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ABSTRACT 
 

Spintronics, different from traditional electronics, explores additional routes to manipulate 

electrons through its spin degree of freedom. During its development, magnetic tunnel 

junctions (MTJs) have been playing a significant role. This is partially due to their fantastic 

properties such as symmetry-conserving tunneling, which leads to very large 

magnetoresistance (TMR) and sensitive detection of spin configuration. The relatively 

simple core structure of the ferromagnet/tunneling barrier/ferromagnet makes it possible 

to incorporate MTJs into the well-developed fabrication process and a large variety of 

material systems. Moreover, in recent years, the voltage-controlled effects discovered at 

FM/Oxide interfaces enables researchers to explore magneto-electric properties of MTJ 

and more functionalities have been proposed and verified especially in magnetic switching. 

In this work, we focus our attention on the voltage-controlled effects based on the 

conventional CoFeB/MgO magnetic tunnel junctions. After a brief introduction to the 

fundamentals of spin-dependent transport and perpendicular magnetic anisotropy (PMA) 

in the CoFeB/MgO MTJs. We divert our efforts to various voltage-controlled mechanism 

discovered in recent years. Chapter 2 briefly touches on the basic experimental technique 

used in this work. In Chapter 3, we will introduce a revised MTJ nanopillar fabrication 

procedure which dramatically lowers the requirement for fabricating high-quality MTJ and 

increases the yield significantly. Chapter 4 will involve interfacial engineering at 

CoFeB/MgO interface in MTJs. By dusting a thin layer of heavy metal (Ir), in addition to 

controlling the annealing condition, the VCMA coefficient can be significantly enhanced 

and the voltage induced switching energy can be greatly reduced, which demonstrated the 

promises to incorporate MTJs into next-generation memory applications. In Chapter 5, A 

novel voltage-controlled exchange bias (VCEB) effect is reported and its implication on 

magnetic switching and further enhancement of TMR is discussed. The last chapter will 

briefly cover the potential improvement of finished work and topics for future research.
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CHAPTER 1     Introduction 
 

1.1      Magnetoresistance 

 

Focused on the manipulation and detection of spin instead of charge, spintronics is playing 

a significant role in the development of the next-generation electronic device. The 

phenomenon of magnetoresistance (MR), which describes the change of resistance of 

materials under the influence of an external magnetic field, is one of the central effects in 

spintronics research. Since its discovery by Lord Kelvin over a century ago [1], MR 

originated from distinct mechanisms in various systems have been reported. Considerable 

interests are still devoted to the study of novel MR effect due to its potential to be utilized 

in future memory and sensing device with much-improved performance. 

The first observed MR effect is called anisotropic magnetoresistance (AMR), it was found 

that the resistance of transitional magnetic metals, such as Fe, Co, Ni, changes with respect 

to the applied magnetic field. More specifically, the resistance of the said metals increases 

when the magnetic field is along the direction of current and decreases when the field is 

transverse to the current. This effect originates from the spin-orbit coupling (SOC) and the 

magnitude of the effect is usually quite small (a few percent at most).  

The situation dramatically changed when two groups [2,3] independently discovered 

materials that can produce much larger magnetoresistance in the late 1980s. Now known 

as the giant magnetoresistance (GMR) effect, it takes place in magnetic multilayers, where 

the ferromagnetic (FM) material (Fe) and non-magnetic (NM) material (Cr) of nanometer 

thickness are deposited alternately onto each other. The phenomenon is distinct from 

previously observed MR effect and it is originated from the magnetic interlayer coupling 

between FM layers and spin-dependent scattering in FM and at FM/NM interfaces. It was 

only after the discovery and swift commercial application of the GMR effect that 

spintronics diverges from traditional magnetism study and became what is now an active 

field for both academic and industrial communities. 
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Figure 1-1 (a) Schematics of [Fe/Cr]n multiplayer studied by A. Fert Group, (b) 
Magnetoresistance of three Fe/Cr superlattice at 4.2 K, Reproduced from Ref.  [2]. 

 

 

1.2      Tunneling magnetoresistance 

 

The tunneling process was first studied by George Gamow in 1928 [4] and has served as 

an exemplary subject in quantum mechanics education. By treating electrons as waves, we 

can have a pure quantum approach to describe this effect. Fig.1-2-1 depict a classic 

tunneling picture where the incident wave (electrons) and transmitted wave are separated 

by an energy barrier. The tunneling current can be expressed as 

  

 

If the metallic leads are magnetic, equation (1.1) can be written as  

 

 

𝐼 = 𝐼𝐿 − 𝐼𝑅 = ∫𝑛𝐿(𝐸)𝑇(𝐸)𝑛𝑅(𝐸 + 𝑒𝑉)(𝑓𝐿𝐹𝐷 − 𝑓𝑅𝐹𝐷(𝐸 + 𝑒𝑉))𝑑𝐸 

𝐽𝜎 = 𝐽𝐿𝜎 − 𝐽𝑅𝜎 = ∫𝑛𝐿
𝜎(𝐸)𝑇𝜎(𝐸)𝑛𝑅

𝜎(𝐸 + 𝑒𝑉)(𝑓𝐿𝐹𝐷 − 𝑓𝑅𝐹𝐷(𝐸 + 𝑒𝑉))𝑑𝐸 

(1.1) 

(1.2) 
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Figure 1-2 Schematics of classic tunneling process. I, R and T are incident, reflected and 
transmitted wave amplitude. UB is the energy barrier height. k = √2mE/ℏ2  and κ =
√2m(UB − E)/ℏ2  

  

n is the density of states (DOS) at the Fermi surface, f is the Fermi-Dirac distribution 

function. The 𝜎 indicates the density of states and transmission matrix T are dependent on 

the spin configuration (up or down in simplest case), and total tunneling current is the 

superposition of “up’ and “down” current. The two current model is one of the most 

essential concepts in interpreting the spin-dependent tunneling effect discussed in this 

chapter. 

 

 

1.2.1 Julliere’s experiment and model 

 

In the very beginning, spin-dependent tunneling was observed in FM/I/SC (superconductor) 

systems utilizing the field-induced spin-split states of SC.  It was proposed a similar effect 



 
 

20 

also exists in FM/I/FM systems since nature exchange-split states exist at the fermi surface 

of 3d magnetic transition metals. In 1975, Julliere did experiment on Fe/Ge/Co below 4.2 

K and observed the change of resistance (TMR=14%) with the relative magnetization 

orientation [5]. A simple model was proposed to quantitatively explain the experimental 

data. The two-current model was used and spin-flip scattering was ignored. In this way, 

electrons with certain spin direction can only be accepted by the empty states of the same 

spin configuration on the receiving electrode. If the magnetizations of the two FM layers 

are parallel, the majority spins tunnel to the majority spin states and minority spins tunnel 

to the minority spin states. For antiparallel alignment, we will see the majority-minority 

and minority-majority tunnel process instead, Figure 1-3 illustrates this spin conserved 

tunneling process. Up (down) spins can only be received by available up (down) states and 

the relative alignment of the magnetization determines the DOS of the two states.  

𝐺𝑃 ∝ 𝑛𝐿
↑𝑛𝑅

↑ + 𝑛𝐿
↓𝑛𝑅

↓  ,      𝐺𝐴𝑃 ∝ 𝑛𝐿
↑𝑛𝑅

↓ + 𝑛𝐿
↓𝑛𝑅

↑                                                      

As TMR is defined 

𝑇𝑀𝑅 =
𝑅𝐴𝑃 − 𝑅𝑃

𝑅𝑃
=

𝐺𝑃 − 𝐺𝐴𝑃

𝐺𝐴𝑃
 

Spin polarization is defined  

𝑃𝐿(𝑅) =
𝑛𝐿(𝑅)

↑ − 𝑛𝐿(𝑅)
↓

𝑛𝐿(𝑅)
↑ + 𝑛𝐿(𝑅)

↓  

The relation between measured TMR and spin polarization can be calculated 

𝑇𝑀𝑅 =
2𝑃𝐿𝑃𝑅

1 − 𝑃𝐿𝑃𝑅
 

Table 1 [6] is the comparison of measured TMR and calculated TMR using equation (1.6), 

the two values matched pretty consistently and verified Julliere’s model catches the core 

physics of spin-dependent tunneling process in FM/I/FM structures.

(1.3) 

(1.4) 

(1.5) 

(1.6) 
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Figure 1-3 Schematics illustration of the Juliere’s model. Upper panel represent the 
tunneling process in parallel alignment, minority spins (red) from the left FM lead tunnel 
through the barrier and fill the available minority (red) band of the right FM lead. Lower 
panel represent the antiparallel case, where the minority spins (red) on the left lead reach 
the majority band (red) on the right lead. 

 

 

Junction 

TMR (%)  

Reference Julliere Experiment 

Ni/Al2O3/Ni 25 23  [7] 

Co/Al2O3/Co 42 37  [7] 

Co75Fe25/Al2O3/Co75Fe25 67-74 69  [8] 

 

Table 1 | Comparison of measured TMR and calculated TMR using spin polarization. 
Reproduced from Ref. [6]. 
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1.2.2 Slonczewski’s model 

 

The first accurate theoretical calculation of the TMR came from Slonczewski [9]. A 

rectangular potential barrier approximation and exchange-split parabolic bands models 

were employed (Figure 1-4) to give a more realistic description of the tunneling process in 

barrier and at the FM/I interface. 

Under this assumption, the spin-valve effect, which describes the dependence of 

conductance on the magnetization angle, is produced 

G(θ) = 𝐺0(1 + 𝑃2 cos(𝜃)) 

and the relation between effective spin polarization and other parameters 

P =
𝑘↑ − 𝑘↓

𝑘↑ + 𝑘↓
𝜅2 − 𝑘↑𝑘↓

𝜅2 + 𝑘↑𝑘↓ 

Here, k is the Fermi wavefactor of the majority (minority) band and κ is the decay constant 

of the wavefunction inside the barrier, same as the convention used in figure 1-2. Form 

Slonczewski’s model we can immediately identify that not only the FM material, the 

tunneling barrier also plays a significant role in determining the final TMR. 

 

Figure 1-4 Approximations used in Slonczewski’s model. (a) Tunneling barrier is treated 
as a rectangular energy barrier and two FM leads are identical. (b) Exchange-split bands 
are assumed to be parabolic for simplicity. Reproduced from Ref.  [9] 

(1.7) 

(1.8) 
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1.3      Magnetic tunnel junction 

 

Many systems can be categorized as magnetic tunnel junction (MTJ) as long as spin-

dependent tunneling is dominant in determining the resistance of the system. In this work, 

we limit our discussion in the ferromagnetic metal/insulator barrier/ferromagnetic metal 

(FM/I/FM) system. As discussed in Sec.1.2, FM material, tunneling barrier and the FM/I 

interface all play important roles in determining the TMR. Two generations of MTJs of 

technological importance are discussed in this section. 

 

1.3.1 MTJ with Al2O3 barrier 

The development of MTJ was stagnant after Julliere’s experiment [5] mainly due to the 

limitation of fabrication capability. The first major breakthrough came from Moodera [10] 

in 1995, where he achieved TMR over 10 %  at room temperature (RT) in CoFe/Al2O3/Co 

junction (Figure 1-5 a). Miyazaki also observed a similar TMR (18%) at RT in Fe/Al2O3/Fe 

MTJ (Figure 1-5 b) [11]. Since then, the MTJs with Al2O3 barrier started to catch much 

attention for its potential to be used in first-generation toggle memory (1st 

generationMRMA) and HDD read head. Through the optimization from industry, the TMR 

of Al2O3 barrier based MTJ can reach 70% - 80% with the CoFeB FM layer. 

 

Figure 1-5 (a) TMR curve of CoFe/AL2O3/Co MTJ measured at RT [10]. (b) TMR curve 
of Fe/AL2O3/Fe MTJ measured at RT [11]. 
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1.3.2     MTJ with MgO barrier 
 

During the study of Al2O3 based MTJs, crystal orientation dependence of TMR was 

observed and attributed to the crystal anisotropy of the Fe spin polarization and the 

“moment filtering effect” of the tunnel barrier [12].  Since the  Al2O3 barrier is amorphous, 

the moment filtering effect is considerably small compared with crystalized barrier.  This 

motivated researchers to look for better barrier material to maximize the TMR. In 2001, 

calculations for (100) oriented Fe/MgO/Fe MTJ   predicted TMR values of hundreds or 

even thousands for sufficiently thick MgObarrier [13].  The prediction was partially 

verified in 2004 [14,15], where TMR value over 200 % was achieved by incorporating a 

crystalized MgO tunneling barrier. Since then, other FM materials were also studied that 

produced similar or even better results (over 600 % at RT) with much-reduced fabrication 

limitations [16–18]. 

Figure 1-6 (a) and (b) are the top and cross-section views of the perfect Fe/MgO 

interface [19]. There is a 45o rotation between the two lattices that makes the [100] 

direction of Fe and [110] direction of MgO collinear. After the rotation, the lattice 

mismatch reduced to less than 4 % (𝑎𝑀𝑔𝑂 = 4.203/√2 = 2.97 Å). The very good lattice 

matching is also valid in CoFe and CoFeB, which makes them better candidates since they 

can be crystallized by the MgO template after annealing treatment. 

 

Figure 1-6 Crystallographic relationship and interface structure of epitaxial Fe/MgO [19]. 
(a) top view and (b) cross-section view. (c) HR-TEM image of Fe/MgO MTJ from 
Ref. [14]. 
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The much-improved TMR of MgO based MTJ stems from (1) symmetry filtering within 

the electrodes (Fe, CoFe, CoFeB, etc.) and (2) symmetry dependent attenuation rates within 

the MgO barrier. Figure 1-7 illustrates these two mechanisms. The wave vector k is in [001] 

direction as the tunneling with 𝑘∥ ≠ 0 is greatly depressed. (a) and (c) represent the Bloch 

wave function of majority and minority spins in Fe along [001]. For the AP alignment, 

tunneling between majority band and minority bands is expected. As Δ1 and Δ2 bands do 

not cross EF in both spin configuration. and Δ2′ and Δ5 bands attenuate rapidly with MgO 

thickness. The resistance for the AP configuration is dramatically increased. For the P 

configuration, we can see the Δ1  tunneling dominates as the decay is much reduced 

compared with other wave functions.  

   

Figure 1-7 Band dispersion of Fe (bcc) in the [001] direction for the majority (a) and 
minority (c) spin. Tunneling DOS of majority-spin states for k∥ =0 in 
Fe(001)/MgO(8ML)/Fe (001) with parallel magnetization alignment, (b) is for the majority 
spin and (d) is for the minority spin. 
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Achieving large TMR is critical in expanding current and future applications of MTJ. 

Multiple approaches have been employed to optimize it, such as changing element 

composition of FM material, tuning MgO deposition pressure, using different underlayer 

materials to increase annealing temperature, etc. So far, the highest TMR reported at RT is 

604 % [18], which still lags far behind theoretical prediction [13]. 

 

 

 

1.4      Magnetic anisotropy 

 

In the last section, the high TMR in MgO based magnetic tunnel junctions is attributed to 

both the FM electrode and the MgO barrier. The change of MTJ resistance is typically 

achieved by an external magnetic field. It is found that the resistance-magnetic field (R-H) 

relation is dependent on the direction of the applied magnetic field. This phenomenon is 

mainly caused by the magnetic anisotropy of the FM layer. Magnetic anisotropy simply 

means that the magnetic properties depend on the direction in which they are measured. 

More often than not, it is referred to as the magnetic energy associated with the 

magnetization direction. If it reaches a minimum in a certain direction (axis), we would 

define the axis as an easy axis. The definition of the hard axis is defined accordingly. There 

are several kinds of anisotropy, we only discuss the kinds that most related to the thin film 

MTJ systems later discussed in our work. 

 

1.4.1 Crystal anisotropy 

 

Crystal anisotropy is “intrinsic” to FM material, it is due to spin-orbit coupling (SOC). As 

more typical exchange interaction between two neighboring spins depends only on the 
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angles between adjacent spins, not on the overall spin axis, the SOC refers to the interaction 

between the spin and orbital motion of electrons (orbital moment). When an external field 

tries to reorient the spin of the electrons, the orbital moment of the electrons also tends to 

reorient with it. As the orbital moment is strongly coupled to the lattice through the orbit-

lattice coupling. There is extra energy required to pull electron spin (magnetic moment) 

away from its easy axis. 

The strength of the anisotropy is measured by the magnitude of the anisotropy constants K, 

K is defined in cubic crystals as  

𝐸 = 𝐾0 + 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2𝛼1
2𝛼2

2𝛼3
2 + ⋯ 

𝛼1, 𝛼2 and 𝛼3 are the cosines of the angles between magnetic moment snd crystal axes. As 

𝐾0  is independent of angle and the higher-order terms are much smaller. Only  𝐾1  is 

considered for general most cases. Since the details of the spin-orbit coupling are not very 

clear for a lot of materials, calculating the value of the anisotropy from first principles is 

very challenging. 

 

1.4.2 Shape anisotropy 

 

Consider a polycrystalline sample which possesses no preferable orientation of the grains, 

which means no crystal anisotropy needs to be considered. As a magnetized body can be 

treated as a large magnetic dipole (positive and negative charge on the opposite surface of 

the body), a demagnetizing field can be generated inside of it. The magnetic induction 

inside can be written as:  

�⃗� = 𝜇0(�⃗⃗� − 𝑁 ∙ �⃗⃗� ) 

If the sample is not spherical, demagnetization factor N is different along different axis and 

the demagnetization energy 

𝐸𝑑𝑒𝑚𝑎𝑔 = −
1
2∫ �⃗� 𝑑𝑒𝑚𝑎𝑔 ∙ �⃗⃗� 𝑑𝑉 =

1
2∫𝜇0(𝑁 ∙ �⃗⃗� ) ∙ �⃗⃗� 𝑑𝑉 

(1.9) 

(1.10) 

(1.11) 
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depends on the angle of the magnetic moment. In the thin film, which can be viewed as an 

infinitely thin ellipsoid, we have  

𝐸𝑑𝑒𝑚𝑎𝑔 =
1
2 𝜇0𝑀2𝑉 cos2(𝜃) 

The in-plane magnetic moment is energetically favorable. The direction of magnetic 

moment depends on the shape of the magnetized body, hence the name shape anisotropy. 

 

1.4.3 Perpendicular magnetic anisotropy 

 

One attractive application of magnetic tunnel junctions is the magnetic random access 

memory (MRAM), utilizing spin-transfer torque (STT) generated by spin-polarized current 

from the FM electrodes, one can effectively switch the magnetic moment of free 

layer [20,21]. The reduced switching current in STT switching, together with high thermal 

stability at reduced dimension and high TMR value, put a harsh requirement for applicable 

MTJ system and motivate researchers to explore new materials. 

Compared with traditional in-plane MTJs introduced in previous sections, perpendicular 

junctions perform much better in switching current reduction [22,23]. The critical current 

for switching in-plane (IP) parallel-to-antiparallel and antiparallel-to-parallel configuration 

can be written as 

𝐼𝑐,𝐼𝑃𝑃−𝐴𝑃 ∝
𝑀𝑠

𝑃
(𝐻𝑘∥ + 2𝜋𝑀𝑠) 𝑎𝑛𝑑 𝐼𝑐,𝐼𝑃𝐴𝑃−𝑃 ∝ −

𝑀𝑠

𝑃
(𝐻𝑘∥ + 2𝜋𝑀𝑠) 

For the perpendicularly magnetized (P) MTJ, the switching current can be written as  

𝐼𝑐,𝑃𝑃−𝐴𝑃 ∝
𝑀𝑠

𝑃
(𝐻𝑘⊥ − 4𝜋𝑀𝑠) 𝑎𝑛𝑑 𝐼𝑐,𝑃𝐴𝑃−𝑃 ∝ −

𝑀𝑠

𝑃
(𝐻𝑘⊥ − 4𝜋𝑀𝑠) 

𝐻𝑘∥ and 𝐻𝑘⊥ are the anisotropy field for in-plane and perpendicular free layers, and the 𝑀𝑠 

terms in both expressions represent demagnetization field contribution. In both cases, we 

ignored the contribution from the external field and the dipolar field exerted by the 

reference layer as they have similar effects in both cases and “extrinsic” in this magnetic 

(1.12) 

(1.13) 

(1.14) 
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switching process. The thermal stability (energy barrier against thermal fluctuation of the 

magnetization) for in-plane and perpendicular free layers are 

𝐸𝐼𝑃 =
𝑀𝑠𝑉𝐻𝑘∥

2 𝑎𝑛𝑑 𝐸𝑃 =
𝑀𝑠𝑉(𝐻𝑘⊥ − 4𝜋𝑀𝑠)

2  

It is immediately clear that for the in-plane free layer, the demagnetization field (usually 

very large) contributes to the switching current but not the stability while for the 

perpendicular free layer, the demagnetization field contributes equally to switching current 

and stability. In another word, there is extra current needed to switch the in-plane 

magnetization which doesn’t benefit the stability. The advantage of perpendicularly 

magnetized MTJ is evident. 

It is easy to understand, as during the switching process of the in-plane free layer, the 

magnetic moment needs to be tilted out of plane in order to precess 180o to the opposite 

position. In this process, a very large demagnetization field needs to be overcome which 

requires additional torque (current). But the demagnetization energy is not involved in 

magnetic switching causes by thermal fluctuation, which means it doesn’t contribute to 

stability. In the perpendicular case, the geometry of the MTJ tends to pull the magnetic 

moment in-plane (shape anisotropy), but the 𝐻𝑘⊥ is strong enough to overcome the shape 

anisotropy energy and pull the magnetization out-of-plane. These two terms work against 

each other and the stability s written as the subtraction of the two terms. In STT switching, 

the demag energy favors the precession (Heff is also in-plane), hence the reduction of the 

switching current. We can define the effective anisotropy field as 𝐻𝑘,𝑒𝑓𝑓 = 𝐻𝑘⊥ − 4𝜋𝑀𝑠, 

it is positive to ensure a perpendicular anisotropy and the requirement of the high-

performance MTJ reduces to two as high thermal stability and low switching current can 

be satisfied at the same time for free layers with appropriate 𝐻𝑘⊥. 

In 2010, Ohno reported a perpendicular CoFeB/MgO based MTJ satisfying the above 

mentions requirement [24], the relatively similar structure with existing in-plane MTJ and 

ease of fabrication made perpendicular CoFeB/MgO MTJ systems a subject of intense 

interest form both academic and industrial communities. 

(1.15) 
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Figure 1-8 Left, Schematics of a perpendicular CoFeB/MgO MTJ device. Right, Top view 
of an MTJ nanopillar taken by scanning electron microscopy (SEM). Ref. [24] 

 

1.5      Exchange bias 

 

Antiferromagnets (AFM) are a class of material that has the neighboring magnetic 

moments pointing antiparallel to each other, which leads to zero net magnetization and 

very small magnetic susceptibility below Néel temperature TN. When materials with FM 

and AFM interfaces are cooled through this temperature in an external field (for 

magnetizing FM), a unidirectional anisotropy would be introduced. This phenomenon is 

called exchange bias and is originated from the exchange interaction between FM and AFM 

materials. 

The unidirectional anisotropy and exchange bias can be qualitatively understood by 

assuming an exchange interaction at the FM/AFM interface. Figure 1-9 depicts such 

mechanism.  
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Figure 1-9 Schematics of the spin configuration of FM/AFM systems before field cool (left) 
and after field cool (right) in a hysteresis. 

 

 

Before field cool, the AFM magnetic order has not been established and we can see a 

random spin configuration in AFM when 𝑇𝑁 < 𝑇 < 𝑇𝐶 while the ferromagnetic order in 

FM is established under external field H. When cooled below TN in the presence of an 

external field, the AFM spins adjacent to the FM layer aligned in the same direction as the 

FM spins (assuming a ferromagnetic interaction between FM and AFM). All the remaining 

layers will follow the surface spins and realigned in such a way that the AFM net 

magnetization stays at 0. This state is the initial state of the hysteresis loop. When a 

sufficiently large negative field is applied, the spins in the FM start to reorient with the 

external field as depicted in (ii). Because the net magnetization of AFM is 0, it is insensitive 

to the external field. The interaction between FM and AFM exerted an additional torque 

that stabilized the magnetization in FM to positive direction. In order to overcome this 

extra energy barrier, a higher field in the negative direction needs to be applied to reverse 

the FM spin direction to the state represented by (iii). When reducing the negative field to 

the positive direction, the FM spins tend to realign with the adjacent AFM spins and return 
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to (i) state before the field reaches 0. The FM/AFM interaction essentially produced a shift 

in the hysteresis as if there is an external biasing field applied to the sample when 

measuring. We call the shift from 0 field exchange bias field 𝐻𝐸 and the energy associated 

with this interaction is unidirectional (prefer a certain direction instead of a certain axis). 

