic demagnetization field �⃗⃗� 𝑑𝑒𝑚, which reflects the action of dipolar field created by a 

magnetization on itself and is often opposing the original magnetization inside the ferromagnet, 

given by:   

 �⃗⃗� 𝑑𝑒𝑚 = −𝒩�⃗⃗�  
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where 𝒩 is the shape-dependent demagnetization tensor. For a thin film, the only non-zero 

elements of the 𝒩 are in the direction perpendicular to the layer 𝒩⊥ = 1 . From the magnetostatic 

energy expression: 

 𝐸𝑑𝑒𝑚 = −
𝜇0

2𝑉
∫ �⃗⃗� ∙ �⃗⃗� 𝑑𝑒𝑚𝑑𝑣 

 

1-8 

 

 

where the 𝜇0 is the permeability of vacuum, and V is the volume of the ferromagnetic film, an 

anisotropy energy contribution per unit volume for a uniform magnetization in a thin ferromagnetic 

film can be obtained: 

 𝐸𝑑𝑒𝑚 =
𝜇0

2
𝑀𝑆

2𝑐𝑜𝑠2𝜃 
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It is obvious from the equation 1-9 that the energy will be minimized when the  𝜃 is 90o. In another 

word, the shape anisotropy always favors in-plane magnetization orientation. The equation 1-9 can 

also be rewritten in the form of: 

 
𝐸𝑑𝑒𝑚 = −

𝜇0

2
𝑀𝑆

2(1 − 𝑠𝑖𝑛2𝜃) =
1

2
𝜇0𝑀𝑆

2 −
1

2
𝜇0𝑀𝑆

2𝑠𝑖𝑛2𝜃 

= 𝐾𝑏 + 𝐾𝑠ℎ𝑎𝑝𝑒
𝑉 𝑠𝑖𝑛2𝜃  

 

1-10 

 

where 𝐾𝑏 is the bulk magnetic anisotropy and  

 𝐾𝑠ℎ𝑎𝑝𝑒
𝑉 = −

1

2
𝜇0𝑀𝑆

2 
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Another thing to learn from the above equations is that this energy only contributes to the volume 

anisotropy (𝐾𝑉) in equation 1-5, and therefore is responsible for the negative slope of 𝐾𝑒𝑓𝑓 versus 

t plot. 
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1.5.2 Magnetocrystalline anisotropy (MA) 

 

 The arrangement of the magnetic atoms in a solid can alter the orientation of their spin 

(magnetization) though SOC and crystal field, the static electric field produced by a surrounding 

charge distribution. In fact, the specific arrangement of atoms in the materials can change the 

electronic orbitals in a particular way. As a results, magnetic orbital moments of the magnetic 

atoms will have a preferential orientation in space defined by the crystal field in the solid. The spin 

moments and orbital moments can be coupled via SOC. This means that the magnetic moments 

will have preferred orientation based on specific crystallographic directions. Theoretical 

description of the MA requires fully relativistic treatment [Dirac equation] due to presence of SOC 

phenomenon and many-body nature of the interactions for magnetic anisotropies. However, 

theoretical description of the MA is normally done by the density functional theory by adding 

interaction for electron spins to Schrodinger equation. Here, a single argument is provided that can 

be useful to describe spin-orbit term. In the rest frame of moving electrons, due to Lorentz 

transformation, the electric field �⃗�  can generate an effective magnetic field �⃗� ~𝑝 × �⃗� . Interaction 

of this effective magnetic field with spin momentum 𝑆  will add a term to the Hamiltonian in the 

form of −�⃗� ∙ 𝑆 . Let’s assume that electrons are passing an atomic potential 𝑉(𝑟) having radial 

symmetry: 

 �⃗� = −
𝑑𝑉(𝑟)

𝑑𝑟

𝑟 

𝑟
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This results in spin-orbit Hamiltonian in the form of  

 𝐻𝑆𝑂~ − (𝑝 ×
𝑑𝑉(𝑟)

𝑑𝑟

𝑟 

𝑟
) . 𝑆 ~

𝑑𝑉(𝑟)

𝑟𝑑𝑟
(𝑟 × 𝑝 ). 𝑆  
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This can be written in more compact form if we consider all radial parts in a 𝜉(𝑟) = 𝛼
𝑑𝑉(𝑟)

𝑟𝑑𝑟
  where 

𝛼 is a fixed constant as : 
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 𝐻𝑆𝑂 =  𝜉(𝑟) �⃗� ∙ 𝑆  

1-14 

 

 

In lattices with a high degree of symmetry, d-orbitals will be the hybridized due to the crystal field 

and this will result in zero-orbital moments. Orbital momentum, therefore, can be induced by SOC. 

In second-order perturbation theory, the magnetic orbital momentum is given by  [38]: 

 

 
𝑚𝑆𝑂⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = 𝜇𝐵 ∑

⟨𝜑𝑖|�⃗� |𝜑𝑗⟩⟨𝜑𝑖|𝐻𝑆𝑂|𝜑𝑗⟩

𝐸𝑖 − 𝐸𝑗
𝑖,𝑗
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Where i and j are occupied and unoccupied states, respectively. The 𝜑𝑖 are the wavefunctions for 

all band crossing Fermi level. For the case of 3d ferromagnets, where the majority and minority 

spin bands are exchange splitted, Bruno showed  [39] that, for a uniaxial system,  the magnetic 

anisotropy can be expressed as  

 
∆𝐸𝑆𝑂 ≅ −

𝜉

4𝜇𝐵
[𝑚𝑜𝑟𝑏

⊥ − 𝑚𝑜𝑟𝑏
∥ ] 
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Where 𝑚𝑜𝑟𝑏
⊥  and 𝑚𝑜𝑟𝑏

∥  are orbital moments for perpendicular and parallel to the film. In other 

words, uniaxial magnetic anisotropy is proportional to the difference of orbital moment 

components in in-plane and perpendicular direction. This equation is particularly helpful for the 

systems with reduced symmetry where noticeable interface anisotropy exist. 

1.5.3 Magnetoelastic anisotropy 

 

Strain in ferromagnetic materials change the magnetocrystalline anisotropy and therefore can 

change the direction of the magnetization. The energy per unit volume associated with this process 

in an isotropic materials can be written as  [40]: 

 𝐸𝑚𝑒 = −𝐾𝑚𝑒 ∙ 𝑐𝑜𝑠2𝜃 
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  𝑤𝑖𝑡ℎ 𝐾𝑚𝑒 = −
3

2
𝜆𝜎 = −

3

2
𝜆𝐸𝜖  

Here 𝜃 is defined as the angle between the direction of magnetization relative to the direction of 

uniform stress, 𝜖 is strain that causes the stress, 𝜎, via the elastic modulus E as  𝜎 = 𝐸𝜖, and 𝜆 

depends on the orientation and can be positive or negative. In films, the strain can be induced by 

many sources such as lattice mismatch and thermal strain. Although the lattice mismatch in the 

case CFB/MgO/CFB magnetic tunnel junction is relatively small (3.5%), but it is found that it can 

have profound impact on magnetic anisotropy of MTJs specially at higher bias voltages [41–46].  

 

1.6 Perpendicular Magnetic Tunnel junctions with MgO barrier 

 

When we apply the concepts of magnetic anisotropy, discussed in the previous section, to the 

magnetic tunnel junction with CFB/MgO/CFB structures, two types of magnetic anisotropy can 

be imagined. First type, which was historically also discovered first, is a magnetic tunnel junction 

with in-plane anisotropy (iMTJ) in which magnetic easy axis lies parallel to the plane of the 

sample. The common source of this anisotropy is the shape anisotropy due to elliptical shape of 

the iMTJs. Second type, which is the main subject of this dissertation, is an MTJ with 

perpendicular magnetic anisotropy (pMTJ) where magnetic anisotropy is dominated by interface 

anisotropy, at least for the case of standard CFB/MgO/CFB pMTJs. As will be addressed in 

CHAPTER 3, there are several kinds of perpendicular magnetic anisotropy materials, I only focus 

on standard pMTJ structure with heavy metal (HM)/CFB/MgO/CFB/HM structure. This type of 

pMTJ was first reported in 2010 by Ikeda et al  [47] and It had the exact same structure of iMTJ 

with the record high TMR of 604%  [33] except the reduced thicknesses of the ferromagnetic 

materials (CoFeB). The structure they used was Ta (5)/Ru (10)/Ta (5)/Co20Fe60B20 (tCoFeB: 1.0–

1.3)/MgO (tMgO: 0.85 or 0.9) / Co20Fe60B20 (1.0–1.7)/Ta (5)/Ru (5). Their results were not only 

important from technological points of view, due to capability to realize next-generation high-

density non-volatile memory and logic devices, but also due to interesting physics involved for 

realizing perpendicular magnetic anisotropy. The concept of PMA had been realized and discussed 

in Co/Al2O3 based MTJs  [48,49] , and it was concluded that the PMA arises from the hybridization 
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between out-of-plane orbitals of Co (𝑑𝑥𝑧 , 𝑑𝑦𝑧 , 𝑎𝑛𝑑 𝑑𝑧2) and  sp orbitals of O. Later, X-ray 

magnetic circular dichroism (XMCD) was performed on the Fe/MgO interfaces  [50,51] and it was 

observed that the hybridization between Fe-3d and O-2p orbitals occurs at the interface. It must be 

mentioned that at about the same time as Ikeda et al,  Worledge et al [52] also observed a strong 

PMA in Ta/CFB/MgO based magnetic tunnel junctions. In fact, Worledge et al investigated the 

effect of different buffer layers (namely Ta, Ru, V, Ti, Al, Mg, W, and Cr) on PMA of 

buffer/CFB(t)/MgO/Fe/TaN with t ranging from 0.3 to 1.6nm. A strong interfacial PMA (iPMA) 

of 1.8 (erg/cm2)[=1.8 mJ/m2] was obtained with Ta buffer layer which was attributed to better 

absorption of B away from the MgO interface upon annealing. In contrast, in Ru buffer MTJ, for 

instance, the PMA was found to be only 0.5 erg/cm2. As we will discuss in CHAPTER 6, this 

explanation cannot really be case since other materials such as W and Mo with less B affinity 

showed consistently larger PMA  [53–56]. Many experiments with different heavy metals, such as 

W  [54,56–59], Ir [60], Mo [53,55,61], Hf [62–64], Pt [65],  as buffer and/or capping layers, have 

confirmed presence of PMA in MgO MTJs which cannot be linked to a single factor such as ability 

to absorb Boron. On the other hand, more sophisticated ab initio tools have made it possible to 

study the layer resolved contribution of layers to PMA, and recent studies from several groups 

showed that the PMA is noticeably influenced or dominated by the HM/CoFe interfaces beside 

CoFe/MgO interface  [30,66–73]. Although there is still no census on which HM can make larger 

PMA, but in all studies the significant impact of HM/CoFe interface is highlighted, and it is 

attributed to hybridization of 3d orbitals of Fe to that of 4d, 5d, or 6p orbitals of heavy metal 

elements. I will discuss in more detail about this in CHAPTER 6. It must be noted that beside the 

hybridization theory of PMA in MTJ, discussed above, other mechanisms such as perfect epitaxy 

of Fe on MgO also predicted PMA  [44] as discussed in the previous section. 
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1.7 MgO junctions with antiferromagnetic electrodes 

 

Magnetic materials classification based on the magnetic susceptibility has been set up in 1930’s 

by Neel, as shown in Figure 1-10. Paramagnetic materials has no spontaneous ordering, therefore 

cannot be utilized in applications such as a memory unit. Antiferromagnetic materials were 

believed to have no spontaneous moments, hence no way of controlling them. In fact, Neel in his 

1970 Nobel lecture referred to antiferromagnets as “Interesting and useless”!  In reality, the use of 

antiferromagnetic materials became popular with the advent of spin-valve like junctions where the 

role of antiferromagnetic layer was to “pin” the magnetization of adjacent ferromagnet through 

“exchange bias” effect  [74–77]. But, recently, antiferromagnets attracted a lot of attention due to 

their particular advantages over the conventional ferromagnets from both theoretical and 

experimental aspects in the fields of spintronics and magnetic materials  [78–90].  

 

 

Figure 1-10: variation of magnetic susceptibility with temperature for different classes of materials. 
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1.7.1 Why AFMs? 

 

Conventional antiferromagnets have zero net magnetic moments which make them invisible to an 

external magnetic field. Additionally, regardless of the size of antiferromagnets, there is no stray 

field on the neighboring materials due to the presence of antiferromagnets. These features make 

AFMs a very appealing candidate for scaling beyond the Moore’s law. On top of these, it was 

predicted that sizable MR and very energy efficient mechanism of switching can be realized in 

antiferromagnets  [78,80,83,91–95]. The last, not the least, outstanding feature of an 

antiferromagnet is the capability of generating THz frequency range magnetization 

dynamics  [89,96–100]. Together, these features enable a potential path toward ultra-fast ultra-low 

energy switching of spintronic devices. Although the field is in the early stage of development, but 

still many promising experimental results have been reported recently.  

 

1.7.2 Origin of TAMR in AFM 

 

As we discussed in section 1.4, two ferromagnetic layers are required to observe the tunneling 

magnetoresistance effects in a typical MTJ. However, a spin-valve like behavior, named tunneling 

anisotropic magnetoresistance (TAMR), was reported with a single ferromagnetic layer  [101]. 

The effect was attributed to the strong-orbit coupling in the ferromagnet. Later, for perpendicular 

structures with AlOx barrier and Co/Pt multilayers, TAMR was observed at room 

temperature  [92]. Elimination of a ferromagnetic layer is considered a beneficial property for the 

magnetic structures due to absence stray fields resulting from the other ferromagnetic layer, and 

helps with the post fabrication processes. A first principle calculation predicted that the magnetic 

anisotropy phenomena, caused by spin-orbit coupling, can result in a large TAMR in bimetallic 

AFM of AuMn2 and IrMn3  [102] (we also may refer to IrMn3 as IrMn). Strong magnetic 

anisotropies, which were found to depend on lattice parameters, were observed in the energy 

ground state, chemical potential, and density of states of these two species. In fact, these 
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anisotropies were attributed to the large magnetic moment on 3d orbital of the Mn and large spin-

orbit coupling on the 5d orbital of the noble metal (Au and Ir). 

1.7.3 Exchange bias and exchange spring 

 

As mention above, early application of AFM was mainly to pin the magnetization of the hard 

ferromagnetic layer in spin-valve like structures  [75,103–105]. The physical origin of the 

phenomena has not yet been fully understood. But, in general magnetic interface exchange 

coupling between a FM and AFM causes a unidirectional pinning of magnetization in FM. In a 

simple explanation, spin of the ferromagnetic film is strongly exchange-coupled to the 

antiferromagnet at the interface, and therefore will have its interfacial spins pinned. Reversal of 

the FM's moment will have an extra energy cost related to the energy required to create a Neel 

domain wall within the antiferromagnetic film. The additional energy term imposes a shift in the 

switching field of the ferromagnet. The shift is called exchange bias filed (Hb). Figure 1-11 

schematically shows the moment alignments of AFM and FM in each steps of hysteresis loop 

(adapted from Ref.  [106]). Experimentally, two methods can be employed to obtain the pinning 

effects. One way is to grow FM on top of AFM when depositing the materials. Another method is 

to cool down the FM/AFM structure from above the Neel temperature (TN) [but below the Curie 

temperature (Tc) of FM] in the presence of an external DC magnetic field (this is called filed 

cooling). Field cooling is schematically shown in Figure 1-12.  

https://en.wikipedia.org/wiki/N%C3%A9el_wall
https://en.wikipedia.org/wiki/N%C3%A9el_wall


41 

 

 

Figure 1-11: Relative orientations of the atomic moments in the AFM and FM are shown schematically, demonstrating the 

horizontal offset in the magnetization curve. The magnitude of the exchange bias field Hb and coercive field Hc are shown. Adapted 

from Ref. [24]. 

 

Figure 1-12: Field cooling of AFM/FM to obtain an exchange bias. 
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Spring effects 

 

Similar to exchange bias effect described in the previous section, consider a soft (magnetization 

can be switched by a relatively small magnetic field) ferromagnetic layer is exchanged coupled to 

a thin AFM. Upon applying a magnetic field to rotate the magnetization of FM, AFM moments 

will be dragged by the interfacial moments. This change in the magnetization of AFM is very 

small, but it is large enough to impose anisotropy in the density of states around the Fermi 

level  [80]. This phenomenon is behind the TAMR signals observed in CFB/IrMn/MgO/Ta 

structures.  

 

 

 

Figure 1-13: Demonstration of exchange spring effect in FM/AFM bilayers. Left figure shows the structure at rest, and the right 

figure illustrates the exchange spring effect when an external magnetic field  �⃗�  is turned on. AFM moments will be slightly rotated 

due to interfacial coupling. FM can eventually rotate 180o, but only partial rotation is shown to make the clearer picture of 

FM/AFM coupling. 
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1.8 Spin-orbit, spin-hall torques in AFM 

 

Recently, it was proposed, by first principle calculations,  that an anomalous Hall effect (AHE) 

occurs in non-collinear antiferromagnets, such as IrMn  [107]. This was similar to AHE observed 

in ferromagnets, and was attributed to the same physical origin as the spin hall effect (SHE). The 

effect was also experimentally claimed  [108–111]. One of most appealing features of AFM 

application is to have FM free structures with ultra-low ultra-fast energy switching of AFM with 

very detectable signals. This goal is far away from realization both from theoretical and 

experimental points of view. In particular, switching mechanism picture for AFM through spin-

orbit torque, or spin current generated from an AFM is far from complete. Despite new efforts to 

propose the mechanisms and models, the subject still demands many efforts to better understand 

the underlying physics  [78,88,95,112–115].   For instance, theories for the spin–orbit torque 

mechanism can be categorized into two groups; those related to spin–orbit coupling and those 

dependent on the antiferromagnetic order. Mechanisms that depend on spin–orbit coupling 

include: (I) spin Hall effect from the bulk [116,117] in IrMn (possibly caused by Ir); and (II) the 

interfacial Rashba spin–orbit coupling effect  [118–122] at the IrMn/FM interface. Theories that 

rely on the antiferromagnetic order includes two mechanisms: (III) the bulk inversion asymmetry 

of the antiferromagnetic order  [80] ; and (IV) spin–wave spin current through 

antiferromagnets  [123,124] . It was shown that none of the aforementioned mechanisms, alone, is 

sufficient to explain the observed experimental data  [125]. In any event, the goal in the present 

work was to experimentally probe such mechanism in IrMn base structures. Despite many efforts 

put to this project in the very recent months of my research, only TAMR effect has been 

experimentally observed. Due to the time constrains, the experiment related to SHE switching in 

IrMn could not be attempted, and therefore is assigned to a new graduate student.  
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1.9 Motivation and structure of the dissertation  

 

In this section I would like to express my motivation for this research. First of all, and most 

importantly, an MTJ provides a unique property of having two interfaces for ferromagnetic 

materials; one is the interface of FM/MgO(oxide) , and the other one is FM/HM(heavy metal). 

Both of these interfaces are at center of great attentions due to very rich physics involved such as 

physical origin of PMA, Spin Orbit Torques (SOT)  [63,126–138] , Voltage Controlled Magnetic 

Anisotropy (VCMA)  [59,61,139–153] , Dzyaloshinsky Moriya Interaction (DMI)  [154–167] , 

Spin Hall Effect (SHE)  [168–181] , Rashba effect  [182–187] and also for application purposes 

such as magnetic random access memories (MRAM)  [188–194] , Microwave generators [195–

198], and etc. MTJs are at the heart of many novel spintronic structures such as neuromorphic 

devices  [199–204] owing to their capability of converting spin current to electric current. So, my 

focus in this research was to experimentally deliver MTJs with strong PMA and high TMR, and 

look for underlying physics of PMA in CFB/MgO/CFB pMTJs with respect to different heavy 

metals. As I described in the previous section, many experiments with different HM were reported 

very strong dependence of PMA on HM, which couldn’t be explained by only considering 

hybridization of 3d Fe-2p O model. Numerous first principle calculations were trigged after the 

experimental results, in the past 3-4 years, which suggested a significant contribution of HM/FM 

to PMA  [30,66–70,205,206]. Many experimental factors such as enthalpy of formation of Fe-X, 

B-X (X=HM), degree of crystallinity, etc., are expected to play important roles in the strength of 

PMA in X/CFB/MgO structures. I will discuss in more details after I present my results in 

CHAPTER 6. I would like to highlight the superiority of pMTJs over conventional iMTJ. As I 

pointed out in few lines above, many interesting physical phenomenon can be studied in FM/HM 

and FM/Oxide interfaces. Many of these phenomenon can be realized only in PMA structures, or 

at least the effects will be strongly enhanced in PMA structures, such as VCM, DMI, and Rashba 

effects. Lastly, from application point of views, a high TMR, low switching current and high 

thermal stability factor have to be met, simultaneously, in order for MTJs to be used in many 

practical structures. The thermal stability factor, ∆, is defined according to the energy barrier E, 

the energy difference in the two stable magnetic states, as  
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 ∆=
𝐸

𝑘𝐵𝑇
 

 

1-18 

 

where 𝑘𝐵𝑇 is the Boltzman constant times the temperature. It is shown for non-volatility of MTJ, 

they must have ∆ of more than 60  [62] . Considering the two types of MTJ, the energy barrier will 

be different for each type. For the iMTJs, the energy barrier is simply the demagnetization energy 

coming from the shape anisotropy, which is  

 𝐸 =
𝑉

2
 𝐻𝐾∥ ∙ 𝑀𝑆 
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where 𝐻𝐾∥ is uniaxial in-plane anisotropy. For pMTJs, the energy barrier is  

 𝐸 =
𝑉

2
 (𝐻𝐾⊥ − 4𝜋𝑀𝑆) ∙ 𝑀𝑆 
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where 𝐻𝐾⊥ is uniaxial perpendicular anisotropy. The above equation immediately implies that the 

energy barrier for pMTJs can be reduced while that of iMTJs is fixed. This gives the advantage of 

minimizing the barrier for pMTJs and therefore reducing the energy required for switching 

between the two stable magnetic states. Reduction of energy barrier can be done, for example, due 

to VCMA effect by application of a relatively large current to pMTJ  [140,152,207]. On the other 

hand, the intrinsic threshold current 𝐼𝐶 for current-induced magnetization switching is proportional 

to E  [47]: 

 𝐼𝐶 = 𝛼
𝛾𝑒

𝜇𝐵𝑔
𝑀𝑆𝐻𝐾𝑉 = 2𝛼

𝛾𝑒

𝜇𝐵𝑔
𝐸 
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where α is the magnetic damping constant, γ the gyromagnetic ratio, e the elementary charge, 𝜇𝐵 

the Bohr magneton and 𝑔 a function of the spin polarization of the tunnel current and the angle 

between the magnetizations of the free and the reference layers. For the case iMTJ, E in equation 

1-21 must be replaced with 𝐸𝑑𝑒𝑚 resulting a large E. It was shown that using PMA free layer in 

iMTJ will indeed reduce the switching current  [208]. This is the main reason for choosing pMTJs 

over in-plane MTJs. The lower switching current is also very helpful for miniaturizing the MTJs 
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to smaller sizes. The challenge with pMTJs is, though, the very large TMR (604%) previously 

observed in iMTJ  [33] could not be achieved due to intermixing of Ta with CoFeB and 

degradation of PMA in Ta/CFB/MgO MTJs [47,209] at annealing temperatures above 350oC. The 

maximum TMR in the case of pMTJ in Ikeda et al paper  [47] was below 125%. As it was discussed 

by Ikeda et al, in the iMTJ with 604% [28], the key to achieve very large TMR was to anneal at 

high temperatures (above 500oC). This means pMTJs with Ta were not thermally robust enough 

to withstand that high annealing temperature, resulting in non-perfect CoFe/MgO interface and 

therefore not very large TMR.  From equation 1-18 we see another feature that pMTJs are suffering 

from, and that is smaller thermal stability factor due to reduced thickness of the ferromagnets (the 

volume of the ferromagnetic materials for recording layer in pMTJs with the same lateral 

dimension is  smaller due to thinner ferromagnetic layer) for the recording layer. To address both 

deficiencies of pMTJs, I focused my research on realizing PMA in new structures and 

simultaneously improving thermal stability and TMR of the pMTJs.  

