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ABSTRACT

Spin filtering tunnel junctions provide a convenient method for controlling and manipu-
lating the spin of electrons in spintronic devices. In a tunnel junction, the tunneling current
depends exponentially on the thickness of the tunneling barrier. Ultrathin (~20 Å) barriers
are highly desirable because they lower the junction resistance. In addition to the barrier
thickness, the spin filtering efficiency of the junction depends on the tunneling barrier’s
magnetic properties and the nature of the barrier-electrode interfaces. EuO’s high TC (69
K) and large exchange splitting (2∆E = 0.54 eV) in the conduction band make it a material
of choice for achieving a spin-polarized tunneling current. We examined the properties
of ultrathin EuO films of different thicknesses with different electrodes. The chemical
and magnetic characterization of buried layers and buried interfaces was done using in-
terface sensitive x-ray techniques with element specificity and magnetic contrast. Of the
many materials studied, we found that yttrium overlayers are the best electrodes to protect
the EuO barrier and prevent formation of Eu2O3, a stable nonmagnetic oxide, at the top
(EuO-electrode) interface. We examined the electrode-EuO interfaces of EuO films with
Cu bottom electrode deposited on Cr/Cu buffer layer. We found that the roughness of the
top and bottom interfaces (above and below the EuO layer) is random and nonconformal
in nature. EuO films grown on Cr/Cu buffer layer have smoother top interfaces compared
to those deposited directly on Si substrate or Al bottom electrode. Moreover, compared
to the Cr/Cu or Cu/EuO interfaces, the top (EuO-electrode) interface is smoother. Here
we present results from chemical and magnetic characterization of ultrathin EuO film and
the impact of reduced barrier thickness on the magnetic properties of the ferromagnetic
tunneling barrier.
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CHAPTER 1

INTRODUCTION

Magnetism is full of interesting dichotomies [1]. Many things in magnetism seem so

obvious, yet their complexity confounds even the experts and veterans of the field. One

such phenomenon, discovered over 40 year ago but only recently used for applications in

information processing and storage technology, is spin-dependent transport. One method

that has been successfully used to control and manipulate spin transport is using devices

made of multilayer magnetic structures [2, 3]. Stacking thin layers of magnetic, nonmag-

netic, metallic or insulator layers, however, gives rise to structures with magnetic properties

different from the constituent layers. These properties, which are sometimes unique and

interesting, arise due to the complex interactions that take place at the interfaces but affect

the whole structure. Exchange bias and spin-dependent tunneling are two such examples.

Phenomenological models have been used, with varying degree of accuracy and success, to

describe properties, such as exchange bias by Meiklejohn and Bean [4] and spin-dependent

tunneling in magnetic tunnel junctions by Jullière [3].

The understanding of these interface based properties and the appropriate use of them

has opened and is still opening many more fascinating applications. As in other systems,

interface sensitive probes are essential for studying the buried layers and buried interfaces,

and nondestructive tools are a must in the study of interface magnetism where having the

whole structure intact is crucial.

In magnetism, one of the most exciting areas of active research is the study of the com-

plex interactions at the interfaces, which give rise to exotic properties such as exchange

bias and spin-dependent electron transport. Often, interfacial properties such as chemical
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and magnetic roughness are viewed as detrimental to device operation and performance.

Complete elimination of interfacial roughness, however, is not possible, and ideal inter-

faces may not always be desirable. Understanding interface properties is essential to utilize

interfacial roughness as a means to engineer the properties and functionality of multilayer

structures.

Figure 1-1: A generic multilayer magnetic device composed of magnetic and nonmagnetic
layers. If a non-magnetic oxide spacer layer, such as MgO, is sandwiched between two
ferromagnetic layers, then the trilayer is a magnetic tunnel junction. Replacing the spacer
layer (tunneling barrier) with a ferromagnetic semiconductor, such as EuO, would make
the structure a spin-filter tunnel junction.

A generic multilayer magnetic device is shown in Fig 1-1. The essential components

are the spacer and the electrodes, creating a basic trilayer structure. Depending on the

properties of the materials used and the desired functionality, the structure can be turned

into many devices. Devices that have this trilayer structure include some of the most com-

monly used magnetic devices, such as giant magnetoresistance (GMR), magnetic tunnel

junctions (TMR), and spin-filter tunnel junctions. Other structures such as synthetic anti-

ferromagnet (SAF) also use this basic trilayer configuration. The main difference between

them is the material used as the spacer, whether it is magnetic or nonmagnetic, an insula-

tor or semiconductor. It is the same with the choice of the electrodes used; whether they

are magnetic conductors or nonmagnetic metals determines the nature of the devices. For

instance, in GMR structures, the spacer is a nonmagnetic metal, such as Cu with magnetic
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electrodes such as Fe, Co, or their alloys. In TMR structures, where the main process in-

volved is tunneling across a barrier, the spacer is an insulator such as Al2O3, MgO, or TiO2,

with ferromagnetic electrodes made of Fe or Co. Just by switching to a semiconductor fer-

romagnetic barrier, such as EuO, and using nonmagnetic electrodes, the trilayer tunneling

structure becomes a spin filter tunneling junction. By adding different layers, the properties

and functionality of the basic structure can be enhanced or tailored to provide the desired

response.

However, there are several things that are common to all systems. These can be subdi-

vided as bulk and interface properties. The study of the bulk properties is related to materi-

als issues such structural, chemical, magnetic, electric, and mechanical material properties.

However, the main focus of this study is on the interfaces between the different layers of

the multilayer structure. They have a profound effects on the overall magnetic, chemical,

and spin transport properties of the entire multilayer devices. These properties include ox-

idation, interfacial roughness (both chemical and magnetic), alloying, and segregation, and

diffusion of constituent elements.

In this work, we studied how the thickness of the EuO barrier and choice of electrode

materials affect the chemical and magnetic properties of spin-filter tunneling junctions with

an EuO barrier. EuO is chosen because of its potential in magnetoelectronic (spintronic)

applications that utilize the electrons’ spin degree of freedom (spin-electronics) [5]. A

renewed interest in tunneling junctions was largely propelled by remarkable advances on

various fronts. These advantages range from highly automated sample fabrication with

unprecedented quality and precise structure control to characterization and imaging tech-

niques with unparalleled resolution. Several sophisticated modeling packages are also fa-

cilitating the discovery, exploration, and understanding of these complex and complicated

systems. Of the available characterization tools, synchrotron based x-ray probes have had

a huge impact [6].
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X-ray absorption spectroscopy (XAS), its magnetic counterpart x-ray magnetic circu-

lar dichroism (XMCD), and x-ray resonant magnetic scattering (XRMS) were all used in

this study. These techniques have been successfully utilized to address important issues in

magnetism, such as layer switching in structures made of magnetic multilayers [7] and sep-

aration of the spin and orbital contributions to the magnetic moment [8]. Using XMCD and

XRMS, buried interfaces and hidden layers can be directly probed in an element-specific

and layer selective manner with magnetic contrast. Buried interfaces or layers are found

beneath other layers composed of different elements, whereas hidden layers are covered by

another layer composed of the same element or another magnetic layer [9].

With these nondestructive techniques, roughness parameters of buried interfaces can be

quantified, weak interfacial magnetic moments can be measured, the nature of the coupling

between interfacial and bulk moments can be characterized, and magnetic ordering at in-

terfaces can be examined [10–12]. Furthermore, XRMS has been employed to quantify

interfacial chemical and magnetic roughness and selectively measure the magnetic hystere-

sis of bulk and interfacial atoms [10, 12]. These techniques are thus, ideal tools for direct

investigation of interfaces and examining the role of interfacial roughness.

Magnetic Devices and Applications

The two prominent applications of magnetoresistance are magnetic field sensors and

magnetic memory elements. By partial replacement of giant magnetoresistance (GMR)

read heads and longitudinal media (density less 100 Gbpsi (Gigabits per square inch)) with

AlOx and TiO2 based magnetic tunneling junction (MTJ) [13] read head systems to per-

pendicular media (with density between 200 – 500 Gbpsi). For increased sensitivity to

changes in the field generated by the storage media, the free and pinned layers are set at

perpendicular to each other as shown in Fig. 1-2. Even though HDDs are cheaper and
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Figure 1-2: Magnetic hard disk drive with a magnetic tunnel junction read-head. The
magnetization of the reference layer is anchored to the pinning layer. The read-head can
detect the small magnetic field generated by the memory elements in the perpendicular
medium. Figure from [13].

have more storage capacity and density, they also have an inherent drawback: access time

is very long compared to other memory systems. The second application, where magnetic

memory elements are used for random access memory, promises to address this major issue

and has the potential to become the universal memory element [13].

Magnetic random access memory (MRAM) [5] is a nonvolatile, ultra-fast memory that

uses magnetic structures, such as GMR or TMR, as memory elements. MRAMs can also

be used as reprogrammable logic devices that integrate both the storage and processing of

information, making it the universal memory element and unlocking more innovative appli-

cations. The progress in this application has been limited by a number of issues including

fundamental limits, such as superparamagnetism in the memory elements, and practical

limits, such as leakage current and interfaces in the memory elements.

As shown in Fig. 1-3, they have a cross-point architecture, where a magnetoresistive

element is located at the crossing point between two metal lines. The information is stored

by the relative orientation of the two magnetic layers. The challenge is achieving high
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Figure 1-3: A magnetic random access memory (MRAM) with cross point architecture
composed of magnetic tunnel junction (MTJs). The ‘Word’ and ‘Bit’ lines are current
carrying conductors used to write/read information into/from each element [14].

tunneling magnetoresistance (TMR) values with small RA-product1 and fast switching of

the layer(s) reproducible. Several ways for achieving the addressing (read/write) process

have been proposed. The one that looks most promising is spin-torque, which does not

use the fields generated by the word or bit lines. In this regard tunnel junctions present

an advantage where the current density required to change the magnetization direction of

the memory element is not as high, and leakage-current from adjacent MR elements is

minimal compared to systems with GMR memory elements. Ney et al. also proposed that

the capability to switch the bottom layer this would make each element a reprogrammable

logic element [15].

Another vital achievement is the synthetic antiferromagnet (SAF), composed of two

ferromagnetic layers separated by a thin Ru layer. The coupling between the ferromag-

netic layers can be adjusted by changing the thickness of the Ru spacer layer, whereby

1RA-product is a merit function that determines the quality of a tunneling junction. It is the product of
the area and the resistance across the junction.
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the two ferromagnetic layers exhibit either parallel or antiparallel coupling. The whole tri-

layer structure acts as single ferromagnetic or antiferromagnetic layer. This approach is the

method of choice for setting the magnetization direction of the reference layer (see Fig. 1-

3). Recently, FreeScaleTM using MTJs with magnetic-flux-matched SAF as a free-layer,

successfully manufactured a 4 Mbit magnetic random access memory (MRAM) chip [13].

Another application of tunnel junctions in spin transport is the injection and detection

of spin polarized current. An all-electrical spin-filter transistor (SFT), a transistor that uses

a spin-filter with ferromagnetic barrier as spin-injector and spin-detector of spin-polarized

current, was proposed by Sugahara and Tanaka [16]. Recently, Schmehl et al. demonstrated

spin injection to semiconductors using doped EuO (with higher TC) [17].

Before proceeding further into detailed description of the types of tunnel junctions, let’s

explore the magnetoresistance (MR) in multilayer structures and why it lends itself to two

common applications: magnetic field sensor and binary memory element.

Magnetoresistance in Multilayer Structures

Magnetoresistance2 (MR) is the change in the electrical resistance of a structure due to

applied external magnetic field. A rather simplistic example that illustrates the origin of

this effect is shown in Fig. 1-4. The illustration shows the significant change in magne-

toconductance (R)-1 that can be observed at room temperature with appropriate control of

the magnetic ordering of a ferromagnetic material [18]. At high temperatures, the spins are

randomly oriented in the paramagnetic phase as shown on the top-right corner of the illus-

tration. When cooled below the magnetic ordering temperature of the ferromagnet (TC),

Ni becomes ferromagnetic and its resistance drops as shown by data points (solid line).

Suppose the disordered paramagnetic phase were to be extended into the low temperature

2Magnetoresistance was first observed in metals by William Thompson, later Lord Kelvin, in 1856.
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Figure 1-4: Resistivity versus temperature of pure Ni metal. TC indicates the Curie temper-
ature. The dashed line is a linear extrapolation of the resistivity curve in from paramagnetic
into ferromagnetic region for comparison. Figure from [18].

region beyond T < TC. For this case, let’s consider a linear extrapolation of resistance

(as shown by the dashed line). Two contributions to the resistance can be identified; from

magnetic scattering about 50% and the remaining 50% is from nonmagnetic scattering. The

resistance of the material can be switched between ‘low’ and ‘high’ resistance by control-

ling the contribution of the magnetic scattering due to the magnetic order and disorder in

the material respectively. These well defined binary states are ideal for building a memory

element. On the other hand, the effect of magnetic ordering of the structure by external

magnetic field can be measured by monitoring the the change in resistance.

More elaborate multilayer magnetic hetrostructures are used for sensing very small

changes in magnetic fields such as those generated by a memory element of magnetic

storage media. As illustrated by this simple thought experiment, the ability to control and
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manipulate magnetic ordering in magnetic structure is central to a great many technological

applications.

Depending on the origin and nature of the change in resistance, there are different

types of magnetoresistance. They include anomalous magnetoresistance, anisotropic mag-

netoresistance, intergranular magnetoresistance, giant magnetoresistance (GMR), tunnel-

ing magnetoresistance (TMR), and colossal magnetoresistance. The change in resistance

can be viewed as controllable magnetic order (disorder) introduced by an external applied

magnetic field.

Even though AMR has been around for a long time and TMR is the one that makes

intuitive sense to understand, it was GMR that revolutionized the hard disk drive storage

industry and made the unprecedented impact of magnetic devices and applications in in-

formation storage possible. It sparked the ongoing keen interest in magnetic systems and

is driving basic and applied research.

With 29% MR value in GMR structures, compared to less than 10% MR in MTJs 1990s,

GMR became the structure of choice and was implemented for magnetic read-heads in

hard disk drives. This initial remarkable application of GMR structures greatly increased

the interest to improve the structures and find other applications like memory elements in

magnetic random access memory (MRAM) [5, 14]. Instead of a single trilayer structure

(shown in Fig. 1-1), use of super-lattices brought a concerted effort to MR processes and

led to remarkable and widespread technological applications. GMR also become the test-

ing ground for further innovative solutions to many problems associated with fabrication,

tribology, materials studies, development and led to further refinement of fabrication and

characterization methods and techniques. As a result of this concerted and intense effort,

the number of magnetoresistance based sensor applications flourished.

The difficulties associated with manufacturing high quality interfaces and electrodes

with the desired magnetic, chemical, structural and other bulk properties limited the appli-
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cation of magnetic tunnel junction read heads in hard disk drives for a number of years.

However, the time it took for the spin-dependent tunneling based devices to come to the

market is much shorter (about 8 years) compared to other technologies such as exchange

bias, which took over 40 years. In the meantime, there was sufficient interest in tunnel-

ing systems and the attention was mainly directed towards examining spin properties of

ferromagnetic materials and was employed to characterize quality of interfaces [2, 3].

The major difference between EuO based spin-filter tunnel junctions and MgO based

magnetic tunneling junctions is, however, the limiting factor in the spin-filter is the ex-

change split energy of the conduction band of the ferromagnetic material used. In MTJ

systems, the TMR values is controlled by the choice of the electrodes and insulating bar-

rier used, as will be discussed later.

