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I have investigated the influence of an ultra-thin Au interface layer on the 

magnetic anisotropy of Co-Pd and Co-Cu structures. Sandwich structures of the form X / 

Co / Y / Cu / Si(l 11), with (X, Y) = (Pd, Pd), (Au, Pd), (Pd, Au), (Cu, Cu), (Au, Cu), and 

(Cu, Au) were studied. For each structure, a Au layer of systematically varied thickness 

(tAu) was inserted at one Co interface. I also investigated Co/Pd and Co/Cu miiltilayer 

systems with a Au layer at each interface. For each Co-Pd sandwich structures a 

maximum is observed in the magnetic anisotropy for Iau = 1 to 1.5 atomic monolayer 

(ML). For the Co/Pd multilayer system, a maximum in coercivity occurs with tAu = 0.5 

ML. For each Co-Cu sandwich structure except (X, Y) = (Cu, Au), a minimum in 

magnetic anisotropy is observed at tAu = 1 ML. For the Co/Cu multilayer system, a 

decrease in magnetoresistance was seen with increased Iau, except in multilayers with a 

relatively thin Co layer thickness (~ 3 ML) that display a peak in magnetoresistance at tAu 

= 1 ML. I have also investigated the strain, surface alloying, and surface (interface) 

roughness of these system using RHEED, XPS, and LAXD. Analysis of these 

measurements reveals a correlation between magnetic anisotropy and both strain and 

surface roughness in the Co-Pd systems, though no correlation is seen for Co-Cu. Based 

on my investigations, I conclude that the most likely cause for the non-monotonic 

changes seen in the anisotropy of these systems is changes in the surface 

magnetocrystalline anisotropy, with strain and surface roughness also playing a role. 
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Chapter 1 

INTRODUCTION 

My research involves the magnetic anisotropy of cobalt-based thin film structures. 

More specifically, my work centers on the nature of the magnetic surface anisotropy in 

these films and ways in which it can be modified by xiltra-thin layers of non-magnetic 

material at a magnetic surface or interface. In this chapter, I first provide a background 

to my work by reviewing magnetic anisotropy as it pertains to cobalt-based thin films. 

Next, I briefly introduce some of the technological applications that have fiieled much of 

the interest for research in this area in recent years. With this backgroimd established, I 

then describe the motivation for my research. Lastly, I present a short overview of the 

organization of this dissertation. 
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1.1 Magnetic Anisotropy in Thin Films 

In simplest terms, magnetism may be described as the result of electrodynamics. 

That is, magnetism is the interaction between charged particles in motion. More 

precisely, it is a quantum mechanical effect that has its origins in electron spin and the 

Pauli exclusion principle.^ While it is relatively weak compared to electrostatic 

phenomena, the subtle manifestations of magnetism nonetheless provide the basis for a 

great variety of useful applications. Many of these applications, especially those 

developed in recent years for data storage, utilize the magnetic properties of Co-based 

thin films. Of particular interest in these thin films is magnetism at surfaces and 

interfaces. Because the ratio of surface (or interface) atoms to volume (or bulk) atoms is 

much greater for thin films than for three-dimensional samples, the magnetism of surface 

atoms plays an important, and sometimes dominant, role in determining the magnetic 

properties of a film. 

1.1.1 Generalized Description of Magnetic Anisotropy 

In general, magnetic anisotropy is defined as the dependence of the ground state 

energy on the direction of magnetization" in a thin film. Systems with magnetic 

anisotropy display one or more preferred directions for magnetization. For hexagonal 

crystal structures like cobalt, a uniaxial anisotropy (one preferred direction) sufiBciently 

describes the system. Mathematically, imiaxial anisotropy can be described by Equation 

1.1, where E is the anisotropy energy per unit volume, K is the anisotropy constant, and 0 

is the angle between the magnetization and the film normal. A second-order term Kj 
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cos'^d can also be included, but it is often small compared to the first-order term. By 

convention, positive values of K are used to describe systems in which the preferred 

direction of magnetization is perpendicular to the film. 

E = - K cos" 0 (1.1) 

Neel predicted the presence of a surface contribution distinct fiom that of the bulk 

atoms^ in 1953. In the spirit of Neel's prediction, the mathematical formalism for 

magnetic anisotropy has been developed to explicitly include the two distinct 

contributions. The anisotropy constant K is expressed by Equation 1.2, 

f C = K  +  ( 1 . 2 )  
t t 

where Kv is the volume (or bulk) contribution and the Ks terms represent the difference 

between the anisotropy for atoms at either interface and atoms in the bulk. As we shall 

see, both Kv and Ks depend on several factors. 

1.1.2 Sources of Magnetic Anisotropy from the Bulk Atoms 

The anisotropy contributions of the atoms in the bulk arise from a variety of sources. 

These sources have their origins in both the electronic and crystalline structure of a 

magnetic thin film. 
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1.1.2.1 Dipolar Anisotropy 

One of the sources of magnetic anisotropy from the bulk atoms is dipolar anisotropy. 

Dipolar anisotropy, also referred to as magnetostatic or shape anisotropy, is a result of the 

long-range magnetic dipolar interactions.^ In general, the dipolar anisotropy is given by 

Equation 1.3, 

(1-3) 

where Mis the magnetization and is the demagnetizing field of the film.'* The 

demagnetizing field occxirs inside all finite-sized magnets due to the fonnation of 

magnetic poles. For a thin film, H^=-M Evaluation of this integral thus yields 

=^>"0^/arCOS-^ (1.4) 

Equation 1.4 for an expression of the dipolar anisotropy,^ with as the saturation 

magnetization of the film. Notice that the prefactor in Equation 1.4, V2 , is always 

positive. Since this prefactor corresponds to -K in the general anisotropy expression of 

Equation 1.1, it contributes negatively to the value of K. Thus, with positive K values 

signifying a preferred magnetization direction perpendicular to the film, we see that 

shape anisotropy always favors a magnetization in the plane of the film (i.e. away fi-om 

perpendicular to the film). 
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1.1.2.2 Magnetocrystalline Anisotropy 

The second source of magnetic anisotropy from the bulk atoms is magnetocrystalline 

anisotropy. Magnetocrystalline anisotropy was first proposed by van Vleck'^ in 1937 as 

orginating from the relativistic spin-orbit coupling. This cotjpling occurs when electrons 

in the hybridized orbitals of a lattice interact with the magnetic moment (or spin). Spin-

orbit coupling results in a magnetic anisotropic energy that is dependent on the 

orientation of the magnetization relative to the crystal lattice axes.^ 

Over the last few decades, several researchers have put forth theories of 

magnetocrystalline anisotropy.''^'^''° The most recent theory of Wang et. has been 

the most successfiil, explaining from first principles the magnetocrystalline anisotropy of 

Fe and Co monolayer to a manner that is qualitatively consistent with experiment. This 

theory gives a magnetocrystalline anisotropy for Co that fits the common expression'^ 

^siCA - ^ + -^2 sin^ d (1.5) 

where 9 is the angle between the magnetization and the c-axis. The values of K\ and Kj 

for cobalt are 4.1 x 10^ erg/cm^ and 1.0 x 10^ erg/cm"*, respectively." We see that since 

EMCA is a minimiim at ^ = 0° and 180°, the magnetocrystalline anisotropy for Co will 

favor a c-axis orientation of the magnetization. 

1.1.2.3 Magnetoelastic Anisotropy 

A third source of anisotropy that can be attributed to the bulk atoms is magnetoelastic 

anisotropy. Magnetoelastic anisotropy results from strain in a magnetic film. This 
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anisotropy is closely related to magnetocrystalline anisotropy. In fact, it is the change in 

the magnetocrystalline anisotropy caused by the changes in a crystal lattice that is 

strained. The magnetoelastic anisotropy is given by the equation^ 

3 ^ 
= (1.6) 

where is the magnetostriction constant, A is the elastic modulus of the material, s is 

the strain and d is the angle between the direction of stress and the magnetization. In 

cubic crystals is determined by only two values, /l,,, and However, for a 

hexagonal crystal such as cobalt, four magnetostriction constants are needed to describe 

the material.'" The magnetostriction constants for Co have been measured by Bozorth'^ 

and more recently by Hubert et al. and they have been calculated by Bnino.'^ Values 

for these constants are shown in Table 1.1. For in-plane strain of c-axis oriented Co 

films, the values of AA and Ao determine km in Equation 1.6. Depending on the value of 

£; this magnetoelastic anisotropy may favor in-plane or out-of-plane magnetization. 

Table 1.1 Magnetostrictioii Constants for Bulk Cobalt 

Magnetostriction 
Constant 

Experimental 
Values 

(Bozorth'^) 

Experimental 
Values 

(Hubert et al.'"*) 

Calculated Values 
(Bruno' 

-45 X 10-^ -50 X 10-^ -74 X 10"® 

-95 X 10"^ -107 X 10"^ 18 X 10"® 

110 X 10"^ 126 X 10-^ 65 X 10"® 

-100 X 10-^ -105 X 10-^ -105 X 10"® 
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1.13 Surface Magnetic Anisotropy 

As I previously mentioned, surface magnetic anisotropy is defined as the difference 

between the anisotropy of surface or interface atoms and the anisotropy of the bulk 

atoms. Thus, each of the bulk contributions discussed so far has a corresponding surface 

anisotropy. 

1.1.3.1 Surface Dipolar Anisotropy 

A surface or interface that is perfectly flat, with no terraces or steps, will not have any 

dipolar anisotropy. However, real surfaces always contain some roughness in the form 

of steps and terraces. The structure of this roughness induces a surface dipolar 

anisotropy. It creates local demagnetizing fields and thus contributes to the anisotropy in 

the same manner as the bulk shape anisotropy. Brunohas evaluated this surface dipolar 

anisotropy in terms of structural parameters. He calculates the dipolar anisotropy given 

by a sxarface to be 

where c is vertical roughness (in the direction perpendicular to the film plane), t is the 

Clearly, ESDA is always greater than or equal to zero and thus favors a perpendicular 

orientation for the magnetization. As c/^ increases, this contribution increases. 

(1.7) 

lateral size of the average terrace, and y(27ccr/^) is the fimction shown in Figure 1.1.*^ 
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Figure 1.1 Graph of the function / ( 27va/ Equation 1.7. 

1.1.3.2 Surface Magnetocrystalline Anisotropy 

Because of the reduced dimensionality at a surface or interface, the orbitals around 

surface atoms are unlike those around bulk atoms. As a result, the magnetocrystalline 

anisotropy, which arises from spin-orbit coupling, is much different for surface atoms 

than for bulk atoms. This surface magnetocrystalline anisotropy is, in fact, the surface 

anisotropy originally shown by Neel^ to be caused by the reduced symmetry of surfaces 

and interfaces. 

Because this surface magnetocrystalline anisotropy is very strong compared to the 

other sources of svirface anisotropy and comparable to the bulk anisotropy for thin films, 

it is often thought to be a critical factor which determines the magnetic behavior of a thin 

film, and thus has been of great interest to researchers. Beginning with Neel^, many 

calculations of surface magnetocrystalline anisotropy have been performed using a pair 

interaction model. However, a more thorough understanding of this phenomenon has 
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only been obtained more recently from the ab initio calculations.Surface 

magnetocrystalline anisotropy has been shown to depend strongly on the electronic band 

structure at the surfece or interface. Thus, it is effected not only by the magnetic 

material, but also by wdiatever material is forming the interface with the magnetic 

material. 

Because first-principles calculations are needed to determine surface 

magnetocrystalline anisotropy, no simple closed-form equation like Equations 1.4-1.7 is 

available. However, Wang et have calculated magnetocrystalline anisotropy for 

cobalt in a variety of systems. Their results reveal that Co is expected to have a surface 

magnetocrystalline anisotropy that favors in-plane magnetization for some interfaces 

(Co/vacuian, Co/Cu, or Co/Ag) and perpendicular magnetization for others (Co/Pd, 

Co/Au, Co/Ir). 

1.1.3.3 Surface Magnetoelastic Anisotropy 

Just as in the case of bulk atoms, the presence of the spin-orbit coupling and 

magnetocrystalline anisotropy in surface atoms also allows for the existence of a surface 

magnetoelastic anisotropy. The expression for the surface magnetoelastic anisotropy is 

identical to Equation 1.6. For a bulk anisotropy the parameters in this equation (A and s) 

are independent of the thickness of the film. However, when one or both of these 

parameters depend on the film thickness, a siirface magnetoelastic anisotropy is observed. 

Typically, only e will vaiy with thickness. For crystalline metal films on metal 

substrates, Chappert and Bruno^ have derived the following expression relating s to the 
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film thickness. In Equation 1.8, f is the strain in the metal film, 77 is the lattice mismatch 

between the film and the substrate, tx is the thickness of the film, and tc is a critical 

S = -T}^ (1.8) 

thickness parameter. Notice that when this expression is substituted for s in Equation 

1.6, the magnetoelastic anisotropy has a l/t dependence just like the surface anisotropy 

terms in Equation 1.2. Also, as in the case of bulk magnetoelastic anisotropy, the surface 

magnetoelastic anisotropy may be positive or negative depending on the sign of s. 
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1.2 Applications of Magnetically Anisotropic Films 

Over the last decade, a great deal of research on magnetic anisotropy has been driven 

by the potential use of magnetic thin films in many applications. Perhaps the one field 

that is responsible for generating most of this research is magnetic data storage. Work 

with magnetic thin films has lead to not only applications in recording information but 

also to uses for acquiring and retrieving data. While data storage technology primarily 

utilizes the magnetic and magneto-optic properties of films, other applications for data 

acquisition and retrieval, and some for data storage, exploit the magnetoresistance 

properties. In all cases, the magnetic anisotropy brings about the usefiil properties of the 

thin films. 

1.2.1 Thin Film Magnetic and Magneto-Optic Applications for Data Storage 

hi recent years, thin magnetic fihns have replaced many of the technologies for data 

storage on disks. Previously, recording media consisted mainly of magnetic particles 

embedded in a polymer and coated on either mylar for floppy disks or an aluminum-alloy 

substrate for rigid disks.^^ Now, magnetic and magneto-optic thin films allow for much 

higher density recording and greater performance. 

For magnetic recording, Co-alloy films (CoNiCr, CoCrTa, and CoCrPt) are 

frequently used. Because of the strong magnetic anisotropy in these films, such desirable 

factors as high coercivity and high remanent magnetization can be obtained. Magnetic 

recording media utilize primarily magnetic dipolar anisotropy and magnetocrystalline 

anisotropy. 
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For magneto-optic recording, rare earth - transition metal (RE-TM) alloy filmf; make 

up essentially all ciirrent commercial devices. The most common system consists of 

alloys containing gadolinium (Gd), terbium (Tb), iron (Fe), and cobalt (Co) (e.g. 