With the advanced sputtering tools and techniques available, it is more straightforward to fabricate 

MTJ with in-plane anisotropy. However, for pMTJs, more careful treatments of sample has to be 

practiced due to very thinner ferromagnetic layers (below 1nm). Additionally, an exceptional 

control over oxidation state is required, not only to maintain high TMR, but also to realize 

perpendicular magnetic anisotropy. There is a small window for the thickness of ferromagnetic 

layers, and level of oxidation (controlled during and/or after the deposition of MTJ films) that can 

result in simultaneous appearance of strong PMA and large TMR in pMTJs.  I am proud that in 

this work, I am presenting the world highest TMR (208%) in pMTJ with HM/CFB/MgO/CFB/HM 

structures, and one of the highest in all types of pMTJs, with outstanding thermal stability of 1 

hour at 500oC. During my research in Prof. Wang’s lab I have provided many samples to other 

research groups across the USA as well as internationally which led to multiple publications (listed 

in the Appendix A). Lastly, as I mentioned in the previous section, antiferromagnetic materials 

have attracted a lot of attention due to their particular properties. This motivated me to work on 

MgO tunnel junctions with a single antiferromagnetic electrode to pave the way for realization of 

the fully antiferromagnetic base magnetic junctions.  
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1.9.1 Structure of the dissertation 

 

CHAPTER 2 will cover the experimental methods  used in this dissertation which includes sample 

fabrication steps and sample characterizations used in this study.  A brief experimental section is 

also provided within each chapter to give more details of the specific experiments done in that 

chapter.   CHAPTER 3 will discuss simultaneous enhancement of TMR and PMA in MgO pMTJs 

with Mo layers, and the results are discussed to that obtained from Ta-based pMTJs. CHAPTER 

4 covers a detailed study about promoting PMA, TMR, and thermal stability of Ta pMTJs with the 

help of inserting a thin Mo layers between Ta and CoFeB.CHAPTER 5 is dedicated to the 

evolution of TMR during annealing in W and Ta perpendicular magnetic tunnel junctions. The 

results are also compared to in-plane MTJs and a possible explanation for the smaller TMR 

observed in pMTJs (compared to iMTJs) is given based on behavior of parallel and antiparallel 

conductance evaluation upon annealing. The results obtained in chapters 3-5 as well as new results 

for the case of Ir and Hf pMTJs were all put together in CHAPTER 6 where a comprehensive 

comparison is given for the different heavy metals studied in the context of TMR, PMA, and 

thermal stability. Finally, preliminary results of TAMR obtained in IrMn based tunnel junctions 

are presented in CHAPTER 7. 
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 Experimental Methods 

In this chapter, I will provide details of experimental methods and procedures used in this research. 

More specifically, I will start by sample fabrication processes which involve sample growth by 

sputtering, photolithography, ion milling, and annealing. Then, I will give details about the 

characterizations of the sample which includes magnetic, microstructure, and electric properties 

of the samples.  

2.1 Sample Fabrication  

As previously mentioned in the introduction section, the fabrication process of an MTJ is a very 

delicate task. Specially, for pMTJs where an extremely accurate control over many parameters 

such as crystal orientation, interface roughness, oxidation level, impurity concertation, etc., is 

required. Here, I explain the details of each steps. 

2.1.1 Magnetron Sputtering 

Magnetron sputtering is one of the key technologies used to deposit a vast majority of materials in 

different industries and research centers. Magnetron sputtering is a plasma assisted physical vapor 

deposition (PVD) technique which enables a good layer adhesion to the substrate, and a good 

control over the thickness, uniformity and composition of the deposited material, and it is very 

time and cost effective compared to other techniques such as molecular beam epitaxy (MBE). 

Unlike the normal PVD techniques where no magnetic field is applied, magnetron sputtering 

enables deposition of materials with very high melting points such as Mo, W, etc., and materials 

with low vapor pressure evaporation where otherwise were hard or impossible to sputter with 

normal PVD process. Magnetron sputtering is usually utilized to deposit almost all metallic targets 

using a DC mode (voltage). In the case of insulators, e.g. oxides, a radio frequency (RF) voltage 

can be employed. For these reasons, it is used for fabrication of the MTJ structures. The working 

principle of magnetron sputtering is illustrated in Figure 2-1(a) for the simple DC sputtering 

process. The sputtering target and anode (usually body of sputtering gun) are connected to the 

cathode and anode of the DC power supply.  
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Figure 2-1: Schematic for the technique of magnetron sputtering (a) [adapted from http://farotex.com/technology.html]. Actual 

plasma from sputtering inside our chamber (b). 

 

In the sputtering chamber the plasma is formed by ionization of an Ar atoms due to interaction 

with electrons between anode and cathode and will be confined due to the magnetic field near the 

target surface as indicated by the purple color in the Figure 2-1(a), then the Ar ions are accelerated 

by a high voltage towards the target. This results in the ejection of the source material. The ejected 

particles, in the form of neutral atoms, clusters of atoms or molecules, will move in an almost 

straight direction toward the substrate (Si wafer).This process has to occur in an ultra-high vacuum 

environment to make sure the ejected materials have a small chance to hit other impurities and 

http://farotex.com/technology.html
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eventually reach the substrate surface. Figure 2-1(b) shows an actual sputtering plasma in our ultra-

high vacuum chamber. 

In this work, a customized commercial sputtering system (AJA-International) with 12 sources is 

used to fabricate the samples as shown in Figure 2-2. The system operates in sputtering up 

configuration where the sputtered materials travel to the surface of the substrate located in the top 

part of the system. This avoids redeposition of the materials on the substrate, leading to a better 

quality of the sputtered films with respect to sputtering down systems. The disadvantage of this 

configuration is that the redeposition occurs on the surface of the targets, and causing short circuit 

of the sputtering guns. Therefore, a routine cleaning procedure is required to keep the system up 

and running after a long period of use (depending on the actual use of the sputtering guns may 

vary from a month to a year). The AJA system is equipped with a Stanford Research Systems 

residual gas analyzer (RGA 100) which is used to monitor the total pressure, and partial pressures 

of different gas molecules inside the chamber based on their molecular masses. A load lock is 

utilized to transfer samples to the main chamber, as shown in the Figure 2-2. The purpose of using 

the load lock is to avoid breaking the ultra-high vacuum (UHV) maintained in the chamber for 

better sputtering condition. Another option is to open the main chamber to load the samples. This 

method might be good in terms of performing routine checks of sputtering guns, or other UHV 

parts, but a much longer pumping time is required  to get to desired base pressure (better than 

2× 10−8 Torr) compared to the scenario of the load lock. Sputtering guns are located in the bottom 

section of the main chamber, and arranged in a circular shape (the guns cannot be seen from the 

Figure 2-2). Both 1.5” and 2” diameter sputtering targets can be handled in our system. More than 

30 different targets are available for use in the chamber. Wafers up to four-inch can be coated in 

the system.  

A Hi-Cube Pfeiffer turbo pump is connected to the load lock which normally pumps about 20-30 

minutes to take the pressure inside the load lock to the range of    5x10-4 Torr. At this point, the 

isolation valve, shown in Figure 2-2, can be opened and wafers can be transferred into the main 

chamber.  ~ 1 × 10−8 Torr. It is very helpful practice to always check the RGA results for any 

possible undesirable amount of compounds in the system before the start of sputtering. Specially, 

the partial pressure of H2O is known to have very important role in fabrication of high quality 

tunneling barriers in particular for fabrication of MTJs  [210]. 
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Figure 2-2: Different parts of the AJA sputtering system. Sputtering guns are located in the bottom section of the main chamber 

and cannot be seem from this pictures. Control units including power supplies and monitoring units are housed on the instrument 

rack as can be seen in the right side of the picture. 

 

As seen from the Figure 2-3, the H2O content (with total atomic mass of around 18 amu) has the 

highest partial pressure inside the vacuum chamber. If the amount of H2O is high compared to the 

best reference values (~ 1 × 10−8 Torr), sputtering of Ta prior to the start of fabrication [or before 

sputtering MgO] will help lowering the H2O partial pressure. Typically, a base pressure around 

10-9 Torr can be achieved when the H2O partial pressure is reduced.  

When the base pressure and partial pressure of important contents are within the acceptable range, 

deposition can be started by following the exact recipe for the targeted materials required. This 

means choosing the sputtering mode (DC or RF), working distance (distance from the sputtering 

target to the wafer), working pressure of Ar, and power of driving power supply. For all the 

sputtering data discussed here, all metallic layers are deposited with DC, and insulating layers 

(MgO, SiO2, ..) via RF sputtering. Particular cares must be taken when sputtering in RF modes 

since the minimum Ar pressure necessary to ignite the plasma is usually much higher than the 

working pressure. In parallel to this fact, when ferromagnetic materials are to be sputtered, the 

stray magnetic field generated from the magnetic targets will weaken the effective magnetic field 

required for magnetron sputtering. 
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Figure 2-3: RGA scan of the main chamber. As it is obvious from the scan, the highest peak corresponds to water molecules inside 

the chamber. 

 

In this case a specially designed Iron core (or magnet) will be placed behind the target (in the 

center). In addition, for the magnetic targets, a higher Ar pressure might be required to start the 

plasma, and in some cases, such as Ni target, the thickness of the target also must be reduced in 

order to effectively sputter the target. Many factors contribute to the fabrication of multilayers 

which will dictate the microstructure (roughness, crystallographic orientations,..) and properties of 

interfaces of the materials in the multilayers. Although these degrees of freedom enable us to better 

control the growth of multilayers, but they make the fabrication process of MTJ a very delicate 

task, especially due to number of different layers involved and, in particular, the very thin thickness 

(~1nm) of the active materials in an MTJ (ferromagnetic layers and MgO). For each deposited 

layers in MTJ, an optimum set of parameters must be found in order to guaranty the best 

performance of the MTJs. 

 After the sputtering of the last layers, the samples are transferred back to the load lock, and main 

chamber will be isolated and the load lock will slowly (2-3 Psi) be vented with a nitrogen.  

In order to calibrate the sputtering rate of different targets, X-Ray Reflection study on thicker 

samples (normally 20-50 nm) are performed, and the average values are taken, please see section 

2.3 for more details. To confirm the XRR results of the sputtering rates to actual thicknesses, High 

Resolution Tunneling Electron Microscopy (HRTEM) images when possible, or compare to 

Atomic Force Microscope (AFM) results are compared as a reference. HRTEM studies are 

conducted at two of our collaborator groups at the University of Minnesota, and University of 
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Wisconsin at Madison. All XRR and AFM related to this work were performed, personally, at the 

KEK facility, at the University of Arizona, Department of Chemistry and Biochemistry.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

2.2 Patterning and post fabrication processes  

 

After fabrication of multilayer stacks, series of processing steps have to be performed on the 

samples in order to make them ready for transport or magnetic properties measurements. 

Particularly, for transport measurements samples need to be patterned into small size junctions of 

100𝜇𝑚 down to 160nm via several lithography and ion milling steps. As a part of collaboration 

with other universities, MTJs have been patterned down to 20nm with still very high TMR (*). 

Subsequently, the samples are normally annealed for specific recipe of annealing temperature and 

time. However, for magnetic properties, the blank samples can annealed and cleave into small 

pieces to fit the VSM sample holder (usually 4x4mm squares). I will describe these steps in the 

following sections.  

 

 

 

 

 

 

 

 

 

2.2.1 Photolithography 

 

The next step after fabricating multilayer structures is to pattern the films for electrical 

measurements. A NxQ7500 Mask aligner with X, Y, and Theta movement accuracy better than 

1𝜇𝑚, with a standard broadband UV light (350-450nm) is used in this research as shown in the 

Figure 2-4 which is housed inside a soft wall class 1000 clean room in one of  the labs (room 539). 
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Figure 2-4: Photograph of mask aligner (NxQ 7500) used in this research. 

There are two types of photolithography in my experiments, the first one is the normal 

photolithography procedure which consists of four main steps:  

1. Spin coating of the samples with photoresist  

2. Bake 

3. Exposure to UV light 

4. Develop the photoresist  

And the other method which is called “Image reversal” or “Lift-off” where another two steps are 

required as follows: 

1. Spin coating of the samples with photoresist  

2. Soft bake 

3. Exposure to UV light 

4. Hard bake 

5. Flood exposure (No mask) 

6. Develop the photoresist  
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Figure 2-5: Multiple steps for conventional photolithography (a-e), and image reversal (a-d) and (f-h). (a) Schematic of sample 

grown on Si/SiO2 substrate. (b) First step is to spin coat photoresist, and then bake at 100oC. The next step is to expose UV light 

(c) which will interact with the exposed area [shaded] (d) of photoresist and make them soluble in the developer. For a conventional 

photolithography, developing will leave unexposed photoresists to remain on the sample. However, for an image reversal process, 

a hard bake (115oC) is necessary followed by a flood exposure (f) which will make unexposed area [shaded]  (g) soluble in the 

developer. Finally, after developing, the exposed area will remain on the sample (h). Photoresist thickness is usually around 1𝜇𝑚. 

 

Figure 2-5 shows multiple steps for the two types of photolithography. First panels (a-e) are for 

conventional photolithography, and then (a-d) and (f-h) describes image reversal. The first step is 

to spin coat photoresist, and then bake at 100oC. Then, sample must be exposed to UV light (c) 

which will interact with the exposed area [shaded area of (d)] of photoresist and make them soluble 

in the developer. For a conventional photolithography, developing will leave unexposed 

photoresists to remain on the sample. However, for an image reversal process, a hard bake (115oC) 

is necessary followed by a flood exposure (f) which will make unexposed area [shaded arear of 

(g)] soluble in the developer. Finally, after developing, the exposed area will remain on the sample 

(h). Photoresist thickness is usually around 1μm which is thick enough compared to the desired 

depth of etching. The overall thickness of multilayer structures for MTJs are about 50-80 nm. 
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A programmable spin coater is used with a recipe that is found to work the best for all the samples. 

Although for a critical control of photoresist thickness a more special recipe needs to be set up, 

but no issues was observed during the use of the same recipe (the same photoresist thickness) in 

the entire time. The recipe is to pour photoresist on the sample and spin the sample at 3000rpm for 

60 seconds.  The resist’s commercial name is AZ 5214-E IR from MicroChemical Company which 

is a specific negative photoresist [It is particularly made to be capable of image reversal as well]. 

For conventional photolithography, samples are baked after spin coating in a hot plate (Corning) 

with a set temperature of 100oC for 60 seconds. Samples, then, get expose to the UV light for 4 

seconds. A contact mode is always used for the mask and samples, so before UV exposure sample 

will be physically in contact with photomask. The next step is to develop in AZ400 

(MicroChemical) developer for 60 seconds. This results in a photoresist pattern of the unexposed 

areas on the sample. For image reversal photolithography, however, we have to post bake samples 

at 110oC for 60 seconds, and flood exposure to UV light for 16 seconds before the developing. 

The second bake and the long UV flood exposure will result in hardening the first exposed regions 

and breaking bonds of photoresist for the protected areas, therefore we will be left with the exposed 

part of photoresist after developing (AZ400) for 20 seconds.  The very last step is to rinse with DI 

water and blow with dry N2. Samples are visually checked with an optical microscope to confirm 

the desired pattern. 

The chemical hood used for the spin coating, baking in the hot plate, and developing the samples 

are illustrated in the Figure 2-6 where the photoresist and the developer bottles used in the 

experiments are photographed. 

 

Figure 2-6: Spin coater, AZ 5214-E IR photoresist, and AZ 400K developer used in my photolithography process [MicroChemical] 
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2.2.2 Ion beam etching  

 

After the lithography process is done, the MTJs are defined by ion beam etching. Ion milling 

technique is used to remove the material form the very surface of the samples. In fact, in this 

technique ions of Ar are accelerated from the ion source into the surface of the sample in order to 

remove materials to some required depth or specific underlayer. Owing to very smaller etching 

rate as well as much thicker photoresist layers (1 − 2𝜇𝑚), compared to our multilayers (20 −

30 𝑛𝑚), only very thin layer of photoresist will be removed due to etching ,and therefore the area 

underneath the photoresist will be protected . The remaining photoresist will be washed away with 

sonicating the samples in acetone for 30 seconds.  

Typically, the patterning process involves with three photomasks, which is illustrated in Figure 

2-7. Figure 2-7(a) shows the actual pattern (with photoresist) on multilayer of MTJ. Figure 2-7(b) 

shows the real picture of the multilayer after the first etch. These wires with the top and bottom 

electrodes are used to make electrical connections (one voltage lead on the top contact and the 

same polarity current on the bottom contact). Samples should proceed with the second patterning 

in order to define the pillars for the junctions. Figure 2-7(c) shows the actual picture of the 

patterned multilayers. Now, the second etching process should begin to define the actual MTJs. 

Plasma oxidation and SiO2 deposition should be performed on the samples to electrically isolate 

the bottom wires from the MTJ pillars. It should be pointed out that plasma oxidation step is not 

necessarily required, but it is a very helpful step since it reduces the chances of electrical shorting 

by oxidizing the redeposited metallic particles on the side wall of MgO. After SiO2 deposition, 

samples must be taken out of to wash off the photoresists. Figure 2-7(d) shows the picture of the 

sample after photoresist is removed. The next step is to pattern (2nd time alignment) via image 

reversal process. Figure 2-7(e) shows the picture of the photoresist on MTJs after image reversal 

process. Finally, the top electrodes are deposited on the multilayers. The real photograph is shown 

in Figure 2-7(f). In the very last step, the photoresists are washed away and the final full patterned 

samples are ready for electrical measurements. Figure 2-7(g) shows the final product of patterning 

process for full pattern MTJs. 
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Figure 2-7: Schematics and real pictures of different steps of full patterning MTJ multilayers. See the text for explanation 
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2.3 Sample characterizations 

 

After fabrication of multilayers for MTJ structures, many transport and magnetic characterizations 

have to be done to probe magneto-transport properties of MTJs. Here, I explain the details of 

methods used for characterization of the magnetic tunnel junctions.  

 

 

 

 

 

 

 

 

 

2.3.1  Vibrating Sample magnetometry (Magnetic Properties)  

 

A commercial Microsense EZ9 VSM, shown in Figure 2-8, is used in our experiments which is 

sensitive to a very small magnetic moment (down to 3x10-7 emu). Principle of operation is based 

on Faraday law; A magnetic sample, along with the sample holder, is vibrating along the z axis 

with a fixed frequency(𝜔𝑣), generating a varying magnetic field, therefore producing an electric 

field. The electromotive force induced in the pick-up coils, in the form of electric signals, is 

proportional to the magnetization of the sample and the angle in which it makes with respect to 

the external magnetic field. The signals will be received by a lock-in amplifier and all frequencies 

except the vibrational frequency of the sample (𝜔𝑣) will be filtered out. Lastly, diamagnetic signal 

of the quartz sample holder will be subtracted to find out the real contribution of the sample to the 

magnetic signal. Real external field is read out by a gauss meter using a hall sensor probe with 

high precision (40mG = 40 mOe). 
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Figure 2-8: (a) Schematic of system diagram of a Vibrating Sample Magnetometer (VSM). (b) Picture of the real instrument 

(Microsense Easy 9)used in this study, and (c) Zoomed picture to show relative position of the sample and configuration of pick up 

coils. 

 

A complete set of measurements for a given magnetic field profile will be generated by LabVIEW 

program installed in the computer attached to the VSM. This results in magnetization versus 

external field (M-H) curve, a.k.a. hysteresis loop for the given sample, see Figure 2-9 for instance. 

