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Abstract

This thesis presents the investigation of the Cr/M o(110) epitaxial inter

face. The study combines experimental techniques in the form of scanning 

tunneling microscopy (STM), low energy electron diffraction (LEED), and 

Auger electron spectroscopy (AES) and theoretical investigations by means of 

first-principles density functional theory (DPT). The Cr/M o(110) system is 

compared with the closely related Fe/M o(110), C r/W (110), and Fe/W (110) 

systems.

Cr films in a coverage range 0.15 <  Ocr <  5.8 ML were deposited on 

M o(llO) at various temperatures from near room temperature (RT) to el

evated temperature (ET). The growth of Cr on M o(llO) near RT is char

acterized by two-dimensional (2D) nucleation on substrate terraces at low 

coverage, with subsequent Frank-van-der-Merwe (FM) growth until around 

3 ML, where there is a switch to Stranski-Krastanov (SK) growth. At elevated 

temperatures, Cr films form nanostripes by the step-fiow growth mechanism  

for film coverages up to 3 ML. There is no indication of strain relaxation in 

either the first, second or third layers, in contrast to the Fe/M o(110) system, 

where dislocation lines appear from the second monolayer. The Cr nanos

tripes remain pseudomorphic up to the onset of SK growth, which is typified 

by the formation of nanowedge islands. This is accompanied by the forma

tion of a two-dimensional dislocation network within the nanowedge islands. 

Two types of steps can be observed on top of the Cr nanowedges, unlike the 

Fe/M o(110) system where the (110) surface of the Fe nanowedges is unbroken 

by any steps. The first are monatomic steps formed by incomplete Cr layers, 

while the second are fractional steps formed between adjacent layers with 

different degrees of tetragonal distortion. The growth of Cr on the low-index
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surface is compared with that on the vicinal Mo(llO) surface. It is found 

that nanowedges formed on the vicinal surface are typically much thicker, 

with smaller lateral dimensions, and have a higher density compared to the 

low-index surface.

The (111) surface of magnetite has also been studied. The formation of 

a nanoscale hexagonal pattern by light oxidation of the (111) surface of a 

magnetite single crystal is studied using STM and scanning tunneling spec

troscopy (STS) measurements in the temperature range 85 <  T < 300 K. The 

formation of the pattern is sensitive to surface stoichiometry. STM images 

of the surface are strongly bias dependent and the pattern is stable on the 

surface from RT to 85 K, which lies below the Verwey transition temperature 

(Tv) of the bulk crystal.





VI

Publications

s. Murphy, A. Cazacu, N. Berdunov, I. V. Shvets, and Y. M. Mukovskii. 

’’Nanoscale pattern formation on the Fe3 0 4 ( l l l )  surface” . J. Magn. Magn. 

M att ,  290-291 (2005) 201-204.

A. Cazacu, S. Murphy, and I.V. Shvets. ’’Epitaxial growth of ultrathin Cr 

films on M o(llO) at elevated temperature” , Phys. Rev. B 73, 045413 (2006).

A. Cazacu, S. Murphy, and I.V. Shvets. "Epitaxial growth of Cr ultrathin 

films on vicinal and Low Index M o(llO) surfaces” , Jpn. J. Appl. Phys., Vol. 

45, No. 3B, in press, (2006).

Presentations

”Nanoscale pattern formation on the Fe3 0 4 ( l l l )  surface” , A. Cazacu, S. 

Murphy, N. Berdunov, and I. V. Shvets. Poster presentation at the Joint 

European Magnetic Symposium (JEM S’05), Dresden, Germany, September 

2004.

"Strain induced nanostructure formation in ultrathin Cr films on Mo(l lO)  

substrate” , A. Cazacu, S. Murphy, and I. V. Shvets. Oral presenta

tion at the 13th International Conference on Scanning Tunneling Mi

croscopy/Spectroscopy and Related Techniques (STM ’05), Sapporo, Japan, 

July 2005.





VII

’’Growth kinetics and interlayer relaxation in the heteroepitaxial strained 

Cr/Mo(110) system” A. Cazacu, S. Murphy, I. V. Shvets, and K. Radican. 

Poster presentation at the 23rd European Conference on Surface Science 

(ECOSS 23), Berlin, Germany, September 2005.



I



VIII

List of abbreviations

ID  - one dimensional

2D - two dimensional

3D - three dimensional

AES - Auger electron spectroscopy

BZ - Bales-Zangwill

CA-PZ - Ceperley Adler-Perdew Zunger

CMA - cylindrical mirror analyser

DOS - density of states

DFT - density functional theory

e-beam - electron beam

ECG - electrostatic centre of gravity

FEEM - field emission electron microscopy

FIM - field ion microscopy

FP-LM TO - full potential-linear muffin tin  orbital 

GGA - generalized gradient approximation 

ES - Ehrlich-Schwoebel 

ET - elevated tem perature 

FM - Frank van der Merwe

FP-LAPW  - full-potential linearized augmented plane wave 

HEIS - high energy ion scattering (spectroscopy)

HT - high-tem perature





L - Langmuir

LBL - layer-by-layer

LDA - local density approximation

LDOS - local density of states

LEED - low energy electron diffraction

LT - low-temperature

LTSTM - low-temperature scanning tunneling microscopy

MBE - molecular beam epitaxy

ML - monolayer

PBE - Perdew-Burke-Ernzerhof

FED - photoelectron diffraction

RT - room temperature

RTSTM - room-temperature scanning tunneling microscopy

SPM - scanning probe microscopy

SPSTM - spin polarised scanning tunneling microscopy

SMOKE - surface magneto optic kerr effect

SK - Stranski-Krastanov

STM - scanning tunneling microscopy

STS - scanning tunneling spectroscopy

SXRD - surface x-ray diffraction

TEM - transmmission electron microscope

TMR - tunneling magneto resistance



I



TPD - temperature programmed desorption 

TSP - titanium sublimation pump 

UHV - ultra high vacuum

VTSTM - variable temperature scanning tunneling microscopy 

VW - Volmer-Weber 

XRD - x-ray diffraction





List of Figures

2.1 Schematic illustration of major kinetic processes occuring dur

ing growth from the v a p o r ............................................................. 8

2.2 Schematic illustration of the exchange mechanism which may

occur during adatom d iffusion ......................................................  10

2.3 Schematic representation of idealized growth regimes in ho

moepitaxy ..........................................................................................  13

2.4 Simplified potential energy surface for adatoms near steps . . 15

3.1 Top view of the UHV system .......................................................  21

3.2 Schematic of the resistive h e a te r ....................................................  25

3.3 Schematic illustration of the e-beam h e a te r .................................  26

3.4 Schematic of four-grid optics in LEED m o d e .............................. 29

3.5 Schematic representation of a STM tunneling junction . . . .  31

3.6 Side view of the STM h e a d .............................................................. 33

3.7 Cross section of the fine approach w a lk e r....................................  34

3.8 Schematic illustration of a variable temperature S T M .............. 37

3.9 Temperature dependence of the STM head on t i m e ................. 38

4.1 Schematic view of the Mo(llO) atomic s tru c tu re ........................... 43

4.2 AES and LEED analysis of the clean Mo(llO) samples . . . .  46

4.3 STM images of the clean low index Mo(llO) su rface .....................47

XI



LIST OF FIGURES XII

4.4 STM image of the clean vicinal Mo(llO) su rfa c e .......................... 48

4.5 Cr and Mo concentrations calculated from Auger spectra as a

function of Cr film c o v e rag e ..........................................................  51

4.6 LEED patterns obtained from Cr films of varying coverages

0.11 <  0rfep <  3 ML ..............................................................................  52

4.7 LEED patterns obtained from Cr films of varying coverages

2.9 < Bdep < 4.64 M L ....................................................................... 53

4.8 Submonolayer growth of Cr on Mo(llO) at 420 K ..................  58

4.9 STM image of submonolayer Cr film grown at 500 K ................. 60

4.10 Submonolayer growth of Cr on Mo(llO) at 575 K ..................  64

4.11 Growth of Cr monolayers on Mo(llO) at 575 K .....................  65

4.12 Roughness of Cr nanostripes as a function of nanostripe cov

erage on atomic te rrraces................................................................  66

4.13 Stranski-Krastanov regime in Cr films on Mo(llO) at ET . . .  69

4.14 STM image of a 5.2 ML Cr film showing the change in Cr

islands morphology as a function of step o rien ta tion ................  70

4.15 Incomplete Cr layers on the Cr nanowedge is la n d s ................... 74

4.16 STM image of Cr overlayers on Mo(llO) - Ocr = 4.6 ML, T^ep

=  400 K ....................................................................................................... 75

4.17 STM images of Cr overlayers on the vicinal Mo(llO) surface,

0.14 <  6»cr <  3 M L .................................................................................  77

4.18 STM images of Cr overlayers on the vicinal Mo(llO) surface,

3.48 < 9cr < 4.64 M L .................................................................... 78

5.1 Schematic illustration of the surface relaxation model of Finnis

and H e in e ..........................................................................................  84

5.2 Vacuum slabs used to model the Mo(llO) substrate and the

pseudomorphic 1 and 2 ML Cr on M o (llO )................................  92



LIST OF FIGURES XIII

5.3 Schematic illustration of the two fractional steps fi and fg • . . 94

5.4 Experimental values of the interlayer separation in

Cr/Mo(110) system in the submonolayer r e g im e .........................  96

5.5 Experimental values of the interlayer separation in

C r/M o(110) system for monolayer coverage.............................  97

6.1 STM images showing the onset of a 2D dislocation network in

Cr i s l a n d s ........................................................................................... 108

6.2 STM images showing the symmetry of the dislocation pattern 111

6.3 STM images of Cr films illustrating the layer-dependent strain

relaxation p rocesses.......................................................................... 113

6.4 STM images showing the dislocation pattern on islands with

different m o rp h o lo g y .......................................................................115

6.5 Local plane fitted STM image of the (110) surface of Cr is la n d sll6

6.6 STM images illustrating the room tem perature growth of frac

tional Fe and Cr film on a predeposited Cr film on Mo(llO) . 118

6.7 Histograms showing the size distribution of Fe islands formed

on the strained Cr bilayer and on the relaxed Cr layers . . . .120

6.8 STM images illustrating the nucleation of Cr or Fe adatoms

at room tem perature on the dislocation p a t t e r n .................... 121

6.9 Surface reactivity of Cr monolayers on M o ( l lO ) .....................122

6.10 Surface reactivity of Fe monolayers on Mo(llO) ...........................124

6.11 Density of states of Cr and Fe monolayers on Mo(llO) . . . .  125

7.1 Calculated spin-polarized DOS of Fe304 ......................................  129

7.2 View of FesO4 (111) crystal s t r u c tu re ......................................... 132

7.3 AES spectrum of the m ag n e tite (lll)  s u r fa c e ........................... 136

7.4 STM images of the superstructured Fe304( l l l )  surface.......... 137



LIST OF FIGURES XIV

7.5 STM images of the superstructure dom ains..................................... 138

7.6 STM images of the superstructure domain obtained with dif

ferent bias v o lta g e s  140

7.7 STM images of the patterned magnetite (111) surface taken

at 95 K .....................................................................................................141

7.8 Tunneling spectra of the patterned magnetite (111) surface 

taken at different sample tem peratures........................................... 144

A .l Resistivity of magnetite crystals as a function of temperature . 153



List of Tables

3.1 Resonance frequencies of the piezo sc a n n e r .................................  35

4.1 Structure and surface free energy of various metals .....................40

4.2 Details of the deposition parameters and the degree of con

tamination of chromium films grown on the low index surface 49

4.3 Charasteristics of the Cr nanowedge islands on the low index

Mo(llO) substrate for varying coverage....................................... 71

4.4 Details of the deposition characteristics of Cr films grown on

the vicinal Mo(llO) surface .......................................................... 76

4.5 Characteristics of the Cr nanowedge islands on the vicinal

Mo(llO) surface for varying film coverage...................................  79

5.1 Relaxation of the outermost layer of the ions for low index

planes of different metal structures................................................. 83

5.2 Interlayer separation in the Cr/Mo(110) and Fe/Mo(110) sys

tems calculated using GGA-PBE functionals............................... 100

5.3 Interlayer separation in the Cr/Mo(110) and Fe/Mo(110) sys

tems calculated using LDA-CA-PZ functionals............................ 101

6.1 Layer dependent strain relaxation in Cr nanowedges................... 114

XV



Contents

1 Introduction 1

2 Basic principles o f epitaxial growth 5

2.1 Thermodynamic growth modes ...................................................  5

2.2 Growth k in e tic s ................................................................................ 8

2.3 Growth modes in homoepitaxy......................................................  12

2.4 The step edge b a rr ie r ......................................................................  14

2.5 Surface s t r e s s ...................................................................................  15

2.6 Misfit dislocations in epitaxial layers .........................................  16

3 Experim ental details 20

3.1 The ultrahigh vacuum set u p .........................................................  20

3.2 The preparation cham ber...............................................................  22

3.2.1 The ion g u n ........................................................................ 23

3.2.2 The resistive h e a te r ........................................................... 24

3.2.3 The e-beam h e a t e r ........................................................... 25

3.2.4 The e-beam evaporator....................................................  27

3.3 Auger electron spectroscopy ( A E S ) ............................................  28

3.4 Four-grid low energy electron diffraction (LEED) ................... 28

3.5 Scanning tunneling microscopy (STM) ......................................  30

XVI



CONTENTS XVII

3.6 STM s e t - u p .......................................................................................  32

3.6.1 STM operation at low te m p e ra tu re .................................  36

4 C r/M o(110) system  39

4.1 In troduction .......................................................................................  39

4.2 Sample p rep ara tio n ..........................................................................  44

4.3 Cr films on the low index Mo(llO) ..................................................48

4.3.1 LEED and A E S ....................................................................  50

4.3.2 STM results - submonolayer g row th .................................  57

4.3.3 Monolayer coverage..............................................................  62

4.4 Stranski - Krastanov growth reg im e.............................................. 68

4.5 Cr films on the vicinal Mo(llO) su rface .......................................  73

4.6 C onclusions.......................................................................................  80

5 Surface relaxations 81

5.1 Introduction.......................................................................................  81

5.2 Calculation m e th o d ..........................................................................  87

5.3 Calculation d e t a i l s ..........................................................................  90

5.4 Multilayer relaxations of the Cr/Mo(110) and Fe/Mo(110) epi

taxial in terfaces................................................................................  93

5.5 C onclusions..........................................................................................104

6 Strain relaxation 105

6.1 Introduction......................................................................................... 105

6.2 Strain relaxation in Cr/Mo(110) system ......................................... 106

6.3 Nanostructure formation on Cr/Mo(110) sy s te m ......................... 118

6.4 Surface chemical reactivity of Cr monolayers on Mo(llO) . . . 121

6.5 C onclusions......................................................................................... 127



CONTENTS XVIII

7 Nanoscale pattern on the Fe3 0 4 ( l l l )  surface 128

7.1 In trod uction .................................................................................................128

7.2 The (111) surface of m agn etite ..............................................................131

7.3 Sample p rep aration ...................................................................................134

7.4 Nanoscale pattern formation on the Fe3 0 4 ( l l l )  surface . . . .  135

7.5 Scanning Tunneling Spectroscopy (STS) of the patterned mag

netite (111) s u r fa c e  143

7.6 C o n c lu s io n s .................................................................................................145

8 Summary and outlook 146

A R esistiv ity  o f m agnetite crystals 151



Chapter 1

Introduction

Interest in nanoscale patterns has gathered momentum in recent years, both 

in response to the increasing demands for miniaturization in high-tech ap

plications and due to novel properties exhibited by ordered m aterials [1]. 

Nanoscale patterning by self-assembly is viewed to be an attractive alterna

tive to lithography, which is extremely costly when making low-dimensional 

structures. Such nanoscale patterns can be obtained by correct tuning of de

position param eters during the growth of u ltrath in  films. This thesis aims to 

give some examples of nanopatterning of magnetic materials using the novel 

Cr/Mo(110) epitaxial system and the (111) surface of magnetite.

Surfaces and ultrath in  films of 3d metals have been of much interest be

cause of the low dimensionality effects on electronic and magnetic properties, 

notably the considerable enhancement of magnetic moment. For example in 

the case of chromium, the (110) surface was predicted to have an enhanced 

magnetic moment of 2.49 j iB i four times the value for the bulk magnetic 

moment (0.59 /^b) [2]. The Cr(lOQ) surface has been suggested to have ferro

magnetic order despite the bulk antiferromagnetism [3]. Spin polarised STM 

experiments have shown th a t on the Cr(OOl) terraced surface there is an

1
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antiferromagnetic coupling between successive atomic terraces [4].

In addition, in systems with large lattice mismatch, the elastic strain 

dramatically affects the charge transfer, the magnetic moments and the ori

entation of the magnetic easy axis. The new structures have unexpected 

properties, very different from their bulk counterparts. By controlling the 

lattice mismatch, film thickness and deposition parameters, these materials 

can be engineered on the nanometer scale. A rich variety of novel proper

ties that have been found recently in the case of Fe/W and Fe/Mo epitaxial 

systems [5-11].

Since the magnetic properties are closely related to the interatomic bond 

length, coordination numbers and symmetry it is of great importance to study 

in detail the films morphology, multilayer relaxation and strain relaxation 

processes in the low coverage regime of the magnetic/paramagnetic interfaces. 