GdTbFeCo, TbFeCo, TbFe, and OdTbCo).^"^"^ However, the shortcomings of this RE-

TM system are becoming apparent as an increase in storage density is sought. Namely, 

because the rare earth elements easily oxidize, a protective layer must be used for 

corrosion resistance. Also, the magneto-optic properties of these films deteriorate at the 

shorter wavelengths that must be used to obtain a small focal spot size.^^ As a result, new 

magneto-optic media based on cobalt-transition metal (Co-TM) multilayers are currently 

being investigated. Multilayers consisting of Co/Pd^^*^^ and Co/Pt^^*^' have demonstrated 

their potential use in magneto-optic recording. In both RE-TM and Co-TM multilayer 

systems, high-density recording is obtained by utilizing the magnetic anisotropy of these 

films- Both systems have a net perpendicular anisotropy (^ > 0) in which the shape 

anisotropy is balance by the magnetocrystalline anisotropy of both the bulk and surface 

atoms. 

1.2.2 Thin Film Magnetoresistance Applications 

The magnetoresistance effect is a change in the electrical resistance of a magnetic 

thin film that depends on the magnetic field applied to the film. As early as 1971, Hunt^® 

showed that this anisotropic magnetoresistance (AMR) effect could be used to detect 

magnetic fields. In this technique, a current is passed through the film in the same 

direction as the magnetization. For practical reasons and to obtain maximum sensitivity. 
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the current is directed along the plane of the film. To obtain a magnetization also in the 

plane, the magnetic film is deposited such that the magnetocrystalline anisotropy 

establishes this magnetization direction. 

The AMR technique has one problem in particular that limits its usefiilness in some 

cases. The maximum value of magnetoresistance (expressed as a percent change in 

resistance) for a typical magnetoresistive thin film (such as permalloy) is only 2-3%.^' 

But, at typical operating temperatures, these films can have a change in resistance of 20% 

due to temperature changes caused by electrical heating.^' Despite this temperature 

problem, several applications of AMR have been developed, including field sensors and 

read heads for recording media. These applications must include thermal noise 

compensation. 

In the last decade, great interest in applications of magnetoresistance has occurred 

due to the discovery of an enhance type of magnetoresistance called "giant 

magnetoresistance" (GMR). In systems exhibiting GMR, the change in resistance with 

field is much larger than the 2-3% change of AMR. This effect was first reported for 

multilayers of iron and chromium,but it has since been observed in a number of 

multilayers systems such as Co/Cu, Fe/Cu, Co/Cr, NiFe/Cu, Fe/V, and Fe/Mn."' GMR 

has been explained in terms of a spin-dependent scattering of electrons in magnetically 

coupled layers.^^ When successive magnetic layers are antiferromagnetically coupled 

(i.e. their magnetizations are in anti-parallel alignment), the resistance of the film is 

higher than when the layers are ferromagnetically aligned (i.e. their magnetizations are 

parallel) by an external applied field. This effect is shown schematically in Figure 1.2. 
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Figure 1.2 Sketch showing GMR effect produced by different scattering of "up" and 
"down" spin electrons in a magnetically coupled multilayer. (After Ref. 29) 
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The magnetic coupling of layers depends on the magnetic properties of the layers as well 

as on the spacing between the layers. Moreover, the magnetic properties of the layers are 

determined by the bulk and surface magnetic anisotropy. Thus, the magnetoresistive 

response of a system is related to the magnetic anisotropy. 

Thin films exhibiting GMR have been investigated for use in many applications such 

as magnetic field sensors, 33 magnetoresistive read heads, 34
•
35 and magnetoresistive 

memory elements. 36 All of these applications utilize either multilayers or systems called 

spin valves. A spin valve contains two coupled magnetic layers, one of which has its 



30 

magnetization pinned in a particular direction. As the magnetization of the second layer 

changes direction so that it is parallel (anti-parallel) to the first layer, the resistance of the 

spin valve is decreased (increased). 
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13 Motivation for My Research 

The applications discussed in the previous section and other potential applications of 

magnetic thin films have provided the basis for much research in the last decade. 

Because of the important role of magnetic anisotropy in determining the magnetic 

properties of the films for these applications, the focus of the research has been on 

investigating the nature of magnetic anisotropy and its various sources. 

As I stated at the begiiming of this chapter, the magnetism at surfaces and interfaces 

is important for thin films because the ratio of sinface (or interface) atoms to "bulk" 

atoms is much larger than for bulk samples. For this reason, several researchers have 

investigated the nature of surface magnetic anisotropy in recent years. Perhaps the most 

common method of such investigations has been studying the influence of ultra-thin non

magnetic layers deposited on magnetic layers. By using this method, interface 

magnetic anisotropy is investigated as the interface is actually formed. One of the most 

significant results of these studies has been the discovery of a non-monotonic change in 

anisotropy with non-magnetic overlayer thickness.^^"^® 

While these experiments did provide insight into the nature of interface magnetic 

anisotropy, potential application of the results was hindered by the fact that the surfaces 

were investigated in an ultra-high vacuum (UHV) envirormient. The motivation of my 

research has been to extend the previous work on the influence of ultra-thin non-magnetic 

layers at magnetic surfaces in such a way as to not only provide more insight into siirface 

magnetic anisotropy, but also to make potential application of the results more accessible. 
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My approach to this research is to extend the non-magnetic overiayer studies^'"^® and 

some recent underlayer studies^' (in which the magnetic layer is deposit on top of the 

ultra-thin non-magnetic layer) by investigating the effects of ultra-thin non-magnetic 

layers at both interfaces of contained magnetic layers. The interfaces of contained layers 

are of much more interest for applications than a ferromagnet/vacuum or a 

feiromagnet/air interface. The ferromagnet/vacuimi interface is impractical while a 

ferromagnet/air interface is susceptible to chemical and physical damage that can change 

its properties. 

The motivation for my choice of magnetic systems to investigate is seen in the 

previous section covering some of the appUcations of magnetic thin films. Many of the 

most interesting systems from a technological point of view are Co-based structures. 

Thus, for my research I have chosen two particixlar cobalt systems, Co-Pd and Co-Cu. 

The Co-Pd system shows potential for use in magneto-optic recording and the Co-Cu 

system is currently being investigated for many magnetoresistance applications. 
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1.4 Overview of This Dissertation 

hi this dissertation, I describe my research on the influence of nitra-thin gold interface 

layers on the magnetic anisotropy of Co-Pd and Co-Cu thin film structures. In Chapter 2, 

I detail the experimental procedures of my work, including sample preparation and 

analysis techniques. I present the results of both magnetic and structural characterization 

in Chapter 3. The results of Chapter 3 are analyzed in Chapter 4. Lastly, I summarize 

my studies in Chapter 5. 



Chapter 2 

EXPERIMENTAL TECHNIQUES 
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In this chapter, I detail the experimental techniques used for my studies. I 

describe the molecular beam epitaxy (MBE) system used to produce the ultra-thin films I 

investigated. Next, I detail the preparation of my samples. Lastly, I give an overview of 

the analysis techniques used to characterize both the magnetic and structural properties of 

my samples. 
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2.1 Molecular Beam Epitaxy (MBE) System 

In this work, I used ultra-high vacuum (UHV) evaporation to produce samples. 

The system used was a modified Perkin-Elmer 433-S Molecular Beam Epitaxy machine. 

A schematic of this machine is shown in Figure 2.1. It is designed to work with 3-inch 
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Figure 2.1 The modified Perkin-Elmer 433-S MBE Machine used in my research. 

diameter substrates which are inserted first into the introduction chamber. Following a 

one hour pumpdown of this chamber, the substrate is transferred to the SMOKE (surface 

magneto-optic Kerr effect) chamber and finally to the growth chamber for deposition. It 

may then be transferred again to the analysis chamber to undergo a variety of analytical 
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tests. The system is pumped with a combination of sorption pumps, ion pumps, cryo-

pumps, and titanium sublimation pimips. This pumping scheme allows for typical 

background pressures of 1.5 x 10*'° torr, 3 x 10"'^ torr, and 3 x 10"'° torr in the growth, 

analysis and SMOKE chambers, respectively. 

The growth chamber is equipped with several sources for depositing materials: 

two Temescal"® SFIH 270-2 single-pocket electron beam evaporators, one Leybold'*' 

ESV-6 four-pocket electron beam evaporator, and four efEiision cells. For my work, I 

used only electron beam evaporators to deposit films. The deposition rate of the electron 

beam evaporators is held constant by active feedback from an Inficon Sentinel DI 

deposition controller,"*^ A^diich uses electron impact emission spectroscopy (EIES) to 

monitor the flux. The electron guns are powered by a Temescal CV-8 (10 kV, 8 kW) 

power siqjply. 

This system also includes a variety of analytical equipment in the growth, 

analysis, and SMOKE chambers. This equipment is useful for in situ ("in place" or still 

in its growth environment) characterization of a sample. In the SMOKE chamber, a 

small viewport and externally mounted electromagnet allow magneto-optic 

characterization of a sample by the polar magneto-optic Kerr effect (pMOKE). In the 

growth chamber, surface crystal structure may be evaluated by both RHEED (reflection 

high-energy electron diffraction) and LEED (low-energy electron diffraction). And, in 

the analysis chamber, chemical analysis of the top few monolayers of a film may be 
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perfonned using AES (Auger electron spectroscopy) or XPS (x-ray photoelectron 

spectroscopy). As many-of these techniques were useful in my studies, I will describe 

them in more detail in later sections. 
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2.2 Sample Preparation 

In this section, I describe the experimental details of my sample preparation. 

First, I list the materials used in my samples along with some deposition parameters. 

Next, I detail the substrate preparation, A^ch was identical for all samples. Lastly, I 

describe the geometry of the samples I made, including some samples made specifically 

for XPS analysis. 

2.2.1 Deposition Materials and Parameters 

As I previously mentioned, all of the samples in my investigation were deposited 

using electron beam evaporation. In Table 2.1, the materials used are listed, along with 

their purity, typical deposition rate, and typical background pressure in the growth 

chamber during deposition. 

Table 2.1 Materials and Deposition Parameters 

Material 
Purity 
(%) 

Typical 
Deposition 

Rate 
(A/sec) 

Typical 
Background 

Pressure 
(ton) 

Typical 
Monolayer 

Deposition Time 
(sec/ML) 

Contaminant 
Monolayer 
Formation 

Time''^ (sec) 
Au 99.999 0.1 2 X 10-' 24 6.8 X 10^ 
Cu 99.9999 0.4 

O
 b
 X 5 2.7 X 10^ 

Pd 99.9999 0.2 2 X 10-'° 11 6.8 X 10^ 
Co 99.9999 0.1 1 X 10-'° 20 1.4 X 10^ 

The last two columns in Table 2.1 allow a comparison between the time to deposit one 

monolayer of a material and the approximate time for one monolayer of contamination to 

form on a sample surface at the background pressure listed for a material. Clearly, under 

these UHV conditions, the layers were deposited at a rate that produced very little 
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contamination from the background. Avoiding contamination was important as it could 

a£fect the magnetic properties of the films. 

2.2.2 Substrate Preparation 

All of the samples prepared for my investigations were grown using 3-inch silicon 

wafers cut in the (111) orientation. Before putting a wafer into the introduction chamber, 

it was immersed in a 2% HF (hydrofluoric acid) solution for 2 minutes to remove the 

native silicon oxide. When the substrate was then introduces to the system and 

transferred to the growth chamber, it was annealed at 750 °C for 15 minutes to remove 

any remaining oxide and contaminants. Aiter the substrate had cooled to room 

temperature, a 40 A Cu buffer layer was deposited. I deposited all subsequent layers also 

at room temperature. 

2.2.3 Typical Sample Geometry 

Using the initial Cu(lll) surface, I prepared two general types of samples. 

Schematic drawings of the two general structures, underlayer and overlayer, are shown in 

Figure 2.2. For the imderlayer samples, an epilayer of Cu, Au, or Pd was first grown on 

the Cu buffer layer. Next, I deposited a Au layer consisting of "steps" with different 

thickness. This wedge layer was followed by a Co layer and lastly a cap layer, again 

either of Cu, Au, or Pd. For overlayer samples, the order of the Co layer and Au wedge 

layer were reversed. Since the Au layer was on top of the Co layer in the overlayer 

structure, only Cu or Pd was used for the cap layer. 
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Underlayer ·structure · Overlayer structure 

Figure 2.2 Schematic drawing of typical underlayer and overlayer sample structures. 

2.2.4 Multilayer Sample Geometry 

In many applications, the composite effects present in multilayer (or repeated 

structure) films are utilized. To investigate the influence of a Au interface layer on the 

magnetic properties of these structures, I fabricated both Co-Cu and Co-Pd based 

multilayers. The general multilayer structure is shown schematically in Figure 2.3. For 

Co-Pd multilayers, the epilayer and the non-magnetic layers were all Pd, and the number 

of repeats, N, was 5. For the Co-Cu based structures, the epilayer and non-magnetic 

layers were Cu and N = 10. 
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N repeats 

Si(111) substrate 
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Figure 2.3 Schematic drawing of multilayer structure. 

2.2.5 Samples for XPS Analysis 

While I will describe the details ofXPS analysis in later sections, in this section I 

briefly describe the samples I made for these particular experiments. The XPS samples 

are very similar to the underlayer and overlayer structures in that they contain stepped 

layer, too. However, as shown in Figure 2.4, the XPS samples always have the "stepped" 

layer on top. This structure is necessary to study the growth of one material on another 

material. The thickest "step" in an XPS sample is also made relatively thick(-- 100 A) 

compared to the other steps (0- 5 A). As I will describe later, this sample configuration 

provides the most accurate means of obtaining quantitative results with XPS. 
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Figure 2.4 Schematic drawing of sample structure for XPS analysis of the growth of 
Material 2 on Material 1. 
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13 Characterization Techniques 

In this section, I describe the techniques I used to characterize both the magnetic 

and structural properties of my samples. Magnetic characterization was done using the 

surface magaeto-optic Keir effect (SMOKE) and magnetoresistance (MR) measurements. 

Structural characterization techniques included reflection high-energy electron difEraction 

(RHEED), low-angle x-ray diffraction (LAXD), and x-ray photoelectron spectroscopy 

(XPS). 
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23.1 SMOKE Measurement Technique 

In the following paragraphs, I will describe the surface magneto-optic Kerr effect 

and the system I used to measure it. 

23.1.1 Magneto-Optic Kerr Effect 

When plane-polarized light is reflected from a magnetic material, the interaction 

of the light and the medium causes the polarization state of the reflected light to be 

different than that of the incident light. This change in polarization is called the magneto-

optic Kerr effect, and the presence of spin-orbit coupling is its commonly accepted 

physical basis.'*^ '*^ It is described in terms of two components, Kerr rotation and Kerr 

ellipticity. As depicted in Figure 2.5, Kerr rotation, 0k, is a rotation of the plane of 

polarization; the relative amplitudes of the electric field components Ex and Ey are 

changed. Kerr ellipticity, by contrast, results from a change in the relative phases of £* 

and Ey, tpx. and <py, respectively. The Kerr ellipticity, £k, is the ratio of the minor and 

major axes of resulting elliptically polarized light. Both of these manifestations of the 

Kerr effect are proportional to the magnetization of the material reflecting the light. 

