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Abstract 

Spintronics has become an area of interest for future computing beyond the 

transistor. Of particular interest is the storage of data in magnetic states with the use of 

magnetic tunneling junctions. An MTJ consists of two ferromagnetic layers separated by 

a thin insulating barrier, the standard structure being CoFeB/MgO/CoFeB. One focus of 

current spintronics research is lowering the switching energy of nanomagnets in MTJs. A 

nanomagnet can be switched by a magnetic field governed by Ampere’s law, or by 

current-induced spin transfer torques and spin-orbit torques. For future spintronic 

applications, it is highly desirable to accomplish magnetization switching with voltage, 

which, by eliminating Joule heating, could dramatically reduce the switching energy. In 

this work two new MTJ barrier materials are investigates with a focus on the unique 

voltage controllable magnetic properties they bring to MTJs with perpendicular magnetic 

anisotropy. For the first-time voltage controllable interlayer coupling has been 

experimentally demonstrated with the use of a GdOX tunneling barrier. Due to the 

interfacial nature of the magnetism, the ability to move oxygen vacancies within the 

barrier, and a large proximity-induced magnetization of GdOX, both the magnitude and 

the sign of the interlayer coupling in these junctions can be directly controlled by voltage. 

In the final portion of this dissertation pMTJs with an antiferromagnetic CrOX tunneling 

barrier are explored. Due to the unique properties of CrOX the direction of the exchange 

bias between it and the bottom CoFeB FM layer can be changed thus modifying the 

hysteretic properties of the MTJ. 
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Chapter 1: Introduction 

Computers have become a ubiquitous part of modern life. The power of 

computers comes from their ability to quickly store and manipulate large quantities of 

data. This became possible on a large scale with the advent of the transistor. However, as 

the transistors in computers get smaller and denser to allow for more computing power, 

the energy demands of computing are growing rapidly. Because of their increasingly 

volatile nature, as they scale down in size, transistors become even more power hungry. 

The future of computing will require a new solution for the storage and processing of 

data that does not outpace our energy supply.  

 One possible way to reduce the energy requirements for future computers is to 

move to a non-volatile storage method. The long-term storage of data is already based on 

non-volatile devices where the data is stored in the state of a magnetic material. Through 

the new field of spintronics, which takes advantage of the spin in addition to the charge 

degree of freedom of the electron, it is now becoming possible for short term data 

storage—RAM—and data manipulation—processors—to also be based on non-volatile 

magnetic storage elements.  

One of the promising candidates for future memory and logic applications is the 

magnetic tunnel junction (MTJ). An MTJ is a thin film multilayer stack consisted of an 

ultra-thin insulator (~1 nm) sandwiched by two ferromagnetic layers. Due to spin-

polarized quantum mechanical tunneling, the resistance of an MTJ depends on the 

relative orientation of the magnetizations in the two ferromagnetic layers, exhibiting a 

low value when the magnetizations are in the parallel configuration and a high value 
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when the magnetizations are in the antiparallel configuration. The resistance difference 

could be as large a few hundred percent at room temperature when coherent tunneling is 

obtained with the symmetry-conserved filtering effect in certain structures, making the 

MTJ a perfect candidate for memory applications. More interestingly, perpendicular 

magnetization can be reached in some MTJs when the spin-orbit interaction at the 

ferromagnet/oxide interface overcomes demagnetization field of the ferromagnetic thin 

films.  

While MTJs are non-volatile, reducing the energy for storing data, compared to 

transistors needing constant data refreshing, they are standardly switched with a magnetic 

field or a spin-polarized current which requires large amounts of energy. The new 

material structures, for use in MTJ devices, investigated in this dissertation are chosen for 

their potential to allow voltage controllable magnetism, with the eventual goal of low-

energy voltage controllable resistance states in MTJs.  

1.1.Structure of this Dissertation 

This dissertation is broken up into chapters as follows. Chapter 2 gives 

background information on MTJ devices. First, a brief history of MTJ research is 

discussed, followed by a discussion of the theoretical models that explain the change in 

electrical resistance when the magnetic orientations are changed in an MTJ. The end of 

chapter 2 is dedicated to the explaining different switching mechanisms, both proven and 

potential, for changing the magnetic and therefore the resistance states of an MTJ. 

Chapter 3 explains the experimental methods that are used in this dissertation. Details of 

both the fabrication and characterization techniques used to create and test high quality 

MTJ devices are given. Chapter 4 discusses the characterization of a new GdOX-MTJ 
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structure. GdOX was chosen as a tunneling barrier material to follow up on previous 

studies demonstrating the ability to use voltage to modify the properties of ferromagnetic 

layers adjacent to GdOX layers. This unique property comes from the very high mobility 

of oxygen ions in GdOX. The discussion of GdOX based MTJs is continued in chapter 5 

with a description of a new voltage driven switching mechanism in GdOX MTJs with 

perpendicular magnetic anisotropy (pMTJs). This switching mechanism is based on the 

reversible and deterministic control of the magnetic interlayer coupling between the two 

ferromagnetic layers in GdOX-pMTJs, made possible due to a large proximity-induced 

magnetic moment in the GdOX barrier. The final chapter of this dissertation explores 

preliminary results from a second new MTJ structure with an antiferromagnetic CrOX 

tunneling barrier. Due to the unique properties of CrOX, the exchange bias between it and 

an adjacent ferromagnetic layer can be controlled with voltage. The possibility of using 

this voltage controllable exchange bias to switch an MTJ with is investigated in chapter 

6. 
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Chapter 2: Background on Magnetic Tunneling 

Junctions 

2.1.Theories of Tunneling Magnetoresistance 

The magnetic tunnel junction (MTJ)1–5 is one of the most important functional 

spintronic devices. An MTJ is a thin film device composed of two ferromagnetic (FM) 

layers separated by an insulating tunneling barrier. A schematic of an MTJ is shown in 

Fig. 2-1. The most important aspect of an MTJ is that the resistance across the device is 

dependent on the relative directions of magnetization of the FM layers. There is a 

relatively low resistance when the two FMs are in a parallel configuration and the 

resistance increases as the angle between the magnetizations is increased to a maximum 

when they are in an antiparallel (AP) configuration. The standard figure of merit for an 

MTJ is the tunneling magnetoresistance (TMR) defined as 

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝐴𝐴

𝑇𝑇𝐴𝐴
(2 − 1) 

where RP and RAP are the resistance in the parallel and antiparallel configurations 

respectively. This magnetization dependent resistance is what makes the MTJ ideal for 

use as a magnetic field sensor or data storage device.  
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Figure 2-1:  Schematic of a magnetic tunnel junction (MTJ) and the tunneling magnetoresistance (TMR) 
effect. (left) An MTJ is composed of two ferromagnetic layers separated by a thin insulating tunnel barrier. (right) The 
electrical resistance across an MTJ device is relatively low when the two ferromagnetic layers are aligned in a parallel 

configuration and is relatively high when the two ferromagnetic layers are in an antiparallel configuration. 

To ensure that there is a well-defined AP state the coercive fields of the reference 

and free layers must be sufficiently separated. This is done in the fabrication process 

(section 3.1) either with the addition of an anti-ferromagnetic (AFM) layer to pin the 

magnetization of the reference layer or by controlling the relative shapes or thicknesses 

of the FM layers. 

2.2.History of Magnetic Tunneling Junctions 

Spintronics is a relatively young but quickly growing area of research. Although 

Julliere6 first observed the tunneling magnetoresistance (TMR) effect in 1975 with a 

Co/Ge/Fe stack, little more was done with spin-dependent tunneling until experimental 

methods improved. The real debut of spintronics was in 1988 when Albert Fert7 and Peter 

Grünberg8 independently discovered the giant magnetoresistance effect in 

ferromagnetic/non-magnetic (FM/NM) metal multilayer thin films. They were awarded 

the Nobel Prize in physics for this discovery in 2007.  Along with his experimental 
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observations Julliere created the first quantitative model of TMR, as discussed in section 

2.2.1.  

A renewed interest in spin-dependent tunneling and TMR came about in 1995 

when independent reports by Moodera et al.1 and Miyazaki et al.2 showed the first room 

temperature (RT) TMR, about 18%, in magnetic tunnel junctions (MTJs) with amorphous 

alumina (Al2O3) tunneling barriers. With time and improvements in fabrication 

techniques, the FM electrodes and insulating barriers improved and TMRs as high as 

70%-80%9,10 were reported in amorphous alumina based MTJs.  

The next major leap forward for MTJ technologies came with the inclusion of 

crystalline barriers. Epitaxy between the FM layers and the barrier allows for band 

matching (see section 2.3) and leads to much higher TMR values.  Today the standard 

MTJ construction is epitaxial CoFeB/MgO/CoFeB crystalized in the (001) direction. The 

change from Al2O3 barriers to MgO barriers was largely precipitated by the 2001 theory 

papers by W. Butler et al.11 and Mathon et al.12 predicting vastly enhanced TMR, above 

1000%, for MTJs with a crystalline MgO tunneling barrier. This enhancement was soon 

after experimentally realized when in 2004 S. Parkin et al.3 and Yuasa et al.4 showed 

room temperature (RT) TMR of 220% in MgO based MTJs. With continued 

advancements in fabrication techniques and material optimizations TMRs as high as 

604% at RT and above 1100% at low temperature13 have been reported in MgO MTJs. 

2.2.1 The Julliere Model of Tunneling Magnetoresistance 

The first quantitative model for describing the TMR effect was made by Julliere6 

to explain his 1975 observations of a TMR of 14% at 4.2K in a Co/Ge/Fe MTJ. The 
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Julliere model relies on two simple assumptions to give an estimation of the TMR from a 

ferromagnet/insulator/ferromagnet (FM/I/FM) stack. First, Julliere assumed that 

tunneling was a spin conserving process and that there are two parallel conduction 

channels in the FM electrodes.  In other words, each FM has a spin up electron channel 

and a spin down electron channel and spin up(down) electrons from the first FM can only 

tunnel to spin up(down) states in the second FM electrode. 

In FMs there is an unequal density of states for the spin up and spin down 

conduction channels, creating majority and minority spin channels. Following the above 

assumptions of Julliere the transmission through an MTJ has two different states.  When 

the FMs are in the parallel configuration, electrons in the majority(minority) spin channel 

of the first FM must tunnel to the majority(minority) spin channel in the second FM. In 

the antiparallel configuration, however, electrons in the majority(minority) spin channel 

of the first FM must tunnel to the minority(majority) spin channel in the second FM. 

Second, Julliere assumed that the conductance through an MTJ is proportional to 

the product of the densities of state at the Fermi energy for the two FM electrodes, such 

that the parallel/antiparallel conductance (GP/GAP) can be written as 

𝐺𝐺𝐴𝐴 = 𝐷𝐷1↑�𝐸𝐸𝑓𝑓�𝐷𝐷2↑�𝐸𝐸𝑓𝑓� + 𝐷𝐷1↓�𝐸𝐸𝑓𝑓�𝐷𝐷2↓�𝐸𝐸𝑓𝑓� (2 − 2) 

and 

𝐺𝐺𝐴𝐴𝐴𝐴 = 𝐷𝐷1↑�𝐸𝐸𝑓𝑓�𝐷𝐷2↓�𝐸𝐸𝑓𝑓� + 𝐷𝐷1↓�𝐸𝐸𝑓𝑓�𝐷𝐷2↑�𝐸𝐸𝑓𝑓� (2 − 3) 

where D↑/↓ is the density of state for the spin up/down electrons in the FMs. 
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By defining the spin polarization for a FM as the normalized difference in spin up 

and spin down densities of state at the Fermi energy, 

𝑃𝑃 =
𝐷𝐷↑�𝐸𝐸𝑓𝑓� − 𝐷𝐷↓�𝐸𝐸𝑓𝑓�
𝐷𝐷↑�𝐸𝐸𝑓𝑓� + 𝐷𝐷↓�𝐸𝐸𝑓𝑓�

(2 − 4) 

Julliere then defined the TMR as the normalized difference in the parallel and the 

antiparallel conductance, which can be written in terms of the spin polarizations of the 

FMs as 

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝐺𝐺𝐴𝐴 − 𝐺𝐺𝐴𝐴𝐴𝐴
𝐺𝐺𝐴𝐴𝐴𝐴

=
2𝑃𝑃1𝑃𝑃2

1 − 𝑃𝑃1𝑃𝑃2
(2 − 5) 

Figure 2-2 shows an illustration of the Julliere tunneling model in an MTJ. 



34 

Figure 2-2:  Diagram of the conserved tunneling process in as assumed in the Julliere model of TMR. 
 Adapted from Ref. [14]. 

2.2.2 The Slonczewski Model of Tunneling Magnetoresistance 

While Julliere’s model works fairly well for MTJs with amorphous barriers such 

as Al2O3 as used in many early studies1,2, it is insufficient for describing the high TMRs 

seen in epitaxial MTJs3,15 and predicts that with the same FM layers the TMR should be 

independent of the barrier construction.  In reality the type and quality of the barrier has a 

large effect on the TMR observed in MTJs. In his model Julliere considered the 

insulating barrier to be an inactive part of the MTJ, beyond the assumption of spin 
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conserved tunneling, with the TMR depending strictly on the spin polarization of the two 

FMs. This is only valid in the ideal case where the barrier has an infinitely high potential. 

Figure 2-3:  Schematic of the electron tunneling mechanism assumed in Slonczewski’s model of TMR. The 
electrons are assumed to be free electrons in the ferromagnetic layers and to have an imaginary wave vector in the 

tunneling barrier. Adapted from Ref. [16]. 

The first model to explicitly explore the effect of the barrier on the TMR was 

Slonczewski’s 1989 model17. In his model Slonczewki assumed a rectangular potential 

barrier separating two identical FM electrodes as shown in Fig. 2-3. By assuming a 

barrier with non-infinite height, the wave function follows the Schrodinger equation at all 

points in the MTJ, and both the FMs and the barrier play a part in the electrons 

transmission probabilities. Slonczewki further assumed that the electrons while in the 

FMs were in two parabolic free electron bands separated due to exchange splitting and 

that the electrodes were identical. By solving the Schrodinger equation, matching the 

bands at the interfaces and taking the limit of a thick barrier the conductance of the MTJ 

becomes  

𝐺𝐺(𝜃𝜃) = 𝐺𝐺0(1 + 𝑃𝑃2 cos 𝜃𝜃) (2 − 6) 

with θ the angle between the magnetizations of the FMs and P the effect polarizations of
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the electrons in the MTJ, where P is defined as 

𝑃𝑃 = 𝑘𝑘↑−𝑘𝑘↓
𝑘𝑘↑+𝑘𝑘↓

∗ 𝜅𝜅
2−𝑘𝑘↑𝑘𝑘↓

𝜅𝜅2+𝑘𝑘↑𝑘𝑘↓
(2 − 7) 

with k↑/↓ the wave vector in the spin up/down FM band and κ the imaginary wave vector 

in the barrier depending on the potential height, U, as 

𝜅𝜅 = �2𝑚𝑚𝑒𝑒

ℏ
(𝑈𝑈 − 𝐸𝐸𝑓𝑓) (2 − 8) 

Comparing equations (2 — 4) and (2 — 7), we can see that the spin polarization

from Slonczewski reduces to that of Julliere if the barrier height, U, is taken to infinity. 

That is to say, Julliere’s model is a limiting case of Slonczewski’s model.  

2.3. Magnetic Tunneling Junctions with Amorphous vs. Crystalline Barriers 

By considering the effect on TMR of the barrier, not just the FMs, Slonczewski’s 

model has been used to explain experiments that do not follow the predictions of 

Julliere18–20. In the passive barrier explanation given by Julliere, an amorphous and a 

crystalline barrier should lead to the same TMR, and when metals such and Fe and Co 

with spin polarizations of about 50% are used as the FM layers, maximum TMR of 70% 

is expected. TMRs much higher than this have been demonstrated in MTJs with a 

crystalline MgO barrier3,4.  

To explain the giant TMRs seen in MgO based MTJs, the complex band 

structures in both the FM layers and the MgO barrier must be considered. In 

Slonczewski’s model, the electrons in the FM layers are treated as free electrons, and the 
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barrier is considered a simple rectangular potential. In Epitaxial crystalline MTJs such as 

the now standard CoFeB(001)/MgO(001)/CoFeB(001) construction, the electrons instead 

are subject to complex potentials and must be treated as Bloch states with wave functions 

that are made of a periodic function multiplied by the plane wave state of the free 

electron model.  

In the theoretical model by Butler et al.11, the effects of the Bloch states in an 

Fe(001)/MgO(001)/Fe(001) MTJ are investigated. As shown in Fig. 2-4, there exist four 

different Bloch states, Δ1, Δ2, Δ2′, and Δ5, at the Fermi energy in the (001) direction. The 

different Bloch states show different spin polarizations at the Fermi level. In particular, 

the Δ1 band is 100% spin polarized, showing up at the Fermi energy in the majority spin 

state but sitting well above the Fermi energy in the minority spin state, while the other 

states have lower spin polarizations. The net spin polarization of Fe is much less than 1 

due to the presence of the different Bloch states all combining. Due to its full spin 

polarization, the TMR in an Fe(001) MTJ would be very large if only the electrons in the 

Δ1 band participated in the conductance. 

Figure 2-4:  The electronic band structure of (a) the majority and (b) the minority spin states in Fe.  The Δ1 band in 
full spin polarized in the (100) direction. Adapted from Ref. [21]. 



38 

It is theoretically predicted11,12 that the Δ1 band dominates during coherent 

tunneling through an MgO(001) barrier. In the same way that the FM electrodes have 

electronic states with different Bloch symmetries, the band structure of the MgO barrier 

also supports various Bloch states. Due to the conduction electrons all having energies in 

the band gap of the barrier, these states are all evanescent and lead to decaying wave 

functions in the barrier. From its band structure, there exist three tunneling states in the 

MgO(001) barrier with Δ1, Δ2′, and Δ5 symmetries, as shown in Fig. 2-5. Under the 

assumption of symmetry preserved tunneling, the electrons from the FMs must couple to 

the same Bloch state in the barrier, i.e., a Δ1 electron in the first FM tunnels through the 

MgO barrier’s Δ1 band and into a Δ1 state in the second FM. The decay rate for electrons 

in the different Bloch states in MgO are not the same. The wave functions in the Δ2′ state 

decay the fastest, followed by those in the Δ5 state. The Δ1 state has the slowest decay 

rate in the MgO(001) barrier.  

Figure 2-5:  Electronic band structure of MgO(100). The Δ1 band has the slowest decay rate in 
MgO(100). Adapted from Ref. [22]. 
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The combination of 100% spin polarization and the slow decay rate of the Δ1 

band leads to an effective spin polarization and TMR in Fe(001)/MgO(001)/Fe(001) 

MTJs that is much higher when compared to non-epitaxial MTJs. It is important to note 

that the spin filtering effect seen in Fe(001)/MgO(001)/Fe(001) MTJs coming from a 

highly spin polarized Δ1 state is not unique to Fe(001). Similar results have been shown 

for Co and CoFe alloyed FM electrodes, and the TMR for CoFe23 electrodes was 

predicted to be several times larger than with Fe electrodes. These theoretical predictions 

for large TMR in MTJs with an MgO(001) barrier were confirmed experimentally by 

Yuasa et al.4, Parkin et al.3, and Djayaprawira et al.24 showing RT TMRs of over 200%. 

Today, the standard MTJ stack is composed of CoFeB(001)/MgO(001)/CoFeB(001) due 

to this giant TMR effect, and RT TMRs as high as 600% have been demonstrated13. 

In the fabrication of MTJs by the traditional sputtering technique (see section 

3.1.1), it is important to note that CoFeB does not deposit in the 001 crystallization. 

Instead, in the as deposited state, the CoFeB FM layers are amorphous. However, when 

deposited by RF sputtering from a composite MgO target on amorphous CoFeB, MgO 

deposits in a polycrystalline 001 orientation. A post deposition annealing step is then 

used to crystalize the CoFeB layers using the MgO(001) layer as a template leading to 

CoFe(001) electrodes24. It is crucial that the buffer and capping layers sandwiching the 

CoFeB/MgO/CoFeB tri-layer be amorphous in nature to ensure that the CoFe crystalizes 

to match the MgO and not the buffer layers. When Mo with a (110) orientation is used as 

a buffer and capping layer25, the TMR is lower than when an amorphous Ta layer with a 

thin Mo dusting is used. 
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2.4. In-Plane vs. Perpendicular Magnetic Anisotropy in Magnetic Tunneling 

Junctions 

The first MTJs6 fabricated as well as those showing the highest TMR13 to date all 

have magnetizations lying in the plane of the thin films and are referred to as in-plane 

MTJs (iMTJs).  Magnetic anisotropy is the difference in the energy barrier for the 

magnetization to point in different directions. The magnetic anisotropy creates what are 

known as easy and hard axes of magnetization. The easy axis is the preferred direction of 

magnetization, that in which the magnetization (and electron spins) will point in the 

absence of external effects, such as an applied magnetic field. By controlling the film’s 

properties, such as modifying the shape or thicknesses, it is possible to modify the 

anisotropy and control the easy axis direction. 