Interfaces: Chemical and Magnetic

The multi-functionality, speed, reprogrammable logic and enhanced storage capacity,

nonvolatile memory, and numerous magneto-optic and electro-optic applications have con-

tributed immensely to the growing interest in spintronic devices [19]. One of the major

challenges, however, is the limited understanding of the role of interfaces and how inter-

faces affect the operation and performance of spintronic devices.

The challenging aspect of interfaces is that they are buried between the layers. This

makes detecting the signal from the interfaces very difficult. Conventional surface tech-

niques do not work as the weak effect of the interface is overshadowed by the bulk proper-

ties.

The narrow region where two thin films come into contact is what we are referring to

as the interface. There could be intermixing, alloying, oxidation, migration, segregation of

one species, or a component of the layers at this unavoidable contact region, giving rise to
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unexpected structural, chemical, and magnetic properties. These changes at the interface

may give rise to defects, roughness, uncompensated spins, and others. At the heart of all

these studies is an attempt to understand the ‘how and what and why’ of the dynamics at the

interfaces. The improvements that have been reported and lead to the remarkable changes

are mainly due to the advances in fabrication and control of the properties of interfaces.

Figure 1-5: The morphology of the interface between two layers are parameterized by the
perpendicular roughness (σ ) and the in-plane correlation length (ξ ). In magnetic multilay-
ers, the magnetic interface may be different from the chemical interface.

The morphology of the surface or interface can generally be described by height-height

correlation function. According to the Born Approximation (BA) based the model devel-

oped by Sinha et al. [20] and Lee et al. [21], the three important parameters that describe

the interface are: (1) perpendicular roughness (σ); (2) the correlation length (in-plane

roughness, ξ ); and (3) the Hurst parameter H. The diagram in Fig. 1-5 illustrates in-plane

and out-of-plane parameters. A magnetic material may have chemical and magnetic inter-

faces that could be different parameters, as show in Fig. 1-5. The out-of-plane roughness

parameter \sigma is the root mean of the amplitude of the hills, whereas the correlation

length a measure of the lateral length scale of the roughness. The Hurst parameter de-

termines how smooth or jagged an interface is. Jagged surfaces have smaller H values,

while smooth interfaces have higher H values (close to 1). These interface roughness pa-

rameters can affect macroscopic behaviour of multilayer systems. For intance, Freeland
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et al. showed that the coercive field (HC) can is directly related to the in-plane chemical

correlation length(ξ ) [22].

Quantifying the thickness of this interface region is very difficult. Several approaches

can be used to estimate it [23]. In this study, we used a simple model (described in Chapter

4 on page 49) that uses the capability of the technique and additional information obtained

from a different measurement to estimate this region.

The 3 – 12 Å thick interfaces can significantly change the spin coherence and momen-

tum and thus the tunneling properties of electrons as they cross to the next layer. Compared

to other regions, the interface is a substantially thin section of the entire structure, about

3 to 10 atoms thick. In the nanoscale range, the interface will be even thinner and have

very profound effects. In most cases, the magnetic interface (which will be discussed be-

low), defined by the spins at the interface, is not as well delineated (slightly thicker) and is

smoother than the chemical interface [24–26].

Changes that occur at the interface due to oxidation or intermixing are not desirable

because they can severely affect the performance of the devices. Many of these undesir-

able effects can be eliminated by working in a cleaner environment (high vacuum), ridding

the system of contaminants, or solving many materials issues including finding the cor-

rect lattice matches, annealing, growing the systems at elevated or chilled temperatures.

For instance, the coherent (interface state matched) tunneling from the ferromagnetic elec-

trode through the oriented barrier was made possible only after the interfaces between the

barrier and electrodes were substantially improved, making MgO based magnetic tunnel

junction systems yield extremely high TMR values that broke the 100% polarization limit.

as predicted by Butler et al. [27].

The complexity and challenges these interfaces present, both at the theoretical and ex-

perimental level, are intriguing. They have a huge impact on the operation of and perfor-

mance of a given device and yet they are often not examined or set aside for later examina-
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tion. The fascinating aspect of this project was how exploring this thin region of the whole

structure, which has been viewed as insignificant and not worth the effort, ended up being

extremely important to the research on thin and ultra-thin films.

First, the ability to precisely control the thickness, composition, and placement of these

layers in the fabrication process; secondly, the ability to characterize, image and evaluate

the interaction and dynamics at the interface with unprecedented resolution without de-

stroying the interfaces; and thirdly the ability to model the dynamics and interaction from

different angles using sophisticated modeling packages have made many things that were

impossible or unthinkable not too long ago. Yet, many questions still remain. This is the

main impetus to conduct fundamental studies to provide insight into what is happening at

these interfaces and to be able to engineer the structures to yield the desired properties. For

example, the work done by De Terresa et al. [28] showed that, indeed, the interfaces are

more important in determining the tunneling properties of a junction than the bulk. This

revelation opens a new way to achieve the desired objective: a system with higher TMR

value.

Interface Magnetism

Often, in multilayers composed of thin magnetic films often new and unique magnetic

properties emerge at the interface. The study of these exotic properties or phenomena is

called interface magnetism [29]. For instance, putting a ferromagnetic (FM) layer next to an

antiferromagnetic (AF) layer and subjecting the bilayer to a thermomagnetic process3 can

result in pinned magnetization of the ferromagnetic layer. This process, known as exchange

bias,4 is extensively used to engineer the magnetic hysteretic property of devices such as

magnetic field sensors and spin-valves. On the other hand, if a thin insulator such as Al2O3

3Cooling the structure in applied field below the ordering temperature of the AF layer.
4For details on exchange bias, see Appendix B.
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[30,31], TiO2 [32], or MgO [13] is sandwiched between two ferromagnetic electrodes (see

Fig. 1-1), current can tunnel through the insulating barrier. The tunneling current can be

controlled by using ferromagnetic electrodes, and the conductance is determined by the

relative orientation of the two electrodes’ magnetization.

In a trilayer with a nonmagnetic metal such as Cu inserted between two ferromagnetic

electrodes such as Fe, Co, and Ni80Fe20 (Permalloy), the resistance depends on the relative

magnetization direction of the two electrodes.5 This is another example of an interface

phenomenon that results in different magnetoresistance values depending on the orienta-

tion of the magnetization of the ferromagnetic electrodes. When it was discovered in the

late 1980s, it was the highest observed change in magnetoresistance and was called giant

magnetoresistance (GMR) [33, 34]. These interface phenomena are the basis of the many

magnetic field sensors, magnetic read heads, and memory [5, 14].

In the design of devices composed of multilayers, the quality of the interfaces may

severely limit the operation and performance of a device. Often, chemical and magnetic

roughness or an interface with properties different from the bulk are pointed to as the main

source of discrepancy between theoretically expected and experimentally measured val-

ues [35]. But not all changes at the interface are detrimental; in fact some are beneficial.

For instance, Fullerton et al. [36] and Parkin [37] reported that the interface can be en-

gineered to achieve even higher GMR values in devices by modifying just the interface,

either by peppering the interface with Co or making it slightly rougher. Another inter-

esting case is the choice of electrode and barrier in magnetic tunneling junctions (MTJs).

Tunneling junctions made of single crystal Fe (100) electrodes with a single crystal MgO

(100) barrier are relatively easy to model [27,35,38]. For experimental and practical appli-

cations, however, scalable fabrication techniques such as deposition by sputtering, which

5This is due to spin-dependent scattering of conduction electrons which was proposed and successfully
explained by A. Fert, 2007 Physics Nobel Laureate [33].
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result in amorphous electrodes, are preferred to MBE (molecular beam epitaxy). MBE is

the method of choice for preparing single crystal layers epitaxially. Even though amor-

phous electrodes are easier to manufacture, coherent tunneling in amorphous systems is

not well understood and is very complex to model. The explanation given is that during

annealing, the electrodes recrystallize, yielding grain-by-grain matching between the two

electrodes.

Early on, the importance of these interfaces was recognized, and many of the remark-

able advances in fabrication, characterization, and imaging techniques have resulted in a

better understanding of how the physics of interfaces gives rise to these phenomena. This

leads to the interesting discussion of how to address the issues associated with interfacial

roughness. Characterizing interfaces of magnetic heterostructures is a major challenge.

The magnetic properties of the interfaces could be very different from the parent layers

that form the interface. Conventional magnetometry techniques, such as vibrating sample

magnetometry (VSM) and magneto-optic Kerr effect (MOKE), measure the properties of

the entire structure and thus cannot be used to study the small effect of interfaces.

Novel approaches have been effectively utilized to study interfaces. For instance, one

approach used atomic force microscopy (AFM) to study the different interfaces of an MTJ

structure by imaging the top surface of each layer and characterizing its roughness in vacuo

before depositing the next film [39]. However, it is the interaction and growth dynamics

between the different layers at the interfaces that are responsible for the interfacial phe-

nomena. Thus, results from this scheme may not appropriately represent the magnetism at

the interface. In this study, we used interface sensitive x-ray tools with magnetic contrast

to examine the magnetic response of the interfaces in magnetic tunnel junctions.
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Spin-dependent Tunneling (SDT)

Spin-dependent tunneling is a quantum mechanical process that results in spin polarized

current due to preferential tunneling of the majority spin electrons through a tunneling

junction. A typical tunneling junction is composed of an insulating barrier sandwiched

between two electrodes (see Fig. 1-1).

There are two basic spin-dependent tunneling systems. In the more traditional tunnel-

ing junction, a nonmagnetic insulator is sandwiched between two ferromagnetic electrodes

(FM/I/FM structure) with tunnel barriers such as Al2O3, TiO2, and MgO. In this system,

often referred as a magnetic tunnel junction (MTJ), the ferromagnetic electrodes used and

the electrodes’ relative orientation of magnetization were presumed to be the determinant

parameters. Numerous theoretical and experimental studies have, however, showed the im-

portant role of electrode–insulator interfaces as well as the properties of the entire junction,

including the atomic, electronic and magnetic properties of the barrier [27, 28, 40–42].6

In the second system, a ferromagnetic insulator is used as a tunneling barrier between

two nonmagnetic electrodes, i.e. a metal/FM/metal junction. Since the conduction band

of the ferromagnetic barrier is exchange split, the tunneling barrier heights for the spin-up

and spin-down electrons are different. When an unpolarized current is injected into the

junction, the tunneling current will mainly composed of spin-up electrons resulting in spin-

polarized current. This is the basis of the spin-filter tunnel junction. The common types of

ferromagnetic barriers include chalcogenides of europium such as EuO, EuS, EuSe [43],

and others such as CoFe2O3 [44].

6This model for spin-dependent tunneling was proposed and shown for the first time by Michel Jullière in
1975 [3]
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Dissertation Overview

Understanding the complexity of the interactions that take place at the interfaces in

magnetic devices made from multilayer structures still remains a major challenge in im-

proving existing devices and implementing new ones. The vector nature of the magnetic

interfaces and the cross-correlation with the chemical interface heighten the challenge. The

main goal of this project was to carefully look at interfaces directly by using soft x-ray tech-

niques to examine how the interfaces affect the magnetic properties of spin-filter tunnel

junctions.

Chapter 2 introduces tunneling junctions and the process of spin filtering in magnetic

tunnel junctions and spin-filter junctions. Description of the x-ray experimental techniques

used is given in Chapter 3 and the measurement procedures and data analysis involved are

outlined. Chapter 3 is devoted mainly to the scattering technique, x-ray resonant magnetic

scattering (XRMS), which was used to directly study the buried interfaces and buried layers

with elemental specificity and magnetic contrast.

In Chapter 4, building on the material introduced in Chapter 2 on tunnel junctions, we

discuss spin filtering with ferromagnetic EuO, and XAS and XMCD characterization of

EuO films grown on different electrodes. We also present direct interface characterization

that was done to examine the effect of capping layers and buffer layer thickness and com-

position on the bottom (electrode-EuO) and top (EuO-electrode) interfaces. In Chapter 5

we summarize our results and discuss the implications of this work.

How interfacial roughness is viewed affects the solutions sought. Often, interfaces are

considered as the source of many problems in multilayer structures. Major technological

improvements were indeed achieved due to advances in controlling the quality and com-

position of interfaces and, sometimes, the intentional introduction of defects. Striving to

achieve ideal, atomically flat, smooth and perfect interfaces may not be an answer to all
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issues often attributed to interface effects. In this dissertation, we adopted the paradigm

all interfacial effects, such as roughness, are not inherently bad. We focus on studying the

buried layers a spin-filter tunnel junction and examined how the thickness of the barrier

and the choice of electrodes affect the interfaces.
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CHAPTER 2

TUNNELING JUNCTIONS AND SPIN-DEPENDENT TUNNELING

In this chapter the basic principles of spin-dependent tunneling in tunnel junctions com-

posed of an oxide barrier sandwiched between two electrodes will be described. Depending

on the composition of the tunneling junction, spin filtering is accomplished either by the

ferromagnetic electrode or the ferromagnetic oxide barrier. First, important concepts that

govern tunneling processes will be briefly reviewed, followed by details of the two tunneling

systems.

Introduction

Spin-dependent tunneling (SDT), the preferential tunneling of electrons with a given

spin state, is one of the most remarkable phenomena that opened understanding of fun-

damental properties of magnetic systems. This discovery led to wide-ranging important

technological applications. Like many phenomena in magnetism, spin-dependent tunnel-

ing took over 35 years before devices to make it into consumer products. Compared to other

phenomena, however, it is one of the most successful and rapidly implemented technolo-

gies that resulted in significant and sustained increase in the density and storage capacity

of hard disk drives. This was achieved by replacing the GMR read-head.

The quantum mechanical process of Electron tunneling through an insulating barrier is

a quantum mechaical process. It was first discovered by Friedrich Hund1 in 1927. Several

decades later, in the 1960s Giaever [45,46] accurately measured the density of states and the

superconducting gap. In 1967, Esaki et al. [47] observed the dependence of the tunneling

1Hund is more notably remembered by rules that describe the ground state filling known as Hund’s rules.
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current of a tunneling junction on external applied magnetic field and proposed a solid-state

spin filter.

Then in early 1970s, in their pioneering work, Meservey and Tedrow [2] developed the

technique of spin-polarized electron tunneling to study the spin-dependent features of the

density of states of transition metals using Al as the superconducting electrode and Al2O3

as the tunneling barrier [48]. Spin polarization values obtained for transition metals Fe,

Ni and Co several decades ago using spin-polarized tunneling (SPT) spectroscopy [48] are

remarkably accurate and have been confirmed by other methods [49]. SPT spectroscopy is

still used to determine polarization of oxides such as EuO and others [44, 50, 51].

Simmons [52] developed the theoretical model of the phenomena for different types

of tunneling barriers and showed that the tunneling current depends exponentially on the

barrier thickness. In most systems of technological importance, however, the Brinkman-

Dynes-Rowell (BDR) model [53] and Landauer formalism [54] are more widely used [42].

Most recently, the details of the spin-dependent tunneling in tunneling junctions with MgO

barrier was proposed by Butler et al. [27] and Mathon and Umerski [40]. Detailed and

extensive review of this topic can be found in references [5, 48, 51].

Numerous devices that take advantage of this process were proposed [5, 48]. In 1995,

the discovery of room temperature tunneling magnetoresistance in magnetic tunneling

junctions (MTJ) devices independently by Miyazaki and Tezuka [30] and Moodera et

al. [31] using Al2O3 barriers renewed the interest in spin-dependent tunneling.

Magnetic Tunneling Junction

Tunneling magnetoresistance (TMR) is defined as the ratio of the difference in resis-

tance between anti-parallel (AP) and parallel (P) alignment configuration, as shown in Fig.