Kerr measurements can be performed in three configurations: polar, longitudinal, 

and transverse. For the polar setup, the magnetization is perpendicular to the sample 

surface. In contrast, for the longitudinal and transverse configurations, the magnetization 

is in the plane of the sample. These three methods of measuring the Kerr effect are 

shown in Figure 2.6."^ For my studies, I used the polar configuration exclusively. By 

using normally incident light (^= 0°), I measured the interaction of the light only with 
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Figure 2.5 Definition of Kerr rotation, fA, and Kerr ellipticity, Ek. 
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the component of the magnetization perpendicular to the sample. This method is not 

sensitive to the in-plane magnetization since the longitudinal Kerr signal is proportional 

to If/ for thin films. 46 

Plane of Incidence 

~ .................... 

Transverse 

Longitudinal 
Figure 2.6 Three configurations for magneto-optic Kerr measurements. (After Ref. 46) 
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For the polar Kerr effect, the rotation and ellipticity can be described using a 

dielectric tensor, s, with off-diagonal elements for the magnetic material,'*' 

e = N^ 

1 0 
N-

1 
N-

0 0 

(2.1) 

where N is the complex refractive index and Sxy is also complex. The Kerr rotation and 

ellipticity are related to this tensor through Equation 2.2/^ 

IS 

N(N'-L) 
(2.2) 

2.3.1.2 SMOKE Measurement System 

Many systems exist for measuring magneto-optic Kerr effects. Both and AC 

systems that use amplitude,polarization,^' or phase^^ modulation have been developed. 

Each system has its own advantages and disadvantages. For my studies, I used an AC 

system that works with phase modulation produced by a photo-elastic modulator (PEM). 

This system has the advantages of being insensitive to both stray magnetic fields and 

stray light at wavelengths different from the probe laser used, and it can be used to 

measure both Kerr ellipticity and rotation. 

A schematic of the PEM-based system is shown in Figure 2.7. A 5 mW 

polarization-stabilized He-Ne laser is oriented with its polarization at 45° with respect to 
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Figure 2.7 Schematic ofPEM-based SMOKE measurement system. 

vertical resulting in equal components Ex and Ey. The laser light first passes through the 

PEM which induces a 50 kHz sinusoidal variation in the phase difference between Ex and 

Ey. The beam then passes through a non-polarizing beamsplitter (BS) and continues 

through a hole in the magnet pole piece. After reflecting off the sample (S), the light 

returns to the beamsplitter and is directed to a photodetector (PD). The modulated signal 

is detected using a lock-in amplifier that is reference-locked to the PEM. A computer 

(PC) then uses the lock-in output, V(m), and the average DC output of the detector, Voc, 

to calculate the ellipticity using Equation 2.3, where ao is an experimental calibration 

constant, J1 is the first-order Bessel function, and 8o is the maximum phase difference 

between Ex and Ey. 

(2.3) 
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This system also has some other features that improve its efBciency and 

performance. For example, the sample is mounted on a high-precision translation stage 

so that different points may be measured without the need for optical realigmnent. Also, 

the computer controls the magnet power siq)ply (PS) and records the magnetic field 

measured by a Hall probe (h). 

As I mentioned previously, this system can also be used to measure the Kerr 

rotation. With only the addition of a polarizer between the beamsplitter and the 

photodetector, the same setup measures Kerr rotation. However, because Sk is larger than 

^ for ultrathin films,^^ I measured ellipticity for my studies. 
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2.3.2 Magnetoresistance Measurement Technique 

In measuring the magnetoresistance of a thin film, one measures the electrical 

resistance as a function of applied external magnetic field. For a brief discussion of this 

effect, see Section 1.2.2. A straight-forward technique for performing this measurement, 

and the technique that I used, is the four-point linear probe. 54
•
55 For this method, four 

probes, that are alig1;1ed linearly are brought into contact with the surface of the film, 

D 
c 

B 
H 

Figure 2.8 Schematic of magnetoresistance four-point probe configuration. 

giving four contact point A, B, C, and D as shown in Figure 2.8. A constant current 

source supplies a DC current, I, of typically 300 ~ through points A and D. 

Simultaneously, a high-precision voltmeter is used to measure the DC potential, V, 

between points B and C. Since the voltage measurement draws essentially no current, the 

resistance of the film is simply given by V /I . 

To measure the resistance as a function of applied magnetic field, I placed the 

sample and four-point probe between the pole pieces of the same magnet used for Kerr 
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measurements (see Figure 2.7). The sample is oriented such that the magnetic field is 

parallel to the plane of the sample and perpendicular to the line of probes, as shown in 

Figure 2.8. As with the Keir system, a computer controls the magnet power supply (i.e. 

the applied field) while it also records both V and the value of the applied field as 

measured by the Hall probe. Using this system, resistance changes on the order of 3 x 

10"^ Q can be measured. 
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2.3.3 Reflection High-Energy Electron Diffraction 

RHEED is a very useful technique for analyzing the crystal structure of surfaces. 

A diagram of the RHEED geometry on our Perkin-Elmer 433-S :MBE system is shown in 

Figure 2.9. The electron gun used is a Phi model 06-190 10 kV RREED gun. 

Phosphor 
Screen 

Figure 2.9 Diagram ofRREED geometry (side view). 

Electron Gun 
(10 keV) 

This geometry provides several advantages when characterizing a sample with 

RREED. First, because of the grazing incident and diffracted ("reflected") angles 

involved (--0.5°), all of the equipment is positioned where it does not shadow the sample. 

Thus, use of this technique during deposition is possible. Secondly, again because of the 

grazing angles present, RREED is truly a surface-sensitive technique. Although an 

electron beam with an energy typically used in RREED (10 keV) will penetrate through 

more than 200 A of most materials, the grazing incident angle results in a penetration 

depth perpendicular to the surface of less than 10 A after refraction. 56 Thirdly, RREED 

provides immediate and continuous information about the sample surface. 
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2.3.3.1 Geometrical Principles of RHEED 

The information provided in RHEED patterns can be used to learn details about 

the positions of atoms on a surface. As this technique is less familiar than are the others I 

have used, I will give a more thorough discussion of the theory involved with RHEED. A 

full dynamical theory of the interaction of electrons with a surface can be used to 

calcuh;tte very accw:ately the atomic positions based on the geometry and intensity of a 

diffraction pattern. However, for my work, a kinematic, geometrical theory is sufficient 

for providing the information of interest, namely, the in-plane spacing of atoms. The 

kinematic theory of RHEED assumes that all electrons are elastically scattered only once 

by the surface. This assumption is reasonable because most of the electrons are indeed 

® Surface atom 

• Electron beam/wavefront 

Figure 2.10 Electron diffraction by atoms at A and B. 

elastically scattered because of the beam energy used and the grazing incidence 

condition. 57 
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The kinematic theory relating the geometry of the RHEED pattern to the in-plane 

spacing of atoms on the surface can be imderstood using two concepts: the reciprocal 

lattice^^ and the Ewald construction. Consider an electron beam incident on a surface as 

shown in Figure 2.10. In the figure, Sq and S are unit vectors in the direction of the 

incident and diffracted (reflected) electron beam, respectively. To determine the 

geometry of the RHEED pattern, the condition of constructive interference can be used. 

S = MB+BN (2.4a) 

S = i~AB) • • S (2.4b) 

S  =  - A B - ( S - S o )  (2.4c) 

Treating the electrons as waves, one can calculate the phase difference for electrons 

diffracted fi-om A and firom B. First, the path difference, S, for electrons scattered at the 

O = (2.5a) 
A 

<t> = -27rAB 

two points is given by Equation 2.4(a). Using the vector AB drawn from A to B, this 

equation may be simplified as in Equations 2.4(b-c). Now, the phase difference, 0, is 

calculated using Equations 2.5, where Z is the wavelength of the electrons. Note that the 
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vector {S-Sq)/A. has units of reciprocal length. Thus, it can be expressed in terms of the 

reciprocal lattice vectors for the crystal as follows 

——^ = ha' + ka'n + la] (2.6) 
X I - ^ 

\viiere the a* are the reciprocal lattice vectors calculated from the real lattice vectors 

using Equations 2.7; and h, k, and / can have any value. 

a, =2;r (2.7a) 

a\ (2.7b) 

_• * Cl\ X . 
(2.7c) 

F = 5, • 5; X ^3 (2.7d) 

Now, the vector AB is between two real lattice points and can be expressed in 

terms of the real lattice vectors as follows 

AB = pa^+ qOn + ra^ (2.8) 

where p  and q  are integers and r = 0. Using this expression and Equation 2.6, Equation 

2.5b may be simplified to yield Equation 2.9. 

O = -27c{hp + kq + lr) (2.9) 



• Reciprocal lattice point 

"Rods" of possible endpoints 
~ ~ 

for (S - So )/'A 
Figure 2.11 Drawing of reciprocal space "rods" that represent the condition of 
constructive interference. 
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Constructive interference will occur when l/J is an integral multiple of 2:r. 

Therefore, from Equation 2.9, hand k must be integers (since p and q are integers) while l 

may take on any value (recall r = 0 for the surface atoms). In reciprocal space, the 

collection of possible solutions, or endpoints of the (S-S0 )/ A vector, make up "rods" 

extending up and down from each reciprocal lattice point, as shown in Figure 2.11. Also 

shown are some possible (S -S0 )/ A vectors. 
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In addition to the requirement of constructive interference, the assimiption of 

elastic scattering provides the final elements to the geometry of RHEED patterns. Under 

elastic scattering, the magnitude of the momentum of the electrons cannot change. The 

momentum of the electron is given by their direction and deBroglie wavelength as in 

p = (2.10) 

Equation 2.10, where ^is Planck's constant divided by 2K. 

Now, the condition of elastic scattering can be written as Equations 2.11. If 5/1 

and SqI^. must have the same length, then the vector will have its endpoint 

^| = |Po| (2.11a) 

(2.11b) s So 
A A 

on a sphere with radius HX and centered on the endpoint of the vector. This sphere 

is called the Ewald construction or Ewald sphere. 

The geometry of the RHEED pattern can now be evaluated by combined the 

results of the conditions of constructive interference and elastic scattering. Only the 

points in reciprocal space that satisfy both conditions will be actual endpoints for 

{S-Sq)/X. That is, the endpoint of (S-Sq)IX must be at an intersection of the 

reciprocal lattice rods and the Ewald sphere. Side and top views of this scenario are 

shown in Figure 2.12.^' The two views in this figure are not drawn to scale, but they do 
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Figure 2.12 Side view and top view of reciprocal lattice rods, the Ewald sphere, and 
diffraction vectors. 
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illustrate the geometry of the RHEED pattern. Since this drawing shows the intersection 

of the reciprocal lattice rods and the Ewald sphere as being a set of points, the expected 
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RHEED pattern is made up of a collection of spots on the RHEED screen. However, due 

to both instrumental and sample broadening of both the rods and the Ewald spherical 

shell^^, the dif&action pattern typically observed is a series of streaks. 

The top view shown in Figure 2.12 shows how the relationship between the 

spacing of the dif&action maxima (streaks or spots) and the spacing of the reciprocal 

lattice rods (which is equal to the magnitude of the in-plane a') can be derived. Simply 

by using similar triangles. Equation 2.12^' is determined, where W is the diffraction 

K l = ^  a . n ,  

streak (or spot) spacing, L is the distance from the sample to the RHEED screen, and 1 is 

still the wavelength of the electrons. The factor of 2;r appears when converting from 

reciprocal space to real space. 

23.3.2 Relationship between the Real Lattice and Reciprocal Lattice 

For my research, I have grown thin films always with a surface plane of (111) in 

the case of face-centered cubic (FCC) crystals, or (0001) for hexagonal close-packed 

(HCP) crystals. Thus, the surfaces of the films I have studied consist of a hexagonal 

lattice net. This type of surface is described by two lattice vectors, 5, and 5,, which 

have the same magnitude, a, and an angle of 60° between them. Using Equations 2.7, it 

can be shown that the reciprocal lattice describing this surface is also a similar hexagonal 
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net with vectors of length a . Furthennore, Eqtiations 2.7 can be used to derive Equation 

2 . 1 3 ,  w h i c h  g i v e s  t h e  r e l a t i o n s h i p  b e t w e e n  a  a n d  a .  

_ 
(2.13) 
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23.4 Low-Angle X-ray Diffraction 

Low-angle x-ray diffraction is a very powerful technique for investigating the 

struc t u r e  o f  l a y e r e d  t h i n  f i l m s .  T h i s  t e c h n i q u e  i s  e s s e n t i a l l y  t h e  s a m e  a s  s t a n d a r d  0 - 2 0  

Bragg diffraction as described in Cullity,^^ for example. The one main feature that 

differentiates the low-angle technique is that the incident beam is produced with low 

angular divergence. This feature both increases the resolution of the diffractometer and 

allows better operation at very low angles (0.3° <0< 5°). 

2.3.4.1 Characterization with Low-Angle X-ray Diffraction 

A typical low-angle spectrum is shown in Figure 2.13. The low-angle spectra 

contain much information about the layer structure of a thin film. This information is 

most readily extracted by modeling the film structure and comparing the actual spectrum 

with that predicted for the model. For my work, I used a computer program^ that allows 

input of several structural parameters for a model and calculates the expected spectrum. 

In this way, I am able to estimate quantities such as layer thickness, layer composition, 

and interface roughness. It should be noted that unique solution to this comparison 

process is not possible with the number of variables specified. Thus, the spectra of more 

than one model may "fit" the actual data. Therefore, one must rely on knowledge of 

experimental details and information &om other characterization techniques to choose a 

"best fit" model. 
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Figure 2.13 A typical low-angle x-ray diffraction spectrum. Data shown is for a 
Pd/Co/Pd structure on Si(l 11). 

2.3.4.2 Low-Angle X-ray Diffraction System 

A schematic of the low-angle system I used for my work is shown in Figure 2.14. 