In thick films where bulk properties dominate—thicker than about 1 nm—most 

magnetic materials have an in-plane magnetic anisotropy.  The anisotropy in this case 

comes from a combination of intrinsic, for example spin-orbit coupling, and extrinsic, 

such as device shape, effects. The dipolar shape anisotropy is often dominant in finite 

size devices such as the nanomagnets used in MTJ devices. A magnetization M will 

create a magnetic field H where  

𝑯𝑯𝑑𝑑𝑑𝑑𝑑𝑑 =
1

4𝜋𝜋
�

(3𝑴𝑴 ∙ 𝒓𝒓)𝒓𝒓
𝑟𝑟5

−
𝑴𝑴
𝑟𝑟3
� (2 − 9) 

with M the magnetization vector and r the position where the field is measured. Since it 

has a long range 1/r3 distance dependence, the dipolar field can sense the boundaries of a 

sample and anisotropies in shape can change its form greatly. 
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For example, in iPMTs it is common to pattern the devices into an oval rather 

than circular shape to create a well-defined easy axis along the long axis of the ellipse, 

instead of a well-defined hard axis (out of the plane of the film) and an easy plane. (See 

Fig. 2-6.) The anisotropy in the shape of an elliptical thin-film magnet can be expressed 

as a demagnetization field with the form 

𝑯𝑯𝑑𝑑𝑒𝑒𝑑𝑑 = −𝒩𝒩𝐌𝐌 (𝟐𝟐 − 𝟏𝟏𝟏𝟏) 

where 𝒩𝒩 is the demagnetization tensor. In a thin film geometry, the only non-zero terms 

of 𝒩𝒩 are those corresponding to the direction perpendicular to the film. This leads to a 

demagnetization energy, Edem, of the form 

𝐸𝐸𝑑𝑑𝑒𝑒𝑑𝑑 =
𝜇𝜇0
2
𝑇𝑇𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 (2 − 11) 

with μ0 the permeability of free space, Ms the saturation magnetization, and θ the angle 

with respect to the normal of the film. Equation 2 - 11 is minimized for an angle of 90 ֯ 

and so when dipolar anisotropy is the dominant contribution, such as in most films 

thicker than 1nm, the magnetization will always lie in the plane of the film. 

Figure 2-6: Shape anisotropy for in-plane anisotropic nanomagnets. (Left) A circular shape has no preferred 
anisotropy direction and the magnetization has no energy minimized direction and can freely rotate in the plane of the 

film. (Right) An oval shape has a preferred anisotropy axis along the long direction of the ellipse. 

Although the max TMR26 is much lower, only 350%, there are many advantages 

in spintronic applications to using MTJs with magnetic easy axes that are perpendicular 

to the plane of the films (pMTJs). From a scaling perspective, pMTJs have advantages 
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because they have a unidirectional easy axis with a circular shape instead of the elliptical 

shape required for a well-defined easy axis in iPMTJs, which reduces the required 

footprint of the devices. In addition, in-plane anisotropic nanomagnets create stray fields 

from adjacent magnets which can cause nearby devices to switch each other if the 

distance between them is too small or the magnetizations are too strong. Advantages from 

decreased switching energies are also possible with the use of pMTJs. As discussed 

further in section 2.5.2, the switching energy due to spin transfer torque is reduced in 

pMTJs compared with iMTJs. In addition, all of the voltage based switching mechanism 

discussed in sections 2.5.4 to 2.5.6 have been demonstrated only in pMTJ systems. 

As shown in Eqn. 2 - 11, if dipolar anisotropy is the only contribution, the 

magnetization would always lie in the plane of the film. Conveniently, there is also a 

contribution from interfaces in thin film geometries, the interfacial perpendicular 

magnetic anisotropy (iPMA). When magnetic atoms are arranged in a solid, the 

arrangement of the atoms in conjunction with the spin orbit contribution to the 

Hamiltonian can give rise to a modification of the orbital angular momentum and thus 

modify the magnetization of the material. The simplest model for exploring the iPMA is 

to treat the spin orbit coupling as a perturbation to the Hamiltonian in the form 

𝐻𝐻𝑆𝑆𝑆𝑆 = 𝜉𝜉(𝑟𝑟)𝑳𝑳 ∙ 𝑺𝑺 (𝟐𝟐 − 𝟏𝟏𝟐𝟐) 

where L and S are the orbital and spin angular momentum operators respectively. In 3d 

FM materials, such as Co and Fe, Bruno27 shows that the anisotropy energy due to iPMA 

can be calculated based on the difference in the orbital occupations in the in-plane (m||) 

and perpendicular (m⊥) directions.   
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𝐸𝐸𝑆𝑆𝑆𝑆 =
𝜉𝜉
𝜇𝜇𝐵𝐵

(𝑚𝑚⊥ −𝑚𝑚∥) (2 − 13) 

This contribution to the anisotropy energy can become particularly important when the 

film thickness gets thinner than about 1 nm and the contributions for the interface 

dominate over those of the bulk film. When this is the case, the precise chemical and 

electronic structure of the material interface can be tailored through fabrication 

techniques or external voltage applications28 in order to modify the magnetic anisotropy 

of the FM film. It should be noted that due to the reliance on iPMA, pMTJs require much 

more stringent fabrication requirements to achieve TMR. The domination of iPMA over 

shape anisotropy is what brings about the PMA in pMTJs with CoFeB FM layers, 

including those studied in this dissertation. 

2.5. MTJ Switching Mechanisms 

For situations where an MTJ is used as a magnetic field sensor, such as in the read 

heads of hard disk drives, TMR is the most important consideration.  However, in 

situations where the MTJ is used not just for reading the data but also as the data storage 

element, such as in magnetic random-access memory (MRAM), it is also very important 

that there be a reliable low power mechanism for switching the state of the junction, to 

allow for the writing of data. There have been several writing mechanisms studied during 

the history of MTJs, particularly as applications like MRAM have been more widely 

explored. 

From a device perspective, there are several competing issues to consider when 

looking for a writing scheme for MTJs in an MRAM or magnetic logic array. First, there 

must not be crosstalk between individual devices: The individual MTJ devices must be 
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independent of each other, giving the ability to switch only the desired device while 

leaving all neighbors in their previous states. Second, for ease of device design and 

programming, the writing scheme should reliably and deterministically set the MTJ to the 

desired state. While lower reliability or non-deterministic switching, such as toggle 

switching29, can be overcome by reading and rewriting the data after a write action until 

the desired state is achieved, this requires much more complicated programming and is at 

the expense of speed and increased energy usage.  

The final considerations for an MTJ switching mechanism for use in MRAM 

arrays are less intrinsic and are instead important for creating improvements over more 

traditional transistor based technologies, like SRAM, DRAM, Flash, and other emerging 

technologies, like RRAM, FeRAM, and phase change memory. Some of these 

comparative advantage considerations include the speed of the write actions, the energy 

required per write action, and the scalability of the array down to smaller sizes to allow 

for larger memory densities. Several different possible switching schemes have been 

explored for use with MTJs. Their mechanisms and advantages are discussed in the 

following sections. For all switching mechanisms, care must be taken that the device is 

designed in such a way that the free layer is switched while the reference layer remains in 

a predetermined direction to ensure that the change in state can be read out as a change in 

the resistance of the MTJ. 

The following switching mechanisms all are based on magnetization dynamics in 

the free FM layer as described by the Landau–Lifshitz–Gilbert–Slonczewski equation.  

𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

= −𝛾𝛾𝑴𝑴 × 𝑯𝑯𝒆𝒆𝒆𝒆𝒆𝒆 + 𝛼𝛼𝑴𝑴 ×
𝑑𝑑𝑴𝑴
𝑑𝑑𝑑𝑑

+ 𝑎𝑎𝑴𝑴 × �𝑴𝑴 × 𝑴𝑴𝒆𝒆� + 𝑏𝑏 (2 − 14) 
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2.5.1 Magnetic Field Switching 

The most obvious way for switching the state of a magnet is with an applied 

magnetic field created by a nearby current as governed by Ampere’s law. This is the 

switching mechanism that was first used in MTJs, including in early MRAM. This is also 

a commonly used method in research when exploring new materials or structures, due to 

its relative ease of use. For research on the individual device level, including the work in 

this dissertation, an external electromagnet is an easy way to apply a controlled reliable 

magnetic field and switch the state of an MTJ. In situations like magnetic read heads 

where an MTJ is used as a sensor, this is also the desired switching mechanism. 

While good for early research, an applied external field is a global effect and 

switches all devices on a chip at once; thus, a different method must be used for an array 

structure like MRAM where selective switching is required. In early MRAM arrays, extra 

wires were designed into the fabrication process for creating switching fields. As 

illustrated in Fig. 2-7, these extra cross wires were used to apply crossed magnetic field. 

To achieve device selectability, the fields, controlled by the currents, had to be such that 

neither was individually strong enough to switch the MTJs and only at the point where 

the wires crossed and both fields were applied was switching achieved.  
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Figure 2-7:  MRAM cell designed with additional write current lines for induced magnetic field driven cell 
switching. Adapted from Ref. [30]. 

In addition to the added complexity required by extra wires required for writing 

and the decoupling of the read and write paths, field induced switching also faces 

scalability issues. With increasing array densities, the MTJs get closer together and the 

chance of writing a neighboring bit by accident, especially with the addition of thermal 

fluctuations, greatly increases31. 

Due to its increased fabrication complexity and lack of scalability, magnetic field 

switching of MTJs is now only used for device level research and is no longer being 

considered for use in MRAM. 



47 
 

 
 

2.5.2 Spin Transfer Torque Switching 

Although theorized32,33 in 1996, the first clear experimental demonstration34 of 

magnetic switching through the use of a spin polarized current was not until 2000. When 

electric current passes through a FM layer, it becomes spin polarized and the electrons 

exiting the FM have spins pointing parallel to the magnetization of the FM. (Similarly, 

the reflected electrons have a spin polarized opposite to the FM.) In accomplishing this 

spin polarization, the magnetization of the FM exerts a torque on the electron’s spin, 

causing the non-parallel spins to realign. By Newton’s third law, the electrons exert an 

opposite torque on the FM, by transferring spin angular momentum to the FM. In 

situations where the magnetization is strong enough, such as in the reference layer of an 

MTJ, this torque is insufficient to change the magnetization. For the free layer of an MTJ, 

however, if a sufficiently large spin polarized current is passed, the torque can cause the 

magnetization to switch. 
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Figure 2-8:  Schematic of the spin transfer torque mechanism for switching the state of an MTJ. (Top) 
Passing an electron current from the pinned layer and into the free layer, the transmitted electrons are polarized in the 
direction of the pinned layer and create a torque on the free layer to switch the MTJ from an antiparallel to a parallel 

configuration. (Bottom) Passing an electron current from the free layer and into the pinned layer, the reflected 
electrons are polarized in the direction opposite to the pinned layer and create a torque on the free layer to switch the 

MTJ from a parallel to an antiparallel configuration. Adapted from Ref. [31]. 

This method of using the reference layer of an MTJ to spin polarize a charge 

current and then using that spin polarized current to switch the free layer is termed spin-

transfer torque (STT) switching. An illustration of STT switching is illustrated in Fig. 2-

8. To change an MTJ from the antiparallel (high resistance) state to the parallel (low

resistance) state, the current is passed from the reference to the free layer, and the 

transmitted electrons cause the switching. In the reverse case—changing from the parallel 

state to the antiparallel state—the current must be reversed, and it is the electrons 

reflected from (and polarized antiparallel to) the reference layer that cause the free layer 

to switch. The critical current density Jc(IP/PMA) required to switch the free layer (with in-

plan or perpendicular anisotropy), taken from reference [35], is given as,  
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𝐽𝐽𝐶𝐶(𝐼𝐼𝐴𝐴) =  
2𝑒𝑒𝛼𝛼𝑇𝑇𝑠𝑠𝑑𝑑𝑓𝑓

ℏ𝜂𝜂
(𝐻𝐻𝐾𝐾∥ + 2𝜋𝜋𝑇𝑇𝑠𝑠) (2 − 15) 

and 

𝐽𝐽𝐶𝐶(𝐴𝐴𝑃𝑃𝐴𝐴) =  
2𝑒𝑒𝛼𝛼𝑇𝑇𝑠𝑠𝑑𝑑𝑓𝑓

ℏ𝜂𝜂
(𝐻𝐻𝐾𝐾⊥) (2 − 16) 

where e is the electron charge, α is the Gilbert damping constant, Ms is the saturation 

magnetization, tf is the thickness of the free layer, η is the spin transfer efficiency, and 

HK||/⊥ is the anisotropy of the free layer in the in-plane/perpendicular direction. Due to the 

extra 2πMs term, the critical current for switching is higher for MTJs with IP anisotropy 

compared to those with PMA. 

STT switching has many advantages over magnetic field induced switching. The 

read and write paths are the same and extra wires for creating magnetic fields are not 

required (see Fig 2-9). This decreases the complexity of the device fabrication process. 

The STT process also has scaling advantages when device sizes are decreased. Since the 

critical current is directly proportional to volume of the free layer, it scales favorably with 

junction size, and the required switching current decreases with smaller junctions. For 

these reasons today’s commercial MRAM, such as the chips made by Everspin™, use 

STT as switching.  
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Figure 2-9: Schematic of an STT-MRAM bit cell. Adapted from Ref. [36]. 

Despite the advantages of STT over field based switching, it is still not an ideal 

candidate for future low energy MRAM. With current materials, including CoFeB, the 

properties, including η, α, and HK, lead to critical current densities on the order of 106 

A/m2 [37] and the voltages required are close to the breakdown voltage31 which can 

decrease the performance of the device over long-term repeated use. An increase in the 

STT efficiency would help lower the critical currents. A decrease in the damping 

constant, α, is also important for increasing the speed of switching through the STT 

mechanism31.  

2.5.3 Spin Orbit Torque Switching 

Although STT switching is well established and in use by the current generation 

of MRAM, its shortcomings have led to research into several other possible switching 

mechanisms for use in future generations of MRAM technology. One proposed switching 

mechanism uses an electric current flow through a heavy metal layer, such as Pt or Ta, 

and parallel to the free layer of an MTJ to switch the free layer magnetization. This was 

first demonstrated by Miron et al.38 in 2011 with a Pt heavy metal layer and a Co FM and 
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was shown effective for both IP and PMA FM layers39. When a charge current flows in a 

material with a large spin-orbit coupling, like heavy metals, a pure spin current is 

produced perpendicular to the charge current and the direction of the spin. If one of the 

spin polarized edges is adjacent to another material, the spin current will continue to 

propagate into the new material. Similar to the spin polarized current leaving the 

reference layer in the STT geometry creating a torque on the free layer, this pure spin 

current from the heavy metal will exert a spin torque on an adjacent FM layer. For a large 

enough charge current in the heavy metal layer, this applied torque can become large 

enough to switch the magnetization of the FM. 

The precise origin of the spin current generation is still an open question. It has 

been theorized to be from either the Rashba effect40 or from the Spin-hall effect41. One 

complication in distinguishing these two is that the detection of a pure spin current 

requires a FM layer; therefore, there are always both an interface and a magnetic field. 

Regardless of the underlying origin, both create a pure spin current from a charge current 

through the spin-orbit interaction in the heavy metal. The switching mechanism is thus 

often referred to as spin-orbit torque (SOT) switching. Figure 2-10 shows the design of 

an SOT switching based memory cell. 
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Figure 2-10:  Schematic of an SOT-MRAM bit cell with separate read and write paths. Adapted from Ref. 
[31]. 

Although SOT still is a current based switching scheme and so can require 

substantial power consumption due to Joule heating, it has several potential advantages 

compared to STT switching. Although it requires more complicated fabrication and 

programming, the decoupling of the read and write paths allows for lower write 

resistances for improved writing current requirements while maintaining the high 

reliability read operations that come with higher MTJ resistances. It is also possible in the 

SOT geometry to optimize31 the read and write requirements separately for improvements 

in both aspects of the device. It has been demonstrated in comparative simulations42 that 

the critical current, write delay, and retention rates are improved for SOT based MRAM 

when compared with STT based MRAM arrays. The critical current has been shown to 

be even further reducible by controlling the oxidation state of the interface between the 

heavy metal and the FM43. Due to these advantages, it is likely that SOT switching could 

have a role in future MRAM technologies.  



53 
 

 
 

2.5.4  Switching Through Voltage Controlled Magnetic Anisotropy  

While both STT and SOT switching mechanisms are shown to be reliable for use 

in MRAM, an ideal replacement for the transistor in memory and logic devices would use 

voltage instead of current to switch the MTJ elements. By moving from a current 

controlled regime to a voltage controlled regime, the energy use could be lowered 

through the elimination of Joule heating losses. The integration of MTJ devices with 

traditional CMOS technologies would also be easier with a voltage dominated switching 

mechanism, as transistors are better at generating voltages compared with currents44. 

The first voltage driven switching mechanism to be demonstrated is based on the 

change of the magnetic anisotropy, as demonstrated by a change in the coercive field, in 

an MgO based pMTJ structure when a high bias voltage is applied across it. This is 

known as voltage controlled magnetic anisotropy (VCMA). One source of VCMA is 

based on the electric field driven redistribution of atomic orbital occupancy at the 

interface28,45 as shown in Fig. 2-11.  
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Figure 2-11:  VCMA effect as caused by the redistribution of atomic orbital occupancy at the interface. (a) Change 
in magnetic anisotropy energy (MCA) and change in orbital magnetic moment with applied electric field. 
(b) Induced charge densities in the Fe(010) (top) and Fe(001) (bottom) directions under the application of 1 V/nm. 

Adapted from Ref. [28]. 

Reversible switching of a pMTJ was first demonstrated by Wang et al.44 in 2012. 

To take advantage of the VCMA effect, the PMA must be of an interfacial nature from 

thin FM layers less than 1.6 nm. In these thin FMs, the applied electric field modifies the 

magnetic anisotropy and can change its orientation33. 

While VCMA switching can be achieved at much lower currents (and energies) 

than STT switching, the biggest problem with VCMA switching is its processional 

nature47–49 where the duration of the voltage pulses and the size distribution of the 

nanomagnets have to be precisely controlled, which is a disadvantage for practical 

applications47. 

2.5.5 Switching Through Voltage Controlled Interlayer Coupling 

In addition to VCMA, another possible way to achieve voltage induced switching 

in pMTJs at RT is by controlling the interlayer coupling between the hard and soft 
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ferromagnetic (FM) layers, as schematically illustrated in Fig. 2-12. Interlayer exchange 

coupling is one of the most central phenomena in spintronics. The observation of 

antiferromagnetically (AFM) coupled FM layers through nonmagnetic (NM) spacers50 

and the subsequent discovery of giant magnetoresistance (GMR)51 led to the birth of 

spintronics. It has been proposed that by controlling the reflection coefficients of spin-up 

and spin-down electrons at the interfaces52,53 or by modifying the induced charge and 

magnetization in FM/NM/FM multilayers54,55, the interlayer coupling and thus the 

magnetoresistance can be changed with applied voltage. In chapter 5, the experimental 

demonstration of voltage controlled interlayer coupling (VCIC) in an MTJ structure is 

explored. This unprecedented control of interlayer coupling is realized in a new pMTJ 

system with a unique rare earth oxide, GdOx, tunnel barrier. 

Figure 2-12:  Schematic switching of an MTJ by voltage controlled interlayer coupling.  (a,b) The core 
structure of an MTJ consists of a fixed FM layer and a free FM layer separated by a tunnel barrier. The MTJ can be 

set to a low (high) resistance state with FM (AFM) coupling by applying a positive (negative) voltage pulse under zero 
magnetic field. (c,d) The FM (AFM) coupled state can be revealed by the positive (negative) shift of the minor TMR 

loop, measured with the bottom FM kept pointing down while changing the spin orientation of the top FM by sweeping 
an external magnetic field. The two resistance values at zero magnetic field are marked by red dots, which correspond 

to the two states in the upper panels. 
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2.5.6  Switching Through Voltage Controlled Exchange Bias 

Other voltage-based switching scenarios involving multiferroic or 

magnetoelectric materials also have been intensively investigated56–60, although the 

incorporation of these materials into an MTJ structure working at RT has yet to be 

demonstrated. One such proposal is a voltage based switching mechanism based on the 

voltage controlled exchange bias (VCEB) effect61 between a FM layer and an adjacent 

antiferromagnetic layer. A schematic of the VCEB effect is shown in Fig. 2-13. This is 

the most recent MTJ switching mechanism to be demonstrated, and experimental results 

are discussed in chapter 6. 