The exchange bias effect has 

become a very important 

effect in MTJ fabrication and 

development. For an MTJ to 

be functional, the 

magnetization of the FM layer 

in MTJ needs to be controlled 

either by field or electronically. 

If the anisotropies of the two 

layers are not very different, it 

will be very difficult to 

reliably achieve this. Figure 1-

10 is a typical MTJ multilayer 

structure [25]. On the bottom 

of the structure, there is an AFM layer just above the seed layer. The AFM layer provides 

the bias for the adjacent FM layer (pinned layer) colored in blue, which effectively “pinned” 

the magnetization in a certain direction. The SAF (synthetic antiferromagnet) structure is 

two FM layers separated by a very thin Ru layer. The reference layer is exchange coupled 

to the pinned layer through interlayer exchange coupling. If the exchange bias between 

AFM and pinned FM is sufficiently strong, reference and pinned FM are appropriately 

coupled, the reference layer is also strongly pinned to the AFM and no magnetization 

switching would take place in it under normal operating conditions. 

The exchange bias effect is of great importance technologically and we will revisit it in 

Chapter 5. 

 
  

Figure 1-10 Cross sectional view of a typical in-plane 
MTJ. Ref. [25] 
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1.6      Voltage control of magnetism (VCM) 

Controlling magnetic properties with electrical means has always been a hot topic in 

magnetism study not just because of the rich physics embedded in the correlation of charge 

and magnetic order in novel material systems, also for the huge potential it presents to 

incorporate magnetic devices with existing electronics. In this section, we give a brief 

introduction to the typical voltage-controlled effects in magnetic materials with an 

emphasis on two particular effects most relevant to the current work. 

 

1.6.1 Overview 

Figure 1-11 gives a quick summary of various magnetic properties that can be controlled 

by the electric field (voltage) [24].  

 

 

The magnetic material can be metallic, semiconductor and magnetic oxide. There are 

advantages and disadvantages associated with the respective materials. Like in metals, 

Figure 1-11 Sketches of different characteristics in magnetic materials that can be 
controlled by electric field. (a) magnetic anisotropy, (b) coercivity, (c) magnetization, 
(d) exchange bias, (e) Curie temperature (f) magnetoresistance. From Ref. [24] 
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which has already been extensively used in traditional electronics, usually shows high 

Curie temperature and strong magnetization, the fabrication is generally easier and already 

compatible with current technology like magnetron sputtering or evaporation, etc. But the 

high conductivity makes the electric field impossible to penetrate beyond a few nanometers 

which seriously hinders the applicability of the metallic based magnetic systems. For 

semiconductors, which can have really long screening length, the Curie temperature and 

magnetization are usually quite weak. For the oxide, the voltage effects can be substantial. 

However, they are insulators, which makes incorporating them into electronics challenging. 

As magnetic tunnel junctions are the main topic of this work, we focus our discussion 

mostly on the phenomenal and mechanism of metallic magnetic systems. 

 

 

1.6.2 Modulation of carrier density in ultrathin metals 

 

The theory of ferromagnetism is generally explained by the band theory. It is also 

sometimes called itinerant-electron theory, the alternative name emphasizes the fact that 

the electrons responsible for ferromagnetism are considered as a whole which is capable 

of moving between atoms, rather than localized at specific locations. Changing the density 

of unpaired d electrons can be achieved intrinsically by modifying the material structure 

(alloying, etc) or extrinsically by applying an electric field. In regular bulk systems, the 

effectiveness of the electric field is greatly reduced due to the screening effect. In 

nanosystems, where the surface to volume ratio is high, a large electric field penetrating 

substantial portion of the film can be achieved through the use of liquid electrolytes, also 

called ionic liquid [26,27].  The large electric field induced by the electric double layer, 

which is due to its very high ionic mobility, can have substantial effects on the magnetic 

properties of the adjacent ferromagnetic metals, such as Curie temperature, anisotropy 

energy, and coercivity. 
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Figure 1-12 Voltage-controlled magnetism in (a) A FePt (FePd)/ionic liquid system device. 
(b) Change of FePt (FePd) coercivity and Kerr rotation with respect to voltage. Ref. [26] 

 

Besides ferromagnetic metals, modulation of carrier density can also influence the 

magnetic properties of metallic antiferromagnets. In the multilayer of Ta (4)/Pt (8)/[Co 

(0.5)/Pt (1)]4/Co (0.5)/Pt (0.6)/IrMn (3)/HfO2 (2) (units in nanometers), the carrier density 

in the IrMn can be manipulated by applying a voltage through ionic liquid [28]. The device 

under investigation is shown in figure 1-12 (a). The exchange spring, which is a planar 

domain wall developed when the magnetization of the ferromagnet is rotated or switched, 

provides the stabilization and the exchange bias field observed in this specific FM/AFM 

bilayer system. The exchange spring was predicted by Mauri [29] and observed in coupled 

FM/AFM systems like Co/NiO [30]. Compared with simplistic stiff exchange pictures 

where the FM magnetization switch and rotation doesn’t affect the “hard” AFM spins. The 

exchange spring picture is more realistic as taking AFM’s anisotropy and exchange energy 

into account. 
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As the magnetism in IrMn is determined by the iterant electrons, a large enough electric 

field, which is active within the screening length, can have a large influence on the 

exchange spring of IrMn and modulated the exchange bias field accordingly (Figure 1-13 

b). It is also important to note the interfacial nature of this effect, just as in ferromagnetic 

metals. If the thickness of IrMn exceeds the length of the exchange spring, the effect 

disappears. It is because the electric field can only reach a few atoms’ length in IrMn close 

to the HfO2/IrMn interface, not able to influence the exchange spring (the exchange spring 

starts at the opposite interface) with thick IrMn. 

 

 

 

Figure 1-13 Voltage control of the exchange spring in IrMn. (a) A device utilizing ionic 
liquid to generate large electric field in thin IrMn. (b) Exchange bias field HEB and 
coercivity HC controlled by VG. From Ref. [28] .  
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1.6.3 Strain effect 

 

In the previous part, we discussed the control of magnetism by the free carrier. In 

ferromagnet materials, the electrons that are contributing to magnetism are interacting with 

the localized atoms. This interaction gives rise to a plethora of phenomena such as spin-

orbit coupling, which determines magnetic anisotropy. The orbital moments are closely 

coupled to the lattice and the change of crystal structure by an applied strain from the 

substrate can efficiently change the magnetic properties of the neighboring ferromagnets.  

One widely adopted structure achieving voltage control of FM properties is FM/FE bilayers. 

“FE” refers to ferroelectric materials. This type of material can go through structural 

transformations under the electric field due to the coupling between its spontaneous 

electrical polarization and crystal structure. As deformation in FE introduces a strain that 

can be transferred to the FMlayer, magnetism in FM is essentially changed. This 

mechanism has been widely studied in various ferromagnetic metals and oxides prepared 

on FM substrates such as PMN-PT, PZT, and BTO [31–35]. 

For the ability to directly control the lattice structure, strain mediated VCM can basically 

modify all the important magnetic properties. Most attention has been paid to the 

realization of tunable magnetic anisotropy through the ME effect in FM/FE 

heterostructures. It is mainly for its potential for room-temperature magnetization 

switching via electrical means without the magnetic field. The effect is particularly useful 

for thick magnetic layers compared with the charge carrier modulation mechanism since 

the voltage is applied to the insulating FE layer which is free from the screening effect 

existed in ferromagnetic metals. 

There have been attempts to fabricate MTJs on top of these structures [36]. As shown in 

figure 1-14, anisotropic strains generated by the FE substrate can effectively change the 

magnetic anisotropy of the FM layers in the adjacent MTJ, causing magnetization 

reorientation and change the magnetoresistance in this process. Despite the apparent appeal 

of the strain effect, incorporating the FE/FM structure to future spintronic applications still 

poses a daunting challenge as reducing the FE layer dimension and thickness can 

significantly change its performance. 
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Figure 1-14 Demonstration of voltage manipulation of MTJ toggling. (a) and (b) 
Micromagnetic simulation results for hard and soft CoFeB layers in MTJ after voltage 
application. (c) MR loops under different voltage. (d) Toggling of MTJ between high and 
low-resistance states by voltage pulses. Ref. [36].  

 

 

 

1.6.4 Voltage control by the electrochemical effect 

 

In ionic liquid or other materials with high oxygen mobility, the electrochemical effect 

(more specifically, the redox effect which refers to the electrochemical effect involved with 

oxygen ions) can be observed. When a voltage is applied, EDL formed between ionic liquid 

and magnetic materials can cause the migration of oxygen ions across the interface, 

changing the magnetic properties of the magnetic materials during the process. Because of 

the close proximity and abundance of surface charge at the interface, this effect can be 

significant. In high oxygen mobility material (mostly oxide, like GdOx), a voltage can also 
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drive the oxygen ions to or away from the interface, inducing redox reaction and modifying 

the adjacent FM [37].  

One of the structures widely studied in this regime is the FM/oxide bilayers. As the 

magnetic tunnel junction employs a core structure of FM/barrier (oxide)/FM, the similarity 

between them implies great potentials utilizing the electrochemical effect in the MTJs. 

One example is in Fe/MgO bilayers, contradictory to the common belief that MgO and Fe 

are in direct contact when depositing MgO onto Fe, an FeO interfacial layer between them 

can be confirmed by x-ray structure investigation [38]. Applying a voltage can reversibly 

change the oxidation states of Fe in CoFe/MgO bilayers [39]. Although the effect is small, 

it provides vital information in understanding the limitation of TMR and failure mechanism 

in Fe/MgO/Fe MTJs. A more dramatic effect is observed in Co/GdOx [37] bilayers and 

CoFeB/GdOx/CoFeB MTJs [40]. As oxygen in GdOx is relatively mobile, a voltage can 

efficiently control the redox reaction at Co/GdOx interface. Depending on the oxidation 

level of Co or the CoFeB layer, not only the anisotropy but also the magnetization, 

interlayer exchange coupling can be totally controlled by the voltage at slightly elevated 

temperature. This effect is non-volatile and offers a possible way to realize voltage-

controlled magnetic switching. 

The advantages of the voltage-controlled electrochemical effect are high efficiency and 

large scale. As the magnetization can be totally controlled and only a small electric field is 

needed. However, the wide application of this effect is still challenging. The thermally 

activated nature of ionic motion means a slower response compared with its electronic 

counterpart. So far, it is applied to limited scenarios. 
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Figure 1-15 Voltage control of magnetism by electrochemical effect in Co/GdOx Hall bar 
and CoFeB/GdOx/CoFeB MTJ. (a) and (b) VCM in Co/GdOx Hall bar manifested by 
change in AHE (Anomalous Hall Effect) magnetoresistance [37]. (c) and (d) Voltage-
controlled interlayer exchange coupling (IEC) in a CoFeB/GdOx/CoFeB MTJ [40]. 

 

 

1.6.5 Voltage control of PMA by charge transfer 

 

In 1.4.3, the advantages of MTJ with perpendicularly magnetized FM layers were presented. 

The lowered switching current and possibility to maintain larger anisotropy energy at 

reduced dimension makes it much more desirable than its in-plane counterpart.  

The perpendicular magnetic anisotropy (PMA) can be found in bulk material (Like in L10 

ordered (Co, Fe)-Pt alloys) and ultrathin films. It is a kind of magnetocrystalline anisotropy 

(MCA) that has the easy axis pointing out of the film plane. Just like in other bulk materials, 

PMA also emerges from the well-known spin-orbit coupling (SOC) interaction 
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𝐻𝑆𝑂 = 𝜉 𝑺 ∙ 𝑳 

In bulk PMA materials, specific crystal structures rearrange electron states (bands) with 

different orbital characteristics, making the state with PMA energetically favorable. The 

same effect can happen in ultrathin films. However, the main cause of PMA in the latter 

case is the reduced dimension that can make the band structure of orbitals go through 

dramatic changes. This work focus on the PMA of ultrathin films. 

The most studied and technologically relevant PMA in thin films comes from Fe/MgO or 

CoFeB/MgO systems. Theoretically, as SOC is much smaller than the band energy, the 

crystal field splitting, and exchange coupling, the MCA energy can be calculated using 

second-order perturbation theory [41–43],  

𝐸𝑀𝐶𝐴 = 𝐸∥ − 𝐸⊥ =
𝜉2

4
∑

|〈𝜓𝑜|𝐿𝑧|𝜓𝑢〉|2 − |〈𝜓𝑜|𝐿𝑥|𝜓𝑢〉|2

𝜀𝑢 − 𝜀𝑜𝑜,𝑢

 

where 𝜓𝑜 and 𝜓𝑢 are unperturbed wave functions for occupied and unoccupied states with 

energies 𝜀𝑜  and 𝜀𝑢 . 𝐸𝑀𝐶𝐴  is defined as the energy difference between magnetization 

pointing in-plane and out-of-plane, a positive value indicates a perpendicular easy axis. We 

can also make the approximation to use only the minority-spin states as exchange splitting 

in Fe is quite large, and the mix between unoccupied minority-spin states to occupied 

majority-spin state is very small. Figure 1-16 is the calculated DOS in the muffin-tin 

spheres of the Fe and O atoms at the interface [44]. we can see the large exchange splitting 

in all three cases, which validates the approximation used in equation 1.17. 

(1.16) 

(1.17) 
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In all three figures of 1-16, the upper panels 

represent the majority-spin state and the lower 

panels represent the minority-spin state. The 

Fermi level is shifted to 0 eV and we can see 

in all three cases, the exchange splitting is 

large enough, so the majority-spin state is 

fully occupied. With the introduction of MgO, 

we can see the DOS peaks in O spin states 

coincide with the Fe. This is clear evidence 

there is charge transfer between the Fe d 

orbitals and O p orbitals.  

First principle calculation using the full-

potential linearized augmented plane wave 

(FLAPW) method renders a much-improved 

PMA (larger 𝐸𝑀𝐶𝐴) as shown in figure 1-17 at 

0 voltage. From (b) and (c) in figure 1-16, we 

can see an elevation of energy in 𝑑𝑧2 orbital 

(indicated by thick black arrow) and the 

emergence of the O minority-spin peak at the 

same location. The enhancement of PMA is 

due to this orbital rearrangement and charge 

transfer between Fe and O. 

Since the ultrathin Fe film can effectively 

avoid the restrictions put by the screening 

effect, a large electric field can be applied through the whole film and the charge transfer 

mechanism described in the last paragraph can be further enhanced. Hence, a voltage-

controlled PMA mechanism can be expected. In figure 1-17, voltage control of PMA is 

presented. A symmetric voltage dependence can be expected in free-standing Fe and 

MgO/Fe/MgO due to the symmetric geometry with respect to the z direction. An 

asymmetric dependence in Fe/MgO is due to the symmetry breaking.  

Figure 1-16 DOS in the muffin-tin 
spheres of Fe (red) and O (black) atoms 
for (a) free-standing Fe monolayer, (b) 
Fe/MgO and (c) MgO/Fe/MgO. Ref. [42] 
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Perpendicular Fe/MgO, Fe/MgO/Fe MTJs or 

systems with similar structures have been 

successfully fabricated [24] and the voltage 

control of their magnetic property has been 

demonstrated by various groups [45–48]. 

From the discussion above, we can see the 

PMA in Fe/MgO system originates from the 

interface, a relatively thick FM layer will 

result in the easy axis change from 

perpendicular to in-plane, hence some people 

call this magnetic anisotropy “interfacial 

perpendicular magnetic anisotropy” (iPMA). 

The interface is of crucial importance as the 

PMA and the voltage control all depend 

heavily on its configuration. Most work 

conducted in this thesis is based on the 

CoFeB/MgO/CoFeB magnetic tunnel 

junctions with PMA. We will show how the 

interface plays an indispensable role in 

bringing out some of the most interesting phenomena in MTJs.

Figure 1-17 Calculated MCA energy as 
a function of the external electric field. 
Ref. [42] 
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1.7      Application of voltage control in MTJs 

 

Since the discovery of the GMR effect and its swift industrial implementation in the early 

1990s, spintronics research has been quickly developed into a vibrant field for its huge 

potential in resolving some of the pressing issues in computation and information 

technologies.  

One example is in memory applications. For the past few decades, we have witnessed a 

dramatic increase in computation power ranging from supercomputers to wearable devices. 

Combined with the introduction of the internet, these generated a huge amount of data that 

needs to be processed and store either temporarily or in the long term. The performance of 

the memory is mainly judged by 3 categories, namely speed, bandwidth, and power 

consumption. Surprisingly, the development of memory has not kept pace with the fast-

growing computation power. Figure 1-18 depicts the performance gap between memory 

and CPU/GPU. The gap is growing at more than 50 % yearly. 

 

 

Figure 1-18 Increased performance gap between processor and memory 
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The main reason this gap exists is currently there are no memory technologies that can 

score high simultaneously on all 3 performance categories mentioned before. Figure 1-19 

shows the current memory hierarchy in a conventional computer architecture with required 

system-level and device-level memory performance [49]. The diversification of solid-state 

drive (SSD), DRAM, and SRAM in 3 different levels is the result of balancing the 

requirement of the individual subsystem and making certain compromises to meet specific 

benchmarks. For example, the requirement for the peripheral memory is high capacity and 

long-term data storage. The individual memory bit is not frequently accessed, and the speed 

is not critical. The SSD memory can satisfy these requirements relatively well and has been 

replacing the cheaper hard disk drive (HDD) since the production cost dropped. The closer 

the memory to the processor, the higher speed and endurance are necessary, energy 

consumption has to be compromised to certain degrees. The relatively large footprint and 

complicated structure make the SRAM more expensive and its bandwidth limited. 

 

Figure 1-19 Memory hierarchy in a conventional computer architecture with required 
system-level and device-level memory performance. Modified from [49]. 
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As processing power is generated constantly, more and more data need to be handled in an 

increasing number of devices not just limiting to conventional devices. Demands for better 

memory have never been higher. Magnetic tunnel junction has attracted a lot of attention 

since it’s naturally nonvolatile, the characteristic switching time is in the nanosecond 

domain and can be incorporated into existing CMOS fabrication technologies. Additionally, 

It can also be operated in extended temperatures and some severe environment, which 

makes it applicable in a wide range of scenarios and potential to become “universal 

memory”. 

Magnetic Random Access Memory (MRAM) is a new type of memory using MTJs as its 

core structure as P and AP states can naturally achieve “0” and “1” in electronics. Since 

the early 2000s, three generations of MRAMs have been produced and saw limited success. 

Figure 1-20 (a) summarizes the development of MRAM technologies. One major 

bottleneck limiting the performance of MRAM is energy consumption (in writing). Figure 

1-20 (b) compares the writing energy (per bit) of MRAMs and current RAM device 

(SRAM and DRAM). Because the MRAM doesn’t need constant refreshes and has no 

leakage, the overall power consumption is lower than the current solutions. However, the 

marginally improved performance doesn’t call for an overhaul of the current memory 

solution. Theoretical speaking, each memory bit only need to possess an energy barrier 

(magnetic anisotropy energy) of Δ = 60 𝑘𝐵𝑇  to guarantee non-volatility (10-year 

retention). From figure 1-20, we see a gap of over ×105 between current STT-MRAM 

technology and physical limitation. 

The higher energy consumption in STT-MRAM stems from the mechanism of spin 

moment transfer. In a typical MTJ nanopillar for STT switching, the maximum moment 

transferred by a single electron is ℏ/2, this process is accompanied by the energy loss of 

~eV (the voltage drop across the barrier is on the order of 1V). This energy is eventually 

turned into Joule heating and doesn’t contribute to the magnetic switching. The typical 

operational current density is on the order of 106 A/cm2, in a circular MTJ device of 50 nm 

in diameter, that equals to 200 fJ (femtojoule) in switching energy (assuming 1V voltage 

drop and 10 ns on-time), almost all of the 200 fJ is wasted into heat. 
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For the next generation memory applications, as an increasing amount of information is 

written and read to meet the processing demand, energy efficient writing mechanism is of 

vital importance to both reduce heating and increase operation efficiency (for reference, 

25-50% of the processor power is used in SRAM in system-on-chips mobile devices 

currently). Because MRAM can theoretically reach the ultimate power consumption of less 

than 1 aJ (attojoule), it is important to explore new mechanisms to achieve magnetic 

switching with reduced current density or totally get rid of it. 

 

Figure 1-20 (a) Historical development of MRAM technologies from early 2000s. (b) 
Writing energy comparison between MRAMs and conventional RAMs [50]. 

 

Voltage-controlled effect in magnetic tunnel junctions, especially the control of magnetic 

anisotropy, serves as a possible candidate to realize the ultra-low energy switching. This 

effect is induced by the electric field established across the FM/Oxide interface. The 
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current flowing across the barrier can be theoretically reduced close to 0 (MTJ acts as a 

perfect capacitor) if the voltage effect in MTJ is sufficiently large. We will discuss our 

effort in lowering the switching energy by interface engineering in Chapter 3.
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CHAPTER 2     Experimental methods 
 

The standard method in magnetic thin film fabrication is introduced. Several factors 

limiting the qualities of the thin films is discussed. The Optical photolithography and lift-

off procedure, which is widely used in patterning a continuous film into functioning 

devices, is also presented. The probe station equipped with a projection electromagnet is 

used to measure DC transport properties of MTJs under adjustable magnetic field angles. 

In order to measure low-temperature properties, a home-built cryogenic test station is 

introduced that is capable to reach 10 K. 

 

2.1     Thin film fabrication 
 

The first step in fabricating magnetic tunnel junctions is growing the thin film. To achieve 

high tunneling magnetoresistance and robust magnetic anisotropy of desired orientation, 

the thin film has to have atomically flat interfaces, low impurity concentration, accurately 

controlled thickness, and good lattice orientation if necessary. Failure to meet any of the 

requirements can result in a serious downgrade in the performances of the finished device. 

In this section, I will show how the stringencies are met in our thin film fabrication process 

using a commercially available sputtering technique. 

 

2.1.1     Physical vapor deposition (PVD) process 
 

In the area of thin film deposition, many techniques have been developed and utilized 

depending on specific scenarios. Generally speaking, all techniques can be divided into the 

physical and chemical processes. For the physical process, evaporation and sputtering are 

the two most commonly used methods.  

Vacuum evaporation is the process of heating a source material under vacuum until it 

evaporates, the evaporant then is deposited onto a substrate to form a thin film. It is widely 
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used in the deposition of conductive and dielectric materials industrially for the high rate 

and simpler apparatus. The source of heating can be thermal filaments, E-beam or laser. 

During the process, the source materials have to be heated above melting point either 

locally or in their entireties, which makes deposition of high melting point materials 

(notably Ta and W) very difficult.  

Sputter deposition is the process of bombardment of cathode materials (targets) with 

positively charged ions (Ar+) from a rear gas discharge. The process of evaporation 

happens right at the surface of the target and it is good for the deposition materials even 

with very high melting points and it’s especially useful in growing alloys (alloys with 

elements of different yield will go through composition rebalance to compensate the yield, 

making the composition of the target and film identical). However, the deposition rate can 

be low compared with evaporation. Figure 2-1 is a simple illustration of the two techniques. 