This diffractometer illximinates the sample with Cu-Ka radiation from a Rigaku®^ UltraX 

18 kW X-ray Generator with a rotating anode source. The beam is filtered with a flat 

graphite monochromator before passing through two slits separated by 310 mm. Each slit 

is typically 8 mm tall by 0.08 mm wide. After dijBfracting off the sample, the x-rays pass 

through a third sht (typically 8 mm by 0.4 mm) located 370 mm away. The diffracted 

beam is then also filtered using a second flat graphite monochromator. Finally, the x-rays 

are detected using a Bicron®^ 1XMP.040B Nal detector. A second identical detector is 

also place by a beamsplitter located before the beam reaches the sample. This dual 
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Figure 2.14 Schematic drawing of low-angle diffractometer. 

detector setup allows fluctuations in the incident x-ray intensity to by factored out of the 

data. Pulse counting electronics63 are used on the detectors, and a computer collects the 

data. The same computer also· controls all of the motion of the Huber 4-circle goniometer 

through a stepper motor system. 
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23.5 X-ray Photoelectron Spectroscopy 

The technique of x-ray photoelectron spectroscopy (XPS) is useful for 

determining the chemical structure near the surface of a thin film.^' It can provide 

information about what elements are present, their concentration, and how they are 

bonded together. 

23.5.1 Principles of XPS 

The information gained by XPS comes through analyzing the kinetic energy, Ek, 

of photoelectrons produced by illuminating the thin film with a monochromatic beam of 

x-rays. The energy of these photoelectrons is directly related to their binding energy in 

the atom from which they originated by Equation 2.14. In this expression, Eb is the 

E ^ = h v - E ^ - ( p  (2.14) 

binding energy, /z v is the incident x-ray energy, and <p is the work fimction of the sample. 

Clearly, the binding energy uniquely identifies the element of origin. Furthermore, slight 

shifts in binding energy signify a modified electronic structure due to chemical bonding. 

A typical XPS spectrum is shown in Figure 2.15. The spectrum shown is for a 

100 A Au film grown on Co. The peaks correspond to the different electron levels of the 

Au atom. 
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Figure 2.15 XPS spectrum for 100 A Au film on Co. 

2.3.5.2 Quantitative Measurements by XPS 

For my work, I have used XPS analysis to study the chemical composition at the 

interface formed by growth of element A on element B. The quantitative measurements 

are done using a theory developed by Slaughter et al.,^' wiiich draws heavily on the 

ideas in Briggs and Shea.^ This simplest model in this theory involves the growth of an 

overlayer of element ^ on a slab of material B. For generality, one assvunes that matrix 

compound M, of composition ABx is formed. For this simple case, the XPS intensity of 

each element can be derived as follows. First, the intensity generated by the element A 

in a compound M is given by Equation 2.15. In this expression, A-X^EA) is the inelastic 

mean free path of a photoelectron at energy EA through material X(X= A or M). NA is 
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/ = /" (2.15) 

the number density of atoms of ^ in the matrix M. N'^ is the number density of 

elemental A. /" is the XPS intensity of a pure thick film of A. The values of ^xiE^) in 

nanometers can be estimated using the formula' 68 

( E J ^  0 . 0 1 6 7  
V Px 

(2.16) 

where Ax is the atomic weight of material X in g/mole, px is the density of X in g/cm", 

and EA is in electron volts. Next, the XPS intensity for each element in a film of ABx of 

finite thickness d grown on a substrate of material B can be predicted. In Equations 2.17, 

d is the angle of photoelectron emission &om the surface. 

i A d ) _  

h i d )  

'LA' 

h. 
/°° 

r \ 

x„(£,)cos« 1-e 
V y 

/ d N 
l — g ^u(Ea)cme 

V y 

^ g .lj/(£s)cosff 

(2.17a) 

(2.17b) 

From these equations, one can see the advantage that comes from the special XPS 

sample design I described in Section 2.2.5. By using the stepped layer geometry with a 

relatively thick final step for the overlayer, I am able to measiire the elemental standard 

intensity/" on the same sample as all other measurements. Any effects due to growth 

conditions tend to cancel out. 
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Lastly, I note that this theory can be easily extended to predict the XPS intensity 

for the case in which the inter&ce matrix ABx changes stoichiometry as the overlayer 

thickness increases. By simply partitioning the total overlayer into a series of sublayers 

with varying chemical composition, the resulting intensity is determined xising a recursive 

method that calculates the intensity at the top of each sublayer. The recursion relation is 

given in Equation 2.18, where is the XPS intensity for X on sublayer n and d„ is the 

overlayer thickness at sublayer n. In this way, a model of the chemical profile of an 

interface may be derived. 

d. 
ix =Ix^d„)+i''-'e (2.18) 

2.3.5.3 XPS Measurement System 

Our XPS system, located in the analysis chamber of our MBE machine, uses a 

Perkru-Elmer 04548 X-ray Source to illuminate the sample. To provide increased 

intensity, the source is equipped with two Mg anodes that are used simultaneously. The 

photoelectrons are detected using a model 15-255 GAR angle-resolved Cylindrical 

Mirror Analyzer (CMA). Pulse coimting electronics and an EG&G 1120 amplifier 

discriminator are used to coUect the data and provide signal processing before the data is 

gathered by a computer. The same computer also remotely controls the energy analyzer 

of the CMA, as well as the electron multiplier detector. 
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Chapter 3 

RESULTS OF MAGNETIC AND STRUCTURAL CHARACTERIZATION 

In this chapter, I present the results of my experiments to characterize both the 

magnetic and structural properties of Co-Pd and Co-Cu thin films. First, I describe the 

magnetic properties determined by both SMOKE and MR measurements, giving 

examples of typical data obtained. In the second part of this chapter, I detail the results 

of structural studies done with RHEED, XPS, and LAXD. While some interpretation of 

the data presented in this chapter in necessary for clarity, I direct the reader to Chapter 4 

for a more complete discussion on the results and how the magnetism and structure of 

these films are related. 
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3.1 Magnetic Characterization 

In this section, I describe the magnetic properties of Co-Pd and Co-Cu films 

determined by both SMOKE and MR measurements. 

3.1.1 Magnetic Anisotropy Measurements 

Several techniques are available for the measurement of magnetic anisotropy, 

including torque magnetometry,'®'''® Brillioun light scattering/' '" magnetic resonance/^ 

and magnetization curves.'^ For my experiments, I have used the magnetization curve 

method of Sucksmith and Thompson.^'* In this method, the uniaxial magnetic anisotropy, 

K, is determined by calculating the area between the magnetization versiis applied field 

(Af vs. H) curves for the "soft" (energetically preferred) and "hard" (perpendicular to the 

preferred) directions. This method is illustrated in Figure 3.1. 

c 
.9 
.N 

c O) 
CO 

Applied Field (A/m) 

Figure 3.1 Calculation of magnetic anisotropy, AT, firom M\s. incurve. 
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In my study, I used the SMOKE measurement system described in Section 2.3.1 

to generate ellipticity versus applied field curves. Hard axis curves were obtained using 

the polar configuration. For all samples, I assumed the soft axis curve coincided with the 

y-axis. This assumption was later confirmed using longitudinal SMOKE measurements. 

To convert the ellipticity axis to magnetization, I assumed bulk magnetization (1.42 x 106 

Aim) for the Co in all of the films. This assumption also was later confirmed to within 

±5% by vibrating sample magnetometry (VSM). Lastly, the total magnetic anisotropy, K, 

was calculated by removing the coercivity, fitting a ninth-order polynomial to the M vs. 

H curve, and determining the area between this polynomial and the M-axis. 

3.1.1.1 Anisotropy of Au/Co/Pd Sandlvich Structures with Au Underlayers 

Figure 3.2 shows a schematic of the Au/Co/Pd sandwich structure. Typical layer 

thickness is shown in the drawing. The Au underlayer was deposited in steps of length 

0.5 inch, with a thickness increment of0.5 ML/step. 

Si(111) substrate 

Figure 3.2 Schematic of Au/Co/Pd sandwich structure with Au underlayer. 
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The hard-axis ellipticity loops for one of these structures are shown in Figure 3.3. 

A slight change in the slope of the curve at the origin is observed as the Au underlayer 

thickness changes, indicating a change in anisotropy. A change in the saturation 

ellipticity is also observed. Because the saturation ellipticity is proportional to the 

saturation magnetization, this could indicate a change in the saturation magnetization of 
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Figure 33 Hard-axis ellipticity loops for Au (5 lun) / Co (2.3 nm) / Au (tAu) / Pd (10 
nm) / Cu (4 nm) / Si(l 11). 

the film. However, a more likely explanation is that the change in saturation ellipticity is 

an enhancement of the magneto-optic efifect by the ultra-thin nonmagnetic Au layer. This 
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enhancement has been predicted'^ and demonstrated'^ in Co/nonmagnetic systems. Thus, 

the bulk saturation magnetization for Co could still be used for anisotropy calculations. 

The total magnetic anisotropy as a function of Au underlayer thickness is shown 

in Figure 3.4. For the Au/Co/Au(a:)/Pd film, the anisotropy shows a maximum at tAu of 
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Figure 3.4 Total anisotropy, as a fimction of Au underlayer thickness for Au (5 
nm) / Co (2.3 nm) / Au(tAu) / Pd (10 nm) / Cu (4 mn) / Si(l 11). 

1.5 ML. A relative change in anisotropy of about 65% occurs with an increase in Au 

interiayer thickness from 0 to 1.5 ML. The increase in the value of the anisotropy with 

increased Au thickness might have been expected since reported values of surface 

anisotropy for Au/Co^' are commonly larger (more positive) than those reported for 

7R 
Pd/Co. However, further increasing the Au underlayer thickness past 1.5 ML causes a 
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decrease in anisotropy that cannot be simply explained by the difference in surface 

anisotropy of Aw'Co and Pd/Co. 

I also measured the anisotropy for sandwich structure of this same design with a 

variety of different Pd epilayer and Co layer thickness. In all cases, a maximum in total 

anisotropy is observed for a Au underlayer thickness of 1.5 ML. 

3.1.1.2 Anisotropy ofPd/Co/Au Sandwich Structures with Au Overlayers 

This second type of sandwich structure is essentially the same as the one 

presented in Section 3.1.1.1 except it is "upside-down" on the substrate. A schematic of 

the Pd/Co/Au sample is shown in Figure 3.5. 

Si(111) substrate 

Figure 3.5 Schematic ofPd/Co/Au sandwich structure with Au underlayer. 

Polar Kerr measurements taking for one of these structures is shown in Figure 3.6. 

As for the Aw'Co/Pd structure, the slope of the curve at M = H = 0 changes as the Au 

overlayer thickness increases. The maximum slope is seen for tAu = 1.5 ML. 
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Figure 3.6 Hard-axis ellipticity loops for Pd (5 nm) / Au (tAu) / Co (2.3 nm) / Au (20 
run) / Cu (4 nm) / Si(l 11). 

Results of the magnetic anisotropy calculations for the structure Pd(5nm)/Au(tAu)/ 

Co(2.3 nm)/Au(20 mn)/Cu(4 nm)/Si(l 11) are shown in Figure 3.7. Like Au/Co/Pd in the 

previous section, the anisotropy shows a maximum at Iau = 1-5 ML. However, for this 

overlayer design, the peak is much narrower. In addition, the relative change in 

anisotropy is only about 17% with an increase in overlayer thickness from 0 to 1.5 ML, 

compared to a change of 65% for the Au/Co/Pd underlayer structure. 
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Figure 3.7 Total anisotropy, K, as a function of Au overlayer thickness for Pd (5 nm)/ 
Au( tAu) I Co (2.3 nm) I Au (20 nn1) I Cu (4 nm) I Si(111 ). 

3.1.1.3 Anisotropy ofPd/Co/Pd Sandwich Structures with Au Underlayers 

In this and the next section, I present the results of measurements of the magnetic 

properties of Pd/Co/Pd structures. The sample design, with no Au cap layer or epilayer, 

allowed me to study the effects of an underlayer or an overlayer on the same structure. 

For the Pd/Co/Pd sandwich with an Au underlayer at the lower interface, the film 

geometry was similar to the Au!Co/Pd design of Section 3 .1.1.1 with the Au cap layer 

replaced by Pd. An example collection of the Kerr ellipticity loops obtained is shown in 

Figure 3.8. 
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Figure 3.8 Hard-axis ellipticity loops for Pd (5 nm) / Co (2.3 nm) / Au (Iau) / Pd (10 
nm) / Cu (4 nm) / Si(l 11). 

The total anisotropy as a fimction of Au underlayer thickness for this structure is 

displayed in Figure 3.9. Like the Au/Co/Pd structure in Section 3.1.1.1, a broad peak is 

obtained around Au underlayer thickness of 1.5 ML. The magnitude of the anisotropy 

changes by only about 8% from the maximum to its value at tAu = 2.5 ML. The percent 

change in anisotropy on increasing tAu from 0 to 1.5 ML is about 79%, again comparable 

to that of Au/Co/Pd. I will discuss more about the similarities of these two imderlayer 

structures in Chapter 4. 
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Figure 3.9 Total anisotropy, K, as a function of Au underlayer thickness for Pd (5 
nm) I Co (2.3 run) I Au( tAu) I Pd (1 0 run) I Cu ( 4 nm) I Si(lll ). 

3.1.1.4 Anisotropy of Pd/Co/Pd Sandwich Structures with Au Overlayers 
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The fourth Co-Pd structure I investigated was the Pd/Co/Pd sandwich with a Au 

interface layer at the top Co/Pd interface. The magnetic properties for this structure are 

quite different from those of the Pd/Co/Pd sandwich with a Au underlayer. Hard-axis 

ellipticity loops are shown in Figure 3.10. While these loops show the same slight 

change of slope with increasing Au interlayer thickness as for the previous structures, 

they are different in that they have essentially no coercivity. 
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Figure 3.10 Hard-axis ellipticity loops for Pd (5 nm) / Au (tAu) / Co (2.3 mn) / Pd (10 
nm) / Cu (4 nm) / Si(l 11). 

The magnetic anisotropy results for Pd/Co/Pd with a Au overlayer are displayed 

in Figure 3.11. The behavior of the anisotropy as a function of Au ioterlayer thickness 

for this structure is difiFerent in many ways from that of any of the previous three types of 

films. First, the anisotropy maximimi occurs around tAu = 1 ML instead of 1.5 ML, as in 

the other structures. Also, the relative change in anisotropy from the value at tAu = 0 to 

the maYimiim is only about 4%, much smaller than any other structure. Thirdly, the 

anisotropy decreases much more rapidly after the peak. In fact, for this type of sandwich, 

the anisotropy is more negative at tAu = 2.5 ML than at tAu = 0. 
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Figure 3.11 Total anisotropy, K, as a fimction of Au overlayer thickness for Pd (5 
run) I Au(tAu) I Co (2.3 nm) I Pd (10 nm) I Cu (4 nm) I Si(lll). 
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3.1.1.5 Anisotropy of Au/Co/Cu Sandwich Structures with Au Underlayers 

I also measured the magnetic anisotropy of several Co-Cu structures, similar in 

design to the Co-Pd structures of the previous sections. The first film for which I present 

Si(111) substrate 

Figure 3.12 Schematic of Au/Co/Cu sandwich structure with Au underlayer. 

measurements is the Au/Co/Cu sandwich structure shown in Figure 3.12. While several 

structures with various Co thicknesses were studied, the drawing shows typical layer 

thickness values. 