2-1, of the magnetization of the electrodes divided by the parallel alignment resistance.
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Figure 2-1: Magnetoresistance in a magnetic tunnel junction. The resistance across the
trilayer structure depends on the relative orientation of magnetization of the two ferromag-
netic layers. The up(down) arrows indicate magnetization of ferromagnetic layers and the
thickness of the yellow lines show the intensity of the tunneling current. Figure from [42].

Spin-dependent tunneling across a magnetic tunneling junction depends on the ferro-

magnetic electrodes used, the barrier and the electrode-barrier interfaces. The tunneling

probability of an electron with spin-up or spin-down states depends on the availability of

majority or minority spin states that it can scatter into. The availability of states is deter-

mined by the relative magnetization orientation of the two ferromagnetic electrodes.

Fabrication of thin alumina (AlOx) barriers sandwiched between two ferromagnetic

(FM) electrodes was first pioneered by Jullière in 1975 who observed a change in the re-

sistance of the tunneling junction as the relative magnetization of the two FM electrodes

is switched from parallel to anti-parallel configuration. The TMR is given by Jullière’s

equation

T MR =
2P1P2

1−P1P2
(2.1)

where P1 and P2 are the polarizations of electrodes 1 and 2 at the Fermi level. Low tempera-

ture TMR values of different systems were not encouraging until Moodera et al.’s work [51]

that first demonstrated room temperature TMR using an alumina tunneling barrier.

As Eq. 2.1 indicates, higher TMR values can be achieved by using highly spin po-
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Figure 2-2: Spin-dependent tunneling in ferromagnet/insulator/ferromagnet (FM/I/FM) tri-
layer structure. The fraction of majority (minority) spins tunneling from FM1 to FM2
through the insulating barrier depends on the relative magnetization orientation of the
two electrodes which determine the availability of states to scatter into. Figure adapted
from [13].

larized electrodes. The polarization of the most common ferromagnetic electrodes were

determined, by the Meservey-Tedrow spin-polarized tunneling spectroscopy. The highest

achievable TMR values using Fe (PFe = 0.44) and Co (PCo = 0.34) electrodes are 48 %

and 26 % respectively [2, 42, 48, 49]. An often suggested approach has been to use mate-

rials with P = 1, called half metals. Making such materials has been challenging because

interfaces reduce the effective polarization of the junction (both bulk and interface).

The main challenge was fabricating of pinhole-free barriers, smooth interfaces, and

high TMR values at room temperature. Not all problems were, however, associated with

interfaces quality. For example, the TMR value depends on achieving and controlling

the relative magnetization orientations of the two ferromagnetic electrodes. Miyazaki and

Tezuka [30] reported that the magnetoconductance is given as G = Go (1− cosθ) showing

the cosine dependence of the conductance on the angle θ between the two electrodes.

The reason for this same problem that plagued GMR systems, was shown by Idzerda
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et al. [7] using soft x-ray techniques which provide magnetic contrast. They showed that

the switching of the two ferromagnetic layers is not as well-defined or abrupt, as initially

expected. Instead, when switching the soft (free) layer drags the second layer resulting in

an ill-defined anti-aligned configuration that gives MR values much lower than expected.

Several approaches were taken to tackle this issue of achieving reproducible, controlled

anti-aligned configuration. The approach Miyazaki and Tezuka [30] adapted was to have Fe

electrodes grown at different temperatures so that films will have different coercive fields.

The layer grown at elevated temperature will have a lower coercive field (HC) compared

to the layer deposited at room temperature. The other approach was to use different elec-

trodes, such as Fe and Co or various combination of Fe and Co. This issue took a long time

to resolve until the spin-valve structure with exchange bias was developed and the materials

aspect of this issue was properly addressed.

Exchange bias provided a lasting solution to this problem. Exchange bias is used to set

the magnetization of one of the two ferromagnetic layers, called the reference layer of the

trilayer structure. This layer is antiferromagnetically coupled across a spacer layer to the

pinning layer of the spin-valves. Figure 2-3 shows such a structure with the pinning layer

where the magnetization of the CoFe layer is pinned by the antiferromagnetic PtMn layer.

The magnetization of the ‘Reference’ CoFeB layer (see Fig. 2-3) is set by this pinning

layer that couples to the CoFe across the Ru spacer. This approach was first demonstrated

by Dienty et al. [18, 55].

The ferromagnet’s magnetization is anchored by the antiferromagnetic (AF) layer in a

direction set during the in-applied-field annealing process. This results in a much higher

coercive field and may shift the center of the hysteresis loop to one side. The ability to

adjust the coercive fields of different layers in a given structure has had a pronounced im-

pact on technical application, especially in tailoring the magnetic response of structures

for different applications. It has allowed the switching fields of the free-layer to be of the
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order of a few Oersted’s even at room temperature without affecting the pinned layer. Mag-

netic field sensors and other magnetoelectronic devices, such as read-heads, use stacks of

magnetic thin films that provide mechanical and thermal stability and the desired magnetic

response (see Fig. 2-3).

Figure 2-3: Structure of a magnetic tunneling junction with MgO barrier, CoFeB free layer,
PtMn/CoFe pinning trilayer and CoFeB reference layer.

The two most common applications of MTJs are memory elements in MRAMs and

read-heads in hard disk drives as discussed in Chapter 1. In MTJs, it is the relative mag-

netization of the two electrodes that provides the spin selection and the spin filtering is

accomplished by the ferromagnetic electrodes. In the next section, we discuss the second

method of spin filtering using a ferromagnetic barrier.

Spin Filtering with Ferromagnetic Insulator

The exchange split conduction band of the ferromagnetic insulator creates different bar-

rier heights for the spin-up and spin-down states. At temperatures above the Curie temper-

ature (TC) of the ferromagnet, both spin-up and spin-down tunneling electrons experience

the same barrier height, shown by the dashed line in Fig. 2-4. Below TC, however, the
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Figure 2-4: Spin filtering effect with EuO tunneling barrier. Top: The junction comprises of
a ferromagnetic tunnel barrier sandwiched between two metallic electrodes. Right: Above
the Curie temperature (TC = 69 K), both spin-up and spin-down electrons experience the
same barrier height Φ0. Left: Below TC, the conduction band is exchange split (2∆Eex =
0.54 eV), which results in different barrier heights Φ↑(↓) for the spin up(down) electrons.
Magnitude of the tunneling current is shown by the thickness of the solid up(down) arrows.
Figure adapted from [44].

tunneling barrier heights ϕ↑ and ϕ↓ for the spin-up and spin-down electrons respectively

are different (see Fig. 2-4). In the unpolarized current injected from the electrode on the

left, the number of spin-up and spin-down electrons is the same. After tunneling through

the barrier, however, there are fewer spin-down electrons than spin-up because the tunnel-

ing probability depends on the barrier height. The tunneling current is spin-polarized and

the tunneling junction acts as a spin-filter. In this case, spin-flip is not considered and no

spin-orbit interaction or interactions with phonons or magnons are taken into account [51].

In the next chapter, we discuss the interface sensitive soft x-ray based techniques uti-

lized to study spin-filter tunnel junction with an EuO barrier .
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CHAPTER 3

X-RAY CHARACTERIZATION OF

BURIED INTERFACES AND BURIED LAYERS

Soft x-ray based techniques provide element selectivity and interface sensitivity with

magnetic contrast. We used these synchrotron based techniques to examine and charac-

terize the chemical and magnetic properties of buried layers and buried interfaces. Infor-

mation obtained using these techniques on tunneling junctions, introduced in the previous

chapter.Here, experimental details and analysis of the spectra obtained using different tech-

niques, focusing on resonant scattering technique, will be discussed.

Synchrotron Characterization Techniques

Major advances in surface science have moved the frontiers of technology making fab-

rication of spin-based electronic (spintronic) devices with greater control possible. In turn,

this has pushed the demand for new characterization techniques that provide better res-

olution with minimal damage to the sample and capabilities to isolate the contribution

from the interface from that of the bulk. Synchrotron-based soft x-ray1 tools have pro-

vided substantial breakthroughs in material science and magnetism in recent history. These

soft x-ray based techniques have been instrumental in addressing important questions in

magnetism and providing elegant answers. Question such as layer switching in multilayer

structures were resolved conclusively, and unambiguously, without destroying the sam-

ples [11]. Lessons learned and advancements achieved in instrumentation and theoretical

work on hard x-rays and neutron scattering were important for the remarkably quick ad-

1Soft x-ray range 150 – 1500 eV and hard x-ray range 1.5 – 150 keV.
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vances in soft x-ray techniques. What makes it relevant and extremely useful is the energy

range it covers.

Synchrotron techniques are powerful probes that are interface sensitive with elemental

specificity and magnetic contrast. This energy range that spans between 150 – 1500 eV,

commonly referred to as the soft x-ray range, encompasses transitions from core levels of

the interesting transition metals (2p → 3d) and rare earth (3d → 4f) elements covering

several technologically important and novel compounds (oxides) and magnetic materials.

The experiments reported in this work were done at beamline U4B at the National

Synchrotron Light Source (NSLS) located at Brookhaven National Laboratory, New York

and beamline 4.0.2 located at the Advanced Light Source (ALS) at Berkeley, California.

The beamline U4B is located at a bend magnet while beamline 4.0.2 at ALS is an undulator

beamline. The low temperature magnetic characterization measurements on EuO were

done at ALS which has high magnetic field (±7000 Oe).

Interface Sensitivity with Magnetic Contrast

The main challenge in studying interfaces of systems composed of magnetic and non-

magnetic multilayer is the need to have the whole structure as the sample. By examining

the surface of each layer, as it is being stacked on, one can obtain important information

about the structure of the multilayer. To investigate the spin transport property of the entire

structure and examine the role of interfaces, the multilayer must be studied as a whole, not a

single layer by layer. This requirement severely limits the utility and number of techniques

available in the study of buried layers and buried interfaces. With the ever-increasing de-

mand for smaller and smaller device sizes, the need to have better understanding of the

processes at such extremely small length scales is more important than ever.

The second component of a synchrotron are the stations where the radiation is collected
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and the experiments are performed. These beamlines, usually comprise x-ray optics and

the experimental chambers. The optics are used to collimate and refocus the incoming

beam and choose the desired photon energy. From the high fluxx-rays provided by the

storage ring, the energy is selected using a grating monochromator. This ability to tune

the energy of the incident photon over a wide energy range is what gives these synchrotron

based soft x-ray techniques their element selectivity. The resolution of energy selected is

further improved by using slits that correct small linear dispersion. Appropriately placed

entrance and exit slits that correct for small linear dispersion of the beam improve the

spectral resolution of the incoming beam. At beamline U4B, depending on the energy

range where the measurement is conducted and entrance/exit slits setting, energy resolution

down to 0.3 eV can be achieved

Helicity of the incoming light is also selected by adjusting the position of the mirrors

that collect the radiation in a bend-magnet end-station. This is a very important component

for magnetic characterization. Light collected above (below) the synchrotron plane is right

(left) circularly polarized. Linearly polarized light is collected at the synchrotron plane.

Depending on what is being measured (photons or electrons) and how the measurement

is performed (absorption, reflection or transmission), there are different complementary

measurement techniques. The techniques are total electron yield (TEY) where the sample

current is measured, or partial electron yield (PEY), fluorescence yield (FY) or partial

fluorescence yield (PFY), transmission or reflected photons. Detailed description of these

techniques is given in Ref. [56].

Experimental Chamber

The electron yield signal is composed of photoelectrons, Auger electrons and secondary

electrons generated from the inelastic cascade process for the high energy primary elec-

trons. The high-energy Auger electrons created in the core-hole decay are predominantly
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responsible for the secondary electron signal which dominates the total electron yield [57].

Changes in the incoming flux, due to changes in the storage ring or a glitch, are monitored

by measuring incident flux Io using a highly transmitting Au grid located as close the cham-

ber as possible. Dividing the measured intensity by Io corrects for variations in the incident

flux.

Details of the EuO sample structures and preparation is given in the next chapter. The

requirements for x-ray characterization were sample size (actual dimension of the wafer),

thickness of the relevant layers so that the interfaces of interest could be probed with a de-

cent signal and capping material and thickness to provide good protection for the structure

without interfering with the measurement.

The samples used in the x-ray characterization were specifically prepared for the strict

conditions that take into account the issues associated with the type of the measurement.

These include the thickness of the capping, which had to be 40 – 80 Å, preferably made of

Al that is sufficient to protect the underlayer from oxidation and damage during shipping

and keep the sample in best condition possible without interfering with the measurements.

In the following section, we describe the techniques used to examine the different layers

and interfaces of tunneling junctions. The techniques are x-ray absorption spectroscopy

(XAS) in absorption mode and reflectivity measurements, x-ray resonant scattering (XRS),

along with their magnetic counterparts x-ray magnetic circular dichroism (XMCD), and

x-ray resonant magnetic scattering (XRMS) respectively. Details of XMCD can be found

in review articles [6, 56].

Reflectivity: XRS and XRMS

X-ray resonant scattering (XRS) is a surface and interface sensitive non-destructive

and element specific probe. Taking the difference between the scattered intensity of left-
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and right-circularly polarized light provides magnetic contrast or x-ray resonant magnetic

scattering (XRMS). XRMS shares the sensitivity of XMCD and has the added advantage

of determining the spatial modulation of the magnetization.

Here the focus is on scattering measurements that are element selective, due to resonant

enhancement of the reflected intensity at the absorption edge of the element involved. They

can probe deeper in the material and do not suffer from saturation and self-absorption

effects as XAS. Resonant enhancement of the reflected intensity at the absorption edge of

the elements present gives this technique its unique ability to study systems with elemental

resolution. Magnetic contrast is achieved by using circularly polarized light. Based on the

relative orientation of the incident light’s polarization and the magnetization of the sample,

the weak magnetic scattering can be comparable to the chemical scattering if the energy is

properly tuned to the transitions allowed by the dipole selection rules [26, 58].

Scattering Setup

The scattering measurements can be done using linear or circularly polarized light with

an energy resolution of 0.3 – 0.5 eV [10,58]. A goniometer with sample stage and detector

arm that can be moved independently to perform different types of scattering measure-

ments. The x-ray scattering experiments presented here were done in a scattering con-

figuration shown in the inset of Fig. 3-2 where the scattering plane is always in the x-z

plane and both the sample and detector are rotated about the y axis. The sample angle (ω)

and detector angle (2θ), are measured with respect to the direction of the incident light,

as shown in Fig. 3-2. The magnetic field is applied parallel to the sample surface in the

scattering plane by an in situ electromagnet, with a maximum steady field of ±300 Oe and

pulsed fields of ±1 kOe at the gap [58].

To improve the quality of the signal from the photodiodes and eliminate noise, we

use an in-line amplifier mounted as close to the photodiodes as possible in the detector
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Figure 3-1: X-ray absorption spectra for a 20 Å EuO sample grown Si in the anti-aligned
(solid) and aligned (dashed) configurations. The peaks depicted as M5 and M4 represent
transition to Eu’s localized 4 f states from 3d5/2 and 3d3/2 respectively. Magnetic contrast
is achieved by taking the difference between the aligned and anti-aligned spectra (top),
which gives the XMCD signal. At 14 K, the measured XMCD signal of this sample is
25%.

arm. The amplifier, with its wide dynamic range, boosts the signal and provides better

quality measured signal. In some measurements, the magnitude of the reflected intensity

may change by as much as six orders of magnitude. Thus, care must be taken so as not to

saturate the detector when it is moving through the most intense peak of the rocking sample

scan, the specular peak (see Fig. 3-5).