 

Figure 2-1 Illustration of commonly used PVD process (a) Thermal evaporation (b) 
Sputtering deposition 
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2.1.2     Magnetron sputtering 
 

The versatility and cost-efficiency of the sputtering technique make it the most commonly 

used technique in industrial thin film fabrication. DC and RF sputtering are used for the 

deposition of conductive and insulating materials respectively. As electrons accelerated 

from target to anode, they collide with neutral Ar 

𝐴𝑟 + 𝑒− → 𝐴𝑟+ + 2𝑒− 

this inelastic collision generates 𝐴𝑟+ which will be accelerated to the target and knock the 

material out of the surface and eject it onto the substrate. During the bombardment, some 

𝐴𝑟+ catch electrons at the target surface and becomes neutral again, joining the process 

described in equation 2.1. Figure 2-1 (b) describes the process. When the target material is 

an insulator, the electrons cannot flow through it. Causing a 𝐴𝑟+  buildup at the target 

surface and impede the plasma formation. An alternating power source is used in solving 

this issue. When the frequency reaches above 50 kHz, electrons flow alternatively from 

cathode and anode, neutralizing the charge buildup at the target surface and sustain plasma 

formation. In order to increase the deposition rate, higher voltage and Ar partial pressure 

is needed to increase the ionization of Ar. The high Ar pressure is mostly undesirable as it 

reduces the mean free path of particles and causes more collisions between sputtered atoms 

and Ar, potentially degrade the film quality. Moreover, the rather extended discharge 

region increases the possibility of electron bombardment of the substrate. Reducing the Ar 

working pressure while increasing the Ar ionization efficiency is needed to produce better 

quality films while maintaining a relatively high deposition rate.  

Magnetron sputtering is a technique that addresses this issue and nowadays is the standard 

sputtering method to produce high-quality thin films. By placing an array of strong NdFeB 

permanent magnets with alternating polarity under the substrate, the strongly confined 

magnetic field can be generated close to the target surface, instead of going straight to the 

anode, the accelerated electrons experienced the addition Lorentz force and the path they 

have to travel before reaching anode is greatly increased. The possibility of the process 

described in equation 2.1 is increased dramatically. In this way, an elevated ionization level 

can be reached with lower Ar pressure, which increases the deposition rate and improve 

(2.1) 
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the thin film quality simultaneously. Figure 2-2 highlights the more concentrated “glow 

discharge” plasma (purple) closer to the target surface. In addition to the enhanced 

sputtering efficiency mentioned above, the reduced glow discharge region makes the 

escaped electrons move more dispersively to the anode, reducing the bombardment to the 

substrate in the meantime. 

 

 

Figure 2-2 Enhancement of Ar ionization near cathode surface by magnetron sputtering 

 

 

2.1.3     Film deposition system 
 

The main equipment for making magnetic thin film in this work is a customized sputtering 

system (AJA). Sputtering targets of 12 materials can be installed at the same time inside 

the chamber. The sputtering gun-substrate follows a substrate-on-top configuration to 

minimize the contamination by sputtered flakes during film growth. A load lock, which is 

separated by an isolation valve to the main chamber, is installed to transfer the substrate 

inside without breaking the main chamber vacuum. The base pressure of the system is 
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below 2 × 10−8  Torr before water removal by Ta-getting. The gaseous content of the 

chamber is monitored by an RGA to ensure minimum the contamination during MTJ 

fabrication. 

The high quality of the thin films is the combined effort of a few aspects. First, the vacuum 

in the main chamber has to be kept with great care. Materials that are not essential in MTJ 

fabrication are minimally introduced to the chamber to avoid contamination (especially 

some materials with high vapor pressure). This way, unwanted impurities is greatly 

reduced. For the good topography (smooth, atomically flat layers), the working pressure, 

distance and angle between target and substrate of different targets are adjusted 

appropriately to maintain a uniform and directed flow of the source materials onto the 

substrate. All source materials are sputtered onto atomically flat thermal oxidized Si/SiO2 

wafer to ensure the overall flatness of the samples. 

 

 

Figure 2-3 Magnetron sputtering chamber used in the thin film fabrication 
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2.2     Device fabrication 
 

Even though the finished thin film has all the layers of an MTJ structure, it can hardly be 

called a magnetic tunnel junction as a continuous multilayer. The tunneling 

magnetoresistance cannot be measured accurately since the extended films are prone to 

defects. Most likely, the current would flow through some defect in the tunneling barrier 

instead. Other transport properties are even harder to obtain since there is no way to 

precisely define a current path and measure the corresponding signal. For any practical use, 

the thin film will ultimately size down to the microscopic dimension to enhance the signal 

and be functional. This section deals with procedures to turn a thin film of a few square 

inches into thousands of functioning MTJ devices. 

 

 

2.2.1     Photolithography  
 

A functioning MTJ device has to have at least 2 parts to be measured electronically: 

electrodes and a magnetic tunnel junction. The junction is where all the fascinating physics 

taking place and a pair of electrodes is the input of power to either activate or probe the 

phenomena. In order to separate the large films into independent units, we need to “draw” 

the boundaries or shapes of them.  

A technique to transfer minuscule patterns onto the film is called lithography. It utilizes 

photoresist as “paint” to cover and expose certain areas for further process. Photoresist is 

a type of material that is sensitive to certain light (UV, laser, etc.). After exposure, the 

properties of the photoresist are changed. Most photoresists are organic materials with long 

molecular chains, there is crosslinking of certain degrees between individual chains. If the 

crosslinking is getting stronger (PR is hardened) after exposure, we call the photoresist 

“negative tone”, the positive toned resist is defined accordingly. Using photoresist, the 

patterns on the masks can be transferred and developed later. The standard procedure of 

photolithography used in this work is illustrated in Figure 2-4.  
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Figure 2-4 Standard procedures of photolithography. (a) Spin coating (b) Softbake (c) 
Exposure (d) Develop (e) Hardbake (optional). 

 

Spin coating is achieved by dispensing a small amount of photoresist liquid onto the film 

and accelerate it to high speed to form a thin coating of 1-2 μm at 3000 rpm. The purpose 

of spin coating is two-fold, one is to make a thin, uniform coating, another is to dry the 

coating to a certain extent. The ensuing softbake is to remove the residual solvent. After 

softbake, the photoresist coating is solidified and cooled to room temperature. The coated 

film is then put into the semi-automatic aligner, adjusted to the appropriate position and 

exposed by UV light from a light source traveling through the mask to the resist. A 

chemical reaction occurs in the exposed area and crosslinking is weakened (positive tone 

resist). After immersing the exposed film into the chemical developer, the weakened 

photoresist portions are dissolved. The pattern from the mask is effectively transferred to 

the photoresist. 
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2.2.2     Ion beam etching and lift-off 
 

The patterned photoresist acts as a mask for further process. Materials can be removed 

from or added to the open area to achieve certain functionality. In MTJ fabrication, in 

particular, the size and shape of the MTJs need to be defined and isolated from each other. 

Ion beam etching (ion milling) is used in removing thin film layers in a controlled manner. 

Let’s first look at how the ion beam is generated and used to remove materials. 

 

Figure 2-5 Components in standard DC ion beam source and associated electrical circuit. 
E represents emission slit and B is the magnetic field. 

 

Figure 2-5 illustrates the widely used DC ion beam generation mechanism. The working 

mechanism is similar to sputtering, only now the bombardment by Ar+ ions takes place at 

the patterned thin film surface. When current flow through the cathode filament, thermionic 

emission from the cathode ejects electrons to the anode body, causing collisions between 

electrons and Ar atoms. A plasma is created by large numbers of ionization and a discharge 

can be sustained (current flowing between cathode and anode is no longer dominated by 

the thermionic electrons from the cathode, but ions and electrons from the gas, as well as 
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secondary electrons from ion impact on the cathode surface). By adding a strong magnetic 

field, similar to magnetron sputtering, the electron trajectory can be significantly increased, 

and the plasma can be created at low Ar pressure. Some Ar+ generated in the discharge 

region can be gathered by extractor electrode (grid) and accelerated to the desired direction 

by the acceleration and deceleration electrodes (grid). This directional ion beam can be 

used to remove materials from patterned thin films. 

After the isolation of core MTJs, external electrodes must be introduced to complete a 

practical device. However, the electrodes cannot be directly placed on top of the MTJ 

without shorting the junction. areas immediately surrounding the MTJ must be protected 

by the passivation layer like SiO2 to ensure insulation between the top and bottom 

electrodes. The lift-off technique refers to the process of depositing materials onto the 

patterned photoresist, subsequently removing the photoresist and leaving behind the film 

only in the patterned area. Figure 2-6 shows the step-by-step illustrations in fabricating an 

MTJ device of micron lateral dimension using photolithography, ion milling, and lift-off 

technique. 
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Figure 2-6 Standard fabrication steps of a micron-sized MTJ using lift-off technique 
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There are overall three steps.  Figure 2-6 (a)-(d) represent the first step, (e)-(h) is for the 

second step, the rest are for the last step. The first step is to pattern a relatively large mesa. 

The purpose of the mesas is to provide spaces for a micron-sized MTJ and bottom 

electrodes attachments. The second step is to define the core MTJ structure and insulate 

the surrounding area while protecting a small lead (avoid coverage of thick SiO2) for the 

bottom electrode. The last step is to deposit the top and bottom electrodes. 

As shown in the figures, the photoresist has an undercut profile, which is beneficial for the 

lift-off process as illustrated in Figure 2-7. 

The undercut is generally developed 

in negative or image reversal resist 

(exposure to UV hardens resist). 

When the dosage is low, the interior 

resist will not get sufficient exposure, 

making the developing rate of this 

part higher and causing a wedged 

profile demonstrated in figure 2-7 (a). 

The benefit is clear for the lift-off 

process as shown in figure 2-7 (b), on 

the left side, the shape of resist cross-

section is generally of a positive resist 

(exterior resist softens more because 

of higher exposure), the subsequent 

deposition will cover the edge of the 

resist firmly. On the right, the 

undercut effectively acts as a shadow 

mask in the deposition process, which 

makes the edge coverage poor. The 

difference in the edge coverage is 

most evident in the ensuing resist stripping process. The reaction between the resist 

remover and the resist can only take place when the remover reaches the resist. If the layer 

Figure 2-7 Undercut profile of negative/Image 
reversal resist (a) low exposure dose favors the 
undercut development. (b) With undercut, there 
are open-ups on the photoresist side wall after 
deposition, which facilitates resist removal. 
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deposited onto the resist is thick enough, the only possible spots the remover can touch the 

resist is through the edge, an undercut producing poor edge coverage can facilitate the 

reaction and produce a cleaner removal. Clean removal is very important especially if 

additional steps are to be done onto the processed film, excessive resist residual can be 

detrimental as it can block the connection between layers or short the intended isolation 

between individual parts. 

 

 

 

2.3     Transport measurement 
 

 

2.3.1     Room-temperature probe station 
 

A home-built probe station equipped with a projection electromagnet (PEM, GMW 5201) 

is used to measure the transport properties of MTJs under the magnetic field. As shown in 

figure 2-8 (a), the PEM can be placed at the lower level of the station, separating from the 

sample by 2mm as demonstrated in figure 2-8 (c). View from the side, the PEM can 

produce magnetic fields in the xz plane for samples placed between the two opposite poles. 

The angle of the field with respect to surface normal can change from 0o to -180o moving 

from one pole to the other. The position of the PEM can be adjusted by the mounting 

apparatus placed beneath it, making the field angle completely adjustable. Multiple 

positioners can be fixed on the top late by vacuum and a digital microscope is placed right 

on top to take sample images. Cooling water is provided to the PEM inner chamber to 

generate higher fields. The station is capable of generating a perpendicular field of 

±2000 Oe and an in-plane field of ±4000 Oe, making it versatile and sufficient to perform 

general transport measurement in moderate fields. 
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The probe station is a convenient tool as MTJ electrodes of lateral dimension as small as 

10~20 μm can be contacted by the positioners. This is a significant improvement compared 

with wire-bonding and the density of the device fabricated can be dramatically increased. 

 

Figure 2-8 (a) Picture of the room temperature probe station equipped with (b) a projection 
electromagnet. (c) Illustration of the magnetic field generated by the projection 
electromagnet in xz plane. 

 

 

   
2.3.2     Cryogenic test station 
 

Most applications of MTJ involve with room-temperature operations, however, emerging 

technologies may require the MTJ to function at a reduced temperature such as aerospace 

applications and cryogenic memory for superconductor-based processors in quantum 

computing [51]. Meanwhile, temperature-dependent properties of MTJs can potentially 

provide useful information that is obscured by thermal fluctuation, which may reveal novel 

physical phenomena that is unobservable at RT, such as defects [52], Kondo effect caused 

by magnetic impurities in the barrier [53], and magnetic coupling mechanism [54], etc. 
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In order to measure the temperature-dependent properties of magnetic tunnel junctions, a 

cryogenic test station is built. The system comprises 4 parts. (1) A sample-in-vapor cryostat 

with matching closed-cycle cryocooler, (2) a sample holder with electrical connections 

extended to the exterior meters. (3) A conventional coil electromagnet capable of providing 

over 0.8 T at large gap configuration. (4) An equipment rack holding various equipment 

including the electromagnet power supply.  

There are two chambers in the cryostat, one for the cryocooler and the other (vapor chamber) 

for the sample rod. The cryocooler cold head is thermally connected to the vapor chamber. 

When the sample is wire-bonded to the chip carrier (figure 2-9 c) and placed into the socket, 

pure helium is filled into the vapor chamber and cooled down. The cooling of the sample 

is achieved by the cooled helium. Eventually, the sample can be cooled to 10 K and the 

heater adjacent to the sample can adjust the local temperature which is measured by a 

thermocouple. 

 

Figure 2-9 (a) Picture of the cryogenic probe station (without power supply and meter rack). 
(a) cryostat and electromagnet. (b) sample rod with a socket (black) attached to the end for 
placing (c) a chip carrier (with a wire-bonded sample). (d) cross sectional view of the 
sample holder(socket) between two pole pieces of the electromagnet. 
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CHAPTER 3 

Nanosphere lithography for parallel MTJ fabrication 
 

In Chapter 2, the standard lift-off procedures in MTJ fabrication were introduced. 

Photolithography and ion beam etching techniques are employed to produce tunnel 

junctions of a few microns in the lateral dimension. In order to be built into spintronics 

applications such as spin-transfer-torque MRAM, the lateral dimension of the junction 

must be reduced to at least sub 100 nm. The conventional photolithography generally 

cannot reach below the resolution of sub-micron and new techniques are called for to 

fabricate MTJ nanopillars.  

 

 

3.1     Why MTJ nanopillars? 
 

 

The first requirement for MTJ to be utilized in memory application is to have fast and 

uniform switching of the free magnetic layer. Thus, a single domain magnetic layer is 

favorable. Magnetic domains are formed inside the magnetic material because of the 

magnetostatic interaction. As introduced in Section 1.4.2, in a magnetized body, to 

minimize the magnetostatic energy (demagnetizing energy) 𝐸𝑑 = 𝐻𝑑 ∙ 𝑀, it breaks into 

individual regions of distinct magnetization, these are called magnetic domains. Domain 

walls can be formed between domains and their configurations (width, orientation, etc.) are 

determined by the competition between exchange and magnetic anisotropy ( 𝐸𝐷𝑊 ∝

√𝐽𝐾, 𝛿𝐷𝑊 ∝ √𝐽/𝐾). 

When the size of the magnetic layer is small enough, it will favor a single domain state. 

The argument is if the size of the magnetized body is smaller than the domain wall 

thickness δ, it cannot consist of two distinct domains separated by a wall. another argument 

can be the magnetostatic energy is proportional to the volume of the single-domain 
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magnetic layer  (D3) while the domain wall energy is proportional to the cross-section of 

the layer (D2), there must exist a critical size (D) that the magnetostatic energy is smaller 

than the domain wall energy and a single domain state is favorable energetically. The 

calculation of critical dimension D is quite tricky and involves MS and geometry of the 

magnetic layer. The general solution is usually in the form of 𝜎 𝑀𝑆
2⁄ , where σ is the 

domain wall energy. It is expected to be less than 1000 atoms in diameter for most magnetic 

materials. 

The benefit of the single-domain states in MTJ is evident.  If a domain wall is present in 

the magnetic layer, the switching behavior will be quite complicated as demonstrated by 

Figure 3-1 [55]. In this figure, the switching induced by the external field is presented in a 

nanowire (500nm in width) made of NiFe/Cu/NiFe, the magnetoresistance is GMR in 

nature. As shown in (a), instead of 2 distinct switches which represent P and AP 

configuration of the top and bottom NiFe, the GMR loop shows 4 steps. This behavior 

indicates both layers are multi-domains as illustrated in (b). If a magnetic layer has multiple 

domains, the coercivities of different domains can be very different, which can cause 

incoherent switching of the magnetic layer. A two-state device (A and AP states) is 

morphed into a multistate device and the behavior can be very unpredictable. 

 

 

Figure 3-1 (a) Resistance as a function of the external field in NiFe/Cu/NiFe nanowire 
measured by the four-point technique. (b) Domain structure inferred from the resistance 
measurement. From Ref. [55] 
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The domain wall width is 𝛿𝐷𝑊 = 𝜋√𝐴𝑠/𝐾𝑒𝑓𝑓, where 𝐴𝑠 is the exchange stiffness. Using  

𝐴𝑠 = 2 × 10−6𝑒𝑟𝑔 𝑐𝑚⁄  [56]and  𝐾𝑒𝑓𝑓 = 106𝑒𝑟𝑔/cm3, the 𝛿𝐷𝑊 is estimated to be around 

50 nm [57]. MTJ with a diameter smaller than this limit can be treated as in the single 

domain regime. 

Not only the switching uniformity but the coercivity itself behaves differently across the 

single domain limit. Besides, most models developed for the MTJ also assume the FM 

layers are in this limit. Hence, optimization and experimental verification of the MTJ 

properties relies heavily on the successful fabrication of MTJ nanopillars.  

 

 

3.2     Fabrication process using Electron Beam Lithography (EBL) 
 

The resolution of standard contact photolithography is generally larger than 1 μm. This is 

because the diffraction limit is reached when the patterns approach the same order as the 

wavelength. Typically, the limit is about one-half to one-quarter of the wavelength of the 

light source. After considering  the thickness of the photoresist (increase diffraction) and 

develop limitation, the minimum feature size that can be resolved is  𝑊𝑚𝑖𝑛 ≈ √𝑘𝜆𝑔, where 

k is a constant dependent on the photoresist and the development procedure, g is the 

distance between pattern and wafer (photoresist thickness for contact type lithography used 

in our lab). A photoresist thickness of typically 2-3 μm and I-line UV source, the smallest 

feature that can be produced in our system is around 1 μm (in reality, the best we can 

achieve is over 2 μm). 

In order to produce features of sub-100 nm, E-beam lithography is generally used in 

research environment. The EBL system uses the accelerated electrons instead of UV light 

to initiate chemical reactions in the specialized resist. As the wavelength of electrons is 

much smaller than the UV light, the diffraction is negligible and the smallest lateral feature 
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can be less than 1nm theoretically. Because of the scattering of electrons inside the resist, 

the resolution limit is generally close to 10 nm, which is more than enough for our purpose. 

Any nanofabrication procedure can be classified into two types: put the desired patterns 

onto the samples (patterning, etching, metallization, etc.) and remove the photoresist. 

Although the first type always involves sophisticated techniques, it is the second type that 

produces more obstacles for most researchers. As the successful removal of the resist not 

only produces the intended structure of a specific step, it is also crucial for the ensuing 

steps. If the resist cannot be removed or the removal is not clean, it would produce 

unwanted insulation or connections for the later steps. The problem will be multiplied in 

magnitude as more steps are added. 

There are two processes utilizing positive and negative EBL resist to produce MTJ 

nanopillars. The positive resist method is depicted in figure 3-2. 

 



 
 

67 

  

Figure 3-2 Detailed process flow of MTJ nanopillars using positive EBL photoresist. The 
relative ratio of metallic hard mask pillar and top/bottom lead is exaggerated to present a 
clearer picture. 

 

The critical steps are (b)-(h). In these steps, the intended area for nanopillar is protected by 

a hard mask made of metals. The via (hole) in the EBL resist is created by exposing a 

circular shape of sub-100 nm diameter to an electron beam above the threshold dose. 

Generally, the resist is PMMA or double layer made of PMMA and a more sensitive 

underlayer. This will produce an undercut and the subsequent lift-off of the hard mask layer 

is easier. The whole process will need 3 photolithography steps, 1 EBL step, one thick 

SiO2 deposition (> 80nm), three metal depositions, and 4 etching steps. It is very time-

consuming (2 weeks in general considering the coordination of different equipment). 2 

steps would likely cause most of the trouble. First is the EBL lithography, the appropriate 

undercut is tricky to control and too much development would cause the collapse of the 

upper layer. The second issue is the planarization step, repeatability for this step can be 

low considering the nonuniformity of the spin-coated photoresist. 

An alternative method to fabricate MTJ nanopillars utilizes negative EBL resist instead. 

The procedures are depicted in figure 3-3. By the first look, the total number of steps is 

reduced. A closer look will render 3 photolithography steps, one EBL, one SiO2 deposition, 

2 metal depositions, and 2 etching steps. This may give the impression that the negative 
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EBL method is preferable compared to the positive EBL method. But the step (e) will be 

very difficult to perform successfully because: (1) the EBL resist goes through ion beam 

etching and SiO2 coverage before removal. The hardening of the resist and the subsequent 

blockage by SiO2 make it hard to be penetrated by the remover. More often than not, 

mechanical agitation should be involved to produce an acceptable removal; (2) Compared 

with positive EBL, where most of the wafer is cover by resist, the chance the resist is 

attacked by remover is much lower for the negative resist since the total amount of resist 

left on the wafer is only the size of the nanopillars. Although the patterning using negative 

resist is much easier than the positive resist, the difficulty in performing figure 3-4 (e) 

makes it also not ideal for nanopillar fabrication for most of the academic environment.  

The difficulty of removing negative EBL resist is demonstrated in figure 3-4. The EBL 

pillars are made with MaN-2403 negative resist using the Elionix Model ELS-7000 100 

kV electron beam lithography system located in the cleanroom of Optical Sciences building. 

The resist was spin-coated to 300 nm in thickness before softbake for 1 minute at 85 oC. 

After exposure, the film was developed in Ma-D 525 for 45s before preforming other 

fabrication processes. Figure 3-4(a) is an SEM image of developed patterns of 50 nm 

diameter pillars and 1μm  width square pads. They are spaced 10 μm  apart and went 

through gentle etching (the wafer is covered with Ta(10nm)/Ru(20nm) before EBL) and 

resist stripping, the etched materials are Ta(10nm)/Ru(20nm) and the etched wafer is 

soaked with NMP (PG remover) for 2 hours at 60 oC with 30 s of ultrasonication. The 

results are magnified in (b) and (c). In (b), the bright white perimeter is the signature of 

EBL resist, a toppled pillar in the inset shows the very good definition of the development 

of the 50 nm pillar but the resist removal is not successful. For the larger pattern in (c), the 

removal is relatively good, but the perimeter still has significant residue left. Figure 3-5 

compares resist removal for 3 different conditions, (a) is only after etching, (b) is after 30 

nm SiO2 deposition and (c) is after both etching and 30 nm SiO2 deposition. The difference 

is evident, the etching causes more problems compared with SiO2 deposition. The 

combination of etching and capsulation makes the resist remover very inefficient. 

Mechanical agitation or even a foam brush is needed to partially break the resist pillar and 

make openings for the remover [58]. 
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Figure 3-3 Detailed process flow of MTJ nanopillars using negative EBL photoresist. The 
relative ratio of metallic hard mask pillar and top/bottom lead is exaggerated to present a 
clearer picture. 
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Figure 3-4 SEM images of patterned EBL resist after gentle etching of 
Ta(10nm)/Ru(20nm), soaking in heated NMP for 1 hour and ultrasonication of 30s. (a) the 
whole block made up with 50 nm (diameter) pillars and 1 μm (width) square pads. (b) 
Enlarged iamge of a 50 nm diameter pillar, the removal is not successful. (c) Enlarged 
image of a 1 μm width pad, the removal is relatively good with some residual left on the 
edge. 
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Figure 3-5 SEM images of 1 μm EBL resist pads removal with NMP after different process 
histories. (EBL resist applied on top of Ta(10nm)/Ru(20nm)) (a) etched away 
Ta(10nm)/Ru(20nm) (b) Deposition of 30 nm SiO2 (c) Etching and SiO2 deposition 
combined. 

 

 

 

3.3     Nanosphere lithography (NSL) 
 

The conventional EBL methods to fabricate MTJ nanopillars were introduced and their 

disadvantages including long fabrication period, a wide range of equipment involved and 

the inefficiency of resist removal can pose significant challenges to researchers who are 

not well-equipped and the yield of the EBL can be quite low. 