Hard-axis ellipticity loops for one of these structures is shown in Figure 3.13. As 

with the series of loops previously shown for the Co-Pd structures, a change in the sloped 

region of these curves is observed as the Au underlayer thickness changes. However, 

unlike the Co-Pd structures, this Co-Cu structure displays frrst a decrease in slope, 

followed by an increase as tAu increases. That is, the magnetization becomes first more 

strongly in-plane and then more out-of-plane. 
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Figure 3.13 Hard-axis ellipticity loops for Au (10 nm) / Co (1.8 nin) / Au (Iau) I Cu 
(10nni)/Si(lll). 

This behavior in magnetization is more clearly evident when looking at the total 

magnetic anisotropy calculated as a fimction of Au underlayer thickness. The anisotropy, 

shown in Figure 3.14, displays a minimum at tAu = 1 ML. This trend is quite different 

from the maximum in anisotropy that appears in Co-Pd systems. 

The minimum at 1 ML corresponds to a 20% change in the anisotropy. The curve 

does not extend past a Au thickness of 2 ML because above this thickness, the 

magnetization of a film with 1.8 nm of Co becomes completely perpendicular to the 
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plane. Thus, in the sign convention I have used, the anisotropy becomes positive and 

cannot be measured using the polar Kerr loops. 
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Figure 3.14 Total anisotropy, K, as a function of Au underlayer thickness for 
Au (10 nm) I Co (1.8 nm) I Au(tAu) I Cu (10 nm) I Si(111). 
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3.1.1.6 Anisotropy ofCu/Co/Au Sandwich Structures with Au Overlayers 

As with the Au/Co/Pd sandwich structure, I also investigated the "flipped" 

version of the Au/Co/Cu film, specifically Cu/Co/Au with a Au overlayer. The design 

used for this film is sketched in Figure 3.15. Again, the values shown for each layer 

thickness are typical, though the Co thickness was varied in the series of films studied. 

Si(111) substrate 

Figure 3.15 Schematic of Cu/Co/ Au sandwich structure with Au overlayer. 

The hard-axis Kerr loops for one Cu/Co/Au film are shown in Figure 3.16. 

Again, a dramatic change in these curves is seen with increasing Au overlayer thickness. 

However, unlike the Au/Co/Cu films that display first a decrease then an increase in 

slope, this "flipped" structure shows only an increase in slope as the overlayer thickens. I 

also observe a significant increase in the coercivity seen in the ellipticity (or 

magnetization) loops. 
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Figure 3.16 Hard-axis ellipticity loops for Cu (10 mn) / Au (Iau) / Co (1.8 nm) / Au 
(10 mn) / Cu (10 imi) / Si(l 11). 

Using the ellipticity loops, I again calculated the total magnetic anisotropy as a 

function of Au overlayer thickness. The results are displayed in Figure 3.17. Clearly, 

this Cu/Co/Au structure does not follow the same pattern of changing anisotropy as 

Au/Co/Cu. No minimum (or maximum) is observed, only a monotonic increase as Iau 

increases. 
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Figure 3.17 Total anisotropy, K, as a function of Au overlayer thickness for 
Cu (10 nm) I Au(tAu) I Co (1.8 run) I Au (10 nm) I Cu (10 nm) I Si(111). 

3.1.1. 7 Anisotropy of Cu/CoiCu Sandwich Structures with Au Underlayers 

The Cu/CoiCu sandwich with thin Au layer under the Co is very similar to the 

Au!CoiCu structure, with just the top Au cap layer replaced by Cu. I also investigated 

Cu!CoiCu with a Au overlayer, which I discuss in the next section. 

Polar Kerr loops for a typical Cu!CoiAu(tAu)ICu structure with a Co thickness of 

1.8 nm are shown in Figure 3.18. As with the Au!CoiCu films, a minimum in the slope 

of the curves is seen at about tAu = 1 ML. For the loops displayed, this minimum can be 
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Figure 3.18 Hard-axis ellipticity loops for Cu (10 nm) / Co (1.8 run) / Au (Iau) / Cu 
(10 nm) / Si(l 11). The arrows indicate the approximate "kink" field, /fkmk. 

seen easily by looking at the "kink" field in each loop, the field at which saturation is 

reached. As the slope decreases, the kink will move to a higher field. 

The resulting magnetic anisotropy calculated using these loops is shown in 

Figure 3.19. For an underlayer thickness of 1 ML (corresponding to the minimum slope 

and the maximum i/idnk)> a minimum in anisotropy is observed. The relative change in 

anisotropy as tAu increases fi-om zero to 1 ML is approximately 18%. As the underlayer 
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thickness is further increased, the anisotropy increases rapidly. For tAu ;::: 1.5 :ML, the 

anisotropy is greater than when no underlayer is present. 
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Figure 3.19 Total anisotropy, K, as a function of Au underlayer thickness for 
Cu (10 run) I Co (1.8 run) I Au(tAu) I Cu (10 run) I Si(lll ). 

3.1.1.8 Anisotropy of Cu/Co/Cu Sandwich Structures with Au Overlayers 

The last type of structure I investigated was the Cu!CoiCu sandwich with a thin 

Au layer over the Co instead . of under it, as in the previous section. Hard-axis loops for 

one of these films are displayed in Figure 3.20. A slight change in the slope of the loops 

is again visible, though not as clear as for Cu/CoiCu films with Au underlayers. Perhaps 

more clear than the changes in slope is the shift of the kink field. As tAu increases, the 
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magnitude of /fkmk increases to a maximxim at 1 ML and then decreases in a manner 

similar to Cu/Co/Cu films with Au underlayers. Thus, similar behavior in magnetic 

anisotropy might be expected. 
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Figure 3.20 Hard-axis ellipticity loops for Cu (10 nm) / Au (tAu) / Co (1.8 nm) / Cu 
(10 nm) / Si(l 11). The arrows indicate the approximate "kink" field, flidnk-

The magnetic anisotropy as a function of Au overlayer thickness is shown in 

Figure 3.21. As expected, a minimum is observed at around 1 ML. The relative change 

between tAu = 0 and tAu = 1 is about 10%. Comparing Figure 3.21 with Figure 3.19 
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reveals that the anisotropy value at tAu = 0 is the same for Cu/CoiCu with either the 

overlayer or underlayer structure. This result is expected since the two film structures are 

identical when no Au interface layer is present. Furthermore, it demonstrates the 

reproducibility of results from sample to sample. 
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Figure 3.21 Total anisotropy, K, as a function of Au overlayer thickness for 
Cu (10 nm) I Au(tAu) I Co (1.8 nm) I Cu (10 nm) I Si(lll). 
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3.1.2 Coercivity Measurements on Co/Pd Multilayers with Au Interlayers 

As I mentioned in Chapter 1, Co/Pd multilayers have been the focus of much 

research as a potential medium for magneto-optic recording. The coercivity of these 

multilayers is one magnetic property that is critical for applications. I have used SMOKE 

measurements as a means of studying the coercivity for Co/Pd multilayers with a thin Au 

layer at each interface. 

A schematic of the multilayer films is drawn in Figure 3 .22. The multilayers were 

grown epitaxially on a 10 nm Pd epilayer, and a Au wedge with steps 0.5 inch in length 

was deposited at each Co/Pd interface. The step thickness increased 0.5 ML per step. 

The thickness values used for Co and Pd, 0.4 run and 0.9 nm, respectively, were the same 

as those commonly used in magneto-optical recording media research. 25
•
26 

5 repeats 

Si(111) substrate 

Figure 3.22 Schematic of Au (3.5 nm) I [Au (tAu) I Pd (0.9 nm) I Au (tAu) I Co (0.4 
nm)]s I Pd (10 nm) I Cu (4 nm) I Si(lll). The 3.5 nm Au capping layer does not 
appear in the drawing. 
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A series of Keir loops for a Co/Pd multilayer is shown in Figure 3.23. The loops 

are square, and a change in the coercivity (or width) is observed with increasing Au 

interlayer thickness. The loop for tAu = 0.5 ML displays the greatest width. Also, a 

decrease in the height of the loops is observed as the Au thickness increases. 
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Figure 3.23 Polar Kerr loops for Au (3.5 nm) / [Au (tAu) I Pd (0.9 nm) / Au (tAu) / Co 
(0.4 nni)l5 / Pd (10 nm) / Cu (4 nm) / Si(l 11). 

The coercivity was quantitatively measured using such loops as those in Figure 

3.23. The results of these measurements for one multilayer are shown in Figure 3.24. A 

sharp maximum in coercivity is obtained at an interlayer thickness of 0.5 ML. This 
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Figure 3.24 Coercvity as a function of tAu for Au (3.5 nm) / [Au (tAu) / Pd (0.9 nm) / 
Au (tAu) / Co (0.4 nm)]5 / Pd (10 nm) / Cu (4 nm) / Si(l 11). 

maximum corresponds to a relative increase in the coercivity of aknost 20% over the 

value for tAu = 0. 
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3.1.3 Magnetoresistance Measurements on Co/Cu Multilayers with Au Interlayers 

In recent years, CoiCu multilayers have not only been investigated for their 

magneto-transport properties, but have also been utilized in several applications that take 

advantage of these properties. As I discussed in Chapter 1, CoiCu multilayers can have a 

very high magnetoresistance, called giant magnetoresistance (GMR), which make them 

useful as field sensors and magnetic read elements. Extending my research on Co-Cu 

sandwich structures, I have also looked at the effect of a thin Au interface layer on this 

important property. This effect was measured by growing CoiCu multilayers with a Au 

wedge at each interface. The magnetoresistance (MR.) was measured using the four-point 

probe technique described in Section 2.3.2. 

A schematic of the multilayer with interlayer design is shown in Figure 3.25. The 

Co layer thickness was 0.6 nm for some multilayers and 1.5 run for others. In addition, 

10 repeats 

Si(111) substrate 

Figure 3.25 Schematic of Au (3.5 nm) I [Au (tAu) I Cu (2 nm) I Au (tAu) I Co ]to I Cu 
(4 nm) I Si(lll). The 3.5 nm Au capping layer does not appear in the drawing. 
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some multilayers were deposited on annealed Si(lll) substrates, resulting in epitaxial 

(single-crystal) films while others were grown under conditions that resulted in 

polycrystalline structures. For all films, the Cu thickness was 2 nm^ which corresponds 

to approximately the second maximum in the oscillatory exchange coupling in the Co/Cu 

system. Thus, any exchange coupling between the Co layers would be maximized. The 

Au wedges were deposited in steps 0.4 inch in length. All of the multilayers were capped 

with a 3.5 nm Au layer to prevent oxidation upon exposure to the atmosphere. 

A typical series of magnetoresistance loops for both epitaxial and polycrystalline 

samples is shown in Figures 3.26 and 3.27, respectively. For the epitaxial film, the height 

t^ = OML 

= 0.5 ML 
Au 

= 1 ML 
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t^ = 1.5 ML 
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Figure 3.26 MR loops for epitaxial Au (3.5 nm) / [Au (tAu) / Cu (2 nm) / Au (tAu) / Co 
(1.5 nm)]io / Cu (4 nm) / Si(l 11). 
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of the resistance peaks decreases as the interlayer thickness increases. However, the 

width of the peaks seems to be smallest for tAu = 1 ML, where the forward-sweep and 

reverse-sweep peaks are most clearly visible. For this interlayer thickness, the two peaks 

also appear to be the most separated. Also, although perhaps not easily visible in this 

figure, the loops for this and all other epitaxial structures contain steps or terraces. The 

width of the terraces becomes larger at higher applied fields. 

For the polycrystalline films, the trends displayed in Figure 3.27 are much 

different. First, the peaks consist of sharp spikes on a broader background, and the 
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Figure 3.27 MR loops for polycrystalline Au (3.5 nm) / [Au (tAu) / Cu (2 mn) / Au 
(tAu) / Co (1.5 nm)]io / Cu (4 nm) / Si(l 11). 
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heights are 5 times smaller than those of in Figure 3.26. Second, the peak height and 

width are not effect as drastically for the polycrystalline film as for the epitaxial sample. 

Lastly, the prominent terraces in the data of Figure 3.26 are not present in Figure 3.27. 

The loops for tAu = 0.5 ML and 1.5 ML do display some steps, but these steps are more 

regularly spaced and change with the current used in the measurement. Thus, I believe 

they are an experimental artifact, most likely catised by the analog-to-digital conversion 

done by the voltmeter. 

Using the loops shown in Figure 3.26 and 3.27, I determined the 

magnetoresistance change as a fimction of Au interlayer thickness for both the epitaxial 

0.0 0.5 1.0 1.5 2.0 

Au Interlayer Thickness (ML) 

Figure 3.28 MR as a function of tAu for epitaxial Au (3.5 imi) / [Au (tAu) I Cu (2 run) / 
Au (tAu) / Co (1.5 mn)]io / Cu (4 imi) / Si(l 11). 
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Figure 3.29 MR as a ftmction of tAu for polycrystalline Au (3.5 nm) / [Au (Iau) / Cu 
(2 nm) / Au (Iau) / Co (1.5 nm)]io / Cu (4 mn) / Si(l 11). 

and polycrystalline multilayers. The results, displayed in Figures 3.28 and 3.29, quantify 

the observations of the loop data. For the epitaxial multilayer, the MR decreases as tAu 

increases, with a slight plateau between 0.5 ML and 1 ML. For the polycrystalline 

multilayer, the MR changes only slightly, with a small decrease at the thickest interlayer 

values. 

One specific Co/Cu multilayer that presented interesting magnetoresistance 

restilts was an epitaxial sample in which the Co thickness was very thin (0.6 nm, or about 

3 ML of Co). The MR change as a fimction of interlayer thickness for this sample are 

shown in Figure 3.30. The sample exhibits no resistance change with applied field for tAu 

of 0 ML or 1.5 ML, but it does show magnetoresistance for intermediate Au thickness 

0.0 0.5 1.0 1.5 2.0 

Au Interlayer Thickness (ML) 
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values. These results are most likely a result of perpendicular magnetization at tAu = 0 or 

1.5 ML and slight in-plane magnetization at 0.5 or 1 ML. 

0.0 0.5 1.0 1.5 
Au Interlayer Thickness (ML) 

Figure 3.30 MR as a function of tAu for epitaxial Au (3.5 nm) / [Au (tAu) / Cu (2 nm) / 
Au (tAu) / Co (0.6 nm)]io / Cu (4 nm) / Si(l 11). 
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3.2 Structural Characterization 

In the following sections, I present the results of my structural characterization 

measurements on Co-Pd and Co-Cu systems containing thin Au layers. The 

characterization included RHEED, XPS, and LAXD measurements. 

3.2.1 Structural Characterization using RHEED 

As I discussed in Section 2.3.3, RHEED is a powerful characterization technique 

that offers detailed information about the crystal lattice of the surface, or top 0.5 - 1 nm, 

of a film. Because RHEED can be used during film deposition, it can give a picture of 

the evolution of the crystal structure as the film is grown. 