The sample platen that mounts onto the sample stage can hold sample size 8×20 mm.

The lowest temperature that can be achieved at the sample stage of the scattering chamber

with liquid nitrogen is 150 K. Thus, the focus of our studies on EuO samples, with TC of
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Figure 3-2: Beamline U4B’s scattering chamber configuration. The sample stage has five
degrees of freedom (x, y, z, sample angle (ω), roll (ψ)). The energy and polarization of the
incident light can be tuned to the desired absorption edge at a selected polarization (linear,
left- or right circular). The detector can be rotated (2θ ) independently and the applied field
in the x-direction can be varied.

69 K for bulk and even lower for thinner films, was on chemical interfaces characterization.

Depending on the dimensions of the sample and requirements of the measurement and

signal-to-noise ratio, the vertical and horizontal size of the incident beam are adjusted by

a set of slits located just before the beam enters the scattering chamber. Mounted on the

detector arm are multiple photodiodes with varying slits sizes for different types of mea-

surements. When measuring the diffuse background in rocking scans, the intensity is so

small that a detector with wider slits (0.342 deg.) is used at the expense of angular resolu-

tion, whereas in specular scans, intensity may be sacrificed for angular resolution by using

a detector with narrow slits (0.054 deg wide).

Proper alignment depends on getting the axis of rotation of the sample to match the ro-

tation axis of the detector. With the five (5) degrees of freedom in the sample manipulation

stage (x, y, z, ω , and ψ(roll)), one has to take into account and correct for backlash which

introduces error in the sample angle, detector angle and the roll position (ψ) as well as the

weight of the sample stage arm as it is extended which can introduce error in the height

(z - position). Contribution from stray reflected light is a common source of noise and arti-
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facts. To reduce their effect, all windows must be closed, scattering chamber isolated from

the down-stream chambers of the beamline, ion gauges turned off and ion pump partially

closed. Measurements are usually done at pressure in low sevens
(
10−7 Torr

)
.

To reduce the turnaround between different samples and cut down on time needed to

perform the alignment, two or more samples or a wedge sample can be loaded. Despite

the obvious advantages this approach introduces some challenges such as working with a

thinner beam (about 2–3 mm). As the sample stage is extended or retracted by about 2

inches into or from the chamber to choose the appropriate sample, the stage flexes about

5 mm which introduces a significant change in z-position. This can, however, be fixed by

quick realignment procedure to correct height.

Finally, we measure hysteresis loops (with element specificity) by sweeping the mag-

netic field while keeping all other parameters constant [24,58]. This is similar to the longi-

tudinal magneto-optical Kerr effect (L-MOKE) but uses circularly polarized light that can

be used for element specific magnetic hysteresis (ESMH) loop measurements. When scat-

tering measurements are performed, the specular reflected x-rays sample the entire film’s

thickness, yielding information about the entire film.

Types of Scattering Measurements

The scattering setup, with 9 different parameters that can be independently varied, is a

data-rich experimental setup with large phase space. The first place to start when working

with a new system is to identify the elements present and do a quick energy scan at the

absorption edges of elements available in the system. In this section we now describe the

different measurements where one or a combination of the parameters are varied. Next,

the different types of measurements will be introduced according to the sequence of how a

typical set of measurements would be performed on a new system or a new set of samples.
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At the angles identified from the specular scans, energy scans are performed to deter-

mine the energy values of interest for further interface studies or magnetic characterization.

The objective is to systematically probe the phase space defined by energy and polarization

of the incident photon, sample and detector angles in the case of magnetic characterization.

For energy scans, the photon energy is varied while keeping all other variables constant.

The resonantly enhanced scattering at the absorption edges of elements in the film can be

measured. In the case of specular scans, the energy of the incident photons is tuned to

the absorption edge of the element being studied. Then, both the sample and detector

angles are scanned such that the specular condition (θ −2θ) is maintained throughout the

scan. This allows us to examine specific layers or interfaces in the multilayer structure with

element specificity. We can obtain magnetic contrast, given by the XRMS signal, in the

above-mentioned measurements by using circularly polarized light.

Figure 3-3: Momentum transfer vector q = kf−ki and its in-plane (qx) and out-of-plane
(qZ) components.

At a relatively high angle, we perform an energy scan around the range of the elements

that are being studied. At high angles, the scattering XRS spectra look much like XAS
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scans, if the system is not set up for energy scan in the TEY mode. The main purpose of

this procedure is two-fold. On the one hand it is to locate where the energy values of interest

lie and make sure everything in the setup is running in the expected way by verifying the

XAS scan with similar scans done in the absorption chamber. On the other hand, this scan

is used to correct any energy shift that may occur due to drift in the monochromator.

The second step is to identify the sample angles of interest by performing a complete

specular scan. In this scan, the sample angle (ω) and detector angle (2θ ) are moved such

that the specular condition is maintained while the scattered intensity is collected. These

measurements are done at the energy values selected from the XAS (in TEY mode). At

higher sample angle, there is a precipitous decrease in the intensity (see Fig. 3-4). Thus,

the detectors must have a wide dynamic range to go over 4 up to 6 orders of magnitude

change in intensity. This wide response is importance in the off-specular (rocking sample)

scan.

We obtain quantitative roughness information, including out-of-plane (σ) roughness

and in-plane correlation length (ξ ) by performing rocking sample experiments [24]. In this

scan, the detector angle (2θ) is kept fixed while the sample is rocked by scanning the sam-

ple angle (ω) from zero degrees to 2θ to cover the full horizon. Figure 3-5 depicts a typical

diffuse scattering background due to interface roughness, that channels reflected flux away

from the specular peak, results in a wide, low intensity reflection which is convoluted with

the sharp specular peak around ω = θ (qx = 0). The ratio of the diffuse integrated area to

the total integrated area is a measure of the out-of-plane roughness [24]. The width of the

diffuse part is related to the in-plane correlation length.

At the selected energy and specular angles, determined from the earlier measurements,

we perform sample rocking scans to characterize the interfaces and compute the interfacial

roughness parameters. If the reflected intensity is too low or if the background is noisy,

the rock sample scan can be done at reduced angular and energy resolution by opening
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the slits. For a smooth surface or interface, the sample rocking spectra look like a delta

function centered at ω = θ with a very flat background. Presence of a diffuse background

(as shown in Fig. 3-5), is an indication of rougher interface (or surface) that channels flux

away from the specular peak and into the background [22]. If there are multiple interfaces,

each interface can be examined by tuning to the absorption edge of elements present in the

sample and performing rocking sample scans at selected angles.

By using circular polarized x-rays, the scattering intensity has strong magnetic con-

trast. Measuring spectra for photon helicity and magnetic moment parallel (I+) and anti-
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parallel (I−) , the average spectra [(I+ + I−)/2, the XRS spectra] and the asymmetry spec-

tra [(I+− I−), the x-ray resonant magnetic scattering, or XRMS, spectra] can be obtained.
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Figure 3-5: Typical rocking sample (diffuse) scan that has a specular peak at the center
ω = θ and diffuse background. The area under the specular peak is a measure of the
perpendicular roughness and the correlation length is inversely proportional to the width of
the diffuse background [22].

If we record the scattering intensity as a function of applied magnetic field, while

holding the sample angle fixed at the specular scattering condition (qx = 0 or ω = θ), or

slightly offset from specular, we can acquire the specular and diffuse hysteresis loops, re-

spectively [11]. The specular scattering hysteresis loops are indicative of the net moment

of the film, whereas the off-specular scattering intensity is indicative of variations in the

magnetic roughness at the interface or in-plane magnetic ordering [10, 12].
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Summary

In this chapter, we discussed the different characterization techniques used in this

project. These include synchrotron-based soft x-ray techniques used to examine the buried

interfaces and buried layers. Information obtained using these techniques was used in asso-

ciation with data obtained from other techniques, such as SQUID magnetometry and spin

transportation measurements. In the next chapter, we present our results from the x-ray

measurements performed on spin-filter junctions with EuO barrier.
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CHAPTER 4

SPIN-FILTER TUNNELING JUNCTION USING

A FERROMAGNETIC EuO BARRIER

In this chapter, we present chemical and magnetic characterization of EuO films as a

function of film thickness and choice of electrodes. Using element-specific and interface

sensitive soft x-ray based techniques, we examined the buried bottom (electrode-EuO) and

top (EuO-electrode) interfaces. Following a brief review of the previous work on EuO,

details of the fabrication and characterization of EuO samples will be described. We con-

clude with results from the first successful fabrication of high quality ultrathin films with

chemical and magnetic properties comparable to bulk.

Introduction

Europium monoxide’s remarkable electrical, magnetic, and optical properties make it a

candidate for applications in spin-based all-electrical devices and a prototype for studying

the physics of spin filtering. This prospect of easy incorporation with existing semicon-

ductor based technology has made EuO a very attractive system to study [17, 44, 59]. The

challenge has been to fabricate stoichiometric ultrathin (~20 Å) films. More recently, San-

tos showed near 100% spin-polarized current using a EuO barrier [44]. Schmehl et al.

also reported spin polarization of more than 90% in doped epitaxial EuO films measured

by point contact Andreév reflectivity (PCAR) and injected polarized current into Si and

GaAs [17]. Unlike a typical magnetic tunnel junction (MTJ), in a spin-filter a ferromag-

netic semiconductor barrier, such as EuO, is sandwiched between two nonmagnetic elec-

trodes. The spin-up and spin-down electrons of the unpolarized current experience different
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tunneling barrier heights due to the exchange split conduction band of the ferromagnetic

barrier resulting in spin-polarized tunneling current (see Fig. 2-4).

To identify the factors that affect chemical and magnetic properties of thin EuO films,

we systematically studied a series of EuO samples using the soft x-ray techniques described

in the previous chapter. Questions addressed in this work include: does the choice of buffer

layer and its thickness affect the quality of the bottom and top EuO interfaces? Most impor-

tantly, how does the thickness of the oxide layer,1 affect the magnetic property of the EuO

barrier and the barrier’s filtering efficiency? This study was done in conjunction with other

techniques that were used to examine the transport and magnetic properties of the system.

This chapter will address important questions, including identifying the most important

factors that affect the magnetic and chemical properties of the EuO tunneling barrier. It

will cover the work done to examine the effect of choice of buffer layer, electrodes used

and thickness of the deposited oxide barrier.

This project was conducted over a number of years, and results reported here were used

as feedback to improve the fabrication process and the quality of the structures. Here, we

present the first successful fabrication of ultrathin (< 20 Å) EuO films with properties con-

sistent with the bulk. First, we examined the quality of the buried oxide layer using element

specific soft x-ray techniques sensitive to the oxides present. Then we characterized the

buried bottom (electrode-EuO) and top (EuO-electrode) interfaces with angle-dependent

XAS and scattering (XRS) measurements. Finally, we compared the magnetic properties

from SQUID magnetometry measurements with XMCD measurements.

EuO: a Novel Oxide

In the late 1970’s, studies on EuO were deemed a closed subject because the work done

on this Heisenberg ferromagnet was so extensive and comprehensive [60]. Its rocksalt

1EuO film thicknesses were measured by the thickness monitor during the film growth. There is about
15% uncertainty in these thickness values [44].
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structure (FCC) with lattice spacing of 5.144 Å and Curie temperature (TC) of 69 K, and

its metal-to-insulator transition (MIT) in Eu-rich EuO were thoroughly investigated. From

optical, neutron and other studies, the structural, electronic, and magnetic properties of this

highly unstable oxide of europium were well established. For technological applications,

the optical band gap Eg,opt = 1.2 eV, which matches that of silicon (1.1 eV), a very exciting

system is its exchange split conduction band ferromagnetic semiconductor [44]. When used

as a barrier, it can spin filter the tunneling electrons and generate spin-polarized tunneling

current. The exchange splitting of 0.54 eV [50] is significant and makes EuO a model

system for exploring spin filtering across a tunneling barrier. This splitting value is high

compared to the 0.36 eV of EuS, another spin filter barrier [44]. For a detailed review on

spin-filters, see Ref. [51].

Sample Fabrication and Characterization

The EuO samples used in this project were grown by reactive thermal evaporation of

pure europium in the presence of oxygen on HF etched Si(100) wafer. The Eu2O3 refer-

ence sample was deposited from a pure Eu2O3 powder source. Magnetometry and transport

characterization were also done at the facility in MIT using SQUID to determine the qual-

ity of the samples. For further details on fabrication of the structures and magnetic and

transport measurements, refer to Dr. Santos’s thesis [44]. In the initial phase of the project,

the samples studied had the basic structure: Si wafer/EuO/electrode/Al, as shown in Fig.

4-1a, where the nonmagnetic electrode was either Al, Ag or Y. The samples were capped

with a 40 to 80 Å Al layer, a thickness sufficient to protect the EuO layer without affecting

the x-ray measurements.

To reduce sample variability due to growth conditions, most of the samples reported

here were grown under the same conditions in the same batch. Since the focus of this
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study was to investigate the electrode-EuO (top) and EuO-electrode (bottom) interfaces, a

shadow mask setup was used to cover sections of the same EuO film with different elec-

trode materials. To guarantee that the samples with different EuO thicknesses have iden-

tical EuO-electrode interfaces, they were grown in a shutter-opening mode. The shutter is

opened in incremental steps of 3 mm yielding a stair-step structure as depicted in Fig. 4-1.

Figure 4-1: Basic structure of the EuO samples used in the study. Left: A single piece
sample used to study the top (EuO-electrode) interfaces and the effect of top electrode
material. Middle: Wedge sample grown in shutter-opening sequence where the sample
is initially covered except the first step. By opening the shutter (moving it from left-to-
right), the steps of the wedge sample is grown. This approach ensures that the interface
with the next layer is identical for all steps. Right: In shutter–closing mode, the sample is
completely exposed. Then the shutter is gradually closed, forming the wedge structure. In
this mode, the interface with the preceding layer is identical for all steps.

As stated earlier, fabricating the oxide layer with the correct stoichiometric ratio re-

quires strict adherence to growth conditions including careful preparation of the substrate,

cleaning the chamber of any contaminants, and constant monitoring of Eu evaporation rate

and oxygen flow rate into the chamber [50]. Using overlayer elements that readily oxidize

such as yttrium, increases the complexity of the growth process. Thickness of the deposited

films is monitored by a water-cooled quartz-crystal microbalance (QCM).
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Wedge (Stair-step) Samples

The use of wedge samples is an attractive approach that provides several advantages.

Wedge structures are often used to study the effect of thickness or composition of a given

layer by placing a marker layer underneath. First it reduces sample-to-sample variation

significantly. Second, it provides a template where only one parameter can be varied and its

effect carefully examined. Finally, by choosing the appropriate shutter-opening or shutter-

closing sequence, a wedge sample for examining the top or bottom interface can be grown.

In the case of shutter-opening mode, the interface with the next layer is identical for all steps

of the wedge 4-1 (b). On the other hand, in shutter-closing growth mode, the interface with

the previous layer is the same for all steps, as shown in 4-1 (c). Our wedge samples are

composed of a series of 3 mm-wide steps. The width of each step is determined by the

step-size of the shutter mechanism in the growth chamber. This step-size was the same as

the x-ray beam spot size in the scattering measurements that provides sufficiently reflected

intensity for most of our measurements at such high energy (Eu M4,5).

To eliminate uncertainty when comparing results from different measurement tech-

niques, when possible, twin sample-sets were grown. One half is used for magnetometry

measurements and the other half is used for x-ray characterization. In the next section, we

discuss details of the measurements and the analysis procedures used to characterize the

top and bottom interfaces.