Figure 2-13:  Schematic of the spin orientations in a Cr2O3/ferromagnetic bilayer after applying an electric and 
magnetic field. The surface spins in the Cr2O3 point opposite to the direction of the applied electric field, and the 

ferromagnetic spins couple antiferromagnetically to these surface spins. Adapted from Ref. [62]. 
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Chapter 3: Experimental Methods 

This chapter provides details of the fabrication and testing procedures used in this 

dissertation. First, descriptions of sputtering thin film deposition and device pattering 

methods will be explained, including a description of the equipment available in Dr. 

Wang’s lab and used for the work in this dissertation. Then, details of the film and MTJ 

device testing procedures will be described. 

3.1    Fabrication of Thin Films and Magnetic Tunneling Junctions 

The fabrication of thin film devices is a very delicate process requiring precise 

control over the fabrication environment and process parameters. This control is 

especially important when making MTJ devices where the layer interfaces play a major 

role in the device properties. Here I describe the equipment and processes used for 

fabricating the high-quality MTJs studied in this dissertation. 

3.1.1 Thin Film Sputtering Deposition 

To make MTJs, extremely thin films are required, on the order of 0.5-20 nm thick 

each. The films in this work are deposited by a process known as sputter deposition. In 

the sputtering process, a vacuum chamber is partially backfilled with an inert gas, 

generally argon (Ar). A high voltage is then applied through the Ar to ionize it to Ar+. 

The target material for deposition is used as the cathode of the circuit. Since the target is 

held at a negative voltage, the Ar+ ions are pulled towards it and strike the target. Due to 

momentum transfer, the Ar+ hitting the target breaks off atoms or molecules of the target 

material. These freed particles from the target are said to have been sputtered, and so 

comes the name of the deposition. The substrate being used is placed near the sputtering 
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target so that the sputtered particles will land on the substrate and deposit there. 

Sputtering is a well-controlled and repeatable deposition method. By controlling the Ar 

pressure, electrical power, and distance between the target and the substrate, the 

deposition rate can be modulated for different film requirements.  

In the basic diode sputtering as described above, the setup is very simple; only 

two electrodes are needed, one being the target and the other holding the substrate.  The 

problems with this setup are that it is relatively slow and the sample experiences a high 

rate of electron bombardment. The electron bombardment can be very detrimental, 

causing mechanical and potentially chemical disturbances to the deposited film. 

2.5.1.1 Magnetron Sputtering 

A standard solution to limitations of standard diode sputtering, including electron 

bombardment of the sample, low sputtering rate and high working pressures, is called 

magnetron sputtering. In a magnetron sputtering gun, there is a concentric array of 

magnets placed behind the target and embedded in the cathode. These magnets create a 

trap that keeps most of the free electrons in a half toroid near the surface of the target. By 

trapping the electrons near the target, the electron bombardment rate of the sample is 

drastically reduced, since many fewer electrons can reach the substrate. A diagram of a 

magnetron sputtering gun is shown in Fig. 3-1. In addition, by keeping the electrons 

contained near the target, the rate of Ar ionizations leading to sputtering events is far 

higher and so the sputtering rate is increased, leading to faster film deposition rates. 

Further, by limiting most of the Ar ionization to very close to the target, the number of 

Ar+ ions that strike the target before recombining with free electrons is increased, and the 

pressure of Ar required to sustain a plasma discharge is reduced. For these reasons, all 
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sputtering in this thesis, as well as most commercial systems for mass produced thin 

films, is of the magnetron variety. 

 

Figure 3-1:  Schematic diagram of the magnetron sputtering process. Adapted from Ref. [63]. 

One of the reasons that sputtering is such a widely used thin film deposition 

technique is that it can deposit both metallic and insulating materials. In order to deposit 

oxide films, the sputtering technique can be modified in one of two ways.  An oxide 

target may be used in place of the metallic target described before.  If this is the case, an 

AC voltage must be used instead of the DC sputtering scheme described above. For AC 

sputtering, the rate is much slower, and a more complicated and expensive power supply 

is required, including a matching network for impedance matching the sputtering gun to 

the power supply so that the power is not reflected into the power supply. AC sputtering 

has the advantage of exactly reproducing the chemical makeup of the insulating target, 

allowing for precise replication of the target. The importance of this is demonstrated, for 
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example, in an oxide that has several stable oxidation states but only one of them has the 

correct properties for a film. 

2.5.1.2 Reactive Sputtering 

Another way to make films with a stoichiometry different from that of the 

sputtering target is to use reactive sputtering in which a small partial pressure of a 

reactive gas such as O2 or N2 is introduced to the chamber in conjunction with the noble 

gas Ar used to initiate the sputtering process. In the reactive sputtering of insulating 

films, such as the GdOX insulating barriers discussed in chapters 4 and 5, a metallic target 

and DC power supply are used as with traditional DC sputtering, but O2 is introduced in 

the chamber to react with the sputtered metallic particles during the sputtering process.  

By introducing an oxygen partial pressure into the chamber during sputtering, the 

sputtered material can be quickly oxidized as it is deposited by plasma oxidation. This 

has the advantages of not needing the AC power supply and using a metallic target, 

generally cheaper and less fragile than the oxide targets. It is much harder, however, to 

control the final chemical makeup of the deposited film in reactive sputtering, compared 

with AC sputtering. If, for example, the metal has different oxidation states available, the 

oxygen partial pressure must be very stable and well controlled to get the specific 

stoichiometry desired. 

3.1.2 Thin Film Deposition in Dr. Wang’s Lab 

The main sputtering system in Dr. Wang’s lab is a commercial system purchased 

from AJA International. The system allows for standard DC and RF magnetron sputtering 

and can be used for metallic and insulating targets, respectively. In addition to Ar, the 

chamber has O2 gas attached to allow for reactive sputtering. This is used with a metallic 
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Gd target for creating GdOX barriers, discussed in chapters 4 and 5, as well as with a SiO2 

target to plasma oxidize the samples post ion etching, discussed in section 3.1.4, to 

passivate the side walls of MTJ devices. The vacuum quality is monitored by measuring 

the partial pressures of the gases using an SRS™ residual gas analyzer to monitor the 

composition of the gases remaining in the chamber under vacuum conditions. If H2O with 

an atomic mass of 18 AMU is the predominant gas in the chamber, the vacuum is leak-

free.  If instead N2 with a mass of 28 AMU is the majority gas present, this is indicative 

of a leak in the chamber and must be corrected to ensure a clean sputtering environment. 

 

Figure 3-2:  Main sputtering chamber in Dr. Wang’s lab, purchased from AJA international. (a) Deposition chamber. 
(b) Load lock. (c) Electronics rack. 

Since it takes between 24 and 48 hours after opening the main chamber to reach 

the desired base pressure, a load lock chamber is attached to the side of the main chamber 

for use in loading and unloading samples. To load a sample, the load lock is vented with 

N2 gas to atmospheric pressure, the samples are loaded onto a transfer arm inside the load 
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lock, and the load lock is pumped down with a dedicated Pfeiffer™ vacuum pump. Once 

the load lock is at a pressure below 5e-4 Torr, the isolation valve between the main 

chamber and the load lock can be safely opened for the wafer to be transferred to the 

main chamber. 

In addition to this commercial sputtering system, the Wang lab has built a custom 

deposition system for high temperature deposition and testing of materials potentially of 

risk to the main vacuum chamber, as shown in Fig. 3-3. This small chamber has two 2-

inch magnetron sputtering sources and can hold up to two 2 by 1.5-inch samples at a time 

in heated substrate holders. The substrate holders can each heat a sample to about 800°C 

with two halogen projector bulbs. The temperature of the substrate can be monitored with 

an RTD embedded in the sample holder. The high temperature sample holders in this 

small chamber greatly expand the possible materials that can be made in the Wang lab to 

include complex structures like topological insulators and the controlled crystallization of 

deposited films. The small chamber is attached to the main chamber as shown in Fig. 3-4, 

and samples will be able to be transferred between them without breaking vacuum. This 

further enhances the capabilities of the Wang lab for creating complex multilayer thin-

film heterojunctions. 
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Figure 3-3: Small secondary sputtering chamber in Dr. Wang’s lab, custom designed and built for high risk 
materials and high temperature deposition. 

 

Figure 3-4: Schematic diagram showing the plamned arrangement of the secondary (left, in color) and main 
(right, black) sputtering chambers in Dr. Wang’s lab. The attachment will allow sample transfer between the two 

chambers for in situ deposition for more complex sample structures. 

3.1.3 Photolithography Process 

After removal from the sputtering chamber, post film deposition, the samples 

consist of the substrate with uniform multilayer films deposited on top of it. This 

provides the vertical structure required for MTJ devices, but the films must now be 

defined in the lateral directions to create usable devices. This is accomplished through the 
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processes of UV photolithography and ion milling as illustrated in Fig. 3-5 and detailed 

as follows. 

 

Figure 3-5:  Diagram of the photolithography process for patterning uniform thin films. (a) Uniform films deposited on 
the substrate. (b) Photoresist is spin coated on the films. (c) Baking the sample removes the solvent from the 

photoresist. (d) Photoresist is exposed to UV light through a photomask, prepatterned with the desired pattern. (e) 
Areas of photoresist exposed to the UV light are chemically changed, making them soluble in the developer. (f) Areas 

where the photoresist was exposed to UV wash away in the developer and reveal the films to be removed by ion milling. 
(g) Photoresist is removed in acetone leaving the substrate with films in the desired pattern. 

The first step in the microfabrication process is to coat the films to be patterned in 

a UV reactive polymer known as photoresist. The photoresist is designed such that its 

properties are changed after exposure to UV light, similar to the use of silver nitrate in 

photographic film. The photo resist is deposited onto the samples before being spun at 

high speed (approximately 3000 RPM) in a spin coater (see Fig. 3-6) to create a thin film 

with an even coverage across the sample. Using the commercially available 
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Microchemical™ AZ 5214-E IR, photoresist and spinning the samples for 60s gives a 

photoresist film that has worked well for all steps used in the device fabrications 

described in this dissertation. 

 

Figure 3-6:  Spin coater, photoresist, and developer used for the photolithography process. 

After coating the sample in photoresist, the solvent must be baked out to ensure 

proper UV reactivity. A 60 s baking on a 100°C hotplate is used. If the solvent is not 

fully removed due to under baking, the photoresist will not properly absorb the UV light 

and patterning will not be effective.  If instead the sample is overbaked, the polymers 

may crosslink and no longer be soluble in the developing step. 

After baking, the desired pattern is imprinted into the photoresist layer using a 

predesigned Cr photomask. The mask consists of a sheet of glass with the desired pattern 

printed in Cr on one side. Various mask patterns are designed in-house, depending on the 

final device characteristics required, and are commercially produced. The imprinting 

process is performed in contact mode, for a direct one to one pattern replication, on a 

NxQ7500 Mask aligner (pictured in Fig. 3-7) which allows precise alignments in the X, 

Y and θ directions with a resolution better than 1 μm. (This is particularly important 

when doing multistep fabrications as described in section 3.1.4.) This mask aligner uses a 
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broad-band (350-450 nm) UV bulb and can be either manually or computer controlled. 

An exposure time of between 3.8 s and 4 s was used for all samples in this work. 

 

Figure 3-7: NxQ7500 UV mask aligner for precise photomask overlay and UV exposure for the 
photolithography process. 

The final step in the standard photolithography process is to develop the exposed 

photoresist. The photoresist used is paired with the MicroChemical™ AZ400 1:4 

developer solution. A developing time of 50 to 60 s was required to get a well-defined 

pattern. A DI water rinse is used to stop the developing process and clean the sample in 

preparation for loading back into the vacuum chamber. Figure 3-8 shows a schematic of 

the final result after the photolithography process. 
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Figure 3-8: After the photolithography process, the substrate and uniform films have photoresist protecting 
the desired areas. The exposed areas of film will be removed by ion milling, leaving the desired film pattern. 

3.1.4 Ion Milling 

After the photolithography process, the sample is left with the sample in a 

uniform state on top of the substrate and under a layer of photoresist patterned into the 

desired device geometry (see Fig. 3-8). Ion milling is used to transfer the desired pattern 

from the photoresist layer to the sample films by removing the unwanted sample material. 

Ion milling ionizes Ar atoms and accelerates them towards the sample to be etched 

through momentum transfer. The etching process is done in a vacuum environment under 

pressures on the order of 0.2 mTorr. In this pressure range, the mean free path of the Ar is 

longer than the distance to the sample, ensuring that little energy is lost in ion-ion 

collisions and allowing for large etch rates. 

When the Ar hits the sample surface, the energy is transferred through collisions, 

and when enough energy is transferred, the surface atoms will begin to break free and 

leave the surface. This is analogous to how a sandblaster works, but on a much smaller 

scale. The photoresist is much thicker than the films and etches more slowly than most 

materials, therefore, areas covered with the photoresist, the desired final pattern, are 
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protected. In areas not covered by the photoresist, the films are etched away instead. 

After ion milling, the remaining photoresist is removed by sonication in acetone, and the 

final sample pattern is left in the deposited films as shown in Fig. 3-9. 

 

Figure 3-9: Ion milling removes the films from the areas not protected by photoresist such that after 
photoresist removal with acetone, the films only remain in the areas defined by the photomask. 

3.1.5 Creating Fully Patterned Magnetic Tunnel Junctions for Four Probe 

Electrical Measurements 

For precise electrical characterization of MTJ devices, as described in section 3.3, 

the samples often must be patterned in a multi-step photolithography process to allow for 

four probe electrical measurements. The process for creating fully patterned MTJ devices 

has three main steps, pattering and etching the full film stack to define the bottom 

electrodes, patterning and etching the remaining films down to the tunneling barrier to 

define the individual junctions, and finally using an image reversal and liftoff procedure 

to create the top electrodes. 

The bottom electrodes are milled into long wires with contact pads at each end 

(see Fig. 3-10) using the steps defined in section 3.1.2. During the ion milling in this step, 

the samples are fully etched to remove all film layers down to the substrate and to fully 

isolate each individual wire from the others.   
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Figure 3-10:  First pattern, defining the bottom contact pads and wires, for creating fully patterned MTJ devices for 
four probe electrical testing. 

After patterning the bottom wires, the individual MTJs are patterned and etched 

on top of the bottom wires. After the second ion mill but before removing the samples 

from the vacuum chamber, the samples are plasma oxidized and approximately 100nm of 

SiO2 is deposited. The plasma oxidation step passivates the side walls of the newly 

patterned junctions to ensure that there is no metallic conducting path along their edges. 

The SiO2 oxide layer is used to electrically insulate the bottom wires (blue in Fig. 3-11) 

from the top contact pads that will be deposited next, ensuring that the only current path 

is through the MTJ devices. 
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Figure 3-11:  Second pattern, defining the MTJ pillars on the bottom contact wires, for creating fully patterned MTJ 
devices for four probe electrical testing. 

The final step in creating full pattern MTJs, suitable for four-point electrical 

measurements (section 3.3.1), is to define and deposit the top contact pads through image 

reversal photolithography and metal liftoff.  This process is described in the next section. 

3.1.5.1 Image Reversal and Liftoff Procedure for Top Contact Pads 

The processes for simple pattern MTJ fabrication, as well as the first two steps in 

the creation of full pattern devices, have all been based on top down removal of unwanted 

and predeposited material. In contrast, the top contact pads will be created through an 

additive process, only depositing the material where it is wanted. To accomplish this, a 

modified photolithography process, image reversal, is used. This process leaves the 

photoresist in the areas that are uncovered by the photomask and leaves the sample 

uncovered where the mask pattern was defined. 
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The lithography process defined in section 3.1.2 has the following steps: 

1. Spincoat with photoresist 

2. Bake out solvents from photoresist (100°C for 60s) 

3. Expose to UV light through the photo mask (~4 s) 

4. Develop (~60 s) 

The image reversal process is similar but slightly modified steps as listed below: 

1. Spincoat with photoresist 

2. Bake out solvents from photoresist (100°C for 60 s) 

3. Expose to UV light through the photomask (~2.3 s) 

4. Hard bake (115°C for 60 s) 

5. Flood expose entire wafer, no photomask, with UV light (~16 s) 

6. Develop (~10 s) 

The extra two steps, hard baking at 115°C and flood exposure under UV light are 

used to change the chemistry of the photoresist such that the areas that were unexposed in 

step 3 become soluble in the developer instead of the areas exposed (as is the case in the 

standard lithography procedure). The MicroChemical™ AZ 5214-E IR and AZ 400 

photoresist and developer pair were chosen because they can do both standard and image 

reversal lithography procedures. After image reversal, the patterned samples are placed 

back into the deposition chamber, and the top contact material is sputter deposited. Upon 

removal of the photoresist with acetone, the material on the resist is also removed, and 

the only places it is left are where the original mask pattern was defined. Figures 3-12 

and 3-13 show the image reversal procedure and a schematic for a completed full pattern 
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MTJ array. The full pattern devices are then ready for electrical testing as described in 

section 3.3. 

 

Figure 3-12:  Image reversal photolithography process. (a)-(d) See Fig. 3-5. (e) A hard bake post UV exposure startes 
the image reversal process. (f) Flood UV exposure to the entire unmasked film reverses the soluability, making the 

areas exposed in step d insouluble and those blocked in d soluable in the developer. (h) Developer removes the areas of 
photoresist that had been blocked by the photo mask in step d. (i) Contact pad films are deposited on the sample over 

the remaining photoresist material. (j) Upon removal of the photoresist in acetone, the films on the resist are also 
removed, leaving the films in a pattern matching the photomask. 
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Figure 3-13: Third and final pattern, for defining the top contact pads through image reversal and metal liftoff, for 
creating fully patterned MTJ devices for four-probe electrical testing. 

3.2 Thin-Film Characterizations 

After deposition and microfabrication, the properties of the MTJ films and stacks 

must be characterized. Magnetic, morphological, and chemical characterizations are 

typical, and those used in this dissertation are described in the next sections. 

3.2.1 Vibrating Sample Magnetometry (Magnetic Properties) 

The magnetic properties of the thin film stacks, including magnetic coercivity and 

saturation magnetization, are measured using a commercially made Vibrating Sample 

Magnetometer (VSM). The Microsense™ EZ – 9 VSM in Dr. Wang’s lab, pictured in 

Fig. 3-14, was chosen for its high sensitivity, less than 3e-7 emu. The VSM works by 

vibrating a magnetic sample at a known frequency in a controllable magnetic field. Near 

the sample are pickup coils, conductive wire coils, to measure the time varying magnetic 



74 
 

 
 

field from the sample’s vibration. This field is measured through a voltage measurement 

across the coils, as explained by Faraday’s law. Due to the sample vibration, the magnetic 

flux through the pickup coils changes and creates an induced voltage. This voltage is 

measured through a lock-in amplifier, referenced to the vibration frequency, to filter out 

all but the signal modulated at the sample vibration frequency. By measuring the induced 

signal while sweeping the magnetic field, the hysteresis loop can be mapped out and 

plotted against the measured applied field. The diamagnetic signal from the sample 

holder and substrate must be subtracted out as background. 

 

Figure 3-14:  Microsense™ EZ – 9 VSM. (Left) Overview including magnet chiller, sample magnet and 
vibrator, and electronics rack. (right) Close up on the sample area. Yellow box shows the sample position. 
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3.2.2  X-Ray Diffraction and Reflectometry (Film Thickness and Crystallization) 

To calibrate the deposition rates of the sputtering system and to verify the 

crystallization of the films, a commercial Philips X’Pert MPD diffractometer (Fig. 3-15) 

at the University of Arizona KECK imaging facility is used. The system produces near 

monochromatic X-Rays at the Cu k-α line (1.54 Å).  

 

Figure 3-15: Philips X’Pert MPD diffractometer. X-ray tube is on the left, sample sits in the center and 
detector is on the right.  X-ray tube and detector are both free to move around the sample. 

There are two diffraction regimes for investigating thin film properties: Glancing 

angle diffraction is used for measuring film thickness, and high angle diffraction is used 

for investigating film crystallization. A diagram of the test geometry is shown in Fig. 3-

16. In both cases, the analysis is based on the thin film interference equation. 
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Figure 3-16:  Geometry for x-ray diffraction. Both the source and the detector are free to move around the 
circle shown. 