It must be noted that to obtain the curves observed in Figure 2-9, diamagnetic background signals 

from the holder and Si substrate must be removed (a straight line with negative slope). Sensitivity 

can be adjusted by changing some parameters such as the gap between the two pole pieces of the 

electromagnet. The maximum external filed achievable with this set up is 3T, which is enough to 

saturate all types of magnetic materials in this study. A cooling water must be running for magnetic 

fields above 0.5 T in order to prevent overheating of the magnet. To calibrate the signal coming 

out of the pick-up coils, a known sample (small pure Ni ~ 1mgr) with magnetization of around 

0.052 emu is used ( this number is calculated based on bulk magnetic moment per gram of Ni 

sample). A sensitivity of 60 V/emu is obtained from calibration process of the Ni reference sample 

which has been almost always consistent for all the data presented here.   

 

(a) (c) (b) 
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Figure 2-9: Hysteresis loops for a sample with perpendicular easy axis measured by Microsense Easy 9 VSM. Two separate 

measurements for the case of in-plane (black) and perpendicular (red) external magnetic field are conducted and diamagnetic 

signal of quartz sample holder is subtracted. 

 

Furthermore, in order to calibrate the absolute values of magnetic moments measured in the VSM, 

some tested samples are sent to our collaborators at the University of California at Los Angeles 

(UCLA) to be measured in Superconducting Quantum Interferometer Device (SQUID) with 

sensitivity of 5x10-8 emu (about 10-50 times better resolution compared to a VSM). The results 

confirmed that the absolute values of magnetic moments in our VSM study is very close to those 

obtained by SQUID within experimental errors. 
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2.3.2 X-ray diffraction (thickness and crystallographic properties) 

 

 

Figure 2-10 XRR set up for thin film thickness measurment . 

 

Figure 2-2 shows a typical set up of the commercial Philips X’Pert MPD, housed in the department 

of chemistry and biochemistry, at the University of Arizona. It has been used to investigate 

crystallographic properties of the grown samples as well as to find thicknesses of sputtered thin 

films in the AJA chambers in order to obtain the sputtering rate of deposition. An optical set up 

for X-Ray Reflectivity (XRR) measurements is shown in Figure 2-10. Set up for the incident beam 

optics include an X-ray mirror (Cu), a fixed 1/32o divergence slit, and automatic 0.125mm Ni beam 

attenuator. The sample is usually cut in 1.5 cm x 1.5 cm and is mounted in the center of the IR 

stage (center of the Figure 2-2). The Diffracted beam is then received by a 0.27o parallel plate 

collimator, a 0.04 radian soller slit, a flat graphite diffraction beam monochromator, and a large 

window miniprop (PW3011/20) detector shown on the right side of the Figure 2-10.   

For the simple picture of X-ray scattering, a geometry similar to the experimental set up can be 

assumed as shown in Figure 2-11. 
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Figure 2-11: XRR schematic for incident and reflected beams 

 

Transmitted wave has a non-zero component perpendicular to the sample surface: 

 

 𝑞𝑧 = 2𝑘 sin 𝜃 2-1 

 

And in case of Cu−𝐾𝛼(𝜆 = 1.54 𝐴)̇ , and almost parallel beam, we obtain 

 𝑞𝑧 =
2𝜃

140
 [𝑛𝑚−1] 2-2 

 

The interference of the waves reflected from the interface generates oscillations with period  

 Δ𝑞𝑧 =
2𝜋

𝑑
 2-3 

 

Therefore, the thickness of the films can be approximated (in Angstrom) from the peak to peak 

counts of the fringes: 

 𝑑 ≈  
40.1

𝜃𝑚+1 − 𝜃𝑚
 2-4 

 

 Figure 2-12 shows a typical XRR curve which is obtained by my measurements for  
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Figure 2-12: A typical XRR curve to measure the thickness of a thin film (data is shown for a 161Å thick Cr), experiment is carried 

out in a Philips X’Pert MPD unit. 

 

At least, two different thicknesses are sputtered from the target (which we aim to find the sputtering 

rate) on to blank Si wafers at the same sputtering conditions in order to find average sputtering 

rate. 

Another useful technique with this instrument is X-Ray Diffraction (XRD) pattern to study the 

crystallography of the thin film multilayers. Crystal quality, lattice parameters, and preferred 

orientation of single and polycrystalline samples can be quantitatively studied by XRD. For the 

case thin film multilayers, we used normal 𝜃 − 2𝜃 scan on the films to obtain preferred orientations 

(relative to the substrate). From the scan, the relative volume of each thin layers in each 

crystallographic orientations (001), or (111), etc., can be obtained. From the broadening of the 

peaks, we can judge about the degree of crystallization in that orientation. Actually, when the size 

of the crystals is less than 100nm, they cause broadening in the XRD peaks which is related to full 

width at half maximum (FWHM) of the broadened diffraction line on the 2𝜃 scale by  [211] 
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 𝐵 =
0.9𝜆

𝑡 cos 𝜃
 2-5 

 

where the B =FWHM, t is the diameter of the crystallites, and 𝜆 is the wavelength of the X-ray. 

The best diffraction pattern would have a very sharp peak around a single angle. Furthermore, the 

height of the peak gives relative information about the volume of interaction in that specific 

orientation.  

 

For the crystallographic characterization, samples are grown on special quartz glass to eliminate 

huge Si peak around 34o with typical set up for XRD measurements.  Figure 2-13 shows a typical 

XRD pattern for one the samples (Mo/CFB/MgO) studied in this work. 

The data were collected over a range of 80 o2θ with a step size of 0.001-0.01 o2θ and nominal time 

per step of 1-10 seconds, using the scanning X’Celerator detector (hence the counting time per 

step).  Fixed anti-scatter and divergence slits of 1/2o were used and all scans were carried out in 

‘continuous’ mode.   

 

Figure 2-13: XRD pattern for Mo/CFB/MgO sputtered on quartz glass. 
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Phase identification was carried out by means of the X'Pert accompanying software program 

PANalytical High Score Plus in conjunction with the ICDD Powder Diffraction File 2 Database 

(1999), ICDD Powder Diffraction File 4 - Minerals (2012), the American Mineralogist Crystal 

Structure Database (March 2010) and the Crystallography Open Database (February 2012; 

www.crystallography.net) 

 

2.3.3 Atomic force microscope (AFM) 

It is shown that for magnetic tunnel junctions, roughness of the buffer and seed layers plays 

important role in the magnetic and transport properties of the samples  [62,212]. Hence, to confirm 

flatness of our samples, AFM study is performed. An AFM image of buffer layers consisting of 

Ta(10)/Ru(20)/Ta(15) is show in Figure 2-14. 

 

Figure 2-14: AFM results for roughness measurement of buffer layers [Si/SiO2/Ta/Ru/Ta] in 3D (a) and 2D (b). Several position 

of the sample is tested and a roughness with average rms of 0.27 nm is obtained. 
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Several positions of the sample are tested with AFM and an average height of 0.27 nm is measured 

with standard deviation of 0.06 nm. These numbers are close to the values reported 

before  [212,213].  

 

 

2.3.4 High resolution scanning tunneling microscope (HRTEM) 

All the high-resolution scanning tunneling microscopy imaging of magnetic tunnel junctions are 

carried out in one of the facilities of our two collaborator universities, University of Minnesota 

and University of Wisconsin at Madison. More details about the experiment will be given in the 

chapters when the microstructural properties are discussed. 

2.3.5 Electrical and transport properties 

Two common methods for electrical characterization are two and four-point measurements. In a 

two-point measurement, an electrical current is sent out through the same contact point as the 

voltage is read. So, the resistance of the wires and contacts contribute to the measured resistance 

of the device. The resistance of the wires and contact resistance must be very smaller than the 

junction resistance (which is true for most of the junctions) when using two points measurements. 

For a precise measurement of resistance, however, four-point measurement is used where an 

electrical current is sent through two separate contact, and voltage is read out via another two 

contacts. In this method, the precise resistance of the device [junction] can be measures to the best 

accuracy of the meters. Figure 2-15 shows the circuit diagrams of the two electrical measurement 

configurations. In this study, the device under the test is an MTJ. Very thin (~2nm or less) 

thicknesses of the barrier puts stringent limit on how much current can be sent to the junctions so 

that the corresponding voltage drop across the barrier will not exceed the breakdown voltage of 

the barrier (about 1-1.5 Volts). 

In the experiment, one of the most important data obtained from these electrical characterizations 

are tunneling magnetoresistance (TMR) curve which is resistance of the junction versus applied 

magnetic field. Throughout this thesis, I will present lots of TMR curves or data extracted from 

TMR curves.  
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Figure 2-15: Schematic of circuit diagrams for (a) two-point and (b) four-point measurements. 

 

 

Figure 2-16: (a) Station #1 for electrical characterization which includes a PC with LabVIEW to control the instrument and, meters 

and sources mounted in the equipment rack (a). A GMW projected field magnet is mounted on a multidirectional moving stage (b). 

An optical microscope and a probe station with four DC micropositioners with vacuum bases (c). 
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Both two and four-point measurements are employed to obtain TMR and I-V curve of the magnetic 

tunnel junctions. There are four probe stations in the lab, and the data presented here are acquired 

in probe station #1, see Figure 2-16, since it has a custom-made station for micropositioners, a 

better optical camera, and most importantly, it has the most sophisticated instruments for 

controlling the magnetic field. A GMW 5201 projected filed electromagnet with motor 

controllable X-Y-Z-Theta stage is placed under the sample as shown in panel (b) of Figure 2-16. 

A Kepco 20-20M bipolar power supply is used to drive the GMW. The magnet can generate fields 

up to 0.4 T in x direction (in the plane of the sample) and 0.3 T in z direction (perpendicular to the 

sample) at small gaps.  A LabVIEW program is used to collect the data from the samples. Four 

vacuum based micropositioners are connected to appropriate current source and voltmeters. A 

Keithley 220 current source and Keithley 2000 nano voltmeter are  for TMR measurements as 

illustrated schematically in the Figure 2-17.  

 

 

 

Figure 2-17: Experimental setup for electrical measurements in four probe configurations. Schematic of full pattern sample is also 

provided. SiO2, not shown here, fills the space between the features, so all the junctions are electrically isolated. 
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 Simultaneous enhancement of TMR and PMA in 

Mo/CFB/MgO pMTJ 

 

 

 

 

 

In the first two chapters, an introduction to magnetic tunnel junctions and details of experimental 

methods were provided. In this chapter, a more technical discussion about simultaneous 

enhancement of TMR and PMA in a typical HM/FM/MgO tunnel junctions by choosing Mo as 

HM will be presented. A more comprehensive comparison of all the results obtained in this work 

is provided in CHAPTER 6. The results and discussion presented in this chapter is mostly adapted 

from the original publication in Ref.  [53]. 

3.1 Introduction 

 

Tunneling magnetoresistance and perpendicular magnetic anisotropy are two very critical 

characteristics of a magnetic tunnel junction. Spin dependent tunneling of electrons can be 

revealed by TMR measurements. In MTJs with perpendicular magnetic anisotropy, the properties 

of PMA play a key role in magnetization dynamics as well as transport features of a pMTJ.  For 

many applications, a pMTJ with large TMR, strong PMA, and robust thermal stability is highly 

desired [192,214–216]. For most of heavy metal/ferromagnet/oxide structures the interfacial 

magnetic anisotropy energy is generally around 1-2 erg/cm2  [52,54–56,59,217,218]. Previous 

studies on these pMTJs, where tantalum (Ta) is normally chosen as a heavy metal, have shown a 
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rapid decrease in the TMR during post-growth thermal annealing, which was attributed to the loss 

of antiparallel (AP) states due to decreased PMA at high temperatures [209,219]. Although the 

hard layer magnetization may still be out of plane, but the intermixing of Ta with CoFeB causes 

superparamagnetic type behavior for the soft layer, and as a result, a very small change in the 

resistance will be observed.  As mentioned in few lines above, in most MTJ studies, the HM layer 

has been tantalum, and this is because of its amorphous nature at small thicknesses and its 

reasonably good thermal stability. Several studies have tried to address the issue of insufficient 

PMA of Ta based pMTJs. For instance,  it was demonstrated that the interfacial PMA in 

Ta/CoFeB/MgO heterostructures can be increased by up to 20% when the Ta buffer layer is doped 

with nitrogen [220]. Another method is to use a thin dusting layer of a very high thermal barrier 

layer such as Mo. Indeed, as we will discuss in the next chapter, it not only helps Ta pMTJ to 

maintain PMA  [55,221–223] , it enhances the TMR  [221]. It also has been shown that when 

hafnium [62] or molybdenum [55] was used as the buffer layer instead of Ta, a substantially larger 

PMA and greatly enhanced thermal stability during annealing can be achieved. However, few 

reports exists on the transport properties of MTJs with these HM layers. In fact, the original paper 

from this work, Ref. [53], was the first report on transport properties of pMTJs with HM different 

other than Ta. There is another report on pMTJs with Mo which was published later  [224]. 

However, the TMR did not exceed 120% in their Mo samples which is very smaller than the TMR 

obtained in this work.  

In this work, we studied the magnetic and transport properties of pMTJs with Mo as the buffer and 

capping layers. Compared to conventional pMTJs with Ta, a larger TMR was consistently 

observed across samples with various MgO thicknesses and over an annealing-temperature range 

of 300-400°C. Although the perpendicular easy axis in all MTJs with Ta layers was entirely lost 

after thermal annealing for two hours at 400°C, reasonably strong PMA up to 0.3 erg/cm2 was 

maintained in Mo-based MTJs with CoFeB layers ranging from 0.7 to 1.2 nm. As a result of the 

enhanced PMA, a large TMR of 162% was achieved in this study. 
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3.2 Experimental methods 

 

All of the samples in this study were deposited onto silicon wafers with 1 μm of thermal oxide in 

a 12-source magnetron sputtering system (AJA-International). For more details about the sample 

fabrication, see section 2.1. The deposition system is equipped with a residual gas analyzer for 

monitoring H2O partial pressure and the base pressure is in the range of 10-9 Torr. The substrates 

were held at ambient temperature during deposition. The metallic layers were deposited by DC 

magnetron sputtering under an Ar pressure of 2 mTorr. The MgO layer was deposited by RF 

magnetron sputtering at 1.3 mTorr of Ar. For structural and transport studies, multilayers were 

grown with structures (from Si/SiO2 side): 

1. Mo(6)/Ru(10)/Mo(10)/Co20Fe60B20(0.8)/MgO(1-3)/Co20Fe60B20(1.6)/Mo(10)/ Ru(20) 

2. Ta(6)/Ru(10)/Ta(10)/Co20Fe60B20(0.8)/MgO(1-3)/Co20Fe60B20(1.6)/Ta(10)/Ru(20)  

where the numbers in parentheses indicate the thickness in nanometers. The samples were 

annealed in a rapid thermal annealing setup in an inert atmosphere. The sample structure was 

imaged using scanning transmission electron microscopy (STEM), and the elemental composition 

was mapped by energy-dispersive X-ray spectroscopy (EDX). An aberration-corrected (CEOS 

DCOR probe corrector) FEI Titan G2 60-300 S/TEM equipped with a Schottky X-FEG gun and a 

Super-X quad-SDD windowless in-polepiece EDX detector was used at 200 kV with a probe 

convergence angle of 16 mrad. Structural analysis was done at the University of Minnesota. For 

testing TMR, the unpatterned films were processed into circular MTJs with diameters of 25 µm 

using conventional microfabrication techniques. See section 2.3 for details of sample 

charachterizations. The magnetic properties of the films were characterized by a vibrating sample 

magnetometer (VSM, Mirosenese EZ-9). For VSM study multilayers with the structures (from 

Si/SiO2 side): 

3. Ta(6)/Ru(10)/Ta(10)/Co20Fe60B20(t)/MgO(1-3)/Ta(6)  

4. Mo(6)/Ru(10)/Mo(10)/Co20Fe60B20(t)/MgO(1-3)/Ta(6)  

with Co20Fe60B20 thicknesses (t) ranging from 0.6 to 1.7 nm were fabricated. All measurements 

were performed at room temperature. 
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3.3 Results  

 

 

 

3.3.1 Microstructural analysis  

 

Figure 3-1: Structure characterization of Ta-pMTJs. (a) HAADF-STEM image and (b) BF-STEM image of an unannealed Ta-

based sample. (c) HAADF-STEM image and EDX maps of an annealed Ta/CFB/MgO pMTJ. 

 

For many applications pMTJs are required to be annealed at temperature at 400°C or above. The 

structural integrity of the very thin bottom CoFeB electrode (0.8nm) is of particular concern at 

such high temperature. On the other hand, maintaining proper magnetic and transport such as high 

TMR and strong PMA properties at such a condition is a crucial factor. First we have carried out 

STEM study to probe the structure and chemical composition of the pMTJ. Figure 3-1 shows 

characterization of cross sections of unannealed and annealed Ta samples. Figure 3-1(a,b) show 

high-angle annular dark-field (HAADF) and bright-field (BF) STEM images, respectively, of an 

unannealed Ta-based p-MTJ, and Figure 3-1(c) shows HAADFSTEM and EDX data displaying 
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the elemental compositions of the layers of the Ta-based MTJ  annealed at 400oC for two hours. 

By comparing (a) and (c), we observe that annealing does change the structure of pMTJ. 

Regardless, the interfaces remain reasonably smooth and major interdiffusion to MgO barrier was 

observed from EDX composite elemental mapping. 

 

Figure 3-2: (a) HAADF-STEM image of the cross section (silicon wafer substrate at bottom) of a Mo-based pMTJ annealed at 

400°C for two hours. (b) A composite EDX map of the pMTJ composition, for which the assignment of the colors is provided in 

(c), which shows individual-element slices of a selected region of the composite map in (b), as well as the HAADF slice to which 

they correspond. 

 

Similarly, Figure 3-2 shows HAADF-STEM image with the corresponding composite and 

individual-element compositional maps for a pMTJ with Mo layer annealed for two hours at 

400°C. EDX directly reveals the distribution of Mo and Fe (Co) that otherwise is hard to be 

obtained from normal bright field STEM images due to the close atomic numbers. From these 

images it is clearly seen that the integrity of the CoFeB layers as well as the MgO barrier is well 

maintained after two hours of annealing at 400°C.  A detailed microstructural investigation on the 
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exact pMTJ films showing large TMR is published by our collaborators at the University of 

Minnesota  [199].  

3.3.2 Transport properties and TMR evolution 

 

 

Figure 3-3: (a) Normalized TMR curves for Ta/CoFeB/MgO (blue) and Mo/CoFeB/MgO (black) tunnel junctions after annealing 

at 300°C for 10 min and (b) after annealing at 400°C for 2 h. (c) TMR vs. MgO thickness of the MTJs after annealing at 300°C for 

10 min (black lines) and after annealing at 400°C for 2 h (red lines). 

 

Next, the transport properties were measured in patterned pMTJs under different annealing 

temperatures. For samples annealed at 300°C for 10 min, both the Ta/CoFeB/MgO and 

Mo/CoFeB/MgO tunnel junctions show reasonably strong high TMR >100%, as shown in Figure 

3-3(a). The MTJ with Mo exhibits stronger PMA, as evidenced by the large switching field of the 

soft layer. The striking difference of these two types of MTJs was revealed after thermal annealing 
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at 400°C for two hours, as shown in Figure 3-3(b). The TMR for the MTJ with Ta as the buffer 

layer dramatically dropped to a value of 4.5% (blue line). Moreover, the TMR curve lost its sharp 

transition between the AP and P states, suggesting that the PMA is entirely vanished and the 

CoFeB layer now behaves superparamagnetically. This is in good agreement with previous studies 

on Ta/CoFeB/MgO MTJs [209,219], in which annealing at temperatures higher than 350°C rapidly 

destroys the PMA and TMR of the structure. In contrast, the MTJ with Mo as the buffer layer 

showed a more than 20% increase in its TMR values (black line). Despite the smaller coercivity 

of both the soft and hard layers, sharp magnetic switching with a good AP plateau is clearly seen 

in the TMR curve. This behavior is consistently observed in all MTJs with MgO thicknesses 

ranging from 1.8 to 2.5 nm. As shown in Figure 3-3(c), The TMR is approximately 100-120% for 

both types of MTJ after annealing at 300°C for 10 min. However, the TMR of MTJs with Ta 

dropped to nearly zero after two hours of annealing at 400°C, while the TMR of MTJs with Mo 

increased by approximately 15-20%. These results clearly demonstrate the superior properties of 

Mo over the widely used Ta in promoting high TMR after high-temperature annealing, which is a 

pivotal feature in many applications of pMTJs [214,215]. It must be mentioned that similar results 

have been observed by another group  [224] later, with very smaller TMRs. To gain more insight 

into the behavior of the MTJs with Mo, we compared the TMR and corresponding parallel 

resistance (Rp) after annealing under different conditions. It has been well established, as pointed 

out in the section 1.4, that high-temperature post-growth thermal annealing is one of the most 

essential steps to achieve large TMR in CoFeB/MgO/CoFeB junctions [225,226]. The symmetry-

conserved tunneling is only achieved by the crystallization of amorphous CoFeB electrodes with 

the templating effect of a (100)-oriented MgO barrier using the solid state epitaxy (SSE) 

process [226]. The evolution of TMR is dictated by the interplay of the crystallization of CoFeB, 

improvement in the crystallinity of the MgO, diffusion of impurities into MgO [225], and 

modification of the magnetic anisotropy of CoFeB [219]. The TMR for MTJs with various MgO 

thicknesses for five different annealing conditions is plotted in Figure 3-5(a). After 10 minutes of 

annealing at 300, 350, and 400°C, the TMR of the junctions steadily increased from approximately 

120 to 140%, and then to 160%. The highest TMR of 162% was achieved in the MTJ with an MgO 

thickness of 1.95 nm (red curve in Figure 3-4: Highest TMR (162%) obtained with Mo/CFB/MgO 

MTJ (red curve). The TMR curve for identical MTJ with Ta (blue curve). Both samples are 

annealed at 400oC for 10 minutes.Figure 3-4) with corresponding TMR curve for Ta-pMTJ (blue 
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curve in Figure 3-4). Figure 3-5 apparently shows that TMR decays dramatically upon annealing 

due to the loss of well-defined AP states in Ta/CFB/MgO samples. 