A good example of strong correlation between the particular film morphology 

and the magnetic properties is the case of the unconnected Fe islands on 

W(llO) which are superparamagnetic, while island coalescence triggers the 

onset of ferromagnetic order through magnetic percolation [5]. It has been 

found recently that even slight variations of island shape may lead to different 

magnetic properties. The magnetization switching behavior of Fe islands on 

Mo(llO) is found to occur at higher rates for elongated islands than for 

compact ones, which are more robust againt thermal magnetization reversal 

[6].

This thesis focuses on the growth mechanisms and relaxation processes of 

ultrathin Cr films deposited on a Mo(llO) surface. Chromium has attracted 

a lot of interest in connection with its unusual type of antiferromagnetism. 

Bulk Cr magnetism results from a spin density wave (SDW) of a sinusoidal 

modulation of the magnetic moments pointing parallel to any of [100] direc-
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tions [16]. SDW of Cr films have been a subject of intensive research over 

the last decades [17]. Cr has been studied very little in conjunction with 

refractory metal surfaces. So far, STM studies of the Cr/W (110) epitaxial 

system have been limited to the observation of anisotropic submonolayer 

growth at room temperature [12]. Experimentally, Cr coated W  tips have 

been employed to perform spin polarized STM measurements of Fe bilayers 

on W (llO ) [13]. The growth of Cr films on stepped W (llO ) and W(OOl) was 

first studied by Shinn et al. using a combination of FEM, LEED, AES, TPD  

and work function measurements [14,15].

Cr/M o(110) has been studied to a far lesser extent and has not been 

studied before by STM. Theoretical studies of ultrathin Cr films on Mo(001) 

by Niklasson et al. [18] using first-principles density-functional calculations 

have indicated that the bare Cr/M o(001) exhibits spin-polarized behavior. 

The spin moment of a single Cr monolayer on Mo exhibit a magnetic moment 

of 1.3 //e /a to m  and appreciable induced magnetic moment of 0.2 //s /a to m  

is calculated in the M o(100) topmost layer which is antiferromagnetically 

coupled with the Cr monolayer.

This thesis also investigates the formation of a nanoscale pattern of elec

tronic origins on the (111) surface of magnetite. Magnetite has intrigued the 

scientific community for many decades in relation to charge ordering pro

cesses around the Verw'ey transition temperature which are still not fully 

understood. W ith its high polarization at the Fermi level, m agnetite has at

tracted a lot of attention as a potential candidate for spin-electronics appli

cations. It is clear that in practical applications a good knowledge of surfaces 

and interfaces is mandatory. Here, the study on m agnetite aims at bringing 

more experimental evidence on possible surface charge ordering processes at 

the nanoscale. In this light, the nanoscale pattern on the Fe3 0 4 ( l l l )  surface
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is studied above and below the Verwey transition temperature.



Chapter 2 

Basic principles of epitaxial 

growth

2.1 Therm odynam ic growth modes

Epitaxy describes the growth of a crystalline layer upon (epi-) a crystalline 

substrate. In epitaxy, the crystalline orientation of the substrate induces an 

order on the orientation of the deposit layer {-taxis, from the Greek tassein, 

to arrange). The layer orientation is selected by the minimization of the 

interface energy. Interface energy is related to the adhesion between the film 

and substrate. It is the energy required to create an interface, which involves 

destroying two surfaces. If the materials are different, the term heteroepitaxy 

is used while the growth of a crystalline layer on a chemically identical, 

crystalline substrate is called homoepitaxy. In heteroepitaxy the interface 

energy is governed by the adhesive energy as well as by the lattice mismatch 

between the substrate and deposit material.

Ernst Bauer [19] introduced in 1958 a classification of epitaxial growth 

based on thermodynamic considerations which applies to growth near ther-

5



C H A P TE R  2. B A SIC  PRINCIPLES OF EPITAXIAL G RO W TH 6

modynamic equilibrium, th a t is high substrate tem perature and low depo

sition flux. Thermodynamical treatm ent is based on a specific surface free 

energy 7 , which is the reversible work per unit area required to create a 

surface (after Gibbs, [20]). Different growth modes may be distinguished ac

cording to the balance between the surface free energy j p  of the film, the 

surface free energy of the substrate 7 5  and the interface free energy jint- The 

interfacial energy is defined according to the Dupre relation:

lint = 7 S  — 7 f  ~  (^SD (2.1)

where Psd  is free energy of adhesion which represents the work required to 

separate the substrate and deposit crystals in their original orientation and 

with the actual atomic distances [21]. For the case

A 7  =  7 f  +  7int - 7 s  > 0  (2.2)

the energy balance requires to minimize the area covered by the deposit, 

and the film will grow in the form of three dimensional islands (3D) on the 

substrate. This mode is named Volmer-Weber (VW ) growth. If

A 7  =  7 f  +  7int - 7 s  < 0  (2.3)

the energy balance requires to maximize the area covered by the deposited 

m aterial and the films grow smoothly, one atomic layer at a time. This 

growth scenario is known as Frank-van-der-Merwe (FM) or layer-by-layer 

mode (LBL).

In heteroepitaxy there is a lattice mismatch between the film and sub

strate. In the initial growth state the film is elastically strained to store the 

elastic energy. Considering the n-th layer as a new substrate, the chemical 

influence of the original substrate is largely reduced, and the surface free en

ergies 7 f  and 7 5  will be nearly identical. The elastic influence of the original
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substrate imposing a strained n-th layer will give rise to a positive interface 

energy between layer n and n +  1 which invalidates the condition (2.3) 

and leads back to the case (2.2). Beginning with the deposition of the layer n 

+1, 3D islands will form on top of the n smoothly grown layers. This growth 

scenario defines the Stranski-Krastanov (SK)  growth.

J. H. van der Merwe generalized Bauer’s formulation to include the effects 

of lattice misfit induced strain [22,23]. The total interface energy per unit 

area is a result of the specific chemical interaction between film and substrate 

and the elastic strain contribution:

+  j  =  l , . . .n  (2.4)

where e is the strain energy and j is the layer number. The total energy 

balance for heteroepitaxial systems for layer n can be written as

^  Ep  +  Ej — E s  (2.5)
j = i

where E/r is the surface energy of the film and E5 is the surface energy of the 

substrate. The faster decay of the substrate chemical influence compared to 

its elastic influence leads to a breakdown of the FM growth and the formation 

of 3D islands for any epitaxial system. Generally, if AEn  is negative for a 

critical layer n =  nc but positive for n =  Uc +  1 it predicts a transition to 

SK growth after n =  Uc. The film monolayers are considered stable when 

homogeneously strained into registry with the substrate. These layers are 

called pseudomorphic monolayers. There is a critical misfit m == me depending 

on the relative bonds strength below which the film satisfies the condition for 

FM growth [25]. The total energy can also be reduced by the introduction 

of misfit dislocations. As the thickness of the pseudomorphic film increases 

with the deposition, the misfit strain energy increases and the pseudomorphic
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Figure 2.1: Schematic illustration of major kinetic processes occuring during 

growth.

epilayers become unstable at a critical thickness h =  he and strain relief occurs 

by the introduction of misfit dislocations.

The films growth is a combination of energetic and kinetic effects. Ener

getic effects (e.g., due to both elastic energy and differences in surface free 

energies) are prevalent near thermal equilibrium. Kinetic effects (e.g. surface 

diffusion) are prevalent far from equilibrium i.e. high deposition rate and low 

substrate temperature. Generally, the two contributions can be separated.

2.2 Growth kinetics

The growth of homoepitaxial systems far from equilibrium has essentially a 

kinetic origin. Homoepitaxial systems are therefore the ideal starting point in 

understanding growth mechanisms as the influence of kinetics in pattern for

mation can be studied in its pure form. A simplified representation of atomic 

processes during crystal growth far from equilibrium is shown in Fig. 2.1. The 

arrival of atoms on the substrate and their accommodation on the substrate is 

known as condensation. Atom condensation proceeds in a sequence of steps.
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First, their kinetic energy (Efcm) is transferred during the collision to the sub

strate, characterized by the cohesive energy (E<,o/i). The total energy of the 

atom after the collision must be below the substrate adsorption energy (Ea^) 

so the impinging atoms will stick to the surface. The adsorption probability 

defines the sticking coefficient. Once atoms have been adsorbed, becoming 

adatoms, they can migrate along the surface before undergoing some other 

process. The surface diffusion is the most important kinetic process during 

growth. The surface diffusion is based on the site-to-site hopping mechanism. 

An exchange mechanism may also occur when an adatom is replaced by a 

substrate atom as shown in Fig. 2.2. Exchange diffusion was observed by 

FIM for the fcc(lOO) surfaces for Pt-adatom diffusion on Pt(lOO) [26] and 

Ir-adatom diffusion on Ir(lOO) [27].

The diffusion can be regarded as a two dimensional random walk r(t) on

the lattice of preferential adsorption sites. For a single particle, the diffusion

coefficient D, is related to the mean-squared distance which grows linearly 

in time according to Einstein’s relation

< {r{t) -  r(0))2 > =  =  W t  (2.6)

where is the mean square distance covered by a single jump, u is the site- 

to-site hopping rate. The diffusion coefficient is then given by the relationship

Do = (2.7)

The hopping rate or the diffusion frequency can be written as

1/  =  u q s  ( 2 . 8 )

where Ed is the potential energy barrier from site to site, uq is a pre

exponential factor usually referred to as the attem pt frequency of the order of 

an atomic vibration frequency (1-10 THz), ks denotes Boltzman’s constant
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Figure 2.2: Schematic illustration of the exchange mechanism.

and T  is the substrate temperature. The evolution of a density profile n{r,tj 

of adatoms is described by the collective surface diffusion coefficient entering 

the diffusion equation

At the early growth stages, Dc determines the average distance an adatom 

will have to travel before finding and joining an existing island {growth) 

or meeting another adatom to create the possibility to form a new island

creases until eventually it becomes constant. At a sufficiently high cluster 

density adatoms will only contribute to the growth of pre-existing clusters.

between pure nucleation regime (transient nucleation regime) and the steady 

state nucleation regime. At the saturation island density, the mean free path 

of diffusing adatoms is equal to the mean island separation. The adatom 

density ni is then determined by the stable island density N through the 

relation:

where F is the deposition rate and a is the average capture number for stable 

islands. This relation is introduced in the rate equations from the nucleation 

theory [28] and leads to a relation where the islands density N  should increase

(2.9)

{nucleation). As the nucleation continues the diffusion mean free path de-

This density is called the saturation island density and marks the transition
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with the deposition rate F  and decrease with D:

A T  -  .N  - (2.11)

where the scaling factor x takes the value

f —\ i *  +  2
(2.12)

and fl denotes the area of an adsorption site ( il =  for a fcc(OOl) square 

lattice), i* is the critical island size ( f  =  1 for a dimer, etc) and Ej is its 

binding energy. To nucleate an island, enough atoms have to meet to make 

the free energy negative to protect the island from dissociation. The critical 

island size contains a kinetic element depending on deposition temperature as 

well as on flux, and is defined as the size at which for the first time the island 

becomes more stable with the addition of a single atom. The expression 

2.11 for the number density of stable islands ignores the fluctuations and 

correlation in the spatial arrangement of the clusters. Taking into account 

the stochastic nature of nucleation process, a general formula of the exponent 

X can be deducted to cover all cases except i* =  1 in one dimension [28]:

where d^ =1, 2 denotes the dimensionality of diffusion and d/ the dimension-

is larger for fractal islands (d/ < d^) compared to compact islands.

The growth of semiconductors [29,30], and metals [31,32] in the sub

monolayer regime h?is shown that at sufficiently low temperature, for typical 

growth conditions the critical nucleus is a single atom and the stable island is 

two atoms, a dimer. Nucleation theory has been used to determine the surface 

diffusion coefficient of Si on Si(lOO) using STM. By counting the number of 

Si islands formed at a constant deposition flux and at diff'erent temperatures

(2.13)

ality of the islands (fractal or integer). In this equation the scaling exponent
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the activation energy and the prefactor Dq ( =  d^vo/A) are calculated to be 

Eo =  0.66 ±  0.3 eV and 4 x 10“  ̂ cm^/s respectively [33]. This approach 

has also been applied to metal systems such as the Pt on P t ( l l l )  resulting 

in an activation energy E î =  0.26 ±  0.01 eV and i/q =  5 x 10̂  ̂ s~  ̂ [31]. The 

more accurate procedure is to measure directly the mean square displacement 

(r^), of diffusing species as a function of time (<) by means of FIM, and use 

the relation (2.6) to obtain the diffusion coefficient. For Pt-adatom diffusion 

on P t ( l l l )  this method gives Ed =  0.260 ±  0.003 eV and vq =  1.0 x 10̂  ̂

s - i  [35].

2.3 G row th m odes in hom oepitaxy

The morphology of a homoepitaxial multilayer film is determined by kinetic 

mechanisms which are thermally activated processes. Thin films kinetics can 

involve the transport of atoms within the atomic layer known as intralayer 

mass transport or the transport of atoms between different atomic layers, 

process called interlayer mass transport. Depending on the relative rate of 

the two processes three different growth modes can be distinguished. These 

are ideally represented in Fig. 2.3.

Step-flow growth was first described in the work of Burton, Cabrera and 

Frank [36]. Step-flow does not require any interlayer mass transport and it 

usually produces flat films. It is present in conditions close to equilibrium as it 

requires rapid intralayer transport to precede nucleation. In these conditions, 

the diffusion coefficient D  and the critical nucleus i are large and according to 

the nucleation theory (relation (2.11)) the island number density N  is small. 

If the average island separation 1 ,̂ given by

I d  = (2.14)
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Figure 2.3: Schematic representation of idealized growth regimes in homoepi

taxy (a) step flow growth, (b) layer-by-layer growth, (c) multilayer growth

exceeds the terrace width /, adatoms are captured by pre-existing steps. In 

homoepitaxial step-flow no new steps are created. The steps move with an 

average speed imposed by the deposition rate F  and the step spacing I [37]. 

Step flow can be achieved at lower temperatures using high miscut substrates 

with a resulting smaller terrace width.

Far from equilibrium, the film growth is via nucleation and island growth. 

In this case the average distance between islands is smaller than the terrace 

width {Id < I)- Layer-by-layer growth occurs with decreasing temperature and 

the growth of a layer only starts when the previous one has been completed. 

However, a steady interlayer transport must be present. The conditions for 

nucleation of the second layer are almost identical to those on the origi

nal substrate. This growth mode requires all atoms deposited on top of the 

growing islands to reach the island edge and to jump onto the lower layer.

In the case of multilayer growth or mound formation adatoms nucleate 

on the original substrate and the interlayer transport is suppressed. Once 

the islands are formed, new adatoms nucleate on top of them forming a 

second layer and so on, increasing the roughness of the growth front. In this 

case as well as in the LBL growth the average island separation in the first
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layer defines the initial lateral length scale. A particular case is the self- 

affine growth [38]. It occurs at sufficiently low temperatures where impinging 

atoms remain where landed {i> < FJl). This diffusionless growth has a random 

appearance, with fluctuation in the film thickness over a large length scale. 

The roughness increases during growth but this is not associated with the 

selection of a characteristic lateral length scale.

In general, the growth modes are rarely observed in their pure form. 

Their particular morphology is usually a mixture of growth mechanisms and 

a specific growth mode is present only for a limited thickness range.

2.4 T he step  edge barrier

If the surface diffusion controls the uniformity of the film growth in the 

surface plane, the interlayer mass transport controls the film uniformity in 

the vertical direction. The interlayer mass transport is primarily controlled 

by an energetic barrier when crossing steps. The step edge barrier is essential 

in understanding different growth modes. It was first described by Ehrlich 

and Hudda [39] in their FIM study on W (110), W(211) and W(321) surfaces. 

They observed that W adatoms are reflected by the boundaries of the atomic 

planes due to the presence of an extra energy barrier in addition to the 

diffusion energy barrier. Schwoebel and Shipsey [40] introduced a schematic 

representation of what is referred to as the Ehrlich-Schwoebel barrier (ES). 

In their model, an atom landing on a terrace or island finds a higher potential 

energy barrier as it attempts to hop down to the lower layer. The additional 

barrier exists because the adatom has to reduce its coordination to cross the 

island edge. Therefore, it is more likely to be confined to the top of the island 

or terrace than to hop down, increasing the film roughness. This implies that
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Figure 2.4: Simplified potential energy surface for adatoms near steps.

the rate for the adatom detachment from an upper terrace is smaller than the 

in-plane hopping rate u. The descending rate of the adatom from an upper 

terrace i/' is given by

u' =  (2.15)

with E s  the energy barrier, and u'o, the attem pt frequency . The additional 

step edge barrier is defined

A E s  =  Es — E d (2-16)

as shown in Fig. 2.4. In contrast to u, which describes the adatom jumps 

per unit in any in plane direction, u' is the rate of a downward move. For a 

vanishing step-edge barrier u '/u  'o =  I, while for an insurmountable barrier 

 ̂ ^0 =  0 .  The latter case would give rise to an ideal multilayer growth.

Generally, a low ES barrier gives LBL growth while a large ES barrier rather 

gives multilayer growth.