If a new method can be adopted, it should improve on several areas including (a) a 

simplified process flow with fewer instruments involved and (b) a higher yield. Many steps 

in the EBL method are necessary simply because the two lithography processes are not 

compatible. For example, for both procedures, there is an extra step of opening the bottom 

lead where a deep etch of thick SiO2 is needed. This step can be excluded if EBL can be 

used to define the same opening when writing the nanopillars. But the dimensions of pillars 

and bottom leads are vastly different (sub-100 nm compared with a few hundred microns), 

it is difficult to write these two features simultaneously. Even if that can be done with some 

efforts, the development and removal requirements can be very different. The reason for 

low yield differs for the positive and negative EBL resist methods. For the positive EBL 
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method, the low yield comes form: (1) the fragility of the metallic hard mask pillar 

deposited in figure 3-2 (c) when doing the resist removal in step (d); (2) the nonuniformity 

of resist in planarization, which makes the backetch less controllable across the whole 

wafer. For the negative EBL method, the low removal rate of the EBL pillars after etching 

and capsulation is the main reason for the low yield.  

To improve on these two areas, a new process that could define the nanopillars without the 

help of the EBL but with easily removable patterned material should be of great interest to 

researchers. Nano(micro)spheres are generally used in Biomedical applications for drug 

delivery or act as markers for imaging [59]. Their well-controlled shape (size) and large 

surface area made them ideal delivery systems in a wide range of scenarios. For 

nanospheres made with SiO2 and polystyrene (PS), the relatively good resistance to ion 

beam etching makes them potential candidates to serve as etching masks (same functions 

as the EBL resist) in MTJ nanopillar fabrication. The easily purchasable monodispersed 

nanosphere colloid, combined with a quick and easy nanosphere implantation process, may 

provide an alternative way to produce nanopillars in a low-cost, high-throughput manner. 

For a quick estimation of the pillar dimension this method can potentially handle, the etch 

rates of different materials commonly used in MTJ fabrication are listed in Table 2. In most 

of our cases, materials etched away in MTJ nanopillar lift-off process is about Ta (10 

nm)/Ru (20 nm), considering the etch rate of the SiO2 (similar for PS) and the subsequent 

capsulation of around 50 nm in minimum, the smallest feature the nanosphere lithography 

can realistically achieve is around 100 nm.  
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Material Etch Rate 

(A/min) 

Material Etch Rate 

(A/min) 

Ta 418.5 Cr 540 

Ru 607.2 Al2O3 83 

Fe 352.8 SiO2 330 

Co 453.2 photoresist 200-300 

 

Table 2 | Ion beam etching rate for common materials used in MTJ fabrication. All with 
normal incidence of 1 mA/cm2 beam current density 

 

 

3.3.1     Nanosphere deposition 
 

The first step toward successful NSL is to figure out a way to deposit the nanospheres onto 

the wafer. There are many ways for particles of sub-micron dimensions to be adsorbed onto 

another surface. As the commercially available form of nanospheres are in colloidal form, 

meaning they are dispersed in another solvent (mostly DI water in our cases), we should 

deposit nanospheres in the form of colloidal suspension before drying out the solvent and 

leave the spheres on the wafer. 

To deposit nanospheres onto the wafer, we also need to look into the type of forces between 

fine particles and surfaces. Particle-surface interactions are generally categorized into 

molecular interaction (spontaneous dipole in the particles and induced dipoles in the 

surface or vice versa), electrostatic interaction (either difference in the work function of 

the two materials or charge carried by either one of them), and capillary condensation 

(water tension caused by liquid film at the particle-surface interface) [59]. The electrostatic 

adhesion mechanism is most suitable as it provides better control of spheres adsorption and 

is robust in the ultra-high vacuum (UHV) environment. 
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To modify the surface of the wafer to attract nanospheres, polyelectrolyte multilayers 

(carrying opposite charges layer by layer) are grown on top of it [60,61]. Figure 3-6 

illustrates the mechanism for polyelectrolyte multilayers growth and electrolyte materials 

we use to fabricate it. The wafer is electrically neutral in the beginning as demonstrated in 

(a). When submerged into the solution made of negatively charged electrolyte, the charge 

carrying molecules will be attracted to the surface of the wafer and attached to it. The 

thickness of the molecule absorbed onto the wafer depends on the charge carried by the 

molecules, the structure of the molecules (the location of the charge carrying atoms within 

the molecule) and the topography of the wafer. After drying, the wafer is immersed in the 

second solution with positive electrolytes and a similar process takes place. On the first 

look, the multilayer deposition seems excessive as a single type of charge would be 

sufficient to absorb nanospheres later. But for the most cases, the charge carried by the 

molecules is relatively small, the thickness and continuity of the charged layer is poor (as 

the thickness increases, the attraction force reduces fast). The poorly covered surface will 

worsen the later adsorption of nanospheres. If positive-negative alternating layers are 

adopted, the interaction between layers is greatly enhanced and the nonuniformity and 

roughness of the surface can be significantly reduced. 

We process to limit the number of electrolytes to two as the distribution of nanosphere is 

fairly sparse and the requirement for a smooth underlayer is not very critical. Another 

consideration is the surface will be introduced to the ion beam etching process later, less 

material on top of the original film will be beneficial and a cleaner process is always 

preferred. 
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Figure 3-6 (a) Illustration polyelectrolyte multilayers growth (b) Aluminum chlorohydrate 
releases OH- and becomes positively charged in DI water. Poly (sodium 4-styrenesulfonate) 
ionized to be negatively charged in solution. 

 

Aluminum chlorohydrate solution (ACH, 2 % by weight) and poly (sodium 4-

styrenesulfonate) solution (PSS, 5 % by weight) are prepared in a plastic test tube as 

pictured in Fig. 3-7 (a). The growth process to make positively charged double layers is as 

follows: (i) immerse the cutted wafer in the PSS solution using a tweezer for 10-15s, rinse 

it with DI water for 20-30s using a squeeze bottle, and dry it with N2. (ii) repeat the same 

procedures with the ACH solution. (iii) immerse the wafer in the nanosphere solution of 

appropriate concentration for 10s and lay it on a flat surface to dry naturally. The benefit 

of the double layer is not just to enhance adhesion between spheres and wafer, but it also 

modifies the wetting property of the wafer and achieve a close to 0 wetting angle (as 

illustrated by the good degree of wetting in Fig. c) during the drying in step (iii). If the 

wafer is left untreated, the surface energy is much lower than the liquid-liquid interaction, 

resulting in a very poor wetting profile of the nanosphere solution film. The discrete 

droplets will proportionally concentrate the nanospheres in relatively concentrated areas 

and make the nanosphere distribution extremely non-uniform, which can make the MTJ 

yield very low.  
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Figure 3-7 (a) PSS, ACH and NS solutions used in the nanosphere deposition. (b) 
Immersion procedure when growing electrolyte layer and NS. (c) Cross-sectional profiles 
of liquid thin film with different degrees of wetting, the wetting property is determined by 
the surface energy. 

 

After the growth of the double layer, the surface of the wafer will be positively charged 

(ACH deposited on top). As the liquid thin film naturally dried on the wafer, the average 

distance between the spheres and the wafer gradually decreases. Finally, the spheres 

(charge-neutral) would attach to the wafer firmly through electrostatic interaction and serve 

as etching masks for the ensuing process. 

The advantages of the NSL method stems from its ability to deposit large numbers of hard 

masks (nanopillars) with low cost and high efficiency. The nanopillars are randomly 

distributed on top of the densely packed device array. If the density of the nanosphere is 

adjusted properly, there can be a substantial percentage of the patterns that have functional 

devices. Fig. 3-8 shows the NS (400 nm in diameter) distribution of three different 

concentrations. The width of the metallic line is 4 μm and the cross-section between the 

top pad deposited later and the line is 4 μm × 4 μm. It is clear that the distribution in Fig. 
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3-8 (a) is too low, less than 5 % of the sites have single functional MTJ for the sample 

pictured in (a). For the sample pictured in (c), most of the sites have multiple nanospheres 

and the percentage of sites that have a single MTJ device is close to zero. The sample in 

(b) shows the good distribution of nanospheres, around 30 % of the sites have good, 

functional MTJ nanopillars. For an MTJ thin films deposited on a small piece of wafer of 

1.5 cm ×  4 cm, the total patterned devices can reach over 5000, that means we can 

eventually have over 1000 functional MTJ nanopillars, a yield that is practically 

unachievable for EBL method. 

 

Figure 3-8 Pictures of distributions of nanosphere deposition. (a) low density distribution 
(b) good distribution (c) overly dense distribution 

 

3.3.2     Ion beam etching and lift-off 
 

The etching process that follows should be performed under low etching power to ensure 

a minimum temperature rise of the wafer. If overheated, the nanosphere made with PS will 

not just go through deformation but the etching rate of the PS can be significantly increased. 

This will result in the reduced thickness (height) of the nanosphere mask. If the height is 
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reduced, it will be much easier to cover the sphere totally during the encapsulation process 

and make the sphere removal completely impossible. 

During the etching of the conventional photoresist pattern, the beam current used is around 

20 mA with an ion gun-sample distance of about 8 inches. When etching a nanosphere 

pattern, the beam current is reduced to 10 mA and the distance should be increased 

accordingly. For etching systems (like the one we use) without cooling apparatus, the long 

continuous etching should be avoided and periodic stoppage during etching is 

recommended to limit the wafer temperature. 

Fig. 3-9 is the modified MTJ fabrication process, most of the steps are similar to the one 

presented in Fig. 2-6, the only differences are the random distribution of nanospheres and 

low-powered etching in step (c). 

 

Figure 3-9 Detailed process flow of MTJ nanopillars using nanosphere lithography. The 
relative ratio of nanosphere and top/bottom lead is exaggerated to present a clearer picture. 

 

In Fig. 3-9 (e), the nanosphere removal is achieved by applying a scotch tape onto the 

sample, press gently and peel it off slowly. For nanospheres of 400 nm in diameter, nearly 
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100 % peel-off rate can be achieved even with a 100 nm SiO2 insulation layer deposited. 

For 160 nm diameter ones, the thickness of the insulation layer needs to be reduced slightly 

to 50-60 nm to achieve an acceptable peel-off rate.  

Figure 3-10 are the SEM images of two finished devices (focused at the cross-sections 

between the top electrode and bottom electrode). The horizontal stripes are the top 

electrode of Ta (15nm)/Ru(100nm), the vertical stripe is the line connecting to the bottom 

electrode. The dimension bars in both images are 5 μm, the size of the features at the cross-

section is 400 nm (a) and 160 nm (b) in diameter respectively. As the electron beam is 

applied at a low angle, the reflection of the electrons at the edges can be easily seen. In Fig. 

3-10 (a), the circular feature is indented as indicated by the shadow created inside of the 

circle. In (b), the two features are raised as indicated by the shadow outside of the circle. 

The removal of the nanosphere is successful in (a) and unsuccessful in (b), the SiO2 

thickness, ion beam etching condition or even the thickness of the capping layer in MTJ 

thin films need to be adjusted accordingly to achieve a high removal rate and satisfactory 

yield. 

 

Figure 3-10 SEM images of two finished MTJ devices with the diameter of 400 nm (a) and 
160 nm (b). The topography on the surface of the device leads can be inferred from the 
shadow created by the low-angled electron beam. 

 

To give a quick estimation of the fabrication time using NSL. In Fig. 3-9, there are only 2 

ion beam etchings, 3 photolithography steps, 1 NSL step, and 2 material deposition steps. 

What’s more impressive is the etching step is only of the original MTJ film (not thick SiO2 
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insulation deposited during fabrication). The NSL is much faster than the EBL since the 

nanopillars are defined in one step instead of written individually. 3 days is enough to 

complete the whole process with fewer pieces of equipment involved and the yield is 

significantly higher. 

 

 

3.3.3     Double insulation layers 
 

With the advantages mentioned in 3.3.2, the removal rate of the spheres can sometimes be 

abysmally low if the SiO2 thickness and NS diameter are not matched appropriately. In 

general, a thick insulation layer is always preferred for better electrical stress resistance of 

the device. But it may also compromise the peel-off process. One route to optimize the 

NSL process is to identify the origin of the low electrical stress resistance and find ways to 

remedy it without increasing SiO2 thickness. 

After closer inspection, we find the most critical step in the weakening of the electrical 

stress resistance in an MTJ device is the resist removal after the first etch as demonstrated 

in Fig. 3-9 (a). In this figure, the edge of the mesa (line in our case) is clean, but in reality, 

there is always some residue of the photoresist left due to the hardening after etching or 

binding with the redeposited metals during etching. Fig 3-11 (a) is an SEM image of the 

sample after the first etching and NSL. The highlighted thin white line on the edge of the 

patterned line is the residue of the photoresist. They are quite persistent and hard to remove 

with conventional resist stripping without the help of plasma oxidation, which is not 

applicable here to protect the MTJ thin film. The residue will be left on the edge and the 

insulation layer will be deposited on top of it. The very rough edge profile of the insulation 

will be created and the quality of the SiO2 insulation will be dramatically degraded. Fig. 

(b) is the illustration of the resist residue (the black line) left at the cross-section of the 

top/bottom leads as viewed from the top, the electrical breakdown will most likely happen 

at these locations. For this reason, the SiO2 thickness cannot be reduced substantially to 

ensure a relatively good resistance to electrical breakdown. 
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As the susceptible spots are only on the edge of the first pattern and not near the nanopillars. 

We can modify the previous process to reduce the insulation thickness around the 

nanopillars while keeping it relatively thick around the edges. The modified process is 

depicted in Fig. 3-12.  

 

Figure 3-11 Illustration of locations susceptible to electrical stress created by the resist 
residue. (a) SEM images of a pattern after 1st resist removal and NSL, the highlighted 
regions are the resist residue. (b) Demonstration of locations of resist residue with respect 
to a finished device. (c) Side view illustration of the same sample. 
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Figure 3-12 Procedures for double SiO2 insulation layer deposition 

 

The view is still from the side, but with a 90o rotation from the conventions used in the 

previous illustration. This is necessary to clearly show the edge of the first pattern (without 

residue in this illustration but have a good chance of having resist residue as explained in 

this section) that’s under the top lead. In Fig. (a), the SiO2 thickness is reduced compared 

with the regular procedure, this is done to ensure a high peel-off rate of NS and can 

potentially further reduce the size of nanopillar that NSL can handle. After resist removal, 

the area around the nanosphere is protected by positive photoresist so a 2nd layer of SiO2 

can be deposited without blocking the electrical connection. The added steps can guarantee 

a relatively thin insulation layer when removing the NS while keeping the insulation around 

the electrically weak spots sufficient. In this way, the yield and device quality can both be 

guaranteed. 
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3.3.4     Off-axis SiO2 deposition 
 

So far, the NSL process of fabricating MTJ nanopillars with a dimension over 100 nm has 

been introduced. For some studies that require an even smaller feature. A novel procedure 

of off-axis insulator deposition can be employed. 

The limitation of the minimum size NSL can handle is not just the SiO2 coverage and 

etching deformation of the sphere, but also the limitation of the removal procedure. The 

relatively rough surface of scotch tape makes adhesion to sub-100 nm particles very 

difficult. If the NS cannot be efficiently removed, the electrical connection will not be 

established between the top lead and the nanopillar and the device will just show an open 

circuit. 

A removal method without the usage of the scotch tape that can handle sub-100nm 

nanoparticles will be of great help. The most natural approach is to dissolve the PS sphere 

into some kind of organic solutions. It treats NS just like the photoresist which is also 

dissolved into the PR remover after etching or lift-off. However, this approach is not very 

successful as most strong organic solvent is not very efficient in dealing with a surface 

hardened and partially buried PS sphere. Use NS made with other materials is also not very 

practical since PS and SiO2 spheres are two of the few commercially available NS and 

other materials can suffer from low resistance to ion beam etching. 

Another approach is to make the electrical connection without removing the NS. As the 

mechanical stress from applying scotch tape to the sample is omitted in this approach, the 

thickness of the insulation layer can potentially be reduced even more compared with the 

double insulation layers method introduced in the last section. The capping layer of the 

MTJ stacks must be exposed to a certain degree to make the connection to top leads without 

removing the NS, using the NS as a shadow mask, we can achieve this goal by depositing 

the SiO2 at a certain angle, which will leave a small opening in the nanopillar capping layer 

to be connected to the top lead in the last fabrication step. 

Fig 3-13 depicts the modified off-axis SiO2 deposition method. In (a), the SiO2 is deposited 

to the sample with an angle, this is achieved by placing the sample holder away from the 

glow discharge region, only the SiO2 sputtered with the momentum at specific angles can 



 
 

84 

be deposited onto the sample, thus leaving a small shadow on the opposite side of the 

nanopillar. The minimum amount of SiO2 can be deposited in this area, which opens a 

small “window” for the contact between the top lead and the pillar as depicted in (d). 

 

Figure 3-13 Illustration of Off-axis SiO2 deposition, an opening (exposed capping layer) 
can be seen on the right side of the nanopillar. 

 

 

3.4     Transport properties of NSL patterned MTJ nanopillars 
 

 

Figure 3-14 is the transport property comparison between a typical nanopillars (160 nm in 

diameter, red) and micro-sized MTJs (10 𝜇𝑚 in diameter, black) parallelly fabricated using 

the same thin films at the same MgO thickness (MgO is usually deposited as a wedge with 

thickness ranging from 0.8 nm-3.5 nm). The structure of the MTJ is Ta (6)/Ru (10)/Ta 

(8)/CoFeB (0.85)/MgO (2.5)/CoFeB (1.6)/Ta (7)/Ru (20), unit of the values in the 

parentheses is nm. 

As the larger MTJ is fabricated by standard photobiography, the 10 𝜇𝑚 diameter is easily 

obtained and its dimension can be confirmed by a regular optical microscope. Features 

smaller than 1 𝜇𝑚 can only be measured accurately by a scanning electron microscope 
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(SEM). This can be quite time-consuming especially considering the dimensions of large 

numbers of samples need to be measured and validated preferably before actual 

experiments. Meanwhile, our devices are usually covered by thick capping electrode and 

their perimeters are sometimes poorly visible under the SEM. We usually use resistance to 

conform the dimension of the nanopillar is within acceptable tolerance. That’s the main 

reason we always parallelly fabricate a larger MTJ in close proximity to nanopillars. If the 

dimension of the nanopillar is correct, the resistance ratio between them should be 

(10 0.16⁄ )2 ≈ 3900. Form Figure 3-14, the ratio is roughly 3600 (for accuracy, align their 

RP to the same level). Then the diameter deviation of the nanopillar is (√3900 3600⁄ −

1) × 100% ≈ 4%, this is acceptable variation and the nanopillar’s size is verified and can 

be used in experiments. 

The difference between these two samples are evident and can be explained well by the 

different types of magnetic reversal. First, the coercivity of soft (top) FM layer increases 

when diameter reduces from 10 𝜇𝑚  to 160 nm. The SD limit is around 140 nm for 

Co40Fe40B20. Our choice of Co20Fe60B20 leads to an even smaller SD limit for a higher Keff. 

So we would expect a monotonic increase of HC from 10 𝜇𝑚 to 160 nm in this nucleation 

reversal region [62] (multidomain behavior). We would expect the HC reaches a maximum 

at SD limit and then decreases with reducing diameter due to the coherent reversal behavior 

(precession) below SD limit. Second, we can also expect a slight improvement of TMR in 

nanopillars of reasonable size (not too small to the point that the edge defects dominantly 

contribute). This improvement is due to the reduction of defects associated with size 

reduction. In Figure 3-14, the apparent transition from in-plane easy axis to perpendicular 

is partially due to the perpendicular stray field produced at the edge of the hard layer. 
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Figure 3-14 Transport property comparison between an MTJ nanopillar and a micron-sized 
MTJ. The resistance of the black loop is magnified by 3600, actual resistance is plotted for 
the red loop. 
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CHAPTER 4 

Ultralow energy switching with interface engineering 
 

In Chapter 3, we discussed how to fabricate MTJ nanopillars with a “quick and dirty” 

method that significantly increases the throughput of the functioning devices. Nanopillars 

with diameters ranging from 100 nm and up can be reliably fabricated. A lot of phenomena 

that can only be demonstrated within the single domain limit can be studied in our devices. 

In this chapter, I will demonstrate the voltage-controlled precession switching in MTJ with 

perpendicular magnetic anisotropy (PMA), the energy consumption per switch is on the 

scale of Femto joules (fJ), an improvement over the industrial standard STT switching 

mechanism.  

As the PMA and the associated VCMA effect originates from the FM/MgO interface, well-

controlled modification of the interface can have a profound effect on the magnetic and 

transport properties of the MTJ. 5d transition metal insertion at the interface is investigated 

which shows promises to further reduce the switching energy and optimize magnetic 

properties. 

 

 

4.1     Introduction 
 

4.1.1     Voltage controlled magnetic anisotropy 
 

Achieving efficient magnetic switching is at the center of MTJ research. Three general 

schemes have been explored as demonstrated in Figure 4-1 [63]. (a) represents switching 

by the external magnetic field. The external field introduces an imbalance of the two 

magnetic states and the magnetization “drops” to the lower-energy state and remains there 

after the field is removed. (b) represents the STT mechanism where the polarity of the spin-

polarized current (higher than the critical current density 𝐽𝑐) determines the MTJ states. (c) 
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represents the energy barrier reduction which lowers the difficulty of the switching 

momentarily, and the magnetization can be switched with a much reduced “force”. 

 

Figure 4-1 Schematics of 3 magnetic switching mechanisms. (a) by magnetic field  

(b) by spin-polarized current (c) by controlling the energy barrier height. Ref. [63] 

 

If a voltage can modify the energy barrier in Figure 4-1 (c), the proposed mechanism can 

be potentially integrated into the existing technology. Indeed, the voltage effect in 3d FM 

thin films is predicted [64,65] and intensively investigated [66–70] recently. Most of the 

systems studied involve the FM/MgO interface. This is due to the non-degenerate 3d 

orbitals and the non-negligible spin-orbit interaction, both of which are enhanced by the 

reduced symmetry at the interface. In Section 1.6.5, we briefly introduced the origin of 

PMA and mechanism for its voltage control. The magnetocrystalline anisotropy (MCA) 

energy is given by equation 1.17 using second-order perturbation theory. Here, we use the 

more generalized form which associates the MCA with orbital moment anisotropy 

following [41,71]. The correction to the energy and ground-state wavefunction 

respectively given by the well-known formula: 

𝛿𝐸 = ∑
|⟨𝑔𝑟|𝐻𝑆𝑂|𝑒𝑥𝑐⟩|2

𝐸𝑔𝑟 − 𝐸𝑒𝑥𝑐𝑒𝑥𝑐

 (4.1) 



 
 

89 

𝛿|𝑔𝑟⟩ = ∑
|𝑒𝑥𝑐⟩⟨𝑒𝑥𝑐|𝐻𝑆𝑂|𝑔𝑟⟩

𝐸𝑔𝑟 − 𝐸𝑒𝑥𝑐𝑒𝑥𝑐

 

 

Where |𝑔𝑟⟩, |𝑒𝑥𝑐⟩, 𝐸𝑔𝑟, 𝐸𝑒𝑥𝑐  are respectively the ground state, excited state and 

corresponding energies for the unperturbed system. The expectation value of the 𝑳 

component parallel to the spin quantization direction is: 

〈𝐿𝜉〉 = ∑⟨𝑔𝑟|𝐿𝜉|𝑒𝑥𝑐⟩
⟨𝑒𝑥𝑐|𝐻𝑆𝑂|𝑔𝑟⟩
𝐸𝑔𝑟 − 𝐸𝑒𝑥𝑐

+ 𝑐. 𝑐.
𝑒𝑥𝑐

 

The physical origin of the MCA is the spin-quantization axis dependent term ⟨𝑒𝑥𝑐|𝐻𝑆𝑂|𝑔𝑟⟩, 

the expressions of 4.1 and 4.3 indicate the connection between MCA and orbital moment. 