For glancing angle measurements, the entire film is the diffracting element and 

the diffraction equation becomes 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin𝜃𝜃 (3 − 1) 

where n is the diffraction order, λ is the X-Ray wavelength, t is the film thickness, and θ 

is the angle between the film plane and the incident X-Rays. When the parameters of the 

diffractometer are substituted into Eqn. 3 – 1, the thickness of the film can be 

approximated as 

𝑑𝑑 =
40.1

𝜃𝜃𝑛𝑛+1 − 𝜃𝜃𝑛𝑛
(3 − 2) 

An example diffraction spectrum is shown in Fig. 3-17 for two different film thicknesses.  
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Figure 3-17:  Glancing angle diffraction peaks for two sample thicknesses: 29.3 nm (black) and 12.0 nm (red). 

When a high angle diffraction geometry is used, the crystal lattice, instead of the 

total film, becomes the diffracting element. This gives rise to peaks that correspond to the 

different crystalline orientations in the sample. The narrower the peaks ,the higher the 

crystallinity corresponding to that phase. The peak positions are found at diffraction 

angles based on the equation 

𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑖𝑖𝑘𝑘 sin𝜃𝜃 (3 − 3) 

where dijk is the lattice constant corresponding to the ijk orientation. Example spectra 

from a Gd2O3 sample are shown in Fig. 3-18.  The peaks at 20.4° and 28.8° correspond to 

the cubic phase of Gd2O3 in the (211) and (222) directions respectively. 
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Figure 3-18: High angle X-ray diffraction spectra from a Pt/Gd2O3 sample. The peaks at 20.4° and 28.8° 
correspond to the cubic phase of Gd2O3 in the (211) and (222) directions respectively. Adapted from Ref. [64]. 

3.2.3  Atomic Force Microscopy (Film Tomography) 

In addition to the film thicknesses and crystallization, the film roughness is a very 

important parameter when creating high quality MTJs. Atomic Force Microscopy (AFM) 

was used to characterize the film roughnesses in this work. In particular, the roughness of 

the GdOX layer was measured when trying to explain the magnetic interlayer coupling 

seen in GdOX – pMTJs as discussed in chapters 4 and 5. The AFM studies were 

conducted on a Cypher AFM in the W.M. Keck Center for Nano-Scale Imaging in the 

Department of Chemistry and Biochemistry at the University of Arizona. 
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3.2.4 Transmission Electron Microscopy (Microstructure of Magnetic Tunnel 

Junctions) 

The microstructure of the MTJs in this work was imaged using two transmission 

electron microscopes by collaborators at the University of Minnesota: an FEI Tecnai G2 

F30 at 300 kV for high-resolution conventional transmission electron microscopy (HR-

TEM) and an aberration-corrected (CEOS DCOR probe corrector) FEI Titan G2 60-300 

S/TEM equipped with a Schottky X-FEG gun at 200 kV for high-angle annular dark-field 

scanning transmission electron microscopy (STEM). The structural integrity of the MTJ 

layers after thermal annealing was confirmed with elemental mapping by energy-

dispersive X-ray spectroscopy (EDX) using a Super-X quad-SDD windowless in-

polepiece EDX detector in the Titan. The probe convergence angle used for STEM 

imaging and EDX mapping was 21 mrad. Cross-sectional samples were prepared for 

TEM analysis by milling with a Ga+ focused ion beam (FIB) at 30 and 10 kV in an FEI 

Quanta 200 3D dual-beam FIB/SEM. 

3.2.5 X-Ray Absorption Spectroscopy and X-Ray Magnetic Circular Dichroism 

(Element Specific Chemical and Magnetic Properties) 

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism 

(XMCD) were measured simultaneously at beam line 4-ID-C of the Advanced Photon 

Source (Fig. 3-19) to inspect the chemical and magnetic properties of fully patterned MTJ 

devices. At the synchrotron, electrons are accelerated in the storage ring at speeds near 

the speed of light to create highly collimated, broad bandwidth, high energy X-Rays with 

high flux and controllable polarization.  
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Figure 3-19 Aerial view of the Advanced Photon Source (APS) at Argonne National Lab. From www.anl.gov. 

The X-rays from the synchrotron are high enough energy that they can ionize 

atoms in the samples. The ionization is chemically specific based on the energy 

absorption spectra of the materials in the sample. By scanning the energy of the X-rays 

with the help of a monochromator, the spectra can be mapped out, and distinct peaks can 

be seen. A schematic of the experiment geometry is shown in Fig. 3-20. The location of 

the peaks is well known for different materials. The absorption intensity can be mapped 

in a variety of ways. The intensity of the transmitted or reflected X-rays can be measured 

as a function of the energy. The intensities will change quickly near absorption edges of 

the sample. The electrons ejected from the sample due to the absorbed x-rays can also be 

collected and the current measured to investigate the absorption intensity. The final way 

of measuring the absorption intensity—the primary method used in this dissertation—is 

known as X-ray fluorescence. The ejected electron leaves a hole in the electron orbitals, 

and when they are refilled by a higher energy electron recombination, an X-ray is 

emitted. The intensity of the fluorescence is proportional to the absorption intensity. 
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Figure 3-20:  Geometry of the Synchrotron X-ray fluorescence spectroscopy experiments. Bursts of circularly polarized 
X-rays with alternating left and right circular polarization are sent through the monochromator to select the desired X-

ray energy. The monochromatic X-rays are then absorbed by the sample which then reemits fluorescence X-rays as 
detected by the detector. 

In the studies in this work the X-rays were all circularly polarized and alternating 

right and left polarized pulses are used to illuminate the sample. For the XAS studies, the 

sum of the two polarizations is plotted vs. energy. The location and shape of the peaks in 

the spectra are based on the materials in the sample and their chemical bonding. For 

example, metallic Fe and oxidized Fe both have peaks near 710 eV, but the oxidized Fe 

has shoulders that are not visible in the metallic case. 

To investigate the magnetic properties, the difference in the left and right 

circularly polarized light is investigated. The circularly polarized photons only interact 

strongly with one spin orientation in the material, following the dipole selection rules. 

Due to this asymmetric interaction, magnetized materials, with an unequal density of 
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states for the two spin orientations, show a difference in the spectra with the two 

polarizations.  Based on the sum rules, explicit forms shown in chapter 5, the XMCD and 

XAS spectra can be analyzed to calculate the spin and orbital contributions to the 

magnetizations. 

3.3 Electrical Transport Measurement in Magnetic Tunnel Junctions 

The most common characterization technique for MTJ devices is the 

measurement of device electrical transport properties. Particularly important are 

resistance vs. magnetic field (RH) measurements. These RH loops are the easiest way to 

reveal the TMR of an MTJ. To make these measurements, a custom-built probe station 

(see Fig. 3-21) with micro-positioners for electrical contact and a GMW projection 

electromagnet for creating both in-plane and perpendicular magnetic fields is used. The 

contact positioners are monitored with a computer-connected camera and the 

measurements are controlled with a custom LabView program. 

 

Figure 3-21: Electrical testing probe station. (Left) Overview of the system, including the computer for microscope and 
LabView control, the main test station with micro-positioners on top and the projection magnet underneath, and the 

electronics rack for controlling the station. (Right) Close up on the sample area. The sample sits in the center above the 
magnet (under the aluminum plate). The four micro-positioners can be used to make electrical contact and are 

monitored by the microscope and camera at the top. 
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3.3.1 Two Point vs. Four Point Measurements 

To make sensitive resistance measurements, a four-wire resistance measurement 

setup is used.  In this setup, the current path and voltage measurements are decoupled 

from each other. With this technique, the resistance of the junction can be measured to 

the accuracy of the meters without the inclusion of the wire resistance contaminating the 

measurement. A fully patterned device geometry (see section 3.1.4) with separate bottom 

and top contacts, for the Keithley 220 current source and Keithley 2000 voltmeter, is 

required for four-point measurements as depicted in Fig. 3-22. 

 

Figure 3-22: Diagram of the electrical path for a 4-probe resistance measurement on a fully patterned MTJ 
array. The current path from the Keithley 220 and the voltage path to the Keithley 2000 are separated from each other 

to allow for increased measurement accuracy without the inclusion of wire and contact resistances. 

3.3.2 Temperature Dependent Transport Measurements 

In addition to being used for four-point resistance measurements, fully patterned 

MTJs are also required for setups where micro-positioners are not usable and wire 
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bonding to a chip carrier is necessary. For example, for low temperature (LT) 

measurements, the samples must be bound to a chip carrier so that transport 

measurements can be made inside a cryostat. As pictured in Fig. 3-23, LT measurements 

are made in an ARS sample in a vapor closed cycle He cryostat. The sample is cooled in 

a He environment and can reach temperatures down to 10 K. The setup can produce 

magnetic fields at the sample up to 0.6T, and up to four samples can be wired in a four-

point geometry at a time. The temperature is controlled with a resistance heating element 

on the cold head driven by a Lakeshore PID temperature controller with a LT diode 

temperature probe mounted to the sample holder. 
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Figure 3-23: ARS sample in vapor closed cycle He cryostat for low temperature RH measurements. The 
sample sits on a rod and is centered in the magnetic field. It is then cooled by the cryostat controlled by the He 

compressor (not pictured). 
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Chapter 4: Magnetic Tunneling Junctions with 

GdOX Tunneling Barriers 

In this chapter, I discuss the characterization of MTJs with GdOX tunneling 

barriers. First, the reasoning behind attempting an MTJ structure using GdOX will be 

discussed, before exploring the characteristics of GdOX based MTJs. A sizable RT 

tunneling magnetoresistance (TMR) as well as a large perpendicular magnetic anisotropy 

(PMA) were simultaneously obtained in these MTJs. The material in this chapter is 

largely based on references [66 and 67] and accompanying information. 

4.1 Why use GdOX as a Tunneling Barrier? 

The standard MTJ construction for both iMTJs and pMTJs is currently CoFeB 

FM layers separated by an MgO tunneling barrier. This structure is relatively easy to 

fabricate with a combination of DC and RF sputtering (see section 3.1.1); exhibits large 

RT TMR3,13,67; and is demonstrated to be switchable using the magnetic field, STT35, and 

VCMA44,68 switching mechanisms. (See sections 2.5.1 -2.5.6.) The large TMR seen in 

CoFeB/MgO MTJs comes from the spin filtering effect due to the band-matching seen in 

CoFe(001) and MgO(001) epitaxial heterojunctions11 as discussed in section 2.3. 

CoFeB/MgO pMTJs are also the first structure to demonstrate voltage driven switching 

through the VCMA effect (see section 2.5.4) due to the interfacial nature of the PMA in 

ultra-thin CoFe FMs. 

When first investigating new potential MTJ barriers, materials with properties 

similar to those that give MgO its current dominance were considered. Based on the 
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results with MgO, an ideal barrier would have a cubic structure to lead to band-matching 

with CoFe, a reasonably large band-gap to facilitate tunneling, and, in order to increase 

the VCMA effect, a dielectric constant larger than that of MgO. Table 4-1 shows some of 

the potential barrier materials that meet these criteria. 

 

Material K Eg (eV) Cubic 
MgO 9 7.8 Y 
Al2O3 9 8.8 Y 
ZrO2 25 5.8 Y 
Gd2O3 22 5.3 Y 
HfO2 25 5.8 Y 
TiO2 80 3.5 Y 
SrTiO3 2000 3.2 Y 

Table 4-1: Potential materials to replace MgO as the tunneling barrier in voltage controllable, high TMR MTJs. 
(yellow) MgO is the current standard barrier material, and (green) Gd2O3 is studied as a potential barrier material in 

chapters 4 and 5. 

In addition to the properties shown in Table 4-1, Gd2O3 was also attractive 

because it has only a 5% lattice mismatch compared to that of CoFe, suggesting that 

epitaxial growth could be possible. Therefore, as in MTJs with both MgO(001)3,4 and 

Al2O3(001)69 barriers where a TMR above 200% has been achieved, a substantially large 

TMR might potentially be obtainable with an epitaxial Gd2O3 barrier, e.g., in 

CoFe(001)/Gd2O3(001) MTJs. 

4.1.1 Previous Tunneling Magnetoresistance in GdOX MTJs 

In addition to its larger dielectric constant, 22, compared to MgO, 9, Gd2O3 was 

also thought a good candidate for potential improvement on MgO based MTJs because it 

has demonstrated TMR in past studies. Previously, magnetoresistance in MTJs with a 
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GdOx barrier was only achieved at liquid helium temperature or below (see Fig. 4-1), 

using thick FM electrodes with in-plane anisotropy70,71. In chapters 4 and 5 of this 

dissertation, pMTJs with a sizeable (15%) RT TMR are demonstrated. 

 

Figure 4-1: Example of previous TMR with an MTJ with a GdOX tunneling barrier. TMR Measured at 4.2 K 
in a Fe/GdOX/Fe MTJ. Adapted from Ref. [70]. 

4.1.2 Voltage Controlled Magnetism with GdOX 

GdOX is also an interesting candidate as an MTJ barrier material since it has been 

shown that due to the large ionic mobility of oxygen vacancies in GdOx, both the 

magnetic anisotropy field (HA) and saturation magnetization (MS) in Pt/Co/GdOx 

multilayers can be manipulated by controlling the oxidation state of the Co through 

external electric fields in a nonvolatile fashion64,72,73. As a result, the Co can be reversibly 

changed from an optimally-oxidized state with a strong perpendicular magnetic 

anisotropy to a metallic state with an in-plane magnetic anisotropy or to a fully-oxidized 

state with nearly zero magnetization, depending on the polarity of the applied voltage. 

Similarly, the speed of magnetic domain wall propagation can be controlled through the 

use of GdOX gate electrodes74. 
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4.2 CoFeB/GdOX/CoFeB Film Properties 

Before attempting transport measurements in GdOX MTJs, the properties of the 

unpatterned films were investigated to identify their crystallographic, morphological, and 

magnetic properties. 

4.2.1 Crystallographic Orientation of GdOX Films 

The crystallographic structure of the tunneling barrier has a large effect on the 

TMR of an MTJ. Particularly to see the enhanced TMR3,67 due to band matching in MgO 

based MTJs, a (001) orientation is required. Therefore, the crystallographic orientation of 

the GdOX films was investigated with X-Ray Diffraction. 

X-Ray Diffraction (XRD) on thick Gd2O3 films made using the same reactive 

sputtering process (see section 3.1.1.2) as the MTJs showing RT TMR shows a cubic 

phase. An example XRD spectra of Gd2O3 is shown in Fig. 4-2. The peaks seen at 20.4° 

and 28.8° correspond to Gd2O3 (211) and (222) respectively and yield a lattice constant 

of 10.8 Å. Although thick samples such as this show a cubic Gd2O3 phase, the thin 

barriers in the MTJ samples show an amorphous barrier (see section 4.2.1) and so it is 

difficult to measure the exact oxidation state. Therefore, the barrier material is referred to 

here as GdOX. 
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Figure 4-2:  High angle X-ray diffraction spectra from a Pt/Gd2O3 sample. The peaks at 20.4° and 28.8° 
correspond to the cubic phase of Gd2O3 in the (211) and (222) directions respectively. Adapted from Ref. [64]. 

4.2.2 Surface Topology of GdOX Films 

In addition to the crystallographic orientation, the surface morphology of an MTJ 

tunneling barrier is also an important factor in creating iPMA and TMR. The roughness 

of the interfaces between the FM layers and the tunneling barrier are of particular 

importance to the device properties. An image showing the topography at the top of the 

GdOX layer is displayed in Fig. 4-3. In agreement with TEM findings (see section 4.4.1), 

this shows a smooth surface with RMS roughness of 0.130 nm. 
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Figure 4-3:  Atomic force microscopy topography image of the GdOX barrier layer. The surface is 
smooth with an RMS roughness of 0.130 nm. 

4.2.3 Magnetic Properties of CoFeB/GdOX Films 

Finally, the magnetic properties of CoFeB/GdOX multilayer films were 

investigated to ensure that PMA could be achieved (allowing for pMTJ devices).  Using a 

Microsense™ EZ9 series vibrating sample magnetometer, hysteresis loops of the sample 

magnetizations were measured under both in-plane and perpendicular magnetic fields. A 

sample with a structure consisting of Si-wafer/SiO2/Ta(8 nm)/Ru(10 nm)/Ta(7 

nm)/Co20Fe60B20(0.8 nm)/GdOx(2.5 nm)/ 

Ta(7 nm)/Ru(20 nm) was tested. The saturation magnetization and perpendicular 

anisotropy field were determined to be 800 emu/cc and 6.5 kOe, respectively. These 

values give rise to a PMA energy density of 2.6 x 106 erg/cc, which is comparable with 

CoFeB/MgO pMTJs75,76. To determine the interfacial perpendicular energy density, a 

series of samples with different CoFeB thickness were measured as shown in Fig. 4-4 (b). 

The background signals from the substrate and sample holder have been subtracted.  
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Figure 4-4:  Magnetometry curves from Si-wafer/SiO2/Ta(8 nm)/Ru(10 nm)/Ta(7 nm)/Co20Fe60B20(0.8 
nm)/GdOx(2.5 nm)/Ta(7 nm)/Ru(20 nm) samples.  (a) Hysteresis loops of the bottom electrode of a pMTJ under in-

plane and perpendicular fields. (b) Perpendicular anisotropy energy for different thicknesses of CoFeB. The red line is 
the linear fit to the data. Error bars are calculated based on combined error in CoFeB thicknesses and anisotropy 

fields. 

To distinguish between the hard and soft layers of the pMTJ, a pMTJ without the 

bottom CoFeB layer was fabricated, and the hysteresis loops were compared with those 

from a full pMTJ stack. Figure 4-5 shows hysteresis loops for the two different samples. 

The top CoFeB switches at a smaller field, corresponding to the free layer of the full stack 

sample, demonstrating that the soft layer in the full MTJ is the top CoFeB while the hard 

layer is the bottom CoFeB.   
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Figure 4-5: Easy axis hysteresis loops for the full GdOX-pMTJ structure (black) and when the bottom CoFeB 
layer is removed (red). 

4.3 GdOX-Magnetic Tunnel Junctions with In-Plane Magnetic Anisotropy 

Due to the ease of fabrication stemming from the less stringent requirements on 

layer thicknesses and interface quality, IP MTJs were first fabricated. The barrier layer 

was fabricated by O2/Ar reactive sputtering from a metallic Gd target. The structure of 

the GdOX-iMTJs is shown in Fig. 4-6.  

 

Figure 4-6:  Sample structure for GdOX-iMTJs. 

By optimizing deposition conditions, barrier thickness, and oxygen partial 

pressure during reactive sputtering, MTJs with TMR up to 2.5% were achievable. This 

was further improved by optimizing the post fabrication annealing and field cooling 
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processes.  The max TMR seen for iMTJs was 12% in the samples that were tested. The 

evolution of TMR with process optimization is shown in Fig. 4-7. 

 

Figure 4-7:  Evolution of TMR in iMTJs as the deposition and annealing processes were tuned. In the 
samples that were tested, a maximum of 12% TMR was seen. 

4.4 GdOX-Magnetic Tunnel Junctions with Perpendicular Magnetic Anisotropy 

Due to the advantages of pMTJs over IP MTJs as discussed in section 2.4 and the 

goal of an increased VCMA effect only demonstrated in pMTJs, little time was spent 

optimizing the IP MTJs. Instead, we quickly moved on to a pMTJ structure. This is the 

first demonstration of interfacial PMA (voltage controllable) and TMR in a structure 

other than CoFeB/MgO/CoFeB. 

The structure of the pMTJs is Si/SiO2/Ta(8 nm)/Ru(10 nm)/Ta(7 

nm)/Co20Fe60B20(0.7-0.9 nm)/GdOx(1-3.5 nm)/Co20Fe60B20(1.5-1.6 nm)/Ta(7 nm)/Ru(20 

nm). (See Fig. 4-8) The films were deposited in a 12-source UHV magnetron sputtering 

system with a base pressure of 10-9 Torr. After deposition of the multilayers, MTJs in 

circular shapes with diameters (D) ranging from 3 μm to 20 μm were fabricated and 
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measured in a four-wire geometry. A positive applied voltage in this work corresponds to 

electrons tunneling from the bottom FM to the top FM. 

 

Figure 4-8:  Sample structure for GdOX-pMTJs. 

A representative TMR curve from these GdOx-pMTJs is shown in Fig. 4-9. The 

core structure of this MTJ is CoFeB(0.85 nm)/GdOx(2.1 nm)/CoFeB(1.6 nm) with D = 7 

μm. It shows very sharp resistance switching and a flat antiparallel state, characteristic of 

MTJs with perpendicular easy axes. A sizable RT TMR of 15% has been observed in this 

MTJ, where TMR = (RAP - RP)/RP, RAP and RP being the resistance in the antiparallel and 

parallel configurations, respectively. 
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Figure 4-9:  A representative RT magnetoresistance curve of a GdOx-pMTJ showing a TMR of 15%. 