2.5 Surface stress

The surface stress fjj may be defined qualitatively as the reversible work 

required to elastically strain a surface. This property results from breaking
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the high symmetry environment of the bulk crystal at its surface. The surface 

stress is defined as a second rank tensor which relates the change in the total 

excess free energy of the surface 7 A and to a change in the surface area by 

an infinitesimal elastic strain, deij:

Since d (7 A) =  7 dA + A d 7 , and dA =  ASijdeij (where 6ij is the Kronecker 

delta), the surface stress can be expressed as:

For surfaces with a threefold or higher rotation axis of symmetry, the surface 

stress can be taken as the scalar f,

This equation shows that the difference between surface stress and surface 

free energy is equal to the change in surface free energy per unit change in 

the elastic strain of the surface. For clean surfaces, surface stress values are of 

the same order of magnitude as the surface free energy but while 7  is always 

positive f may be positive or negative leading to cases of tensile (f >  0 ) and 

compressive (f <  0) stress respectively. For a liquid surface j  — f as d j / d e  

=  0  where 7  is known as surface tension.

2.6 Misfit dislocations in epitaxial layers

dijA)  =  Afijdeij (2.17)

(2.18)

(2.19)

During heteroepitaxial growth usually there is a misfit  between the deposit 

material and the substrate. Lattice matched systems are rather an exception  

than the rule. The lattice misfit is given by the ratio between the deposit
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material lattice parameter (a^) and the substrate lattice parameter (a^)

m  =  ~  X 100 (2.20)
Cig

The lattice mismatch induces a misfit strain within the film, which forces 

the film layers into a metastable artificial structure. The strain strongly in

fluences diffusion mechanisms and nucleation kinetics, which modifies the 

overall growth scenario [41].

Considering the FM growth, the film is homogeneously strained into reg

istry with the substrate in the surface plane. The strain is accommodated by 

lattice distortions in the vertical direction in order to maintain the constant 

volume of the lattice unit cell. Depending on misfit, whether it is positive or 

negative, the distortion will be an expansion or a contraction which defines 

the compressive strain or the tensile strain respectively. The film stress a is 

related to the film strain e by the elasticity modulus B

o = B t = 2G{l + u) (2.21)

where G is the shear modulus and v is Poisson’s ratio. Considering biaxial 

strain, the stress is [42]

^  ( 2 2̂2 )

The corresponding elastic strain energy per unit area in the film surface plane 

is given by [42]

+ (2^23)

where e =  m. The lattice distortion normal to the surface plane is given

by [43]

d = (2.24)

As the strain energy increases with deposition, the film finds some ways to 

release strain, usually by means of misfit dislocations. The dislocation energy
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per unit length is given by [44]

Es = - (2.25)47t(1 — l/j To

where b is the dislocation Burger’s vector, R is the is the extent of disloca

tion’s strain field and tq is the core dislocation radius, and e the base of the

natural logarithm. In the case of a dislocation array in the epilayer, R is the

actual epilayer thickness (/i). The elastic energy per unit area {p‘̂ /2p, where 

p =  h/m is the dislocation spacing) of a two orthogonal square grid of edge 

dislocations can be then written as

^ Gb"̂  , eh , ,
Es =  ^  In—  2.2627t(1 -  v)p ro

With the onset of dislocation, the epilayer misfit is partially reduced and con

tains a variable term as the residual strain (e) and the misfit accommodated 

by dislocations (m =  e -I- <̂ ). The remaining elastic strain is given by

be =  m -  -  2.27
P

The total energy per unit area of the partially relaxed epilayer is then

E  =  +  (2 .28)
[ l - v )  27r( l - i / )  \ r o )

The model of van der Merwe is based on the requirement that the total

energy E has a minimum with respect to the elastic strain e [dE \  9e =  0).

For a given thickness the minimum energy occurs for a value e o given by

0̂ “  Q -------------------------------------------------(2.29)M h { \ + v )  \ ro J

The critical thickness (h )̂ at which it becomes energetically favorable for the 

first dislocation to be introduced is obtained for e o =  ni)

he =  T r   ̂ ( — 1 (2-30)
S 7rm (l +  i )̂ V ^0 /
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Numerous studies have been dedicated to the critical film thickness in 

many epitaxial combinations. For a wide range of materials from semicon

ductors to oxides and metals, the experimental critical thickness does not 

always compare with the theoretical predictions, over most of the range of 

misfits [43]. In order to introduce dislocations, there are some other mech

anisms involved for doing so, especially in the case of ultrathin films where 

electronic process at the interface play an important role and they are not 

taken into account in the continuum elastic theory.



Chapter 3 

Experim ental details

3.1 The ultrahigh vacuum set up

The original UHV system was designed and constructed by Prof. I. V. Shvets, 

Dr. A. Quinn and Dr. J. Osing. It consists of three main chambers: the 

preparation chamber, the room-temperature STM (RTSTM) chamber and 

the low temperature STM (LTSTM) chamber. The layout of this system is 

shown schematically in Fig. 3.1. A full description of the construction and 

operation of the STM and preparation systems is given by Quinn [46].

Each chamber can be valved off from the rest of the system via a series of 

UHV gate valves (VAT [47]) and brought to atmospheric pressure for main

tenance without breaking vacuum in the rest of the system. Samples and 

STM tips are introduced to the system via a fast-entry loadlock connected 

to the preparation chamber by a gate valve. When not in use, this loadlock 

is usually maintained in the low 10“® mbar range by a 20 L • s“  ̂ differen

tial ion-pump (Perkin-Elmer [48]). Tip and sample transfer throughout the 

chamber is facilitated by a series of wobblesticks and magnetically-coupled 

linear drives (Vacuum Generators Ltd. [49]) which can access each sample

20
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Figure 3.1; Top view schematic of the UHV system.
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stage. The pressure in each chamber is monitored using nude Bayard-Alpert 

type ionisation gauges (Perkin-Elmer). The entire system is supported on a 

stainless steel box-section frame which can be floated on pneumatic dampers 

to isolate the system from building vibrations during STM operation. The 

box-section is filled with gravel to minimise hollow pipe vibrations.

3.2 The preparation chamber

The preparation chamber was designed by Dr. S. Murphy [88] and manu

factured by Caburn-MDC Ltd. [50]. To achieve UHV the chamber is usually 

baked for 3 days at 170-180 °C. A customised bake-out tent was designed for 

the preparation chamber [53]. A base pressure in the low ~  lO^^*’ mbar is 

obtained in this chamber after baking out.

A number of pumps are used to achieve UHV conditions in the chamber: 

the first is a TMU 260 L • s~^ turbom olecular pump (Pfeiffer Vacuum [51]). 

This pump is backed by a 0.7 L • s“  ̂ two-stage rotary vane pump. A double- 

ended 240 L • s“  ̂ differential ion-pump (Physical Electronics [48]) is used to 

m aintain UHV conditions. A liquid nitrogen cryoshroud is inserted in the base 

flange of the ion-pump which houses a titanium  sublimation pump (TSP). 

A non-evaporable getter pum p (NEG) from SAES G etters [55] is positioned 

mid-way along the chamber. This pump is particulary effective pumping out 

hydrogen.

The chamber contains all the facilities for in-situ tip  and sample prepa

ration: electron-beam and resistive heaters, quartz crystal deposition mon

itor (Inficon [54]), a triple evaporator with integral flux monitor, ion-gun 

(VG [56]) and precision leak valves for controlled introduction of high purity 

oxygen, hydrogen and argon gases. In addition, the preparation chamber also
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contains a cylindrical mirror analyser (CMA) based AES subsystem (Perkin- 

Elmer) for sample characterization. A detailed description of the main sample 

preparation facilities used for the preparation and analysis of the thin films 

and magnetite crystals covered in this thesis is given below.

3.2.1 The ion gun

The preparation chamber is fitted with an inert sputter ion source (PSP 

vacuum technology [59]), which is used for Ar+ ion etching of STM tips and 

for some sputtering experiments. The argon gas is introduced by leak-valve 

directly into the gas-cell of the ion-gun, the base pressure in the chamber 

rises to 5 x 10“® < Phase < 1 X 10“  ̂ mbar. An energy from 0.5 to 3 KeV 

is applied to the ions for rapid cleaning of samples in UHV. The ions are 

created by an oscillating electron discharge inside a chamber at ion energy 

(kinetic energy) potential. There are two long life tungsten filaments which 

typical filament currents of 2.6 A will run through. Discharge currents used 

usually vary from 30-40 mA. The target diameter is taken as 11 mm, which 

is the diameter of the circular Ta insert in the resistive heater, into which 

the sample/tip is mounted for ion-etching. A sample/gun working distance 

of 100 mm is required for this ion-gun. This insert is isolated from ground 

by the surrounding ceramic crucible. The thermocouple spot-welded to this 

insert allows the target current to be measured. This is typically of the order 

of 8.0 < I < 20.0 fiA for a 0.5-2 keV beam energy and a chamber pressure 

of 1 X 10“® mbar.

An estimate of the amount of material removed from the surface by sput

tering can be calculated knowing the incident ion flux (calculated from the 

target current) and the sputter yield Y (the number of target atoms ejected 

per incident ion). The sputter rate u is obtained from the relation [60]:
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u =  — - —  [m.s (3.1)
peNA-n   ̂ ^

where J is the ion current density (A.m“^), Y the sputter yield

(atom s/incident ion), M the molar mass of the target matrix (kg.mol“ )̂, 

p  the density (kg.m”^), e the electron charge (A.s), N ,4 is Avogadro’s con

stant (mol“ )̂ and n the number of components yielded per matrix molecule 

(n =  1 for an elemental target). For a circular target, this can be re-written 

as:
A I Y M  , ,

V =  — , [m.s 1 (3.2)
enD^pNA  ̂  ̂ ^

where I is the target current (A) and D is the sample diameter (m).

3.2.2 The resistive heater

The heater was designed by C. Kempf. The heater consists of an alumina 

crucible with a spiral groove machined along its circumference along which 

a (f) =  0.2 mm W wire is wrapped. The sample sits inside a Ta insert which 

fits inside the crucible. Both the crucible and the Ta insert have concentric 

apertures machined in their bases. The sample can be inserted face-down 

for film depositions or face-up for Ar“̂ ion bombardment. The crucible 

fits inside a stainless steel can which is connected to the feedthrough for 

the quartz crystal monitor. This feedthrough comprises two water cooling 

pipes and a BNC feedthrough to carry the quartz crystal signal to the 

monitor. A separate feedthrough carries the connections to the heater 

filament and a K-type (Omega) thermocouple which is spot-welded to the 

Ta insert. A schematic of the resistive heater set-up can be seen in Fig. 

3.2. The heater was calibrated for temperature (°C) versus filament power
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Figure 3.2: Schematic illustration of the resistive heater. The sample can 

sit face-down in the heater for evaporation experiments. Alternatively, the 

sample (or tip) is inserted face-up for ion-etching. Reproduced from [57].

(W) with the thermocouple attached in this position and to the face of a 

sample-holder mounted face-down in the heater. Samples can be heated up 

to a temperature range of 350 K <  T <  900 K.

3.2.3 The e-beam  heater

The electron beam heater was designed and assembled by Dr. J. Osing [52]. 

It is essential for the preparation treatment of refractory metals such as 

tungsten and molybdenum. Repeated short flash-annealing of the surface at 

very high temperatures (1900 K <  Tflash <  2400 K for 10-20 seconds in 

UHV) can remove impurities from the surface. A schematic illustration of 

the e-beam set-up is shown in Fig. 3.3. The sample is clamped in a sample
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Figure 3.3: A schematic illustration of the e-beam heater. Reproduced from 

[52].

holder between a Ta cap that screws onto a Mo body. The sample holder is 

mounted into a Ta stage which is held at a potential of +1 kV.

A current (1.5 A <  I <  4.5 A) is passed through a grounded thoriated 

tungsten filament {(j) =  0.15 mm, 0.6 % Th) which generates thermionic 

emission of electrons. These electrons are accelerated towards the cap of 

the sample holder, where upon collision, their kinetic energy is transferred 

to the sample as heat. Because the filament is situated to one side of the 

sample there will be a temperature gradient across the sample, however, 

this set-up produces a contamination free surface. Surface temperatures are 

measured from outside the chamber using an infra-red pyrometer (Altimex 

UX-20/600 [58]).

Sample

alumina beads

sample holder
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3.2.4 The e-beam evaporator

The Cr films were deposited using triple electron beam evaporator from Omi- 

cron Gmbh [69]. The principle of operation is the same as that for e-beam 

heater. Electrons originating from a hot (thoriated tungsten) filament are ac

celerated towards a 3N Cr source. A heat-shield is formed around the source 

and filament by a tube of Ta foil which sits into grooves cut in the Mo end- 

caps. The entire cell fits inside a double-walled water cooled shroud. During 

operation, cooling this shroud minimizes outgassing from around the evapo

rator. A new source is outgassed for 6-8 hours before it is suitable to use, it is 

also outgassed for further 3-4 hours before each subsequent deposition. Typ

ical values for the filament and emission currents during deposition are 2.3 

A and and 25 mA respectively. The Omicron controller maintains a constant 

deposition flux by means of a feedback loop. The chamber pressure during 

deposition usually rises to not more than the mid- mbar.

The sample sits upside-down inside the resistive heater as shown in Fig. 

3.2 which allows the sample surface to be heated for depositions at elevated 

temperatures. This heater stage is also equipped with a water- cooled quartz 

crystal balance and deposition monitor (Inficon). The quartz crystal balance 

measures the mass of chromium arriving at its surface by measuring the 

resonance frequency shift of the quartz crystal sensor. The measured mass 

may be converted into film thickness value by the deposition monitor, which 

is programmed with values for the density of bcc Cr (7.21 g.crrT^) and the 

exposed sensor (diameter =  8 mm). However, the thickness value determined 

by this method is inacurate as it assumes that the Cr deposited on the sensor 

surface grows as bcc Cr, which is not the case. Therefore, it is safer to measure 

the mass arriving at the sensor surface per second and from this calculate 

the incident flux F. The deposition rate was calculated prior to each film
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deposition.

3.3 Auger electron spectroscopy (AES)

The main parts of the Auger spectrometer are the electron gun and the 

electrostatic energy analyzer. Auger spectrometer uses a cylindrical mirror 

analyzer (CMA, model 10-155A Physical Electronics) with a variable po

tential applied between an inner and outer cylinder and resulting in a signal 

which is proportional to the number of detected electrons N at kinetic energy 

E. Primary electrons of known energy which are reflected from the sample 

surface are used to optimise the signal intensity and calibrate the analyzer.

A beam energy of 3 keV was used for all measurements, the filament 

and emission currents were 3.2 A and 1.4 mA respectively, giving a target 

current of ~  8 //A. A SR 850 DSP lock-in amplifier from Stanford Research 

Systems [61] was used to output a 0.5 ~Vrms sinusoidal signal of frequency 12 

kHz. A lock-in sensitivity of 100 //V was used to detect tlie Auger signal. 

The scan speed was always set at 1 eV.s“ \  with scan ranges of 0-750 eV for 

magnetite (111) and 0-650 eV for Cr films on Mo(llO).

3.4 Four-grid low energy electron dilfraction 

(LEED)

The RVLO 900 four-grid reverse view optics were manufactured by VG Mi

crotech. The optics are mounted on a O.D. 200 mm CF custom elbow which 

is tilted at an angle of 30° to the horizontal. The sample sits in the transfer 

fork of a magnetic drive, which is grounded by a stainless steel braid to an 

OFHC copper block at the bottom of the LEED annex. The sample is rotated
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Figure 3.4: Schematic of four-grid optics operating in LEED mode (c/. refer

ence [62]).

in this drive so that its surface faces the electron gun. Scattered electrons are 

collected by the grids and screen located behind the gun.

A schematic illustration of the four-grid LEED is shown in Fig. 3.4. The 

grid nearest the sample Ml is earthed so that electrons scattered by the 

sample, initially travel in field-free space. A negative potential is applied 

to the two centre grids M2a and M2b to suppress inelastically scattered 

electrons, while elastically scattered electrons are accelerated towards the 

phosphorescent screen by its -1-5 keV potential. The fourth mesh M3 is also 

grounded to reduce the field penetration of the suppressing grids by the 

screen.

LEED patterns of the metal surfaces were taken at energies between 40 

and 200 eV, using an emission current of 0.5 mA. The target current could 

not be measured. LEED patterns were recorded by photographing the screen.
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3.5 Scanning tunneling microscopy (STM)

The main experimental technique used in this thesis is scanning tunneling mi

croscopy (STM). The theory and principles of STM and spectroscopy (STS) 

are given in dedicated texts by Chen and Wiesendanger [63,64]. In STM a 

sharp tip is brought very close to a conducting sample. Electrons can travel 

across this gap by quantum mechanical tunneling. The fundamental theory 

of STM is modelled on the quantum-mechanical description of an electron 

with energy E travelling in a ID potential U(z). This electron is described 

by a wavefunction ?/’(z), which satisfies the Schrodinger equation:

+ U{z)ip{z) = Exp{z) (3.3)

where m is the electron mass and h =  h/2'a (where h is Planck’s constant). 

In the classically allowed region where E > U(z), this equation has solutions 

of the form:

^{z)  =  t/>(0)e^**^ k = (3.4)

where the electron can move in either the positive or negative direction. 