Following the calculation in  [41], we have 

𝛿𝐸 = 𝐾0 + 𝐾2 sin2 𝜃 

 

〈𝐿𝜉〉 = 𝐿0 + 𝐿2 sin2 𝜃 

Where 𝐾2 is the MCA energy, 𝐿0 nad 𝐿2 are the isotropic and anisotropic parts of the 

orbital moment; 𝐾2 and 𝐿2 are related by: 

𝐾2~
𝜉
4𝐿2 

Thus, we arrive at the well-known Bruno expression: 

∆𝑈𝑃𝑀𝐴 = −
𝐺
𝐻

𝜉
4𝜇𝐵

(𝑚𝑜𝑟𝑏
⊥ − 𝑚𝑜𝑟𝑏

∥ ) 

Where G/H is band structure dependent, 𝑚𝑜𝑟𝑏
⊥  and 𝑚𝑜𝑟𝑏

∥  are the out-of-plane and in-plane 

orbital moments. If 𝑚𝑜𝑟𝑏
⊥ > 𝑚𝑜𝑟𝑏

∥ , the PMA is stabilized. 

The PMA naturally leads to the voltage control of magnetic anisotropy (VCMA) effect 

which is illustrated in Figure 4-2 [43]. Figure 4-2 (a) schematically shows the typical 

orbital order as a function of the energy for the Fe/MgO interface. The broadening of the 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 
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orbital levels mimics the energy bands. The dashed black lines represent the Fermi energy 

of magnetic 3d transition metals. Here, the majority orbitals are completely filled with a 

large exchange splitting (the energy of majority 3d orbitals are well below Fermi energy), 

the contribution to the anisotropic MCA can be generally omitted. Thus, the electron filling 

of minority orbitals (modulated by the electric field at the interface) contributes dominantly 

to the modification of MCA as shown in Figure 4-2 (b). ∆ is the 𝑇2𝑔level splitting and 𝛿 is 

the 𝑑𝑥𝑦band broadening. For a typical Fe/MgO interface, the red (solid and dashed) lines 

demonstrate the linear increase of MCA due to the growing population of 𝑑𝑥𝑦 orbital in 

the beginning (𝑛 ≤ 6), which is mainly contributed by the matrix term ⟨𝑑𝑥𝑦|𝐿𝑧|𝑑𝑥2−𝑦2⟩. A 

subsequent decrease shows up when filling the electrons in 𝑑𝑥𝑧 and 𝑑𝑦𝑧 orbitals, mainly 

contributed by the term(s) ⟨𝑑𝑥𝑧(𝑑𝑦𝑧)|𝐿𝑥|𝑑𝑧2(𝑑𝑥2−𝑦2)⟩. Finally, the MCA increases again 

due to the filling of 𝐸𝑔 orbitals. 

 

 

Figure 4-2 (a) Schematic of the minority 3d orbital splitting by the crystal field of tetragonal 
symmetry. (b) MAE as a function of orbital band filling 𝑛. From [43]. 

 

The environment of the 3d magnetic atoms experience at the FM/MgO interface has a great 

influence on the energy dependence of 3d orbitals as shown in Figure 4-2 (a) and how 

electrons are distributed among different atoms (electron filling in Figure 4-2 b). Hence, 
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modification of interfacial structure can have a profound influence not only on the PMA 

but also its voltage dependence. 

 

4.1.2     Precessional switching by the VCMA effect 
 

The magnetic switching is a dynamic process that can be described by the Landau-Lifshitz 

(4.8) and Landau-Lifshitz-Gilbert (LLG) (4.9) equation [72,73].  

𝑑𝑴
𝑑𝑡 = −𝛾0

′𝑴 × 𝑯𝑒𝑓𝑓 −
𝜆
𝑀𝑠

𝑴 × (𝑴 × 𝑯𝑒𝑓𝑓) 

𝑑𝑴
𝑑𝑡 = −𝛾0𝑴 × 𝑯𝑒𝑓𝑓 +

𝛼
𝑀𝑠

𝑴 ×
𝑑𝑴
𝑑𝑡  

where 𝛾0 is the electron gyromagnetic ratio. 𝜆 and 𝛼 are the Landau-Lifshitz and Gilbert 

damping parameters respectively. 𝐻𝑒𝑓𝑓  is the effective magnetic field determined by the 

magnetic anisotropy, external field, etc. These two equations are equivalent with the 

substitution 𝛾0
′ = 𝛾0/(1 + 𝛼2) and 𝜆 = 𝛾0𝛼/(1 + 𝛼2). The motion is characterized by the 

Larmor frequency ω 

ω =
𝛾0

1 + 𝛼2 𝜇0𝐻𝑒𝑓𝑓  

A small damping parameter leads to a higher frequency, which is favorable for faster 

dynamics. Figure 4-3 (a) illustrates the motion of the magnetization around the effective 

field. The damping term stabilize the magnetization to the 𝐻𝑒𝑓𝑓  direction, as demonstrated 

by the red dashed curves. This precessional description is especially useful in describing 

the coherent dynamics of single-domain nanomagnets. A fast-rising field pulse 𝐻𝑝𝑢𝑙𝑠𝑒  

applied perpendicular to 𝑴 (in-plane) can generate a large torque −𝛾0𝑴 × 𝑯𝑝𝑢𝑙𝑠𝑒 , 

inducing a pronounced precession of 𝑴 [72–75] as demonstrated in Figure 4-3 (b). The 

above-mentioned torque first pulls the magnetization out-of-plane and it rotates under the 

action of −𝛾0𝑴 × 𝑯𝑑 . Here, 𝑯𝑑  is the demagnetization field generated by the 

perpendicular component of the pulled-out magnetization. Using this precession to switch 

the magnetization [78–82] promises a high energy efficiency together with ultrafast 

(4.8) 

(4.9) 

(4.10) 
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reversal times reaching the fundamental limit of a half precession period [81]. Several 

experiments have been conducted to demonstrate this 𝐻𝑝𝑢𝑙𝑠𝑒  induced precessional 

switching by optical and transport methods [83–85], which shows promise in utilizing 

ultrafast dynamics in magnetic cells for MRAM application. Here, ultrafast, reversible 

switching by hard axis pulses as short as 140 ps and with pulse energies down to 15 pJ can 

be achieved [85]. 

 

Figure 4-3 (a) Demonstration of two contributing torques during magnetization dynamics 
described by the LLG equation. (b) Illustration of precessional switching of in-plane 
magnetization by ultrafast magnetic field pulse. 

 

However, the disadvantage of magnetic switching (writing) by magnetic field is evident as 

the dissipative nature of the magnetic field generation makes the energy consumption high 

and memory cell density low. As a voltage across the FM/MgO interface can modulate the 

magnetic anisotropy energy through charging (discharging) the relevant 3d orbitals, the 3rd 

magnetic switching mechanism described by Figure 4-1 can be achieved. When PMA is 

reduced to a negative value (∆𝑈𝑃𝑀𝐴 becomes positive), the easy axis changes from out-of-

plane to in-plane as demonstrated by the dashed black arrow in Figure 4-4. The 

perpendicular magnetization becomes out of equilibrium momentarily, which drives it to 

precess about the in-plane local effective field 𝐻𝑒𝑓𝑓  partially defined by the static magnetic 

field. The effect of this 𝐻𝑒𝑓𝑓  is similar to 𝐻𝑝𝑢𝑙𝑠𝑒 , the difference is that it’s the only driving 

force for the magnetization precession in this scenario. 𝐻𝑒𝑓𝑓  is situated in-plane only 
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temporarily with the substantially reduced PMA. When the voltage is removed, the 

effective field will be out-of-plane again and the magnetization will precess around the 

perpendicular effective field again. If one can precisely control the duration of the voltage 

applied which lasts half the precessional period, the effective field will be pointing “down” 

after the removal with the magnetization rotate roughly 180o from the original orientation. 

Then the magnetization will be quickly stabilized to the “down” direction by the damping 

term. From here on out, we will call the magnetic switching described here the VCMA 

switching to emphasize the core mechanism is the voltage-controlled magnetic anisotropy 

effect. The time scale of the VCMA switching is half the precessional period which is 

determined by 

𝜏𝑠𝑤 =
𝜋(1 + 𝛼2)
𝛾0𝜇0𝐻𝑒𝑓𝑓

 

Using typical values for 3d ferromagnetic metals with PMA, 𝜏𝑠𝑤 is on the order of ~ns, 

which is at least one order of magnitude faster than STT switching. Figure 4-4 (b) is a 

representative oscillatory switching behavior for a nanopillar with a diameter of 100 nm. 

PSW is the switching probability combining AP-P and P-AP process. The static external 

field is tilted at 40° from the perpendicular direction. The magnitude of PSW depends on 

both the voltage amplitude and the voltage pulse duration. With higher voltage, the in-

plane effective field (caused by VCMA effect) becomes larger and makes the switching 

easier and faster. With the right pulse duration (𝜏𝑠𝑤, 3𝜏𝑠𝑤, 5𝜏𝑠𝑤 …), the PMA reemerges 

right when the magnetization precess to the 180o configuration. This causes the maximum 

of PSW with respect to duration. Considering the damping effect, the magnetization 

gradually approaches the in-plane axis. This means the most significant and 

technologically important pulse duration is 𝜏𝑠𝑤 , as longer duration reduces the angle 

between M and plane meanwhile reduces coherency of the spins in the FM layer 

(uniformity of the FM layer is not perfect, incoherency between different spins enlarges as 

precession goes on). Because the VCMA effect depends on the voltage instead of the 

current, theoretically, the switching current can be extremely small. Ideally, the switching 

process is equivalent to charging a capacitor with zero energy dissipated. In real barriers 

of only a few nanometers, the leakage current can be substantial. But there are ways to 

(4.10) 
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reduce the switching current like improving the barrier quality by various means. A 

particular route by increasing annealing temperature while maintaining sufficient PMA 

(thermal stability) will be discussed later in this work. 

 

Figure 4-4 (a) Illustration of the VCMA switching. 𝐻𝑒𝑓𝑓  is the combination of 𝐻∥ and 
momentary in-plane anisotropy field caused by the VCMA effect. (b) Switching 
probability dependence on voltage and pulse duration for a typical VCMA switching in a 
100 nm nanopillar. When the voltage is sufficiently large (black line), the oscillatory 
behavior emerges. 

 

 

4.2     Experimental setup 
 

The timescale of VCMA switching is on the order of 1 ns (frequency ~GHz), which means 

voltage pulses of roughly 1 ns need to be generated and supplied to the MTJ efficiently. 

Special electrical circuit and MTJ device geometry need to be adopted to achieve this. In 

this section, we devote our discussion on these two issues. 
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4.2.1     Single-shot switching measurement setup 
 

The test circuit is shown in Figure 4-5 (a). Picosecond Pulse Labs 10070A pulse generator 

is used to generate voltage pulses with controllable polarity (±), magnitude (0~7.5 V), and 

duration (100 ps to 10 ns). A bias tee is inserted between the pulse generator and the MTJ 

device. A bias tee is a device that separates DC signals and RF signals. The components of 

a bias tee are relatively simple as shown in the figure, an inductor is used to block the RF 

signal while a capacitor is used to block the DC signal. This ensures the ultrashort pulses 

(GHz signals) transmit efficiently through the RF branch of the circuit while the DC branch 

can monitor the resistance of the MTJ after each applied pulse. All the electrical cables and 

connections used in this circuit (excluding the DC branch) have RF characteristics of >10 

GHz, this guarantees no severe attenuation or deformation of the signal from the generator 

to the MTJ device. The setup of the circuit is to apply a voltage pulse of adjustable 

parameters, which is followed by the DC measurement of MTJ resistance. The magnetic 

switching (P to AP or Ap to P) is monitored by the change of resistance and recorded. After 

a larger number of shots are passed to the MTJ and the result is recorded, the probability 

of the switching is calculated under the specific condition. Figure 4-5 (b) is a typical 

resistance vs pulse number graph. The graph is the raw data for switching measurement, it 

associates the switching probability (total switches/total pulse number) with the specific 

switching configuration (voltage pulse duration and amplitude, static field angle and 

amplitude). For example, Figure 4-5 (b) indicates a switching probability of 90 %, however, 

the actual pulse number should be much higher than 40 to obtain a more accurate 

probability. 
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Figure 4-5 (a) Schematics of the single-shot switching measurement circuit. (b) A typical 
switching measurement result (40 trials), each red dot represents a resistance measurement 
right immediately after applying a voltage pulse. 

 

Because the MTJ nanopillars only possess an easy plane when PMA is reduced to negative, 

the precession cannot be initiated without a defined easy axis. So, the MTJ is subject to a 

static external field of adjustable angle and magnitude. Besides breaking the symmetry and 

define a preferential easy axis by in-plane component 𝐻∥, the perpendicular external field 

component 𝐻⊥ also centers the hysteresis by canceling the interlayer exchange coupling 

field, which ensures a bi-stable state as shown in Figure 4-6. The original loop (Black) can 

only have P state, which makes magnetic switching unattainable. The shift to red loop 

achieves bi-stable states (Possible P and AP states under the same external field). The 

vertical shift is just for easier view. 

 

Figure 4-6 Schematics of hysteresis loop centering by perpendicular field component 𝐻⊥. 
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Changing the external field angle is achieved by adjusting the sample position along the 

two poles (x-axis) of the projection electromagnet as demonstrated in Figure 4-7 (a). The 

external field is confined in the x-z plane with a defined angular dependence on position 

as shown in Figure 4-7 (b). The position of the sample is verified by the fixed microscope, 

which is then converted to the field angle. From 0o to 90o, the range of sample movement 

is about 14 mm. With the precise control of sample position with a fixed microscope, the 

angle can be accurately controlled. 

 

Figure 4-7 (a) Illustration of magnetic field profile generated by the GMW 5210 
electromagnet. The sample is located about 2mm from the pole surface and moves along x 
direction to adjust field angle. (b) 𝜃 (projection angle of magnetization to the xy plane) vs 
x position along the centered line as indicated by the thick arrow in (a), red dashed lines 
indicate the electromagnet pole position. 

 

 

4.2.2     MTJ device for ultrafast switching 
 

The ultrafast pulses (~ 1 ns) transmitted in the circuit as electromagnetic waves. Different 

from the DC signal, the efficient transmission of high-frequency RF signal is sensitively 

depended on the circuit configuration. Here, the RF coaxial cable and high-speed probes 

(Picoprobe Model 10) are used in this study. The Model 10 is a multipurpose, passive probe 
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that can be used to drive and receive signals. It can operate from DC to 7 GHz with a 3dB 

insertion loss, which means the voltage is reduced to about 70% of the pulse generator 

output. A network analyzer is used to calibrate the transmission loss and verifies the 3dB 

attenuation from output to probe tips. To efficiently transmit the pulse from probe tips to 

MTJs, a special device structure is used as shown in Figure 4-8 (b), the picture taken using 

a digital microscope is a real piece where hundreds of devices are located (the position of 

the probe tips are not indicative of actual configuration when testing). The separation 

between positive and negative tips is around 100 𝜇𝑚  which is roughly the separation 

between top and bottom leads of a real device. The lower right is a representative GSG 

(ground-source-ground) layout. Here, we use high speed probe of GS configuration (two 

tips) instead of GSG configuration (3 tips), which is capable of reaching higher frequency 

and more robust against external interference. The simpler GS configuration is good 

enough for the frequency range required in this study (<10 GHz). 

The MTJ is located at the intersection of the top and bottom leads. The nanopillar is 

fabricated using the nanosphere lithography method introduced in Chapter 3 with parallel 

fabrication of MTJ devices with the lateral dimension of around 10 𝜇𝑚 as indicated in (b). 

The purpose of the 𝜇𝑚-sized MTJs is to verify the actual dimensions of the nanopillar 

without using SEM by comparing their resistance. The 𝜇𝑚-sized MTJ patterns are only 

good for DC measurement as multiple MTJs share the same bottom electrode, which makes 

the impedance from the probe tips to MTJs (>1000 Ω  in general) much larger than 

transmission line, resulting in a significant loss of signal. The high-speed patterns have 

their individual top and bottom leads with greatly reduced dimensions to minimize the 

transmission loss. When using a GS probe as shown in Figure 4-8, we can just contact the 

probe tips to the top and either one of the bottom leads.  No noticeable degradation of 

performance can be observed in the frequency range of DC ~ 5 GHz. 
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Figure 4-8 (a) A model 10 probe mounted on a micropositioner. (b) Pictures of two model 
10 probe tips in contact with the sample electrode, the separation of the source and ground 
leads is about 100 𝜇𝑚. 

 

 

 
4.3     Modification of VCMA switching by interfacial engineering 
 

 

4.3.1     Motivation 
 

The most important characteristic of the VCMA switching, which researches value the 

most, is the energy consumption. As the leakage during switching can be theoretically 

reduced to zero, this mechanism is regarded as one of the most important routes to achieve 

ultra-low energy electronics. Two possible methods can be employed to reduced energy 
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consumption by examining the very straightforward expression 𝐸 = 𝑉2

𝑅
𝑡 . Here, 𝑡 

represents the pulse duration. Reducing V and increasing R can both minimize 𝐸 . By 

enhancing the VCMA effect, magnetic anisotropy can be reduced to negative (in-plane 

easy axis) with a lower voltage. In the meantime, a thicker barrier can exponentially 

increase the MTJ resistance. Recently, utilizing MTJs with high resistance-area product 

renders mixed results [86], as simply increasing the barrier thickness has minor influences 

on the energy consumption due to the deterioration of IV characteristics at high bias. 

Enhancing the VCMA effect by exploring different seed and capping layers [87,88] have 

been carried out with different level of success. According to the introduction, the VCMA 

effect originates from the change of electron occupation of the hybridized 3d orbitals 

induced by charging/discharging at the FM/MgO interface. Direct engineering at the 

interface by atomic level insertion may have more profound impact on the magnetic and 

VCMA (magnetoelectric) properties of the MTJ system as it provides substantial structural 

modification at the interface. 

Earlier focus on interfacial engineering is by controlling the oxidation level at FM/MgO 

interface. Theoretical [89] and experimental [90] effort both indicate the existence of very 

thin FeO (oxidation reduction by annealing or thin Mg insertion) can facilitate the VCMA 

switching by a factor of 3 [91] in Ta/CoFeB/MgO trilayer structure. Various heavy metal 

insertions have also been studied theoretically [92]. Experimentally, Hf insertion at 

CoFeB/MgO interface showed a somewhat subdued VCMA coefficient around 4 

fJ/(Vm) [92] (VCMA coefficient is around from 10-50 fJ/Vm for conventional 

CoFeB/MgO interface). For Pd insertion, the coefficient saw some moderate enhancement 

to 86 fJ/(Vm) at the Co/MgO interface [93]. Recently, Ir insertion has been explored in 

epitaxially grown Cr/Fe/MgO structure at Fe/MgO and a dramatic enhancement to 300 

fJ/(Vm) was observed by DC measurement [94,95], an increase of 80% in interfacial 

anisotropy energy (PMA) was also observed. Here, we will study Ir insertion in sputtered 

CoFeB/MgO/CoFeB MTJ and its impact on the magnetic properties. Further, we will 

explore its potential in reducing VCMA switching energy for future spintronics 

applications. 
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4.3.2     Experimental method and sample preparation 
 

The MTJ thin films in this study were fabricated by the multi-source magnetron sputtering 

system with a base pressure of 10-9 Torr (Fig. 2-3). Samples were grown on thermally 

oxidized Si wafer with the structure of Si/SiO2/Ta(6 nm)/Ru(10 nm)/Ta(8 nm)/Mo(1 

nm)/Co20Fe60B20(0.85 nm)/MgO(1-3.5 nm)/Co20Fe60B20(1.5 nm)/Mo(1.5nm)/Ta(7 

nm)/Ru(20 nm). The Ir insertion takes place at either interface and within the top CoFeB. 

The thickness ranges from 0.5 Å-1.5 Å. All the metallic layers were deposited using DC 

sputtering at a working pressure of about 2 mTorr, whereas the MgO tunneling barrier was 

deposited by RF sputtering from a MgO target at 1-1.5 mTorr. Following the nanosphere 

lithography method (Fig. 3-9), the continuous films were then patterned and ion milled into 

MTJ nanopillars of 160 nm in diameter (MTJs of 10 𝜇𝑚 in diameter were also fabricated 

in parallel). After deposition and nanofabrication, the samples were annealed at different 

temperatures in a glovebox filled with Ar and rapidly cooled subsequently. All samples in 

this study have perpendicular magnetic anisotropy and the external field direction are all 

out-of-plane. 

The transport properties of the MTJs were measured on the probe station (Sec. 2.3.1) with 

4-wire geometry. MTJ resistance is measured with Keithley 220 source meter and Keithley 

2000 multimeter. The switching experiments were carried out with circuit geometry as 

demonstrated in Figure 4-5 (a).  

The Mo insertion in the MTJ stacks is to enhance the thermal stability of the MTJ at higher 

annealing temperature. As Mo can impede the intermixing between Fe (Co) with Ta, the 

PMA can be retained at much higher temperature, which allows for more control over the 

diffusion of Ir across the CoFeB/MgO interface. 

 

4.3.3     Effect of Ir insertion on the magnetic and transport properties 
 

Figure 4-9 illustrates the position of Ir insertion at the top CoFeB and the corresponding 

TMR value after annealing at 300 oC for 10 minutes. The thickness of the Ir is 1 Å, with 
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the exceptions shown in the blue circle on top, which represents the different insertion 

thickness (0.5 Å -1.5 Å) at the CoFeB/MgO interface. The data right at the dashed line 

represents the TMR without Ir insertion. Evidently, the presence of Ir in the vicinity of the 

CoFeB/MgO interface substantially deteriorates the TMR. The TMR is also very sensitive 

to the amount of the Ir inserted, with 1.5 Å almost dropped the TMR to less than 40 % from 

120 % without the Ir. 

 

Figure 4-9 Schematics of the Ir insertion in the MTJ multilayer structure. The insertion 
takes place on the top CoFeB layer. The upper panel is the corresponding TMR value with 
respect to Ir insertion location and amount. 

 

The representative TMR loops (annealed at 300 oC for 10 minutes) are presented in Figure 

4-10. MTJs with Ir insertion at CoFeB/MgO interfaces are grouped in Figure (a). TMR 

dependence on the Ir thickness is evident. With the increase of Ir thickness, we can also 

observe a monotonic decrease of PMA which is reflected by the coercivity of the top 

CoFeB layer in the minor loops. This is somewhat contradictory to the previous results 

obtained in Cr/Fe/Ir/MgO [95], where the addition of Ir substantially enhanced the PMA 

of the ultrathin Fe even at the added thickness of 1.5 Å (maximum PMA achieved at 0.5 Å 

insertion). The PMA enhancement observed in Ref.  [95] is attributed to the induced 

magnetic moment in Ir. The reduction observed in our MTJ nanopillars is believed to be 
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from the specific film composition and structure under study here. Compared with the 

Cr/Fe/Ir/MgO film studied in  [95], we use the more technologically relevant 

Mo/CoFeB/Ir/MgO structure. The addition of Co is very important. First, the enthalpy of 

formation of FeIr is more than twice the value of CoIr. It means, at the interface, the 

proximity effect which caused the induced magnetism in Ir is smaller in our sample. Second, 

Ir acts as a blocker for Fe(Co)-O bonding if not alloyed well with 3d FM metals. As the 

PMA originates mostly from the orbital hybridization between 3d and 2p orbitals, the 

reduced bonding results in the partially deteriorated PMA found in samples with Ir 

insertion at CoFeB/MgO.  

Figure 4-10 (b) compares the TMR curves for samples with Ir inserted at the CoFeB/Mo 

interface and within the CoFeB layer. It’s no surprise that the insertion at CoFeB/Mo 

doesn’t affect the TMR or PMA since the PMA and symmetry-conserving tunneling are 

both determined mostly at the FM/MgO interface. At conventional annealing condition of 

300 oC, the intermixing of the buffer (capping) layer and CoFeB is relatively small, hence 

the almost identical TMR curves (black and blue) shown in (b). When inserted right in the 

middle of the CoFeB layer, the obvious reduction of PMA and TMR is observed as 

demonstrated by the red curve. This is caused by the partially divided CoFeB layer. 