 

Figure 3-4: Highest TMR (162%) obtained with Mo/CFB/MgO MTJ (red curve). The TMR curve for identical MTJ with Ta (blue 

curve). Both samples are annealed at 400oC for 10 minutes. 

 

For many applications, the pMTJs are required to be thermally stable for at least an hour at 400°C. 

Annealing for two hours at 400°C, however, decreased the overall TMR to a level similar to that 

observed for MTJs after 10 min of annealing at 350°C. Yet, most of the MTJs retained a large 

TMR between 120-140%.  

 

 

The corresponding behavior of the Rp of the MTJs is plotted in Figure 3-5(b). Initially, Rp shows 

small, steady increases with a short annealing time of 10 min from 300 to 400°C, followed by a 

substantial jump (note that the resistance is plotted on a logarithmic scale) after 2 h of annealing 

at 400°C. According to the coherent-tunneling theory of MgO-based tunnel junctions, the 

conductance in the parallel channel is mainly dominated by electrons with ∆1symmetry [227]. 

During thermal annealing, Rp usually experiences a sharp drop in the initial stage due to the buildup 

of the ∆1channel related to the crystallization of CoFeB, followed by a slow increase related to 
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impurities diffusing into the MgO [225]. Simultaneously, the antiparallel resistance (Rap) of the 

MTJ will increase due to the elimination of the ∆5 and ∆2 channels. As long as there is no major 

destruction of the ∆1channel, the TMR of the junction will continue increasing if the rate of rise 

for Rap is larger than that of Rp [225]. For the samples that experienced short annealing times, the 

increase in Rp from 300 to 350°C and then from 350 to 400°C is less than the increase in their 

corresponding antiparallel resistances; therefore, the TMR continues increasing, as shown in 

Figure 3-5(a). The reduced TMR for samples annealed at 400°C for two hours can be explained 

from Figure 3-5(b) by the sharply increased Rp (red line), suggesting that the added impurity 

scattering of the ∆1-band electrons due to interdiffusion contributes to this TMR 

deterioration [225].  

 

 

Figure 3-5: (a) TMR for Mo/CeFeB/MgO tunnel junctions annealed at 300°C (black), 350°C (green), and 400°C (blue) for 10 min 

and 400°C for 2 h (red). (b) Corresponding resistance in the parallel state at various annealing conditions. Inset shows the highest 

TMR of 162% achieved in this study. 
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The corresponding behavior of the Rp of the MTJs is plotted in Figure 3-5(b). Initially, Rp shows 

small, steady increases with a short annealing time of 10 min from 300 to 400°C, followed by a 

substantial jump (note that the resistance is plotted on a logarithmic scale) after 2 hr of annealing 

at 400°C. According to the coherent-tunneling theory of MgO-based tunnel junctions, the 

conductance in the parallel channel is mainly dominated by electrons with ∆1symmetry [227]. 

During thermal annealing, Rp usually experiences a sharp drop in the initial stage due to the buildup 

of the ∆1channel related to the crystallization of CoFeB, followed by a slow increase related to 

impurities diffusing into the MgO [225]. Simultaneously, the antiparallel resistance (Rap) of the 

MTJ will increase due to the elimination of the ∆5 and ∆2 channels. As long as there is no major 

destruction of the ∆1channel, the TMR of the junction will continue increasing if the rate of rise 

for Rap is larger than that of Rp [225]. For the samples that experienced short annealing times, the 

increase in Rp from 300 to 350°C and then from 350 to 400°C is less than the increase in their 

corresponding antiparallel resistances; therefore, the TMR continues increasing, as shown in 

Figure 3-5(a). The reduced TMR for samples annealed at 400°C for two hours can be explained 

from Figure 3-5(b) by the sharply increased Rp (red line), suggesting that the added impurity 

scattering of the ∆1-band electrons due to interdiffusion contributes to this TMR 

deterioration [225]. 

 

 

 

3.3.3 Magnetic properties 

To further confirm the change in the magnetic anisotropy in our samples, we performed VSM 

measurements on a series of Ta/Ru/Ta/CoFeB/MgO/Ta and Mo/Ru/Mo/CoFeB/MgO/Ta films 

with various CoFeB thicknesses. These samples were annealed for 10 min at 300oC, and 2 hrs at 

400°C.      
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Figure 3-6: VSM curves for X/CFB/MgO/Ta where X=Ta (a), and Mo(b), for magnetic field applied in in-plane (black curves) and 

perpendicular (red curves) directions. Samples annealed at 300oC. 

 

The M-H curves under the out-of-plane (red lines) and in-plane (blue lines) magnetic fields are 

shown in Figure 3-6, for both Ta (a) and Mo (b) samples annealed for 10 minutes at 300oC. The 

CoFeB thickness in these samples was kept at 0.85 nm, which is the same as in the patterned MTJs.  

 

Figure 3-7: Graphs of  𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵versus thickness of CFB for bottom structure of pMTJs with Ta (a), and Mo (b) buffer layers. 

Interfacial magnetic anisotropy of 1.65 and 1.92 erg/cm2 was obtained for the Ta and Mo, respectively. Samples were annealed 

at 300oC for 10 min. Negative values of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 corresponds to in-plane anisotropy. 

To obtain interfacial magnetic anisotropy, 𝐾𝑖, a series of similar VSM curves were obtained for a 

range of CoFeB thicknesses, and a plan of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 versus CoFeB thickness was plotted in 
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Figure 3-7 for both Ta (a) and Mo (b) pMTJs. For each data point in the Figure 3-7, saturation 

magnetization (𝑀𝑠) and the anisotropy field (𝐻𝑘) is obtained from VSM measurements and the 

corresponding value of effective magnetic anisotropy (𝐾𝑒𝑓𝑓) is calculated based on: 

 𝐾𝑒𝑓𝑓 = 
1

2
 𝐻𝑘 ∙ 𝑀𝑠 

3-1 

 

(See Figure 3-8 for an example of finding 𝑀𝑠 and 𝐻𝑘) . Samples with CFB thicknesses bellow 

1.2nm have PMA since the corresponding 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 values are positive (above the line). 

According to the relation for the effective magnetic anisotropy (𝐾𝑒𝑓𝑓): 

 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 = 𝐾𝐵 ∙ 𝑡𝐶𝐹𝐵 + 𝐾𝑖 
3-2 

 

𝐾𝑖 can be obtained from the Y-intercept of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵𝑣𝑠 𝑡𝐶𝐹𝐵 plots. We found the corresponding 

𝐾𝑖 values of 1.65 and 1.92 erg/cm2 for Ta Figure 3-7(a) and Mo (b), respectively. These data verify 

the existence of a strong PMA (PMA was stronger for Mo) for both samples for annealing at 300oC 

for 10 minutes. Similarly, for the case of 400oC, series of VSM curves were measured for both 

types of samples. This time, a very different behavior for Ta and Mo was observed for annealing 

at 400oC. 

 

Figure 3-8: VSM curves for Ta/CoFeB(1.7)/MgO (a). The method used to estimate saturation magnetization (MS) and anisotropy 

fields (HK) from the VSM curves(b). Black (red) lines are for magnetic field applied in-plane (perpendicular) to the sample. Both 

magnetic field and magnetization measurements have offsets due to the instrument, and therefore we take the average values. 
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The Mo/CoFeB/MgO sample shows easy-axis-like sharp switching under the out-of-plane field 

and hard-axis-like switching under the in-plane field. The saturation magnetization (without 

considering the magnetic dead layer) and anisotropy field are 1150 emu/cm3 and 0.34 erg/cm3, 

respectively. The Ta/CoFeB/MgO film, on the other hand, shows superparamagnetic behavior for 

magnetic fields under both orientations, which is in good agreement with the TMR curve shown 

in Figure 3-3(b) and in a previous report [55].  

 

Figure 3-9: Full MTJ M-H curve in perpendicular magnetic field for Mo (red) and Ta (blue) pMTJs after anneal at 400oC for 2 

hours. Ta-based MTJ showed superparamagnetic behavior, whereas Mo shows perpendicular easy axis.  

 

Figure 3-10: (a) M-H curves for the Ta/CoFeB(0.85 nm)/MgO and Mo/CoFeB(0.85 nm)/MgO films under the out-of-plane 

magnetic field. The samples have been annealed at 400°C for 2 hrs. (b) Corresponding M-H curves under the in-plane magnetic 

field. (c) CoFeB thickness dependence of Keff.tCoFeB for the two types of samples. Dashed lines are linear fits of the data to 

determine Ks. 
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3.4 Discussion 

 

The greatly improved PMA and TMR as a result of high-temperature annealing is related to the 

unique properties of Mo compared to those of Ta. The formation energy of Fe-Ta varies from -19 

to -25 kJ/mol, which is substantially lower than that of Fe-Mo in the range of -4 to 3 kJ/mol [228]. 

When placed next to an Fe-rich CoFeB FM layer, Mo is less likely to form alloys with Fe during 

annealing that could lead to the deterioration of PMA. Figure 3-11 shows the areal magnetization 

versus CFB thicknesses for Ta (a), and Mo (b) samples annealed at 400oC for 2hrs where the dead-

layer thickness for each sample is calculated with a linear fit from the CoFeB thickness dependence 

of the areal magnetization: 

 𝐴𝑟𝑒𝑎𝑙 𝑀𝑠 = 𝑀𝑠(𝑡𝐶𝑜𝐹𝑒𝐵 − 𝑡𝑑𝑒𝑎𝑑) 
3-3 

 

 

 Corresponding values for the Ta and Mo samples are 0.44 and 0.16 nm, respectively. Since the 

alloy layers are likely to be paramagnetic [229], the large magnetic dead layer with Ta is in good 

agreement with the formation-energy difference between FeTa and FeMo alloys. As discussed 

previously [55], the large negative formation energy of tantalum oxide and the crystalline nature 

of the Mo buffer layer might also contribute to the differences observed in the two types of 

samples. It will be discussed in more detail in CHAPTER 6.  

 

Figure 3-11: Areal magnetization versus thickness of CFB for Ta (a), and Mo (b). Data for annealing at 400oC for 2hrs. From the 

linear fit to the data, a dead layer thickness of 0.44 nm (X-intercept of blue line in (a)) and 0.16 nm (X-intercept of the red line in 

(b)) is stimated for Ta and Mo samples, respectively. 
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3.5 Conclusion 

 

To conclude, we have demonstrated that pMTJs with Mo as the buffer and capping layers are much 

more stable during high-temperature annealing than pMTJs with Ta. Although the TMR of 

Ta/CoFeB/MgO junctions approached zero after annealing at 400°C for two hours, large TMR 

above 120% was maintained in Mo/CoFeB/MgO junctions over a range of MgO thickness. These 

results show that it is possible to achieve stronger PMA and larger TMR by selecting the proper 

HMs in the HM/CoFeB/MgO structure. As the diffusion of Ta has previously been identified as 

the main reason limiting the TMR in CoFeB/MgO junctions with in-plane magnetic 

anisotropy [33], it is expected that the in-plane TMR could also be substantially increased by 

replacing Ta with a more thermally stable HM, such as Mo. Lastly, the stronger PMA in the 

Mo/CoFeB/MgO structure could be a critical factor to reach a thermal stability factor of 60 in sub-

10 nm pMTJs [192,230].  
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 TMR and PMA enhancement in MgO pMTJ by Mo 

insertion 

In the previous chapter, the effect of replacing Ta with Mo in conventional HM/FM/MgO MTJs 

where discussed. It was shown that Mo-based MTJs have superior properties both in terms of 

TMR, interfacial PMA, and thermal resilience against annealing. However, sputtered Mo thin 

films were suspected to be highly textured, as was addressed before  [55] . The crystallinity of Mo 

can impact the TMR properties of MgO MTJs in a negative way due to interfering with solid state 

epitaxy required for high TMR. Therefore, we thought adding an ultra-thin Mo layer between Ta 

and CoFeB could improve the thermal stability and TMR of the junctions by allowing efficient B 

diffusion out to Ta interface and not having negative impact on crystallization of CFB. In this 

chapter, detailed study of pMTJ with Mo insertion layer is presented. This chapter is an extended 

version of the original paper published in Ref.  [221]. 

4.1 Introduction 

 

Many of the novel spintronics devices utilize a magnetic tunnel junction in their structures. For 

instance, spin-transfer torque magnetic random access memories (STT-MRAM) [52,189,214,231–

238] is one of most promising next generation of memories with ultra-low energy consumption. 

In the latest generation of MRAMs, a perpendicular MTJ is employed at the heart of the structure 

due to smaller STT switching current. Among different types of perpendicular magnetic tunnel 

junctions (pMTJs), heavy metal (HM)/CoFeB/MgO based structures have attracted a great deal of 

attention due to the advantage of having smaller STT-switching current and involving with less 

materials  [217]. In addition, perpendicular magnetic anisotropy (PMA) in HM/CoFeB/MgO can 

be controlled by voltage, which could possibly lead to ultra-low energy switching ( < 0.1fJ) in 

these structures  [140,142,239,240]. For practical applications, especially for MRAM smaller than 
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10nm, a large TMR of a few hundred percent and a strong PMA energy larger than 4erg/cm2 are 

required for pMTJs  [47,189,191,192,238,241–244]. Also, a high thermal stability over 400℃ is 

required for compatibility with back end of line (BEOL) processes of CMOS technology. 

Tantalum (Ta) is the most commonly used heavy metal in HM/CoFeB/MgO pMTJs due to its 

amorphous nature and high affinity with Boron. However, both TMR and PMA were reported to 

be deteriorated upon annealing at temperatures above 400℃ for Ta/CoFeB/MgO 

junctions  [219,245]. Several other underlayers such as Pt (Pd) [246], Hf [62,64,218], 

Mo  [53,55,61,224,247], W [54,56,59,248–250]  have been studied to improve thermal stability, 

TMR, PMA, electric field and spin orbit torque effects in pMTJs. Furthermore, doping of Ta buffer 

with nitrogen [220], or using a thin sacrificial Mg layer [251] were also reported to improve PMA 

and TMR in pMTJs. However, a comprehensive study on improvement of pMTJs in terms of 

TMR, PMA and thermal stability, is still demanding.   

Here, we demonstrate that insertion of a thin Mo layer at the Ta/CoFeB interface in MgO tunnel 

junctions can dramatically improved TMR and PMA properties. This thin Mo dusting layer serves 

as a thermal barrier, for Ta atoms, to prevent the intermixing of Ta with Fe, while allowing smaller 

B atoms to diffuse out during annealing. As a result, a large TMR of 208% was achieved in a pMTJ 

with simple HM/CoFeB/MgO structure.  

4.2 Experimental methods 

 

The experimental method used for fabrication of the samples in this study is similar to the methods 

described in section 3.2 . The composition of CoFeB alloy used in this study was Co20Fe60B20. 

XRD characterizations were done by PANalytical X'Pert Pro Multi-Purpose Diffractometer in 𝜃 −

2𝜃 configuration at the Cu 𝐾𝛼 wavelength of 𝜆 =0.154 nm. The magnetic properties of continuous 

films were analyzed by Microsense EZ-9 Vibrating Sample Magnetometer (VSM). For studying 

tunneling magnetoresistance, continuous films were patterned and etched by conventional 

photolithography and Ar ion milling to obtain circular junctions with 3-25𝜇𝑚 diameter. All the 

measurements were conducted at room temperature. 
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4.3 Results 

It has been demonstrated previously in CHAPTER 3 that replacing Ta with Mo has substantially 

increased the thermal stability of pMTJs, therefore leading to much higher PMA and TMR when 

the pMTJs have been annealed at 400℃ and above  [53]. This improvement was related to the 

large formation energy of Mo-Fe alloys compared to that of Ta-Fe during annealing. However, 

sputtered Mo layers showed a strong crystalline structure, which could have adverse effects on the 

crystallization of CoFe (001) at the CoFe/MgO (001) interface during annealing. As discussed in 

the section 1.6 about magnetic tunnel junctions with MgO barrier, buffer or capping layer texture 

has an important effect on crystallization of CoFeB, and consequently on the TMR of the 

junctions  [52,252]. In addition, Ta has the advantage of being a good Boron absorber  [31]. We 

speculated that a thin Mo layer inserted at the Ta/CoFeB interface could possibly combine the 

advantages of both elements by preventing serious intermixing of Ta and Fe while still allowing 

much smaller B atoms to be absorbed by Ta.  

4.3.1 XRD study 

To experimentally verify this hypothesis, we first carried out an XRD study. See section 2.3 for 

more details of characterization.  Multilayers consisting of: 

1. Ta(8)/CoFeB(5)/MgO(2)/CoFeB(5)/Ta(8), 

2. Mo(8)/CoFeB(5)/MgO(2)/CoFeB(5)/Mo(8), and 

3. Ta(8)/Mo(0.9)/CoFeB(5)/MgO(2)/CoFeB(5)/Mo(0.9)/T(8)  

were fabricated on glass substrates, where numbers in parentheses indicate the thickness in 

nanometers. The purpose of using glass instead of Si wafer was to avoid the very large XRD peak 

of Si which was in the range of detector scan in this experiment. For the glass substrate a very 

broad peak in the background is seen due to amorphous nature of the glass substrate. These films 

were annealed at 400℃ for 1 hour. The result of the measurements is illustrated in Figure 4-1. For 

all three samples, a peak at 65.8o corresponding to CoFe (200) was observed. For a better 

comparison, 2theta scans for 60o - 70o are shown in the inset of Figure 4-1. These XRD patterns 

produce a few very distinct features. Firstly, for sample with pure Mo capping and buffer layers, a 

strong peak exists at Mo (110) position (40o) together with a small peak corresponding to Mo (220) 

(87o), which indicate that sputtered Mo layers are highly textured. Whereas for the pure Ta sample, 
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no diffraction peaks is observed suggesting that Ta layers are largely amorphous, which is 

consistent with the previous report [55]. Secondly, both Ta and Mo-dust samples showed larger 

volume of CoFe (200) than the Mo sample. This is likely due to the adverse effect of highly 

textured Mo that interferes with the solid state epitaxial (SSE) growth  [226,253,254] of CoFe 

(001) during annealing . Ideally the SSE of CoFe (001) should start at the MgO interface where 

the MgO barrier produced by sputtering already assumes a (001)-orientation in the as-prepared 

state. It is expected any crystalline structure of the buffer/capping layer will have a negative 

influence on the SSE of CoFe (001) during annealing, especially when the thickness of the bottom 

CoFeB is only 0.8-0.9nm in pMTJs. On the other hand, the higher energy of formations of Mo 

borides (-47.5 KJ/mole) compared to that of Ta (-66 KJ/mole)  [228] is also likely contributing to 

the weak CoFe (200)-peak of the Mo sample. Thirdly, and most importantly, the full width at half 

maximum (FWHM) for Mo-dust sample is about 15% smaller than Ta sample which suggests 

better crystalline structure of CoFe in (200) direction for Mo-dust sample. This indicates that the 

very thin Mo dusting layer indeed acts as a thermal barrier, to prevent Ta intermixing with Fe, and 

allows small B atoms to diffuse out and be absorbed by Ta during annealing process. This very 

thin Mo dusting layer is likely to be amorphous when grown on amorphous Ta or amorphous 

CoFeB. Note that these experiments were carried out with thick CoFeB layers (5nm) due to the 

detection limit of our X-ray diffractometer. It is expected that this effect will be much more 

pronounced in real pMTJ structures where the CoFeB layers are only 0.8-1.6nm thick.  

 

Figure 4-1: θ-2θ scan for samples : glass/Ta(8)/Mo(0.9)/CoFeB(5)/MgO(2)/CoFeB(5)/Mo(0.9)/Ta(8) (in black),  glass/ 

Ta(8)/CoFeB(5)/MgO(2)/CoFeB(5)/Ta(8) (in red), glass/Mo(8)/CoFeB(5)/MgO(2)/CoFeB(5)/Mo(8) (in blue), glass substrate (in 

green). All samples are annealed at 400℃ for 1 hour. Inset shows high resolution θ-2θ scans in the range of 60o – 70o. 
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4.3.2 Magnetic properties 

 

To investigate the impact of the Mo dusting layers on magnetic properties of pMTJs, we carried 

out a series of VSM measurements to extract interfacial magnetic anisotropy (Ki). For each sample 

(data point in Figure 4-2), M-H loop for both in plane and perpendicular magnetic fields are 

measured and the values of saturation magnetization (Ms) and anisotropy field (Ha) are obtained 

and used to calculate PMA in the form of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝑜𝐹𝑒𝐵 ,where 𝑡𝐶𝑜𝐹𝑒𝐵 is the thickness of CoFeB 

layers. Multilayers with the following structure were fabricated:   

1. Si/SiO2/Ta(6)/Ru(10)/Ta(8)/CoFeB(t)/MgO(2)/Ta(5), 

2. Si/SiO2/Ta(6)/Ru(10)/Ta(8)/Mo(0.6)/CoFeB(t)/MgO(2)/Ta(5),  

3. Si/SiO2/Ta(6)/Ru(10)/Ta(8)/Mo(1.2)/CoFeB(t)/MgO(2)/Ta(5), and 

4. Si/SiO2/Mo(6)/Ru(10)/Mo(8)/CoFeB(t)/MgO(2)/Ta(5), 

where CoFeB thickness (t) is ranging from 0.8 to 1.8 nm.  In Figure 4-2, we presented graph of  

𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝑜𝐹𝑒𝐵 vs thickness of CoFeB (𝑡𝐶𝑜𝐹𝑒𝐵) for the various buffer structures. For the case of pure 

Ta (Figure 4-2 (a)), 𝐾𝑖 is estimated to be 1.5 (±0.1) erg/cm2. As we inserted 0.6nm Mo-dust 

(Figure 4-2 2(b)), 𝐾𝑖 increased to 1.63 (±0.1) erg/cm2. As it was previously reported  [53,55,61], 

MTJ structures with Mo as buffer and capping layers have higher interfacial magnetic anisotropy, 

especially at higher temperatures (above 350℃). Therefore, for Ta with 1.2nm Mo-dust (Figure 

4-2 2(c)), 𝐾𝑖 increased to 1.74 (±0.1) erg/cm2 and finally pure Mo (Figure 4-2 (d)) showed the 

highest 𝐾𝑖 of 1.92 (±0.1) erg/cm2 which is also close to 𝐾𝑖 values obtained previously  [53,55,61]. 