Tunnel Barrier Quality and Oxides Present

Following the fabrication of the structures, careful characterization is done by our col-

leagues Dr. Tiffany Santos and Dr. Jagadeesh Moodera at the MIT Center for Materials

Sciences and Engineering (CMSE). The measurements include spin-polarized tunneling

spectroscopy [50] to determine the degree of polarization of the tunnel junction, and su-
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perconducting quantum interference device (SQUID) magnetometry to determine low tem-

perature hysteresis loops and the temperature dependence of the magnetization (M versus

T curves). X-ray characterization was conducted at the MSU Nanostructures Growth and

X-ray Characterization Facility, located at the National Synchrotron Light Source (NSLS)

beamline U4B and at the Advanced Light Source (ALS) beamline 4.0.2. As discussed in

Chapter 3, the absorption measurements (XAS and XMCD) were done in the total electron

yield mode in the absorption chamber. The scattering (XRS) measurements were done in

the reflectivity chamber, and the signal is collected with a photodiode. These measure-

ments were done using linearly and circularly polarized x-rays with energy resolution up

to 0.3 eV.

Oxides of Europium

Figure 4-2 shows the XAS spectra of the two dominant oxides of europium. Identifying

the two oxides is made easier by the distinct signature peaks. Near the M5 edge, there are

five peaks that indicate the oxidation state of the europium. We used these M-edge peaks

B and D (associated with EuO) and peaks A, C and E, (associated with Eu2O3), to identify

and quantify the relative abundance of the two species. Details of the deconvolution process

are given in Appendix C.

Choice of Electrode

To understand how the choice of the top electrode affects the properties of the EuO

layer and oxide-electrode interface, we profiled the types of oxides present in a series of

EuO films with the basic structure shown in Fig. 4-1 (a) with different overlayers. Figure

4-3 shows XAS spectra from 40 Å EuO samples with 20 Å Al, Ag and Y electrodes with

the corresponding fraction of Eu2O3 indicated for each electrode. The samples were grown

in the same session using a shutter and a mask setup to deposit different top electrodes.
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Figure 4-2: XAS spectra at the Eu M4,5–edge of the two common oxides of europium. At
the M5, the peaks labeled as B and D (dashed line) and those labeled A, C, and E (dotted
line) are the signature peaks of EuO and Eu2O3 respectively.

The fractions of EuO and Eu2O3 were computed by decomposing the XAS spectra of the

samples with different electrodes against our reference spectra (see Appendix B).

Of the electrodes examined, yttrium was found to decrease the formation of the non-

magnetic oxide, Eu2O3 (less than 10%) and preserve the quality of the EuO film, whereas

in the samples with the Al and Ag overlayers, the fractions of Eu2O3 were 28% and 41%

respectively. These values were corrected for saturation effect using the method suggested

by Chakarin et al. [61], Nakajima et al. [57], and Idzerda et al. [56], resulting in a residual

from the analysis of less than 5%.

Santos and Moodera showed spin filtering effect the tunneling current with ferromag-

netic EuO as the tunnel barrier, using a superconducting Al electrode as the spin detec-
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tor [50]. They reported that the tunnel junction with a yttrium electrode had the largest po-

larization of the tunneling current of 29% compared to 9% for the tunnel junction with Ag

electrode. They proposed that the yttrium overlayer prevented further oxidation of the un-

derlying EuO film by forming Y2O3 layer, which has lower heat of formation (∆Hf =−1760

kJ/mole) than Eu2O3 (∆Hf =−1730 kJ/mole) [50, 62].

Scattering measurements done on samples with different electrodes and different EuO

thicknesses than those used in the analysis presented in the previous sections. Interface
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studies using XAS revealed that samples with a large fraction of Eu2O3 have interfaces

with high roughness. Table 4.1 summarizes the roughness parameters described in Fig. 1-

5: out of plane roughness (σ) and in-plane correlation length (Γ) for samples with different

electrodes. The in-plane roughness varies greatly with the fraction of Eu2O3.

Electrode Eu2O3 in-plane (Γ) RMS (σ)
Ag 35 % 326 Å 7.0 Å
Al 20 % 845 Å 4.1 Å
Y 5 % 986 Å 3.9 Å

Table 4.1: Fraction of Eu2O3 and roughness parameters for EuO films with different elec-
trodes.

To examine the EuO-electrode interfaces, we performed rocking sample scans on the

EuO films with different electrodes. Listed in Table 4.1 are roughness parameters extracted

from these measurements. For comparison, the fraction of Eu2O3 determined from XAS

analysis for each sample with a different electrode are also shown in the table. Compared

to Y and Al, the sample with the Ag electrode has the highest perpendicular roughness

of 7 Å and the shortest correlation length. The perpendicular roughness values are much

closer in Y and Al electrodes. The data suggests the elevated fraction of Eu2O3 in Ag

electrode corresponds to rougher EuO/Ag interface. There is a definite correspondence

between interface roughness and the Eu2O3 abundance. From this set of data, however, it

was not possible to conclude whether Eu2O3 caused rougher interfaces or vice versa.

Angle-dependent XAS and Eu2O3

Figure 4-4 shows XAS scan done at different angles on an 80 Å thick EuO film capped

with Al. This approach provides a depth profile of the oxide layer measured here [57]. At

low sample angles (ω), the presence of a dominant Eu2O3 signature peak, indicates the

presence of significant Eu2O3. With an increasing sample angle, a strong EuO’s signature

peak emerges in the spectra. The fraction of the two oxides as a function of sample angle
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is shown in Fig. 4-4 (right). The beam penetrates only the top section of the sample

in the low angle (small ω) measurements, and penetrates deeper at higher ω . Thus, the

significant presence of Eu2O3 at low angles which then diminishes at higher sample angles

shows, shows that the Eu2O3 is indeed localized at the top EuO-electrode interface. This

thin layer of Eu2O3 is responsible for the degradation of spin-filter efficiency of the tunnel

junction [50].
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Figure 4-4: Left: XAS spectra done at different sample angles (ω). At low angles, the
Eu2O3 peak is dominant. At higher angles ω , the EuO peak dominates in the XAS spectra.
The diminishing fraction of Eu2O3, with increasing probing depth, indicates that Eu2O3 is
localized at the interface. Right: Fraction of the two oxides as a function of sample angle.
The dashed lines are guides to the eye.

The purpose of this angle-dependent XAS measurement is to locate the Eu2O3. The

most likely location is at the interface between EuO and the top electrode. Careful exami-

nation of the angle-dependent XAS shows that at lower angles, the spectra are dominated
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by Eu2O3 (as indicated by the signature Eu2O3 peak). At these low angles, the top section

contributes more to the measured intensity. As a result, we are sensitive to the top part of

the layer. With increasing sample angle, the EuO signature peak emerges, which indicate

the lower section of the film is mainly composed of the desired oxide.

The fraction of the two oxides at different sample angles is summarized in Fig. 4-4

(right). Circles show the fraction of Eu2O3. This result provides insight into the structure

of the oxides and answers two question. First, it shows that indeed the undesired oxide

Eu2O3 is located at the EuO-electrode interface. Secondly, Eu2O3 is not intermixed with

the good oxide throughout the layer. Eu2O3 most likely forms at the interface during the

growth process. This explains why there is significant degradation in the spin-filtering

efficiency in the junction with the highest fraction of Eu2O3. This result clearly showed the

location of the Eu2O3. Reducing the formation of this oxide would significantly improve

the efficiency of the junction. As will be shown shortly, reducing this Eu2O3 at the interface

resulted in higher quality, smoother, uniform EuO films.

Oxide Layer Thickness

Next, we looked at the effect of the EuO film’s thickness on the quality of the tunneling

barrier. Thinner films are preferred in tunneling junctions. From the angle-dependent XAS

measurements, we have identified the presence of a thin Eu2O3 layer at the interface. The

question is then, how can we determine the thickness of this undesired oxide? Most im-

portantly, how can we reduce or eliminate this undesirable oxide? To examine the effect of

the deposited europium oxide thickness, we performed XAS measurements on EuO films,

grown in the same batch, with thicknesses varying from 40 to 80 Å, each capped with a

40 Å Al layer using the mask and shutter setup described above. From the XAS spectra

shown in Fig. 4-5 (left), it is evident that all samples are predominantly EuO (indicated

by the large EuO signature peak B). As the deposited EuO thickness is increased, we see a
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relative decrease in the features associated with the Eu2O3 (peak C). The relative fraction

of the two oxides extracted for different thicknesses is show in Fig. 4-5 (right-bottom). In

these samples this small decrease in the fraction of Eu2O3 with increasing deposited film

thickness does not mean the amount of Eu2O3 is changing.
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Figure 4-5: Left: XAS spectra for different EuO thicknesses capped with 40 Å of alu-
minum. Right-top: Structure of the layers used in the model to extract thickness of the
Eu2O3 at the EuO-electrode interface from the fit. This arrangement is based on results
shown in Fig. 4-3 that confirmed the location of Eu2O3. Bottom-right: Thickness depen-
dence of the percentage of each oxide and fit (dashed lines). The thickness of Eu2O3 is the
value where EuO goes to zero, which in this case is 9.1 Å.

As indicated by the angle dependent measurement in Fig. 4-4, this slight decrease can be

explained by examining the measurement process. For XAS measurements in total electron

yield (TEY) mode, the major contribution to the measured sample current comes from the

secondary electrons generated in the absorption process [57]. As these electrons make
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their way out of the sample, they are attenuated in exponential fashion. Due to the limited

escape depth of the electrons, the contribution from that constant thickness overlayer is

seen to diminish in relative intensity compared to the underlayer signal as the underlayer

thickness increases. The capping layer and everything above the section of the sample of

interest attenuates the signal from that region. Thus, the contribution needs to be weighted,

as shown by [56, 57, 61, 63].

Using a simple model, given in Ref. [61], where the Eu2O3 is held constant,2 which

compares the weighted contribution from such an overlayer at the interface, we estimated

the thickness of Eu2O3 at the EuO-electrode interface (see Fig 4-4). For an escape depth of

80 Å (Ref. [63]) the fit gives a 9.1 (± 1.4) Å thick Eu2O3 layer at the interface, as shown

in Fig. 4-5 (right-top). Subsequent EuO films, even thinner ones, have a higher fraction

of EuO. This encouraging result is mainly due to the improvements in the fabrication pro-

cedures and choice of appropriate buffer layer that promotes the growth of higher quality

EuO films.

Direct Investigation of Buried Interfaces

In the previous sections, the focus was on examining the quality of the EuO barrier and

the effect of the choice of electrodes. Now we turn our attention to the interfaces between

EuO and electrodes and answer the question: Is the top interface the same as the bottom

interface? Here we present results from direct examination of the bottom interface of the

tunnel junctions grown on Cr/Cu buffer layer. The relevant interfaces were studied first

with XAS and then XRS. We also present angle-dependent XAS measurements done to

examine the top (EuO-electrode) interface of films with buffer. These results are compared

to the films grown, earlier in the project, without the buffer layer.

2This scheme is similar to the approach used by Ohldag et al. [23] to estimate the thickness of CoO-NiO
at the Co/NiO interface.
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As discussed in the previous sections, the main focus of the XAS and XMCD studies

was the chemical and magnetic properties of the buried EuO layer and the buried EuO-

electrode (top) interface. Here, the emphasis is on comparing the bottom (electrode-EuO)

and top (EuO-electrode) interfaces separately. Moreover, the overall structure of the junc-

tion was modified by adding a Cr/Cu buffer layer. The chromium seed layer was essential

for the proper growth of the Cu layer, which in turn affected the quality of the EuO layer.

Copper was chosen because its lattice match with EuO and Cu is less likely to form CuO

in the presence of EuO. Heat of formation of CuO is ∆H f =−150 kJ/mole, which is much

higher than that of EuO. Fig. 4-6 shows Cu L2,3 edge scans on samples with different

EuO film thicknesses and reference XAS spectra metallic Cu and CuO [64]. The Cu-edge

spectra indicate that the Cu layer is metallic with no CuO.

This structure in Fig. 4-1 (b) that has EuO films of different thicknesses grown on a Cr

(20 Å)/ Cu(90 Å) buffer layer and capped with Y (20 Å)/Al (80 Å) or Al(80 Å) presents

several advantages. First, by tuning to the europium absorption edge and performing XAS

analysis, we can determine the oxidation state of the europium oxide film and quantify

the abundance of the two oxides. Secondly, the thickness and composition of the buffer

layer can be easily varied. This provides a convenient method to examine the bottom

electrode’s impact on the interfaces, the EuO layer, and the spin transport properties of the

entire structure. Most importantly, the relevant buried interfaces, namely Cr/Cu, Cu/EuO

and EuO/Y can be examined separately by choosing the appropriate scattering conditions

using the element-selective and interface sensitive techniques described in Chapter 3. In

this case, having layers composed of elements with absorption edges far apart, as listed in

Table 4.2, made the separation and study of these interfaces straightforward.

To examine the buried interfaces, we performed rocking sample (diffuse) scans at photo

energy and sample angle selected from specular scans and energy scans (not show). Figure

4-7 shows rocking sample (diffuse) scans normalized to the maxima of the diffuse back-
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Figure 4-6: XAS spectra at the Cu L2,3 edge indicate the Cu/EuO (bottom) interface does
not contain CuO. Comparing the XAS spectra done for EuO thicknesses 10 – 40 Å grown
on Cr/Cu buffer layer against the spectra of pure Cu metal (top) and oxidized CuO (bottom)
confirms the bottom Cu electrode is metallic with no oxidation at the interface. Cu and CuO
reference spectra from [64].

ground. These diffuse scans were done at 1128.2 eV (Eu M5), 933.8 eV (Cu L3) and 574.0

eV (Cr L3) to examine the EuO/Al, Cu/EuO, and Cr/Cu interfaces respectively. The photon

energy were determined by the element available in the layer below the interface we are

examining. To examine the EuO/Y interface, we would tune the photon energy to the Eu

M5 edge. Table 4.2 summarizes the energy were the scans were done, the interface examine

at selected energy, and the absorption edge of the element in the layer.
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Photo energy (eV) Absorption edge Interface RMS (σ)
574.0 Cr L3 Cr/Cu 4.6 (.4) Å
933.8 Cu L3 Cu/EuO (bottom) 3.7 (.4) Å

1125.0 pre-Eu M5 Cu/EuO (bottom) 3.6 (.4) Å
1128.2 Eu M5 EuO/Y (top) 2.8 (.4) Å

Table 4.2: Roughness values at the top and bottom interfaces of Cr/Cu/EuO/Y/Al structure
extracted from sample rocking scans done at ω = 6 degrees.

The perpendicular roughness values extracted from the rocking scans show that the top

interface is smoother than the bottom interface or the Cr/Cu interface. This can be attributed

to the polycrystalline EuO that evens out the roughness introduced during the growth of the

multilayer structure. The top interface of the EuO films grown on Cr/Cu buffer is even

smoother than those shown in Table 4.1.
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Figure 4-7: Rocking scans performed at ω = 6 degrees and different energy values to probe
the Cr/Cu, Cu/EuO and EuO/Y interfaces. The scans were normalized to the maximum of
the diffuse background.
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For comparison purposes, we did one more diffuse at a selected energy we are calling

pre-Eu M5edge to probe the bottom Cu/EuO interface. This value was chosen such that

the incident photons can penetrate past the EuO layer and be reflected from the bottom

interface. The condition that meets these requirements was chosen as follows. The sample

angle and photon energy just before the Eu M5 edge such that the absorption intensity is

about 10% of maximum XAS intensity, while the scattered intensity is more than 80%

of the maximum of the XRS intensity. The pre-Eu M5 (1125.0 eV at 6 degrees) was then

selected following a series of XAS and XRS scans done at the Eu M5 edge at several sample

angle ω .