 

Figure 4-10 (a) Representative TMR loops for MTJ nanopillars with Ir insertion of different 
thickness at the CoFeB/MgO interface. (b) Representative TMR curves for Ir insertion 
away from CoFeB/MgO interface. 
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4.3.4     Effect of Ir insertion on the VCMA switching behavior 
 

From Figure 4-10, 1.5 Å  insertion at CoFeB/MgO sample cannot be used in VCMA 

switching as the bi-stable state is not attainable (orange curve) and the thermal stability is 

very small judging by the much-reduced coercivity. We use three insertion conditions to 

demonstrate the effect of Ir insertion on the VCMA switching. (1) no insertion, (2) insertion 

of 1 Å at the CoFeB/MgO interface (3) insertion of 1 Å at the CoFeB/Mo interface. We 

will call these configurations 1, 2, and 3 respectively, and the samples are labeled by 

the corresponding number. The reason to use configuration (2) and (3) is (a) to keep the 

insertion amount of Ir consistent and (b) to highlight the Ir spatial disparity between the 

two scenarios. All the nanopillars has the P state resistance ranging from 2 MΩ to 5 MΩ 

(RA product ranging from 4 × 104~105Ω ∙ 𝜇𝑚2), which makes the thickness of the MgO 

barrier range from 2.4 nm -2.5 nm. Within the accuracy of the experiment, we can assume 

the same voltage produces the same electric field within the MgO barrier for samples under 

investigation. This excludes the influence of the MgO thickness on switching energy. As 

for the external field, we fixed the angle at 45° from the perpendicular direction. The 

external field can influence the precession speed by changing the Heff. In later analysis, we 

will also calculate the power consumption in addition to energy consumption, which gives 

a more complete picture about the influence of Ir insertion on the VCMA effect at the 

CoFeB/MgO interface. 

 

Figure 4-11 Representative switching behavior of an MTJ nanopillar 

used in this study, only the first oscillatory peaks are visible. 
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Figure 4-11 is the representative switching behavior (dependence on voltage amplitude and 

pulse duration) of the 160 nm nanopillar. Compared with Figure 4-4 (b), the oscillatory 

signature is not evident. This is firstly due to the relatively large nanopillar dimension (160 

nm) that can reduce the precession coherency; another reason maybe the relatively small 

voltage amplitude. The small amplitude may not be able to pull the easy axis completely 

in-plane, just like the curves observed in Figure 4-4 (b) with lower voltage amplitude. The 

imperfect oscillatory behavior doesn’t impact our analysis since the prominent first peak is 

the most important and most of the physical properties that we are interested in can be 

extracted from it. 

Figure 4-12 (a) and (b) are the comparison of switching probabilities of three insertion 

configuration studied. The difference between the two graphs is the annealing temperature 

(both for 10 minutes). The data of the same insertion configuration are from the same 

sample. 

 

Figure 4-12 The switching probability for 3 MTJ nanopillars with different Ir insertion 
condition. The same samples are tested after annealed at 300℃ (a) and 400℃ (b) for 10 
minutes. 

 

Here, the switching probabilities are the total incidents of magnetic switches divided by 

the total number of voltage pulses sent. In Figure 4-12, the probabilities are the peak values 

at specific voltage values as observed in graphs like the one in Figure 4-11. The reason we 

didn’t go to higher voltage value is to lower the possibility of electrical break down 
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associated with over-the-limit electrical stress. Especially when the samples need to go 

through a large number of high voltage pulses and multiple thermal annealing processes. 

We found the critical voltage value that can be endured by nanopillars with voltage pulses 

number on the order of 104~105 is around 2.4 V. A higher voltage make the MTJ fragile 

enough that the electrical breakdown is often observed during testing.  

A few interesting signatures immediately show up by examining Figure 4-12. In both (a) 

and (b), the better samples in terms of higher switching probability at a certain voltage is 

different, but they both involve Ir insertion. The thermal annealing has opposite effect for 

samples with different Ir insertion location. When Ir is directly deposited at CoFeB/MgO 

interface (sample 2), the sample shows highest switching probability at the same voltage 

(compared at voltage > 2V). However, samples with no insertion (sample 1) and insertion 

at the CoFeB/Mo interface (sample 3) behave similarly, which are less favorable for 

magnetic switching. In the meantime, their threshold voltage at which switching behavior 

emerges is higher than sample 2. 

When annealed at 400 ℃, the switching behavior of sample 3 improves significantly as 

shown by the blue curve in Figure 4-12 (b). While sample 1 becomes non-switchable as 

indicated by the red curve. The switching behavior of sample 1 remains relatively 

unchanged (marginally improved) as shown by the black curve. 

As mentioned in the very beginning, the figure of merit for the VCMA switching is the 

switching energy. To evaluate the switching energy of the fabricated nanopillars, the very 

simple equation is used 

𝐸𝑆𝑊 = 𝐼 ∗ 𝑉 ∗  𝑡 

The most crucial part now becomes evaluating the resistance at the specific pulse voltage. 

It is by no means trivial procedure as the general DC measurement cannot be used in 

determining the resistance for the much higher voltage applied. In switching experiment, 

the high voltage can be applied cause the duration is on nanosecond scale, the electrical 

stress and joule heating produced can by dissipated quickly after the pulse is removed. The 

averaged stress and heating are much lower compared to DC measurement of the same 

voltage amplitude. Here, we can only estimate the resistance by extending the IV curve to 

(4.11) 
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the unattainable region under DC. Multiple practices have been employed in dealing with 

this issue. Some of them just used current (resistance) at high DC voltage [96], which 

significantly underestimates the energy consumption by underestimating the switching 

current. Others fit the 𝐿𝑜𝑔(𝐼) − 𝑉 curve and linearly extend the curve to the pulse voltage. 

This method is valid by examine the trend of the 𝐿𝑜𝑔(𝐼) − 𝑉  curve, the slope is 

approaching a constant at relatively voltage as highlighted by the black box in Figure 4-13 

(b). Figure 4-13 (a) is the typical IV characteristic curves of the three samples. Their low-

bias resistances are all in the range of 4𝑀Ω − 5𝑀Ω. After linear extension performed in 

(b), the switching current at 2.24 V ranges from 4𝜇𝐴 − 5𝜇𝐴  for all samples, which 

confirms the qualities of the MgO barriers are consistent across the 3 samples and the 

phenomena observed in this study is not related to the variation of barrier quality that might 

be introduced by the Ir insertion. 

 

Figure 4-13 (a) IV curves for the 3 samples studied in this work. (b) 𝐿𝑜𝑔(𝐼) − 𝑉 curves for 
the 3 samples, the linear extension is used to estimate the current at the much higher pulsed 
voltage. Both figures are of samples annealing at 300 ℃ for 10 minutes. 

 

The switching energy can be calculated following Equation 4.11. For example, after 

performing the same procedure for IV measured after 400 ℃ annealing, we can obtain the 

switching energy for sample 3 at -2.24 V at 1ns, which reaches the PSW of 90 %, to be 

𝐸𝑆𝑊 = 𝑉 ∗ 𝐼 ∗ 𝑡 = 2.24(𝑉) ∗ 3.39(𝜇𝐴) ∗ 1(𝑛𝑠) = 𝟕. 𝟔 𝒇𝑱/𝒃𝒊𝒕 
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To comparing this value with reported experimental result that achieved record low energy, 

we need to define a new parameter that put nanopillars with different dimensions on equal 

footings, which normalize switching energy to unit MTJ area. As demonstrated by 

Ref.  [96], the energy consumption is proportional to MTJ lateral size within single-domain 

limit, which means if the sample is shrunken by half, the switching energy should also be 

halved. Here, we defined the unit area to be a circular MTJ with diameter of 100 nm. Table 

3 is the comparison chart of a few recent VCMA switching experiments that claimed to 

achieve record-low energy consumption. By comparing the normalized (to 100 nm in 

diameter) 𝐸𝑆𝑊, we can see sample 3 annealed at 400 ℃ reduced the energy consumption 

by 70 % of the lowest reported value. 

 

Ref. MTJ core structure TMR 

(%) 

Diameter 𝐸𝑆𝑊  

(𝑓𝐽) 

Norm. 

𝐸𝑆𝑊 

(𝑓𝐽) 

 [96] CoFeB(1.1)/MgO(1.4)/CoFeB(1.4) 54  50 nm 6 24 

 [86] CoFeB(1)/MgO (2.8)/Co18.75Fe56.25B25(1.8) 40  80 nm 6.3 9.8 

Here CoFeB(0.85)/MgO(2.5)/CoFeB(1.5)/Ir(0.1) 164  160 nm 7.6 3.0 

 

Table 3 | Comparison of recent VCMA switching report claiming record-low energy 
consumption. CoFeB composition is Co20Fe60B20 is not indicated otherwise. The bold parts 
indicate free layers and the unit of the numbers in parenthesis is nm. 
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4.3.5     Analysis on the impact of Ir insertion 

 

The distinctive switching behaviors of the three samples clearly results from the Ir insertion. 

The different response to the annealing conditions also stems from it. It is crucial to point 

out the importance of annealing on achieving the ultra-low switching energy. To explain 

the result obtained from Figure 4-12, we measured the magnetic properties under different 

annealing condition to see what’s actually taking place with elevated annealing temperature.  

Figure 4-14 (a) is the evolution of the free layer coercivities (HC) on annealing temperature. 

The most interesting feature of this figure is the divergence in HC for sample 1 and 3 at 

annealing temperature higher than 350 ℃ . As the PMA is mostly determined by the 

CoFeB/MgO interface through orbital hybridization and spin-orbit coupling, the abrupt 

drop in HC in sample 3 is mostly likely due to the interface reconstruction through Ir 

diffusion from CoFeB/Mo to CoFeB/MgO. Thus, the critical temperature at which Ir can 

be diffused through 1.5 nm CoFeB is determined to be from 350 ℃ to 400 ℃. This is the 

main reason the switching behavior improved significantly for sample 3 as demonstrated 

in Figure 4-12. The divergence can be seen in TMR’s dependence on annealing curves as 

shown in Figure 4-14 (b) (different trends for black and blue curves beyond 400 ℃). The 

presence of Ir at the CoFeB/MgO interface negatively impacts the transport and magnetic 

properties of the perpendicularly magnetized CoFeB layer in the limit of 0.5 Å and above. 

This is interesting compared with the Ir insertion in ultra-thin Fe case [95], the mechanism 

can be more complicated than the explanation in Sec. 4.3.3 and the understanding is of 

great importance for selecting the right FM material in achieving energy efficient switching 

with high thermal stability.  
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Figure 4-14 (a) Dependence on annealing temperature of (a) free CoFeB layer  

coercivity and (b) TMR under different Ir insertion configurations. 

 

The non-switchable sample 2 at 400 ℃ is evident by examining Figure 4-14 (a). The 

coercivity for sample 2 free layer is only around 20 Oe. When applying a tilted magnetic 

field, the coercivity will be further reduced, which makes the achieving bi-stable state 

impossible. The free layer can only stay in one direction. The same goes for sample 3 

annealed at 450 ℃ and beyond. Figure 4-15 (a) is the switching properties for sample 1 

and 3 at 500 annealing condition (10 min). The switching behavior of sample 2 is not 

plotted for simplicity as it stays non-switchable at 400 ℃ and above.  

One may raise the question after noticing the apparent negative correlation between the HC 

and peak PSW. It may appear that in acceptable HC range, the lower the HC, the easier to 

achieve high PSW at the same voltage amplitude. This is seen in sample 3 from 300 ℃ to 

400 ℃  (Figure 4-12) and comparing sample 2 (3) with sample 1 at lower annealing 

temperature. One may question that the higher switching rate and lower threshold voltage 

(Vth, minimum voltage at which switching events occur) are just the byproduct of lowered 

PMA either by Ir insertion or higher annealing temperature. To exclude this possibility and 

confirms the effect of Ir insertion is not just reducing PMA, we can reduce PMA of sample 

1 further (within acceptable range to maintain good bi-stable states). The result is 

summarized in Figure 4-15 (b). The y-axis is the peak switching rate at -2.24 V (highest 
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voltage attainable in our experiment). The black curve is for sample 1 at three annealing 

conditions. From Figure 4-14 (a), HC of sample 1 free layer is reduced significantly. If the 

peak switching rate is just negatively correlated with PMA, we should expect a large jump 

in PSW at -2.24 V. However, what we observed is the relatively stagnant peak PSW for 

sample 1 (even a slight degradation under 500 ℃  annealing condition), hence, the 

improvement of Ir insertion on switching properties is not due to the PMA reduction, but 

a deeper interaction between Ir and 3d FM elements like the proximity effect which induces 

magnetism in Ir [94,95], similar proximity effect have been observed in other heavy metals 

(Pt [97], Gd [40]) adjacent to 3d atoms. 

 

Figure 4-15 (a) The switching probabilities for sample 1 and sample 3 after annealed at 
500 ℃ for 10 min. (b) Peak switching probabilities at -2.24 V for the three insertion 
conditions under different annealing conditions (from 300 ℃ to 500 ℃). 

 

 

 

4.3.6     Induced magnetism in Ir and its implication on VCMA enhancement 

 

A few theoretical articles [98–100] have touched on the effect of heavy metal (HM) 

insertion (mostly 4d and 5d element like Ru, Pd, Ir, Pt, etc.). Generally speaking, in the 

HM/FM/MgO structure, the interfacial magnetic anisotropy, which points out of the plane, 

is determined by both interfaces. However, the FM/MgO interface’s role is more crucial in 
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bringing out the PMA while the choice of the HM has a significant influence on the 

magnitude of the anisotropy energy. The non-magnetic HM atoms (mostly 4d and 5d 

elements) generally possess weak magnetism as confirmed by both theoretical [101,102] 

and experimental [103–108] studies. 

The induced magnetism stems can be: (1) spontaneous magnetism from a structural change 

such as reduced dimension, volume expansion, etc. [109–113] (2) from strong 

hybridization with magnetic metals [101,102]. This magnetism can lead to larger 

perpendicular magnetic anisotropy (PMA) energy due to stronger SOC as the MCA (PMA) 

is proportional to 𝜉2 (Equation 1.17).  

 

Figure 4-16 Calculated magnetic moment and MCA of different 4d (5d) TM (1 ML)/Fe (5 
ML) structures by DFT study. Reproduced from [100]. 

 

In Figure 4-16, DFT calculation renders the induced heavy transition metal (TM) magnetic 

moment in (c) and their dominate contribution to 𝐸𝑀𝐶𝐴 in (d). The Λ-shape peaked at Ir as 

its electron band filling produces the largest PMA following Equation 1.17. The calculation 

only produces change in interlayer separation and Fe magnetic moment in the interface Fe 
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monolayer (ML), indicating the hybridization is confined at the interface. Of course, this 

is done with the overly simplified configuration without considering the imperfections, 

interdiffusions, and surface topography, etc.  

More realistic configuration performed in  [95] considering the special distribution of 

diluted Ir diffused from Fe/MgO into the Fe layer (thickness < 1nm). It is not hard to see 

that the electric field can also change the PMA of Ir as the Ir orbitals are also hybridized 

with Oxygen (in MgO) directly or indirectly through Fe. An electric field can modulate the 

band filling in Ir through charge transfer similar to Fe. The magnitude is greatly enhanced 

with a much larger 𝜉 . If we inspect Equation 1.17, the magnitude and PMA and the 

subsequently voltage control is also determined partially by the terms in summation sign, 

which is highly sensitive to the spin-polarized d band filling. As the 5d elements have their 

majority bands peaked around the Fermi level, the PMA and VCMA effect is largely 

contributed by the spin-conserving terms of majority band (in contrast to the 3d elements 

as their minority bands usually peaked around Fermi level). The change in 5d majority 

band filling of Ir caused by orbital hybridization either between Fe-Ir or Ir-O introduced 

another factor to influence the VCMA effect. The calculation in  [95] revealed that the Ir 

close to the Fe/MgO interface (not necessarily the most adjacent layer) contributes 

positively to the PMA and the VCMA coefficient. 

In conclusion, Ir in close proximity to 3d magnetic atoms obtains induced magnetism 

through orbital hybridization. This induced magnetism contributes positively to the PMA 

with an enhanced scale due to stronger SOC and modified 5d band filling around the Fermi 

level. In the more technologically relevant HM/FM(Ir)/MgO structure used in MTJ, the 

hybridization is more complicated as Ir-O bonds also exist. According to first principle 

DFT calculation, enhancement of PMA and VCMA effect also exist for the inserted Ir, 

which can potentially improve the thermal stability and reduce the switching current. 
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4.3.7     Additional benefit of thermal annealing on energy reduction 

 

In our study, it is clear that the thermal annealing has a very positive impact on improving 

the VCMA switching by facilitating HM element diffusion inside the FM layer. One extra 

benefit of thermal annealing in terms of reducing VCMA switching energy is through 

improvement of IV characteristics. With sufficient thermal annealing under acceptable 

range, certain types of defects inside the MgO barrier can be removed. For example, the 

internal strain caused by mismatch or nonuniform thermal distribution during sputtering 

can be relaxed by thermal annealing. Density of vacancies, interstitials, and grain 

boundaries can also be reduced [114]. Figure 4-17 (a) shows the 𝐿𝑜𝑔 𝐼 − 𝑉 curves for an 

MTJ nanopillar (no insertion) annealed at 350 oC and 500 oC. Using the conventional 

switching voltage of -2.24 V used for samples of similar resistance, the reduction of current 

is more than 60 %. Figure 4-17 (b) is the corresponding TMR loops at respective annealing 

conditions. As expected for a non-insertion MTJ, the TMR doesn't drop much with reduced 

coercivity. If we can improve the thermal stability (proportional to PMA) in Ir insertion 

sample to the point of achieving 500 oC annealing with acceptable coercivity, the switching 

energy can be reduced by significantly more than 60 % considering the annealing have a 

positive effect on the VCMA effect by facilitating Ir diffusion. The potential of the 

interfacial engineering, to a great extent, relies on developing new multilayer structure with 

improved thermal stability. 

 

Figure 4-17 (a) Improved IV performance for nanopillars annealed at 500 oC compared 
with the same nanopillar annealed at 350 oC. (b) TMR loops of the non-insertion 
nanopillars with different annealing condition. The annealing time is 10 min for both cases. 
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4.4     Conclusions and discussion for further improvement 
 

Other than achieving the record low switching energy by interfacial engineering in 

prototypical perpendicular CoFeB/MgO/CoFeB MTJ. A more interesting observation in 

this study is the improvement of switching performance for Sample 3 compared with 

Sample 2. This is mostly related to the higher annealing temperature that can be endured 

by Sample 3 without losing PMA. Higher annealing temperature facilitate Ir diffusion and 

its alloying with 3d FM atoms, which is crucial as explained in 4.3.6. In principle, Ir 

insertion at the FM/MgO interface should have a more pronounced impact on the VCMA 

coefficient as Fe(Co)-O hybridization is most prominent around the interface. But in our 

case, the Ir presence at the interface actually degrade the magnetic anisotropy even at lower 

annealing temperature as demonstrated in Figure 4-10 and 4-14.  

The discrepancy in our experiment with previous calculation mainly comes from the PMA 

enhancement is not observed in our samples even down to the limit of 0.5Å Ir insertion. In 

addition to the reason mention earlier (Ir blocking the Fe(Co)-O bonding due to Co’s 

presence), it may be more related the different fabrication procedure employed. Previous 

experiment that observed a enhanced PMA (Cr/Fe(Ir)/MgO) stressed on the good 

crystallization and roughness reduction prior to Ir deposition. This involves depositing Cr, 

Fe, Ir and MgO at differently elevated temperature and in-situ annealing after specific layer 

deposition. Also, Molecular beam epitaxy were used for crucial layers which guarantees 

almost perfect lattice matching. These steps ensure very sharp and smooth interfaces 

between Cr/Fe, Fe/Ir. But in our case, the annealing is done after nanofabrication and the 

interfaces are much more burred with significant intermixing and nonuniform distribution 

of ultra-thin Ir (sputtering rate is much higher, Ir are not deposited atom-by-atom like in 

MBE). The interface topography can impact the PMA to great extent. The distribution of 

Ir of ultra-thin (on the order of 1 Å) nominal thickness can be quite different for different 

fabrication methods. From quasi-ML similar to one used in first principle calculation by 

MBE, to nonuniform Ir islands sporadically distributed on relatively rough FM surface.  

The validity of the theoretical calculation for the sputtered film made by us is still open to 

discussion. After all, the PMA depends heavily on how the 5d atoms are distributed within 
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the 3d FM layers and at the FM/MgO interface. TEM image for MBE deposited sample 

doesn’t have congregated nonuniform Ir presence at the interface or inside the Fe, the Ir is 

evenly distributed in Fe as single atoms (no cluster). The distribution of Ir in regularly 

sputtered MTJ need to be studied further by HR-TEM. One way to avoid depositing HM 

at the interface is to deposit the HM at the FM/Buffer interface or within the FM layer. The 

improved performance in Sample 3 is evident. The delayed PMA loss and improved 

VCMA response by slowly diffusing Ir to the FM/MgO interface seems to work well under 

our fabrication capability. However, the potential negative impact on TMR and precise 

control of HM diffusion should be studied in detail in the future. 

The main takeaway from this study is the potential to reduce VCMA switching energy by 

interfacial engineering. One main area for better understanding and further improvement 

is the realization of ultra-low VCMA switching while keeping good PMA with regular 

sputtering technique. The path ahead is simply to increase annealing temperature without 

losing thermal stability by modifying MTJ structure and fabrication procedure.
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CHAPTER 5 

Voltage-controlled antiferromagnetism in magnetic tunnel 
junctions 

 

In chapter 4, we discussed the VCMA effect in magnetic tunnel junctions. Under a large 

enough voltage of appropriate polarity, magnetization goes into a precessional motion 

about an easy axis partially defined by the in-plane field. If the voltage pulse is precisely 

controlled, the magnetization can complete a 180o switch on a sub-nanosecond timescale. 

The VCMA effect is just one of the many proposed mechanisms that can potentially 

achieve fast and energy-efficient switching. Most of the effects are already covered in the 

introduction, such as spin transfer torque (STT) [20–23], ferroelectric coupling between 

FM and FE materials [115–117], voltage-controlled strain effect [34,35,118,119]., and 

voltage-controlled electrochemical effect [37,120–122], etc.  

In this work, we report the discovery of the voltage-controlled antiferromagnetism in a 

model spintronics system that is also technologically important: the CoFeB/MgO/CoFeB 

perpendicular magnetic tunnel junction (pMTJ). It is demonstrated for the first time 

through transport measurement that at low temperature the CoFeB layers are exchange-

biased to the interfacial Fe(Co)Ox layers naturally formed between CoFeB and the MgO 

barrier. In addition to the voltage-controlled magnetic anisotropy (VCMA) effect, the 

electric field can have a profound impact on the exchange bias field (HEB) in this system. 

Thanks to the giant tunneling magnetoresistance (TMR) and the sharp switching of the 

CoFeB layers with PMA, a clear dependence of HEB on the applied voltage has been 

detected, which is attributed to the voltage control of AFM anisotropy. 

The structure of this chapter is arranged as follows: first, I will give a brief introduction to 

antiferromagnetism and the phenomena associated with it, particularly the exchange bias 

effect. Then, the main findings of this research will be presented. After that, I will use a 

model to quantitatively explain the observed effect. Some interesting phenomenal related 

to the main finding s will also be presented and their significance will be discussed at the 

end. 
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5.1     Introduction 
 

The presence of magnetic interactions between individual magnetic moments shows up 

collectively as magnetic ordering. Different types of magnetic order are defined by their 

response to the external magnetic field initially, hence the ferromagnetism (FM) and 

antiferromagnetism (AFM) are discovered. The critical temperature under which the 

magnetic order manifests itself is called Curie temperature (Tc) and Neel temperature (TN) 

respectively. FM materials have a spontaneous magnetization in the absence of an external 

field below Tc while AF materials have zero net magnetic moment even under a 

sufficiently large external field. 

 

Table 4 | Typical antiferromagnetic materials with their magnetic properties. θ  in the 
column refers to a χ, T relation in the form χ = C/(T + θ). 
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Figure 5-1 is the schematics of the temperature dependence of susceptibility χ and inverse 

susceptibility 1/ χ for antiferromagnetic materials. It reaches a maximum value at TN and 

decreases with decreasing temperature below TN. This distinctive χ behavior and the zero 

net magnetization stems from the antiparallel arrangement of the neighboring magnetic 

atoms as demonstrated in Fig. 5-1 (b). The nonmagnetic atoms are omitted as they don’t 

contribute magnetically. 