The results from VSM studied suggest that insertion of Mo dusting layer helps the Ta layer to 

improve thermal stability by reducing intermixing of Ta with CoFeB layers and consequently 

enhancing the 𝐾𝑖 value. Additionally, the range of CoFeB thicknesses showing PMA for pure Mo 

sample and 1.2nm Mo-dust sample is wider (up to 1.2nm compared to 1nm) than those for 0.6nm 

Mo-dust and pure Ta buffers.  
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Figure 4-2: Interfacial magnetic anisotropy in the form  𝐾𝑖 ∙ 𝑡𝐶𝑜𝐹𝑒𝐵 vs thickness of CoFeB (𝑡𝐶𝑜𝐹𝑒𝐵) for different layers adjacent to 

CoFeB: (a) Ta(8), (b) Ta(8)/Mo(0.6), (c) Ta(8)/Mo(1.2) and (d) Mo. All samples are annealed at 400℃ for 10 minutes 

           

A very recent detailed XPS study on similar structures showed the development of PMA in 

CoFeB/MgO structures during a short period of annealing in Ta/Mo/CoFeB/MgO/ Ta films  [222]. 

Mo was shown to play a critical role in Ta-O-Fe bonding at the CoFeB/ Ta interface, causing 

oxygen to migrate from the Ta layer to the CoFeB layer after a short period of annealing. The XPS 

results showed that this excessive amount of Fe oxide at the CoFeB/MgO interface is critical to 

obtain the PMA. Lastly, it was claimed that Fe oxide at the CoFeB/MgO interface plays decisive 

roles in the evolution of magnetic anisotropy from in-plane magnetic anisotropy to perpendicular 

magnetic anisotropy in Ta/Mo/CoFeB/MgO/Ta films. Nonetheless, we further studied magnetic 

properties of various MTJ films with different Mo-dust layer thickness. Films with the structures 

of: 

1. Si/SiO2/Buffer/ CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/ Ta(8)/Ru(20),  

2. Si/SiO2/ Buffer /Mo(0.22)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.22)/Ta(8)/Ru(20), 

3. Si/SiO2/ Buffer /Mo(0.3)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.3)/Ta(8)/Ru(20), 
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4. Si/SiO2/ Buffer /Mo(0.45)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.45)/Ta(8)/Ru(20),  

5. Si/SiO2/ Buffer /Mo(0.55)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.55)/Ta(8)/Ru(20),  

6. Si/SiO2/ Buffer /Mo(0.67)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.67)/Ta(8)/Ru(20),  

7. Si/SiO2/ Buffer /Mo(0.9)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(0.9)/Ta(8)/Ru(20),  

8. Si/SiO2/ Buffer /Mo(1.2)/CoFeB(0.85)/ MgO(2)/ CoFeB(1.5)/Mo(1.2)/Ta(8)/Ru(20), and  

9. Si/SiO2/Mo(6)/Ru(10)/Mo(8)/CoFeB(0.85)/MgO(2)/ CoFeB(1.5)/Mo(8)/Ru(20)  

             

where Buffer = Ta(6)/Ru(10)/Ta(8), were fabricated and subsequently annealed at 420℃ for 10 

minutes. In Figure 4-3, the saturation magnetization (Ms) (Figure 4-3 (a)) and magnetic anisotropy 

field (Ha) (Figure 4-3 (b)) are plotted against different Mo dusting layer thickness. In the first place, 

a monotonic increase was observed for Ms and Ha when the thickness of Mo-dust layer increased 

to up to 0.7nm. After that, Ha started to decline which could possibly be due to the templating 

effect of crystalline Mo on CoFeB layers similar to what was observed in the GaAs/CoFeB 

structure  [255]. On the other hand, Ms rises to above 1000 emu/cc for 0.9nm Mo-dust and then 

slightly drops to 970 emu/cc for 1.1nm Mo-dust sample. Ms of the sample with thick Mo (6nm) 

layers (not shown here) is also 1000 emu/cc, and therefore, one can see that Ms starts to saturate 

for Mo-dust thicknesses above 0.9nm. Since the PMA energy of pMTJ is estimated by            

𝐸𝑃𝑀𝐴 = 𝐾𝑒𝑓𝑓 =
1

2
𝐻𝑎 ∙ 𝑀𝑠 , the best thickness of Mo-dusting layer were found to be 0.7-0.9 nm as 

can be seen from the Figure 4-4.   
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Figure 4-3: Saturation magnetization (Ms) (a) and anisotropy field (Ha) (b) against Mo dusting layer thickness for 

Si/SiO2/Ta(6)/Ru(10)/Ta(8)/Mo(t)/CoFeB(0.85)/MgO(2)/CoFeB(1.5) /Mo(t)/Ta(8)/Ru(20) All samples are annealed at 420℃ for 

10 minutes. 

    

 

Figure 4-4: Effective perpendicular anisotropy energy 𝐸𝑃𝑀𝐴 =
1

2
𝐻𝑎 ∙ 𝑀𝑠  for different Mo dusting thicknesses obtained from data 

presented in Figure 4-3. The best thickness of Mo dusting was found to be between 0.7-0.9nm. 
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4.3.3 Transport properties 

 

With the information obtained from the structural and magnetic studies, we investigated the 

dependence of TMR on different underlayers. The stack structures are : 

Si/SiO2/Ta(6)/Ru(10)/Ta(8)/Mo(t)/CoFeB(0.85)/ MgO(twedge)/ CoFeB(1.5)/Mo(t)/Ta(8)/Ru(20) 

where Mo layer thickness (t) having different values of 0, 0.45, 0.55, 0.67, 0.9, 1.2nm  and 

Si/SiO2/Mo(6)/Ru(10)/Mo(8)/CoFeB(0.85)/MgO(twedge)/ CoFeB(1.5)/Mo(8)/Ru(20) .The samples 

have MgO wedge thicknesses (twedge) from 1.8 to 2.5 nm  which corresponds to resistance area 

products (RA) of 0.01 to 1𝑀Ω ∙ 𝜇𝑚2 when  annealed at 420oC for 10 minutes. In Figure 4-5(a). 

TMR is plotted versus MgO thickness for different buffer/capping layers. Note that TMR for Ta 

sample is magnified 100 times to be comparable to other values. The reason for such a small TMR 

for Ta samples is due to the lack of well-defined antiparallel state at this annealing condition 

(420oC for 10 minutes)  [209,219]. In contrast to Ta behavior, samples containing any amount of 

Mo showed reasonably high TMR and sharp magnetization switching for the entire range of MgO 

thicknesses studied here. Figure 4-5(b) shows average TMR values of Ta with different thicknesses 

of Mo dusting layer. As we started to introduce 0.45nm Mo as a dusting layer to the pure Ta buffer 

and capping layers, we see immediate increase of TMR to values larger than pure Mo sample. 

Furthermore, for the thicker Mo dusting layers of 0.55nm, 0.67nm and 0.9nm we see an almost 

monotonic increase in TMR values. When the thickness of Mo layer was 1.2nm we observed a 

decrease of TMR. Therefore, the average TMR values increase as a function of Mo dusting layer 

up to 0.9nm thick Mo and then decrease as evidenced in Figure 4-5(b). Since annealing at higher 

temperatures is the key to improve the CoFeB/MgO interface that gives raise to high TMR 

values  [8,33], for the samples with 0.9nm Mo dusting layer, we did an annealing at the elevated 

temperatures of 500oC for 10 min, and as a results high TMR values above 200% for almost the 

entire range were achieved. Figure 4-6 (a) shows the TMR curve of a sample with 208% TMR. 

VSM measurement for both perpendicular magnetic field and in-plane magnetic field was 

performed on this sample as also illustrated in the Figure 4-6 (b). Easy-axis switching behavior for 

both soft and hard magnetic layer is observed under application of perpendicular magnetic field. 
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The average PMA energy of this particular sample with both soft and hard CoFeB is estimated to 

be around 1.5 Merg/cc without taking into account the dead layer thickness.     

                                                                                     

 

Figure 4-5: (a) TMR vs MgO thickness for different Buffer and capping layers. The samples are annealed at 420℃ for 10minutes. 

One particular sample (0.9nm Mo dusting) sample is annealed at 500℃ for 10 minutes as well. Note that TMR for Ta-MTJs is 

multiplied 100 times to be comparable with other values. (b) Average TMR values for different Mo dusting layer thickness for 

annealing at 420oC (red) and 500oC for 10 minutes. The best thickness of Mo dusting was found to be between 0.7-0.9nm 
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Figure 4-6: (a) R-H  curve , (b) VSM curve, for the pMTJ with Mo dusting (0.9nm) shows the largest TMR (208%) in this research, 

and a record high in all pMTJs with interfacial PMA. Sample annealed at 500oC for 10 minutes. 

 

It must be noted that further annealing of this sample resulted in a drop in TMR. For the particular 

sample with the highest TMR (Figure 4-6), we plotted the TMR curve versus annealing 

temperature in Figure 4-7(a). As can be seen, TMR decreased from 208% to around 190% after 

annealing at 560oC for 10 minutes. Despite a drop in the TMR, very sharp switching of free and 

hard layer is observed from Figure 4-7(b). Another feature from Figure 4-7(b) is that the resistance 

of the junction is not dropped even after annealing at such a high temperature (560oC), which 

indicates no noticeable interdiffusion of Ta or Mo into MgO barrier has taken place. This excellent 

thermal robustness of Mo dust samples against annealing is a very valuable property of 

perpendicular magnetic tunnel junctions for application.  
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Figure 4-7: (a) TMR versus annealing time for the sample with the highest TMR (Figure 4-6). MR curve of the sample after 

annealing at 560oC for 10 minutes. 

4.4 Discussion 

 

These results further highlight the critical role of the HM/CoFeB interface in the magnetic and 

transport properties of HM/CoFeB/MgO junctions. As discussed previously, formation of Fe-Mo 

binaries are less likely due to the high energy involved compared to that of Fe-Ta [53]. Although 

the crystalline nature of thick Mo layers might interfere with the SSE process, it also means less 

tendency to diffuse toward adjacent CoFeB layer during annealing. On the other hand, amorphous 

Ta is more easily interdiffused with CoFeB during the annealing process and, consequently, 

degrade the magneto-transport properties  [245]. In addition, diffusion toward CoFeB/MgO 

interface and forming different oxides is more likely to happen for Ta samples owing to their more 

negative energy of formation compared to those of Mo and Mg  [256]. Finally, since the average 
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enthalpy of formation of borides for Mo, -47.5 KJ/mole, is higher than that of Ta, -66 KJ/mole, 

one expects that Ta is better B absorbent leading to better crystallization of adjacent CoFeB layers. 

Therefore, by using ultrathin Mo layer between Ta and CoFeB layers, Mo can prevent the 

interdiffusion of Ta and CoFeB, and at the same time, allow small boron atoms to be absorbed 

more efficiently by Ta layers. More detailed discussion is presented in CHAPTER 6. 

4.5 Conclusion 

 

In summary, we investigated the effect of a thin Mo dusting layer inserted at the interface of 

Ta/CoFeB. Unlike thick Mo layers exhibiting strong (110) crystalline texture, the Mo dusting layer 

had little negative influence on the crystallization of CoFe (001). For optimized Mo dusting 

thickness, large TMR above 200% as well as strong thermal stability were simultaneously 

achieved. In order to meet the requirements for high performance pMTJs at sub-10nm 

dimension  [192], additional material optimizations are needed to further enhance PMA. A free 

layer with double CoFeB/MgO interfaces and Mo could possibly give rise to higher PMA. In 

addition, controlling the oxidation states of Fe and Co at the CoFeB/MgO interface is also critical 

in achieving larger PMA.  
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 TMR evolution study in Ta and W based MgO pMTJs  

In this chapter, the results of study on pMTJ with W buffer and seed layers are presented. 

Compared to the previous cases of  pMTJ with Mo and Mo dusting layers, discussed in CHAPTER 

3 and CHAPTER 4, W based pMTJs showed less attractive TMR and PMA properties, but it 

demonstrated better features than Ta-pMTJs. Moreover, it provided a very helpful insight as to 

why TMR is much larger for in-plane MTJs compared to that of pMTJs. This was revealed by 

analysis of conductance in parallel and antiparallel states over the different times of annealing. The 

presented results and discussions are mainly taken from the publication in Ref.  [54]. 

5.1 Introduction 

Spin transfer torque magnetic random-access memories (STT-MRAM) are the center of intense 

research and development efforts owing to their non-volatility, ultralow-energy consumption, 

high-speed performance, quasi-infinite endurance, and reliability. The key component of the latest 

generation of MRAMs, is a perpendicular magnetic tunnel junction (pMTJ). Usually the 

perpendicular easy axis in pMTJs is provided by materials with bulk perpendicular magnetic 

anisotropy (PMA) with rare-earth or L10 magnetic alloys [232,234,257,258], by exchange coupled 

ferromagnetic electrode with a Co/Pt (Pd) superlattice [236,259–262], or by interfacial PMA in 

heavy-metal/ferromagnet/oxide (HM/FM/oxide) structures  [49,53,217]. In addition to support a 

reasonably large PMA and tunneling magnetoresistance (TMR), the simple HM/FM/oxide 

structure may also enable ultra-low energy switching of pMTJ [142,152,263] through effects such 

as voltage controlled magnetic anisotropy (VCMA) [140,264–266] and voltage controlled 

magnetism [267–270]. In most HM/FM/oxide structures, CoFeB and MgO are the preferred 

materials in order to obtain large TMR [8,31] . For many practical applications pMTJs need to 

maintain their structure integrity at 400oC or above [191,214].  Therefore, the very thin thickness 

of CoFeB (~1nm) puts stringent requirements on the choice of HM layer. Ta has been widely used 
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due to its high thermal stability, ability to absorb Boron, and nearly amorphous crystalline 

structure [31,140,217]. Other HMs such as Pt (Pd)  [246], Hf  [62,64,218] and Mo [53,55,61,247] 

have also been explored in pMTJs. A few experiments have shown that large PMA can be obtained 

in W/CoFeB/MgO [56,271–273], suggesting W could be a good candidate for pMTJs. Recently, 

it was shown that using W/Ta capping layer, a very thermally stable structure with PMA can be 

achieved and maintained even after annealing 30 minutes at 570oC  [57]. Many reports also show 

the high thermal stability and high TMR for pMTJs with Co/Pt(Pd) multilayers using W spacer 

layers  [244,250,271,274–277] . For a standard MTJ, a TMR of 60% was achieved in hybrid 

junctions with a perpendicular W/CoFeB bottom electrode and an in-plane top electrode [59]. 

However, TMR in fully perpendicular junctions with simple W/CoFeB/MgO structure was first 

reported in Ref.  [249].  The maximum TMR reported in Ref.  [249] was about 120%.  

In this work, we report a TMR of 138% in full pMTJs with W as the buffer and capping layers. 

We investigated the evolution of tunneling conductance and TMR during the annealing process in 

pMTJ with W and Ta layers. It was found that although pMTJs with W layers could maintain 

better PMA during prolonged annealing, the diffusion of W into the CoFeB/MgO/CoFeB layer has 

progressively deteriorated the tunneling barrier, leading to the collapse of junction resistance. 

Furthermore, through the comparison with conventional tunnel junctions with in-plane magnetic 

anisotropy, the evolution of tunneling conductance suggests the relatively low TMR in pMTJs is 

related to the lack of highly polarized Δ1 conducting channel developed in the initial stage of 

annealing. 

5.2 Experimental methods 

 

All samples in this work were deposited on silicon wafers with 300nm of thermal oxide in a 12-

source magnetron sputtering system (AJA-International), see section 2.1 for the details of sample 

fabrication. The base pressure is in the range of 10-9 Torr and the working pressure is about 2mT 

of Ar for the metallic layers and 1.1mTorr for MgO layer. Metallic layers and MgO layer were 

deposited by DC and RF magnetron sputtering respectively. The substrates were held at room 

temperature during deposition. For transport studies, multilayers consisting of W(6)/Ru(10)/W(9)/ 

Co20Fe60B20(0.8-0.95)/MgO(1.5–3)/Co20Fe60B20(1.5-1.6)/W(9)/Ru(20) and Ta(6)/Ru(10)/Ta(9)/ 
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Co20Fe60B20(0.85)/MgO(1.5–3)/ Co20Fe60B20(1.6)/Ta(9)/Ru(20) were used, where the numbers in 

parentheses indicate the thickness in nanometers. The samples were annealed in a rapid thermal 

annealing setup for various annealing temperatures. Multilayer films were patterned into circular 

MTJs with diameters of 3-20 𝜇𝑚 using conventional microfabrication techniques for TMR 

measurements. Magnetic properties of unpatented films were characterized by a vibrating sample 

magnetometer (VSM) and independently verified by a superconducting quantum interference 

device (SQUID). The microstructure of pMTJs with W and Ta layers were investigated by sub-

angstrom resolution scanning transmission electron microscopy (STEM) performed in FEI Titan 

STEM with CEOS probe aberration corrector at the University of Wisconsin at Madison. 

5.3 Results 

 

It is known that an essential step to obtain high TMR in CoFeB/MgO/CoFeB sandwiches is a post-

deposition thermal treatment by annealing junctions at a high temperature  [31,33]. In conventional 

pMTJs with Ta/CoFeB/MgO structures, annealing at high temperatures above 300oC could lead to 

the loss of well-defined antiparallel state and therefore a dramatic drop of TMR [209,219]. Hence, 

an appropriate annealing condition (i.e. annealing time and temperature) is critical to optimize 

TMR and PMA in perpendicular tunnel junctions. For our W-pMTJs, it was found that annealing 

at 420oC for 10 min gave rise to the highest TMR values with a strong PMA. 

 

Figure 5-1: TMR ratio in W-pMTJs with different MgO thickness annealed for 10 min at 420℃. The structure of this series of 

samples is Si/SiO2/ W(6)/Ru(10)/W(9)/CoFeB(0.95)/MgO(1.8-3)/CoFeB(1.5)/W(9)/Ru(20).  (b) the highest TMR of 138% achieved 

in this study. 
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The TMR of a series of pMTJs with different MgO barrier thickness annealed under this condition 

is plotted in Figure 5-1(a). Large magnetoresistance ratio above 125% was observed for the entire 

range. The highest TMR obtained in this study is 138%, which corresponds to the sample with 

2.4nm MgO (Figure 5-1(b)). 

5.3.1 Magnetic properties 

To study magnetic properties of the junctions, multilayers consisting of W(6)/ Ru(10)/W(9)/ 

Co20Fe60B20(t)/MgO(2)/Ta(6) with Co20Fe60B20 thicknesses (t) ranging from 0.8 to 2nm were 

fabricated and annealed at 300oC and 420oC for 10 minutes. We estimated the interfacial magnetic 

anisotropy by fitting a linear curve to the anisotropy energy (in the form of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵), versus 

CoFeB thickness, and finding the intercept of the fitted line as shown in Figure 5-2. Interfacial 

perpendicular energy densities of 1.23 and 1.67 erg/cm2 were obtained for annealing at 300oC and 

420oC, respectively. These values are larger than the value (1.19 erg/cm2) obtained in 

reference  [59],  but smaller than average Ki of 1.7 erg/cm2 reported  in reference  [56] . 

 

 

Figure 5-2: Perpendicular anisotropy energy in the form of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 for different thickness of CoFeB (CFB). The red dashed 

lines are the linear fits to the data to estimate interfacial anisotropy energy (Ki). By finding the intercept, the values of 1.21 and 

1.67 erg/cm2 were obtained respectively for annealing at 300oC and 420℃ for 10 minutes. Samples have the structure of W(6)/ 

Ru(10)/W(9)/ Co20Fe60B20(t)/MgO(2)/Ta(6) where t had the values between 0.8 to 2.0 nm 
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From the areal saturation magnetization versus CoFeB thickness for the case of 420oC (Figure 

5-3), we found the thickness of dead layer and saturation magnetization to be 0.1 nm and 1350 

emu/cc respectively. It should be pointed out that we did not take into account this dead layer 

thickness for the calculation of Ki in Figure 5-2 . 

 

Figure 5-3: Areal Magnetization versus CoFeB thickness for W based samples. From X intercept we can find the dead layer 

thickness (~0.1 nm ) . The slope also gives the saturation magnetization (1350 emu/cc). 

 

5.3.2 Transport properties 

 

To compare W-based pMTJ with conventional Ta-based pMTJ, we investigated the evolution of 

conductance and TMR in both types of junctions during annealing. In addition, the comparison 

was made with Ta in-plane MTJs. Tunneling magnetoresistance of 600% has been demonstrated 

in Ta/CoFeB/MgO junctions with in-plane magnetic anisotropy [33]. However, the perpendicular 

counterpart with thin CoFeB layers exhibited much smaller TMR of ~160% [53,209]. The giant 

TMR in MTJs with in-plane magnetic anisotropy is developed in two different stages during the 

annealing process [225]. The first stage involves with the formation of highly conducting Δ1 

channel through the crystallization of amorphous CoFeB electrodes, corresponding to a sharp rise 

of TMR during initial annealing. The second stages involves with the improvement of crystalline 

structure of MgO (001) barrier, corresponding to a slower increase of TMR approaching to a 
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saturation. Comparison of these behaviors could provide a unique opportunity to understand the 

limit of TMR in pMTJs.  

 

Figure 5-4: Parallel (Rp) and antiparallel (Rap) resistances of W(a) and Ta(c) pMTJs. Corresponding TMR curves for W (b) and 

(Ta) pMTJs annealed at 340oC. 