The diffuse scan done at the pre-Eu M5 edge is shown in Fig. 4-7. The perpendicular

(rms) roughness at this value is equal to rms value extracted from the Cu L3 edge scan.

Thus, the approach we used does measure the roughness of the bottom interface. Our

direct investigation of the buried interfaces reveals that EuO layers grown on Cr/Cu buffer

layer are more than 90% EuO, there is little or no Eu2O3 at the top EuO/Y interface even

for the thinnest (10 Å) EuO films. Moreover, the top interface is smoother than the bottom

electrode-EuO interface.

Magnetic Characterization of Ultrathin EuO Films

Equipped with a systematic approach to determine the quality of the EuO films us-

ing XAS chemical analysis, we conducted low temperature magnetic characterization of

the EuO films. For this purpose we used x-ray magnetic circular dichroism (XMCD) at

beamline 4.0.2 located at the Advanced Light Source (ALS). Figure 4-8 shows XMCD

measurements on 20 Å EuO films with Y/Al and Al overlayer at the Eu M4,5-edges. Since

Eu2O3 is nonmagnetic, the only contribution to the XMCD signal is from the ferromag-

netic EuO film. The identical normalized XMCD spectra for both samples are identical.
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The Eu2O3 present in the Al capped EuO film does not contribute to the measured XMCD

signal. After correcting for angle of incidence and incomplete polarization [56], for this

particular sample we found the XMCD value to be 31.0 (± 3.5)% and 25(± 3.5)% for the

Y/Al and Al capped EuO films.. This is higher than XMCD values reported by others for

ultrathin EuO films [65–67].
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signal (Middle). The magnetic signal comes only from the ferromagnetic EuO as indicated
by the identical normalized XMCD spectra of the the two samples. Bottom: Reference
spectra of the two oxides.



57

Upon closer examination of the XAS spectra, we found that the fraction of Eu2O3 is

rather small (< 10%), which indicated the EuO samples are of high quality. Results from

the analysis is shown in Fig.4-11. Angle-dependent XAS spectra for the thinnest step of 10

Å showed a very small amount of Eu2O3 at the EuO-electrode interface. For comparison,

the angle-dependent fraction of EuO for 80 Å EuO (from Fig. 4-4) is also indicated in Fig.

4-9 (right). From these measurements we can rule out the presence of Eu2O3 at the top

(EuO-electrode) interface.
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Figure 4-9: Left: Angle-dependent XAS spectra done on 10 Å EuO grown on Cr/Cu buffer
with Y electrode. Right: Relative fraction of EuO and Eu2O3 as a function of sample angle
extracted from the XAS spectra (shown on the left). For comparison, the fraction of EuO
for the 80 Å (from Fig. 4-4) is also shown (solid circles).

To examine the cause of thickness dependence of the XMCD signal, we performed a

series of measurements on EuO wedge samples where the only parameter varied was the

EuO film thickness at 18 K. Figure 4-10 shows the XMCD signal for EuO film thicknesses
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from 10–60 Å at the Eu M5-edge. The structure of the wedge sample, capped with Y/Al

overlayer is depicted in the inset (lower-right). The XMCD values at M5-edge for differ-

ent samples is shown in Fig. 4-11 with an average XMCD of 40.0 (±3.5)%, the highest

reported value for this range of thicknesses. XAS analysis done on wedge samples with Y

and Al electrode (see Fig. 4-11(top)) shows the fraction of EuO is much higher than earlier

results. In fact, it is over 90% EuO films and it is constant for all thicknesses.
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Figure 4-10: XMCD spectra at the europium M5–edge for the different steps (10 – 60 Å)
of the EuO wedge. Right: Structure of EuO films grown on Cr/Cu buffer with Y electrode.

Possible reasons for the observed variation in measured XMCD can be due to thickness

dependence of the saturation magnetization (MS), Curie temperature (TC), or a some com-

bination of these factors. For instance, perhaps the EuO films have different magnetization

values or the samples were not fully saturated during the MCD measurement. However, this
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was also ruled out by magnetization versus temperature measurements (see Fig. 4-12) for

EuO wedge samples grown on Cr/Cu buffer with a yttrium top electrode and capped with

Al. Moreover, the XMCD measurements were done at saturation field values determined

from SQUID magnetometry data. The magnetization versus temperature curves, as shown

in Fig. 4-12 (A) with almost equal saturation magnetization (MS), independent of the EuO

film’s thickness. The data shows the saturation moment is independent of thickness (see

Fig. 4-12 (B)).

100

80

60

40

20

0

F
ra

ct
io

n
 o

f 
E

u
O

 [
%

]

70605040302010

Deposited EuO film thickness [Å]

100

80

60

40

20

0

X
M

C
D

 [%
]

 Y Cap
 Al Cap

 XMCD

Figure 4-11: Fraction of EuO and XMCD signal for yttrium capped EuO wedge shown in
Fig. 4-10. The measured XMCD, averaging at 40(±3.5)%, is the highest value for ultrathin
EuO films for these thicknesses. For comparison, the fraction of EuO for the Al capped
EuO wedge is also shown (open circles).

The TC values extracted from the temperature dependence of magnetization measure-

ments for the wedge samples with Y (shown in Fig. 4-12 (A)) and Al (not shown) electrodes

are plotted against the thickness of the EuO layer (Fig. 4-12 (C)). The Curie temperature

is significantly reduced with decreasing EuO film thickness. This result is the first exper-

imental confirmation [44] of the prediction by Schiller and Nolting [68]. Their calculated
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thickness dependence of TC for an ideal, self-supporting EuO film with no contact or sub-

strate is shown by the solid line in Fig. 4-12 (C). The large offset between the calculated

and measured values is because the theoretical model does not account for the effect of the

substrate and other experimental constraints. As shown in Fig. 4-12 (D), a similar decrease

is observed in the coercive field.
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Thin tunneling barriers have smaller junction resistance. Reducing the thickness of the

EuO barrier, however, results in lower TC and decreased 2∆Eex, the exchange splitting in

the conduction. These are the two most important parameters on which the EuO barrier’s

filtering efficiency depends. The decrease in the exchange splitting is from 0.54 eV for

bulk to 0.29 eV for a 25 Å EuO film [44]. This is a more fundamental and difficult issue.

However, as Santos [44] showed, this reduced exchange splitting is sufficient to achieve

spin-polarized current of 98%. One way to increase TC is by doping the EuO film with

Gd [17, 67]. Doping EuO, however, decreases the exchange splitting which is essential for

spin filtering.

Summary

EuO based spin-filter tunnel junctions hold great promise for spin-injection and spin-

tronic applications. We presented work done to understand how the choice of electrode and

EuO film thickness affect the EuO-electrode interface. Our results show that yttrium not

only prevents diffusion of oxygen by forming an oxygen barrier but it also preserves the

quality and integrity of the EuO film by preventing the formation of a nonmagnetic, stable

oxide, Eu2O3. We also studied the factors that promote formation of the nonmagnetic sta-

ble oxide, Eu2O3, and where it forms. Angle-dependent XAS measurements showed that

if there is Eu2O3, it is localized at the EuO-electrode interface. The thickness of the EuO

layer, however, has little effect on the quality of the EuO-electrode interface.

Using XAS, XMCD and XRS, we examined the quality of the electrode-EuO and EuO-

electrode interfaces, and studied the chemical and magnetic properties of the EuO films. We

showed the choice of the bottom electrode is as important as the choice of the top electrode.

Use of Cr/Cu buffer layer promotes the proper growth of EuO and thus the fabrication of

EuO films with consistent magnetic properties.
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Direct investigation of the bottom (electrode-EuO) and top (EuO-electrode) interfaces

using soft x-ray scattering techniques showed that EuO samples with a Cr/Cu buffer layer

are smoother compared to EuO films grown on a Si substrate or Al bottom electrode. The

extracted roughness parameters of the different interfaces indicate that interface do not

conform to the morphology of the layers below and the interfacial roughness is random.

By using wedge (stair-step) EuO samples deposited on Cr/Cu, sample-to-sample variations

were eliminated, yielding EuO samples with consistent bulk-like composition and magnetic

properties even to the monolayer level.

XMCD studies, along with SQUID magnetometry results, showed that the thickness

dependence of TC is the major limiting factor in using ultrathin EuO films for spin-filtering

devices. Even though high quality EuO layers with remarkably smooth interfaces were fab-

ricated in this project, the application of EuO-based, all-electrical spin-filter devices needs

more work. The system, however, provides a prototype to help understand the tunneling

spin-filters and investigate other spin-filter systems.
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CHAPTER 5

CONCLUSION AND OUTLOOK

In this chapter, we summarize the work done on EuO-based spin-filter tunneling junc-

tions. We then highlight the implication of this work in the field of tunnel junction based

spin filtering systems, focusing on the impact of interfaces on spin-dependent tunneling.

We then discuss a direction for further work on interfaces and tunnel junctions.

One way to achieve spin-polarized current is by using spin filtering tunnel junctions.

The operation and performance of such structures is strongly influenced by the quality of

the interfaces through which the electrons have to tunnel. In EuO based spin-filter tunnel

junction, the use of buffer Cr/Cu layer had led to enhancements of the desired properties.

In this project, we studied the quality of the interfaces and examine the magnetic properties

of the layers involved using soft x-ray techniques XMCD and XRS.

Using these techniques, we studied and quantified the fraction of EuO and Eu2O3, and

identified where the nonmagnetic oxide (Eu2O3) is located. By fitting these results with a

simple model, we estimated the thickness of the Eu2O3 layer at the interface for samples

grown early on in the project. We found the stable oxide, Eu2O3, which degrades spin-

filtering efficiency of the junction, is localized at the top (EuO-electrode) interface. Of

the top electrode materials used, we found yttrium to be the best electrode that protects

the EuO underlayer from further oxidation and formation of Eu2O3. Feedback from the

chemical analysis of the oxides and quality of the interfaces was used to further refine and

improve the fabrication process. XAS measurements confirm that switching from single

samples to wedge samples, minimized sample-to-sample variation significantly. Results

from XMCD measurements done to study the magnetic properties of the ultrathin EuO
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films are in excellent agreement with SQUID magnetometry data. Both measurements

showed the remarkable improvement in the quality of the thin films deposited on Cr/Cu

buffer layer. In the study, wedge samples with different compositions and thicknesses were

used.

In tunnel junctions with a ferromagnetic EuO tunneling barrier, by varying thickness

and composition of the buffer layer and the choice of the top electrode layer, we studied how

these parameters modify the interfaces and properties of the oxide barrier. We quantified the

relative fraction of the two oxides of europium and addressed questions raised early on in

this work: (1) location and thickness of the undesired oxide and (2) quality of the electrode-

EuO (bottom) interface. Using XMCD and XRS measurements, we characterized and

quantified the amount of EuO (magnetic) and Eu2O3 (nonmagnetic), examined the relevant

bottom (electrode-EuO) and top (EuO-electrode) interfaces, and studied the impact of these

modified interfaces on the entire spin-filter tunnel junction.

We also examined the buried bottom (electrode-EuO) interfaces by depositing EuO on

a Cr/Cu buffer layer and found that (a) there is no oxidation at the bottom interface and (b)

the top (EuO-electrode) interface is smoother than the bottom interface. With the addition

of more layers, the interfaces get smoother mainly because EuO is polycrystalline. The use

of an appropriate buffer layer, in this case a 30 Å Cr/90 Å Cu, enhances the quality of the

interface and maintains the chemical and magnetic properties of the EuO film.

From XMCD measurements, we found the average XMCD signal of 40.0 (±3.5)%,

the highest for such ultrathin EuO films. The XMCD response is consistent with the tem-

perature dependence of magnetization measurements done by SQUID magnetometry. The

TC response observed here is the first experimental confirmation of Schiller and Nolting’s

theoretical prediction [68].

Compared to other candidates for magnetic tunneling barriers, EuO’s high TC (69 K)

and its simple structure make it the system of choice to study and use as a prototype to
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examine the spin filtering process. Room temperature spin-filter such as is CoFe2O4 with

TC. However, the filtering is tied to the complex band structure of the tunneling barrier

material [17, 44]. Furthermore, EuO’s TC can be enhanced to around 150 K by doping it

with other rare earth materials such as Gd [17, 67, 69]. Recently, EuO barriers have been

used in conjunction with Al2O3 barriers in magnetic tunnel junctions yielding, enhanced

tunneling magnetoresistance (TMR) of 280% at low temperature and, in some systems a

negative TMR [44].

Spintronic devices that use spin-filter tunnel junctions for spin-injection and -detection

in an all-electrical device, such as the spin-filter transistor suggested by Sugahara and

Tanaka [16], are nearing reality. As recently Schmehl et al. [17] demonstrated, EuO was

used to inject spin-polarized current into Si and GaAs. Moreover, there are open-ended

questions as to the role of interfacial states in spin-filter tunnel junctions. Do these states

promote or degrade the spin-filter efficiency of the ferromagnetic semiconductor barrier?

Can coherent tunneling enhanced filtering be achieved by matching the interface states? It

remains to be seen whether EuO can be used for coherent tunneling to achieve higher spin

polarization by matching the interface states.
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APPENDIX A:

MAGNETIC CHARACTERIZATION OF CoFe/MgO AND

CoFeB/MgO INTERFACES
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The use of CoFeB ferromagnetic electrodes in place of CoFe has been shown to

significantly increase the tunneling magnetoresistance (TMR) of MgO based magnetic tun-

nel junctions (MTJs). By using soft x-ray scattering techniques, we show that the behavior

of the magnetic moments located at the CoFe-MgO interface are drastically different from

the rest of the CoFe film, whereas the magnetic response of the CoFeB-MgO interfacial

moments is coherent with the film’s bulk. Our results support the view that the high TMR

values observed in MgO-based MTJs with CoFeB electrodes are due to the uniform mag-

netic response of the entire CoFeB electrode including the MgO interfacial moments.

Introduction

Considerable efforts have been devoted to improving the fabrication and performance

of magnetic tunneling junctions (MTJs) because of their potential applications in next-

generation devices such as read-heads for ultra-high density hard disk drives and mag-

netoresistive random access memories [31, 70]. The realization of extraordinarily high,

room temperature tunneling magnetoresistance (TMR) in MTJs that use an MgO tunneling

barrier [71–74]. came well after Butler et al. predicted that coherent electron tunneling

through MgO would lead to much higher TMR values [27]. Different materials have been

used for ferromagnetic electrodes in these MTJs, with Co, Fe and Co-Fe alloys being the

most popular. The CoFe electrode in an MTJ stack typically grows in the BCC polycrys-

talline structure [71, 73, 74]. However, when boron is added to CoFe, the resulting CoFeB

becomes amorphous and the subsequent deposition of MgO results in a more crystalline

insulating barrier, improving the coherent tunneling and significantly increasing the TMR

value [73, 74].

To determine precisely how the improved crystalline quality enhances the spin-dependent

tunneling across the electrode-MgO interface, we have used x-ray magnetic circular dichro-

ism (XMCD) as well as diffuse and specular x-ray resonant magnetic scattering (XRMS) to
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chemically and magnetically characterize each interface [58]. These nondestructive tech-

niques provide element-specific, and interface sensitive information with magnetic con-

trast. X-ray resonance magnetic scattering is the angle dependent reflectance of circular

polarized soft x-rays whose energy is tuned to the absorption edge of a magnetic element.