In order to aid in the determination of the role of crystal structure and lattice strain 

on magnetic anisotropy in Co-based structures, I have performed a series of experiments 

Figure 3.31 RHEED pattern from the surface of Au (5 nm) on Co. 
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in \^4iich RHEED is used to monitor the in-plane lattice parameter of films In the 

following paragraphs, I will show the results of these measurements. But first, I describe 

the method by which the data was transformed from RHEED images to lattice constants. 

A typical RHEED image for a Au film on Co is shown in Figure 3.31. In order to 

extract in-plane lattice spacing data from these images, I used a line profile function of 

our image processing software. An exanqjle of a line profile for Au on Co is displayed in 

Figure 3.32. Using the Si(lll) RHEED pattern as a standard and Equation 2.12, I was 

c 
3 

CO 
>. 

'4—< 

"(0 
c 
(D 
•*-> 

c 

-40 -30 -20 -10 0 10 20 30 40 
Ak (nm"^) 

Figure 332 Line profile from a RHEED pattem from the surface of Au (1.2 nm) on 
Co. 

able to convert image pixels to the reciprocal lattice parameter, a', in inverse nanometers 

(rmi''). I determined the streak spacing and then calculated the real-space lattice 
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parameter, a, using Equation 2.13. To determine strain, I used the bulk lattice constant 

for the zero-strain value. 

3.2.1.1 RHEED Measurements of Lattice Parameter for Co on Au(tAn) on Cu 

Using the method described in the previous section, I measured the lattice 

parameter as a fimction of total films thickness for several samples with Co deposited on 

a thin Au layer on a Cu buffer layer. To observe the effect of the Au layer thickness on 

the overlying Co structure, I varied the Au thickness between 0 and 5 ML. An example 

ofthe lattice parameter data obtained is displayed in Figure 3.33. This plot shows the in-

plane lattice constant at the surface as the Co/Au(tAu)/Cu structure was deposited. 
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thicker Au layers exhibit a larger amount of initial strain, all of the films display a 

decrease in strain with increased Co thickness. The Co grown directly on Cu has very 

little strain because of the good lattice match between these two materials. I will present 

a thorough analysis of this data in Chapter 4. 

3.2.1.2 RHEED Measurements of Lattice Parameter for Co on Au(tAa) on Pd 

I also measured the lattice parameter and strain for the Co-Pd system with a thin 

Au layer. A sample of the lattice parameter measurements by RHEED is shown in Figure 

3.35. Note that only a slight increase in the lattice constant is observed when Au is 

deposited on Pd, as compared to the larger increase seen in Figure 3.33 for Au on Cu. 
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Figure 3.35 In-plane lattice constant, measured by RHEED, as a function of total film 
thickness for Co (9 ML) / Au (2.5 ML) / Pd (22 ML). 
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The resiilts of strain measurements in the Co films grown on Au layers of 

different thickness on Pd are displayed in Figure 3.36. In a manner similar to the Co-Cu 

films, the strain decreases monotonically as Co thickness increases. As with the Co-Cu 

system, an analysis of this data is presented in Chapter 4. 
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Figure 3.36 In-plane lattice strain as a fimction of Co layer thickness for Co on Au 
(tAu)/Pd. 
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3.2.2 Structaral Characterization by XPS 

As I described in Chapter 2, XPS is a powerful technique for studying the growth 

of one material on another material. Using the sample design illustrated in Figure 2.4,1 

have obtained information about the growth of the following materials: Au on Co(l 11), 

Co on Au(lll), Pd on Co(lll), Co on Pd(lll), Cu on Co(lll), and Co on Cu(lll). 

Some preliminary interpretation of this data is given in the following sections. Further 

analysis of this data, presented in Chapter 4, provides insight into the Co-Cu and Co-Pd 

that were the focus of my investigations. 

3.2.2.1 XPS Growth Study of Au on Co 

The growth of Au on Co was studied using a stepped wedge of Au on Co. By 

measuring, for each material, the relative XPS intensity compared to the pure standards 

on the same sample, the growth can be compared to an idealized model. Figure 3.37 

shows the results of the XPS measurements for Au on Co. The theoretical model used 

for comparison was a layer-by-layer growth. Clearly, Au does not grow on Co in a layer-

by-layer fashion. The behavior of the XPS intensities as a fimction Au coverage 

indicates either island formation or alloying. 
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Figure 337 XPS growth study for Au on Co. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 

3.2.2.2 XPS Growth Study of Co on Au 

The results of the XPS growth study of Co on Au are displayed in Figure 3.38. 

Again, a theoretical layer-by-layer growth mode is used for comparison. As with Au on 

Co, layer-by-layer growth is not observed. This result is consistent with those of other 

groups who have observed Co growing by formation of polygonal islands on 

Au(lll).®°-" 
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Figure 33S XPS growth study for Co on Au. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 

3.2.23 XPS Growth Study of Pd on Co 

Figure 3.39 shows the results of XPS measurements for Pd deposited on Co. 

Comparison to the expected values for a layer-by-layer growth model reveal that the 

actual growth mode is different, with either islanding, alloy formation, or both occurring. 

Alloying has been reported for the interfaces of Co/Pd multilayers. 
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Figure 3.39 XPS growth study for Pd on Co. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 

3.2.2.4 XPS Growth Study of Co on Pd 

The growth study results for Co on Pd are displayed in Figure 3.40. As with Pd 

on Co, the growth is not layer-by-layer. Island growth, alloying, or a combination of 

both is most likely occurring. In fact, in addition to the alloy formation reported for the 

interfaces of Co/Pd multilayers,^ island growth for Co on Pd(lll) has also been 

observed by others.®^ 
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Figure 3.40 XPS growth study for Co on Pd. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 

3.2.2.5 XPS Growth Study of Cu on Co 

Results from XPS measurements of Cu grown on Co are shown in Figure 3.41. 

Unlike the other pairs of materials, the top material (Cu) in this system appears to grow in 

a layer-by-layer growth mode. 
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Figure 3.41 XPS growth study for Cu on Co. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 

3.2.2.6 XPS Growth Study of Co on Cu 

XPS measurements for Co deposited on Cu are displayed in Figure 3.42 Even 

though Cu appears to grow layer-by-layer on Co, Co clearly does not do the same on Cu. 

This result is consistent with the island growth of ultra-thin Co on Cu(l 11) that has been 

reported.®^"^^ 
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Figure 3.42 XPS growth study for Co on Cu. The theoretical (Th.) lines were 
calculated using a layer-by-layer growth model. 
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3.23 Structural Characterization by LAXD 

The technique of low-angle x-ray diffraction (LAXD), which I introduced in 

Chapter 2, can be useful in determining the structural characteristics of thin films. 

Specifically, these measurements contain information about layer thickness and interface 

roughness that can be extracted using theoretical fits to experimental data. I performed 

LAXD measurements on several Co-Pd and Co-Cu sandwich structures to determine how 

the structure may change firom the addition of ultra-thin Au interface layers. The data I 

have obtained is summarized in the sections below. 

3.23.1 LAXD Measurements of Pd/Co/Au with Au Overlayers 

The specific Pd/Co/Au structure on which I performed LAXD had the following 

design: Pd(6.7 nm) / Au(tAu) / Co(2.3 nm) / Au(20 nm) / Cu(4 rmi) / Si(lll). The 

sample was deposited using the stepped wedge technique, with each Au step 0.5 inch in 

length. Successive LAXD scans were made by translating the sample 0.5 inch 

perpendicular to the beam. Because the very low divergence x-ray beam had a vertical 

dimension of only 6 mm, I was certain that only one step was being probed for each scan. 

After collecting the LAXD, a computer program^ was used to model each 

structure. The model parameters (layer thickness, interface roughness) were varied until 

the calculated spectrum closely matched the experimental data. Within the accuracy of 

the theoretical model used for calculation, this method allowed measurement of the real 

structures. Figure 3.43 shows the LAXD data (open circles) together with the theoretical 

fits (solid lines) for Pd/Co/Au with a Au overlayer. To obtain such fits, the model 
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Experimental data 
Theoretical fit 

2e (degrees) 
Figure 3.43 LAXD spectra for Pd (6.7 nm) / Au (tAu) I Co (2.3 mn) / Au (20 nm) / Cu 
(4 nm) / Si(l 11). The open circles (^ are experimental data, and the solid lines (—) 
are spectra calculated for a model structure of the form Pd (6.8 mn) / Au (tAu) / Co (2.3 
nm) / Au(1.95 mn) / Cu (1.3 nm) /CugSi (1.6 nm) / Cu^Si (1.6 mn) / Si(l 11). 

structure had to include two different copper silicide layers between the Cu layer and the 

Si(l 11) substrate. For the remaining layers, the model matched the experimental design 

within 5 %. 
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For my studies, the most pertinent information in these LAXD spectra is the effect 

of the ultra-thin Au layer at the Pd/Co interfece on the structure. From the fitting, it is 

evident that the roughness parameter associated with this inter&ce changed as Iau 

changed. The dependence of this roughness on Au overlayer thickness is shown in 

Figure 3.44. 
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Figure 3.44 Top Co interface roughness as a fimction of Au overlayer thickness from 
theoretical fits to LAXD spectra for Pd (6.7 nm) / Au (tAu) I Co (2.3 imi) / Au (20 mn) 
/Cu(4nm)/Si(lll). 

3.23.2 LAXD Measurements on Other Co-Pd Sandwich Structures 

I also measured LAXD spectra for three other Co-Pd structures on Si(lll): 

Pd/Co/Au(tAu)/Pd/Cu, Au/Co/Au(tAu)/Pd/Cu, Pd/Au(tAuyCo/ Pd/Cu. Unfortunately, none 
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of these structures produced x-ray spectra that could even be approximated by a model 

calculation. The fitting process was made almost impossible due to the presence of the 

copper silicide layer at the substrate and the relatively large influence of the parameters 

of a Au layer. 

3.2 J.3 LAXD Measurements on Co-Ca Sandwich Structures 

I also performed LAXD measurements on a series of Co-Cu sandwich structures, 

hi an attempt to eliminate the fitting problems associated with the copper silicide layer, I 

deposited a Au buffer layer 15 tun thick on the initial Cu layer. Because Au is has a 

relatively high absorption coefficient, this layer effectively "screened out" the reflections 

arising within the copper silicide layer. Thus, only the total thickness of the silicide 

layer, and not its intemal varying chemical composition, played a role in the model 

fitting. 

The four structures I analyzed, which included both Au imderlayer and overlayer 

films, were as follows: Cu (10 run) / Co (1.8 nm) / Au (tAu) / Cu (10 mn), Cu (10 am) / 

Au (tAu) / Co (1.8 mn) / Cu (10 nm), Cu (10 mn) / Au (Iau) / Co (1.8 nm), Au (5 mn) / Co 

(1.8 mn) / Au (Iau) / Cu (10 nm). Each structure was grown on a 15 nm Au layer on Cu 

(12 mn) on Si(l 11). The structures with Cu above the Co layer were also capped with a 

3.5 nm Au layer to prevent oxidation, which can also make modeling difficult. 

A series of LAXD spectra for a Au/Co/Au(tAu)/Cu sample are shown in Figure 

3.45. For this sample, and for all the other in this Co-Cu collection, very little difference 

is observed among the spectra for different tAu- In fact, according to the model fits, I find 
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Figure 3.45 LAXD spectra for Au (5 nm) / Co (1.8 nm) / Au (tAu) / Cu (10 nm) / Au 
(15 nm) / Cu (12 nm) / Si(l 11). 

no change in the roughness of the Co interface that has the ultra-thin Au interface layer. 

While this result is certainly possible, it could also be due to the fact that Co and Cu have 

relatively very little optical contrast for the x-rays used. Because of this low contrast, the 

reflection from a Co/Cu interface is a relatively small part of the spectrum signal, and 

changes in this reflection will have comparatively little effect on the spectrum. 
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ANALYSIS AND DISCUSSION OF RESULTS 
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In this ch^ter, I discuss the results of the measurements presented in Chapter 3 in 

relation to the concepts of magnetic anisotropy reviewed in Chapter 1. Through this 

discussion, I provide insight into how an ultra-thin Au interface layer affects the magnetic 

anisotropy of Co-Pd and Co-Cu structures. Possible explanations for the non-monotonic 

changes in anisotropy with Au interlayer thickness are suggested. 
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4.1 Analysis and Discussion of Results for Co-Pd Systems 

In the following sections, I discuss the results of both the magnetic and structural 

characterizations of Co-Pd systems. I interpret the magnetic characterization data firom 

Chapter 3 in terms of structural &ctors possibly affecting the magnetic anisotropy of the 

films. The fectors considered are the following: (1) the effect of the epilayer and 

capping layer materials, (2) the effect of strain, (3) the effect of interfacial alloys, and (4) 

the effect of interfacial roughness. In particular, I analyze the contribution of each of 

these factors toward the non-monotonic changes seen in the magnetic properties of Co-Pd 

structures with ultra-thin Au interface layers. Lastly, I propose an explanation for the 

behavior observed in the magnetic anisotropy as a fimction of Au interlayer thickness. 

This explanation is based on considering the structural effects in terms of the shape, 

magnetocrystalline, and magnetoelastic anisotropy of both the bulk and surface Co 

atoms. 
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4.1.1 Effect of Epilayer and Capping Layer Material on the Non-monotonic 

Changes in Magnetic Anisotropy of Co-Pd Structures 

In order to gain insight into the effect of an ultra-thin Au inter&ce layer on the 

magnetic anisotropy of Co-Pd structures, other possible factors effecting magnetic 

anisotropy must also be considered. Two such factors are the effects of the epilayer and 

capping layer materials on the magnetic anisotropy of Co-Pd sandwich structures. By 

comparing similar overlayer structures on different epilayers or similar underlayer 

structures with different capping layers, the nature of any epilayer or capping layer 

effects can be elucidated. 

4.1.1.1 Comparison of Co-Pd Underlayer Structures with Different Capping Layers 

To determine the possible effects the capping layer might have on the magnetic 

anisotropy of a Co sandwich, the results for two structures, Au / Co / Au(tAu) / Pd and Pd 

/ Co / Au(tAu) I Pd, can be compared. For each film, the Pd epilayer, Au wedge layer, and 

Co layer were the same. 

The change in magnetic anisotropy as a function of Au underlayer thickness for 

these two structures is shown in Figure 4.1. As seen in these plots, the behavior of these 

two films is very similar. Both display non-monotonic changes in anisotropy, with a 

mayimiiTTi occurring around tAu =1.5 ML. For each, this peak is rather broad, and only a 

slight decrease in anisotropy occurs after the mayimnm At each Au underlayer thickness, 

the A/sT values for the two are within 3% of each other. 
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Figure 4.1 Change in total magnetic anisotropy, AK, as a function of Au underlayer 
thickness for Co (2.3 nm) / Au (tAu) / Pd (10 mn) / Cu (4 nm) / Si(l 11) capped with Au 

(—A~) and Pd (••••—). 