 

The annealing study for W and Ta-based pMTJs were carried out at 340oC, 380oC and 420oC. The 

results for 340oC and 380oC is shown in Figure 5-4 and Figure 5-5. It is evident from these two 

figures that a minor difference between these two types of samples (about 10% higher TMR is 

obtained for W-based pMTJs) exist. For the case of 340oC, both Ta and W pMTJs behave very 

similarly in terms of dynamics of parallel resistance (Rp) and antiparallel resistance (Rap) as shown 

in Figure 5-4(a,c). Additionally, evolutions of TMR also behave similarly as illustrated in Figure 

5-4(b,d) for the entire annealing time. The only discernable difference is at the as deposited states 

(time=0) of the samples where a little higher TMR was observed for W-pMTJ, likely due to some 

crystallization effect of W layers on the CoFeB texture. 
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Figure 5-5: Parallel (Rp) and antiparallel (Rap) resistances of W(a) and Ta(c) pMTJs. Corresponding TMR curves for W (b) and 

(Ta) pMTJs annealed at 380oC. 

 

A more pronounced difference, still not substantial, was observed for annealing at 380oC. If we 

compare the TMR graphs for W [Figure 5-4(b)] to that of Ta [Figure 5-4(d)], we observe the same 

trend (we will discuss all the features in terms of Gp and Gap in more details in the next paragraph) 

which is a jump at the beginning of the annealing followed by almost a steady state at the highest 

point. Despite having similar TMR evolution, the behavior for resistance is slightly different for 

W [Figure 5-4(a)] and Ta [Figure 5-4(c)] junctions. In fact, the difference is related to the drop of 

both Rp and Rap for W-pMTJ Figure 5-4(a). The TMR can be, in principle, maintained at the same 

value even if both Rp and Rap change. Significantly different TMR behavior was observed for 

annealing at 420oC from Figure 5-6. The evolution of TMR at this temperature is shown in Figure 

5-6 (a) for W-pMTJ, Figure 5-6 (b) for Ta-pMTJ, and in Figure 5-6 (c) for Ta in-plane junction, 

with the corresponding parallel conductance (Gp) and antiparallel conductance (Gap) shown in the 
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lower panels [Figure 5-6 (d-f)]. Both pMTJs have the resistance area (RA) product of about 0.5 

𝑀Ω ∙ 𝜇𝑚2 in parallel state. They have similar layers of CoFeB(0.85)/MgO(2)/CoFeB(1.6) in their 

structures. The data for the in-plane MTJ is from Ref.  [225] and the structure of the sample is 

Si/SiO2/Ta (7)/Ru (20)/Ta (7)/CoFe (2)/IrMn (15)/CoFe (2)/Ru (1.7)/ CoFeB (3)/MgO (2)/CoFeB 

(3)/Ta (8)/Ru (10) with units in nm.  

 

 

 

Figure 5-6: Tunneling magnetoresistance curves (blue lines) versus annealing time for W-pMTJ (a),  Ta-pMTJ (b), and Ta in-

plane MTJ (c)  structures , and corresponding normalized conductance for parallel state (GP) (black lines) and antiparallel state 

(GAP) (red lines) curves versus the time of annealing for W-pMTJ (d),  Ta-pMTJ (e), and Ta in-plane MTJ (f)  structures for 

annealing at 420oC.  Inset of Fig. 3(d) shows the detailed evolution of conductance of W-pMTJ before MgO barrier fails.   

   

First let’s focus on the two pMTJs. The TMR experiences a sharp increase in both systems, 

reaching more than 80% after 12s of annealing at 420oC. For W-pMTJ, TMR reaches a peak value 

of 110% after annealing for 860s then starts gradually decreasing upon further annealing as shown 

in Figure 5-6 (a). The TMR of Ta-pMTJ, on the other hand, reach about ~110% at the beginning 

then quickly drops nearly zero after 480s. The evolution of Gp and Gap in these two types of pMTJs 

provides more information on the very different behaviors. It can be seen that the drop of TMR in 

W-pMTJ to about 80% at 6840s is mainly due to the slight increase of Gap as shown in the inset of 
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Figure 5-6 (d). It must be mentioned that a distinct difference between TMR was observed for 

identical samples with the same accumulated times of annealing but different in terms of number 

of the time we perform annealing. More clearly, when W-pMTJ was annealed at 420oC for 6840s 

at once, TMR about 110% [Figure 5-7(a)] was obtained, but annealing at different steps (similar 

to the experiment we are reporting) at 420oC with total accumulated time of 6840s results in much 

smaller (80%) TMR. We speculate this might be related to damage to the sample during MR 

measurement at each temperature or from annealing process. Nonetheless, TMR is still very 

appreciable and strong PMA is observed regardless of type of annealing in the W-pMTJ at 420oC 

for 6840s. Indeed, PMA at this annealing time is fully preserved as demonstrated in the hysteresis 

loops in the Figure 5-7(b). However, the fast decrease of TMR afterwards to nearly zero is due to 

the sudden increase of both Gp and Gap as shown in Figure 5-6 (d), suggesting the collapse of MgO 

tunnel barrier in extended annealing. The evolution of Gp and Gap is markedly different in Ta-

pMTJ. The sharp drop of TMR after 480s is caused by the increase of Gap to a value equal to Gp, 

due to loss of antiparallel plateau in the TMR curve.   When magnetization of the soft layer lies in 

plane direction (orthogonal to that of hard layer), TMR drops to ~50% of its maximum value, as 

shown previously  [278]. The PMA is totally lost after annealing for 6840s in Ta-pMTJ, where the 

hysteresis loops under both in-plane and perpendicular fields exhibit superparamagnetic-like 

shape. This is in sharp contrast to the W-pMTJ where a reasonably strong PMA (~1.1 x 106 erg/cc) 

is still retained, demonstrating W is indeed a better choice for maintaining stronger PMA during 

high temperature annealing as shown in previous studies [28–31]. However, unlike in W-pMTJ 

where MgO barrier became nearly transparent, both Gp and Gap of Ta-pMTJ stayed nearly constant 

even to the end of annealing at 3.5 hours, which indicates the MgO barrier is more stable in Ta-

pMTJ despite of loss of PMA during prolonged annealing. The 10 times increase of conductance 

in W-pMTJ suggests the MgO barrier has been compromised, presumably due to the interdiffusion 

of W into the tunnel barrier during extended annealing. It is worthy to mention that annealing 

experiments have been conducted at different MgO and CoFeB thicknesses and similar results 

were obtained for Ta and W pMTJs. 
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Figure 5-7: TMR curve for W-based pMTJ after 2 hours annealing at 420oC(a), and corresponding VSM curve(b) for in-plane 

(red) and perpendicular (black) applied magnetic fields. Inset in (b) shows the switching of free layer around zero field. 

 

Now let’s pay attention to the difference between pMTJs and the in-plane MTJ. A number of 

interesting features can be observed. First, TMR in all three systems increases rapidly at the 

beginning stage of annealing, agreeing with the rapid crystallization of CoFeB at 420oC [225]. 

Second, unlike that of W-pMTJ and Ta-pMTJ, the TMR in the in-plane junction didn’t drop after 

annealing of a few hundred seconds. Instead it maintained a slow positive rate of increase and 

eventually reached a maximal value of 255%, which is due to the defect reduction in MgO so that 

the conduction of Δ5 and Δ2’ band electrons is further reduced in this second stage of 

annealing [225]. Third, and most importantly, the evolution of Gp is strikingly different in pMTJ 

and in-plane MTJ. Before it started to decrease, Gp increased by 30% and 15% in W-pMTJ and 

Ta-pMTJ, respectively, as shown in Figure 5-6(d) and Figure 5-6(e). This jump is much smaller 

compared to the 90% increase of Gp in the in-plane MTJ as shown in Figure 5-6(f). The rapid 

increase of Gp in the in-plane junctions is attributed the establishment of coherent tunneling of Δ1 

band electrons [225]. 



108 

 

 

Figure 5-8: Panels (a-c) from reference  [20]. (d) Bias dependence of parallel conductance channel of a perpendicular magnetic 

tunnel junction with MgO thickness of 1.2nm (dI/dV curve) for Ta-pMTJ. 

 

To get more insight into the transport properties, bias-voltage dependence of conductivity is 

studied. This technique, also called tunneling spectroscopy, can reveal the features of the density 

of states of ferromagnetic electrodes. Figure 5-8(d) shows bias dependence of parallel conductance 

channel of a perpendicular magnetic tunnel junction with MgO thickness of 1.2nm. The asymmetry 

of the curve is due to the different oxidation of CoFeB layers above and below the MgO barrier.  

Unlike the case of in plane MTJs where we expect the contribution of Δ5 channels with thin  MgO 

barrier [20] , there is no local minima at around small voltages (<0.3 V) in G(V) curve. To explain 

this, it has been discussed that for the junctions with thin MgO layers, the presence of ∆1 bands 

[parabolic band] will be accompanied by ∆5 bands [in the form of local minima for V<0.3V] in I-

V curve of the junction, illustrated in Figure 5-8(a-c) [from Ref.  [20]]. More clearly, from the 

band diagram of the bulk Fe shown in Figure 5-8(c) we can see that the top of the Δ5 band lies at 

about 0.2-0.3 eV above EF. This means that at low voltages (below 0.2 V) these states may 

contribute to the transport. Since these local minimums are absent in the Figure 5-8(d), we 

speculate that the formation of highly polarized ∆1 is not completed, therefore hindering the higher 

TMR values in our pMTJ samples. For that reason, we believe the coherent tunneling of Δ1 is not 

well stablished in pMTJs, just as the absence of the characteristic feature of Δ5 as shown in Figure 
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5-8(d).  These results suggest the low TMR in pMTJs is related to the incomplete formation of the 

highly conducting Δ1 channel. In addition to the crystallization of CoFeB and improvement of 

MgO crystalline structure, one has to consider other factors such as presence of resonant states and 

change of oxidation level at the FM/oxide interface in order to understand the behavior of tunneling 

conductance. Therefore, the exact origin of the smaller increase of Gp in pMTJ is not clear at 

present and it is beyond the scope of this work. Nevertheless, this comparison provided us a unique 

insight to understand why the TMR is much lower in pMTJs.  

 

5.3.3 Structural analysis 

 

To understand the collapse of tunneling resistance in W-pMTJ after prolonged annealing, we have 

carried out a HRSTEM study on the pMTJs annealed for 3.5 hours at 420oC. Cross-sectional 

annular bright field (ABF)-STEM image of full MTJ stack is presented for W [Figure 5-9(a)] and 

Ta [Figure 5-9(d)] samples. 

 

 

Figure 5-9: Cross-sectional STEM image of the full pMTJ with W (a) and Ta (d), corresponding high resolution STEM images of 

MgO region for W(b) and Ta(e) junctions, and EDS mapping of pMTJs with W (c) and Ta (f) where Fe is in green, Mg is in blue 

and W (Ta) is in red.   
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As it is clear from Figure 5-9(a), W-pMTJ does not shows clear interfaces between layers and 

individual layers cannot be completely identified due to high level of roughness of the sample. In 

contrast, Ta-pMTJ shows much more smooth interfaces that are clearly distinguishable as 

presented in Figure 5-9(d). To extract more information about the properties of MgO barriers, high 

resolution ABF-STEM images are presented for W [Figure 5-9 (b)] and Ta [Figure 5-9 (e)] 

samples. The MgO barrier of W-pMTJ junction [Figure 5-9 (b)] has wavy interfaces that cannot 

be clearly distinguished from CoFeB. Furthermore, no crystalline structure was observed in the 

MgO layer.  Unlike the W sample, Ta-pMTJ shows much more clear MgO interfaces with CoFeB 

layers. In addition, sizable lattice fringes are visible for Ta sample indicating good crystallinity of 

the MgO barrier. Besides the high roughness of the W junction witnessed here, interdiffusion of 

W into CoFeB/MgO/CoFeB layers is also observed from the EDS mapping as illustrated in Figure 

5-9(c), where red pixels are scattered everywhere including CoFeB and MgO layers. This 

interdiffusion of W into the MgO barrier explains why the resistance of the junctions dropped 

nearly ten times after the prolonged annealing at 420oC. The diffusion of W into the MgO barrier 

could also be revealed by studying the temperature dependence of TMR as proposed by Shang et 

al  [279] and Jansen et al.  [280], which will be reported in our forthcoming publications. On the 

contrary, from EDS analysis for the Ta sample shown in Figure 5-9(f), no detectable Ta signal 

above the noise level is observed within MgO layer supporting the idea that Ta-pMTJ is 

structurally more robust than W-pMTJ after annealing at a high temperature for extended time. 

More information can be obtained by comparing these HRSTEM results to those of as deposited 

and optimally-annealed pMTJs, which is a study underway.  

5.4 Discussion 

 

To address different factors when comparing pMTJs with Ta and W buffer/capping layers, one can 

discuss as the following. First of all, as we pointed out in an earlier report  [53], the tendency of 

forming binary HM-FM alloys can be estimated by their heat of formations [228] which is 

tabulated for many heavy metals, and it has the values of -19 kJ/mol and -2.5 kJ/mol for Ta and 

W, respectively. Not surprisingly, Ta is more likely to form an alloy with Fe than W, which agrees 

also with the larger dead layer thickness observed in Ta samples reported by other 
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papers  [56,59].The ability to absorb proper amount of boron, for the sake of CoFeB crystallization, 

is also a key factor that contributes to the formation of CoFeB(001)/MgO(001) interfaces  [281]. 

Finally, the roughness and crystalline structure of HM layers is also very critical as revealed in the 

present study. More discussion is presented in the following chapter. 

5.5 Conclusion 

 

In summary, a large TMR of 138% was achieved in fully perpendicular MTJ with a simple 

W/CoFeB/MgO structure. Although W is a good material to promote strong PMA and large TMR 

when optimally annealed, it is less thermally stable compared to Ta if the annealing condition is 

not carefully chosen. Through a comparison study with conventional in-plane MTJ, the evolution 

of tunneling conductance suggests the relatively low TMR in pMTJs is related to the lack of highly 

polarized Δ1 conducting channel developed in the initial stage of annealing. 
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 Effect of HM on PMA and TMR in CFB/MgO MTJs 

 

In this chapter, the goal is to provide some physical explanation for the results of the experiments, 

and give overall comparison for pMTJs with different buffer and capping heavy metals. Many 

contributing factors to the properties of TMR and PMA are discussed.  Before we start the 

discussion on the results, details of the recent unpublished studies on Ir-pMTJ and Hf bottom 

structure is presented.  

6.1 Results of Ir and Hf buffer layers 

 

In this section, the results for Ir and Hf based MTJs are presented. Ir-pMTJs show fully PMA and 

appreciable TMR at moderate annealing temperatures. Theoretically, a large PMA was predicted 

for Ir/FM/MgO structures  [68]. Additionally, it was shown in hybrid Ir-MTJ (one ferromagnetic 

layer with PMA and one with in-plane anisotropy) interesting voltage control magnetic anisotropy 

effect can be observed.  

Hf based half MTJs were also predicted to have very large PMA from first principle 

calculations  [66]. The Hf/CFB/MgO was also experimentally studied, and a very large interfacial 

magnetic anisotropy has been reported [62]. Therefore, the choice of Hf as HM logically seemed 

to give superior magnetic properties. Indeed, a very large PMA (2.2 erg/cm2) was observed for 

mild annealing temperatures. For annealing at higher temperatures, or longer time, such as 420oC 

for 10 min or similar, both Ir and Hf MTJs degraded in terms of PMA and TMR.  

6.1.1 Properties of MTJs with Ir buffer and capping layers 

   

For the magnetic and transport properties, multilayers with the structures: 
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1. Ir(6)/Ru(10)/Ir(8)/CoFeB(t=0.5 to 3)/MgO(1.5)/Ta(10), and  

2. Ir(6)/Ru(10)/Ir(8)/CoFeB(0.85)/MgO(1-3)/CoFeB(1.5)/Ir(10)/Ru(20)  

with all the thicknesses in nm have been fabricated in the AJA system on to a silicon wafer with 

300nm SiO2. See section 2.1 for the details of sample fabrications.  

Magnetic properties of the unpatterned films with various CFB thicknesses were studied by the 

VSM. Figure 6-1 shows the summary of magnetic properties in Ir-pMTJ.  

 

 

Figure 6-1: (a) Effective PMA energy in the form of 𝐾𝑒𝑓𝑓 ∙ 𝑡𝐶𝐹𝐵 for Ir/CFB/MgO structures at different annealing conditions; as 

deposited state (red dots), 250oC for 10 minutes (black squares), and 300 oC for 10 minutes (blue triangles). Interfacial magnetic 

anisotropy (Ki) can is extrapolated from the data (lines in (a)), and corresponding values for as deposited state (Ki= 1.01 erg/cm2), 

annealed at 250oC (1.24 erg/cm2), and annealed at 300oC( 1.13 erg/cm2) were approximated. (b) Areal magnetization versus CFB 

thickness is illustrated to estimate the dead layer thickness (from the intercept) and saturation magnetization (from the slope) from 

the linear fit to the data. 

 

Effective PMA energy in the form of Keff ∙ tCFB for Ir/CFB/MgO structures at different annealing 

conditions is given in Figure 6-1(a) for as deposited state, 250oC and 300oC for 10 minutes.  

Interfacial magnetic anisotropy (Ki) was extrapolated from the data (linear fits in Figure 6-1(a)), 

and corresponding values for as deposited state and annealed at 250oC and  300oC for 10 minutes  

were found, respectively, to be  1.01,  1.24, and 1.13 erg/cm2. In addition, Areal magnetization 

versus CFB thickness graph was used to estimate the dead layer thickness (the intercept) and 

saturation magnetization (the slope) from the linear fit to the data, as shown in Figure 6-1(b). Note 

that the saturation magnetization can be also found for each sample from VSM curves, but the 

areal magnetization can vary from sample to sample. From data presented in the Figure 6-1(b), we 

can estimate the dead layer thickness of around 0.13, 0.17, and 0.14nm for as deposited, annealed 
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at 250oC, and 300oC, respectively. Also, the saturation magnetizations (Ms) were found to be 1350, 

1400, 1310 emu/cc for as deposited, annealed at 250oC, and 300oC, respectively. 

In contrast to the results published in another paper with the similar structure  [60] where Ki was 

improved to 1.9 erg/cm2, annealing at 300oC will result in a decrease in the PMA in the Ir-pMTJ 

samples, and interfacial magnetic anisotropy drops from 1.24 to 1.13 erg/cm2. Probably a larger 

dead layer thickness observed in our samples is responsible for the smaller Ki.  

Transport properties of the Ir-pMTJs were characterized with four probes electrical measurements 

as explained in section 2.3. 

 

Figure 6-2: TMR curve for fully perpendicular magnetic tunnel junctions with Ir buffer and capping layers annealed at 300oC. 

 

 

Figure 6-2 demonstrates the TMR curve for a fully PMA magnetic tunnel junction using Ir as 

heavy metal in HM/CFB/MgO structure. The sample is annealed at 300oC. The obtained TMR is 

markedly smaller than any other pMTJ in this study and the reason is under investigation. No 

significant drop of resistance was observed compared to as deposited state. Therefore, no 

noticeable interdifussion of impurities to the barrier is expected. The switching transition from P 

to AP and AP to P is very sharp, and a well-defined plateau is seen for AP states. Hence, the 

magnetic properties are also preserved. All in one, it could be speculated that the fcc structure of 

Ir might interfere with SSE of CFB(001)/MgO(001) interface and as a results TMR is very smaller 

to standard Ta-pMTJs. This requires XRD or TEM study to prove this hypothesis.  
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6.1.2 PMA in Hf/CFB/MgO structures 

 

Very large interfacial PMA (Ki) of around 2.3 erg/cm2 was experimentally reported for the Hf 

buffer and capping layers  [62], and attributed mostly to the amorphous nature of Hf. Following 

the experimental results, first principle calculations also predicted a large PMA arising from Hf/Fe 

interface which give raise to PMA in Hf/CF/MgO  [66,67]. In this study, multilayers of: 

Hf(6)/Ru(10)/Hf(8)/CoFeB(t)/MgO(1.5)/Ta(10) where t ranges from 0.5 to 3nm, were fabricated. 

The blank films, then, annealed and tested in VSM system to probe the magnetic properties. For a 

certain CFB thicknesses below 1.1nm the PMA is realized in the samples. For instance, Figure 

6-3(a) shows the case of tCFB=0.85nm where perpendicular easy axis is obtained, whereas for the 

case of  tCFB=1.7nm , obvious in-plane easy axis is determined as shown in Figure 6-3(b). To obtain 

the interfacial magnetic anisotropy, Ki, the effective PMA energy is plotted against the CFB 

thickness in Figure 6-3(c) where a very large Ki of 2.2 erg/cm2 is estimated for the Hf/CFB/MgO 

structures. It is worthy to mention that, annealing at higher temperatures or for extended period of 

the time will greatly decrease the PMA. Therefore, the Hf buffer and capping layer can only be 

utilized in structures where the annealing condition is not very severe. 

 

Figure 6-3: Hf/CFB/MgO sample with perpendicular (a), and in-plane (b) magnetic anisotropy. Effective PMA energy versus CFB 

thickness is shown (c) for the Hf/CFB/MgO/Ta structure. The linear fit to the data gives interfacial PMA of 2.2 erg/cm2 for 

annealing at 400oC for 10 minutes.  
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With the date provided in the previous sections, a more systematic study can be performed on 

pMTJs with different buffer and capping layers. So, the discussion on TMR and PMA is presented 

in the following. For the provided data in tables, or graphs, an average over available experimental 

or theoretical data is used to represent the properties of the specific heavy metals, when 

appropriate. 

6.2 Effects of HM on TMR in pMTJs 

 

As we discussed in CHAPTER 1, spin dependent tunneling of electron in magnetic tunnel 

junctions will result in TMR effect. The giant TMR in MgO MTJs was attributed to the properties 

of evanescent states of MgO barrier and Bloch states of ferromagnetic electrodes at the interface. 