In the classically forbidden fiamer region where E < U(z), the Schrodinger 

equation has the solution:

j 2 m i U  -  E)
'il)[z) = -0(0)6 K =  ^ ------   (3.5)

The K term describes the decay of the electron wavefunction within the bar

rier region. For a finite potential U(z), there is a non-zero probability P  of 

finding the electron at a position z inside the barrier region, which is given 

by:

P  oc| V’(O) P (3.6)

Consequently, if the width of the tunnel barrier is sufficiently narrow, there 

is a finite probability that the electron can tunnel through the barrier region.
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Figure 3.5: Schematic representations of a STM junction under an applied 

bias V.

In the tip-vacuum-sample configuration of an STM junction (Fig. 3.5), 

the height of the tunnel barrier is determined by the work function (/) of 

the tip and sample (assumed to be identical for convenience), which is the 

minimum energy required to remove an electron from the metal to vacuum. 

An electron at the tip or sample surface, with Fermi energy Ej? =  —(j) eV, will 

have the greatest opportunity to tunnel through the barrier. In the absence 

of an externally applied bias, the electron can tunnel through the barrier in 

either direction so that there is no net tunnel current. By applying an external 

voltage V, electrons in the sample within the energy range E p —eV < E  < Ep 

tunnel through the barrier. If eV  -C 0, then only electron states very near to 

the Fermi level are probed. The probability for an electron in the n-th states 

to tunnel through a barrier of width W is given by:

y/2m(t)
P  ocj 'i/’n (0) I e2 „ - 2 k W K =

h
(3.7)

Taking into account all the possible states in the energy range Ep — eV < 

E  < Ep  , the tunnel current is:

Itoc Y.  I '^(0)
E = E F - e V

|2 q - 2 k W (3.8)
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If V is small enough that the density of electronic states does not vary sig

nificantly within it, the latter sum can be conveniently written in terms of 

the local density of states (LDOS). At the Fermi level, at a location z and 

energy E, the LDOS ps(z,E) of the sample is defined as:

Ps { z , Ef )  =  -  Y. I  ^ ( 2^ )  ( 3 - 9 )
 ̂ E n= E -e

for a sufficiently small e. The LDOS is the number of electrons per unit

volume per unit energy , at a given point in space and at a given energy. The

tunneling current can be conveniently written in terms of the LDOS of the 

sample at z=0 and E =  Ep:

It(xVp,{0,EF)e-^'^^  (3.10)

This equation indicates that the tunnel current is directly proportional to 

the bias applied across the junction and decays exponentially as the distance 

between the tip apex and the sample surface is increased.

3.6 STM set-up

All STM images described in this thesis were obtained by scanning the tip 

across the surface in constant current mode. In this configuration the tip- 

sample separation is maintained at a constant value by means of a feedback- 

loop which controls a piezoelectric tube scanner holding the tip. The variable 

temperature STM operating in a temperature range from 80 K to 300 K 

was first built by Prof. I. V. Shvets and Dr. O. Osing and it was completely 

renovated throughout this project. The original description of the microscope 

is given in [52].

Figure 3.6 shows a schematic diagram of the STM head. The STM body 

is constructed from a single piece of machineable ceramic (macor), 24 cm
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Figure 3.6: Side view of the STM head.

long and 4 cm thick. The STM head comprises a fine approach walker and a 

piezo tube scanner.

The sample is mounted on top of a polished sapphire rod. The sample 

holder itself is made out of a molybdenum stub and the sample is tightly 

pressed against it with a tantalum cap. A macor plate with numerous holes 

for wires is screwed on top of the main body. At the backside of the macor 

body a copper plate is placed for a faster and a more homogeneous heat 

distribution. This plate also serves as a holder for clamping the head during 

the tip and sample exchange and as protection for the duration of the travel 

inside the cryostat. A resistive heater designed and manufactured by the 

author and a commercially calibrated Cernox temperature sensor [65] are 

placed behind the scanner.

A schematic of the piezowalker used for this system is shown in Fig. 3.7. 

It is based upon the system developed by Dr. S.H. Pan at the University of
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Figure 3.7: Cross-section of the fine approach walker.

Basel, Switzerland [66]. The piezo stacks are arranged pairwise in a triangular 

fashion about the sapphire rod with one pair of stacks spring-loaded against 

it. A signal composed of triungular pulses is applied to the piezo stacks. The 

rod is moved tow'ards or away from the tip in two steps: first the stacks deform 

quickly in one direction and slip under the rod leaving its position virtually 

unchanged. Then they deform slowly back simultaneously and drag the rod 

with them. The fine approach piezo-walker can operate both in an intertial 

and a frictional mode. A full description of this mechanism is discussed in [67].

A relatively high approach rate of several mm/sec is required to compen

sate for the reduced piezo sensitivity at low temperature. This is achieved 

using 1 mm thick EBL((2 piezoceramic plates from PZT with Ag electrodes 

(Staveley Sensors INC [68]) and high voltages. The piezo walker has a char

acteristic threshold of 100 V at RT, below which the sapphire rod will not 

move. The strain developed along one axes is proportional to the strain co

efficient and the applied field. The strain coefficient is a characteristic of the 

piezoceramic actuators (d-constant) and its value decreases with the decrease 

in temperature. As a result the threshold voltage increases gradually during
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Quadrant Resonance frequency [kHz] Voltage on opposite quadrant [mV]

Z ±  X 1.96 280

Z ±  X 4.47 40

Z ±  Y 1.97 120

Z ±  Y 2.28 60

Table 3.1: Resonance frequencies of the piezo scanner.

the cooling of the microscope. For the same voltage applied at 300 K, at low 

temperature the step size will be reduced and higher voltage of ~  600 V is 

required for normal operation.

The tube scanner is an EBL }{2 piezoelectric tube [68], sectioned into 

four outer electrodes which carry the Z-X, Z+X, Z-Y and Z+Y voltages, 

while the inner electrode is grounded. The resonance frequencies of the tube 

scanner in both Z and X,Y directions determine the maximum scanning rate 

which the STM can operate. To find the resonance frequencies of the tube 

scanner, a sinusoidal voltage with amplitude of 1 V is applied with a function 

generator to each of the quadrants and the frequency is varied from 10 Hz 

to 10 kHz. The signal induced on the electrode on the opposite side of the 

scanner is monitored using an oscilloscope and the lowest resonance frequency 

is determined for each pair of quadrants. The results obtained are outlined 

in the Table 2.1.

Each type of piezoceramic tube is characterized by a specific piezoelectric 

strain coefficient d^\ This coefficient is temperature dependent and in the 

case of the EBL p  is 1.73 A/V  at RT and decreases gradually in cryogenic 

conditions down to 0.69 A/V at 4.2 K. At RT the dynamic range is AX,Y 

=  ±36000 A and the extension of the scanner is AZ =  ±23000 A for 280
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V. At 4.2 K the dynamic range is reduced to AX,Y =  ±6450 A and the 

extension goes down to AZ =  ±4121 A.  At RT, the piezo sensitivity along X 

and Y directions is ±27.7 nm/V and along Z direction is ±8.2 nm/V. The Z 

and XY directions were calibrated on Cu(lOO) monatomic steps and HOPG 

atomic resolution images respectively.

3.6.1 STM  operation at low tem perature

STM system has two main components: a UHV chamber with viewports 

for tip/sample exchange and RT operation designed by S. Murphy [88] and 

manufactured by Caburn and a cryostat from Cryogenic [70] (c/. Fig. 3.8). 

The cryostat features a 12 1 liquid nitrogen bath, a high vacuum space and 

a gas-cooled radiation shield of high purity aluminium.

During the operation at low temperature, the STM head is suspended by 

a spring to a copper cone, which is pressed against a constriction inside the 

cryostat. The heat is transferred through conduction from the copper cone 

using copper braids, each braid having 120 wires with a cross section A= 

8 x l0 ”®m  ̂ each. The copper cone is attached to a stainless steel tube 1.4 m 

long (Oxford Instruments, [71]). The tube is fixed on a flange at the bottom 

of a 4-way cross containing electrical feedthrous. The STM head is brought 

into the chamber using a Z-manipulator and a system of bellows with 1.1m 

travel. All wires coming from the STM head are crimped onto macor blocks 

on the copper cone and travel through the stainless steel tube to the electrical 

feedthroughs. The tunnel current is amplified ex-situ using a commercial 429 

current amplifier (Keithley, [72] ).

At the STM head a base temperature of 85 K is reached when the liquid 

nitrogen was used as a coolant. The 25 Q heater is used to stabilize the tem

perature between 85 K and 300 K by means of a 331 temperature controller
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Figure 3.8; Schematic illustration of a variable temperature STM. The cooling 

in UHV is essentially by thermal conduction. The STM head is suspended 

by a spring to a copper cone in contact with the cold walls of the cryostat.
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Figure 3.9: Temperature dependence of the STM head on time. About 12 

hours are necessary to cool the STM head down to 85 K.

from Lakeshore. Fig. 3.9 shows the STM temperature vs time. The STM 

head was cooled down to 85 K in ~  12 hours with an average cooling rate of 

around 2.4 K/min.

The STM controller used for these experiments is a SCALA system by 

Omicron. This controller allows the user to compensate for the thermal drift 

using a topographic feature of the STM image as a reference point. A 0.1 nm/s 

thermal drift was measured when no correction was applied. By enabling 

this option, thermal drift was reduced to 0.0025 nm/s. The accompanying 

software provides some functions for data analysis, however data was also 

analysed using commercial software from Nanotec Electrica S.L. [73].



Chapter 4 

C r/M o(110) system

4.1 Introduction

Refractory metals (W, Mo, Ta, Re) are characterized by extremely high melt

ing points, (Tmo = 2883 K, Tw  = 3683 K), ranging well above those of iron, 

cobalt, or nickel [45]. They are useful as substrates for thin films deposition 

due to the ability to obtain clean surfaces and their large surface free en

ergy. Such surfaces are ideal when sharp film-substrate interface is required. 

The deposition of magnetic films such as Ni and Fe on W does not show 

interdiffusion to the point of re-evaporation of the deposited films [74-76]. 

Intermixing does not appear in Fe/Mo until 800 K [77]. Temperature pro

grammed desorption studies have shown that Cr monolayers are stable on 

the similar W(llO) substrate up to very high temperatures of ~  1100 K [14] 

while interdiffusion or exchange processes have been ruled out by synchrotron 

core-level and valence-band photoemission data [92].

An overview of the structure and surface free energy of several metals of

ten used for ultrathin films deposition is given in Table 4.1. The Fe/W(110) 

system has been one of the most intensively investigated systems in surface

39
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Material system 7 [J/m^] a [A] c[A] r [pm]

W bcc 3.670 3.1648 135

Mo bcc 3.000 3.1472 145

Fe bcc 2.550 2.8664 140

Cr bcc 2.300 2.8839 140

Ni ccp 2.450 3.5240 135

Co hep 2.550 2.5071 4.0695 135

Pt ccp 2.475 3.9242 135

Cu ccp 1.825 3.6149 135

Ag ccp 1.250 4.0853 160

Pd ccp 2.050 3.8907 140

Table 4.1; Lattice parameter (a) [45,78], surface free energy (7) [79] and 

atomic radius (r) [45, 80] of metals that are most often used for epitaxial 

growth.
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science and a prototype in understanding the structural, mechanical and 

magnetic properties of ultrathin films. The lattice mismatch of this system is 

rather large at 9.4 %. In their early work, Gradman and Waller [81] obtained 

for the first time structural information on the growth of Fe films at elevated 

temperatures (ET) {Tdep =  500 K) using LEED and AES. Layer-by-layer 

growth of Fe films has been identified from the linear sections in the depen

dence of the Fe Auger amplitude on film coverage 6. For Fe coverage 0 < 1.6 

ML, the LEED pattern is found identical to that of the W (llO) substrate 

and it has been attributed to pseudomorphic growth of Fe layer. Near 1.7 

ML, there is a change in the slope of the Fe Auger amplitude, and at this cov

erage, LEED patterns show satellites along the [110] directions close to the 

W (llO) reflections. The change in the slope of Fe Auger amplitudes indicates 

the completion of the second pseudomorphic layer. In this regime (~  1.6 - 1.9 

ML) the Fe layers exhibit one dimensional pseudomorphism along the [001] 

direction, with periodic lattice distortions along the [110] direction. Over 2 

ML, characteristic multiplets of satellite reflections are observed. They are 

arranged symmetrically with respect to the Fe(hk) reflections of the bulk 

(110) surface and include one reflection W(hk) of the clean W substrate. 

The satellite reflections are interpreted by Gradman and Waller in terms of 

periodic lattices distortions caused by a misfit dislocation network. A second 

change of slope indicates the transition from a semi-pseudomorphism to a re

laxed film state. Comparing with the growth at ET, Fe films grown at room 

temperature (RT) on W (llO) maintain the pseudomorphic registry up to a 

slightly higher coverage [82].

STM studies of of Bethge et al. [83] have confirmed the growth scenario 

anticipated by Gradman and Waller. At the early stage, adatoms nucleate 

at RT on terraces and substrate steps up to 0 =  0.24 ML. Above 0.5 ML,
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Bethge et al. found a misfit-induced inhibition of island coalescence. The 

growth of the second layer starts when the first layer is almost complete. A 

two dimensional distortion network appears at a coverages 9 > 1.84 ML. The 

growth mode changes when the Fe films are prepared at 570 K and proceeds 

by step-flow. The pseudomorphism deteriorates rapidly for coverages over 

1.2 ML, sooner than when grown at RT. The step-flow forms large two- 

dimensional structures and the higher strain in the film leads to the formation 

of one-dimentional dislocation network in the second layer. The periodicity 

of the network decreases in the third layer and evolves into a two-dimensional 

dislocation network in the fourth layer which is visible up to a thickness of 11 

ML. The formation of the misfit dislocations in the second layer reduces the 

film stress from more than 40 GPa in the first Fe layer to almost zero in the 

second and third Fe layers [86]. The deposition at ET of higher Fe coverage 

forms wedge shaped islands on a wetting Fe layer.

The Fe/Mo(110) system exhibits similar growth behaviour and detailed 

analysis on the growth mechanisms has been carried out by Maltzbender 

et al. [87] and Murphy et al. [88]. The lattice mismatch of this system is 

8.92 %. The growth using a deposition rate of 0.2 ML/min proceeds in the 

Frank-van-der-Merwe mode with preferential island growth along the [001] 

direction. The growth using a lower deposition rate of 0.03 ML/min forces 

the films to grow in a multilayer fashion. Dislocation lines appear even at RT 

in the 2 ML thick islands. At ET the Fe films on Mo(llO) show the formation 

of randomly spaced dislocation lines along the [110] direction which develop 

into a closely spaced dislocation lines in the third layer. The 2D dislocation 

network occurs in the fourth layer as the dislocation lines get too close one 

from the other and overlap.

N. D. Shinn and co-workers studied for the first time the growth of Cr
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C

Figure 4.1: Schematic view of the Mo(llO) atomic structure.

films on stepped W(llO) and W(OOl) using a combination of FEM, LEED, 

AES, TPD and work function measurements [14,15]. They found that de

spite the high lattice mismatch of 9.89 %, the first Cr layer grows on both 

W orientations in the same registry with the substrate, in a bcc epitajcial 

structure with a high thermal stability from 100 K up to about 1400 K. The 

high desorption temperature has confirmed the strong hybridisation between 

the film and the substrate. The second Cr layer is pseudomorphic in the 100 

< T < 500 K temperature range. For annealing temperatures in the range of 

500 < T < 800 K the second Cr layer is not well ordered and has a packing 

density exceeding the pseudomorphic layer with a (2 x 2) symmetry. Above 

800 K the second layer forms three dimensional clusters. Thicker films are 

found to form 3D Cr clusters upon anneaning over 500 K. LEED analysis 

have shown a superimposed (2 x 2) bilayer and (11 x 11) coincidence lattice.

The electronic configuration of Cr and Mo is very similar (the electronic 

valence state is is 3d^4s^ for Cr and 4d®5s  ̂ for Mo) and the interface hy-
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bridization is therefore strong. The lattice mismatch of the Cr/Mo(110) sys

tem {&M0  - ^Cr)/^Mo =  8.366 % induces a high tensile strain in the film. 

The M o(llO) surface is represented in Fig. 4.1. The dashed lines indicate the 

primitive cell in real space. This primitive cell, described by the primitive net 

vectors, does not illustrate the full symmetry of the surface. A conventional 

unit cell (solid line in Fig. 4.1) with lattice parameters 3.147 A and 4.450 A 
is required to describe the centered-rectangular symmetry. The lattice direc

tions are related to the bulk settings of bcc Mo.

4.2 Sample preparation

Two different M o(llO) samples have been used as substrates for the depo

sition of Cr ultrathin films. The 4N purity single crystals were produced 

using the floating zone technique by the Surface Preparation Laboratory, the 

Netherlands [100]. The first sample is a low-index Mo crystal, with a miscut 

angle within ±  1° of the (110) plane, while the second sample is vicinal, with 

a surface alignment within ±  4.6° of the (110) crystal plane. The Mo samples 

are fixed to a sample holder made of a Ta cap and a Mo body.

A well-ordered substrate surface with a low contamination level is essen

tial for deposition of ultrathin films and consequently much work was dedi

cated to the sample preparation procedure. The Mo substrates were cleaned 

by alternate cycles of oxidation and flash annealing. Oxidation of the sur

face was carried out by annealing at T =1600 ±  15 K, in a 7 x 10“  ̂ mbar 

oxygen atmosphere for ~  90 minutes. The resulting oxide layer was removed 

from the surface by repeated flash annealing to temperatures in the range 

of 2000 K <  T <  2300 K for 15-20 seconds cycles in UHV. The chamber 

pressure during flash annealing increases to the low 10“® mbar range. The
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sample was allowed to cool down for about 25 min while the pressure in 

the chamber recovers to the initial low 10“ °̂ mbar range. This procedure 

was repeated numerous times until the carbon and oxygen impurity levels 

were below the detection limit of the AES set-up (<1%). As the sample gets 

cleaner the chamber pressure recovers more rapidly, considerably shortening 

the preparation time.