The comparison of these two structures provides insight into the role of the 

capping layer in determining magnetic anisotropy. Clearly, different capping materials 

produce different magnetic anisotropy. However, for films with varying Au interface 

layers, the effect of the capping layer is to simply determine a "baseline" anisotropy. 

Different materials give different baselines, but similar non-monotonic changes with Au 

underlayer thickness are still observed. Because of this similarity, the changes in 

anisotropy as a fimction of Au interface layer thickness seen in the Co-Pd systems is most 

likely not a result of an effect of the capping layer. 
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4.1.1^ Comparison of Co-Pd Overlayer Structures with DifTerent Epilayers 

The effect of the epilayer can also be determined in much the same way as the 

effect of the capping layer, by comparing similar films with different epilayers instead of 

different capping layers. Comparison of the results Pd / Au(tAu) / Co grown on Au and 

on Pd provide information of the effect of the epilayer material. As with the capping 

layer samples, the Pd capping layer, Au wedge layer, and Co layer were the same for 

each of these films. 

The results for the change in anisotropy as a fxmction of Au overlayer thickness 

for similar samples with different epilayers are shown together in Figure 4.2. Unlike 
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Figure 4.2 Change in total magnetic anisotropy, AK, as a flmction of Au overlayer 
thickness for Pd (5 nm) / Au (tAu) / Co (2.3 mn) on Au (20 mn) / Cu (4 mn) / Si(ll 1) 

(~A~) and Pd (10 mn) / Cu (4 mn) / Si(l 11) (-••••). 
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Figure 4.1, these plots display different behavior for the films with different epilayer 

materials. While both structures have non-monotonic behavior, one has a maximum 

anisotropy at tAu = 1 ML, and the other peaks around 1.5 ML. Also, for a Pd epilayer, the 

peak is much sharper, with anisotropy decreasing more rapidly after the maYi'mnm 

This different behavior in the anisotropy of these two structures indicates that the 

way in which the Au overlayer is affecting the interface anisotropy at the top Pd/Co 

interface is dependent on the layer imder the Co. One way in which the top Pd^Co 

interface could be related to the layer imder the Co is through the structure of the Co 

layer. The electronic environment of the interface will depend on both the crystalline 

quality and the surface roughness of the Co. A Co film deposited on Au will most likely 

have different stress, number of dislocations, and surface roughness than one deposited 

on Pd. If the way in which the Au interlayer modifies the interface anisotropy depends 

for example on interface roughness, then different behavior might result. 
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4.1.2 Effect of Strain on the Non-monotonic Changes in Magnetic Anisotropy of 

Co-Pd Structares 

Because of magnetoelastic anisotropy, strain in a magnetic film effects the total 

magnetic anisotropy. In my studies with ultra-thin Au layers, strain in Co films grown on 

different thicknesses of Au on Pd epilayers was measured using RHEED. These results 

were presented in Section 3.2.1.2. Analysis of this strain as a fimction of Au underlayer 

thickness provides insight into the effect of strain on the non-monotonic anisotropy 

changes seen for these structiires. 

4.1.2.1 Analysis of Strain Parameters 

As shown in Figure 3.36, the strain in Co films grown on Au on Pd changes as the 

Co thickness increases. Chappert and Bruno^ have derived an expression (Equation 1.8) 

for the change in lattice-mismatch induced strain as a function of film thickness. 

According to this first-order relation, the strain is inversely proportional to the film 

thickness. However, evaluation of my strain data shows that this relation does not 

describe the strain in Co on ultra-thin Au on Pd. Most likely, the model of Chappert and 

Bruno fails for these structures because it assumes an infinitely thick, rigid substrate, but 

an ultra-thin layer on a substrate does not have the same properties. 

In order to analyze the strain in these Co films, an altemative model for the strain 

in a crystalline overgrowth was needed. Empirically, the strain in the films was found to 

very closely match an exponential decrease with film thickness. According to the crystal 

dislocation work of van der Merwe^ and Cottrell^^, the strain in a crystalline overgrowth 
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as a function of distance from the interface can be described by an exponential. Thus, 

this type of model seems appropriate for analysis of this strain data. 

I fit the strain versus film thickness data to a curve of the form given in Equation 

4.1. hi this Equation, S is the strain in the plane a distance tco from the interface foroi by 

the Co and either Pd or ultra-thin Au, So is the initial strain in the Co, SR is the residual 

'Co 
5 = 5o+(5o-Sje (4.1) 

strain remaining in the final Co layer, and tr is a parameter I will call the relaxation 

thickness. Strain data for one of the Co films is shown in Figure 4.3 together with the 

exponential fit. Also, the best fit using the theory of Chappert and Bruno^ is plotted for 

comparison. 
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Figure 4.3 Strain as a function of Co thickness for Co on 0.5 ML Au on Pd. Fits for 
both the exponential model described in the text (—) and the Chappert and Bruno 
(Ref. 22) theory (—) are also shown. 
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Using the exponential model, the strain in Co films grown on ultra-thin Au layers 

0 to 2.5 ML thick on Pd was analyzed. The variation of each strain parameter (So, SR, and 

tr) with Au thickness was determined. Figure 4.4 shows the initial strain, 5o, as a function 

of Au underlayer thickness. Since the mismatch between Co and Au is larger than 

between Co and Pd, one might expect an increase in initial strain as the Au underlayer 

thickness increases. A slight increase in initial strain is observed, but it is only on the 

order of aboiit 1%. Also, within the error bars, the increase in monotonic. 
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Figure 4.4 Initial strain. So, as a fimction of Au underlayer thickness for Co (1.8 nm) / 
Au (tAu) / Pd. 
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The change in residual strain, SR, with Au underlayer thickness is displayed in 

Figure 4.5. The parameter increases as tAu increases &om 0 to 1 ML, and then remains 

« 1.2-

0.0 0.5 1.0 1.5 2.0 2.5 
Au Underlayer Thickness (ML) 

Figure 4.5 Residual strain, SR, as a function of Au underlayer thickness for Co (1.8 
nm) / Au (tAu) / Pd. 

constant, within the error bars. This type of variation suggests that the factors 

determining the residual strain in the Co change below an underlayer thickness 1 ML and 

remain unchanged for thicker Au. Some possible factors that could be varying in this 

way are alloying between Co and Pd, alloying between Co and Au, growth of Co on Pd 

(if Au is growing layer-by-layer on Pd), and the electronic state at the interface. In any 

case, the thickness at which the change in behavior occurs corresponds to the thickness 

for which a maximum in magnetic anisotropy is observed. 
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The relaxation thickness parameter, tr, is a measure of how quickly the Co film 

regains it original no-strain lattice constant as film thickness increases. One might expect 

that the greater the film is initially strained, the longer it will take to relax. Or, another 

expected result might be that this parameter is intrinsic to the particular material, and 

O 1.4 

® 1.2 

0.0 0.5 1.0 1.5 2.0 2.5 
Au Underlayer Thickness (ML) 

Figure 4.6 Relaxation thickness, tr, as a fimction of Au underlayer thickness for Co 
(1.8nm)/Au ( t A u)/Pd. 

therefore it would be constant. The relaxation parameter as a fimction of Au underlayer 

thickness is shown in Figure 4.6. Clearly, it is not a constant. In addition, in comparing 

Figures 4.4 and 4.6, it does not show an increase as the initial strain is increased. 

Interestingly, the relaxation constant does displays a minimum at tAu = 1 ML, the same 

thickness at \^ch the magnetic anisotropy is maximized. This result indicates that 
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compared to films on other Au inter&ce layer thicknesses, Co grown on 1 ML Au on Pd 

reduces its strain more quickly. The shorter relaxation length could lead to less overall 

strain or more dislocations in the film, as dislocations are a relaxation mechanism. 

Because strain afTects the magnetoelastic anisotropy, the change in relaxation thickness 

could play a role in the non-monotonic behavior seen in the anisotropy of these Co-Pd 

structures. 

4.1.3 Effect of Surface Alloying on the Non-monotonic Changes in Magnetic 

Anisotropy of Co-Pd Structures 

To gain insight into the effect surface alloying might have on the magnetic 

anisotropy of the Co-Pd structures, I have used the resxilts of the XPS growth studies 

presented in Sections 3.2.2. Analysis of these results reveals that layer-by-layer growth is 

not seen in any Co-Au or Co-Pd combination (i.e. Co on Au, Au on Co, Pd on Co, or Co 

on Pd). The growth studies indicate that either alloying (mixing) or island growth is 

present for all of these material pairs. Furthermore, as shown by the XPS intensity plots, 

this type of growth is present from the beginning of coverage on one material on another. 

And, while the exact growth mode cannot be determined from this data, the presence of 

any changes in growth mode are unlikely since the measured intensity varies smoothly as 

coverage increases, with no abnq)t changes in slope. In particular, no change in growth 

mode is observed around 1-1.5 ML of Au on Co or Pd, the thickness at which the 

magnetic anisotropy maximizes. Thus, from this analysis, I conclude that surface 
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alloying is most likely not contributing to the non-monotonic changes in magnetic 

anisotropy that I have observed. 

4.1.4 Effect of Surface Roughness on the Non-monotonic Changes in Magnetic 

Anisotropy of Co-Pd Structures 

For one type of structure, Pd / Au(tAu) / Co / Au / Cu / Si(lll), both magnetic 

anisotropy and Co surface roughness could be measured on the same sample. The results 

of measurements of the surface roughness of the Co interface with the ultra-thin Au layer 

were presented in Section 3.2.3.1 (see Figure 3.44). To see the relationship between this 

surface roughness and the magnetic anisotropy, I have plotted the measured anisotropy as 

a function of this parameter. As seen in Figure 4.7, a correlation does exist, with 
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Figure 4.7 Total anisotropy as a function of surface roughness at "top" Co interface 
for Pd (5 nm) / Au (tAu) / Co (2.3 nm) / Au (20 nm) / Cu (4 nm) / Si(l 11). 
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anisotropy increasing (becoming more positive) as roughness decreases. The line in the 

plot, shown mainly as a guide, is a linear regression fit to the data (with a correlation 

constant of 0.85). Thus, surface roughness most likely plays a role in the observed 

changes in magnetic anisotropy. 

4.1.5 Summary of Structural Effects and Sources of Magnetic Anisotropy in Co-

Pd Structures 

By looking at the analysis I presented in the previous sections and at the sources 

of magnetic anisotropy I described in Chapter 1, some possible explanations may be 

formulated for the non-monotonic changes observed for Co-Pd structures with Au 

interface layers. The structural effects observed can be summarized in two groups, factors 

not likely affecting the non-monotonic behavior and those that do play a role. 

First, factors which most likely do not contribute to the non-monotonic behavior 

are: (1) the capping layer material (the material above a Co layer with a Au underlayer), 

(2) the epilayer material (the material under a Co layer with a Au overlayer), and (3) 

surface alloying. It should be noted that while differences in anisotropy variation were 

seen with different epilayers, the same non-monotonic changes were seen with all 

materials. 

Secondly, factors that are likely playing a role in the non-monotonic changes in 

anisotropy are: (1) strain induced by a Au underlayer, and (2) surface roughness changes 

caused by a Au interface layer. For each of these factors, a clear correlation with 

magnetic anisotropy exists. In terms of the sources of magnetic anisotropy, these factors 
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can be related to the magnetoelastic anisotropy of the bulk, as well as the magnetoelastic, 

dipolar, and magnetocrystalline anisotropy of the siir&ce atoms. 

For magnetoelastic anisotropy. Equation 1.6 predicts that for c-axis oriented Co 

films, this anisotropy is a maximima (least negative value) when the strain is a minimum 

As seen in my strain analysis, maximum anisotropy in Co-Pd does correspond in some 

way to minimum strain (relaxation thickness). This strain could be in either the bulk or 

stirface atoms, or both. 

For surface dipolar anisotropy. Equation 1.7 predicts that an increase in the ratio 

of surface (interface) roughness to lateral terrace size causes an increase in anisotropy 

(i.e., a more positive anisotropy). As shown in Figure 4.7,1 observed that in Co-Pd films 

a decrease in surface roughness was correlated with an increase in anisotropy. Since the 

lateral terrace size could not be measured by any of the characterization techniques 1 

performed, I cannot conclude whether or not my results are consistent with Equation 1.7. 

However, the correlation displayed in Figure 4.7 is strong evidence that surface 

roughness plays a role in the non-monotonic behavior of the magnetic anisotropy in these 

films. 

Surface magnetocrystalline anisotropy is determined by spin-orbit coupling and 

the electronic environment at the surface or interface. As I discussed in Section 1.1.3.2, 

no closed form equation exists for predicting this anisotropy. However, first-principles 

calculations have determined that for both Co/Pd and Co/Au interfaces, the 

magnetocrystalline anisotropy is positive.^®" '̂ Moreover, as I mentioned in Chapter 3, the 

77 78 
experimental values reported for Co/Au are more positive than those for Co/Pd. An 
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increase in anisotropy might be expected from these values, but the non-monotonic 

behavior observed is not straightforwardly predicted. However, given the fact that the 

same behavior exists for both underlayer and overlayer films, the magnetocrystalline 

anisotropy is most likely related to the appearance of a peak in anisotropy at a Au 

interlayer thickness around 1 ML. The most probable explanation of how the 

magnetocrystalline anisotropy is influenced by the Au interlayer is through orbital 

hybridization^® and altered electronic states at the interface.^ 
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4.2 Analysis and Discnssion of Results for Co-Cu Systems 

As for the Co-Pd system, the results of both the magnetic and structural 

characterizations of Co-Cu systems can also be analyzed to determine possible factors 

related to the observed non-monotonic changes in magnetic anisotropy. In the following 

sections, I again consider the factors of epilayer and capping layer materials, strain, 

interfacial alloys, and interface roughness in terms of how they might affect the various 

sources of anisotropy. 

4.2.1 Effect of Epilayer and Capping Layer Material on the Non-monotonic 

Changes in Magnetic Anisotropy of Co-Cu Structures 

To study the effects of the materials used for the epilayer and capping layer, I 

deposited identical underlayer structures with different capping layers and identical 

overlayer structures on different epilayers, just as for the Co-Pd system. I have then 

looked at the changes in anisotropy for these two pairs of structures to gain insight into 

any differences. 