It has been shown that the exact treatment of TMR in MgO MTJs requires great attention to many 

factors such as tunneling through interface resonance states  [8,23],   chemical bond effects  [26,27] 

and Fermi surface anisotropy or details of Fe band structures  [9,10] in the vicinity of ferromagnet-

insulator interface. From experimental point of view, this can be translated to effects of the level 

of Fe oxidation during, or after, sample fabrication, and morphology and thermochemistry of the 

Fe/MgO interface (roughness, stress,…) on the transport properties of MTJ. Most of 

aforementioned studies were discussed in details in the context of in-plane MTJs, and it is not 

trivial if they can be also applied, at least to the same extend, to the case of pMTJs. Besides, a very 

little attention is given to the underlayer or capping layer effects on TMR since it was believed 

that underlayer material is not directly relevant to the concept of TMR. More clearly, it was 

believed that capping or buffer layer can , for instance, change the crystallization of Fe (CoFeB) 

during annealing and consequently alter the TMR properties  [52,252,282,283]. However, very 

recently, several reports of TMR dependence on buffer/capping materials have been  published 

that address the effects of HM/FM interface on the transport properties of the tunnel 

junctions  [250,284,285]. In particular for the case of Ta, W, and Mo, it was shown that TMR 

properties are very different. In these studies, a first-principles method was used to study spin-

resolved transport in HM/CoFe(001)/MgO(001)/CoFe(001)/HM structures where HM= Ta, Mo, 
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W, Hf. In order to investigate the transport properties in MTJs, the spin-resolved conductance was 

obtained by the Landauer-Buttiker formula: 

 
𝐺𝜎 =

𝑒2

ℎ
 ∑𝑇𝜎(𝑘∥

𝑘∥

, 𝐸𝐹) 

 

6-1 

 

 

 

Where 𝑇𝜎(𝑘∥, 𝐸𝐹) is the transmission coefficient with spin 𝜎 at the transverse Bloch wave vector 

𝑘∥ = (𝑘𝑥, 𝑘𝑦) and the Fermi level EF, e is the electron charge, and h is the Planck’s constant. 

Based on the definition of TMR ratio: 

 

𝑇𝑀𝑅 =
𝐺𝑃 − 𝐺𝐴𝑃

𝐺𝐴𝑃
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where 𝐺𝑃, 𝐺𝐴𝑃 are total conductance in parallel and antiparallel configurations as defined: 

 

 

𝐺𝑃 = 𝐺𝑃
↑↑ + 𝐺𝑃

↓↓ 𝑎𝑛𝑑 𝐺𝐴𝑃 = 𝐺𝐴𝑃
↑↓ + 𝐺𝐴𝑃

↓↑  

6-3 

 

 

The results of calculation is illustrated in Figure 6-4. 

 

 

Figure 6-4: (a) 𝐺𝑃
↑↑, 𝐺𝑃

↓↓and 𝐺𝐴𝑃
↑↓ = 𝐺𝐴𝑃

↓↑   conductance channels in Mo, W, and Ta. TMR values obtained from (a) for different heavy 

metals. Data are adapted from Ref.  [284,285].  
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As it is obvious from the Figure 6-4(a), conductance in AP states are about the same order for the 

three elements. The striking difference between these three heavy metals can be seen from 

conductance channels in P states. In particular, for the case of Mo, both 𝐺𝑃
↑↑𝑎𝑛𝑑 𝐺𝑃

↓↓ have relatively 

large magnitudes, and for both Mo, and W models 𝐺𝑃
↑↑ is larger than 𝐺𝑃

↓↓. This is in sharp contrast 

to 𝐺𝑃
↓↓ and 𝐺𝑃

↑↑ behavior in Ta MTJ, where opposite relationship is observed (𝐺𝑃
↓↓ > 𝐺𝑃

↑↑). This 

means that the transport mechanisms might be different for Ta and Mo (and W). TMR values were 

calculated based on equation 6-2, and corresponding values are shown with blue diamonds in 

Figure 6-4(b).  To better compare the experimental results with the predicted values from the 

model, average TMR values from different experiments are shown in Figure 6-4(b) in red circles. 

A relatively good agreement is present between the model prediction and the experimental results.  

To understand the mechanism, the density of scattering states (DOSS) was investigated. Scattering 

states are the absolute square of the tunneling electron wave function, and the tunneling behavior 

is shown corresponding to each MTJ layer.  

Many factors, such as the work function of capping layer, the band offset and the interface dipole, 

may shift the Fermi level and affect the transport channel. For the case of Ta and W and in 

majority- to majority- spin condition, it can be observed that all scattering states behave similarly 

and terminate at around 10-5 orders of magnitude. 

For the case of Mo, it was shown that the MgO/CoFe interface are affected by the capping layer 

material and results in different DOSS. This trend continues to the outgoing layer. Therefore, 

scattering states in MTJ with Mo capping terminate are one order of magnitude larger than that of 

Ta-capped MTJ. The origin of these differences has been discussed in more details in the 

Ref.  [284] and it is attributed to the contribution of resonant states to the tunneling.  

 

 

 It should be noticed that conserved parallel momentum is assumed in the elastic transport based 

on Landauer theory. However, in experiments with amorphous lattice, atoms diffusion and thermal 

disturbance, inelastic scattering is inevitable. Plus, in these types of calculations, temperature of 

the system is considered to be at around zero Kelvin, while the adverse effects of temperature on 

the transport properties are obviously considerable for MgO MTJs. 

All in one, new calculations based on first principle methods have shown a dependence of TMR 

on choice of HM layer which also observed in some recent experiments such as the current work. 
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But, more experimental and theoretical work is required to make a strong statement on the effect 

of HM/FM on transport properties of HM/FM/MgO magnetic tunnel junctions. 

 

 

6.3 Effects of HM on PMA 

 

6.3.1 Intrinsic: Origin of PMA, Theory 

 

As we discussed in the section 1.5, perpendicular magnetic anisotropy in pMTJs is realized 

experimentally. However, the physical origin is not yet fully understood. From one hand, many 

believe it is solely coming from Fe(Co)-O hybridization  [47,52,140,266,286] and the heavy metal 

cannot influence the PMA in a direct way. More clearly, the effect of different HM can be reflected 

in PMA only if they interfere with the oxidation of Fe(Co)-O through different mechanisms such 

as imposing roughness, or thermochemical reactions which in turn will change the hybridization 

properties of Fe(Co)-O at the CFB/MgO interface. On the other hand, many recent first principle 

calculations are absolutely in favor of direct contribution of HM to PMA  [30,44,66–

68,205,206,287]. In particular, it was shown [206], through layer- and orbital-resolved 

contributions to PMA, that the origin of the large PMA values is way beyond a simple 

hybridization between the Fe-3d and O-2p orbitals at the interface between the FM and the 

insulator.  They investigated the origin of the PMA in MgO/CoFe/(heavy)metallic capping layer 

structures by using a first-principles calculation method and found that interfacial PMA in the 

MgO/CoFe/HM structures is contributed by both the MgO/CoFe and CoFe/capping layer 

interfaces. The dependence of PMA on different capping materials was attributed to the different 

hybridizations of both d and p orbitals via spin-orbit coupling. Nonetheless, theories related to 

PMA normally involve the effects of interfacial electronic band structure, the effect of strain, and 

the effect of electronegativity and hybridization of different orbitals on spin orbit 
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coupling  [288,289]. Here, we discuss some of the key points regarding the different effects of HM 

on PMA in pMTJs. 

6.3.2 Effect of FM oxidation and annealing 

 

A first principle method has been used   [290] to investigate  the PMA properties in the case of 

over-or under oxidation of Fe(Co) at the MgO interface. It was shown that in both cases of under- 

and over-oxidation PMA value will decrease, due to the fact that oxygen pz and ferromagnetic 

transition metal dz
2 orbital overlap is strongly affected by disorder. This was in agreement with 

experimental results from magnetic tunnel junctions  [49,245,291,292]. Furthermore, the tendency 

for PMA to decrease with over-oxidation or under-oxidation along the metal/oxide interface is 

consistent with the experimental results of PMA dependence on annealing temperature and 

oxidation conditions  [49]. It was reported that at higher annealing temperatures, PMA increases 

due to interfacial quality improvement [47]. Moreover, upon varying the oxidation or annealing 

conditions, it was observed that the PMA reaches a maximum value for the same conditions under 

which the TMR ratio is also maximized, indicating that ideal interfaces are also crucial for PMA 

observation.  

In order to study the PMA properties in the present work, two regimes of mild and high annealing 

condition are considered. More clearly, for the case of as deposited (no annealing), or annealing at 

moderate temperature or a short time such as 200-300oC 10 minutes, or 400oC 10 seconds, we 

refer to mild or low annealing condition. Also, for prolonged annealing at moderate to high 

temperatures such as 400oC-560oC for one hour or longer, we refer to high annealing condition. 

The reason for this classification is to study the existence and thermal endurance of PMA in these 

structures. Since the crystallization of CoFeB starts to take place, in the presence of MgO, at 

temperature above 250oC, and due to critical oxidation level for PMA, we believe the PMA should 

appear in as deposited states or after annealing at mild conditions. Therefore, if no PMA is 

observed after mild annealing condition, it is not expected to appear after high annealing treatments 

in the context of interfacial magnetic anisotropy [annealing at high temperatures for certain 

structures such as Fe(Co)/Pt(Pd), can form superlattices of HM/FM in which PMA can be 

observed. The origin of PMA in these cases would be different]. This statement is experimentally 
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verified for the structures of HM/CFB/MgO presented in this work, but the situations might be 

different for other experimental setups. The level of oxidation is experimentally controlled by 

many factors such as the sputtering conditions, and annealing treatments. Therefore, for each 

sputtering system, or annealing setup, a huge difference might be observed in the behavior of the 

PMA. 

  

Figure 6-5 shows the interfacial magnetic anisotropy for annealing at moderate temperature (a) 

(300oC 10 minutes or 400oC 10 seconds), and high annealing temperatures (b) (400oC for one hour 

or higher). Error bars reflect the dispersion among the reported experimental values  [53–

56,60,221,293]. 

 

 

Figure 6-5: Interfacial magnetic anisotropy for annealing at moderate temperature (a) (300oC 10 minutes or 400oC 10 seconds), 

and high annealing temperatures (b) (400oC for one hour or higher). 
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As discussed in section 1.51.5.3 magnetoelastic anisotropy can have different origins such as 

thermal expansion coefficients between the thin film layers, or strain caused by a lattice mismatch 

between adjacent layers, or crystallographic difference across the interfaces. So, one expect that 

establishment of PMA would be sensitive to the degree of crystallinity of adjacent layer (buffer or 

capping layer). However, as we reported in the Ref. [221] Mo had highly textured layers while Ta 

was almost in amorphous phase. Yet, both sample showed PMA, and even stronger PMA was 

observed for Mo samples. A recent study also reported  [293] the experiment on amorphous Mo,  

amorphous Ta, amorphous W layers and compared to crystalline Mo and W, and in all the cases 

the PMA was observed. The fact that we observed PMA in Ir/CFB/MgO and Hf/CFB/MgO 

structures also implies that PMA, most likely, is not linked to certain crystallographic properties. 

It must be noticed that the properties of PMA such as strength, interfacial anisotropy, and thermal 

endurance are affected by the choice of the materials, and they do depend also on the degree and 

specific orientation of crystallization. However, there is no evidence as to which interface 

(HM/CFB or CFB/MgO) is contributing to PMA once there is a change in the structure. For 

example, we see enhancement of PMA (in terms of PMA energy, and interfacial magnetic 

anisotropy) for W based structures after annealing at 420oC. But, it is not clear if this promotion 

in PMA is due to better Fe (Co)-O bonding, or it is contributed from the W/CFB interface. Table 

1 summarizes the crystallographic properties of different heavy metals in HM/CFB/MgO 

structures. It can be seen that for the case of Ru which has the smallest lattice mismatch with CFB 

Ru/CFB show no PMA. Also, Ir sample with the largest lattice mismatch has a weak PMA which 

disappears at relatively small annealing temperatures. 

 

 

Table 1: Crystallographic parameters and PMA properties of HM/CFB/MgO structures. Data for amorphous Mo and W is from 

Ref.  [293]. 

HM Crystallographic Lattice constant PMA (Low Ta) PMA (High Ta) 

Ta Bcc 0.330 Y N 

Mo Bcc 0.314 Y Y 

Mo [293] amorphous 0.314 Y Y 

W Bcc 0.316 Y Y 
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W [293] amorphous 0.316 Y Y 

Ir fcc 0.384 Y N 

Hf hcp 0.319 Y N 

Ru hcp 0.271 N N 

CoFe bcc 0.284   

 

 

From the above discussion, we believe that the observed PMA cannot be explained by theory of 

magnetoelasticity. 

 

6.3.3 HM boride enthalpy of formation 

 

It has been experimentally shown that the Boron atoms tend to diffuse to the opposite side of 

Fe/MgO interface (at least in Ta/CoFeB/MgO structures)  upon annealing  [281,294–301]. This 

will directly impact the Fe/MgO interface, and consequently the strength of Fe-O bonds can be 

altered. This means that PMA can be changed. So, formation of HM-B is a valid consideration for 

the proper choice of heavy metals in MgO MTJs based on HM/CFB/MgO. It was predicted, based 

on the enthalpy of formation of different Borides, Zirconium  [302] is the best option for the choice 

of heavy metal interfacing with CoFeB, but experimental results showed that magnetic and 

transport properties of Zr is the worst among many other underlayers, such as W, Ir, Nb, CuN, 

Ag  [59]. Nonetheless, we consider this as one of the potential contributing factor to PMA because 

of the effects on crystallization of CoFe, and therefore interface quality of Fe(Co)-MgO, and 

Fe(Co)-O hybridizations. A heavy metal can have different stoichiometry of Borides (HMxB1-x), 

so here we plotted the average values of the most stable composition for the heavy metal we used 

in this study. 
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Figure 6-6: Enthalpy of formation of different heavy metal Borides. From Ref.  [228]. 

 

According to the meaning of the enthalpy of formation, larger negative values correspond to higher 

tendency of formation of Borides. It correlates with the results of Ki shown in Figure 6-5 to some 

degrees. For example, this can explain why there was no PMA on Ru while Ta  [52] showed PMA. 

It is also parallel with the fact that Hf showed the highest Ki. Conversely, higher PMA of Mo and 

W samples compared to Ta can’t be justified.  
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6.3.4 Enthalpy of formation of HM-Fe(Co)  

 

As we suggested in CHAPTER 3, enthalpy of formation for different heavy metals might be linked 

to strength of Ki, especially for high annealing temperatures. 

 

Figure 6-7: Enthalpy of formation for different heavy metals (X) with Fe (a) and Co (b). From Ref.  [228]. 

 

Figure 6-7 shows the enthalpy of formation for different heavy metals (X) with Fe (a) and Co (b). 

Similar trend for both Fe and Co can be observed from the Figure 6-7, except that Co showing 

almost twice affinity to mix with HMs compared to Fe. This means if the CoFeB is terminated on 

Co at the interface of HM/CoFeB, a lower PMA is expected. This effect will be enhanced by 

annealing at higher temperature since it increases the enthalpy of formation (in a more favorable 

manner), and therefore, the chance of intermixing of HM with Co or Fe will be higher. Moreover, 

it can be seen from Figure 6-7, regardless of Fe or Co termination, that if Hf is used as the buffer 
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or capping layer, it is very likely, compared to other choices of HM, that Hf-Fe alloys are formed 

which can explain why at higher annealing temperature PMA disappears for Hf samples, as 

observed in Figure 6-5(b). As can be seen from Figure 6-7 , the enthalpies of formation for Mo 

and W are close to zero which suggest that it is less likely to from Fe or Co alloys when Mo or W 

are employed. This can also explain the results that the Mo, Mo dusting (Ta/Mo), and W based 

pMTJs are thermally very robust and PMA is preserved even at very high annealing temperatures 

(>500oC). It must be noted, again, that as the temperature increases, the enthalpy of formation also 

increases (in negative values). Hence, it even becomes more likely to form binaries of HM-Fe or 

HM-Co at elevated temperatures. In another word, the differences in the enthalpy of formation 

given in Figure 6-7 is for the case of near room temperatures, and the differences might be larger 

at higher temperatures. Based on this concept, we suggested (pending US patent) that Mo or W 

can be used as a thermal barrier in many different types of magnetic random access memories. The 

effect of binary formations (HM-Fe) discussed here can explain why PMA is thermally more stable 

for W, Mo buffer and capping layers. 

 

6.3.5 Electronegativity 

 

Different band filling of 3d orbitals of ferromagnetic materials due to different electronegativity 

of heavy metals can alter the hybridization of Fe (Co) and O  [62,290] , and consequently PMA 

properties can be changed . It was shown in one of the reports  [246] on PMA with different heavy 

metals ( namely, Ta, Hf, Pt, and Pd) that as deposited samples with Ta and Hf showed PMA while 

for Pt and Pd, it only appeared at high annealing temperature. As a possible explanation, it was 

suggested that the difference in electronegativities between two groups of elements ( Ta(1.5) , 

Hf(1.3), and Pt(2.5), Pd(2.2)) can affect the formation of a PMA by altering the band filling of the 

3d orbitals of the ferromagnetic layer, and as a result changing the degree of the Co (or Fe)–O 

bonding. Figure 6-8 illustrates the electronegativity of different heavy metals used in this study. 



127 

 

 

Figure 6-8: Electronegativity (Pauling) of different heavy metals. 

 

In a sharp contrast to their argument, it can be observed that very strong PMA and high Ki can be 

achieved with Mo and W samples, as seen from Figure 6-5. In particular, according to their 

argument, for W sample with electronegativity of 2.35, which is close to values of Pt and Pd, no 

PMA should be obtained. However, as it was shown in this work and the results published 

elsewhere, W is one the most promising candidate for realizing robust PMA in pMTJs based on 

MgO [56,244,303,304]. Equally important, we obviously see that for the case of Ir and Ru, the 

electronegativity is the same, but PMA was only observed in Ir. This is the indication that the 

promotion of PMA is most likely independent of the electronegativity. 

 

6.3.6 Work function 

 

It is suggested that in theoretical model of PMA caused by Rashba effect  [183], work function of 

the adjacent layer ( to ferromagnetic layer) plays an important role in determining the magnetic 

properties of the structure (HM/FM/Insulator). The behavior of work function for the given 

materials is shown in Figure 6-9. This quantity is particularly useful for understanding the opposite 

sign of voltage induced change in PMA with respect to different HMs  [305]. The presented data 
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shows a weak connection to the experimental data from Figure 6-5. The difference in work 

functions of HM with that of Fe (Co) is not fully correlated with PMA values except the fact that 

Mo and W samples with strong PMA do not show any differences in work functions (compared to 

that of Fe).  

 

 

Figure 6-9: The work functions of the different heavy metals used in this work. Dashed lines are for work functions of Fe (red), 

and Co (gray). 

 

 

6.3.7 Enthalpy of formation of HM-oxides 

 

One of the important thermochemical properties of multilayers is the enthalpy of formation of 

oxides. It was argued that for the case of Ta and Mo  [55], differences in enthalpies of formation 

of the two species with respect to Mg have a determinant factor for the significant improvement 

of PMA in Mo. In particular, Ta2O5 has very larger negative enthalpy of formation (-2046 kJ/mol) 

compared to MgO (-602 kJ/mol) which means it is thermodynamically more stable than 

MgO  [256]. In contrast, MoO2 (-589 kJ/mol) or MoO3 (-754 kJ/mol) has about the same level of 

enthalpy of formation with MgO , in the presence of MgO, Mo atoms are hardly affected since the 
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formation of MoOx is not thermodynamically more favorable than MgO. Hence, Mo atoms tend 

to stay still and do not migrate to the CFB/MgO interface in order to form MoO2. Similarly, for 

the case of W and Mo dusting the same argument still holds up. Moreover, Hf has very negative 

enthalpy of formation of HfO2 (-1144.7 kJ/mol) which may compete with MgO. Although, the 

behavior of enthalpy of formation can provide some insight to why Mo and W samples are 

thermally more robust, it cannot address the disappearance of PMA in Ir where the formation of 

IrO2 (-274 kJ/mol) is far away from competing with MgO. 

 

 

Figure 6-10: Enthalpy of formation of different heavy metal oxides. The dashed line is for Mg. 

 

6.3.8 Diffusion coefficients  

 

Diffusion coefficients are particularly informative when discussing the PMA at high annealing 

conditions. Due to nearly two orders of magnitude higher diffusion coefficient for W in Fe, it is 

clear why Mo samples are the most thermally stable structures among other HMs. It is also 

interesting to look at the diffusion coefficients of Mo in Ta for the case of Mo dusting structures; 

from the data Do=4.5E-5 and Q=250kJ/mol in Ref.  [306], for annealing at 500oC, diffusion 

coefficient of in the order of 𝐷~10−30 𝑚2

𝑠⁄  is obtained which is very small compared to typical 
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values (~10−26 𝑚2

𝑠⁄ ). In another word, Mo can serve as an extremely good barrier for Ta atoms 

even at very high annealing temperatures. 

 

Figure 6-11: Diffusion coefficient D values of Mo, W, and Hf in Fe matrix. Dotted lines are the extrapolation results obtained 

from 𝐷 = 𝐷0𝑒𝑥𝑝 (−
𝑄

𝑘𝐵𝑇
); D0: frequency factor, Q: activation energy, and kB: the Boltzmann constant. Adapted from 

Ref.  [293,307]. 
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6.3.9 d-d hybridization of HM-FM 

 

Another possible reason for the PMA is the interfacial hybridization, i.e., a strong spin–orbit (SO) 

interaction between the magnetic and nonmagnetic metals. The 3d–2p Fe–O orbital bonding 

between Co–Fe–B and MgO at their interface belongs to this category  [290,308]. However, 

Nakajima et al.  [309] suggested that it is the 3d–5d hybridization that is highly localized at a Co\Pt 

interface that enhances the PMA in Co. In fact, there have been many reports about Co\Pd, Co\Pt, 

and Co\Au, and even multilayer films of Pd\Co\Pd, Pt\Co\Pt, and Au\Co\Au showing 

PMA  [58,261,309,310] . Many first principle studies show the effect of HM/FM interface in 

developing, or promoting PMA in HM/FM/MgO structures based on the idea of hybridization at 

HM/FM interface and predicted a large PMA at HM/Fe for Ir, and Hf  [66,68,69,311]. 