It combines the chemical selectivity of x-ray resonant scattering with the magnetic contrast

of magnetic circular dichroism, and has been successfully used to separately parameter-

ize the magnetic and chemical roughness of interfaces [11, 22, 75], identify the order of

layer switching [11], and separately monitor the hysteretic behavior of magnetic moments

located at the interface or within the bulk [12].

Experimental

To address the effect of adding boron to CoFe electrodes and the interfacial behavior in

MgO tunneling barriers, we used UHV magnetron sputtering system (Canon ANELVA C-

7100) to prepare Ru(100Å)/electrode/MgO(18Å)/Ta(40Å) samples on Si substrates (with

the native oxide still present), where the electrode is 30Å of either Co70Fe30 or Co70Fe20B20.

The structure of the samples studied is shown in Fig. A-1. The bottom Ru film initiates

high quality electrode growth and the top Ta layer protects the MgO layer from oxidation

and contamination. The MgO layers were grown using RF magnetron sputtering, while all

other layers were grown using DC magnetron sputtering.

Figure A-1: Abridged MTJ structure used for CoFe/MgO and CoFeB/MgO interface char-
acterization. The interfaces examined are shown by the solid (blue) line below the MgO
layer.
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The samples were cut in half and one half was annealed at 360 degree C for 2 hours

in an 8 kOe magnetic field (similar annealing as of MTJ stacks). These annealing con-

ditions were chosen because they yielded the highest TMR values in these MgO based

MTJs [71, 73]. Typically, MTJs with CoFe electrodes exhibit room temperature TMR val-

ues below 100%, while those with CoFeB electrodes exhibit room temperature TMR values

that exceed 200% [73].

The XMCD and XRMS measurements were carried out at beamline U4B at the Na-

tional Synchrotron Light Source (NSLS) using 75% circularly polarized light with an en-

ergy resolution of 0.3 eV [76–80]. An in situ electromagnet, with a maximum continuous

field of±300 Oe and pulsed fields of±1 kOe, provides a magnetic field parallel to the sam-

ple surface (along the beam direction) large enough to fully saturate the CoFe and CoFeB

electrodes [11].

The x-ray scattering experiments were done in a scattering configuration shown in Fig.

3-3. The sample angle (ω) and detector angle (2θ ) are defined with respect to the fixed

incident beam direction and allow for the acquisition of the specular reflected intensity as

a function of incident angle (ω – 2θ scan) and the diffuse scattered intensity for a given

detector angle (ω scan with fixed qz). By aligning the sample and detector angle in a

specular scattering geometry (so that qx = 0 or ω = θ ) and sweeping the photon energy,

we can acquire the energy dependent scattering intensity which displays large scattering

enhancements near the elemental absorption edges. This scattering intensity is dominated

by scattering from a single element and is the x-ray resonant scattering (XRS) spectra.

By using circular polarized x-rays, the scattering intensity has strong magnetic contrast.

Measuring spectra for photon helicity and magnetic moment parallel (I+) and anti-parallel

(I–), the average spectra [(I+ + I–)/2, the XRS spectra] and the asymmetry spectra [(I+− I–),

the x-ray resonant magnetic scattering, or XRMS, spectra] can be obtained. Finally, by

fixing the photon energy, detector angle, sample angle, and photon helicity, the scattering
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intensity can be measured as a function of the applied magnetic field in either a specular

scattering condition (qx = 0 or ω = θ ), giving information about the bulk magnetic behav-

ior, or in a diffuse scattering condition (qx 6= 0 or ω = θ +θOffset) giving information about

the interfacial magnetic behavior [12]. If we record the scattering intensity as a function

of applied magnetic field, while holding the sample angle fixed at the specular scattering

condition (qx = 0 or ω = θ ), or slightly offset from specular (qx = 1× 10−4 −1) as indi-

cated by the arrows in Fig. A-2, we can acquire the specular and diffuse hysteresis loops,

respectively [12]. The specular scattering hysteresis loops are indicative of the net mo-

ment (magnetic hysteresis loop) of the film whereas the off-specular scattering intensity is

indicative of variations in the magnetic roughness of the interface.

Changes in the magnetic structure at the interface (and therefore diffuse scattered in-

tensity) can arise either from interfacial magnetic domains responding to the applied field

which reside only in the interface or penetrates the entire film. The former has a small

net moment due to its small volume whereas the latter has a larger net moment and should

therefore be represented in the bulk hysteresis loop.

Results and Discussion

The x-ray absorption spectroscopy (XAS) and XMCD of the as-grown and annealed

CoFe and CoFeB samples were nearly identical (see Fig. A-2), confirming that the elec-

trodes were fully metallic with no significant oxidation after annealing . Interestingly, al-

though the XAS data were identical, the x-ray scattering data showed distinct differences,

especially for the hysteretic behavior of the interfacial moments. To obtain the specular

and off-specular hysteresis curves, we must first identify which photon energy and detector

angle generates the largest scattering asymmetry and to identify the sample offset angle

that gives a strong diffuse scattering. To do this, we measure the Co L3-edge diffuse x-ray

resonant magnetic scattering (D-XRMS) curve, acquired at 778.8 eV (resonant with the Co
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L3 absorption edge) and at the detector position 2θ = 14.96◦from grazing, by rocking the

sample angle through the specular condition (qx = 0 or ω = θ at 7.48◦, corresponding to a

maximum in the specular θ −2θ asymmetry curve).
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Figure A-2: XAS scans at the L2,3 edges of Fe (left) and Co (right) show that both the
CoFe and CoFeB electrodes are metallic. Addition of boron and annealing introduce no
significant change. For comparison, XAS of metallic Fe and Co is shown (bottom) from
Refs. [76, 81, 82].

Figure A-3 shows the log of the scattered x-ray intensity in the rocking scan geometry

as a function of the momentum transfer in the sample plane, qx, taken on a CoFeB sample

before and after annealing (spectra are offset for clarity). The solid line shows the average

scattering intensity (XRS spectra) and the dotted line represents the difference between

scans taken with reverse sample magnetizations (XRMS spectra). In each case, the diffuse

intensity is 3-4 orders of magnitude weaker than the specular scattered peak showing that

these interfaces are of very high quality.
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Figure A-3: Rocking scans as a function of in-plane momentum transfer, qx , performed at
the Co L3 edge for the as-grown (upper) and annealed (lower) CoFeB electrode with the
detector set at 7.48 deg (the spectra are offset for clarity).

First, we will compare the magnetic behavior of the two different composition elec-

trodes to each other and examine the effect of annealing. The hysteresis loop of a film

is normally measured by magnetometry. Because we will compare these bulk hysteresis

loops to element resolved hysteresis loops and interfacial moment hysteresis loops (not

obtainable by conventional magnetometry), we will measure the film hysteresis by x-ray

scattering. In Fig. A-4 we compare the resonant scattering specular hysteresis loops at

ω = θ = 7.48◦ (resonant with the Co L3-edge at 777.4 eV) for CoFeB (top) and CoFe

(bottom) samples before and after annealing. It can be seen that the addition of boron in

CoFe has profound effect on the electrode’s magnetic behavior, yielding a much squarer

and narrower hysteresis loop. These loops are identical to optical Kerr effect magnetome-

try loops . We performed multiple scans of the as-grown CoFeB hysteresis data to display
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the presence of a small number of discrete, but irreproducible steps during the moment

reversal, indicating that each field sweep creates the flipping a few very large magnetic

domains (or cooperative flipping of many domains). After annealing, the hysteresis loops

are completely reproducible, displaying a single, abrupt reversal in the hysteresis loop. On

the other hand, the CoFe film shows a very different behavior. Prior to annealing, the films

possess a slightly rounded hysteresis loop. After annealing, the hysteresis loops are signif-

icantly more rounded, consistent with grain formation and a distribution of coercive fields.

For the annealed CoFe sample, we also show the hysteresis loop measured at 705.8 eV

(resonant with Fe L3 edge). This loop coincides with the Co edge loop, indicating that the

element resolved hysteresis behavior is identical for the alloy film.1

The improved switching behavior of the CoFe films with the incorporation of B and

subsequent annealing explains the improvement in the TMR behavior but does not fully

explain the magnitude of the increase in TMR values. Better insight can be obtained by

comparing the hysteretic behavior of the magnetic moments at the electrode-MgO interface

with B addition and annealing by examining the diffuse (nonzero qx) hysteresis behavior

of x-ray scattering at photon energies resonant with the Co L3-edge. In Fig. A-3 and A-

6, we compare the hysteresis loops for as-grown and annealed CoFeB and CoFe samples

measured at both specular (qx = 0) and off-specular (qx 6= 0) angles. Although the signal

intensity is orders of magnitude smaller for the off-specular geometry, all hysteresis loops

are normalized such that the intensity at saturation is equal to ±1. A striking difference is

observed in the magnetic behavior of the interfaces. As can be seen in Fig. A-3, the spec-

ular and off-specular loops for the CoFeB sample are nearly identical, indicating that the

interfacial moments flip in unison with bulk spins. Slightly elevated scattering intensities

are observed during the initiation and completion of the film reversal process, which we

1Elemental hysteresis loops were corrected for the different absorption strengths of the two magnetization
directions (similar to the saturation effect corrections in XAS).
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Figure A-4: Adding boron decreases the coercive field from about 36 Oe (top-dashed line)
to 5 Oe (bottom-dashed line) and increases the squareness of the hysteresis curve. An-
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HC (solid line). Hysteresis loops done at the Fe L3 edge (705.8 eV) are also shown (open
circles). They are identical to loops done at the Co L3 edge for the borided and unborided
electrodes. These measurements were done at room temperature.

attribute to reversal of the moments associated with individual grains, something that does

not affect the chemical roughness but does represent a new magnetic roughness contribu-

tion, increasing the magnetic component of the diffuse scattering.

On the other hand, for the CoFe sample (Fig. A-6), the off-specular hysteresis loop’s

shape is highly unusual. The nature of the measurement tells us that during magnetization

reversal the interfacial spins in the CoFe film adopt a state of high in-plane magnetic dis-

order, momentarily giving rise to an increase in diffuse scattering intensity. This behavior

is observed in both the as-grown and annealed CoFe films with the annealed films showing
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bulk and interface hysteresis loops show the uniform magnetic response of samples with
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nearly an order of magnitude increase in magnetic contribution to the off-specular scatter-

ing intensity. Clearly, the interfacial moments behave dramatically different than the bulk

moments, and degrade coherent tunneling through the MgO barrier leading to lower TMR

as first envisioned by Butler et al. [27, 40].

Summary

We find that the addition of boron to CoFe electrodes leads to the coherent magnetic

response of interfacial and bulk magnetic moments. The CoFeB/MgO interfaces are found
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to be smooth, promoting highly crystalline MgO growth and improved TMR in MgO based

MTJ structures. The coercivity is found to be much lower than in non-boron containing

electrodes and although annealing leads to a slight increase in coercivity (due to increased

grain size), it also homogenizes the magnetic response and improves the squareness of

CoFeB electrodes. Improving the interfacial moment behavior is key to further increase in

the TMR values.
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APPENDIX B:

MAGNETORESISTANCE BASED EXCHANGE BIAS SENSOR
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External processes that alter the degree of exchange bias can be monitored by taking

two magnetoresistance readings at selected field values. This method utilizes exchange bias

to investigate interfaces and sensing applications. In this appendix, we discuss the the new

sensing method and present modeling we did to identify the optimal material parameters

and operation conditions.

Background

Discovered in cobalt particulates by Meiklejohn and Bean [4], exchange bias is an in-

terface phenomenon observed in magnetic systems where an antiferromagnetic (AF) layer

placed adjacent to a ferromagnetic (FM) layer introduces a coupling that results in a uni-

directional shift of the hysteresis loop as the system is cooled below the Neél temperature

(TN) of the AF layer in the presence of a magnetic field [4, 83–85]. The exchange biasing

process is illustrated in Fig. B-1. Although the AF layer is insensitive to an external field,

cooling the system in an applied field indirectly affects the magnetic ordering of the AF

through interfacial coupling with the ferromagnetic layer, promoting nucleation sites for

the magnetic ordering of the antiferromagnetic layer. This usually results in a negative ex-

change bias (i.e., the hysteresis loop is shifted opposite to the applied field direction during

cooling) as shown in Fig. B-1. Exchange biased systems show the following properties:

(i) unidirectional shift in the hysteresis loops; (ii) blocking temperature, above which the

exchange bias disappears; (iii) training effect (dependence of HEX on the number of field

reversals); and (iv) enhanced coercivity. This has made exchange bias a widely used tech-

nique in magnetic device engineering [71] and has prompted many studies [71, 83–90].

There is no definitive microscopic description of exchange bias, largely because it can be

the result of so many interface phenomena, including domain wall formation at the AF/F

interface; compensated and uncompensated spin in the AF layer; and net non-collinear

magnetization of the AF interfacial layer [71, 83, 84, 86–89]. Results from these models
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do not always quantitatively agree with experimental results, often because realistic atomic

scale interfacial roughness must be included in the model.
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Figure B-1: Exchange bias process (described in text). Figure from [84].

Exchange bias is an essential aspect of many giant magnetoresistance (GMR) and tun-

neling magnetoresistance (TMR) device structures, including read heads, spin-valves, spin-

dependent tunneling junctions, and sensors [71, 83, 84, 86]. For magnetic field based sen-

sors, the sensor’s responsiveness is engineered by biasing the hysteresis loop to an ac-

cessible region. This way, a slight variations in the applied magnetic field result in large

conductivity changes. Since exchange bias is intimately connected to interfacial processes,

it is greatly affected by factors such as interface quality, interfacial roughness, and inter-

mixing. Normally, these factors are used to control the value of the exchange field, HEX,

but in this work the value of the exchange bias is used to monitor external processes that

affect these factors. Applying methods that rely on an absolute measurement of the degree

of exchange bias, entail the careful measurement of the hysteresis loop or the complete
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magnetoresistance curve as the field is swept beyond both saturation fields, which requires

a stable and controllable magnetic field. Instead, by indirectly monitoring only relative

changes in HEX, induced by external processes, we can simplify these requirements.

Measurement Principle

Typically, the magnetoresistance (MR) spectrum for a magnetic system is symmetric for

the positive and negative going field sweeps, which cross each other at zero field. Because

the MR is double valued, we can define a difference spectrum, ∆MR, of the MR for the

positive and negative going sweeps. In exchange biased magnetic films, the exchange field

introduces an offset in the intersection of the magnetoresistance spectra (point "A" of Fig.

B-2) between the positive going sweep (field varied from −HSAT to HSAT) and the negative

going sweep (field direction reversed). In the difference spectrum (∆MR), this is the zero

crossing point (Fig. B-2 inset). An exchange biased system can have a non-zero ∆MR at

zero field which depends on HEX and the width of the MR curves. In fact, as demonstrated

in Fig. B-2, the ∆MR value at zero applied field can be used as a measure of HEX.