4.2.1.1 Comparison of Co-Cu Underlayer Structures with Different Capping Layers 

To determine the possible effects the capping layer might have on the magnetic 

anisotropy of a Co-Cu sandwich, the results for two structures, Au / Co / Au(tAu) / Cu and 

Cu / Co / Au(tAu) / Cu, can be compared. For each film, the Cu epilayer, Au wedge layer, 

and Co layer were the same. 
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The change in magnetic anisotropy as a function of Au underiayer thickness for 

these two structures is shown in Figure 4.8. The anisotropy changes in the same general 

maimer for the two films, with each one displaying a Tnimmnm value at 1 ML underiayer 

thickness. Unlike the Co-Pd underiayer structures in Section 4.1.1.1, the changes are not 

the same for the two different capping layers. Thus, the different capping materials in 

this Co-Cu system do affect the total anisotropy in some way other than a simple relative 

shift. However, since both films still show non-monotonic changes, the capping layer 

material is most likely not responsible for type of behavior. 
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Figure 4.8 Change in total magnetic anisotropy, AK, as a function of Au underiayer 
thickness for Co (1.8 nm) / Au (tAu) / Cu (10 nm) / Si(l 11) capped with 10 nm of Au 
(—A—) and Pd (••••—). 



134 

4.2.1.2 Comparison of Co-Cu Overlayer Structures with Different Epilayers 

Comparison of the results Cu / Au(tAu) / Co grown on Au and on Cu provide 

information of the effect of the epilayer material. Like the capping layer samples, all 

layers other than the epilayer are the same for each of these films. 

The results for the change in anisotropy as a fimction of Au overlayer thickness 

for similar samples with different epilayers are shown together in Figure 4.9. As with the 

Co-Pd overlayer structures, these films display a change in anisotropy that is clearly very 

dependent on the epilayer material. Because Au and Cu epilayers will results in Co films 

lA o 
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Figure 4.9 Change in total magnetic anisotropy, AK, as a function of Au overlayer 
thickness for Cu (10 nm) / Au (tAu) / Co (1.8 nm) on Au (10 nm) / Cu (4 nm) / Si(l 11) 
(—A~) and Cu (10 nm) / Si(l 11) ( •••—). 
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with different crystalline quality and top sur&ce structure, these results provide further 

evidence that the structure of the Co film influences the way in which the anisotropy is 

changed by a Au overlayer. However, the epilayer is most likely not directly responsible 

for any non-monotonic changes observed. 

4.2.2 Effect of Strain on the Non-monotonic Changes in Magnetic Anisotropy of 

Co-Cu Structures 

Using the exponential model discussed in Section 4.1.2.1, the strain in Co films; 

grown on ultra-thin Au layers 0 to 5 ML thick on Cu was analyzed. The variation of each 

strain parameter {So, SR, and TR) with Au thickness was determined. 
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Figure 4.10 Initial strain. So, as a. function of Au underlayer thickness for Co (2.4 nm) 
/ Au (tAu) / Cu. 
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4.2^.1 Analysis of Strain Parameters 

The variation of the initial strain. So, with Au underlayer thickness is shown in 

Figure 4.10. As expected, the initial Co strain increases monotonically with increasing 

Au thickness, as the Co is stretched more toward the Au lattice constant. No change in 

this behavior is seen at 1 ML Au thickness, the thickness at ^\^ch the anisotropy is 

minimized. Thus, from these results 1 conclude that the initial strain is most likely not 

playing a role in the non-monotonic changes observed in the anisotropy. 

0 12 3 4 
Au Underlayer Thickness (ML) 

Figure 4.11 Residual strain, SR, as a. fimction of Au underlayer thickness for Co (2.4 
nm) / Au (tAu) / Cu. 
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The residxiai strain as a function of Au underlayer thickness is displayed in Figure 

4.11. Only a slight increase in residual strain is seen with an increase in Au thickness 

from zero to 5 ML. Within the limits of the error bars, the increase in monotonic, and no 

anomalous behavior is seen at 1 ML Au. The variation of this parameter is most likely 

not related to the non-monotonic changes in anisotropy. 

The last strain parameter, the relaxation thickness, is plotted versus the underlayer 

thickness in Figure 4.12. Unlike the Co on Au(tAu) on Pd, the films grown on a Cu 

epilayer do not display clear non-monotonic changes in relaxation thickness as the 

12 3 4 
Au Underlayer Thickness (ML) 

Figure 4.12 Relaxation thickness, tr, as a fimction of Au imderlayer thickness for Co 
(2.4 nm) / Au (Iau) / Cu. 
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underlayer thickness is varied. Within the error bars, the relaxation thickness increases to 

a maximum at an underlayer thickness of 3 ML and then decreases slightly with thicker 

Au layers. While a local maximxim in tr may be present at 1 ML An, this parameter does 

not appear io show evidence that relates it to the non-monotonic behavior in magnetic 

anisotropy. 

4^.3 Effect of Surface Alloying on the Non-monotonic Changes in Magnetic 

Anisotropy of Co-Cu Structures 

Analysis of the XPS growth study results for Co-Cu and Co-Au reveals that layer-

by-layer growth is not seen io any Co-Au or Co-Cu combination except Cu on Co. The 

growth studies indicate that either alloying (mixing) or island growth is the predominant 

mode of growth. While the exact growth mode cannot be determined from this data, the 

presence of any changes in growth mode as a function of coverage would be revealed by 

abrupt changes in the variation of the intensity. For the growth of Co on Cu, evidence of 

a change from layer-by-layer growth to another mode is seen, but only in the Co signal. 

For all other growth studies, no change in growth mode is observed, in particular around 

1-1.5 ML of Au on Co or Cu, the thickness at which the magnetic anisotropy is a 

minimum. From this analysis, I conclude that surface alloying is most likely not 

responsible for the non-monotonic changes seen in the magnetic anisotropy. 
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4^.4 Effect of Surface Roughness on the Non-monotonic Changes in Magnetic 

Anisotropy of Co-Cu Structures 

As sho>vn in Section 3.2.3.3, the method I used to characterize surface (or 

interfiice) roughness in several Co-Cu sandwich structures, LAXD, revealed no 

perceivable change in roughness with varying Au interlayer thickness. This null result 

has two explanations that seem most probable. First, because of the low x-ray contrast of 

Co and Cu, the signal from the Co/Cu interface under investigation may be too small to 

detect roughness changes. If this is the case, then the role of surface roughness in the 

changes in magnetic anisotropy of Co-Cu structures cannot be determined using x-ray 

diffraction. A second explanation of this result is that the roughness does indeed remain 

constant with a varying Au interface layer thickness. Then, surface roughness would 

seem to play almost no role in the anisotropy of this system. However, since surface 

roughness has been shown to effect anisotropy,the first explanation of this result is 

most likely the case. In addition, as shown in Figure 3.45, the x-ray spectra for different 

Au interface layer thicknesses are indistinguishable. Even with the same interface 

roughness, the changing Au layer thickness should cause some change in the spectrum, 

unless the signal from the Co/Au(tAu)/Cu interface is too small. This reasoning again 

points to the first explanation of these results. Thus, further investigations using other 

characterization techniques are required to determine the role of surface roughness in the 

non-monotonic behavior of the magnetic anisotropy. 



140 

4.2.5 Summary of Structural Effects and Sources of Magnetic Anisotropy in Co-

Cu Structures 

For the Co-Cu structures, none of the structural characteristics that I have studied 

appear to play a significant role in bringing about the non-monotonic changes observed in 

the magnetic anisotropy. Some of the factors I investigated, the epilayer and capping 

layer material, do have an effect on the way in which the Au interface layer alters the 

anisotropy. However, the results show that regardless of the effect of these layers, the 

non-monotonic behavior remains. Another factor, the strain in the Co film, does vary 

with Au interface layer thickness. But, no correlation exists between any strain 

parameter and the magnetic anisotropy. Lastly, the surface (interface) roughness is one 

factor whose role could not be determined by the characterization techniques I have used. 

hi terms of the soiffces of magnetic anisotropy for the Co-Cu structures, the 

results summarized above do point toward certain sources, and away from others, for an 

explanation of the non-monotonic behavior observed. Shape, or dipolar, anisotropy of 

the bulk atoms is most likely not involved in this behavior. As with the Co-Pd systems, 

the Co thickness was kept constant when the Au interface layer thickness varied. 

Magnetoelastic anisotropy in either the bulk or surface atoms is most likely not the source 

of the minimnm observed either, since no strain parameters correlate with anisotropy. 

Eliminating these sources leaves surface dipolar anisotropy and magnetocrystalline 

anisotropy of the bulk and surface as possible sources of the non-monotonic changes. 

Unfortunately, the role of surface dipolar anisotropy cannot be determined by my studies. 

And, because the non-monotonic behavior is observed in overlayer films where bulk 
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crystalline Co properties could not be affected, bulk magnetocrystalline anisotropy is 

most likely not the source. But, the feet that the non-monotonic behavior is seen in both 

overlayer and imderlayer films supports an explanation based on surface 

magnetocrystalline anisotropy. Thus, as for the Co-Pd systems, hybridization of orbitals 

and an altered electronic state at the surface is most likely the main source of the non

monotonic changes in the magnetic anisotropy of Co-Cu structures with varying Au 

interface layers. 
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Chapter 5 

CONCLUSIONS 

The goal of my work was to study the nature of magnetic surface anisotropy in 

Co-based films and ways that it can be modified by the presence of an ultra-thin layer of 

non-magnetic material at a magnetic sur&ce or interface. In this dissertation, I have 

discussed my investigations of Co-Pd and Co-Cu structures with ultra-thin Au layers at 

one or more interfaces. In Chapter 1, I provided an overview of the fimdamentals of 

magnetic anisotropy. The details of film growth and both structural and magnetic 

characterization techniques were described in Chapter 2. Representative results of these 

characterizations were presented in Chapter 3. Finally, in Chapter 4 I discussed these 

results were in terms of the magnetic anisotropy concepts presented in Chapter 1. 

Through this discussion, I arrived at possible explanations for the observed influence of 

an ultra-thin non-magnetic layer on the magnetic anisotropy of Co-Pd and Co-Cu 

structures. In this chapter, I close by summarizing these results and conclusions. 
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5.1 Influence of a Thin Au Interface Layer on the Magnetic Anisotropy of Co-Pd 

Structures 

Using SMOKE, I have investigated the magnetic properties of Co-Pd structures of 

the fonn X / Co / Y / Cu / Si(l 11), with (X, Y) = (Pd, Pd), (Au, Pd), and (Pd, Au). For 

each structure, a Au layer of systematically varied thickness was inserted at the Co/Pd 

interface. For (X, Y) = (Pd, Pd), two types of samples were studied, one with the Au 

layer on top of the Co and a second with the Au layer imder the Co. I also investigated a 

Co-Pd multilayer system, a structure that shows promise for use as a magneto-optic 

recording material. For each of the sandwich structures a maximum is observed in the 

magnetic anisotropy for a Au iiuierlayer thickness of 1 to 1.5 ML. For the multilayer 

system, a maximum in coercivity occurs with a Au interface layer thickness of 0.5 ML. 

In addition to magnetic properties, I have also investigated the structural 

properties of the Co-Pd system with an ultra-thin Au interface layer. Using RHEED, 

XPS, and LAXD, I characterized the strain, surface alloying, and surface (interface) 

roughness of this system. The strain was seen to change with increasing Au interlayer 

thickness, as was the surface roughness. Surface alloying was observed for all Co-Pd-Au 

interfaces. Analysis of these measurements reveals some correlation between magnetic 

anisotropy and both strain and surface roughness. 

To explain the maximum observed in magnetic anisotropy, I looked at the 

structural and magnetic properties of these films in terms of the sources of anisotropy. 

Based on my investigations, I conclude that the most likely cause for the non-monotonic 

changes seen in anisotropy with varying Au interlayer thickness is changes in the surface 
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magnetocrystalline anisotropy. While strain and surface roughness may also play a role, 

I believe that the influence of the ultra-thin Au interlayer on the orbital hybridization and 

electronic environment at the interface is dominant. 
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5.2 Influence of a Thin Au Interface Layer on the Magnetic Anisotropy of Co-Cu 

Structures 

As with the Co-Pd system, I have also used SMOKE to investigated the magnetic 

properties of Co-Cu structures of the form X / Co / Y / Cu / Si(l 11), with (X, Y) = (Cu, 

Cu), (Au, Cu), and (Cu, Au). These structures again contained an ultra-thin Au interface 

layer at the Co/Cu interfece. A Co-Cu multilayer system, a structure is already being 

used for magnetoresistance apphcations, was also studied using MR measurements. 

While a maximum in anisotropy was seen in the Co-Pd sandwich structures, a minimum is 

observed in the Co-Cu system for a Au interlayer thickness of around 1 ML. Since this 

investigation was completed, our group has also measxired this same behavior using 

QQ 
Brillioun light scattering (BLS). For most of the multilayers investigated, a monotonic 

decrease in magnetoresistance occurs with increasing Au interlayer thickness. However, 

in multilayers with a relatively thin Co layer thickness (~ 3 ML), a peak in 

magnetoresistance is seen at 1 ML Au thickness. This peak corresponds to the Au 

thickness at which minimum anisotropy (more in-plane) occurs. 

I have also investigated the structural properties of the Co-Cu system RHEED, 

XPS, and LAXD. The strain was seen to change with increasing Au interlayer thickness, 

but surface roughness measurements were inconclusive. Surface alloying was observed 

for all Co-Cu-Au interfaces, except in the case of Cu grown on Co. Analysis of these 

measurements shows no correlation between the structural properties and the changes in 

magnetic anisotropy observed. 
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To explain the non-monotonic changes observed in magnetic anisotropy, I again 

looked at the structural and magnetic properties of these films in terms of the sources of 

anisotropy. Based on the results of structural measurements on Co-Cu systems and the 

observation of an anisotropy extremum around 1 ML Au interlayer thickness in both the 

Co-Cu and Co-Pd systems, I conclude that this effect for Co-Cu is again most likely due 

to changes in the surface magnetocrystalline anisotropy. As in the Co-Pd system, these 

changes occur through orbital hybridization and varying in the electronic structure at the 

interface. 
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53 Future Work 

In this work, I have shown that the magnetic anisotropy of a film is influenced by 

the presence of an ultra-thin Au layer at a magnetic interface. While my investigations 

point to changes in electronic structure as the most likely cause of the observed behavior, 

other factor possibly affecting magnetic anisotropy still need to be studied. Further 

research that I hope this work will stimulate would include scanning microscopy studies 

of sur&ce roughness and growth modes for ultra-thin layers on magnetic surfaces and 

perhaps low energy electron dif&action (LEED) and transmission electron microscopy 

(TEM) investigations of strain. 

In addition to this fimdamental type of research, I beUeve further investigation is 

warranted into the effects of ultra-thin Au interlayers on Co/Pd and Co/Cu multilayers. 

The results I have discussed show promise for possibly enhancing the useful properties of 

Co/Pd as a magneto-optic material. Also, I have shown that the addition of an interface 

layer produces magnetoresistance is in systems that previously did not exhibit this 

behavior. These systems, with magnetic layers only a few atoms thick, could have 

desirable properties for magnetotransport applications. 
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