4.4.1 Tunneling Electron Microscopy of GdOX-pMTJs 

The microstructure of the GdOx-pMTJs was investigated by transmission electron 

microscopy (TEM) as shown in Fig. 4-10. Smooth interfaces between the FM electrodes 

and the tunnel barrier can be seen, similar to MTJs with AlOx
1,2 and MgO3,4 barriers, in 

agreement with the AFM study in section 4.2.2. The oxide layer shows no crystalline 

texture, indicating that the barrier is amorphous, as with most MTJs with AlOx barriers1,2. 

X-ray diffraction on thick gadolinium oxide layers shows that it forms the cubic Gd2O3 

phase64 (see section 4.2.1). It is difficult to determine, however, the exact oxidation state 

of the Gd in the amorphous barrier. Thus, the tunnel barrier in this study is referred to as 

GdOx. 
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Figure 4-10:  High resolution cross sectional TEM image of an MTJ. Both the GdOx barrier and CoFeB 
electrodes are amorphous in the present samples. Scale bar is 3 nm in length. 

In addition to the bright field TEM images, high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) images were also taken 

showing high uniformity of the multilayer structure over a large-scale region. Figure 4-11 

shows an example HAADF-STEM image. The Ru buffer and capping layer exhibit clear 

layer-by-layer crystalline structures. The bottom Ta layer shows a mixed crystalline and 

amorphous structure. No clear crystalline grains can be observed in the top Ta layer. 

Under the present annealing conditions, the CoFeB layers are not likely to be crystallized, 

based on a previous study of MgO-pMTJs77. The contrast in the HAADF-STEM images 

is related to atomic number. The amorphous nature of CoFeB and Ta and the 

intermediate atomic numbers of CoFeB compared to Ta and GdOx make it hard to clearly 

distinguish the interface boundaries in the HAADF images. Nevertheless, it can be seen 

that no crystalline structure exists in the GdOx barrier, agreeing with the high-resolution 

conventional transmission electron microscopy image shown in Fig. 4-10.  
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Figure 4-11:  HAADF-STEM images of the GdOx/CoFeB pMTJ film. (top) High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) image of a CoFeB/GdOx/CoFeB pMTJ. (bottom) Core 

structure of the pMTJ with larger magnification. The scale bar is 5 nm in length. 

4.4.2 Current vs. Voltage Characteristics of GdOX-pMTJs 

In order to characterize the quality of the barrier, current vs. voltage (IV) curves 

were measured and fit to the BDR model78. Figure 4-12 shows representative IV curves 

of a GdOX-pMTJ in both the FM (black) and AFM (green) states as well as BDR fits for 

both FM (red) and AFM (blue) states. If the Gd barrier is not fully oxidized, the IV 

characteristics of the GdOx-pMTJs at high bias voltage are expected to be substantially 

different from those of normal tunnel junctions. In such a case, a very low barrier height 

is expected due to defect-assisted tunneling. IV curves of the GdOx-pMTJs, however, 

behave similarly to what is observed in MTJs with amorphous AlOx. Fittings by the BDR 

model78 yield dFM =1.869 ± 0.005 nm, ϕ FM = 1.157 ± 0.007 eV, ∆ϕ FM = 0.016 ± 0.04 

eV, dAFM =1.879 ± 0.005 nm, ϕ AFM = 1.127 ± 0.006 eV, ∆ϕ AFM = -0.019 ± 0.04 eV in 

the FM and AFM states respectively. The barrier height of about 1eV as shown for both 

states is comparable with that observed in normal AlOx-MTJs79. The relatively large 
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resistance of the FM state as shown in Fig. 5-3 (c) is reflected by the larger barrier height 

for the FM state.  
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Figure 4-12:  Representative IV curves of GdOx–pMTJs in both the FM (black) and AFM (green) states as 
well as BDR fits for both states FM (red) and AFM (blue). If the observed Gd magnetic moment was in part due to 

unoxidized free Gd metal left in the tunnel barriers, the IV characteristics of the GdOx-pMTJs at high bias voltage is 
expected to be substantially different from that of normal tunnel junctions. In such a case, a very low barrier height is 

expected due to defect-assisted tunneling. IV curves of the GdOx-pMTJs, however, behave similarly to what is observed 
in MTJs with amorphous AlOx. Fittings by the BDR model2 yield dFM =1.869 ± 0.005 nm, FM = 1.157 ± 0.007 eV, ∆FM = 
0.016 ± 0.04 eV, dAFM =1.879 ± 0.005 nm, AFM = 1.127 ± 0.006 eV, ∆AFM = -0.019 ± 0.04 eV in the FM and AFM states 
respectively. The height of about 1eV as shown for both states is comparable with that observed in normal AlOx-MTJs3. 
The relatively large resistance of the FM state as shown in Fig. 5-3 (c) is reflected by the larger barrier height for the 

FM state. 

4.4.3 Temperature Dependence of Tunneling Magnetoresistance in GdOX-pMTJs 

The quality of the GdOX barrier was further measured by investigating the 

temperature dependence of GdOX-based pMTJs from room temperature (RT) down to 11 

K. Samples were measured on a custom probe station for RT measurements prior to wire 

bonding for temperature dependent measurements in an ARS sample-in-vapor cryostat 

with an external electromagnet. Representative TMR curves from these pMTJs at both 

RT (black) and 11 K (red) are displayed in Fig. 4-13, TMR being defined as (RAP – 
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RP)/RP where RAP and RP are the resistance in the antiparallel and parallel states, 

respectively. Both TMR curves show sharp resistance switchings and flat antiparallel 

plateaus, as expected for pMTJs. Both the TMR and switching fields (HC) increase 

considerably with the decrease in temperature as anticipated by previous results3,75,80,81. 

Additionally, both temperatures show a TMR curve symmetric about zero field as 

expected. Although bulk Gd2O3 shows antiferromagnetic ordering, its Neel temperature is 

below 4 K82, lower than any of our testing conditions.  

 

Figure 4-13:  TMR curves of a representative sample at RT (solid black) and 11 K (open red). 

The increase in TMR at low temperature is illustrative of a tunneling mechanism 

with a spin-dependent contribution and a spin-independent contribution in the style of the 

two current model described by Shang et al.83. Following their model, 

 

G(θ)=GT{1+P1P2 cos (θ)}+GSI (4 − 1) 
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where the first term is the spin-dependent tunneling and the second term, GSI, is the spin-

independent conductance. The temperature dependence of GT, the direct elastic tunneling 

prefactor, is given by 𝐺𝐺𝑇𝑇 = 𝐺𝐺0𝐶𝐶𝑇𝑇 𝑐𝑐𝑠𝑠𝑛𝑛(𝐶𝐶𝑇𝑇)⁄ , with G0 a constant and C = 1.378 x 10-4 d/√

φ, d being the barrier width in Å and φ the barrier height in eV. Rewriting equation (4 - 

1) for symmetric FM electrodes, the standard TMR formula of Julliere84 (see section 

2.2.1) can be rewritten as 𝑇𝑇𝑇𝑇𝑇𝑇 = 2𝑃𝑃2 (1 + 𝑃𝑃2 + 𝐺𝐺𝑆𝑆𝐼𝐼 𝐺𝐺𝑇𝑇),⁄⁄  where P is the polarization 

of the CoFeB electrodes. The polarization is assumed to vary with temperature in the 

same way as the magnetization such that 𝑃𝑃 = 𝑃𝑃0(1 − 𝛼𝛼𝑇𝑇3 2⁄ ). 

Figure 4-14 shows that the conductivity of both the parallel (red) and antiparallel 

(black) states decreases with temperature. Looking at the conductance difference, ΔG = 

GP – GAP, with GP (GAP) being the conductance in the parallel (antiparallel) state, we can 

investigate only the spin-dependent conductance, since plugging θ = 0 and π into 

equation (4 - 1) and subtracting gives 

∆𝐺𝐺 = 2𝐺𝐺𝑇𝑇𝑃𝑃2 = 2𝐺𝐺0𝑃𝑃02�1 − 𝛼𝛼𝑇𝑇3 2⁄ �
2
𝐶𝐶𝑇𝑇 𝑐𝑐𝑠𝑠𝑛𝑛(𝐶𝐶𝑇𝑇)� (4 − 2) 

Fitting ΔG data to equation (4 – 2) gives P0 and α equal to 0.521 and 6.30 x 10-5 

K-3/2, respectively. This value of α is in the expected range based on previous MTJs with 

MgO85 and AlOX barriers86. 
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Figure 4-14:  (a) Conductance of the parallel (open red) and antiparallel (solid black) states. Inset. GSI 
normalized to GP, data (points) and fit (solid line). (b) The temperature dependence of the TMR, data (points) and fit 

(solid line). 

The inset of Fig. 4-14 (a) shows the temperature dependence of GSI. Assuming 

GSI is from conduction through localized defect hopping, which is mediated by coupling 

to phonons and so is strongly temperature dependent, we can model its temperature 

dependence. Under this assumption, GSI takes the form87,88 GSI = ∑ σNT(N−[2 (N+1)]⁄ )
N , 

where N is the number of defect states involved in the hopping. The solid line in the inset 

of Fig. 4-14 (a) shows that GSI is well fit by σ1 + σ2T1.33 + σ3T2.5 with σ1 = 6.2-8 Ω-1, 

σ2 = 1.1e-9 Ω-1 K-1.33, and σ3 = 4.5e-12 Ω-1 K-2.5. From this, it can be seen that the defect 

hopping at RT is strongly dominated by hopping through three impurity states. The 
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quality of the barrier can be estimated by examining the proportion of the total 

conductance contributed by GSI at RT. The GdOX-pMTJs investigated here have a GSI 

contribution of about 14% of the total conductance at RT. In MTJs where a large number 

of defect states were present in the barrier, much larger GSI was reported89. Here the GSI 

contribution in GdOX is similar to the range obtained with AlOx83,86 and MgO85, 12-20%, 

indicating GdOX can serve as a high-quality tunneling barrier with low defect states. 

Therefore, a much higher TMR could possibly be achieved with a crystalline Gd2O3 

barrier, as demonstrated in the case of MgO90 and Al2O3
69. Now that we have the 

temperature dependence of GT and GSI, we are ready to compare this experiment’s TMR 

data to that of the model. Figure 4-14 (b) shows that this data is well described by 

Equation 4 – 2 and that the model is sufficient to describe the tunneling in the GdOX 

MTJs. 

4.4.4 Voltage Controlled Magnetic Anisotropy in GdOX-pMTJs 

One of the initial reasons for using GdOX as a tunneling barrier was to look for a 

larger VCMA effect due to its larger dielectric constant (22) compared with MgO (9). 

Due to the interfacial nature of the PMA, the coercivity (HC) of the CoFeB layers can be 

directly manipulated by voltage. The VCMA effect is a volatile effect whereby the TMR 

curve can be temporarily modified during the application of high bias voltage.  As shown 

in Fig. 4-15, the application of high positive bias increases the coercivity of the hard-

magnetic layer and decreases the coercivity of the soft magnetic layer, thus broadening 

the antiparallel plateau.  Conversely, a high negative bias decreases the coercivity of the 

hard layer and increases the coercivity of the soft layer, narrowing the antiparallel 

plateau.  In addition, high bias of either polarity decreases dramatically the resistance and 
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TMR of the junction. As shown in Fig. 4-15, a positive voltage of 0.7 V reduces the HC of 

the top CoFeB layer and enhances the HC of the bottom CoFeB layer, as compared to the 

TMR curve measured at 10 mV. (The top CoFeB has smaller switching fields, as 

demonstrated in section 4.2.3.) This is the VCMA effect as previously observed in 

CoFeB/MgO-pMTJs44,91, which is attributed to the electric field induced redistribution of 

the electron densities among different d orbitals in the FMs. (See section 2.5.4.) These 

results establish CoFeB/GdOx as the only MTJ system other than CoFeB/MgO that 

exhibits RT TMR, PMA, and VCMA effects. 
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Figure 4-15:  TMR loops of a GdOx-MTJ showing the VCMA effect. (Black) Low bias state. (Red) Large 
positive bias enlarges the antiparallel plateau. (Blue) Large negative bias shrinks the antiparallel plateau. The GdOx 

thickness of this sample is 2.6 nm. 

4.5 Conclusions 

The predictions of large TMR and an enhanced VCMA effect have yet to be 

realized with a GdOX tunneling barrier.  This may be due to the amorphous barrier nature 

in the current samples. These CoFeB/GdOX/CoFeB pMTJs do, however, show a sizeable, 

15%, RT TMR, PMA, and a high quality tunneling barrier, as demonstrated by a 14% 

spin-independent contribution to the conduction at RT.  They are also only the second 
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pMTJ structure to exhibit the VCMA effect. Finally, as will be discussed in chapter 5, 

there exists a never before seen voltage controllable interlayer coupling between the 

CoFeB FM layers in these GdOX based pMTJs. 
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Chapter 5: Voltage Controlled Interlayer 

Coupling 

In this chapter I discuss the unique voltage control of interlayer coupling (VCIC) 

as exhibited in CoFeB/GdOX/CoFeB pMTJs. First, a proposal and schematic for using 

VCIC as a method for switching an MTJ is described. Next is presented the first 

experimental demonstration of the VCIC effect, including an in-situ X-ray and transport 

study to help explain the physical rationale for this effect in these GdOX-pMTJs. Finally, 

I explore the basis for interlayer coupling in these devices, which do not seem to fit 

previous models of interlayer coupling, and I propose a new model based on the unique 

combination of strong interfacial PMA, efficient manipulation of oxygen vacancies, and a 

large induced net magnetic moment in the GdOx barrier. The material in this chapter is 

largely based on references [65, 66] and accompanying information. 

5.1 Proposal to use Voltage Controllable Interlayer Coupling for Switching a 

Magnetic Tunneling Junction 

Interlayer exchange coupling, the preferred orientation (parallel or antiparallel) of 

two FM layers in proximity to each other under zero applied field, is one of the most 

central phenomena in spintronics. The observation of antiferromagnetically (AFM) 

coupled FM layers through nonmagnetic (NM) spacers50 and the subsequent discovery of 

giant magnetoresistance (GMR)51 led to the birth of spintronics. It has been proposed that 

by controlling the reflection coefficients of spin-up and spin-down electrons at the 

interfaces52,53 or by modifying the induced charge and magnetization in FM/NM/FM 

multilayers54,55, the interlayer coupling and thus the magnetoresistance can be changed 
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with an applied voltage. To date, however, these predictions have not been 

experimentally realized. Figure 5-1 shows a schematic of the VCIC switching mechanism 

for an MTJ. By applying a +/- voltage, the interlayer coupling (IC) is switched to an 

FM/AFM coupling state, as observed by the movement of the center of the minor TMR 

loop toward a positive/negative field. If the IC is moved far enough such that the loop 

shifts entirely to one side or the other of the field axis, the MTJ can be reversibly 

switched between the low resistance, parallel, state and the high resistance, antiparallel, 

state. 

 

 

Figure 5-1:  Schematic switching of an MTJ by voltage controlled interlayer coupling.  (a,b) The core 
structure of an MTJ consists of a fixed FM layer and a free FM layer separated by a tunnel barrier. The MTJ can be 

set to a low (high) resistance state with FM (AFM) coupling by applying a positive (negative) voltage pulse under zero 
magnetic field. (c,d) The FM (AFM) coupled state can be revealed by the positive (negative) shift of the minor TMR 

loop, measured with the bottom FM kept pointing down while changing the spin orientation of the top FM by sweeping 
an external magnetic field. The two resistance values at zero magnetic field are marked by red dots, which correspond 

to the two states in the upper panels. 

5.2 Experimental Demonstration of Voltage Controlled Interlayer Coupling 

Here, I report the first experimental demonstration of voltage controlled interlayer 

coupling (VCIC) in an MTJ structure. This unprecedented control of interlayer coupling 

is realized in a new pMTJ system with a unique rare earth oxide, GdOx, tunnel barrier. As 
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shown in Chapter 4, a sizable RT tunneling magnetoresistance (TMR) as well as a large 

perpendicular magnetic anisotropy (PMA) were simultaneously obtained in these MTJs. 

Due to the interfacial nature of the PMA, I show that the magnetic properties of these 

MTJs can be manipulated with voltage, similarly to CoFeB/MgO/CoFeB junctions44. 

More importantly, thanks to the ability to move oxygen vacancies within the GdOx tunnel 

barrier and a surprisingly large induced magnetic moment of the Gd ions, the interlayer 

coupling in this system can be reversibly and deterministically switched between AFM 

and FM states by applying voltage.  

5.2.1 Basics of Voltage Controlled Interlayer Coupling in Magnetic Tunneling 

Junctions 

Owing to the large ionic mobility of the oxygen vacancies in GdOx, it has been 

shown that both the magnetic anisotropy field (HA) and saturation magnetization (MS) in 

Pt/Co/GdOx multilayers can be manipulated by controlling the oxidation state of the Co 

through external electric fields in a nonvolatile fashion64,72,73. As a result, the Co can be 

reversibly changed from an optimally-oxidized state with a strong perpendicular 

magnetic anisotropy to a metallic state with an in-plane magnetic anisotropy or to a fully-

oxidized state with nearly zero magnetization, depending on the polarity of the applied 

voltage. While the change of MS and HA can be probed by anomalous Hall effect64 or 

Kerr rotation72 measurements, it is generally understood to be much more challenging to 

realize such magneto-ionic control of magnetism in an MTJ structure because TMR has 

more stringent requirements on the interface qualities and tunneling spin polarization. 

This experiment demonstrates such an effect in pMTJs. 
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As discussed in Chapter 4, the MTJs in this study have a structure of Si/SiO2/Ta(8 

nm)/Ru(10 nm)/Ta(7 nm)/Co20Fe60B20(0.7-0.9 nm)/GdOx(1-3.5 nm)/Co20Fe60B20(1.5-1.6 

nm)/Ta(7 nm)/Ru(20 nm). These MTJs show very sharp resistance switching and a flat 

antiparallel state, characteristic of MTJs with perpendicular easy axes. A sizable RT 

TMR of 15% has been observed in this MTJ structure, where TMR = (RAP - RP)/RP, RAP 

and RP are the resistance in the antiparallel and parallel configurations, respectively. 

The apparent coercivities of the top and bottom CoFeB layers, measured from the 

switching fields in full TMR loops, are defined as HC-TOP and HC-BOT. These coercivities 

are dependent on the interlayer coupling, as opposed to the intrinsic coercivities HC’-TOP 

and HC’-BOT, which are not influenced by the interlayer coupling. The initial full TMR 

curve (black) of a GdOx-pMTJ is shown in Fig. 5-2 (a). After application of a +0.5 V 

setting voltage (VSET) for   300 s at an elevated temperature of 150° C, the junction was 

then returned to RT and the TMR was remeasured. As a result of the magneto-ionic 

effect, both HC-TOP and HC-BOT are reduced, and the MTJ shows a narrower antiparallel 

plateau. Subsequently, the HC-TOP and HC-BOT can be restored to almost their original 

values by applying VSET = -0.5 V for 25 s at 150° C. Note that the TMR curves were all 

measured at RT under a voltage of less than 10mV after the removal of VSET. Therefore, 

this effect is distinctly different from the VCMA effect discussed in section 4.4.4, where 

the change of HC is only observed during the application of large voltages. 
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Figure 5-2:  Voltage controlled interlayer coupling in a GdOx-pMTJ. (a) The initial full TMR curve (black) 
and after the application of VSET = 0.5 V for 300 s at 150° C (red) and subsequently VSET = - 0.5 V for 25 s (blue) at 
150° C. The core structure of the pMTJ is CoFeB(0.85 nm)/GdOx(3.1 nm)/CoFeB(1.6 nm).  All TMR curves were 
measured at RT under a low bias of 5-10 mV. The apparent coercivities of the top and bottom CoFeB layers are 

labeled as HC-TOP and HC-BOT.  (b) Corresponding minor TMR curves for the three states showing HIC can be changed 
from -42 Oe in the initial state to +37 Oe by +VSET and subsequently changed to -51 Oe by -VSET. The dashed arrows 

indicate the position of HIC in the three states. The intrinsic coercivity of the top CoFeB is labeled as HC′-TOP. The minor 
loops were measured by switching only the magnetization of the top CoFeB layer while keeping the magnetization of 

the bottom CoFeB pointing down. 