Annealing to near melting-point temperatures allowed the crystal to un

dergo slip to alleviate the resulting mechanical strain. The slip regions are 

restricted to small areas localized near the edges of the sample. In the af

fected regions additional steps appear on the surface and in some cases there 

is a localized change in the step edges orientation.

In total, 9 hours of oxygen annealing followed by 25 cycles of flash anneal

ing, each comprising 15 individual flashes, were necessary to obtain a clean 

substrate surface. A typical AES spectrum of the clean Mo sample is shown 

in Fig. 4.2 (a). The low-energy electron difraction (LEED) of the clean low 

index surface shows a sharp 1 x 1  diffraction pattern (Fig. 4.2 (b)). The 

presence of sharp diffraction spots and a low background intensity indicate 

that the surface is well ordered. Typically, the sample was cleaned about one 

hour prior to each evaporation. The conventional unit cell (white line) and 

the primitive unit cell (yellow line) in the reciprocal space are indicated in 

Fig. 4.2 (b). The LEED pattern of the vicinal (110) surface shows a splitting 

of the spots along the [111] due to the surface high step density [149].

Figure 4.3 (a) is a globally plane fitted STM image of the low index 

Mo(llO) surface. The surface topography is an alternation of flat atomic 

terraces separated by h =  2 A monatomic steps, oriented along the [001] 

direction. Figure 4.3 (c) shows the staircase arrangement of Mo terraces. The 

average terrace width is calculated to be d =  14 nm. Using the geometric
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Figure 4.2: (a) AES spectra of the clean Mo(llO) surface, (b) 1 x 1 LEED 

pattern of the clean Mo(llO) low index surface taken with beam energy E 

=  136 eV. The conventional and the primitive unit cells are highlighted in 

white and yellow respectively.
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Figure 4.3: (a) (360.7 nm x 360.7 nm) STM image of the clean low index 

Mo(llO) surface with a sample bias Vbias ~  0.3 V and tunnel current Itunnei 

=  0.1 nA. (b) (23.1 nm x 9.8 nm) image of a flat Mo terrace, Vbias — 0.03 V 

and Itunnei =  0.1 nA . (c) Line profile of the line cut in (a) after plane fitting.
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Figure 4.4; (a) Globally plane fitted (70 nm x 70 nm) STM image of the 

clean vicinal Mo(llO) surface taken with =  0.1 V, Itunnei =  0.1 nA and 

a line profile showing the high step density of the vicinal surface.

expression

tana =  ^  (4.1)a
the miscut angle is calculated to be a  =  0.55 °. Fig. 4.3 (b) is a high resolution 

STM image of a Mo terrace. The surface morphology is characterized by 

atomic rows and a number of surface defects. The defects represent a light 

contamination that could not be identified by AES.

Figure 4.4 (a) shows the morphology of the vicinal Mo(llO) surface. The 

atomic terraces are also arranged in a staircase but the step density is con

siderably increased. The average terrace width is 2.5 nm leading to a miscut 

angle a = 4.6°.

4.3 Cr films on the low index M o(llO )

The deposition details of Cr films on the low index Mo(llO) substrate are 

listed in Table 4.2. These films are characterized by AES and subsequently
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Film dcr [A] 9cr [ML] Tdep [K] cc [a.u.] Co [a.u.] LEED

A 0.2 0.14 420 - - (1 X 1)

B 0.2 0.14 500 - - I I

C 0.2 0.14 575 - - I I

D 0.5 0.29 I f - - I I

E 1 0.58 420 - - I I

F 1 0.58 575 - - I I

G 2 1.16 // 0.0307 0.0466 (2 X 2)

H 2.5 1.45 n // I I I I

I 3 1.74 n 0.0399 0.0596 I I

J 4 2.32 // I I I I I I

K 4.5 2.61 // 0.0358 0.0583 I I

L 5 2.9 // 0.0210 0.0480 multiplets

M 6 3.48 // 0.0256 0.0480 I I

N 6.5 3.77 n I I I I I I

0 7 4.06 n I I I I I I

P 8 4.64 420 0.0402 0.0886 I I

R 8 4.64 575 I I I I I I

S 9 5.22 // I I I I I I

T 10 5.8 300 I I I I -

Table 4.2: Details of the deposition parameters and the degree of contamina

tion of Cr films. The evaporation rate is 0.27 ML/min for all film depositions. 

dcr is the deposited film thickness as measured from the quartz crystal moni

tor prior to each deposition, dcr is the film coverage in ML, T^gp is the sample 

temperature during deposition. In the last columns are listed the carbon (cc) 

and oxygen C q )  contamination levels as well as the LEED pattern observed 

on each of the Cr films.
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analyzed by LEED and STM. The deposited film thickness (dcr) has been 

measured for each film with the quartz crystal monitor. A constant evapora

tion rate of 0.27 ML/min was maintained for all films. Most of the films have 

been deposited with the substrate temperature in the interval 400 K < T^gp 

< 600 K. The sample was allowed to heat ~  1 hour in the resistive heater 

to ensure that the temperature of the sample is stabilized and ~  45 min for 

the cooling down to RT before being transferred to the STM chamber.

Chromium film coverage Ocr is estimated using the quartz crystal balance 

which indicates the mass per unit area being deposited. The film coverage is 

described in pseudomorphic monolayers for all films, where the packing den

sity of a pseudomorphic monolayer is equal to that of the Mo(llO) surface 

(~  1.43 X 10“ ®̂ atoms ■ m“^). Typically, 1 A pseudomorphic Cr film cor

responds to 6ct = 0.558 ML. Alternatively, the Cr coverage was determined 

directly from the STM images where this was possible.

4.3.1 LEED and AES

Figure 4.5 shows the concentration of Cr (ccr) and Mo (cmo) as a function 

of coverage calculated from AES. As expected, the substrate concentration 

decreases in the favor of Cr as the film gets thicker. The film concentrations 

as a function of coverage can be approximated with two linear sections. A 

change in the slope can be estimated at a coverage between 2.5 - 2.8 ML. 

As shown earlier in this chapter, the linear rise of the film concentration 

with the coverage suggest a layer-by-layer growth [102] while the detection 

of weak kinks in the lines would correspond to the completion of succes

sive film layers [104]. However, the detection of such slopes is limited to the 

resolution of the AES analyzer and it has not been observed in the AES 

analysis of Fe/W(110) [82]. The change in the slope is only observed when
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Figure 4.5: Plot of the Cr and Mo concentrations calculated from Auger 

spectra as a function of film thickness, grown at Tdep =  575 K. The Cr and 

Mo concentrations are fitted with straight lines. The change in the lines slope 

between 2.5 - 2.8 ML roughly corresponds to a change in the film growth from 

LBL to SK. The green dotted line highlights the transition from LBL to a 

SK growth.

the film changes from layer-by-layer to Stranski-Krastanov (SK) growth. The 

decrease in the CcrfcMO ratio for films above 2.5 ML occurs because of the 

agglomeration of the deposit into 3D islands.

AES analysis of Cr films up to 9cr = 1 ML indicates the contamination 

level below the detection limit of the AES analyzer (<0.01). Figure 4.6 (a) 

shows a typical LEED pattern obtained on Cr films in the submonolayer 

coverage regime. The pattern is p(l x 1), identical with the pattern given by 

the unreconstructed Mo(llO) surface. This shows that Cr films grow in this
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Figure 4.6: LEED patterns obtained from Cr films grown at Tdep — 575 K 

of varying coverages, (a) p (l x 1) pattern from films coverages 0.15 <  0dep 

< 1 . 1 5  ML - Efteam =  136 eV, (b) onset of the p(2 x 2) pattern for - 1.45 <  

9dep <  2 ML - Eheam ~  108 eV and (c) p(2 x 2) pattern for - 2.3 < Ôep <  3 

ML, Efceam =  118 eV.
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.  ̂ (b)

Figure 4.7: Reflection multiplets appear in the LEED patterns obtained from 

Cr films grown at Tdep =  575 K of coverages Odep > 3 ML corresponding to 

periodic lattice distortions, (a) E =  118 eV - 9dep — 3 ML and (b) E =  117 

eV - 9dep =  4.6 ML.
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regime in pseudomorphic registry with the underlying Mo substrate despite 

the large lattice mismatch. The Fe/W(110) system shows similar behavior 

up to a coverage of 1.2 ML when extra spots appear in the LEED pattern 

indicating the formation of strain relief dislocations in the Fe film [82]. Sub

monolayer Cr films on W (llO) have shown similar sharp (1 x 1) pattern, 

which is stable over a large temperature range up to the desorption at 1300 

K.

A light contamination with carbon and oxygen in the range of Cc — 0.02 

- 0.035 and C q  =  0.04 - 0.06 respectively is detected for freshly deposited 

films in the coverage 1.2 ML < Odep < 4.5 ML. The contamination is most 

likely due to the very high reactivity of Cr films to the residual gas in UHV. 

For films coverage over 4.6 ML the contamination may be introduced during 

deposition from the HOPG crucible. It usually takes about 90 minutes from 

the end of deposition to the moment of film analysis by AES, and another 60- 

120 minutes hours until STM is performed on the sample. The contamination 

from the residual gas in stainless steel UHV systems originates from molecules 

of H2 O, CO, O2  or H2 . The concentration of H2 O and H2  gases are normally 

the largest ones. The partial pressures in the preparation chamber have been 

measured with with a mass spectrometer (MKS, [101]) as 5.3 x 10~“  mbar 

for H2 O, 4 X 10“ ^̂  mbar for CO, 9.3 x  10~^^ mbar for CO2 , and 4 x  10“ ^̂  

mbar for O2  while the H2  makes up most of the rest. The clean Mo sample 

did not display any increase in the level of contamination for ~  6 hours in 

UHV. Longer periods in UHV resulted in a rise in the levels of carbon and 

oxygen contamination.

As C and O are most common contamination detected by AES, the time 

(r) taken for a monolayer of CO to stick to the surface can be calculated
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according to the relation

.  =  (42)

where n  ̂ is the number of surface atoms per unit area, n* =  1.43 x 10̂ ® for 

the bcc(llO), =  2, the number of atoms in molecule, a is the sticking 

coefficient i.e. the fraction of the incident molecules which stick to the surface. 

For simplicity, the sticking coefficient is chosen to be unity. The rate at which 

CO molecules strike unit area of a surface is given by

\ / 2 T r m k B - l

where P =  1.33 x 10“* Pa is the typical pressure in the UHV chamber, 

mco =  4.65 X 10“ ®̂ Kg the mass of a CO molecule, kg is the Boltzmann’s 

constant and T is the temperature. At room temperature it takes 29 hours 

for the surface to be completely covered with CO molecules. This value is in 

fair agreement with the value of contamination which is measured with AES, 

~  90 min after deposition.

Faint half-order spots can be observed in the LEED pattern of the Cr 

film with coverage ^ =  1.2 ML in Fig. 4.6 (b). The pattern is consistent with 

a p(2 X 2) structure with respect to the primitive unit cell. The transition to 

the p(2 X 2) pattern coincides with the detection of the light contamination 

with AES. Figure 4.6 (c) shows that the p(2 x 2) pattern becomes sharper 

as the contamination level increases. The onset of a p(2 x 2) structure as a 

result of the light contamination has been also observed on Fe films grown at 

elevated temperature on Mo(llO) system [105] and on Fe films grown at RT 

on W(llO) [103] and it has been attributed to an oxygen induced structure 

formed on the strained pseudomorphic Fe layers. A (2 x 2) pattern has also 

been observed on the 2.23 ML Cr film on W (llO) at temperatures around 

750 K [14]. This pattern evolves towards (1 x 1) for temperatures over 1000 

K up to desorption.
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The LEED pattern of Cr films on Mo(llO) for films coverage 9 >  3ML 

grown at in the range 500 K < T êp <  650 K display a set of sharp satellite 

spots around the integer spots. The satellite spots indicate that the pseudo- 

morphic registry of Cr films is deteriorated as the film morphology changes to 

SK. The satellite spots are reflections from a periodic lattice distortion of the 

Cr film. These distortions have been identified with STM as a 2D dislocation 

network, which forms in the Cr islands. The half-order spots are still visible 

showing that the p(2 x 2) structure is still present. STM analysis detailed 

in subsection 4.4 show that regions where the lattice is periodically distorted 

are contamination free. The (2 x 2) structure is therefore a contribution from 

the wetting Cr layers between the 3D islands.

Cr/W(110) shows similar behavior for thick films. Clustering of Cr 

adatoms in islands on W (llO) occurs in a 4 ML film for a temperature over 

500 K. The transition, identified by a sharp decrease of the Cr/W ratio, dis

plays a coexisting (2 x 2) and (11 x 11) LEED pattern and is stable up to 

close to the desorption temperature.

LEED analysis of the thicker Cr films on Mo(llO) in the same energy 

range show that the satellite spots density is reduced compared to the LEED 

pattern in Fig. 4.7 (a). The LEED pattern of a 4.6 ML film from Fig. 4.7 (b) 

suggest that the misfit dislocations reduce their amplitude as the distance to 

the interface increases and will eventually be buried under the fully relaxed 

Cr layers. This is in agreement with the STM data, which is discussed in 

Chapter 6. The tensile strain in Cr films with 9cr >  4.6 ML is largely released 

and as a result the adsorption is reduced.
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4.3.2 STM results - submonolayer growth

STM provides a powerful tool for gathering information on the structural 

properties of the surface at the nanometer scale and on the progression of 

film morphology under different growth conditions.

A sequence of STM images of submonolayer Cr films prepared at a sub

strate temperature of 420 K are presented in Fig. 4.8. The deposition rate 

was 0.27 ML/min. The lines across the STM images represent the step edges 

of the monatomic Mo steps. Areas with different step density may coexist 

on the same crystal surface. Figure 4.8 (a) and (b) show the morphology 

of a Cr film with a nominal coverage 9dep — 0.15 ML. At this coverage Cr 

adatoms have already nucleated in circular islands with a typical diameter of 

~  4 nm. It appears that islands density scales with the terrace width - wider 

terraces have a higher number of islands. There is no significant variation of 

islands size or shape as a function of terrace area. On closer inspection, a 

slightly higher islands density is found in the middle of the atomic terraces. 

The average distance between the Cr islands is only of the order of a few nm. 

Very little Cr nucleation at the step edges is observed which results in the 

roughness of the step edge visible in Fig. 4.8 (a). At similar deposition rates 

the Fe/Mo(110) system shows the formation of larger Fe islands at RT [87]. 

At temperatures slightly higher than RT growth proceeds by incorporation 

at the step edges. On larger Mo(llO) terraces Fe forms islands of the order 

of several tens of nm. The higher Cr islands density at higher temperatures 

suggest a significantly lower diffusivity of Cr compared to Fe on the same 

Mo(llO) substrate.

Figure 4.8 (b) shows island formation on terraces with an average width of 

20 nm. The Cr islands display preferential growth along the the [001] direction 

and a slight elongation in this direction. The anisotropic growth of Cr in this
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Figure 4.8: STM images of submonolayer Cr films grown at 420 K. (a) (200 

nm X 200 nm) of a lower step density surface domain, the inset is a (60 nm 

X 60 nm) image - dcr =  0.14 ML, (b) higher step density in (200 nm x  200 

nm) image, the inset is a (60 nm x  60 nm) image - 9cr = 0.14 ML, (c) (100 

nm X 100 nm) image, the inset is a (16.7 nm x  16.7 nm) image - Ocr =  0.58 

ML. Images are taken with Vbias =  0.03 V, Itunnei =  0.1 nA.
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regime is unexpected and it has not been observed in the Fe/Mo(110) [87] 

and Fe/W(110) [83] bcc systems or in the Ni/W (110) [107] and Co/Mo(110) 

[108] heterosymmetric systems. It has been previously demonstrated that 

step direction and step density may affect the morphology of films grown 

over a large temperature range, even in the submonolayer regime [11,106]. In 

the study by Bode et ai,  [106] strong anisotropic growth has been observed 

during the growth of Mn on W (llO) at RT on atomic terraces of the order 

of several hundreds of nm wide. Submonolayer Mn films form large islands 

which grow along [100] direction with a [001]/[ll0] length ratio of 6. The 

anisotropic growth disappears as the Mn film is grown on W (llO) with a 

terrace width of 20 nm. Fe films grown on Mo(llO) at RT show a preferential 

growth direction in the second layer where Fe islands are elongated along 

the [001] direction [87]. In the same study, Malzbender et al. [87] have found 

that anisotropic growth of Fe films disappears for very low growth rate. Only 

at substrate temperatures around 330 K, Fe islands which have nucleated 

at the step edges are orientated along the [001] direction [111]. At higher 

coverages Fe islands show a strong growth anisotropy along the same [001] 

direction. The oriented growth along the [001] is attributed to anisotropic 

sticking coefficient which for the bcc (110) metal surfaces is high along the

[110] and low along the [001] direction, and to anisotropic surface diffusion 

due to the two-fold symmetry of the (110) bcc plane [112].