In general, the anisotropy of the orbital moment should be considered when it is used to analyze 

the magnetic anisotropy, therefore the ratio of ml to ms is a very important quantity, and it is 

suggested theoretically ,for many of 4d or 5d elements,  [312] and confirmed experimentally [304] 

that when one of 4d or 5d transition metals is interfaced with Fe, a magnetic moment at the 

interface will be redistributed and some ms will be induced to first one and half atomic layer of the 

adjacent transition metals either parallel or antiparallel to that of Fe. This is fundamentally 

important when discussing PMA in magnetic multilayers, since they ratio of ml/ms can play a role 

via spin orbit coupling to the total PMA [304] .  

Recently, a systematic study from National Institute of Standard and Technology (NIST) was 

published on the effect of underlayer in X(=underlayer)/CFB/MgO on the development of PMA 

in these structures  [58]. A wide range of the elements in the periodic table were sputtered, in 

X/CFB/MgO/Ta strucures (X=different elements), and magnetization was measured by means of 

VSM and MOKE to probe PMA. It was concluded that the development of PMA is most likely 

due to d–d hybridization in all these X/CFB/MgO films. More specifically, when 3d elements (Co 

and Fe) are interfaced with one of the  4d elements (Zr, Nb Mo, Pd) or 5d elements (Hf, Ta, W, 

Re, Ir, and Pt), formation of a perpendicular magnetization in the CFB film is highly anticipated 

according to their experiments. Finally, they quote “in the underlayer\Co20Fe60B20\MgO film stack, 

it is the Fe–O bonding at the top interface, Co20Fe60B20\MgO, which generates the PMA in the top 

part of Co20Fe60B20. At the bottom interface, underlayer\Co20Fe60B20, it is the hybridization of the 

4d or 5d levels of the underlayer element with the 3d electrons of the ferromagnetic layer that 
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generates the PMA. Without the d–d hybridization above or below the Co20Fe60B20, the PMA will 

fail and its magnetization will be directed in the plane of the film”. This is a strong statement and 

needs more hard evidence to back up. Recently, many first principle studies also confirm that 

HM/FM has a significant contribution to the PMA  [30,66–69,205,206]. 

Miura et al  [66] predicted a large positive MCA energy of 1.5 mJ/m2 for a Hf/Fe(001) interface, 

which corresponds to the MCA energy of a MgO/Fe(001) interface. They also studied many other 

elements(X) in X-Fe structures and found PMA can be promoted in X-Fe structures. This PMA 

was be attributed to different hybridization behavior between Fe and non-magnetic atoms X 

depending on their Fermi level. Additionally, Peng et al [67] also performed first principle 

calculations and found a large interfacial magnetic anisotropy of 2.23 erg/cm2 for the case of 

Hf/Fe/MgO. They concluded from their analysis in X/Fe/MgO structures that variation of PMA 

with different capping materials is attributed to the different hybridizations of both d and p orbitals 

via spin-orbit coupling. In one of the most recent study on this subject presented by Taivansaikhan 

et al  [69], effects of 5d transition metal cap layers on magnetocrystalline anisotropy were 

systematically investigated. A quantitative analysis of magnetism and MCA were given for each 

HM/FM interfaces. In particular, a series of 5d heavy transition metals, namely Hf, Ta, W, Ir, Re, 

Os, Pt, and Au, were studied. It was predicted that MCA of Fe/MgO will be enhanced for the case 

of W, Ir, Re, and Os. In this study Hf was found to have a very smaller PMA (compared to the 

work of Miura et al  [66] and Peng et al  [67]) , and the inconsistency was referred to the different 

method (ab initio tools) used for the calculations, and also inclusion of MgO interface. A very 

common fact in all these studies is the contribution of HM/FM to the total PMA in HM/FM/MgO 

structures which is the main focus of this work. So, we believe, regardless of exact mechanism of 

hybridizations (d-d or p-d), the interface of HM/FM can give rise to the PMA observed in 

HM/FM/MgO interfaces arising from Fe(Co)/MgO interface. 

6.4 Conclusion 

 

To sum up, it has been shown that both TMR and PMA properties of HM/FM/MgO structures can 

be modified by the choice of HM. This could be through intrinsic factors such as the electronic 

band structure or the d(p)-d hybridization effects of HM on the FM/MgO. The HM/FM impacts 
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on TMR and/or PMA can also be originated from extrinsic effects of experimental factors such as 

thermochemistry, growth conditions, and etc.  We observed that PMA appears in HM/CFB/MgO 

structures with certain HMs, and the strength of PMA, in terms of Ki, or thermal stability is 

critically influenced by the buffer or capping HMs. Multiple factors can be recognized to give rise 

to PMA found in the different HMs, such as degree of crystallization or amorphous nature of HM, 

ability to absorb B, coefficient of diffusion to Fe(Co), degree of electronegativity,  

thermochemistry of HM with oxygen and Fe(Co), and very importantly electronic structures of the 

different 4d or 5d orbitals of HM adjacent to Fe(Co). The latter is supposed to be responsible for 

the induced moment in the first few monolayers of HM at the interface with FM. Additionally, the 

hybridization of 4d or 5d orbitals of HMs with 3d orbitals of FM can give rise to PMA observed 

in HM/FM/MgO structures. Although the thermochemistry of the structures, in particular enthalpy 

of formation of Fe-HM, can explain many different magnetic properties at different annealing 

regimes, it cannot offer predictive model as to which HM can show PMA in HM/CFB/MgO 

structures. The fact that no single factor can explain the PMA properties observed in experiments 

demands more first principle calculations or new models to fully understand the PMA phenomena. 

The first principle study on the effects of HM on TMR is also gaining more momentum, and it is 

hoped that more thorough studies will address different aspects of HM impacts on TMR and PMA 

properties in HM/FM/MgO structures. Experimentally, the XMCD studies can be performed to 

confirm the hypothesis of d(p)-d hybridization and in HM/FM/MgO structures which will open a 

new route toward materials with strong PMA required for the next generation Tbit/in2 spintronic 

structures and other applications. 
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 MgO tunnel junctions with a single antiferromagnetic 

electrode 

 

As we discussed in the introduction section 1.7, antiferromagnetic materials could represent the 

future of spintronics due to many remarkable features they present such as robustness against 

magnetic field perturbations, ultrafast (THz) dynamics, and capability of generating sizable 

magneto-transport effects  [78,85,90]. In this chapter, preliminary results on MgO tunnel junctions 

with a single antiferromagnetic (IrMn) electrode are presented. In particular, magnetic and 

transport properties are studied. Low temperature electrical measurements are performed in order 

to observe tunneling anisotropic magnetoresistance (TAMR) effects. A clear (although very small) 

TAMR signal was observed for specific thickness of IrMn at temperatures below 200oK. The 

results obtained is very important for understanding physical mechanisms as well as future 

applications.  

7.1 Experimental methods 

 

Samples were grown on Si wafers with 1𝜇𝑚 SiO2 on both sides by magnetron sputtering. See 

section 2.1 for the details of sample fabrication. Multilayers are then patterned into circular shape 

pillars with diameters of 10, 30, and 100 𝜇𝑚 via photolithography and ion milling. The sample 

structures are: 

1. Ta(6)/Ru(8)/Ta(6)/NiFe(10)/IrMn(1.75)/MgO/Ta(10)/Ru(20) 

2. Ta(6)/Ru(8)/Ta(6)/NiFe(10)/IrMn(2.25)/MgO/Ta(10)/Ru(20) 

3. Ta(6)/Ru(8)/Ta(6)/NiFe(10)/IrMn(3.5)/MgO/Ta(10)/Ru(20) 

4. Ta(6)/Ru(8)/Ta(6)/NiFe(10)/IrMn(7)/MgO/Ta(10)/Ru(20) 

5. Ta(6)/Ru(8)/Ta(6)/NiFe(10)/ MgO/Ta(10)/Ru(20) 
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6. Ta(6)/Ru(8)/Ta(6)/NiFe(15)/IrMn(3.5)/MgO/Ta(10)/Ru(20) 

7. Ta(10)/MgO/IrMn(3.5)/NiFe(5)/Ta(10)/Ru(20) 

8. Ta(10)/MgO/IrMn(3.5)/NiFe(15)/Ta(10)/Ru(20) 

 

where MgO has wedge thicknesses around (1-3nm). After patterning, the samples are annealed in 

an in-plane DC magnetic field (around 1500Oe) inside the glove box. The sample is immediately 

field cooled in a large in-plane magnetic field (4000Oe). The orientation of the samples are kept 

always the same to maintain the consistency between the different batches.  

7.1.1 Low temperature electrical measurements 

 

In order to minimize the contribution of thermal fluctuations to the transport signal from the 

sample, and also to observe the exchange spring effects, which requires temperatures below 

blocking temperature of AFM, transport properties are probes at a low temperature setup with T 

ranging from room temperature down to 4K. Figure 7-1 shows the low temperature setup used in 

this experiment. A custom made Advanced Research Systems closed cycle cryostat capable of 

temperatures down to 4K was used. A large electromagnet can generate filed as large as 8000 Oe 

with the cooling water, when the tail of cryostat is between the two pole pieces. Electrical wires 

are connected via the electrical feedthrough to a coaxial junction box, which then are directed to 

the appropriate sources and meters. Four 12 mode selector switches are used to independently 

connect the four wire (probes) to the desired electrodes, see Figure 7-1(c). Extra caution must be 

practiced when handling the sample during installation or removing the chip carrier, and when 

making electrical connections. To avoid shorting, all the wires (and the work station) are grounded 

when installing samples and they will be only unground before the electrical measurements.  
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Figure 7-1:  Low temperature setup used to measure electrical properties of the tunnel juncstions(a).Samples are mounted at the 

tip of a long rod (b) and are wire bonded to a chip carrier(c). 

7.2 Results 

 

The presented results here are to demonstrate the feasibility of application of AFM in a spintronic 

devices. The obtained values for TAMR are not impressive, but it is a clear signal indicating the 

governance of AFM on transport properties rather than typical FM. This is very important in the 

context of spin-hall spin-orbit torque induced switching from AFM, and for the application of 

AFM in new spintronic structures. 

 

7.2.1 Magnetic properties 

 

Magnetic properties of the blank films were measured by VSM, see section 2.3 for the details of 

measurements. Samples are field cooled in the glovebox at different annealing temperatures, and 

no noticeable changes were found for annealing at different temperatures above 230oC. Therefore, 



137 

 

different annealing conditions are not expected to change the results, at least for magnetic 

properties. Figure 1-12 shows different annealing condition for the sample. Namely, 230oC for 30 

minutes Figure 1-12(a) is almost the same as 350oC for 1 hour Figure 1-12(b). Different annealing 

conditions as well as larger magnetic field have also tried, and no significant changes are observed.  

 

 

Figure 7-2: Effect of field cooling at different annealing conditions in a DC magnetic field (in-plane). (a) At 230oC for 30 minutes, 

and (b) at 350oC for 1 hour.  

 

7.2.1.1 IrMn thickness dependence 

For an ideal AFM/FM interfaces with exchange bias, it is assumed that a coherent rotation will 

occur , and from the equation for energy density, the hysteresis loop shift can be given, in a simple 

model, by  [74]: 

 

 
𝐻𝑏 =

𝐽𝑖
𝑀𝐹𝑀𝑡𝐹𝑀

 

 

 

7-1 

 

Where the 𝐽𝑖 is the AFM/FM interface coupling constant, 𝑀𝐹𝑀 is the ferromagnetic layer saturation 

magnetization, and 𝑡𝐹𝑀 is the ferromagnetic film thickness. For the first experiment, dependence 

of 𝐻𝑏 on IrMn thickness was studied. Although, there is no direct relationship to the thickness of 

IrMn in equation 7-1, thickness of IrMn can significantly affect the interface coupling 

constant  [313,314], therefore the exchange bias properties. It must be mentioned that due to 
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unavailability of low temperature magnetometer, all the VSM data are obtained at room 

temperature, and therefore may not be directly relevant to the transport properties presented in 

Figure 7-5. Nevertheless, Figure 7-3 shows the VSM curves for samples with different thicknesses 

of IrMn. As can be seen, 𝐻𝑏 increase from a negative value in Figure 7-3(a) to a maximum of 

100Oe in Figure 7-3(b), and then decreases for Figure 7-3(c,d). This behavior is similar to what 

have been observed in many experiments where the exchange bias field shows a maximum and 

then decreases [25,26]. It should be noted that the existance, or the strength of exchange bias does 

not guarantee any specific transport properties (TAMR in our study), and it solely is the indication 

of exchange coupling at AFM/FM which is also responsible, through the exchange spring effect, 

for TAMR observed at low temperatures.   

 

Figure 7-3: VSM curves for Ta/Ru/Ta/NiFe(10)/IrMn(t)/Ta, where t is 1.75 (a), 3.5(b), 4.75(c), and 7nm(d). All samples annealed 

and field cooled at 230oC for 30 minutes. 
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7.2.1.2 NiFe thickness dependence 

As explicitly shown in the equation 7-1, the shift in the hysteresis loop is inversely proportional to 

the thickness of ferromagnetic films. VSM curves for samples with different thicknesses of NiFe 

are presented in Figure 7-4. As the thickness of NiFe increases from (10nm) in Figure 7-4(a) to 

15nm in Figure 7-4(b), a small difference between coercive field and exchange bias field is 

observed. The bottom panels show VSM curves for top structures 

Ta/MgO/IrMn(3.5)/NiFe(t)/Ta/Ru where IrMn is deposited first, and therefore stronger coupling 

is expected. The effect is much more pronounced for the bottom panels since the thickness change 

is almost double, and the initial exchange bias is also stronger. Figure 7-4(c) shows a very large 

exchange bias field of around 550Oe. Again, all these experimental factors only proof that the 

fabricated samples follow the classical expected tendency of exchange bias, and therefore are 

reliable structures for the TAMR measurements.  

 

 

Figure 7-4: VSM curves for Ta/Ru/Ta/NiFe(t/)IrMn(3.5)/MgO/Ta where t is 10(a), and 15nm(b). VSM loops for top structures, 

Ta/MgO/IrMn(3.5)/NiFe(t)/Ta/Ru, where t is 5(c), and 15nm(d). All the samples are annealed, and field cooled at 230oC for 30 

minutes. 
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7.2.2 Transport properties 

7.2.2.1 IrMn thickness dependence 

Similar to the VSM properties, the dependence of transport properties on the thickness of IrMn is 

examined. Figure 7-5 shows the TAMR curves for Ta/Ru/Ta/NiFe(10)/IrMn(t)/MgO/Ta structures 

with different IrMn thicknesses measured at 10oK.  

 

 

Figure 7-5: TAMR signal for different IrMn thicknesses; 1.75(a), 2.25(b), 3.5(c), and 7nm (d) in 

Ta/Ru/Ta/NiFe(10)/IrMn(t)/MgO/Ta structure measured at 10oK. 

 

When the thickness of IrMn is 1.75nm, Figure 7-5(a), the exchange spring coupling is strong 

enough to manipulate the moments of IrMn, and therefore a clear signal is observed. The observed 

change is very smaller compared to values obtained in another reports  [83,93], which might be 

related to the crystallographic orientation of sputtered IrMn. As the thickness of IrMn increase to 



141 

 

2.25nm, Figure 7-5(b), the TAMR effect also declines. For thicknesses above 2.25nm, Figure 

7-5(c,d) , no TAMR is observed. This is likely due to high anisotropy of AFM which competes 

with exchange spring effects in order to keep the AFM moments intact.   

7.2.2.2 Sample size dependence 

As a last part of the results, we observed junction size dependence of TAMR. This effect was 

realized very recently in this work, and therefore more experiments have to follow up to include a 

wider range of junction sizes (as addressed in the future works).  Figure 7-6 demonstrates the 

TAMR dependence on the junction size.  

 

Figure 7-6: TAMR dependence on junction size (a) in NiFe/IrMn/MgO structures. TAMR curves for 4(b), 10(c), and 30𝜇𝑚(d) 

diameter (circular) junctions. 
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As can be seen from Figure 7-6(a), TMAR drops as the junction size increases. This might be 

related to larger chances of pin-holes and defects in larger junctions. At this point, the origin of 

this effect is not clear. As reported very recently  [112] ,using PtMn as antiferromagnet, a different 

switching mechanisms (SOT induced) for different junction sizes (ranging from 50-5000nm)  was 

attributed to different polycrystalline grain sizes of the samples. This could, most likely, be behind 

the observed dependences of TMAR on junction sizes in the present study. According to 

Ref.  [112], each junction consists of a number of polycrystalline domains with different 

properties, which can show different switching responses when a current is applied. 

7.2.2.3 Temperature dependence 

When looking for TAMR signals, blocking temperatures play an important role. Blocking 

temperature is the temperature below which the exchange bias is disappeared. It is very challenging 

to find the blocking temperatures for thin films since it is not a linear function of the thickness, 

and rather has very complicated behavior  [104].   

 

Figure 7-7: TAMR curve for different temperatures; (a) 300oK, (b) 200oK, (c)100oK, and (d) 50oK. Larger TAMR is observed at 

lower temperatures. 
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Figure 7-7 illustrates the TAMR curves for a sample at different temperatures. For room 

temperature, Figure 7-7(a), no change in resistance is observed. As temperature is gradually drops, 

TMAR signal becomes more visible. A very clear signal is observed in Figure 7-7(d), for 

measurement at 50oK. This is the same temperature found in one the most recent reports in the 

similar structures  [83]. The highest TAMR obtained in this work is for the case of 10oK, as shown 

in Figure 7-8. It must be highlighted again that the TAMR signal observed here is not governed 

by magnetic properties of ferromagnetic layer, and rather is dictated by the change in the electronic 

properties of antiferromagnetic layer at MgO interface. The effect of ferromagnetic material is to 

impose the exchange spring rotation of antiferromagnetic moments.  

 

 

Figure 7-8: The highest TAMR observed in this study for Ta/Ru/Ta/NiFe(10)/IrMn(1.75)/NiFe(5)/Ta/Ru, measured at 10oK. 

7.3 Results and discussion 

 

Different models for exchange coupling effects predict strong influences of the AFM and FM 

thicknesses  [75,314,315] on magnetic properties of the AFM/FM structures. Temperature is also 

known to be an important factor as well, especially critical temperatures, such as blocking 

temperatures are believed to be changed with AFM thickness. In fact, it was reported that the Neel 
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temperature decreases when the AFM thickness is reduced, and consequently the blocking 

temperature was lowered  [75]. From magnetic properties presented in Figure 7-3 and Figure 7-4, 

and comparison to the transport properties shown in Figure 7-7 and Figure 7-8, it can be seen that 

at exchange bias and exchange spring effects can be observed at different temperatures. In another 

word, when there is TAMR, which is the signature for exchange spring effect, a shift in the 

hysteresis loop, which is a signature for exchange bias coupling, was observed. However, for many 

cases where the exchange bias is present, the TAMR is absent. This can be attributed to the 

stiffness of AFM with respect to exchange spring force which tries to reorient the AFM moment 

once the FM moments are rotated due to applied external magnetic field. This stiffness is naturally 

expected for thicker IrMn thicknesses (> 2.25nm), hence no TAMR was observed. It should be 

mentioned that for the control sample (with no IrMn) only a very small TAMR due to a single 

ferromagnetic layer is observed as shown in Figure 7-9. 

 

 

Figure 7-9: TAMR for the control sample with no IrMn layer, Ta/Ru/Ta/NiFe/MgO/Ta measured at 10oK. 

 

 

It must be mentioned that since observed TAMR is small, crystal structure of IrMn can be a very 

relevant subject in this context. We suspect that the sputtered IrMn in our samples may not possess 

all the features, such as symmetries in magnetic structures, required to stablish a strong exchange 

spring coupling. IrMn3 (the stoichiometry used in this work) has two possible phases as shown in 
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Figure 7-10. It was shown that there is a significant change in both the reversal mechanism of 

magnetic moments in the adjacent FM layer and the magnitude of the exchange bias field for these 

two types of chemical orderings [316]. Therefore, smaller TAMR can be attributed to IrMn 

chemical ordering in NiFe/IrMn structures. This can be revealed, as it is suggested as a future 

work, by structural analysis of samples by single crystal neutron diffraction or HRTEM imaging.  

 

Figure 7-10: Structure of IrMn3 in L12(a) and 𝛾-IrMn (b) from Ref. [316]. 

 

7.4 Conclusion and future directions 

 

 In conclusion, a preliminary results on TAMR were presents in NiFe/IrMn/MgO junctions. 

Magnetic properties at room temperature were studied for different thicknesses of IrMn and NiFe. 

Transport properties of different junction was probed by varying different parameters such as 

measurement temperature, IrMn thickness, and NiFe thickness. The best thickness of IrMn was 

found to be 1.75nm and highest TAMR was obtained at 10oK. In all the TARM signals, a shift of 

loop was observed which indicates the NiFe/IrMn interface is exchanged coupled. The origin of 

observed TAMR signal can be explained by the exchange spring effect. The TAMR observed here 

was very small compared to reported values. We suspect that the sputtered IrMn may not possess 

the desired structural properties required for the strong exchange coupling to NiFe, and therefore 

the TAMR is small. So, microstructural analysis must be performed to extract the crystallographic 

data. Regardless, a systematic study on the size dependence can be a very thoughtful idea to have 

better understanding of the switching mechanism. This means a wider range of junction sizes in 

the range of 100-5000 nm must be studied.  In fact, a theoretical model is also very demanding in 

order to describe the TAMR signal dependence on different junction sizes  [112]. Lastly, a 



146 

 

comprehensive study based on AFM based structures, such as HM/AFM/Insulator/FM or 

AFM/Insulator/AFM, can provide pivotal information on physical phenomenon related to spin 

torques generated from AFMs. Those structures could be used in many applications as well. For 

many immediate applications, AFM structures will still expected to be accompanied by FMs, 

although it is demonstrated that single AFM can serve as an operational structure with no FM 

involved  [317]. Structures containing only AFM are new paradigms in spintronics, therefore, 

electrical manipulation of magnetic, transport, and structure properties of AFMs is greatly 

encouraged.  
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