Next, the minor TMR loops for the three states are shown in Fig. 5-2 (b). The 

interlayer coupling fields (HIC) are revealed by the center position of the loops (marked 

by arrows in Fig. 5-2 (b)). The initial state of the interlayer coupling is negative (AFM), 

with HIC = -42 Oe. After the application of +VSET, two striking features emerge. First, HC-
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TOP is dramatically reduced (from 150 Oe to 45 Oe), much more pronounced than the 

reduction of HC-TOP (from 100 Oe to 80 Oe). Second and most surprisingly, the sign of 

the interlayer coupling is changed; namely, the coupling is now positive (FM) with HIC = 

+37 Oe. Remarkably, with the application of -VSET, the center of the minor loop can be 

shifted back to the left, with an even more negative HIC of -51 Oe. Results in Fig. 5-2 (b) 

represent the first demonstration of VCIC in an MTJ system, where both the magnitude 

and sign of the interlayer coupling can be changed by applied voltage.  The fact that HC-

TOP is much larger (smaller) than HC’-TOP in the FM (AFM) coupling configuration is in 

full agreement with VCIC, since HC = HC’+ HIC. HC is larger (smaller) than HC’ when the 

sign of HIC is set by voltage to be positive (negative). Therefore, the change of HC-TOP in 

Fig. 5-2 (a) is much smaller compared to the change of HC’-TOP as seen in Fig. 5-2 (b). 

One may also note the resemblance between the VCIC effect shown in Figs. 5-1 

and      5-2(b) with the voltage controlled exchange bias (VCEB) effect observed in 

Cr2O3/(Pd/Co)X structures57. The possibility of these results being due to VCEB has been 

discounted based on the symmetric shape of the full loops both before and after the 

application of VSET, as shown in Fig. 5-2 (a). Exchange bias adds asymmetry to the full 

TMR loop, not just the minor loop, in contrast to what is seen in these samples. VCEB is 

seen in CrOx based pMTJs and is discussed in chapter 6. 

5.2.2 Reproducibility and Nonvolatility of Voltage Controlled Interlayer Coupling 

This control of interlayer coupling is fully reversible and deterministic as further 

demonstrated in Fig. 5-3 (a); namely, FM coupling can always be achieved by applying 

+VSET and AFM coupling by applying -VSET. The corresponding intrinsic switching fields 

HC’-TOP and HC’-BOT are presented in Fig. 5-3 (b). The main structure of this sample is 
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CoFeB(0.8 nm)/GdOx(3 nm)/CoFeB(1.5 nm).  Clearly, the value of HC’-TOP is always 

decreased (increased) by applying a positive (negative) voltage. This is consistent with 

the picture of voltage-driven oxidation where the top CoFeB is increasingly oxidized 

(reduced) by oxygen ion migration due to the positive (negative) electric field applied 

across the GdOx barrier. Ideally, HC’-BOT should behave opposite to HC’-TOP, which indeed 

was the case after the fourth switching, although the change is smaller than that of HC’-

TOP. The non-ideal behavior of HC’-BOT in the beginning and its smaller change in 

magnitude are likely related to the weaker effect that voltage has on the bottom CoFeB 

layer, due to its much stronger PMA (see Fig. 4-5) as a result of our fabrication methods. 

It can now be understood that the AFM coupling state corresponds to a large antiparallel 

plateau (larger difference between HC-TOP and HC-BOT) and that the FM coupling state 

corresponds to a smaller antiparallel plateau (smaller difference between HC-TOP and HC-

BOT) in the TMR curves, as shown in Fig. 5-2 (a), further validating the control of 

interlayer coupling by voltage. Lastly, both RP and RAP can be systematically controlled 

by the applied voltages, while the TMR stayed nearly flat despite the change in sign of 

the interlayer coupling. Although in this proof-of-concept study, VSET was applied at 150-

180°C for at least a few tens of seconds, it should be possible for the same effect to be 

seen much more quickly and at RT under optimized conditions.  For example, it has been 

demonstrated that resistance changes due to voltage-driven O2- motion can be very fast 

(ns) in memristors92. 
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Figure 5-3:  Reversible and deterministic control of interlayer coupling by voltage. (a) Continuous switching 
of HIC by VSET. (b) Corresponding intrinsic switching fields of the top and bottom CoFeB electrodes. (c) Corresponding 

change in TMR, RAP, and RP during the switching process. 

Realization of this nonvolatile control of IC immediately opens up new 

applications such as microwave devices and magnetic field sensors with variable 

sensitivity and range. The change in HIC state between AFM and FM is nonvolatile, 

unlike the VCMA effect as seen previously (sections 2.5.4 and 4.4.4). While elevated 

temperature and high bias voltage are used to set the state, it is then measured at RT and 

low bias.  To test the retention of this effect, this experiment measured the HIC as a 

function of time after the most recent state change.  The HIC is maintained for at least 3 

weeks (for as long as the test was run). This data is shown in Fig. 5-4. 
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Figure 5-4:  Retention of VCIC. HIC as a function of time since last state change. Black is after Vset > 0, 
setting the system in a FM state after the initial AFM state (Blue), Red after Vset < 0, resetting the system to the initial 
AFM state. The change in HIC state between AFM and FM is nonvolatile. We used elevated temperature and high bias 
voltage to change the state, but the state was then measured at RT and low bias.  To test the retention of this effect, we 
measured the HIC as a function of time after the most recent state change.  The HIC is maintained for at least 3 weeks 
(for as long as the test was run). Error bars are the standard deviation of 3 repeated curves at each data point. This 

retention test was carried out on a sample with 2.5 nm GdOx. 

5.2.3 Control experiments 

To verify that this remarkable observation of VCIC is related to the unique 

voltage controllable properties of the GdOx barrier, several control experiments were run. 

For comparison, we performed voltage experiments on MgO-pMTJs under the same 

conditions. As expected, no change in HIC was observed with MgO-pMTJs, as shown in 

Fig. 5-5.  The MgO thickness for this sample is 2 nm with a corresponding electric field 

of EMgO = 0.3 V/nm, which is larger than EGdOx = 0.17 V/nm applied to the GdOX-

pMTJs. 
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Figure 5-5:  VCIC control experiment with an MgO-pMTJ. Minor TMR curves of an MgO-pMTJ measured 
at RT in the fresh state (black) and after +Vset (red) and -Vset (blue). 

To further verify that the change in interlayer coupling in GdOx-pMTJs is due to 

the applied voltage, instead of any annealing effects at 150-200° C, we tested the HIC of a 

GdOx-pMTJ after annealing with no voltage applied. Figure 5-6 shows that even with 

heating for far longer than that used in the VCIC experiments, there is no change in HIC, 

demonstrating that the change of HIC is indeed due to the voltage applied to the pMTJs. 
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Figure 5-6:  Annealing only experiment. Minor TMR curves of a GdOx-pMTJ measured at RT in the fresh 
state (black) and after 1200 s (red) and 2400 s (blue) at 200° C with no applied voltage. 
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5.3 X-Ray Magnetic Circular Dichroism and X-Ray Absorption Spectroscopy 

Study of GdOX Perpendicular Magnetic Tunneling Junctions 

To shed more light on the observed VCIC, we designed an in-situ experiment 

where TMR, X-ray absorption spectroscopy (XAS), and X-ray magnetic circular 

dichroism (XMCD) were measured simultaneously at beam line 4-ID-C of the Advanced 

Photon Source.  

For these studies, we designed a special pattern for the pMTJs so that both TMR 

and XMCD signals could be obtained simultaneously while sweeping the magnetic field. 

A large junction size of D = 200 µm and a thicker GdOx barrier thickness (>3 nm) were 

used for this purpose. The RT XAS and XMCD data on an as-prepared junction are 

shown in Fig 5-7. Data were collected at the Fe and Co L2,3 edges and the Gd M4,5 edges, 

with an incident beam angle of 70° with respect to the film plane and with an applied 

magnetic field of 3.5 kOe normal to the film plane. The high incident angle was 

purposely used to improve sensitivity to the buried magnetic layers of interest93. The 

XMCD (XAS) spectra are given by the difference (average) of the x-ray absorption 

spectra of the right and left circularly polarized x-rays as detected by fluorescence yield. 

The data were normalized by the x-ray intensity and then by the edge jump before and 

after the L3 edge of the average absorption spectra. On the high energy side of the Fe L3 

main peak, a clear shoulder has been found, indicating the existence of a high oxidation 

state of Fe, either Fe3O4 or α-Fe2O3
94,95. The spin and orbital components of the Co, Fe, 

and Gd magnetization were estimated using the XMCD sum-rules96. The explicit forms at 

L2, 3 edges of the 3d transition metals in units of μB/ion are: 
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𝑚𝑚orb =  −
4
3

 𝑛𝑛ℎ
∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸L3+L2

∫ (𝜇𝜇+ + 𝜇𝜇−)𝑑𝑑𝐸𝐸𝐿𝐿3+𝐿𝐿2

(5 − 1) 

and              

𝑚𝑚spin =  −𝑛𝑛ℎ �1 +
7 < 𝑇𝑇𝑧𝑧 >
2 < 𝑆𝑆𝑧𝑧 >

�
−1 ∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸𝐿𝐿3 − 2∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸𝐿𝐿2

∫ (𝜇𝜇+ + 𝜇𝜇−)𝑑𝑑𝐸𝐸L3+L2

(5 − 2) 

The explicit forms at M4, 5 edges for 4f rare earth metals are: 

𝑚𝑚orb =  −3𝑛𝑛ℎ
∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸M5+M4

∫ (𝜇𝜇+ + 𝜇𝜇− + 𝜇𝜇0)𝑑𝑑𝐸𝐸M5+M4

(5 − 3) 

and 

𝑚𝑚spin =  −
3
2
𝑛𝑛ℎ �1 + 3

< 𝑇𝑇𝑧𝑧 >
< 𝑆𝑆𝑧𝑧 >

�
−1 2∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸M5 − 3∫ (𝜇𝜇+ − 𝜇𝜇−)𝑑𝑑𝐸𝐸M4

∫ (𝜇𝜇+ + 𝜇𝜇− + 𝜇𝜇0)𝑑𝑑𝐸𝐸M5+M4

(5 − 4) 

where μ+ (μ-) is the absorption intensity with left (right) circularly polarized x-rays; μ0 

was approximated by the average value of μ+ and μ- during the calculation; nh is the 

number of holes in the 3d (4f) shells; and <Tz> and <Sz> are the expectation values of the 

spin operator and the magnetic dipole operator, respectively. The factor <𝑇𝑇𝑧𝑧>
<𝑆𝑆𝑧𝑧>

 was 

assumed to be small and ignored. The photon incident angle (70°) and the circular 

polarization of 96% have been accounted for in the calculations. During the calculations, 

the hole numbers 𝑛𝑛ℎ3𝑑𝑑 = 2.5 for Co, 𝑛𝑛ℎ3𝑑𝑑 = 4.2 for Fe (in FeOx), and 𝑛𝑛ℎ
4𝑓𝑓 = 7 for Gd were 

used. Clearly, the magnetic moments from Gd ions are antiparallel to that of Fe and Co, 

as shown in Fig. 57. At RT, the spin (orbital) moment was calculated to be 0.51 (0.07) μB 

per Fe atom, 1.26 (0.09) μB per Co atom, and -0.46 (-0.20) μB per Gd atom, respectively. 
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The accuracy of the sum rule becomes worse as the number of electrons decreases in the 

3d orbital97. It could significantly underestimate the Fe spin moment by ~30%; on the 

other hand, the accuracy of the spin moments of Co and Gd are about 10%. Due to the 

much larger Fe concentration in the Co20Fe60B20 electrodes, the magnetic field 

dependence of XMCD signal was only performed for Fe.  

The pMTJ studied has a 3.3 nm GdOx barrier, with a parallel resistance of 8.7 kΩ 

and a TMR of 11%, as plotted in Fig. 5-9 (a). Clear XAS and XMCD spectra for the Fe 

and Co L2,3 edges have been observed at photon energies of 700-730 eV and 770-810 eV, 

respectively. Surprisingly, a clear XMCD signal was observed at the Gd M5 edge (1180-

1190 eV) under zero magnetic field with an average magnetic moment of 0.6 µB per Gd, 

indicating the existence of ferromagnetic order in the GdOx. Since Gd2O3 is an weak 

antiferromagnet with a Neel temperature of less than 5 K98, no ferromagnetism is 

expected in GdOx at RT. Indeed, this net XMCD signal becomes vanishingly small in 

standalone GdOx barriers without CoFeB layers, as shown in Fig. 5-8.  

Figure 5-7:  Fluorescence yield XAS and XMCD spectra. Fluorescence yield XAS and XMCD spectra for Fe, 
Co, and Gd in the pMTJ before voltage was applied. (a) Fe L edges. (b) Co L edges. (c) Gd M edges. 
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Figure 5-8:  Reflectivity yield XAS and XMCD spectra. Dichroic reflectivity as a function of photon energy at 
the Gd M5 edge (a) on a CoFeB/GdOx bilayer sample and (b) on a GdOx single layer sample.   

In order to further confirm that the large Gd magnetization is due to the proximity 

effect, we measured the dichroic reflectivity of two unpatterned reference samples: a 

CoFeB/GdOx bilayer and a GdOx single layer. The resonant magentic scattering data has 

a much better signal to noise ratio, making it very sensitive to the weak magnetic signals 

from buried interfaces99,100. Experiments were conducted with an incident angle of 10 

deg. with ±5 kOe in-plane fields. The data shown in Fig. 5-8 were normalized by the 

direct beam intensity. There is a strong magnetic scattering near the Gd M5 edge in the 

CoFeB/GdOx bilayer, but not in the single GdOx layer sample, indicating that the strong 

Gd magnetic signal is indeed due to the proxmity effect. In addition, the resistance of the 

GdOx-pMTJs exponentially increases with barrier thickness similar to what is seen in 

high quality MgO-pMTJs with TMR larger than 160%76, and IV curve fittings (section 4-

4-2) of the MTJs give rise to an average barrier height of about 1 eV in both the FM and 

AFM states, similar to AlOx based junctions. These facts further rule out the existence of 

any free Gd in the tunnel barrier, although determining the exact oxidation state of the Gd 

ions in the barrier stays challenging due to its amorphous nature. 

More strikingly, the magnetic field dependence of the GdOx XMCD signal 

showed two distinct transitions at fields corresponding to the HC-TOP and HC-BOT of the 
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TMR curve, as shown in Fig. 5-9 (a). This unexpected observation of ferromagnetic 

GdOX suggests that the magnetic signal is induced by the CoFeB layers through the 

proximity effect as observed in Pt/Fe101. The appearance of two distinct jumps in the 

XMCD hysteresis loop arising from the single GdOx barrier layer supports this notion, 

reflecting the short-range nature of proximity coupling. Furthermore, the direction of the 

induced FM moment of GdOx is antiparallel to that of Fe and Co. This antiferromagnetic 

locking of moments between Fe and Gd ions explains why the induced moments of GdOx 

switch at the exact same magnetic fields as CoFeB (shown in Fig.     5- 9 (a)). This large 

induced magnetization of the GdOx barrier is probably related to the giant spin moment 

of Gd3+ (S = 7/2), which has exhibited exotic behaviors such as generating a Zeeman 

splitting field of 4 T even when only 1.5 T was applied to Gd2O3/Al/Al2O3/Fe 

junctions102.  
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Figure 5-9:  Simultaneous measurement of TMR and XMCD in a GdOx-pMTJ. (a) The magnetic field 
dependence of junction resistance and the XMCD signal measured at the Gd M5-edge (1184.7 eV). (b) Minor TMR 
loops of the pMTJ set in the AFM and FM coupling states. (c) XMCD hysteresis loops measured at the Fe L3-edge 

(707.2 eV) for the AFM and FM states in b. (d) XMCD hysteresis loops measured at the Gd M5-edge (1184.7 eV) for 
the AFM and FM states in b. 

 

Now we can take a closer look at the VCIC effect. The pMTJ was set to AFM and 

FM coupled states as shown in the minor TMR loops in Fig. 5-9 (b). XMCD full 

hysteresis loops for Fe and Gd ions are displayed in Fig. 5-9 (c) and Fig. 5-9 (d). First, 

the Gd loops in the AFM and FM states generally resemble the shape of the Fe loops but 

with opposite sign, as anticipated from the antiferromagnetic coupling between the Gd 

ions and the CoFeB. Second, the hysteresis loops for both Fe and Gd in the AFM state 

exhibit a wider plateau between the two transitions, which corresponds to the high 

resistance state of the pMTJ, agreeing with what is presented in Fig. 5-2. Third and most 

significantly, these measurements directly confirm our hypothesis of voltage driven 
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oxidation/reduction in the GdOx-pMTJs and the proximity-induced moment of the Gd 

ions by CoFeB. The transition at 150 Oe in the hysteresis loops of Fig. 5-9 (c) 

corresponds to the top CoFeB layer. The relative magnitude of this transition is smaller 

(larger) after the pMTJ is set to the FM (AFM) state by applying a positive (negative) 

voltage, exactly as anticipated, since a positive (negative) VSET drives O2- toward (away 

from) the top CoFeB layer. Moreover, the magnitudes of the two transitions of the Gd 

ions in Fig. 5-9 (d) are proportional to those of the Fe in Fig. 5-9 (c), showing a one-to-

one correspondence between the moment of GdOx and the moment of Fe, which further 

demonstrates that the observed XMCD signal from the Gd ions is induced by the 

proximity effect from Fe. 

5.4 Models to Explain Voltage Controlled Interlayer Coupling 

In this final section of the chapter, I will explore various theoretical models for 

interlayer coupling and compare them to the results shown in GdOX-pMTJs where the 

VCIC effect is seen. The results from these voltage controllable pMTJs do not fit the 

previous models, and so a phenomenological model created by Dr. Kundu and Dr. Zhang 

is presented at the end of the chapter to explain the VCIC effect based on the observed 

ability to move oxygen vacancies within the barrier and a large proximity-induced 

magnetization in the GdOx tunneling barrier. 

5.4.1 Previous Models Explaining Interlayer Coupling 

The early studies on interlayer coupling were focused on metallic spinvalves50,51 

with interest later shifting to MTJs103–107, due to the larger ratio of TMR compared to that 

of GMR. The coupling was described by the quantum interferences of wave functions 

due to spin-dependent reflections at the FM/NM interfaces108 or by the torques exerted by 
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spin-polarized conduction electrons17. AFM coupling in MTJs in most cases is related to 

oxygen vacancies104,109 and is also fundamentally more interesting because FM coupling 

could simply result from pinholes in the tunnel barrier or orange peel effects.  For 

example, in high quality epitaxial Fe/MgO/Fe MTJs, the observed negative HIC was 

explained by interlayer coupling mediated through oxygen vacancies in the MgO 

barrier104. It was further demonstrated in a DFT calculation that not only the magnitude 

but also the sign of the interlayer coupling could be changed by controlling the 

distribution of oxygen vacancies in the MgO barrier109. However, these studies were 

carried out on MTJ systems with in-plane magnetic anisotropy, which cannot be directly 

applied to our pMTJs, where both the HA and MS of the FMs can be directly modified 

through VCMA or magneto-ionic effects. The pioneering study on AFM coupling in 

pMTJs was carried out on a Co/MgO/Co system105, where an oscillatory HIC was 

observed with varying Co thickness and explained by Fabry-Perot interferences within 

Bruno’s theory106. A model based on roughness induced orange peel coupling was 

successfully employed to explain the interlayer coupling in (Co/Pt)-Ru-(Co/Pt) 

spinvalves with PMA110. According to this model, the AFM coupling is enhanced when 

the PMA of the FMs is increased. In our GdOx-pMTJs, however, a decrease in AFM 

coupling was observed when the PMA of the CoFeB layers was increased (see Fig. 5-10).  
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Figure 5-10:  Dependence of HIC with PMA. (a) Full TMR loops of a pMTJ after annealing at 260° C for 60 
s, then subsequently at 300° C for 180 s. (b) Corresponding minor loops showing decrease in HIC despite increasing 

PMA contrary to the model proposed by Moritz et al.110. 

 

According to the model proposed by Moritz et al.110,  the interlayer coupling in 

(Co/Pt)-Ru-(Co/Pt) PMA spinvalves can be explained by an extended Neel-type orange 

peel coupling induced by correlated interface roughness. In this model, the AFM 

coupling is stronger in samples with larger PMA, which cannot explain the decrease of 

AFM coupling illustrated in Fig. 5-10. A pMTJ was measured after annealing at 260° C 

for 60 s, then subsequently after annealing at 300° C for 180 s. The PMA of both of the 

magnetic layers was higher after the 300° C annealing, as is evident from larger 

switching fields for both the hard and soft CoFeB layers as shown in Fig. 5-10 (a). This 

increase in PMA, however, corresponds to a decrease in AFM coupling as shown in Fig. 

5-10 (b), with HIC dropping from -40 Oe to -31.5 Oe after 300° C annealing.  This 

suggests that the AFM coupling in the CoFeB/GdOx/ CoFeB system cannot be explained 

by the Moritz model. As pointed out by Nistor111, however, the reduction of the AFM 

coupling after annealing at a higher temperature could be a result of a roughness 

reduction during annealing. The measurement of HIC from a single sample at different 

temperatures provides critical information for understanding the coupling in GdOX-
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pMTJs. In order to verify that the annealing was not to blame and the roughness stayed 

the same, the temperature dependence of the IC in GdOX was tested and is discussed in 

section 5.4.2. 