 

Figure 5-1 (a) Temperature dependence of susceptibility χ and inverse susceptibility 1/ χ 
for antiferromagnetic materials. AF = antiferromagnetic P = paramagnetic. (b) schematics 
of antiferromagnetic arrangement of A and B sublattices. 

 

For the staggered arrangement of spins in two sublattices, AFMs possess some of the most 

interesting properties of magnetic materials. They are very resilient to the external 

magnetic field, generating zero stray field to the adjacent materials and can have THz 

resonance frequency [123–125]. The insensitivity to the external field and zero magnetic 

moment may give the impression that the potential usage of AFM is limited. Indeed, it is 

hard to envision how to switch the bulk magnetic order in a magnetically insensitive 

material, not mentioning reading the magnetic state when both states render zero 

magnetization. For a long time, AFM is used almost exclusively to anchor the adjacent FM 

moment in FM/AFM bilayers through the exchange bias effect, which is interfacial in 

nature. But the active control of the AF magnetic order hasn’t received much attention until 

the conventional memory solution starts to encounter a significant bottleneck to satisfy the 
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highly robust (high thermal stability), high-speed requirement at the much-reduced 

dimension. 

The dynamics in AFM switching involves overcoming the much larger exchange energy 

compared with weaker anisotropy energy of its FM counterpart. For this reason, the thermal 

stability and speed of the AFM based memory will be orders of magnitude superior to the 

FM based memory currently used. Recently, utilizing other methods besides the external 

field, it was demonstrated that the magnetic order in certain AFM (e.g. Cr2O3) can be 

modified and help to switch the adjacent FM layer exchange biased to it [126,127]. 

In a conventional MTJ structure as illustrated in Fig. 1-10, the AFM is not directly used to 

pin the reference FM layer, but indirectly pins it through the interlayer exchange coupling 

in the SAF structure. The arrangement is adopted to reduce the stray field generated by the 

bottom FM layer and achieve bi-stable states in the free layer. The AFM is generally made 

of heavy metal alloys like IrMn and PtMn and the thickness is larger than the exchange 

spring limit of around 5 nm.  If the voltage can somehow control the AFM order in this 

structure, a lot of interesting and potential applications can be devised. But even for a pure 

engineering point of view, the control of AFM order in this structure is difficult considering 

the screening effect in the metallic AFM and the adjacent metallic (FM) layers. The 

structure has to be modified significantly to introduce the E-field into the IrMn body, 

indeed in Fig. 1-13, the ionic liquid is employed there to generate an EDL that can 

significantly modulate the electron density in the IrMn and change its order parameter [28]. 

But the voltage control of AFM has not been realized in a conventional MTJ structure with 

acceptable TMR. 

To circumvent the inability to apply significant E-field at the AFM layer, insulating AFM 

materials should be considered. 3d-transition metal monoxide is a group of materials that 

shows AFM order through superexchange interaction between next-to-nearest cations. As 

the FM material used in MTJ are also 3d-transition metals, we should expect the formation 

of antiferromagnetic oxide at the FM/MgO interface, where the penetration of the E-field 

is not screened by the free electrons. The properties of the interfacial antiferromagnetism 

and its voltage response should be very interesting to investigate for this technologically 

important system. 
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5.2     Experimental method and sample preparation 
 

The MTJ thin films in this study were fabricated by the multi-source magnetron sputtering 

system with a base pressure of 10-9 Torr (Fig. 2-3). Samples were grown on thermally 

oxidized Si wafer with the structure of Si/SiO2/Ta(6 nm)/Ru(10 nm)/Ta(8 nm)/CoxFe80-

xB20(0.8 nm)/MgO(1-3.5 nm)/CoxFe80-xB20(1.6 nm)/Ta(7 nm)/Ru(20 nm). x=20 if not 

indicated otherwise. Different Co: Fe ratioed samples are also fabricated for additional 

study in later sections. Some of the samples are made with inserted Mo between CoFeB/Ta 

to improve the PMA and TMR at higher annealing temperatures as shown by a previous 

study [128]. All the metallic layers were deposited using DC sputtering at a working 

pressure of about 2 mTorr, whereas the MgO tunneling barrier was deposited by RF 

sputtering from a MgO target at 1-1.5 mTorr. Following the standard microfabrication 

method (Fig. 2-6), the continuous films were then patterned and ion milled into MTJs of 

circular shapes with a diameter ranging from 3 µm to 10 µm. If not indicated otherwise, 

samples in this study were annealed at 300 °C for 10 minutes in a glovebox filled with Ar. 

All samples in this study have perpendicular magnetic anisotropy and the external field 

direction are all out-of-plane. 

To obtain the transport properties of the MTJs, Cryogenic temperature TMR measurements 

are carried out in the sample-in-vapor cryostat introduced in Sec. 2.3.2 with 4-wire 

geometry. RT measurements are carried out in the probe station introduced in Sec. 2.3.1. 

MTJ resistance was measured with Keithley 220 source meter and Keithley 2000 

multimeter while the magnetic field is measured in real-time with Lake Shore 475 DSP 

gaussmeter. 
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5.3     Results 
 

5.3.1     Temperature dependence of transport properties 
 

The annealed sample is loaded into the cryostat and the temperature dependence of TMR 

and resistance are presented in Figure 5-2. The barrier thickness is 3 nm and the resistance 

area product (RA) at RT is 5 × 107Ω𝜇𝑚2. As expected, TMR decreases monotonically to 

half of its value as temperature increases from 20 K to RT due to the reduction of spin 

polarization and the increase of spin-independent (inelastic) tunneling [129,130]. In the 

upper panel, the antiparallel state resistance (RAP) changes much more drastically with 

temperature than that of the parallel state resistance (RP). This is a signature of very small 

inelastic tunneling, which confirms the good quality (smaller roughness, less interdiffusion 

or defects) of the MTJs, consistent with the previous reports [131,132].  
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Figure 5-2. Upper panel: Temperature dependence of the parallel (P) (red) and antiparallel 
(AP) (black) state resistance in a representative MTJ.  Lower panel: TMR dependence on 
temperature from 20 K to RT. 
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5.3.2     Exchange bias produced by interfacial oxidation 
 

After the sample is cooled to the desired temperature (30 K) under a constant perpendicular 

field of + 3000 Oe, its TMR loop is measureand and shown in Figure 5-3 (a). Unlike the 

TMR curve measured at RT, where the switching fields of the soft (bottom) and hard (top) 

CoFeB layers are symmetric about zero field, the switching fields at 30 K are shifted 

negatively. Reversing the cooling field to -3000 Oe changes the switching fields to the 

positive direction as shown by the light blue curve. This is direct evidence of the exchange 

bias effect in the system. Here we define the exchange bias field HEB as (𝐻𝐶1 + 𝐻𝐶2)/2,  

where HC1 (HC2) is the negative (positive) switching field of a given FM layer. The 

magnitude of HEB is about 100 Oe for the soft layer and 350 Oe for the hard layer with both 

polarities opposite to the cooling field. 

 

 

Figure 5-3. (a), TMR curves of a MTJ measured at RT (black) and 30 K (red and light 
blue). While no exchange bias is observed at RT, after cooling down to 30 K under a 
perpendicular field of ±3000 Oe, obvious HEB for the soft and hard FM layers can be 
observed.  (b), Temperature dependence of HEB measured for 2 samples in the Hall bar 
geometry, showing the observed exchange bias originates from the FM/MgO interface. 

 

To the best of our knowledge, this is the first observation of exchange bias via the TMR 

measurement in a pMTJ with no active AF layers such as IrMn or PtMn. Previously the 
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interfacial spins of a thick Fe layer (10nm) adjacent to MgO were demonstrated to be 

exchange-biased using magnetization-induced second harmonic generation (MSHG) 

technique [133], and the existence of exchange bias was indirectly inferred by the FMR 

measurement [90]. Here due to the reduced thickness of the FM layers (~1nm), the entire 

magnetization, instead of only the interfacial spins [133], is exchange-biased. With the 

sharp switching of perpendicularly magnetized CoFeB, now the exchange bias effect can 

be sensitively detected by the TMR measurement. It is known oxygen ions generated 

during RF sputtering can bombard and oxidize adjacent Fe(Co) to form FeOx and CoOx at 

the bottom CoFeB/MgO interface, while thermally induced oxidation/reduction could also 

take place during the post-growth annealing [134]. Therefore, the exchange bias effect is 

most likely linked to the antiferromagnetism associated with the Fe (Co)-O bonding. To 

verify this assumption, two Hall bars resembling the bottom FM layer of the pMTJs are 

fabricated, one with the structure of Ta/CoFeB(0.8 nm)/MgO(3 nm)/Ta and the other with 

the structure of Ta/CoFeB(0.8 nm)/Mg(0.6 nm)/MgO(3 nm)/Ta. It is expected that the Fe 

(Co)-O bonding in the latter is greatly weakened due to the Mg insertion. As illustrated by 

the temperature dependence of HEB in Figure 5-3 (b), the exchange field in the sample with 

Mg insertion is dramatically reduced, thus unambiguously demonstrating that the exchange 

bias effect observed in Fig. (a) is caused by the antiferromagnetism associated with Fe 

(Co)-O bonding. The pMTJs in this study are of high quality, as demonstrated by the good 

TMR ratio of 120 % at RT, indicating no severe oxidation of the CoFeB layers. Therefore, 

the FeOx or CoOx formed between CoFeB and MgO is likely to be only a monolayer or 

sub-monolayer, which is consistent with the sub-100 K blocking temperature (TB) observed. 

Figure 5-4 is the comparison of TMR loops with and without field-cooling process. An 

obvious reduction of HEB can be observed and it is related to the magnetic domains existed 

in CoFeB during cooldown.  The establishment of exchange interaction is partially 

averaged out due to the partially demagnetized (remnant) FM layer and result in the 

observed reduction. This effect is observed in conventional FM/AFM bilayer systems as 

well [135]. 
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Figure 5-4 TMR curves measured at 30 K for the same sample with and without field 
cooling. Cooling field is + 3000 Oe and the remnant magnetization pints to the positive 
direction. 

 

 

 

5.3.3     Isothermal control of the exchange bias 
 

To this point, the exchange bias effect in our sample behaves similarly to those in a typical 

FM/AFM bilayer system [136]. Generally speaking, the exchange bias field is only 

observed when the FM is cooled below TN under an external magnetic field. After the HEB 

has been set, its polarity cannot be changed solely by reversing the magnetic field without 

warming above TN. In rare cases, isothermal switching of HEB could happen under spin 

flop transition, but with very high switching fields (over 10 T) [137]. In sharp contrast, 

isothermal switching of HEB can be achieved in our system with a relatively small magnetic 

field as demonstrated in Figure 5-5 (a). First, the pMTJ was cooled from RT to 30K under 

a positive magnetic field, thereby setting a negative HEB for both FM layers. Then a setting 

field of -4500 Oe was applied isothermally, followed by the subsequent measurement of 

the TMR curve. Interestingly, positive HEB values of +100 Oe and + 350 Oe were obtained 

for the two FM layers. The same procedure was performed with + 4500 Oe setting field 

and the HEB switched to -100 Oe and -350 Oe. The relatively small setting field of ± 4500 

-4000 -2000 0 2000 4000

0

100

200

300

  Field Cool

 

 

TM
R

 (%
)

Magnetic Field (Oe)

  No Field Cool

30 K



 
 

126 

Oe indicates the antiferromagnetism at the FM/oxide interface is weak, which is consistent 

with the very thin Fe(Co)Ox formed between the CoFeB and MgO. Notably, the HEB can 

be reversibly and deterministically controlled by the setting field as shown in the inset of 

Figure 5-5 (a), demonstrating the robustness of this effect. Here we define the minimum 

field that switches HEB isothermally as HAF. To determine HAF, the sample was first 

initialized with a large positive (negative) field (> 6000 Oe), which set the HEB to be 

negative (positive). Then the TMR curves were measured after incremental setting field 

applied and the corresponding HEB values are plotted in Figure 5-5 (b). Two features 

immediately emerge in the setting field dependence of HEB. First, HAF is symmetric about 

the zero setting field. Second, HAF is different for soft and hard layers, which further 

confirms the interfacial origin of the exchange bias. Note the exchange bias can only be 

observed when the maximum magnetic field applied during TMR measurement is smaller 

than HAF. Otherwise, the exchange bias will simply manifest itself as coercivity 

enhancement and there will be no shift in the TMR curve. 

 

Figure 5-5 (a) Representative TMR curves taken after the application of -4500 Oe setting 
field (red), and after the application of +4500 Oe setting field (black). Inset show the 
reversible and deterministic control of HEB by applying setting field isothermally. (b), HEB 
dependence on external setting field for both FM layers. Dashed lines indicated their 
respective coercivities. All data are collected at the constant temperature of 30K.  

 

The exchange bias effect can be usually understood through the schematic diagram shown 

in Figure 5-6 (a) [136]. The bottom FM spins are coupled to the uncompensated interfacial 
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spins (blue arrows) that are strongly pinned by the AFM (black arrows).  Since the AFM 

is insensitive to the external field, FM spins are biased to one specific direction determined 

by the direction of uncompensated spins and the nature of exchange coupling (FM or AF). 

Within this context, the exchange bias effect in our sample can be schematically 

represented by a simplified model shown in Figure 5-6 (b). The interfacial Fe(Co)Ox layer 

serves as the AF layer (black arrows) between CoFeB and MgO. The circled spins are 

uncompensated and moderately pinned by the surrounding AF spins. For simplicity, the 

AF spins are shown to form one monolayer. In reality, they may form discrete patches that 

are more or less randomly distributed at the interface [133], as indicated by the spin-glass 

like feature shown later in this chpter. The isothermal control of HEB by the magnetic field 

stems from the weak AF order of the interfacial Fe(Co)Ox. When the external field exceeds 

HC2 but below HAF, the circled (pinned) spins and the surrounding AF spins remain 

unchanged, leading to an HEB observed in the hysteresis loop. When the external setting 

field exceeds HAF, the pinned spins would be reversed to lower the Zeeman energy, which 

simultaneously rotates the AF spins. Subsequent TMR measurement would produce an HEB 

with the opposite sign. This picture qualitatively describes the isothermal switching of HEB 

presented in Figure 5-5. HEB appears when HC < HAF and the applied magnetic field is 

smaller than HAF. 

 

Figure 5-6 (a) Schematic picture of the exchange bias effect in AFM/FM bilayers, where 
the exchange coupling between the FM spins (brown) and the uncompensated interfacial 
spins (blue) of the AFM (black) leads to a shift of the hysteresis loop characterized by HEB. 
(b), Schematic diagram of the isothermal control of HEB with magnetic field. HC1 and HC2 
are the magnetization switching fields in negative and positive field direction. HAF is the 
critical setting field above which HEB polarity changes. 
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5.3.4     Voltage control of antiferromagnetism in MTJ 
 

One important feature of the CoFeB-MgO pMTJ is the interfacial PMA and the associated 

VCMA effect. The PMA is the result of the hybridization of 3d orbitals of Fe and 2p orbital 

of Oxygen [138]. When an electric field is applied to the junction, it modifies the electron 

occupation in different orbitals through the Fe-O bonding, thus leading to a change of 

magnetic anisotropy energy [139]. Since the presence of exchange bias and isothermal 

control of HEB by the magnetic field are also caused by Fe(Co)-O bonding at the interface, 

one may anticipate a correlation between the exchange bias and the electric field in the 

system. To test this point, an experiment similar to the one in Fig. 5-5 (b) was performed, 

only this time with voltage applied to the junction when the setting magnetic field is turned 

on. Note the HEB is still measured by the TMR curve under low bias voltage (~10 mV) after 

the removal of the setting field and voltage. Remarkably, a clear dependence of HAF on the 

applied voltage now appears. As shown in Figure 5-7, HAF can be effectively increased 

(reduced) by positive (negative) voltages. The applied voltage of ± 850 mV can cause a 

total modification of 400 Oe in HAF. Note only the positive branch of the hard layer HEB is 

plotted in Fig. 3c to highlight the changes brought on by voltage. 
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Figure 5-7 Setting field dependence of the hard layer HEB in a pMTJ under different 
voltages, in which the positive voltage increases HAF and the negative voltage reduces HAF. 
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If the voltage can modulate HAF, one may expect the associated change of 

antiferromagnetism to be reflected by the TMR curve as well. The magnetoresistance of 

the pMTJ was measured at different voltages and plotted in Figure 5-8 (a). Indeed, very 

different TMR curves are obtained. It is known that the HC of the two FM layers can be 

altered by the VCMA effect, which gives rise to very distinct TMR curves under different 

voltages [45]. The pMTJs in this study do exhibit the conventional VCMA effect, as 

evidenced by the voltage dependence of the switching fields for the hard layer at RT 

(Figure 5-8 b), where modulation of coercivity is centered around zero field. The behavior 

of TMR curves in Figure 5-8 (a), however, are markedly different from those influenced 

only by the VCMA effect. Here the pronounced changes are observed under positive 

magnetic field only. A closer inspection reveals that now the changes of HC1 and HC2 are 

asymmetric about zero magnetic field as shown in Figure 5-8 (c). This sample was 

initialized with a large negative field, resulting in a positive HEB. As positive voltage leads 

to a stronger interaction between the pinned uncompensated spins and the surrounding AF 

regions (Figure 5-7), the FM magnetization becomes harder to switch up (leading to a 

larger HC2) and easier to switch down (leading a smaller HC1). Under negative magnetic 

field, this phenomenon counteracts with the VCMA effect that enhances HC1, leading to a 

weaker dependence of HC1 on voltage. Simultaneously, a stronger voltage dependence of 

HC2 emerges as these two effects facilitate each other under positive magnetic field, a 

schematic of this behavior is presented in Figure 5-9. A direct result of this asymmetric 

dependence of the switching fields on voltage is the shift of the hysteresis loop by voltage, 

namely the voltage-controlled exchange bias effect. The voltage dependence of HEB is 

plotted in Figure 5-8 (d). A monotonic (but nonlinear) dependence of HEB on voltage can 

be seen, where the exchange bias is enhanced by positive voltage and reduced by negative 

voltage. The modification of HEB is quite significant, with a change of more than 150 Oe 

observed when the voltage is varied between +1V and -1V. 
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Figure 5-8 (a), Representative TMR curves measured under different bias voltages at 30 K.  
(b), The voltage dependence of magnetization switching fields HC1 and HC2 at RT, as a 
result of the VCMA effect. (c), The voltage dependence of HC1 and HC2 at 30K, as a result 
of both the VCMA and voltage-controlled exchange bias effects. (d), Voltage dependence 
of the exchange bias field at 30K. 

 

 

 

 

 

 

 

 

Figure 5-9 Illustration explaining distinct responses to voltage of HC1 and HC2 for hard FM 
layer. Red lines are the HC response to voltage due to the VCMA; blue lines are due to 
VCEB. Dashed black lines shows the combined effect. 
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5.4     Theory of the voltage control of AFM 
 

How the antiferromagnetism determines the HEB observed is key to the understanding of 

the voltage control effect in our study. In this section, I’ll give a summary of the important 

models developed to quantitatively explain the exchange bias effect and use one of them 

to understand the result presented in Figure 5-8 (d).  

The first theoretical attempt to explain the exchange bias effect came from Meiklejohn and 

Bean [140,141].  They assume the FM and AFM both are in a single domain state and the 

FM reorient rigidly. The interfacial spins of the AFM is uncompensated and the exchange 

interaction per unit area across FM/AFM is characterized by Heisenberg-like exchange 

energy 𝐽𝑖 . The switching process is illustrated in Figure 5-10, Using the Stoner-Wohlfarth 

model [142,143], the energy during the coherent rotation of FM magnetization can be 

written as  

E = −H𝑀𝐹𝑀𝑡𝐹𝑀 cos(𝜃 − 𝛽) + 𝐾𝐹𝑀𝑡𝐹𝑀 sin2(𝛽) 

+𝐾𝐴𝐹𝑡𝐴𝐹 sin2(𝛼) − 𝐽𝑖cos (𝛽 − 𝛼) 

𝐾𝐹𝑀 and 𝐾𝐴𝐹𝑀 are the anisotropy energy of FM and AFM per unit area their directions are 

assumed to be collinear. α, β, θ  are the angles between AFM sublattice and AFM 

anisotropy axis, FM magnetization and FM anisotropy axis, and the external field and the 

FM anisotropy axis. The four terms in equation 5.1 account for the effect of the external 

field on FM, the FM anisotropy, the AFM anisotropy, and the exchange coupling at the 

interface. In the simplest case the FManisotropy is negligible (compared to AFM 

anisotropy), the 2nd term can be omitted and minimizing the energy with respect to  

α and β gives the loop shift  

𝐻𝐸𝐵 =
𝐽𝑖

𝑀𝐹𝑀𝑡𝐹𝑀
 

Another important result from the minimization is the condition  

𝐾𝐴𝐹𝑡𝐴𝐹 ≥ 𝐽𝑖 

(5.1) 

(5.2) 

(5.3) 
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must be met for the observation of HEB, if not, it is energetically more favorable to keep 
β − α small, leading to the rotation of the AFM spins with FM spins, only coercivity 
enhancement will be observed. 

 

Figure 5-10 Schematic diagram of angles involved in an exchange bias system. 

 

 

Using a typical 𝐽𝑖  in FM materials, the prediction of HEB by equation 5.3 is several orders 

of magnitude larger than the experimental value. Different models are developed to correct 

the oversimplified single domain coherent rotation picture, an important modification was 

made by Néel [144]. In his model, he introduced the concept of a partial domain wall for 

reducing the shift of the hysteresis loop. When the magnetization of FM switches, it is not 

accomplished by a sharp switch at the FM/AFM interface, but a domain wall is developed 

in either FM or AFM parallel to the interface. One prediction of this model is the minimum 

thickness required for the formation of domain wall and it had been verified in metallic 

alloy AFM such as IrMn. Other EB models have been developed following this 

idea [29,145–150]. The domain wall theory alone cannot accounts for the coercivity 

enhancement generally associated with the exchange bias effect, and domain wall pinning 
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at magnetic defects or random field by the inhomogeneous interface (magnetic frustration) 

model was employed to resolve this [151,152].  

The AF domain theory describes the deviation from the perfectly uncompensated 

interfacial layer in the actual FM/AFM interface and the unidirectional anisotropy energy 

per unit area provided by the exchange interaction change from 𝐽𝑖  to the AFM domain wall 

energy, which is proportional to √𝐴𝐴𝐹𝐾𝐴𝐹, 𝐴𝐴𝐹𝑀 is the AFM exchange stiffness defined 

by 𝐴𝐴𝐹 = 𝐽𝐴𝐹/𝑎, 𝑎 is the spacing constant between neighboring spins. The new expression 

is about two orders of magnitude smaller than the Meiklejohn-Bean model and consistent 

with the experimental result. The model developed by Malozemoff [151], taking the 

random field at the interface into account, also gives a similar result  

 

 

where 𝒇𝑖 is of order unity and determined by the microscopic interfacial conditions such 

as roughness and impurity distribution. This expression indicates the FM switching field is 

determined by the balance of the applied field pressure (Zeeman interaction) and the 

reduced effective pressure from the domain wall configuration through the exchange 

interaction. HEB depends explicitly on AAF, KAF, and MFM for a given FM with a fixed 

thickness. Generally, the dependence of MFM on voltage is negligibly small without the 

ionic effect [37,120–122]. AAF can in principle be modified by voltage, but this effect is 

not considered here because the change of stiffness is also much smaller compared to that 

of anisotropy as demonstrated in the FM case [153]. The results in Figure 5-8 (d) then 

indicate the change of HEB is due to the control of KAF by voltage.  