Kim et al. [12] have shown that small Cr islands organize at RT on W(llO) 

in a nanometric chain structure at a critical coverage of 0.6 ML. Below this 

coverage the Cr islands are randomly distributed with no particular shape. 

The 20 nm Cr islands chains are oriented along the equivalent [ i l l]  and

[111] directions. Several speculations have been suggested for the observed 

anisotropy such as the presence of the elastic strain, unusual interaction
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Figure 4.9: (a) (400 nm x 400 nm) STM image of submonolayer Cr film 

grown at 500 K (film B), and (b) Plot of the number of islands which have 

nucleated on the Mo(llO) atomic terraces as a function of the terrace width. 

Vfcias =  0.03 V, Itu n n e l — 0-1 nA.

between adatom and adatom/island and even the presence of impurities.

As the Cr coverage increases islands grow and eventually coalesce. A high 

density of narrow gaps are visible in Figure 4.8 (c) for a coverage 9 — 0.6 

ML. The inset is a higher resolution image of the film showing the kineti- 

cally activated process of island coalescesence as numerous interconnections 

form between the islands. There is no indication of growth anisotropy in this 

regime. The film grows in two dimensions, the freshly deposited adatoms 

contribute exclusively to the growth of the existing islands in a characteristic 

FM growth mode.

The substrate temperature of 500 K significantly increases the Cr adatom 

mobility on the surface. In these conditions, the film morphology displays a 

hybrid configuration of step-flow and island nucleation (Fig. 4.9 (a)). Cr 

islands have similar dimensions as in the film grown at 400 K, but their 

density is drastically reduced. Most of the adatoms close to the terrace edges
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have nucleated uniformly at the step edges forming nanostripes. Figure 4.9 

(b) shows the dependence of the island density on the Mo(llO) terrace width. 

The mean free path of adatom diffusion can be estimated at somewhere 

around 25 nm.

Pure step flow growth of Cr on Mo(llO) is obtained under conditions of 

higher substrate temperature (T êp =  575 K) and low deposition flux (0.27 

ML/min). As has been detailed in subsection 2.4, the two dimensional ES 

barrier acts as a reflective wall for adatoms arriving at the step edges. As the 

adatom attempts to cross a descending step edge it has fewer neighbors, and 

consequently the sudden decrease in the binding energy acts as a barrier for 

the interlayer transport. Cr adatoms arriving at the descending step edges are 

then reflected back. Conversely, adatoms approaching an ascending step edge 

are more likely to bind due to the higher coordination number. This results 

in the formation of continuous nanostripes. Figure 4.10 shows the formation 

of a regular array of 1 ML thick Cr nanostripes in the submonolayer coverage 

regime by step flow growth. The faint lines represent the Mo(llO) step edges. 

At the Mo step edges a step height is measured from the Mo terrace to the 

surface of the nanostripe. These step heights will be analyzed in the next 

chapter. The nanostripes length is prolonged in the micrometer range. The 

packing density of Cr nanostripes can be controlled by changing the miscut 

angle of the substrate to alter the step density or by varying the film coverage. 

The average lateral width is around 4 nm for 9cr =  0.14 ML (Fig. 4.10 (a)) 

to 10 nm and 18 nm for 9cr =  0.3 ML in Fig. 4.10 (b) and 0.6 ML in Fig. 

4.10 (c), respectively.
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4.3.3 Monolayer coverage

The growth continues by step-flow for further deposition of Cr at 575 K. 

Adatoms are incorporated at the ascending step edges, causing them to prop

agate outwards along the miscut direction. The film advances with a velocity 

proportional to the width of the underlying terraces [37]. The Cr films form 

nanostripes like those in Fig. 4.11 for coverages up to 0cr =  3ML. Their 

thickness alternates on the Mo(llO) surface. Fractional steps mark the po

sition where the local thickness switches from 1 to 2 ML and from 2 to 3 

ML.

From the data presented in Figs. 4.10 and 4,1] it is clear that while the 

Mo(llO) substrate step edges are uniformly straight, the deposited Cr nanos

tripes display a meandering step front. It was previously demonstrated by 

Bales and Zangwill [109] that step-flow growth is subject to a morphological 

instability due to the difference in adatom attachment probabilities between 

ascending and descending step edges. These rates differ because the energy 

barriers met by adatoms approaching a step from opposite directions are not 

the same. The so-called Bales-Zangwill instability gives rise to a meandering 

of the growing step front and eventually leads to the complete breakdown of 

the step-flow growth.

It was further demonstrated by Li et al. [110] that for strained heteroepi- 

taxial systems, a strain-induced morphological instability exists, which can 

frustrate continuous nanostripe formation during the early stages of step- 

flow growth. The mismatch-induced strain induces a force monopole along 

the free standing outer edge of the nanostripe and along the inner edge 

which is bonded to a substrate step. At low coverage there is a strong in

trastripe repulsion between the opposite edges of the nanostripe, while at 

higher coverage there is a strong interstripe repulsion between the adjacent
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edges of neighboring nanostripes. At low coverage roughening of the nanos

tripe growth front can occur to minimize the intrastripe repulsions. In the 

extreme, this results in the formation of unconnected islands that decorate 

the substrate step edge. These islands grow perpendicular to the step until 

interstep repulsions force them to grow laterally and merge together to form 

continuous nanostripe at higher coverage. This growth behavior is therefore 

the inverse of that predicted by the Bales-Zangwill model.

While the Cr/Mo(110) lattice mismatch is large at 8.4 %, there is no 

evidence of the strain-induced instability predicted by Li et al. From the 

STM data shown in Fig. 4.10 (a), it is clear that continuous nanostripes are 

formed even at the lower coverage of 0.14 ML, though a meandering step front 

is observed. This is also evident in nanostripes grown at monolayer coverage. 

The remaining fractional monolayer [Figs. 4.11 (a) and 4.11 (c)] also forms 

continuous nanostripes despite the increasing elastic strain in the growing 

film. Li et al. predicted that the elastic strain energy of a nanostripe has a 

parabolic dependence on coverage with a minimum at 9 = 0.5. According 

to this model the stability of the nanostripe is highest at 9 — 0.5 because 

the inter step repulsion of adjacent terraces is the lowest in the middle of 

the terrace. At this point the nanostripes are expected to have the highest 

stability and therefore a flat step front.

The terrace width varies over the Mo(llO) surface and therefore the local 

Cr nanostripe coverage 9g is different on a given terrace. In Fig. 4.12, the 

roughness of the step front is given by the calculation of the standard devi

ation of the free edge of the nanostripe with respect to the straight Mo step 

edges. The standard deviation is given by
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Figure 4.10: STM images of submonolayer Cr films grown at 575 K. (a) (130 

nm X 130 nm), the inset is a (64 nm x 64 nm) image - 6cr =  0.14 ML, (b) 

(400 nm x 400 nm), the inset is a (143 x 143 nm) image - 9cr =  0.29 ML, 

(c) (150 nm x 150 nm) image the inset is a (62 nm x 62 nm) - 9cr =  0.58 

ML. Vbias =  0.03 V, Itunnel ~  0-1 nA
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Figure 4.11: STM images of Cr monolayers grown at 575 K. (a) (205.6 nm x 

205.6 nm), the inset is a (85 nm x 85 nm) image - 9cr — 1-14 ML, (b) (200 

nm X 200 nm) the inset is a (48 x 48 nm) image - 9cr =  2 ML, (c )  (500 nm 

X 500 nm) the inset is a (70 nm x 70 nm) - 9cr =  2.32 ML. Ybias =  0.03 V,

Itunnei — 0-1
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Figure 4.12: Roughness of Cr nanostripes calculated as the standard deviation 

with respect to the straight Mo step edges as a function of nanostripe coverage 

on atomic terrraces (dg) (a) nanostripes formed in a 0cr =  0.29 ML film and 

(b) 0cr — 0.58 ML film.

is the lateral displacement between two consecutive perpendicular lines (dj 

— Xi - Xj+i) from the meandering line on the straight line of the substrate 

step edge. The analysis performed for a nominal film coverage dcr =  0.32 

and 0.58 ML shows that the roughness of the nanostripes decreases with 

increasing nanostripe coverage. Once the nanostripes reach the position of 

a buried substrate step, their outer edge straightens and follows the line 

of the buried substrate step. Interstep repulsions as described by Li et al. 

may explain why the nanostripes straighten when they reach the position 

of the buried step edge. However, this may be also be due to some form 

of diffusion barrier due to a change in adatom binding energy across the 

buried step. Alternatively, this barrier might originate from a loss of adatom 

coordination, since the buried substrate step edges are distinguished in the

where

(4.5)
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STM data by the presence of a sizeable fractional step.

In view of these considerations it is likely that the meandering of the Cr 

nanostripes illustrates a Bales-Zangwill morphological instability rather than 

a strain-induced type of instability.

Cr films grow in pseudomorphic registry with the underlying Mo(110) 

substrate up to a 0dep =  3 ML. There is no indication of misfit dislocation 

lines in either the first, second or third Cr layer. While the formation of one 

pseudomorphic Cr layer on Mo(llO) substrate is expected as it minimizes the 

surface energy, the formation of thermodynamically stable double and even 

triple Cr layers is unusual for a system where significant mismatch-induced 

strain needs to be accommodated by the monolayers.

In the Fe/Mo(110) system, misfit dislocation lines appear randomly in 

Fe islands from a minimum thickness of 2 ML as detailed in the study by 

Murphy et al. [111]. The dislocation lines provide uniaxial strain relief along 

the orthogonal [lIO] direction, which has a greater stiffness than the [001] 

direction. During the pseudomorphic growth it costs more elastic energy to 

strain the film in the [110] direction than in the [001]. The formation of dis

location lines in Fe layers is produced by the insertion of an extra row of 

Fe atoms in the [110] direction along [001] direction, causing a compressive 

lattice distortion of the neighboring atomic rows over a length scale of ~  1.3 

nm. At ET, randomly distributed dislocation lines appear in 2 ML Fe nanos

tripes. The density of dislocation lines increases in the 3 ML Fe nanostripe 

to the point where they are regularly spaced along the [111] by ~  10 nm. 

The corresponding surface corrugation amplitude is 0.4-0.6  A .
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4.4 Stranski - Krastanov growth regime

The film morphology changes considerably for Cr coverage over 3 ML at a 

substrate temperature of 575 K where the transition to SK growth takes 

place. The critical coverage for which the SK transition occurs in Cr films 

on Mo(llO) is higher than that observed for Fe films on Mo(llO) which is 

close to 2 ML [111,118]. Cr films above this coverage are characterized by the 

formation of 3D wedge-shaped islands like those shown in Fig. 4.13. These 

islands increase in thickness by one Cr layer for each terrace the island crosses. 

Figure 4.13b is a line profile of a Cr nanowedge island. The island maintains a 

(110) surface while crossing as many as seven substrate terraces. The shape of 

the islands is explained in terms of surface energy minimization and is affected 

by the crystallographic symmetry, temperature and deposition rate. STM 

images of the Cr the nanowedeges reveal the abrupt formation of a dislocation 

network which is discussed in more detail in Chapter 6. Similar nanowedge 

islands have been observed for Fe overlayers grown on W(llO) and Mo(llO) 

[83,87,111] as well as for Ni, Cu and Ho overlayers on W(llO) [107,115,116] 

and Pb overlayers on S i( lll)  [117]. The formation of nanowedges requires 

enhanced diffusion across the terrace edges so the substrate temperatures 

during deposition or post-annealing temperature must be at least 500 K.

The model suggested to guide the formation of Fe nanowedges on Mo(llO) 

at the initial stage is nucleation along the closely-packed dislocation lines in 

the 2 ML Fe nanostripes [120]. Fe adatoms nucleate at the defected regions 

due to the stronger bonding resulting from the increased number of near

est neighbors in dislocation sites and by strain-related disturbances of the 

diffusion processes. Dislocation lines act as diffusion channels for adatoms, 

forming protrusions which evolve with the deposition into wedge shaped is

lands.
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Figure 4.13: STM images of Cr films showing the formation of wedge-shape 

islands in the Stranski-Krastanov regime (a) (1300 nm x 1300 nm) image - 

9cr — 3.5 ML, 'Vbias — 0.03 V, Itunnei =  0.25 nA (b) a line profile of a Cr 

wedge shape island in (a), (c) (800 nm x 800 nm) image - 9cr =  4 ML, Vb,as 

=  0.03 V, Itunnei ~  0.1 nA and (d) (1000 nm x 1000 nm) image - 9cr — 5.2 

ML, Yfyias =  0.05 V, I t u n n e i  =  0.1 nA.
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Figure 4.14: STM (1000 x 1000 nm) image - 9cr =  5.2 ML, showing how the 

substrate step density and orientation affects the island morphology. 'Vfnas =  

0.05 V, I t u n n e l  =  0.1 nA.

In Cr overlayers there are no such defect structures, but it has been shown 

in section 4.3.3 that Cr nanostripes undergo a Bales-Zangw'ill-type of mor

phological instability. The modulation amplitude of the Cr nanostripes is 

significant, and at a coverage of 2.4 ML (Fig. 4.11 (c), inset and Fig. 4.17 (b) 

and (d)) the protrusions from adjacent nanostripes overlap forming small Cr 

nanowedges (Fig. 4.18c). At the islands periphery there is a change in the 

elastic strain in the substrate within their vicinity [121,122]. This strain in

fluences the adatom diffusion in the vicinity of the island, since the adatom 

binding energy and adatom diffusion barrier show a dependency on the sur

face strain. Islands therefore act as sinks for adatoms in the neighboring area. 

As they reach the island edges, they are able to undertake vertical climbs up 

each side of the nanowedge islands. The vertical diffusion is facilitated by 

the dislocation channels within the islands. On the surface of the island the 

tensile strain in the film in considerably reduced. In this strain regime the 

diffusion barrier on the (110) surface is lower towards the thicker end where
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Film 

(Table 4.2)

Gcr

(ML)

di

(ML)

density

(m-2)

aspect ratio

M

([110] steps)

3.48 2-5 29 X 10^2 1.33

[001]/[Ill]

0

([110] steps)

4.06 2-10 41 X 10^2 2.22

[ooi]/[no]

S

([ill]  steps)

5.22 2-13 76 X 10^2 0.42

[001]/[111]

S

([110] steps)

5.22 2-13 51 X 10^2 1.2

[001]/[110]

Table 4.3; Characteristics of the Cr nanowedge islands for varying coverage. 

The table includes the thickness range (0/), the island density on the surface 

and the aspect ratio along the two low index crystalographic directions.

the strain relaxation is the highest [124],

In the case of Fe/W(110), the Fe islands were found to be supported on 

top of a closed pseudomorphic monolayer. For Cr/W(110), it is demonstrated 

by temperature programmed desorption studies [14] that the islands sit on 

top of a Cr bilayer, which is thermally stable up to 800 K. We therefore 

assume that the islands in Fig. 4.13 are also supported on a pseudomorphic 

bilayer. Besides, STM data presented in subsection 4.3.3 have shown the 

evidence of the formation of a thermodynamically stable Cr bilayer and 3 

ML nanostripes. The elastic strain energy required to strain the Cr layers 

beyond 9cr == 3 ML accumulates rapidly and leads to the conditions for 

SK growth given by equation 2.5. The morphology of Cr films over 3 ML 

comprises a wetting bilayer, with islands forming only from the remaining
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material. In the following, Oi denotes the local thickness of the Cr nanowedge 

island including the two wetting layers.

Table 4.3 summarizes the characteristics of Cr nanowedges as a function 

of coverage. Their morphology depends on step density and for consistency 

the films in Fig 4.13 (a)-(d) are from equivalent areas. The islands edges lie 

along the low index crystallographic directions such as [111] and [001]. At the 

thinner end the islands initially grow along the terraces due to preferential 

nucleation along the step edges as seen for step-flow growth. As they propa

gate across several atomic terraces they are elongated along [001], indicating 

a growth anisotropy that favors this direction. At 0cr =  4.06 ML islands 

interconnect and reach up to 12 ML at the thicker end. The [lll]/[00l] ratio 

decreases for the coverage 0cr — 5.22 ML. The islands in Fig. 4.13 (a) are 

arranged in a rather regular array, with a separation of around 200 nm away 

from each other along the [111] direction.

The morphology of the islands is affected by the substrate step orienta

tion. This is illustrated in Fig. 4.14, which shows a 5.22 ML film deposited 

on a region of the Mo(llO) surface that has been plastically deformed by the 

high temperature cleaning procedure. This has resulted in a localized region 

of a few where two step orientations [ ill]  and [110] (with different step 

density) coexist. By comparison to the islands on the [ ill]  oriented steps, a 

much lower density of triangular shaped islands is found on the [110] oriented 

steps. The influence on morphology and magnetic properties has previously 

been demonstrated for submonolayer growth of Fe on W(llO) [11]. The sub

monolayer Fe film forms on the [110] oriented steps unconnected triangular 

islands with no ferromagnetic order, while on the [100] oriented steps the film 

structure consists of continuous ferromagnetic nanostripes. A possible reason 

for the film structural modification is the atomic density at the step edges
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along the particular orientation.