The objective is then to use this direct relation between HEX and ∆MR to monitor pro-

cesses that alter HEX. The measurement procedure is as follows. Pulse the applied field to

a value beyond the saturation field, HSAT, forcing the MR value to follow the dashed lines

(see Fig. B-2). When the applied field is removed, the MR relaxes, tracing the solid lines

to points C or B from ±HSAT respectively. ∆MR is then calculated by taking the difference

in the measured MR resistance values: ∆MR = MRB−MRC. This measurement process

only requires the ability to pulse to high fields and make two subsequent conductivity mea-

surements for the relative determination of HEX. Any processes that alter HEX would result

in a variation in ∆MR. Unlike the measurement of HEX from a magnetoresistance spectra,

where locating the intersection point (A) is mandatory, determining ∆MR requires only two

measurements of MR at zero field (points B and C), making this method a fast and easy
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Figure B-2: An exchange biased magnetoresistance (MR) spectrum. When the system is
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lines. The ∆MR at H = 0, which is a measure of HEX, is the difference between the MR
values at points B and C. Inset: Calculated ∆MR as a function of applied field. The section
where ∆MR linear in H is the ideal operation region.

way to monitor factors that change HEX. The success and sensitivity of this measurement

depends on the detailed shape of the MR loops and the value of the exchange bias field.

Only particular combinations of exchange bias, the field position of the maxima in the MR

response, and the width of the MR loops will be useful. Since these characteristics are

determined by the materials, interfacial structures, and growth methods used, it would be

useful to define the interrelationships between these fields that would be of the greatest

utility.

Experimental Setup

Exposing a freshly deposited layer of ferromagnetic material such as Co, Ni and Fe to

oxygen promotes the formation of an antiferromagnetic oxide layer of ~20 Å. CoO’s con-

venient Neél temperature of 290 K and blocking temperature, TB, 260 K (temperature at
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which exchange bias appears) [83] make it a prototypical system for building this type of

sensor [71,83,87]. The CoO/Co bilayer also presents an added advantage in that Co forms

a flat interface, has a large coercive filed, and has an exchange bias of about 9.5 kOe at 10

K [90]. Once this magnetic ordering in the AF layer is established, it results in exchange

bias of the ferromagnetic layer. As previously demonstrated [71], depositing a single or

multiple Co/Cu layers before the AF/F layer improves the MR signal as in GMR sensor.

The samples used were prepared by electron beam deposition in UHV in static applied field

on a silicon substrate then exposed to atmosphere to partially oxidizes the top most Co film,

forming an antiferromagnet/ferromagnet (CoO/Co) interface. The hysteresis and MR mea-

surements were performed at the Magnetic Nanostructures Growth and Characterization

Facility in Montana State University using a Quantum Design PPMS (Physical Proper-

ties Measurement System) and a custom-built magnetoresistance measuring station. Both

systems use standard four-wire Van der Pauw resistance measurement, where the PPMS

provides 8 T with a superconducting magnet over 2 – 330 K stable operation temperature

range.

Modeling

From the example given in Fig B-2, there seems to be a large number of material pa-

rameters to be optimized: the exchange field, HEX, the field of maximum MR, HMAX, the

saturation field, HSAT, and the width of the MR peak. If we focus on the difference spectra,

∆MR, the parameters can be combined for a more universal description. To examine the

effect of HEX on the ∆MR spectra, the MR responses for the positive and negative field

sweeps were modeled as two Gaussians centered at ±HMAX as given by

MR = exp

(
−4ln2

(
HAPPLIED∓HMAX

HFWhm

)2
)

, (B.1)
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where HMAX is the field giving the maximum magnetoresistance, HFWHM is the width of the

Gaussian MR response
(

HSIGMA = HFWHM/
(

2
√

2ln2
))

, and HEX is the exchange bias

field. For a more universal description, HMAX can be considered a scaling field. Similarly,

HEX represents an offset field, shifting the spectra to a new zero. Therefore, the important

variable is not the applied field, but the scaled and offset field given by H = (HAPPLIED−

HEX)/HMAX. The remaining parameter is HFWHM, the width of the MR loop given in terms

of the full-width-at-half-maximum.

Figure B-3 shows the modeled MR response, using this scaled and offset field, with

different full-width-at-half-maximum (FWHM)2 broadening (Fig B-3-top) as well as the

calculated ∆MR for all fields, not just at zero field (Fig B-3-bottom). The field position

of the two extremes of the ∆MR response determines the operational range, whereas the

slope in this range determines the sensitivity to changes in HEX. Interestingly, although the

MR peak field is independent of the width of the MR spectrum, the peak in ∆MR is not.

The operational range of this sensor depends on both. For a sharp MR response with a

small relative HFWHM (dashed lines in Fig. B-3-top and Fig. B-3-bottom, first solid lines),

small variations in the exchange bias field result in large changes in ∆MR but over a narrow

operational range. Similarly, a very broad MR response (a large relative HFWHM) will result

in a gradual change in ∆MR over a larger operational range.

Our described measurement procedure consists of determining ∆MR at zero applied

field, (HAPPLIED = 0). In the absence of exchange bias (HEX = 0), this corresponds to a

scaled and offset field of H = 0 and ∆MR = 0 in Fig. B-3. With exchange bias HEX 6= 0,

our measurement process still demands no applied field (HAPPLIED = 0) corresponding to

a scaled and offset field of H = HEX/HMAX and ∆MR 6= 0. As HEX changes, so does ∆MR.

2We have used the full-width-at-half-maximum because of its ease in determination.
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Operation Field (HOP)

In essence, this HEX shifts the crossing point of the spectra. The offset introduced by the
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exchange bias could be viewed as an internal biasing field. This leads to the next question,

why not introduce an external field, where the measurement is performed? Thus, instead

of measuring the changes in MR at zero field, the ∆MR could be done at HOP. In the this

method we propose that only two points will suffice to determine the relative change of

HEX.

By applying a static magnetic field, the operational point can be shifted from zero to

HOP (operational field) as shown in Fig. B-4. From a design and implementation point of

view, conducting the ∆MR measurement at zero field (with HOP = 0) is more convenient.

However, operating at a field other than zero can dramatically increase the sensitivity of the

measurement. This way the device can be tuned to operate at a desired value.
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Figure B-4: Sensitivity can be improved by carrying out the measurement at HOP 6= 0
instead of only at HOP = 0, is shown in Fig. B-2.

In the description given in the previous section, HEX was treated as an intrinsic, system

dependent offset. Introducing HOP does not affect the modeling, it only shifts HEX to

H′
EX = HEX + HOP. Figure B-4 shows the revised measurement sequence. The role of the

static offset field is to change the field value where the two readings are done. There is a
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trade-off between operational range and sensitivity (slope of the ∆MR curve) observed in

Fig. B-3. In Fig. B-5 (Middle), we have plotted the variation of the normalized sensitivity

and the operational range as a function of the width of the MR response at HOP = 0.

3.5

3.0

2.5

2.0

1.5

1.0

0.5O
p.

 R
an

ge
 (

un
its

 o
f 

H
FW

H
M

) 1.0

0.8

0.6

0.4

0.2

∆
M

R
M

A
X

 Op. Range     ∆MRMAX

2.5

2.0

1.5

1.0

0.5

0.0

Fi
gu

re
 o

f 
M

er
it

86420
HFWHM/HMAX

 HOP/HMAX = 0.0
 HOP/HMAX = 0.5
 HOP/HMAX = 0.8 
 HOP/HMAX = 1.0

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
. S

en
si

tiv
ity

 (
at

 H
 O

 P
 =

 0
) 3.5

3.0

2.5

2.0

1.5

1.0

O
p. R

ange (units of H
F W

 H
 M

) Sensitivity   Operational Range

Figure B-5: Dependence of operation range, sensitivity and figure-of-merit (FoM) on full-
width-at-half-maximum (FWHM) of the magnetoresistance (MR) curve.

The product of sensitivity and operational range gives a more generalized description,

figure of merit (FoM), which illustrates the combined effect of these two important pa-
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rameters. Figure B-5 (Bottom) shows the figure of merit for different HOP values where

the sensitivity was normalized to that of HOP = 0. A closer look at the FoM for HOP = 0

indicates that largest sensitivity with operational range equal to HMAX can be achieved if

the device is engineered to have HFWHM almost twice HMAX. MR width greater than twice

HMAX can increase the operational range but results in a significantly reduced sensitivity

and ∆MRMAX intensity (Fig. B-3 Top). The figure of merit plot for different HOP values

reveals a remarkable fact. The sensitivity of the system can be dramatically enhanced either

by adjusting the HEX of the device closer to HMAX or operating at HOP closer to HMAX.

As expected, this significant increase in sensitivity results in notably diminished operable

range indicated by the FoM peak shifting towards zero in Fig. B-5 (Bottom). The modeling

showed running a device with HEX < HMAX and HFWHM = 2×HMAX operated at zero field

provides an optimal operation region without loss in sensitivity.

Summary

We have developed a convenient method for monitoring processes that modify inter-

face magnetic structure through exchange bias by pulsing the applied field and evaluating

the ∆MR at zero field (HOP = 0) or at a static offset field (HOP 6= 0). This approach of

recording changes in ∆MR at HOP instead of directly measuring HEX provides a fast and

convenient method to monitor conditions or processes that affect HEX. The modeling iden-

tified optimal values for the relevant material parameters that candidates for this application

need to have. Optimal performance can be achieved by engineering the device parameters

so that the maximum in the magnetoresistance (HMAX in our model) occurs near the ex-

change bias field, HEX, and the width of the MR curve is twice the field value of this

maximum MR. An alternative approach is to operate the device at HOP slightly smaller

than HMAX. This can greatly reduce problems associated with engineering a device with

the above stated characteristics allowing operation at a tunable field value.
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APPENDIX C:

EXTRACTING FRACTION OF EuO AND Eu2O3 FROM XAS SPECTRA
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Here we provide details of the steps involved in deconvoluting measured XAS spec-

tra and comparing them to references of the available species. This approach provides a

method to identify the available species and quantify their relative abundance. We give

an example of the steps involved, which include validating the reference spectra, removing

background from the measured XAS data and the actual deconvolution. The approach is

presented in the framework of solving an over-determined linear equation and obtaining

values that minimize the difference between the measured spectra and computed spectra.

Background and Reference XAS Spectra

The presence or absence of oxides in a given sample can be identified by looking for

signature peaks in a given XAS spectrum. The relative abundance of each oxide or element

available in the sample can be extracted by comparing the measured spectrum against ref-

erences of the species present in the sample. This approach provides a method to determine

the quality of deposited film and examine the relevant interfaces. This comparative analysis

is also used in other measurements, such as XMCD, to determine the amount of magnetic

oxides of iron [9].

The reliability of the values extracted using this procedure depends on the quality of

the reference spectra. In this study, the two common oxides are EuO, a highly reactive fer-

romagnetic oxide, and the more stable oxide of europium Eu2O3. To establish standards,

we prepared series of reference samples that take into account measurement instrumenta-

tion and fabrication constraints. The Eu2O3 reference spectrum was taken from a 200 Å

thick Eu2O3 sample prepared from Eu2O3 powder. For the EuO reference XAS spectrum,

we used spectra obtained from a 20 Å EuO sample grown on Si with a 20 Å Y electrode

capped with 40 Å Al. The XAS and XMCD spectra of this particular sample were con-

sistent with that of EuO reported in literature.. The reference spectra obtained from our

standards are shown in Fig. C-1 (shaded dark gray), along with the Eu2+ and Eu3+ XAS
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Figure C-1: Reference spectra for EuO (top) and Eu2O3(middle) used in the analysis com-
pared to XAS spectra reported in literature [63,65,91]. The spectrum for pure Eu (bottom)
was obtained from ref. [63].

spectra at the europium 3d5/2 (M5) and 3d3/2 (M4) edges reported in literature (see in Fig.

C-1 [63, 65, 66, 91]). The XAS spectra from our standard samples agree with the XAS

spectra of the oxides under consideration. The small variation, even among the published

spectra, can be attributed to either the experimental setup or the way the calculations were

conducted. The analysis procedure, which will be discussed below, was applied to our
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standard spectra using the spectra reported by Thole et al. [63] as the basis-set. We found

that our reference EuO and Eu2O3 spectra have less than 5% of the other oxide and less

than 10% pure Eu metal. The analysis reported in Chapter 4 was based on our reference

spectra. All spectra were energy shifted so that the energy value for the M5 peak is 1128.2

eV as reported by Thole et al. in Ref. [63].

XAS Spectra Decomposing Procedures

Figure C-2 shows the XAS spectrum at the europium M4,5 edges done on an 80 Å thick

EuO sample capped with 40 Å Al. The steps involved in the decomposition process are:

(1) removing background, (2) correcting energy shift, (3) matching pre- and post-edges

to calculated values, and (4) decomposing the spectra and estimating the residual. The

main sources of background in the XAS spectra are fluctuations in the incident beam and

glitches during data acquisition. Normalizing the measured XAS spectra by the incident-

photon-flux (I0) corrects for factors that affect both the incident beam and the measured

fluctuations in the storage ring, decay in the ring current, glitches during the measurement

or other factors that may affect both the incoming beam and the measured scan. Often,

there may be an additional experimental setup and system-specific background in the XAS

spectra while different approaches can be used to remove this type of background, the

method used in this work was to collect data over an extended range before the M5 edge

(about 20 eV) and after the M4 edge (about 30 eV). These two regions, commonly referred

to as the head and tail of the XAS spectra, provide a baseline to remove a small linear

background from the spectra.

Once the background is removed, if necessary, the energy axis of the spectra is adjusted

by introducing or removing an offset. These two types of energy corrections are relative

and absolute. The per-scan correction, one source of which could be drift in the monochro-

mator, is taken care of by collecting the spectra of a material with a known peak near the
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energy range the measurement is done. This reference spectrum and the actual XAS scan

are collected simultaneously on a different channels. Any relative shift between runs can

then be corrected by comparing the spectra of the known material. On the other hand, the

absolute energy correction is done by comparing the energy position of the relevant peaks

to values reported in literature. As stated earlier, in this study we used the value given by

Thole. Alternatively, values obtained from sources such as the X-ray data booklet [92] may

also be used.

The normalized XAS spectra are then matched to off-resonance values obtained from

Henke’s table [92] to show the absolute absorption cross-section values. Then the XAS

spectra are decomposed against the reference spectra using a linear least-squares (LLS)

fitting procedure. In this scheme, the reference spectra are used as a basis-set, and the

task is to find a solution to the over-determined set of linear equations that minimizes the

difference between the measured and weighted sum [93]. The measured spectra can be

described as

y(x) =
N

∑
k=1

akXk(x), (C.2)

where Xk(x) are the basis functions and ak are the weight functions. The merit function is

then given as

χ
2 =

N

∑
i=1

[
yi−

M

∑
k=1

akX(xi)

]2

. (C.3)

In matrix representation

χ
2 = |y−X•a|2 , (C.4)

where X is an N × M matrix composed of the basis set, a is the weight (in this case the

fraction of each oxide) and y is a one-dimensional vector (the measured XAS spectrum to

be decomposed).

Figure C-2 shows the different spectra used in the analysis. We start with the measured
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Figure C-2: Decomposition of XAS spectra at the europium M4,5 edges. (a) The mea-
sured (solid line) and calculated (dashed line) spectra with the small residual (b). (c) The
weighted component of the two oxides and (d) reference XAS spectra of EuO and Eu2O3
oxides.

spectra shown in panel (a) that has been prepared according to the process detailed above.

Then, using the functions MatrixLLS in WaveMetrics’ IgorProTM or the left-matrix divide
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(MLDIVIDE) in MathWorks’ MatLabTM, the weights are given in variable a. IgorPro puts

the computed values in an internal variable called M_B. In MatLab the ’\’ (backslash),

a shorthand for left matrix divide, can also be used in the equation. The weight of each

oxide that minimize Eq. C.3 are computed using the reference spectra shown in Fig. C-2

(d). This particular sample is composed of 84% EuO and 16% Eu2O3 as shown in panel

(c). The weighted sum of the oxides is plotted in panel (a), and the difference (residual) is

shown in panel (b).
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