5.4.2 Temperature Dependence of Interlayer Coupling in GdOX Perpendicular 

Magnetic Tunneling Junctions 

Minor TMR loops were measured at each temperature by switching the soft FM 

layer while the hard layer magnetization remained pointing down. From the minor loop, 

the HIC can be measured from the shift of the loop along the magnetic field axis. If the 

minor loop is centered about a positive (negative) field, the system is said to be 

ferromagnetically (antiferromagnetically) coupled and prefers to be in a parallel 

(antiparallel) state when no magnetic field is applied. At RT, the pMTJ data in Fig. 5-11 

show an Hc of 157 Oe and an HIC of -31 Oe. Notably, when cooled to 11 K, the HIC 

changed sign to be +99 Oe, accompanied by an increase of Hc to 1730 Oe.  

According to Bruno’s theory108, the coupling strength across an insulating barrier 

should increase with temperature following a CT/sin(CT) dependence and never change 

sign. This temperature dependence was seen experimentally in junctions based on 

amorphous Si and SiO2 barriers112 but does not explain the sign change seen between 

Figs. 5-11 (a) and 5-11 (b). 
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Figure 5-11:  Minor TMR loop at RT, HIC = -31 Oe. (b) Minor TMR loop at 11 K, HIC = +99 Oe. Dotted 
lines indicate the center of the loop for defining the HIC, and arrows indicate the sweeping direction of the magnetic 

field. (c) Interlayer coupling energy vs. T showing a non-trivial temperature dependence for three thicknesses of GdOX 
tunneling barrier. Error bars come from averaging repeated loop measurements at each temperature. Inset. Positive 
switching field vs. T from RT down to    11 K showing a smooth increase for the 2.5 nm sample. The lines are a guide 

for the eye. 

In MgO based MTJs with large TMR (in-plane magnetic anisotropy), another 

mechanism has been shown by Katayama et al.104 where the coupling is mediated 
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through oxygen vacancies in the MgO barrier. Following the theory by Zhuravlev et 

al.113, the oxygen vacancies act as impurity states in the barrier that mediate coupling 

through the so-called F center resonance. This coupling is shown to be AFM if the energy 

level of the impurity state lies at the Fermi energy. This model predicts a smooth 

strengthening of the coupling with decreasing temperature, which is opposite to the 

Bruno model. In a subsequent study by Yang et al.109, a sign change of HIC was predicted 

when the distribution of oxygen vacancies within the barrier was modified.  

The interlayer coupling in pMTJs has been investigated less than in-plane MTJs, 

in part due to the larger difficulty involved with growing MTJs with out-of-plane easy 

axes. The first observation of AFM coupling in a pMTJ was made by Nistor et al.114 in 

Co/MgO/Co junctions.  Later, this AFM coupling was partly explained by a model 

developed by Moritz et al.110. In this model, correlated roughness at the FM interfaces 

induces orange-peel type Neel coupling115. Coupling of this type is strongly dependent on 

the magnetic anisotropy energy. For PMA electrodes, a low anisotropy leads to FM 

coupling, while a larger PMA gives rise to AFM coupling. Additionally, in the AFM 

coupling regime, stronger PMA leads to a stronger coupling strength. 

As discussed above, a smaller HIC was observed when the PMA of the MTJ was 

increased by annealing at a higher temperature (see Fig. 5-10), which is an indication that 

the AFM coupling observed in GdOX-pMTJs is not described by the Moritz model. 

According to the Moritz model, with a fixed roughness, the AFM coupling should get 

stronger at 11 K due to the larger PMA81, which is not consistent with Figs. 5-11 (a) and 

5-11 (b).   
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Figure 5-11 (c) shows the detailed temperature dependence of the interlayer 

coupling energy 𝐽𝐽𝑒𝑒 = 1 2⁄ 𝐻𝐻𝐼𝐼𝐶𝐶𝑇𝑇𝑠𝑠𝑑𝑑𝑑𝑑 from RT down to 11 K for three GdOX thicknesses. 

Where the saturation magnetization MS is assumed to follow the temperature dependence 

of spin wave excitations, 𝑇𝑇𝑆𝑆 = 𝑇𝑇0�1 − 𝛼𝛼𝑇𝑇3 2⁄ � and tm is the combined thickness of the 

hard and soft magnetic layers. Although it is difficult to tell if there is a consistent 

dependence of the transition temperature on the GdOX thickness with the current 

resolution of the data points, it is clear that the temperature dependence of JE follows the 

same trend for all GdOX thicknesses. All thicknesses show a non-trivial dependence that 

is not reflected by previous models and does not match any previous experimental data 

from other MTJ systems. Similarly, the JE does not follow the smooth temperature 

dependence of the switching field as shown in the inset of Fig. 5-11 (c), further 

confirming that it is not following the trend of the sample’s PMA. In addition to the large 

magnitude and sign change shown between RT and 11 K in Figs. 5-11 (a) and 5-11 (b), 

there is a complex temperature dependence at intermediate temperatures, including 

multiple switches between AFM and FM coupling states, as shown in Fig. 5-11 (c). 

Another possible explanation for the change in sign of HIC at certain temperatures could 

be a reversal of the hard and soft FM layers as examined by Feng et al.116 This possibility 

was explored; however, the crossover of the switching fields was not seen in our samples. 

In addition, we see no temperatures at which TMR curves do not exhibit sharp switches 

and a well-defined antiparallel state. 

This unprecedented behavior of the interlayer coupling in GdOX-pMTJs may be 

due to the large proximity effect101 induced magnetic moment of the Gd ions in the 

barrier.117 The induced magnetic moment of the Gd is found to be antiferromagnetically 
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coupled to the FM electrodes and exhibits two distinct switchings that correspond to the 

MTJ switching fields (see section 5.3), suggesting that they are magnetically coupled to 

both electrodes separately117. If the coupling in our GdOX-pMTJs is mediated through the 

proximity magnetism of the GdOX barrier, it could have a much more complex 

dependence on temperature than that predicted by earlier models. Previous studies have 

shown that the HIC becomes negligibly small for thick enough barriers, generally 

vanishing for barriers thicker than 1 to 2 nm104,109,111.  The magnetic moment of the Gd 

ions may also explain why the coupling in our system extends to much thicker barriers 

than previously demonstrated (Fig. 5-12). The effective barrier thickness may be 

significantly smaller than the thickness of the GdOX if the proximity effect magnetizes a 

significant portion of each side of the barrier. A polarized neutron study is underway to 

investigate the thickness dependence of this proximity induced magnetism. 

5.4.3 Proposed Model to Explain Voltage Controlled Interlayer Coupling 

Finally, a phenomenological model created by Dr. Kundu and Dr. Zhang is 

presented to qualitatively explain the observed VCIC effect. The large induced moment 

of 0.6 μB per Gd ion, nearly 20 times stronger than the induced moment of Pt in Pt/Fe 

bilayers101, is very interesting. Usually magnetic ions in the barrier will cause spin-flip 

scattering and are therefore detrimental to TMR. To our benefit, the moments of the Gd 

ions come from the deeply buried f orbitals that have little influence on conduction 

electrons. They may, however, play an important role in the magnetic properties, e.g., the 

coupling of the two CoFeB layers in a GdOx-pMTJ. By considering the voltage-driven 

oxidation level changes of Fe, the large induced moment of the Gd ions that is 

proportional to the amount of free Fe, and a voltage dependent distribution of correlated 
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moments in the Gd ions, the VCIC effect can be realized as shown in the model presented 

by Dr. Kundu and Dr. Zhang. The HIC can be changed between ±100 Oe with appropriate 

approximations, which is comparable with what has been observed experimentally. 

Previous theories52–55 of voltage controlled interlayer coupling did not consider 

the direct manipulation of HA and MS or, more significantly, a large induced magnetic 

moment in the barrier. Therefore, these theories cannot be applied to the observed effects 

in the present GdOx pMTJs. Interface-induced magnetization in tunnel barriers has also 

been observed in other MTJ systems, where it affects the spin-dependent transport118. It 

may, however, play an important role in the magnetic properties, e.g., the coupling of the 

two CoFeB layers in the pMTJ. Generally, in the magnetic proximity effect, the depth 

distribution of the induced moments in the NM layers varies from system to system. For 

example, it is estimated that 90% of the induced moments in Pt on Co exist only in the 

first four monolayers from the interface, with a characteristic decay length of 0.41 nm119. 

In other cases, however, the induced magnetization can extend much deeper into the NM 

layer, such as in Bi2Se3/EuS, where the first 2 nm of Bi2Se3 was found to be 

ferromagnetic120. 

The thickness dependence of the HIC in the initial state of the GdOx-pMTJ is 

plotted in Fig. 5-12. The AFM coupling in our samples is extended to much thicker 

barriers compared to MBE grown Fe/MgO/Fe MTJs with in-plane magnetic 

anisotropy103,104. The overall shape of the curve, however, resembles that of Fe/MgO/Fe 

MTJs with a sharp increase of HIC when the thickness of GdOx is reduced below 1.5 nm. 

This barrier thickness dependence of HIC is similar to that of sputtered CoFeB/MgO 

multilayers, where the AFM coupling persists to dMgO > 2.2 nm121 with a very interesting 
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observation of multilevel switching, and of (Pt/Co)3-NiO-(Pt/Co)3 multilayers, where 

coupling continues to dNiO > 2 nm122. Due to the induced moment of the Gd ions in the 

barrier, the NM portion of the GdOx barrier (corresponding to the thickness of MgO in 

previous studies) is thinner than the total GdOx thickness, which may partly explain why 

the AFM coupling here is observed with a thicker barrier in the GdOx-pMTJs. A 

polarized neutron study is underway to investigate the thickness dependence of this 

proximity induced magnetism. 

 

Figure 5-12:  HIC vs the thickness of the tunnel barrier. HIC was measured in pMTJs with the initial state 
(before application of VSET).   

Under present conditions, VSET (0.5-0.8 V) needs to be applied to the GdOx-

pMTJs for between a few tens of seconds and a few minutes, which could lead to the 

breakdown of the tunnel barrier when the GdOx is less than 2 nm thick. Due to this 

limitation, most VCIC experiments in this work were performed on pMTJs with GdOx 

thicker than 2 nm. This situation in principle can be improved once higher quality GdOx 

barriers can be fabricated. Therefore, we expect to observe the same VCIC in junctions 

with thin barriers (GdOx < 1.5 nm) when the quality of the GdOx is improved.    
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Here, we describe the VCIC with thick GdOx (> 2 nm) with a model considering 

the voltage-driven oxidation level changes of Fe, the large induced moment of the Gd 

ions that is proportional to the amount of free Fe, and a voltage dependent distribution of 

correlated moments in the Gd ions. Since we have shown that oxygen in the GdOx barrier 

can be reversibly moved toward or away from the interface by applying voltage, we 

propose that the correlation of the magnetic moment distributions between the two 

interfaces created by the oxygen transportation may be responsible for the observed 

VCIC. The XMCD study (section 5.3) has shown that the Gd ions display significant 

magnetic moments due to the proximity effect with CoFeB. These large induced Gd 

moments may contribute to the interplay coupling via dipolar interaction, especially in 

samples with thick barriers (> 2 nm). 

Consider two thin magnetic layers separated by a distance d. The coupling energy 

between these two layers can be expressed as: 

𝐸𝐸 =
𝜇𝜇0
4𝜋𝜋

∫ 𝑑𝑑𝝆𝝆1𝑑𝑑𝝆𝝆2
𝒎𝒎1(𝝆𝝆1) ⋅ 𝒎𝒎2(𝝆𝝆2) − 3[𝒎𝒎1(𝝆𝝆1) ⋅ 𝒓𝒓�12][𝒎𝒎2(𝝆𝝆2) ⋅ 𝒓𝒓�12]

𝑟𝑟123
(5 − 5) 

where 𝑚𝑚1(𝑚𝑚2) is the magnetic moment at the position 𝜌𝜌1(𝜌𝜌2), 𝑟𝑟12 = 𝜌𝜌1 − 𝜌𝜌2 + 𝑑𝑑�̂�𝑧, 

𝑟𝑟12 = |𝑟𝑟12|, and �̂�𝑟12 = 𝑟𝑟12/𝑟𝑟12. For perpendicularly magnetized layers, the above 

integration is identically zero if the magnetic moments in each layer are uniformly 

distributed. In the present case, the migration of the oxygen vacancies to the two 

interfaces may create a highly non-uniform distribution of the interface moments. Let’s 

introduce an impurity moment 𝛿𝛿𝑚𝑚𝑑𝑑(𝜌𝜌𝑑𝑑) = 𝑚𝑚𝑑𝑑(𝜌𝜌𝑑𝑑) −𝑚𝑚�𝑑𝑑, where 𝑚𝑚�𝑑𝑑 is the optimally and 

uniformly magnetized magnetic moment of the i-th layer. One may think of 𝑚𝑚𝑑𝑑 as a Gd 

ion that is polarized by a Fe atom next to it. Consequently 𝑚𝑚𝑑𝑑 is zero if the neighboring 
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Fe atom is oxidized by O2- driven by the applied voltage. To estimate the magnitude of 

the coupling from such non-uniform distributions, we define the correlation function 

between the distributions of the magnetic moments of the two layers, 

𝜉𝜉12(𝝆𝝆1 − 𝝆𝝆2) =< 𝛿𝛿𝒎𝒎1(𝝆𝝆1) ⋅ 𝛿𝛿𝒎𝒎2(𝝆𝝆2) > −< 𝛿𝛿𝒎𝒎1(𝝆𝝆1) >⋅< 𝛿𝛿𝒎𝒎2(𝝆𝝆2) > (5 − 6) 

where <> refers to the spatial average over the plane of the layers (for a fixed 𝜌𝜌1 − 𝜌𝜌2). 

Due to the much stronger PMA of the bottom CoFeB layer (Fig.  4-5), the change in 

magnetic properties of the top CoFeB layer by voltage is much larger than that of the 

bottom CoFeB, which is supported by Fig. 5-3. We assume that the applied voltage from 

the positive to negative polarity results in a change of the correlation function from the 

correlated (𝜉𝜉12 > 0) to the anti-correlated (𝜉𝜉12 < 0) state, i.e., the oxidation level 

(therefore the induced moment from Gd ions) of the two interfaces is likely similar if 

|𝜌𝜌1 − 𝜌𝜌2| < 𝑟𝑟0 for a positive voltage, where 𝑟𝑟0 is the correlation length. For a negative 

voltage, the oxidation level of the two interfaces is likely to be less similar, giving rise 

to 𝜉𝜉12 < 0. With the above assumptions, we can now estimate the coupling field 𝑯𝑯𝐼𝐼𝐶𝐶 ≡

− 𝜕𝜕𝐸𝐸/𝜕𝜕𝛿𝛿𝒎𝒎1. The z-component of the coupling field is thus, 

          𝑯𝑯𝐼𝐼𝐶𝐶
𝑧𝑧 =

𝜇𝜇0
4𝜋𝜋

𝜇𝜇𝐵𝐵
𝑎𝑎2
∫ 𝑑𝑑2𝝆𝝆

2𝑧𝑧2 − 𝜌𝜌2

(𝜌𝜌2 + 𝑑𝑑2)
5
2
𝜉𝜉12(𝝆𝝆) (5 − 7) 

If we take a simple correlation function 𝜉𝜉12(𝝆𝝆) = 𝑛𝑛2𝑆𝑆2𝜃𝜃(𝒓𝒓0 − 𝝆𝝆) where n is the 

density of impurities, S is the spin, and 𝜃𝜃 is the step function, one can analytically 

integrate the above equation. In the inset of Fig. 5-13, we show the coupling field as a 

function of the correlation range 𝑟𝑟0. Taking the maximum value for the optimal 𝑟𝑟0 for 
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each thickness of the barrier, we show in Fig. 5-13 the coupling field as a function of the 

barrier thickness with 𝑛𝑛 = 1 and 𝑆𝑆 = 3. 

  

Figure 5-13:  Possible origin of the observed VCIC effect. The variation of HIC with distance between two 
layers with S = 3 and n = 1. Inset: the HIC vs correlation length. 

The GdOx barrier in the pMTJ used in the XMCD experiment has a thickness of 

3.4 nm, with an average induced moment of 0.6 μB per Gd ion as shown in section 5.3. If 

most of these moments reside in only the first monolayers of GdOx (0.27 nm) next to 

CoFeB on both sides of the barrier, the induced moment per Gd ion can be as large as 

~3.7 μB, which is the basis for using S = 3 in Equation 7. Alternatively, if we assume that 

the induced moment of the Gd ions resides in the first two monolayers (0.54 nm) next to 

CoFeB on both sides of the barrier, we have an average induced moment of ~1.8 μB per 

Gd ion, which can be described approximately by S = 2. For 𝑛𝑛 = 1, S = 3, and 𝑑𝑑 = 2 nm, 

we find HIC to be about 2500 Oe as shown in Fig. 5-13. With a more realistic 

approximation of n = 0.2 that corresponds to a 20% impurity density, we have HIC ≈ 100 

Oe with the sign determined by ξ12, which is comparable to the experimental results. 
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In conclusion, while the simple model based on the voltage driven correlation of 

the magnetic moments of two magnetic layers can roughly account for the sign change 

and the magnitude of HIC, there are parameters that are not fully justified. In particular, 

the detailed correlation function is unknown at the present time. Further experiments are 

needed to establish definitive mechanisms for the unique VCIC observed in GdOx-

pMTJs. 

5.5 Conclusions and Open Questions Regarding GdOX Perpendicular Magnetic 

Tunneling Junctions and Voltage Controlled Interlayer Coupling 

In summary, the first experimental demonstration of VCIC in a new pMTJ system 

with a GdOx barrier was presented. Through the unique combination of strong interfacial 

PMA, efficient manipulation of oxygen vacancies, and a large induced net moment of 

GdOx, not only the magnitude but also the sign of the interlayer coupling can be 

effectively manipulated by applied voltage. These results pave the way toward a new 

class of spintronic devices where magnetization switching can be accomplished by 

voltage controlled interlayer coupling. 

In the present study, all GdOX barriers were of an amorphous nature. The TMR 

and VCMA effect may both be enhanced if the barrier can be crystalized to allow epitaxy 

between the CoFeB FM layers and the GdOX tunneling barrier. The VCIC effect also 

needs improvement. Currently the effect requires elevated temperatures and extended 

time periods. The speed of this effect and the heating requirement can, in principle, can 

be dramatically improved upon optimization such as is seen in memristors. A polarized 

neutron study is also underway to investigate the thickness dependence of this proximity 

induced magnetism.  
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Chapter 6: Magnetic Tunneling Junctions with 

CrOX Tunneling Barriers 

In this chapter, I discuss the characterization of MTJs with CrOX tunneling 

barriers. First the reasoning behind attempting an MTJ structure using CrOX will be 

discussed, before an exploration of the characteristics of CrOX based MTJs is explored. 

These MTJs not only exhibit RT PMA and TMR, but after field cooling they show an 

exchange bias between the CrOX barrier and the hard FM layer. This is the first 

experimental demonstration of an MTJ with RT TMR and a barrier exhibiting AFM 

order. Even more interestingly, the sign of the AFM ordering and the exchange coupling 

can be switched through the application of both electric and magnetic fields 

demonstrating magnetoelectric properties in the barrier. 

First, a brief discussion of the previously demonstrated magnetoelectric properties 

displayed by CrOX is discussed as the basis for trying a CrOX MTJ structure. The basic 

physical magnetic and electric properties of thin-film FM heterostructures and MTJ 

structures at RT are explored. Finally, low temperature results from CrOX-pMTJs 

showing magnetoelectrically switchable exchange bias are presented. 

6.1 Why CrOX MTJs 

In previous studies on MTJs, the barrier is generally a magnetically inactive 

material such as AlOX or MgO1–4. In the continued search for a voltage switchable MTJ 

device, layers with magnetoelectric properties are of interest as they can be used to link 

the magnetic and electrical properties. Previously, multiferroic materials, showing both 
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ferromagnetic ordering and ferroelectric ordering, have been investigated as a path for 

linking these properties in an MTJ but have yet to yield a device which functions at 

RT123.  

Another possible way to achieve this goal is to use heterojunctions with materials 

with ferromagnetic ordering magnetically coupled to materials with magnetoelectric 

properties. An example of this is to use the magnetoelectric effect in antiferromagnetic 

CrOX and exchange couple it to a ferromagnet. In bilayer structures with CrOX and a 

single FM layer, it has been demonstrated that the direction AFM ordering in the CrOX 

can be switched with voltage as revealed by the change in direction of FM layer 

exchange coupled to it124.  