As can be seen in Fig. 4.15, raonatomically high steps are present on the 

(110) surface islands and correspond to incomplete Cr layers on top of the 

island. The height of these steps is consistent with tetragonally distorted Cr 

layers. The presence of those incomplete layers suggest that Cr islands build

up in a layer-by-layer fashion. The (110) surface of Fe nanowedge islands on 

Mo at a comparable temperature do not display any steps of this kind. The 

fact that surface energy minimisation is more fully achieved in Fe islands, 

indicate that mobility of Cr on the surface is lower that of Fe at these tem

peratures. In the differentiated image of the wedge-shaped islands (Figure 

4.15) faint lines are visible on the surface of the islands above the substrate 

step edges. The faint lines are fractional steps which arise from a change in 

the interlayer separation of Cr layers as the film reduces the accumulated 

tensile strain. The relaxation processes during the SK growth of Cr films is 

analysed in greater detail in Chapter 6.

Figure 4.16 shows the morphology of a 4.64 ML Cr film grown at 400 K. 

Large Cr islands with a preferential growth direction along the [001] direc

tion are formed. The film reflects the staircase geometry of the underlying 

substrate. The dark patches correspond to incomplete Cr layers. The Cr film 

surface is modulated by the dislocation network. The morphology of Cr films 

in this regime is very similar to that of Fe films grown on Mo(llO) at 340 

K [111].

4.5 Cr films on the vicinal M o(llO ) surface

It has been illustrated in the case of the low index Mo(llO) surface that the 

ES barrier and the terrace area play a crucial role in shaping the films. By
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Figure 4.15: STM images of Cr nanowedges showing the incomplete Cr layers 

on the Cr nanowedge islands, (a) (480 nm x 480 nm) image - 6cr = 3.5 ML 

and (b) (400 x 400 nm) image - 6cr — 4 ML, Vuas — 0.03 V, Itunnei = 0.1 

nA.
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Figure 4.16: (175 nm x 175 nm) STM image of Cr overlayers on M o(llO) - 

9cr =  4.6 ML, Tdep =  400 K, Ybias =  0.03 V, Itunnel =  0.15 nA

changing the deposition parameters or substrate, nanostructure characteris

tics may be modified during the self-organized growth, consequently altering 

the electronic and magnetic properties. In the following study, the deposition 

parameters were kept close to the ones used for the low index surface, but 

the substrate has been cut to a higher miscut angle - vicinal to the (110) 

plane - leading to an extremely high step density and atomic terraces only 

of the order of 2-3 nm wide.

An overview of the Cr films deposited on the vicinal M o(llO) surface 

is presented in Table 4.4. At ET, the growth on this substrate is also by 

step-flow in the same coverage range up to 3 ML. The high step density 

makes it difficult to differentiate the film from the substrate. Fractional steps 

between the Mo substrate and the film could be identified for films in the 

submonolayer regime as the faint lines in the differentiated STM image in 

Fig. 4.17 (a). In Fig. 4.17 (c) the arrows indicate fractional steps which
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Film d c r  (A) 0C r (ML) Tdep (K) LEED

I 0.25 0.14 575 (1 X 1)

II 4 2.32 // //

III 5 2.9 n //

IV 6 3.48 // multiplets

V 7 4.06 // //

VI 8 4.64 n //

VII 8 4.64 425 //

Table 4.4: Details of the deposition characteristics of Cr films grown on the 

vicinal Mo(llO) surface. The evaporation rate is 0.27 ML/min, dcr is the 

deposited film thickness as measured from the quartz crystal monitor prior 

to each deposition, 0cr is the film coverage in ML, T^ep is the sample temper

ature during deposition. The last column lists the LEED pattern observed 

on each of the films.

separate the second from the third layer. Figs. 4.17 (b) and (d) point out the 

meandering effect of the growth front which is apparent in Cr film on the 

vicinal surface at higher coverage. The Cr films in this regime do not form 

dislocations.

Fig. 4.17 (c) shows that at 9cr =  2.9 ML island formation is already ini

tiated. As the growth up to this point is similar to the low index Mo(llO), 

it is considered that the wetting layer is also a bilayer. Nanowedge island 

morphology and their distribution on the surface is found to be highly sen

sitive to the higher step density of the vicinal surface. Their characteristics 

are outlined in Table 4.4. The islands have smaller lateral dimensions and a 

much higher density on the surface compared to similar coverage deposited
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f  f

Figure 4.17: STM images of Cr overlayers grown on the vicinal Mo(llO) 

surface at 575 K. (a) (25 nm x 25 nm) image - 6ct =  0.15 ML, \bias =  0.1 

V, I t u n n e i  =  0.1 nA, (b) (43 nm x 43 nm) image - 6cr =  2.3 ML, Vmqs =  

0.02 V, I t u n n e i  =  0.1 nA, (c) (205 nm x 205 nm) image - =  3 ML,

=  0.1 V, Itunnei =  0.1 nA, (d) (60 nm x 60 nm) image of the atomic terraces 

in (c). Arrows indicate fractional steps between the Mo terraces and the Cr 

film in (a) and between the 2 and 3 ML in (d).
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Figure 4.18: STM images of higher coverage Cr monolayers on the vicinal 

Mo(llO) surface, (a) (400 nm x 400 nm) image - Ocr =  3.5 ML (b) (138 nm 

X 138 nm) image of the same film, (c) (390 nm x 390 nm) image - 9cr — 4 

ML, (d) (140 nm x 140 nm) - 9cr =  4.6 ML (e) (800 nm x 800 nm) image - 

9cr — 4.6 ML and (f) line profile of the nanowedge island in (e), inset. T̂ ep 

is 575 K for films in (a)-(c) and (e) and 400 K for the film in (d). Vf̂ as =  0.1

^tunnel — 0-1 nA.
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Film &Cr

(ML)
Oi

(ML)

density
(m -2 )

aspect ratio average 

separation (nm)

III 2.9 3-5 8.3  X 10^2 0.9 160

IV 3.48 3-9 5 2 .7  X 10^2 1.85 110

V 4.06 3-25 8 5 .7  X 10^2 2.19 100

VI 4.64 3-27 118 X 10^2 1.1 78

VII 4.64 3-5 350 X 10^2 0.45 16

Table 4.5: Characteristics of the Cr nanowedge islands on the vicinal Mo(llO) 

surface as for varying film coverage 9cr- The table includes the thickness 

range {0i), the island density on the surface, the aspect ratio along the two 

major crystalographic directions and an estimate of the average distance 

between the islands.

on the low-index surface. This suggests a lower degree of mass transport for 

the vicinal surface. The island morphology is also wedge-shaped but with a 

thickness as high as 30 ML in the case of film VI (Fig. 4.18e). The aspect ra

tio resembles that of the nanowedges on the low index surface, where initially 

they grow perpendicular to step edges, while for higher coverage islands grow 

laterally, along the substrate steps.

By decreasing the substrate temperature to 400 K during the deposition 

of a Ocr =  4.8 ML film, the interlayer diffusion is diminished. Fig. 4.18 (d) 

shows the formation of Cr nanowedges at the early stages by overlapping 

protrusion of adjacent Cr terraces. At this lower temperature, a high islands 

density decorate the step edges of the Cr bilayer. Many evolve into small 

nanowedges with thickness which does not exceed 4-5 ML at the thicker end.
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4.6 Conclusions

The growth of Cr on Mo(llO) near RT is characterized by 2D nucleation on 

substrate terraces at low coverage, with subsequent LBL growth until around 

3 ML, where there is a switch to SK growth. The Cr adatom diffusion is much 

lower compared to the Fe/Mo(110) system, giving rise to a much rougher film 

morphology. In the submonolayer regime Cr islands grow preferentially along 

the [001] direction. The SK growth is accompanied by the formation of a 2D 

dislocation network within the Cr islands. For film coverages up to 3 ML, Cr 

films deposited at ET form nanostripes by the step-flow growth mechanism. 

The nanostripes undergo a Bales-Zangwill type of morphological instability. 

The instability onsets as an abrupt roughening effect of the free edge of the 

Cr nanostripes and is diminished as the coverage on the substrate terrace 

increases. Above 3 ML at ET there is a switch to SK growth, with the for

mation of nanowedge Cr islands. A 2D dislocation network appears in the 

islands. The lower mobility of Cr on the surface compared to Fe means that 

the Cr nanowedge islands exhibit monatomic steps corresponding to incom

plete layers, unlike the unbroken (110) surface exhibited by Fe nanowedge 

islands at the same temperature. Nanowedge islands morphology and their 

distribution on the surface depend on the substrate step density and step 

orientation. Nanowedges formed on the vicinal surface are typically much 

thicker, with smaller lateral dimensions, and have a higher density compared 

to the low-index surface.



Chapter 5

Surface relaxations

5.1 Introduction

The creation of a surface breaks the translational symmetry of the crystal in 

the direction normal to the surface. The atoms of the last few layers undergo 

modifications as the bonds need to readjust to find the configuration of the 

lowest energy. The charge distribution at the surface layers may lead in some 

cases to surface reconstruction. In a reconstructed surface, atoms change their 

positions or the periodicity in the direction parallel to the surface with respect 

to the planes underneath. An example is the W(OOl) surface for which LEED 

data have shown that the ( 1 x 1 )  structure at elevated temperature modifies 

into the ( \/2  x \/2)R 45° upon cooling down the crystal to 200 K. The process 

is reversible and upon heating, the original (1 x 1) structure is recovered. 

A similar reversible transition is observed for the clean Mo (001) surface. 

Segregation at the surface of one of the atomic species from a crystal may 

also lead to reconstructions. The segregation can occur from a component 

of an alloy, bulk contamination in the case of single crystals or from the 

substrate in the case of thin films. Moreover, the adsorption of foreign atoms

81
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onto the surface may generate the formation of a new surface, quite different 

from that of the substrate.

In most cases, metals undergo surface relaxation. The 2D unit cell of the 

surface is not affected but there is a change in the position of the outermost 

plane and often in the two or three layers underneath. Investigations of sur

face relaxation by theoretical calculations and by a multitude of experimental 

techniques such as LEED, HEIS, PED and SXRD have confirmed that the 

first interlayer distance of metal surfaces relaxes outwards or inwards and 

that deeper layers undergo multilayer relaxations with atomic planes slightly 

shifted from their original positions.

Table 5.1 gives the outermost layer relaxation of selected metals as sum

marized by Kiejna and Wojciechowski [125] and updated with some more 

recent data. From this set of data it is observed that in most metals the top 

layer undergoes inward relaxations. The relaxations are large for the fcc(llO), 

and the bcc(lOO) and (111) low-index faces of metals. Relatively smaller con

tractions are obtained for the closed-packed fcc(lll) and (110), bcc(llO) and 

hcp(OOOl) faces, indicating an increase of relaxation with decreasing the den

sity of atomic packing in crystallographic planes. This is confirmed by the 

magnitude of contractions of the high-index faces Fe(hkl), (hkl =  211, 310, 

111, and 210) faces of the order o f-10 ~  -20 % [125] and Cu(hkl =  511, 320, 

and 410) faces with contractions between -13 ~  -17 % [133].

The relaxation of simple metals, where cohesion is given by the the 

delocalized s-p orbitals, has been explained by the model of Finnis and 

Heine [134] based on the charge smoothing concept, originally discussed by 

Smoluchowski [135]. This model considers the crystal cut along the bound

aries of the Wigner-Seitz cells, with no net electrostatic force acting on each 

of the nuclei, because of the symmetry and neutrality of the Wigner-Seitz
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Structure Metal First layer relaxation (%)

fee (111) (100) (110)

A1 +1 ~  +2.5 0 -5 ~  -15

Ag 0 0 -6 -  -10

Cu 0 ~  -4 0 -6 -  -10

Ir -2 - -7

Ni -2 -3 ~  +2 -5 ~  -9

Pb - +2 -

P t 0 ~  +1 0 -

Rh 0 0 -3

bcc (110) (100) (111)

Fe 0 ~  +1 -1 -15

Mo -1.6 ~  -4.82 “ -9 ~  11 -

Na ~  0 - -

V - -7 -

W +1.3 ~  -5 -4 ~  -11 ~  0

hep (0001)

Be +2.7 ~  +5.8 ^

Co 0

Gd -3.5

Ti -2 ~  -7.8

Zn -2

Zr -1.6 ~  -6.8

Mg +1.1 ~  +1.9

Table 5.1: Relaxation of the outerm ost layer of the ions for low index planes of 

different metal structures. The d a ta  is after Kiejna and Wojciechowski [125], 

and completed in “ from Ref. [126-128], ** from Ref. [129], from Ref. [131], 

from Ref. [132], ® from Ref. [137],  ̂ from Ref. [139]. An outward relaxation 

is given by a positive value, while a contraction is given by a negative value.
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Figure 5.1; Illustration of Smoluchowski charge smothering effect at at the 

surface. The dotted line represents the equilibrium charge distribution. The 

asymmetric Wigner-Seitz cells induce the contraction of the outermost inter

layer distance.

cells. As the surface electron density relaxes, it becomes smoother to reduce 

the kinetic energy. The difference between the relaxed and unrelaxed electron 

density gives rise to a net electrostatic force which moves the layer inwards, 

towards a new electrostatic center of gravity. The roughness of a surface is 

defined as the reciprocal of the packing fraction when the crystal is packed 

with touching spheres. The roughness is 1.7 for the bcc(lOO) and 1.2 for the 

bcc(llO) surface. The smothering effect is more pronounced on the rougher 

surfaces (with a lower packing density) as the Wigner-Seitz cell is more assy- 

metric and requires greater displacement of the ions to reach the electrostatic 

center of gravity.

The model developed by Finnis an Heine fails when it comes to the large 

contractions of transition metals or to the outward relaxation as found in 

Be(OOOl), Mg(OOOl) or A l( ll l) . In the case of transition metals, one needs
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to take into account the effects of localized d electrons. The interlayer distance 

reflects the competition between the attraction provided by the d electrons 

and the repulsion imposed by the overlap of sp electrons. At the surface, sp 

electrons will spill-out into the vacuum region while the d electrons between 

the first two layers remain unchanged. This reduces the repulsion between 

the first and second layer allowing their separation to contract. The inward 

relaxation therefore depends on the strength of the d bonds.

Using the full-potential linear-muffin-tin-orbital (FP-LMTO) calcula

tions, Methfessel et al. [136] found a parabolic dependence of the relaxation 

of low index transition metal surfaces in the periodic table from Y to Ag. This 

dependence is related to the parabolic behavior of the d-occupation of the 

bonding-antibonding orbitals with respect to the occupation of sp-orbitals. 

The occupancy of the d states increases gradually across the series and the 

strength of the d-bonds increases as the d bonding states are being filled. 

The largest relaxation is expected for the half-full d band metals such as 

Tc where all bonding states and none from the antibonding states are filled. 

The relaxation is smaller for the following metals in the periodic table as the 

strength of the d bonds decreases with the filling of the antibonding d states.

Methfessel et al. found stronger relaxations of the rough fcc(llO) surfaces. 

The relaxation of rougher surfaces is related to the higher number of bonds 

being removed which is compensated by the strength increase of the remain

ing ones and higher contractions of the top layer compared to the closed 

packed surfaces.

The experimental data has shown that the out-of-plane shift of topmost 

atomic layer propagates into the sub surface layers as a multilayer relaxation. 

Within the electrostatic model, shortening of the top layer distance will cause 

an increase of the electron density around the second layer atoms above
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the optimum value. As a result the ions of the second layer shift outwards, 

expanding the distance between the second and the third layer. More recent 

data has shown that the screening of the ions by the itinerant electrons play 

an important role in the surface relaxation and does not necessarily correlate 

with the stacking sequence of the layers. Cho et al. [138] have demonstrated 

that oscillatory relaxations of metal surfaces can be understood as long range 

electron density oscillations (Friedel oscillations) which have a periodicity 

defined by the Fermi wavelength. The oscillations of the electron density 

lead to the oscillatory behavior in the calculated atomic forces which in turn 

drive the lattice to have oscillatory relaxations at the surface. The electron 

density oscillation is attenuated in the deeper layers by the presence of the 

ionic potentials.

In heteroepitaxial systems, the relaxation of the surface layers depends 

additionally on the strain due to lattice mismatch and the difference in sur

face free energy between film and substrate. Ultrathin films of 3d metals 

have been intensively studied because of the low dimensionality effects on 

the interfacial charge transfer and magnetic properties. It has been found 

that in systems with large lattice mismatch, the elastic strain dramatically 

affects the charge distribution and magnetic properties of ultrathin films. 

The situations during submonolayer growth can be quite complex, as found 

by in-situ stress measurements of Ni and Fe film grown on the W(llO) sur

face. In these systems, there is a compressive film stress in submonolayer 

coverages up to 0.5-0.6 ML, while there is a switch to tensile stress at higher 

coverages [89,130]. The behavior at low coverage contradicts the expected 

mismatch-induced tensile film strain, but can be explained by treating the 

deposit as an adsorbate that modifies the intrinsic stress at the W(llO) sur

face through charge transfer [91]. Matzbender et al. have suggested that
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the competition between these tensile and compressive stress contributions 

tends to minimize the effective stress in the first Fe layer which stabilize it 

against the formation of dislocations [87]. It is interesting to note that in both 

the Fe/Mo(110) and Ni/W(110) systems, the critical submonolayer coverage 

(0.5-0.6 ML) at which the stress in these films switches from compressive to 

tensile corresponds within ±0.1 ML to the coverage at which the monolayer 

islands of the deposit begin to coalesce into a closed monolayer [83,107]. In 

both cases they are striking changes in the film properties at the critical cov

erage. In the Fe/W(110) system, the island coalescence at ~  0.6 ML triggers 

the onset of ferromagnetic order through magnetic percolation [5] while in 

the Ni/W(110) system, there is a transition from a pseudomorphic 1 x 1  

structure to a 8 x 1 coincidence structure at 0.4-0.5 ML [107,130].