Here, we tentatively assume the voltage dependence for the AFM anisotropy is 𝑲𝐴𝐹 = 𝑲0 +

𝝃 ∗ 𝑉. This assumption follows a generalized polynomial fit procedure, as the voltage of 

opposing polarity has the opposite effect on exchange bias, all the even terms like V2, V4 

can be omitted. A linearly dominated relation is most probable and the fitting result is 

presented in Figure 5-11. The experimental data indeed can be well fitted. The increase in 

HEB at +1V (+330 mV/nm) corresponds to a 36% increase in KAF compared to the zero-

bias value. This behavior of HEB can be well captured by the square root dependence of 

𝑯𝐸𝐵 =
2𝒇𝑖
𝜋2 √𝑨𝐴𝐹𝑲𝐴𝐹 𝑴𝐹𝑀𝒕𝐹𝑀⁄  (5.4) 
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KAF that is linearly modulated by voltage. Using an empirical AAF value (10-12~10-13 

J/m3) [154], we obtain the effective KAF ~ 104 J/m3, which is about 2 orders of magnitude 

smaller than KAF of thick AFM layers [155]. From the fitting result of ξ in Figure 5-11, we 

can extract the linear coefficient of voltage-controlled AF anisotropy to be 22 fJ/Vm 

(assuming an AAF of 5 × 10−13 J/m and Fe(Co)Ox monolayer thickness of 4.3 Å), which 

represents the scale of voltage-controlled AF effect in this system.  

The physical origin of the voltage control of KAF is likely related to the electrically induced 

orbital reconstruction [156]. In AF 3d transition metal oxide (e.g. FeO and CoO), the 

magnetic anisotropy arises from the interplay between crystal structure and magnetic 

ordering. The easy axis is 

developed below Neel 

temperature and its direction 

is determined by spin-orbit 

interaction. The electronic 

structure has a great influence 

on the magnetic anisotropy as 

electron occupation of 

different 3d orbitals 

contributes differently to the 

spin-orbit coupling, resulting 

in the change of magnetic 

anisotropy. When an electric 

field is established across the barrier, opposite charges accumulate at the two interfaces. 

This will effectively charge (discharge) Fe and Co atoms in Fe(Co)Ox most adjacent to the 

metallic FM layers. The changed occupancy of 3d orbitals changes the AFM magnetic 

anisotropy. Under this assumption, the magnetic atoms contributing most to the voltage-

controlled exchange bias effect are the ones closest to the interface as they participate in 

the charge transfer process in AFM dominantly. However, A more quantitative 

understanding requires further theoretical and experimental investigation, which is beyond 

the scope of the current work. Here we provide a simplified picture to understand the results 

Figure 5-11 Voltage control of HEB and calculated UMA. 
Red dashed line is the fitting using a linear voltage 
dependence for KAF. 
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in Figure 4: for pinned uncompensated spins below TB, their stability is determined by the 

interactions with the FM and AF portion of the system. Voltage application may modulate 

both interactions via voltage-controlled FM and AF anisotropy. In this study, the applied 

field and the unidirectional magnetic anisotropy (defined as 𝐻𝐸𝐵 × 𝑀𝐹𝑀 × 𝑡𝐹𝑀) direction 

are collinear. Therefore HEB is independent of FM uniaxial anisotropy [157]. Voltage only 

significantly changes the exchange interaction between the pinned spins and the 

antiferromagnet by modulating the AF anisotropy, which effectively modifies the pinning 

site stability and leads to a change in HEB following Malozemoff’s model (Even if HEB 

depends on the FM uniaxial anisotropy simultaneously, it should have the opposite effect 

compared to the effect observed in this study as enhanced FM-uncompensated spin 

interaction favors reduction of HEB).  

 

5.5     Physical properties of the interfacial Fe(Co)Ox layer 
 

So far, we have studied the isothermal switching and voltage control of the exchange bias 

field. The observed effect is attributed to the formation of Fe(Co)Ox at the interface. During 

the standard MTJ fabrication process, MgO barriers are RF sputtered onto the bottom 

CoFeB layer, the bombardment of the MgO cluster is generally considered more energetic 

which leads to the stronger formation of Fe(Co)Ox at bottom CoFeB/MgO interface. 

However, in the meantime, the rougher top CoFeB/MgO interface (especially for thicker 

MgO barrier used in our study) makes the effective area of exchange coupling between FM 

and AFM Fe(Co)Ox larger (a larger 𝒇𝑖  coefficient in Malozemoff’s model). These two 

factors compete with each other and result in the difference in the HEB magnitude and 

voltage response of the two layers as demonstrated in Figure 5-8 (a). Other factors such as 

annealing condition and FM material composition can also make a difference in the 

exchange bias effect. In this section, we look further into the Fe(Co)Ox formed at the 

interface through transport and TEM study. 
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5.5.1     Temperature dependence and CIPT measurement on unpatterned MTJ films 
 

Figure 5-12 (a) shows the temperature dependence of HEB for the two FM layers in an MTJ. 

After cooling down in a large negative external field to 20 K, HEB is measured while 

increasing the temperature. One interesting feature is that, below Tcr, the value of HEB of 

both FM layers increases with temperature. This is quite different from those of typical 

FM/AFM bilayer systems [e.g., Fe(001)/CoO, Co/CoO] [158,159], where HEB decreases 

monotonically with increasing temperature. We attribute the peak value of HEB to the spin-

glass (SG) state (in Fe(Co)Ox) coexisting with AF order at the CoFeB/MgO interface. The 

exchange bias related to the SG state was first reported in Co/CuMn bilayers and explained 

by the RKKY interaction [160]. In other similar systems, such as Fe/FeO [161] and 

Fe/CoO [162], abnormal HEB behavior has also been observed. Magnetically frustrated SG 

and FM spins are indirectly coupled through the superexchange interaction between Fe-O-

Co (Fe) and produce positive EB effect (negative HEB in our set-up). It competes with 

conventional negative EB effect (positive HEB) produced by the direct exchange interaction 

between the FM and the pinned uncompensated spins. The conventional exchange 

interaction dominates with positive HEB. However, the temperature dependences of these 

two interactions are different (superexchange interaction decreases more rapidly with 

temperature than that of the direct exchange), resulting in the nonmonotonic temperature 

dependence in Figure 5-12. 

During the microfabrication process, certain procedures may introduce unavoidable 

complications (photoresist residue, sidewall oxidation of the FM, etc.). At low 

temperatures, these factors may produce unexpected effects [163]. To verify the 

phenomena observed in our experiment are indeed originating from the CoFeB/MgO 

interfaces in the MTJs (in addition to the Hall bar experiment described in the main text), 

we also performed current-in-plane tunneling (CIPT) test with unpatterned MTJ film. We 

found a similar exchange bias effect and its isothermal control. The temperature 

dependence of HEB for the hard layer is shown in Figure 5-12 (b), with the HC dependence 

on temperature in the inset. Because the film is unpatterned, HEB and HC are much reduced 

due to easier nucleation. But the general trend of the curve is similar to those of the 
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patterned MTJs, demonstrating that the exchange bias effect, isothermal control, and 

abnormal temperature dependence are all intrinsic to the CoFeB/MgO interface. 

 

Figure 5-12 (a) Temperature dependence of HEB for the soft and hard layers in a MTJ. 
Unusual increases of HEB with increasing temperature can be observed below their 
respective Tcr. (b) Temperature dependence measurement performed on an unpatterned 
film in current-in-plane tunneling (CIPT) geometry. Inset shows the HC dependence on 
temperature. 

 
 

5.5.2     Influence of FM material composition on the EB effect 
 

For perpendicular MTJs, large TMR and PMA values are of great importance and highly 

sought after for spintronics applications. The properties of FM electrode materials, such as 

spin polarization, lattice matching with MgO and thermal stability, etc. greatly influence 

the TMR and PMA of the MTJs. It has been found that CoFeB alloy is one of the best 

candidates for making pMTJ as it excels in multiple categories as mentioned above. 

Different combinations of Co: Fe: B have been investigated and it is found that Fe rich 

CoFeB gives the highest TMR and PMA [164] (due to this reason, we use Co20Fe60B20 in 

this work).  

Different from conventional FM/AFM bilayer systems, the AFM part of the MTJ 

combinates part of the FM layer and oxide layer. Due to this, the FM material used in the 

MTJ should influence the physical and chemical structure of the AFM part in the MTJ. To 
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study this effect, FM materials with 3 different Co: Fe ratios were used in MTJ fabrication 

and their TMR curves at RT are presented in Figure 5-13 (a). The TMR ratio and PMA 

both drop as Fe concentration decreases. After cooling down to low temperature, the 

exchange bias effect is presented in MTJs of all Co: Fe ratios. The scale of the effect is 

significantly different, with Fe rich sample producing the highest HEB value. The 

temperature dependence of HEB is shown in Figure 5-13 (b). Other than the difference in 

magnitude of the effect, the blocking temperature TB is also dependent on the Co: Fe ratio, 

with Fe rich pMTJ exhibiting the highest TB.  

The exchange bias effect’s dependence on Co: Fe ratio can be explained by the different 

heat of formation for different oxides. Compared with FeO, CoO possess a higher 

formation energy [165]. When MgO is deposited onto CoFeB, FeO is favored to form 

compared with CoO. The Fe rich CoFeB layer can produce an interface with higher FeO 

concentration. For the Co rich CoFeB layer, the formation of CoO is less favorable and it 

can be difficult to sustain a robust CoO phase especially considering the oxide reduction 

during annealing (discussed in the next section). From these results, we can conclude that 

the exchange bias effect observed in this report are dominantly contributed by FeOx instead 

of CoOx. 

 

Figure 5-13 (a) Representative TMR curves of three pMTJs with different composition for 
the FM layers. The TMR was measured at RT. Both TMR and PMA are correlated with 
the Fe concentration in the FM layers. (b) Temperature dependence of HEB for a MTJ with 
different FM composition. 
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5.5.3     Influence of annealing on the exchange bias effect 
 

The formation of the interfacial Fe(Co)Ox layer takes place during film growth, as well as 

the subsequent annealing process. For the bottom CoFeB/MgO interface, Fe(Co)Ox is 

formed during RF sputtering of MgO, while for the top interface, it is formed when CoFeB 

is deposited onto MgO. Besides, the reduction of Fe(Co)Ox also takes place during thermal 

annealing [134]. 

Initially, the MTJ film shows very weak PMA at as-deposited state, mostly due to the 

amorphous nature of CoFeB material which greatly reduces the quality of the CoFeB/MgO 

interface. Only after the appropriate thermal annealing process, the strong PMA of the 

system can be established thanks to the improved FM/oxide quality due to the 

crystallization of CoFeB following the bcc (001) textured MgO. During this process, 

several physical and chemical processes may occur such as the lattice relaxation which 

reduces strain and surface free energy, the redox reaction which is driven by charge transfer 

and migration of cationic (anionic) atoms across the interface, etc [165]. For the rich 

physics involved in this process, properties such as magnetic instabilities, charge transfer, 

magnetoelectric coupling, and symmetry conserved tunneling effect are all influenced by 

the annealing procedure. 

The exchange bias effect observed in this report is interfacial and sensitively influenced by 

the interfacial bonding condition as demonstrated by the Mg insertion study (Figure 5-3 b). 

The structural and chemical characteristics of Fe(Co)x formed during deposition is 

expected to be greatly affected by the subsequent thermal annealing. Here we performed a 

comparison study on the same CoFeB/MgO/CoFeB MTJ annealed at 300℃ and 400 ℃. 

First, the representative TMR curves of the MTJ under different annealing conditions are 

plotted in Figure 5-14 (a) (at 30 K). The reduction of TMR from 175% to 160% is likely 

related to the intermixing of Ta with the CoFeB electrode as demonstrated previously [166]. 

During the annealing process, the increase of TMR in the first stage is a result of steady 

increase of RAP and decrease of RP. The fact that the RAP is lower after annealing at 400 ℃ 

is an indication of a slight deterioration of the MgO barrier [167].  
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For this sample, only the hard FM layer exhibits robust HEB due to the relatively low HAF 

for the soft layer and we focus our discussion on the hard layer. The sample exhibits HEB 

at both annealing conditions and the dependence of HEB on temperature is shown in Figure 

5-14 (b). Two striking features are immediately observable: first, the scale of the HEB is 

greatly reduced for the high-temperature annealed pMTJ; second, the TB of high-

temperature annealed pMTJ increases substantially (from 80 K to over 200K). At first 

glance, these two features are somewhat contradictory. To explain this, a closer look at 

what’s taking place during thermal annealing is needed. The reduction of oxidation at the 

CoFeB/MgO interface was discovered by Read et al [134]. It is also revealed by an XAS 

study that in reactively deposited Fe/NiO bilayers, the additional annealing leads to further 

reduction of the oxide from 𝛼-Fe2O3 (Ferrimagnetic) to FeO (Antiferromagnetic) [168]. 

From these earlier studies, we can deduce that, in our MTJ, a similar reduction reaction 

may occur at CoFeB/MgO interfaces during 400℃ annealing. This reduction of oxide leads 

to the transition to the more antiferromagnetically stable FeO, which manifests itself as an 

increase in TB. The significant reduction of HEB can also be explained by the oxide 

reduction. As the high-temperature annealing improves interface quality and reduce 

intermixing between MgO and CoFeB, the total volume of Fe(Co)Ox is expected to 

decrease as demonstrated previously [134]. Because the exchange bias effect is 

significantly influenced by the volume of AFM (only above certain AFM thickness 

threshold, the exchange bias effect can be established in conventional FM/AFM bilayers), 

the reduction of HEB is expected. In conclusion, the transition from 𝛼-Fe2O3 and FeO 

mixture to FeO with a smaller volume (also from Co3O4 to CoO) may cause the increase 

in TB and the decrease of HEB as observed in Figure 5-14 (b). 
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Figure 5-14 (a) Representative TMR curves for a pMTJ after two consecutive annealing at 
different temperature. The TMR measurement was performed at at 30 K. The sample was 
first annealed at 300℃ for 10 minutes and then annealed at 400℃ for 5 minutes. (b) 
Temperature dependence of the hard layer HEB of the same pMTJ. Inset is the enlarged 
temperature dependence curve for the 400℃ annealing condition. 

 

 
 
5.5.4     The exchange bias effect in pMTJs with higher TMR 
 

MTJ quality is evaluated mostly by TMR value. To achieve very high TMR, it is crucial to 

increase the annealing temperature without degrading the FM layer or the MgO 

barrier [167]. In our previous study, TMR and thermal stability in simple 

CoFeB/MgO/CoFeB MTJ was substantially improved by inserting a thin layer of Mo 

between Ta buffer and CoFeB [128]. Meanwhile, it has been pointed out that higher 

annealing temperature can promote the reduction of Fe(Co)Ox [134], which may reduce 

the observed exchange bias effect (higher temperature annealing may reduce Fe2+ in FeO 

to a metallic state). To probe the existence of Fe(Co)Ox interfacial layer in MTJs with 

higher TMR, we fabricated MTJ using the same method as in Ref. [128]. Representative 

TMR curves are shown in Figure 5-15 (a). TMR≈ 200% can be obtained at RT. At 20 K, 

TMR is over 380% (500℃ annealing for 10 minutes). At 20 K, we can observe a similar 

HEB for the hard FM layer after the MTJ was initialized with a positive external field higher 

than HAF. Figure 5-15 (b) demonstrated the isothermal switching of HEB at 20 K. These 
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results unambiguously verified the existence of the same exchange bias effect as 

discovered in the samples discussed in the main text, i.e. even in the MTJ with high TMR 

the same AF ordered Fe(Co)Ox layer is still present at the CoFeB/MgO interface. 

 

Figure 5-15 (a) Representative TMR curves for a MTJ with Mo insertion layers at RT 
(Black) and 20 K (Red), a clear HEB can be observed at 20 K. (b) Isothermal switching of 
HEB with external field at 20 K 

 

 

 

5.5.5     TEM and EELS analysis of CoFeB/MgO interface 
 

TEM and EELS analysis is performed for a similar Mo insertion sample as discussed in 

section 5. The relevant TEM images are summarized in Figure 5-16.  

Figure 5-16 (a) is a high-resolution (HR) bright-field (BF) TEM image of a FIB sample cut 

from a functioning micron-sized MTJ. This image includes Ta/ Mo/ CoFeB/ MgO/ CoFeB/ 

Mo/ Ta layers. The crystallization and good lattice matching between CoFeB and MgO are 

readily observable. The very good epitaxial growth of the CoFeB(100)/MgO 

(100)/CoFeB(100) sandwich structure gives rise to the high TMR in our pMTJs as shown 

in the main text. The intermixing between CoFeB and buffer layers (around the dashed 

line), which negatively impact TMR and PMA, can also be observed. However, the 

existence of Fe(Co)Ox is not very clear at the interfaces due to the limitation of identifying 

individual atoms in conventional HRTEM images.  
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We then turned to EELS to obtain elemental analysis in the interested regions. Figure 5-16 

(b) is a high-angle annular dark-field (HAADF) STEM image of the same FIB sample. 

Besides the very flat MTJ multilayer at the bottom, there is a rough interface at the top, this 

is the interface created when depositing the thick top electrode contact after lift-off in 

microfabrication. As the CoFeB/MgO/CoFeB trilayers are of the most interest to us, we 

focus our analysis on the green box in Figure 5-16 (b), the STEM-EELS map of the green 

box is shown in Figure 5-16 (c). We focused on 3 different regions for analysis: (1) inside 

CoFeB, (2) at the top CoFeB/MgO interface, and (3) inside the MgO barrier. The EELS 

spectrum at the interface is presented in Figure (d). The nearly vanishing Mg K edge with 

a strong O K edge suggests the existence of Fe(Co)Ox at the CoFeB/MgO interfacial region. 

For comparison, we find the ratio of O: Mg at the interface is doubled compared to the 

value inside the MgO barrier, which further corroborates the conclusion that Fe(Co)Ox is 

formed in region 2. As expected, zero O and Mg concentration is found deep inside CoFeB 

in location 1. Multiple other locations at the CoFeB/MgO interfaces were analyzed and the 

results are consistent with the one shown in Figure 5-16 (d). 

 

Figure 5-16 (a), HRTEM image in BF mode showing god crystallization in MgO and 
adjacent CoFeB layers, also the intermixing between buffers and CoFeB is also observable, 
this is expected since the annealing temperature is much higher than the standard process. 
(b) HAADF STEM image of a FIB sample cut directly from a device (Mo insertion MTJ 
after annealed at 500 oC), the very rough top interface is between the MTJ multilayer and 
top metallic lead. (c) STEM-EELS map of an interested area (CoFeB/MgO/CoFeB trilayers) 
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labeled by the green box in (b). (d) EELS spectrum of the interested area at the top 
CoFeB/MgO interface (region 2 in Fig. c), showing the increased concentration of O 
compared with Mg.  

 

 

5.6     Conclusions 
 

Finally, we would also like to comment on the implication of our results on the 

understanding of the magnetoresistance of CoFeB/MgO/CoFeB MTJs, where a large TMR 

is always preferred. Our study provides an important clue to understand the discrepancy 

between the predicted (up to 35,000% [169,170]) and the observed (~400% -

1000% [128,171,172] ) TMR values in this system. Among many factors that could reduce 

the experimental TMR ratio, the interfacial oxidation plays an important role as one 

monolayer of oxide at the Fe/MgO interface can decrease the TMR by more than 10 times 

as shown by a DFT calculation [173]. However, prior to our study, it is unknown if a very 

thin FeO/CoO layer could exist in high-quality pMTJs without detrimentally destroying 

TMR. No actual TMR has been demonstrated in previous studies where the interfacial 

oxide was probed by MSHG [133] or ferromagnetic resonance [174]. Here the observation 

of exchange bias in our high-quality pMTJ with TMR over 200 % and the TEM-EELS 

spectrum at the CoFeB/MgO interface unambiguously demonstrates the existence of the 

FeO/CoO layers. Therefore, the interfacial oxidation could be the main reason that limits 

the TMR in CoFeB/MgO/CoFeB MTJs. Figure 5-17 is the result of Mg insertion and its 

impact on PMA and TMR, (a) is the anomalous hall measurement for the two Hall bar 

samples discussed earlier with the red loop representing 0.6 nm Mg insertion sample. The 

PMA still exists in the insertion sample with reduced coercivity, which is consistent with 

the Fe-O orbital hybridization origin of the PMA. Increased TMR can be observed in 1A 

Mg insertion (at top CoFeB/MgO interface) sample as shown in Figure 5-17 (b), thicker 

insertion reduced TMR due to the rougher interface and formation of less stoichiometric 

MgO. 
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Figure 5-17. (a) Anomalous Hall Effect measurement for two Hall bar samples as in 5.3.2. 
Small reduction of coercivity is observed for Mg insertion (6A) sample. (b) three 
representative TMR curves for MTJs with Mg insertion at top CoFeB/MgO interface, 
annealed at 460 oC. 

 

As for the potential application, the blocking temperature of the current system is too low 

to be useful in practical devices. To raise the operating temperature, the thickness of the 

FM layer needs to be dramatically reduced to the monolayer level. MTJ with ultra-thin 2D 

materials as electrode would be the first candidates to explore the functionality of 

interfacial AFM oxide, however, most 2D ferromagnetic materials (semiconductors) 

possess Curie temperature well below RT. To this date, the choice for RT 2D conductors 

is limited to MnSex, VTe2 VSe2, and CrTe2. More efforts are needed to incorporate them 

into the standard MTJ fabrication process. 

If we don’t limit our choice exclusively on interfacial AFM oxide, the observed effect can 

be much more useful. For example, in MTJ with an antiferromagnetic tunneling barrier. 

An illustration is provided in Figure 5-18. The AFM barrier material can be Cr2O3, as it 

possesses robust magneto-electric properties above RT. Utilizing the difference in TN for 

IrMn and Cr2O3, we can field-cool the bottom trilayers in two steps. The exchange bias 

provided at the two interfaces are carefully tuned to achieve a bi-stable state for the bottom 

FM layer at zero field (opposite exchange bias generated at the 2 interfaces, HEB is voltage-

controllable at FM/Cr2O3 interface and not voltage-controllable at FM/IrMn). Applying a 
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negative voltage, the exchange bias provided by the barrier (+ HEB) increases and puts the 

bottom FM layer in the “down” state. After applying a positive voltage, the exchange bias 

provided by the tunneling barrier drastically decreases and the bottom FM layer is switched 

to the “up” state by the IrMn. This switching mechanism is an improvement over the one 

in  [126,127] as it doesn’t require a constant magnetic field. The potential challenge is the 

relatively low TMR using an antiferromagnetic barrier and the procedure to achieve a bi-

stable state for the bottom FM layer.  

 

 

Figure 5-18. Left, schematics of MTJ with bottom layer exchange-biased at both interfaces. 
Right, schematics of magnetic switching diagram under voltage, they are shifted for easier 
view. 
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Chapter 6     Summary and outlook 
 

 

With Moore’s Law approaching its physical limit and the ever-increasing demand for more 

data and processing power, we have already seen the more energy-efficient magnetic 

memory (MRAM) being utilized in some niche applications. Besides some technical issues, 

we are still nowhere near the theoretical limit in terms of energy efficiency. The VCMA 

switching mechanism, although suffering from high writing error issue, is one of the most 

promising candidates that can bring us at least halfway to the final destination (from 5 

orders away to 2-3 order away as discussed in the introduction). The goal is straightforward: 

to increase the PMA and increase VCMA coefficient simultaneously as shown in Figure 

6-1. As the dimensions of the memory bits shrink to the superparamagnetic limit, the need 

to simultaneously improve VCMA and PMA is exponentially pressing to make sure the 

stability requirement is met. 

 

Figure 6-1 Scalability issue for voltage-torque MRAMs. The dependence of the required 
KPMA*tfree and VCMA coefficient on the diameter of the MTJ was estimated for each 
thermal stability factor (∆0). Ref. [50] 
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In our work in Chapter 4, the importance of thermal annealing is evident. Not only for the 

conventional benefit of crystal structure improvement but also to facilitate the 5d elements 

diffusion and their uniform distribution. One main problem to limit the further energy 

reduction is the destruction of PMA with high-temperature annealing. To alleviate the 

incoherency of PMA and VCMA evolution, modification of MTJ structure need to be top 

priority for future effort.  

As the speed of magnetic manipulation is also of great interest, electrical control of AFM 

dynamics is also under intense investigation. In Chapter 5, we demonstrated the voltage 

manipulation of AFM anisotropy in DC mode. Although the AFM material is not 

particularly of great technical significance, its implication on more technologically related 

systems is worth investigating and can be important in achieving voltage modulated AFM 

dynamics in the future. 
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