6.1.1 Bilayer Studies on Voltage Controlled Exchange Bias 

In these bilayer studies with a single ferromagnetic layer in proximity to CrOX, 

exchange coupling has been demonstrated and electric and magnetic field application has 

been used to change the direction of the exchange bias. This was first demonstrated by 

using a field cooling procedure where the fields were applied while cooling the sample 

from above to below the blocking temperature of the CrOX
124. Above the blocking 

temperature, no exchange bias is observed, while below the blocking temperature, the 

antiferromagnetic ordering in the CrOX pins the magnetic moments in the ferromagnetic 

layer, and exchange bias is seen as a shift in the center of the magnetic hysteresis loop 

along the field axis. As shown in Fig. 6-1. the fixed surface magnetization of the 

antiferromagnetic layer creates a field bias on the ferromagnet and shifts the center of the 

hysteresis loop along the field axis. 
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Figure 6-1: Exchange coupling between a ferromagnetic layer and an antiferromagnetic layer. This fixed 
ordering in the antiferromagnet leads to a surface magnetization that creates a field bias on the ferromagnet. This bias 

can be seen as a shifting of the loop center by HE. Adapted from Ref. [23]. 

While exchange pinning is a well-established phenomenon and is commonly used 

to strengthen the hard layer in MTJs, the unique magnetoelectric properties of CrOX 

allow the direction of the surface magnetization to be controlled with a combination of 

electric and magnetic fields. As demonstrated by Borisov et al. after field cooling in 

electric and magnetic fields the direction of the exchange coupling is changed in a 

FM/CrOX by changing just the direction of the applied electric field125. As shown in Fig. 

6-2, when the E and H fields are parallel during the field cooling process, the exchange 

bias is positive, while for antiparallel E and H fields, the exchange bias is negative. 
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Figure 6-2:  Anomalous hall loops after field cooling with (red) +9 kOe and +1200 kV/cm, showing a 
positive exchange bias and (blue) +9 kOe and -1200 kV/cm, showing a negative exchange bias. Adapted from Ref. 

[124]. 

Following the initial demonstrations of VCEB with the use of magnetoelectric 

field cooling, it was also demonstrated to be possible with isothermal application of 

electric and magnetic fields57. Isothermal control of the exchange bias has significant 

advantages over the field cooling process. Without the need to heat and cool the sample, 

the process is more energy efficient and can be much quicker. When the exchange bias is 

larger than the coercivity of the ferromagnetic layer, the change in exchange bias can also 

be used to switch the remnant magnetization at zero magnetic field. Such an effect is 

shown in Fig. 6-3, where the isothermal application of a changing electric field and a 

fixed magnetic field were used to switch both the direction of the exchange bias between 

a CrOX layer and a Co layer, as well as to change the direction of the magnetization of the 

Co layer126. 
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6.2 Proposal to Use Voltage Controllable Exchange Bias for Switching a 

Magnetic Tunneling Junction 

Since the demonstration of VCEB in CrOX heterojunctions, it has been suggested 

that it could be incorporated into an MTJ structure to allow for voltage to switch the 

magnetic and thus the resistance state of an MTJ. Originally it was proposed that a CrOX 

layer be added to the outside of the free layer of a traditional MgO MTJ. Under this 

proposal, the CrOX would be used to exchange bias the free layer of the MTJ and with an 

exchange bias larger than the coercivity of the free layer changing the sign of the 

exchange bias could be used to switch its magnetization and, with it, the resistance state 

of the MTJ. While this type of structure has been attempted, there has to date been no 

successful demonstration of a device of this type.  

In this work, a different approach to integrating a CrOX antiferromagnetic layer 

into an MTJ stack is presented. Here, instead of adding a new layer to the exterior of a 

traditional MTJ, we instead replace the MgO tunneling barrier with CrOX. With this 

Figure 6-3:  Deterministic and repeatable switching of (left) exchange bias and (right) remanence 
magnetization with isothermal applications of electric and magnetic fields. Green points are measured after 
application of -1600 kV/cm and +6 kOe. Red points are measured after application of +1600 kV/cm and +6 

kOe. Adapted from Ref. [126]. 



141 
 

 
 

design, the barrier plays a double role being both an insulating layer to allow for the 

tunneling of the electrons and also a magnetically active layer with antiferromagnetic 

ordering.  

With this construction of FM/CrOX/FM, the CrOX can couple to either the hard or 

soft ferromagnetic layer. With the application of electric and magnetic fields, this 

exchange bias is reversed and, if strong enough, will switch the direction of 

magnetization of the biased layer while leaving the other layer unaffected and switching 

the resistance state of the junction. Figure 6-4 shows a schematic of switching an MTJ 

with voltage controlled exchange bias. 

 

Figure 6-4:  Schematic switching of an MTJ by voltage-controlled exchange bias.  (a,b) The core structure of 
an MTJ consists of a fixed FM layer and a free FM layer separated by a tunnel barrier. The MTJ can be set to a low 

(high) resistance state with positive (negative) exchange bias between the free layer and the antiferromagnetic 
tunneling barrier by applying a positive (negative) voltage pulse and fixed magnetic field. (c,d) The positive (negative) 
exchange bias state can be revealed by the positive (negative) shift of the minor TMR loop, measured with the bottom 
FM kept pointing down while changing the spin orientation of the top FM by sweeping an external magnetic field. The 
two resistance values at zero magnetic field are marked by red dots, which correspond to the two states in the upper 

panels. 
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6.3 Magnetic Tunnel Junctions with a CrOX Tunneling Barrier 

To test the possibility of seeing voltage-controlled exchange bias, magnetic 

tunneling junctions with a CrOX barrier were fabricated. These MTJs showed RT TMR, 

the first demonstration of TMR with a CrOX tunneling barrier. More interestingly, when 

cooled down to low temperature, they also exhibited exchange coupling between the hard 

ferromagnetic layer and the CrOX barrier layer. 

6.3.1 CoFeB/CrOX/CoFeB film properties 

Similar to the GdOX MTJs, the full film properties of the CoFeB/CrOX oxide 

heterojunctions were studied before looking at the electrical properties of patterned MTJ 

devices. First, it was attempted to follow the same procedure as with GdOX and use 

reactive sputtering from a metallic Cr target to produce the CrOX barrier layer. However, 

Cr does not have the high oxygen affinity like Gd does, so there was difficulty in 

producing a bottom CoFeB layer with PMA when CrOX was reactively sputtered on top 

of it. If the CoFeB was thin like is required for generating PMA, the reactive plasma 

would oxidize it, and no magnetic signal remained from the samples. Since the exchange 

bias field, due to the antiferromagnetic ordering direction, is oriented perpendicular to the 

plane of the film, it was desired to have a pMTJ structure for testing127,128. Due to this 

difficulty, the CrOX pMTJs were instead fabricated in a fashion more similar to that of 

traditional MgO based MTJs by using a composite oxide target and an RF sputtering 

plasma. The structure of the MTJ stack, as illustrated in Fig. 6-5, is Si/SiO2/Ta(8 

nm)/Ru(10 nm)/Ta(7 nm)/Co20Fe60B20(0.7-0.9 nm)/CrOx(2-3.5 

nm)/Co20Fe60B20(1.5-1.6 nm)/Ta(7 nm)/Ru(20 nm). 
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Figure 6-5:Schematic of the sample structure for a CrOX-pMTJ. Sample structure Si/SiO2/Ta(8 nm)/Ru(10 nm)/Ta(7 
nm)/Co20Fe60B20(0.7-0.9 nm)/CrOx(2-3.5 nm)/Co20Fe60B20(1.5-1.6 nm)/Ta(7 nm)/Ru(20 nm). 

The crystallographic properties of the CrOX layers were invested with X-ray 

diffraction for samples created with both reactive sputtering from metallic Cr and RF 

sputtering from a Cr2O3 target. None of the samples showed signs of crystalline 

orientation so it is assumed that the films are all amorphous. A TEM study is required to 

test this hypothesis. Due to the apparent amorphous nature of the films, it is difficult to 

determine the exact oxidation state, and they are referred to here as CrOX. It is, however, 

likely that the films made from the composite Cr2O3 target have a stoichiometry close to 

that of the target. 

The magnetic properties of CoFeB/GdOX multilayer films were investigated to 

ensure that PMA could be achieved (allowing for pMTJ devices).  Using a Microsense™ 
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EZ9 series vibrating sample magnetometer (see section 3.2.1), hysteresis loops of the 

sample magnetizations were measured under both in-plane and perpendicular magnetic 

fields. Using a sample with a structure consisting of Si-wafer/SiO2/Ta(8 nm)/Ru(10 

nm)/Ta(7 nm)/Co20Fe60B20(0.85 nm)/CrOx(2.5 nm)/CoFeB(1.6)/Ta(7 nm)/Ru(20 nm). As 

shown in Fig. 6-6, the sample shows a sharp switch under perpendicular field with an 

anisotropy field around 6 kOe. The inset of Fig. 6-6 shows a closeup of area near zero 

field for the perpendicular field loop and clearly shows two distinct jumps arising from 

the two PMA CoFeB layers. The background signals from the substrate and sample 

holder have been subtracted.  
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Figure 6-6:  Magnetometry curves from a Si-wafer/SiO2/Ta(8 nm)/Ru(10 nm)/Ta(7 nm)/Co20Fe60B20(0.85 nm)/CrOx(2.5 
nm)/CoFeB(1.6)/Ta(7 nm)/Ru(20 nm) sample under perpendicular and in-plane fields. (Inset) Zoom in on the 

perpendicular loop. 

6.3.2 Room Temperature Tunneling Magnetoresistance and Current vs. Voltage 

Properties 

After verifying that it was possible to get PMA in both the top and bottom CoFeB 

layers in a CrOX MTJ structure, full MTJ devices were patterned for testing the electronic 
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properties. After deposition of the multilayers, MTJs in circular shapes with diameters 

(D) ranging from      3 μm to 20 μm were fabricated and measured in a four-wire 

geometry. A special pattern with large contact pads was used to allow for easier wire 

bonding for LT measurements. A positive applied voltage in this work corresponds to 

electrons tunneling from the bottom FM to the top FM. 

A representative TMR curve from these GdOx-pMTJs is shown in Fig. 6-7. The 

core structure of this MTJ is CoFeB(0.85 nm)/CrOx(2.5 nm)/CoFeB(1.6 nm). It shows 

very sharp resistance switching and a flat antiparallel state similar to GdOx-pMTJs, 

characteristic of MTJs with perpendicular easy axes. Although the demonstrated RT 

TMR of <1% is very low compared to the standard MgO barrier and even compared to 

the 15% demonstrated in GdOX-pMTJs, it is noteworthy as this is the first demonstration 

of TMR with a CrOX tunneling barrier at RT. Thus, it continues to add to the list of 

systems that show interfacial PMA and TMR at RT. As expected, the RT TMR loop is 

symmetric about the field axis. Although CrOX is an antiferromagnet, its Neel 

temperature is far below RT, especially for thin film samples129, and therefore, no 

exchange bias is anticipated at RT. 
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Figure 6-7:  A representative TMR curve of a CrOX-PMT at RT. 

One possible reason for the low TMR seen in Fig. 6-7 is a large leakage current 

across the barrier. This could come about if there is a high defect rate in the barrier 

leading to an increase in defect assisted non-spin polarized tunneling. To investigate this 

possibility, the RT IV characteristics of the CrOX-pMTJs were measured. As shown in 

Fig. 6-8, while the IV curve is non-linear as expected, demonstrating tunneling behavior, 

the fit to Simpson’s model gives a very low barrier height, 0.54 eV. Compared to the 

barrier height of about 1 eV seen in GdOX and AlOX MTJs, the barrier height of about 0.5 

eV in these CrOX MTJs suggests that there may be significant defects or underoxidation 

of the CrOX barrier76. Similar low resistive properties have been seen in other CrOx 

measurements such as in the work by Xi et al57.  
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Figure 6-8:  Representative IV curves of a CrOx–pMTJ. Fittings by Simpson’s model2 yields d =2.05 ± 0.005 
nm, φ = 0.54 ± 0.005 eV.  

6.3.3 Exchange Bias at Low Temperature 

The main reason for investigating an MTJ structure with a CrOX barrier is to 

attempt to take advantage of the previously demonstrated voltage-controlled exchange 

bias (VECB) previously shown in CrOX/FM heterojunctions. To see if the same property 

was possible in an MTJ device, it was required that the TMR be measured at a 

temperature below the Neel temperature TN of the CrOX. To facilitate LT TMR 

measurements, the samples were patterned using a special shape with enlarged contact 

pads to allow for wire bonding to a chip carrier. Measurements were then made at 

temperatures between RT and 11K in a sample in vapor closed cycle He cryostat. The 
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setup can supply an external magnetic field up to ±0.6 T perpendicular to the film MTJ 

films. 

Figure 6-9 shows a representative TMR curve of a CrOX-pMTJ at 11 K, where the 

sample was field cooled under an applied magnetic field (H) of +.6 kOe and no electric 

bias. Several features of note can be seen from this TMR curve. First, as expected, both 

the TMR and the coercivities of the hard and soft magnetic layers have increased 

significantly, compared to the RT curve (Fig. 6-7). The increase in the TMR is further 

proof that despite the low TMR and low barrier height seen in these samples, the barrier 

is still insulating, and we are seeing true tunneling behavior, not pinhole conduction.  
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Figure 6-9: Representative RT TMR loop from a CoFeB/CrOX/CoFeB pMTJ. 

The more interesting feature seen in Fig. 6-9 is the pronounced asymmetry in the 

switching fields of the hard-magnetic layer between the positive and negative fields. On 
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the positive side, the MTJ switches from the antiparallel back to the parallel state at a 

field of  

+4952 Oe, while on the negative side, the switch occurs at a field of -3895 Oe. This 

asymmetry is a clear indication that the hard-magnetic layer is experiencing an exchange 

bias. The asymmetry seen here is in the full TMR loop and demonstrates exchange bias, 

as opposed to the asymmetry seen in the minor TMR loops of the GdOX MTJs, which 

was caused by coupling between the hard and soft magnetic layers. As the only 

antiferromagnetic material in the stack is the CrOX barrier, it is inferred that the exchange 

bias is between the CrOX and the hard CoFeB layer. This exchange bias, then, is evidence 

that the CrOX has an antiferromagnetic (AFM) ordering in the MTJ device.  

This is the first time that an insulating barrier with an intrinsic magnetic ordering 

has been incorporated into an MTJ structure demonstrating TMR. Previously, magnetic 

impurities in the barrier killed the TMR and the AFM ordering seen here is not an 

induced magnetism like the ferromagnetism seen in the GdOX barrier as discussed in 

chapters 4 and 5. It is also interesting to note that while exchange bias is seen between the 

hard magnetic layer and the CrOX barrier, the soft magnetic switchings are symmetric 

with field direction and do not appear to be exchange biased to the tunneling barrier. 

While AFM ordering in single crystal and polycrystalline130 Cr2O3 is well documented, 

this is the first time it has been documented in an amorphous thin film. 

In an effort to confirm that the asymmetry seen in the magnetic switchings is 

indeed caused by exchange bias with the CrOX, the temperature dependence of the 

asymmetry was investigated. Figure 6-10 shows the exchange bias of the hard FM layers 

as a function of temperature between 11 and 55 K. The sample was field cooled under an 



150 

applied magnetic field (H) of +.6 kOe and no electric bias down to 11 K before 

measuring the first TMR loop, then the temperature was raised under zero H and zero 

electric bias between the rest of the test. As expected, the lack of an exchange biasing 

field continues for all temperatures for the soft magnetic layer. The hard-magnetic layer 

experiences a decreasing exchange bias with increasing temperature up to 45 K, after 

which it experiences zero exchange bias. This gives rise to a TN about 45 K, similar to 

what has been seen in previously for CrOX thin films129.  
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Figure 6-10:  Temperature dependence of exchange bias between the hard (black) and soft (red) magnetic 
layers and the CrOX barrier. TN for the CrOX is about 45 K. 
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6.4  Voltage Controllable Exchange Bias 

  CrOX is interesting as an included layer in an MTJ stack due to its demonstrated 

VCEB effect57,124.  Previously, it has been unsuccessfully attempted to exchange bias the 

free layer of a standard MgO MTJ structure. In the rest of this chapter, I present 

preliminary results showing VCEB in an MTJ with a CrOX tunneling barrier. 

6.4.1 Field Cooling Under Electric and Magnetic Fields 

As with the bilayer studies before, the first tests were performed by cooling the 

sample from 100 K, above TN of 45 K (see Fig. 6-10), under an applied electric field (E) 

and a simultaneously applied H-field. This procedure will be referred to as EH Field 

cooling (EHFC). In Fig. 6-11, it is shown that EHFC can be used to change the direction 

of the exchange biasing of the hard layer in a CrOX MTJ. Initially (black), the sample was 

field cooled under +6 kOe and zero electric bias. This state shows an exchange bias of 

+400 Oe, as demonstrated by the shift of the hard layers towards the positive field axis. 

Next (red), the sample was headed under zero E and zero H to 100 K before EHFC under 

the same +6 kOe but now applying -.57 V across the sample. This time, at 11 K, the 

TMR loop has changed such that the hard layer is now exchange biased towards the 

negative field direction with a value of -400 Oe. By repeating the EHFC process with + 6 

kOe and +.57 V the sample can be returned (blue) to its original state with an exchange 

bias field of +400 Oe. Before measuring all TMR loops, the sample temperature was 

stabilized at 11 K, and all loops were measured with a low electric bias. 

This is the first demonstration of voltage-controlled exchange bias in any MTJ 

system. Due to the magnetoelectric properties of antiferromagnetic CrOX, and its 

exchange biasing to the hard FM layer of the MTJ, voltage can be used to change the 
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shape of the TMR loop in CoFeB/CrOX/CoFeB pMTJs. Under optimization, this could be 

used as a voltage driven switching mechanism for an MTJ by using voltage to modify the 

exchange bias and using its resistance state. 

Figure 6-11:  Voltage Controlled Exchange Bias. TMR curves for the initial (black) state, the state after 
EHFC with +6 kOe and -0.57 V (red), and subsequently after EHFC with +6 kOe and +0.57 V (blue). The hard-

magnetic field switches are exchange biased to the CrOX barrier and the direction of the biasing field can be changed 
by applying voltage. 

6.4.2 Reproducibility and Nonvolatility of Voltage Controlled Exchange Coupling 

The VCEB effect demonstrated in section 6.3.1 is a fully reversible and 

deterministic effect. Figure 6-12 shows the effects of repeated EHFC cycles on a CrOX-

pMTJ. After initialization with standard magnetic field cooling under +6 kOe and zero 

electric bias, all of the EHFC procedures were carried out under a magnetic field of +6 

kOe and either + or -0.57 V. In each case, a positive voltage leads to a positive exchange 

bias field for the hard-magnetic layer and a slightly lower resistance for both the parallel 

and antiparallel states. Similarly, a negative voltage application leads to a negative 

exchange bias field and slightly higher resistances for both states. The soft magnetic layer 
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shows no exchange bias in either state, and the TMR remains nearly constant for all 

states. 

Figure 6-12:  Reversible and deterministic control of exchange coupling by EH filed cooling. (a) Continuous 
switching of hard layer exchange bias and consistent zero exchange bias for the soft layer by V. (b) Corresponding 

changes in RP and RAP during the switching process. (c) Corresponding change in TMR during the switching process. 

6.5 Conclusions and Open Questions Regarding CrOX Perpendicular Magnetic 

Tunneling Junctions and Voltage Controlled Exchange Coupling 

For the first time, an MTJ structure has been fabricated with a magnetically active 

tunneling barrier by incorporating antiferromagnetic CrOX as the barrier material. The 

magnetoelectric properties of CrOX facilitated the first demonstration of VCEB in an 

MTJ and the barrier became an integral part of the tunneling process as well as the 

voltage control process. VCEB was demonstrated with a EHFC process, where the sign 

of the exchange bias on the hard-magnetic layer can be reversibly and deterministically 

changed with the application of voltage.  While a change in size of the exchange bias was 
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seen under isothermal magnetic and electric field applications, the sign of the exchange 

bias was not changed, only its size.  

Further study is required to determine why isothermal application does not give as 

large of an effect on the exchange bias as does a field cooling process. Similarly, it 

remains unclear why only the hard magnetic layer and not the soft magnetic layer are 

exchange coupled to the antiferromagnetic CrOX layer. It is possible that a change in the 

fabrication process to switch the relative positions of the hard and soft layers could 

change this and allow for the free layer and thus the MTJ resistance to be changed with 

voltage by changing the exchange biasing direction. 
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