5.2 C alculation m ethod

In this thesis, the Cr/Mo(110) and Fe/Mo(110) systems have been modelled 

using first-principles simulation, based on electron density functional theory 

(DFT) [93]. The density functional theory treats the atomic systems incorpo

rating the effects of interacting electrons. The method does not compute the 

many-body ground state wavefunctions. Instead, the energy of the system is 

written in terms of electron number density. The density functional theory 

is based on two theorems derived by Hohenberg and Kohn [94]. The first 

theorem states that the total energy of a system of electrons and nuclei is a 

unique functional of the ground state electron density p(r). The ground state 

energy E[/9(r)] of a many-electron system in the presence of an external po

tential U(r) is a functional of the electron density p(r) which can be written
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as

E[p{r)] ^  j  U{r)p{r)dr +  F[p{r)\ (5.1)

The functional F[/9(r)] does not depend on the external potential and contains 

the kinetic, Coulomb, exchange and correlation energies. The second theorem 

states that the total energy is minimized by the ground-state electron density 

with the condition that the total number of electrons is conserved for all 

density distributions considered. The ground state density p(r) is determined 

from the variational equation:

, 5 . )

where A is the Lagrange multiplier which equals the chemical potential (A =  

//). The total energy of the system of interacting electrons can be written as

E[p{r)\ =  J  U{r)p{r)dr  +  U'[p{r)] +  T[p{r)] +  £'xc[p(r)] (5.3)

where U' describes the electrostatic energy due to Coulombic interaction of 

the electron distribution p(r)

U ' [ p i r ) ] ^ l l  (5.4)
Z J  I r  — r  [

T[p(r)] is the kinetic energy of the noninteracting electrons, and Exc[p(r)] is 

the exchange and correlation energy contribution. Applying the variational 

principle (5.2),

Eq. 5.4 can be regarded as describing a system of noninteracting electrons 

moving in an effective external potential Vg//:

v.„ = -  T\A) = U(r) + /  dr' + V„(r) (5^6)
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Vic defines the exchange correlation potential:

(5.7)

and eq. 5.4 can be written as

(5.8)

The electron density can be expressed in terms of one-electron wavefunctions

p(0 = Z I (5.9)

where the functions (j>i{r) satisfy the one-electron Schrodinger equation

(5.10)

The equations 5.6, 5.9 and 5.10 are the Kohn-Sham equation [96] and are 

solved in a self-consistent way. First is assumed a trial Vg// then 0* are calcu

lated and an approximation for p(r) is obtained. This is used next to calculate 

with eq. 5.6 a new Vg// which is put back into eq. 5.10. The procedure is 

repeated until pnew =  pou and the total energy is calculated. For metallic 

systems many iterations are frequently required.

The many-body problem is reduced using DFT to the unknown exchange- 

correlation functional E^c and to calculate it, adequate approximations need 

to be made. The local density approximation (LDA) is based on the known 

exchange-correlation potential of the homogeneous electron gas as a function 

of density. The approximation assumes that the charge density varies slowly 

on the atomic scale and assimilates the inhomogeneous system at point r with 

a local density p(r) to the homogeneous electron gas with the same density 

p{r). The exchange-correlation energy can be then obtained by integrating 

the uniform electron gas:

r?LDA ^  Mom 
^ x c  ~  ^xc [pi r ) ]  =  f p { r ) e ^c [ p { r ) ] d r (5.11)
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where e[p(r)] is the exchange-correlation energy per particle in a uniform elec

tron gas. As the charge density is highly non uniform around atoms other 

functionals have been developed to include dependence on the gradient of 

the electron density. This scheme is the generalized gradient approximation 

(GGA) and is achieved including a dependence on the electron density gra

dient:

^ G G A  ^  -  j  p{ r ) f [ vp{ r ) ] dr  (5.12)

Several parametrisation methods are available such as the ones developed 

by Perdew, Burke and Ernzerhof (PBE) [97] and Perdew and Wang 1991 

(PW91) [141].

5.3 Calculation details

The DFT calculations have been performed using the CASTEP  program as a 

module of Accelrys Materials Studio no. 3 package [99]. The approach used 

for the DFT calculations is using a basis of plane waves to represent the 

wavefunctions, and pseudopotentials to replace the ionic cores. The calcula

tions are carried out on 3D periodic supercells. A surface is represented by 

the insertion of a vacuum layer within the crystal structure. This layer must 

be thick enough to eliminate the interactions between the two slabs. In a 

periodic system according to Bloch’s theorem, each electronic wavefunction 

can be written as a product of a cell-periodic part and a wavelike part:

(5.13)

The supercell periodic part, u(r) can then be expanded using a basis set 

consisting of a discrete set of plane waves (Su„,fce®‘̂ '') whose wavevectors G 

are reciprocal lattice vectors of the crystal. Each electronic wave function is
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then written as a sum of plane waves:

'fpn,k{ )̂ = (5.14)

where are the molecular orbital expansion coefficients in terms of atomic 

orbitals. The number of k-points must be infinite as the system has an infinite 

number of electrons. However, there is no change in p̂nk for k-points that are 

close together and the calculation is on a finite number of k-points. The 

vectors G are also infinite for a correct representation of the wavefunction, 

but sufficient accuracy is achieved by summing over a finite number of G ’s.

The use of plane waves is beneficial for several reasons: it simplifies the 

Kohn-Sham equations (eg. 5.9), they are mathematically simple and easy 

to calculate derivatives. In this way, forces and stresses are computationally 

cheap allowing efficient calculation of geometry optimization. In addition, 

plane waves do not depend on atomic positions, all space is treated the same 

and there is a single convergence criteron.

The quality of the basis set depends on the selection of a specific energy, 

the cutoff energy Ec given by

(5.15)

Only the plane waves with energy less than Ec are used in the expansion.

DFT method treats core and valence electrons equally. The pseudopoten

tial approximation considers the ion cores to be frozen and the properties 

of materials are only given by the valence electrons. A pseudopotential re

places both the atomic nucleus and the core electrons by a fixed effective 

potential within the ion core radius, considerably reducing the number of 

plane waves. The pseudopotentials act on a set of pseudowavefunctions and 

reproduce the scattering properties of the full ionic potential it replaces. The 

transition metal elements require very large basis sets and high values of
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Figure 5.2: Vacuum slabs used to model the (a) the 7 ML Mo(llO) - slab i), 

(b) 1 ML Cr film on 5 ML Mo(llO) - slab n) and (c) 2 ML Cr film on 5 

ML Mo(llO) - slab iv). A s  represents the distance between the surface layer 

and the layer directly underneath, A s_i represents between this layer and 

the next underlying layer, and so forth.

Ec. The use of ultrasoft pseudopotentials allows calculations to be performed 

with a lowest possible cutoff energy for the plane-wave basis set. Ultrasoft 

pseudopotenstials have been introduced by Vanderbilt [140] by relaxing a 

norm conservation requirement for valence electrons.

We have considered seven vacuum slabs to model the Cr and Fe overlayers 

on M o(llO) substrate: i) 7 ML Mo(llO) substrate, ii) 1 ML Cr on 5 ML 

Mo(llO) in) 1 ML Fe on 5 ML Mo(llO) substrate, iv) 2 ML Cr on 5 ML 

Mo(llO) and v) 2 ML Fe on 5 ML Mo(llO) vi) 2 ML Cr on 6 Mo(110)and 

vii) 2 ML Fe on 6 M o(llO). The schematic picture of slabs i, ii and iv is 

shown in Fig. 5.2. GGA-PBE exchange-correlation functionals were used to 

calculate the charge density, the optimized geometry and the density of states 

of the slabs i) to vii). The slabs vi) and vii) were modeled using the LDA
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with the Perdew and Zunger [142] parametrization of the numerical results 

of Ceperley and Adler [143] (CA-PZ).

The convergence threshold of the self consistent electronic minimization 

is achieved for 2.0 x 10“® eV/atom. The energy cutoff is element sensitive, 

and is set to be 280 eV for Fe/Mo system and 290 eV for Cr/Mo system 

and 270 eV for the bare Mo substrate. A k-point separation of 0.05 

defines a medium number of integration points that is used to integrate the 

wavefunction in reciprocal space. A set of ultrasoft pseudopotentials in the 

real space representation has been used in the calculations for all structures.

The geometry optimization of the structures is also performed in an it

erative process in which the coordinates of the atom positions are adjusted 

so that the total energy of the structure is minimized. The energy tolerance 

for the structure optimization is 2.0 x 10~  ̂eV. The magnitude of calculated 

forces and stresses are reduced until they become smaller than the conver

gence criteria of 0.05 eV /A  and 0.1 GPa respectively.

The in-plane atomic coordinates are fixed to the substrate lattice pa

rameter to reproduce the experimentally observed pseudomorphic growth. 

The direction and the degree of relaxation for the vertical interlayer spacings 

depend on the magnitude and sign of the forces present.

5.4 M ultilayer relaxations of the C r/M o(110) 

and Fe/M o(110) epitaxial interfaces

On the basis of the lattice constant values, the interlayer separations of 2.225 

A, 2.038 A and 2.026 A are expected between the (110) atomic planes of Mo, 

Cr and Fe respectively. If a Cr overlayer is tetragonally deformed to match 

the in-plane lattice constant of Mo(llO) substrate, then its in-plane lattice
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Figure 5.3: Schematic illustration of the two fractional steps fi and fg. fi is 

the fractional step between the first Cr layer and the bare Mo substrate, 

obtained a t submonolayer coverage. £2 is the fractional step between the first 

and the second Cr layers, obtained at sesquilayer coverages.

constant increases by 8.36 % and its out-of-plane lattice constant decreases, 

assuming th a t the volume of the unit cell is not affected by the deformation. 

Therefore one should expect a fractional step between the Mo terrace and 

the first monolayer of Cr placed on a substrate terrace one step below. This 

fractional step should be independent of the number of layers in the film. The 

fractional step observed in the pseudomorphic regime would be the same with 

the fractional step between the first monolayer of Cr placed on top of Mo 

step and the two monolayer thick Cr film as shown in Fig 5.3.

In practice the situation is more complicated for u ltrath in  films mainly 

by two overlapping mechanism, which alter the interlayer separation a t the 

surface. Firstly, for the interlayer separation may change as a result of elec

tronic effects such as the difference in interlayer interaction at the surface, 

i.e. the electronic bonds between the surface layer and the one beneath it
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may be shorter or longer than the bonds in the bulk. This effect can be re

garded as inward or outward adjustment of the atomic layers. Secondly, for 

the structures in which the in-plane lattice constant is altered, the interlayer 

separation may change as well. The variation in the out-of-plane lattice pa

rameter as a result of the in-plane change of the atomic position is considered 

in the following discussion as inward or outward relaxation. Both effects de

scribe changes with respect to the ideal bulk crystal structure of Cr and Fe 

respectively.

In the previous chapter it was shown that Cr films up to 3 ML form 

arrays of nanostripes on Mo(llO) substrate. The experimental values of the 

interlayer separations in Cr/Mo(110) system are extracted from the height 

difference between consecutive atomic terraces in the STM images.

Figure 5.4a shows a STM image of a 0.3 ML Cr film on Mo(llO) grown at 

575 K (film D). The Mo terrace and the Cr film on the Mo terrace below it 

are separated by a fractional step fi =  0.35 A. The corresponding interlayer 

distance of the 1 ML Cr on Mo(llO) is A s = 1.75 A. In addition to the 

inward adjustment of the Cr monolayer, outward relaxation occurs through 

relaxation of adatom positions at the free edges of the Cr nanostripes.

Figure 5.4b shows a 0.15 ML Cr film grown at a slightly lower substrate 

temperature of 500 K (film B). Both nanostripes and free-standing islands 

are present on the substrate terrace. The step height measured at the free 

edge of the nanostripe is 1.8 A, while the height of the island is 2.0 A. In the 

case of free-standing islands, Cr atoms occupying positions along the edges 

of the island can relax inwards to partly relieve the mismatch-induced strain. 

As a result of this in-plane relaxation, the tetragonal distortion changes so 

that Cr layer relaxes outwards from the Mo(llO) surface. In the case of the 

nanostripes, a substrate step-edge confines the monolayer in-plane along one
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Figure 5.4: (a) 100 nm x 100 nm STM image of the film D (Table 4.2). The 

0.35 A fractional step between the Cr layer and the Mo substrate is visible 

in the line profile, (b) 43 nm x 43 nm STM image of film B (Table 4.2). A 

difference in height of 0.2 A between the islands and the nanostripe is evident 

from the line profile. Vinas =  0.03 V, Itunnei =  0.1 nA
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Figure 5.5: (a) 64 nm x 33 nm STM image of film G (Table 4.2). The 

fractional step height is 0.28 A. (b) 32 x 40 nm STM image of film J  (Table 

4.2). The line profile shows a fractional step height of 0.32 A. V \ n a s  =  0.03

^ 5  ^tunnel — 0.1 nA
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edge so that the in-plane rela:xation is lower and the outward relaxation is 

reduced. Therefore, one should expect that strongest outward relaxation of 

the interlayer separation should occur in the free-standing islands, giving 

rise to a higher observed step height, while in the nanostripes the outward 

relaxation should be smaller.

At a coverage Ocr =  1-2 ML, the substrate is completely covered by 1 ML, 

and the remaining Cr decorates the step edges. The resulting film morphology 

is an alternation of 1 and 2 ML Cr nanostripes. A high resolution STM image 

of the nanostripes is shown in Fig. 5.5a. The nanostripes are separated by 

fractional steps with a step height f2 =  0.28 A. The morphology of the 2.3 

ML Cr film consists of a Cr bilayer and a narrow 3 ML nanostripe attached 

at the monatomic step edges. A high resolution STM image in the region of 

the step edges is shown in Fig. 5.5b. As detailed in the previous chapter, the 

nanostripes are pseudomorphic with the underlying Mo substrate. The 2 and 

3 ML nanostripes are separated by fractional steps with typical step heights 

fa =  0.32 A. Similar steps have been observed by STM in the Fe/M o(110 and 

Fe/W (110) systems [5,105,111].

On account of the pseudomorphic growth of Cr and Fe ultrathin films it 

is possible to employ first-principles density functional theory calculations 

to understand the origins of the fractional steps measured with STM for 

both Cr/M o(110) and Fe/M o(110) epitaxial interfaces. The calculated values 

for the interlayer separations are listed in Table 4.2 for the vacuum slabs 

considered. The surface interlayer separation calculated for the bare 7 ML 

M o(llO) slab is As[mo) — 2.133 A, which is 4.1 % lower than the bulk Mo 

interlayer separation. This value is consistent to the value of 2.0 ±0.1 A, 
which it was measured by STM. This value also compares well with values of 

2.14 A and 2.19 A determined experimentally by LEED [126,128] and with
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a value of 2.131 A calculated for a 5 ML M o(llO) slab, using full-potential 

linearized augmented plane-wave (FP-LAPW ) method [127]. The contraction 

of the M o(llO) top layer is by 3.9 % according to the FP-LM TO calculation 

of Methfessel et al. [136]

For the 1 ML Cr/M o(110) slab the interlayer separation at the Cr-Mo 

interface was calculated to be As( \ml )  — 1.887 A which represents a sizeable 

inward adjustment (-8.4 %) with respect to the bulk Cr value. Deeper layers of 

the slab show a slight expansion of the Mo-Mo interlayer separation over the 

bulk Mo value. For the 2 ML Cr/M o(110) slab, the contraction of the surface 

layer is more pronounced at A s{ 2ml) — 1.609 A. The interlayer separation at 

the Cr-Mo interface is slightly expanded at A s - i ( 2ml)  =  2.107 A.
Using the values from Table 4.2, the fractional step between the first Cr 

layer and the substrate as illustrated in Fig. 5.3 was calculated to be fi =  

As(Mo) - As( iml )  — 0.246 A while the fractional step between the first and 

the second Cr layers was calculated to be f2 =  As(mo) +  A s( im l )  - ^ 5 (2 ml) 

- A s_ i(2ml) =  0.304 A. The theoretical fractional step fi is smaller by 0.1 

A than that measured with STM, while f2 is similar both theoretically and 

experimentally. It should be noted that the experimental values depend on 

the particular density of states of each layer.

For the 1 ML Fe/M o(110) slab, the interlayer separation of the top layer 

is contracted to A s =  1.801 A, slightly higher than the contraction of the 

corresponding Cr interlayer distance in slab i i  The Mo-Mo interlayer sepa

rations further down in the slab undergo slight expansions of around 1 %, 

like in the case of slab ii. The interlayer adjustment of the top layer in the 

1 ML Fe slab is larger in present calculation than the corresponding value 

of As( iml)  ~  2.008 A calculated by Qian et al. However, the multilayer re

laxation of the Mo-Mo spacings of Qian et al. are consistent with the values
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Slab No Structure ^ S - l A s -2 ^ S - 3

i 7 ML M o(llO) 2.133 

(-4.1 %)

2.248 

(+1 %)

2.247 

(+ 1  %)

a 1 ML Cr/M o(110) 1.887 2.282 

(+ 5 .7  %)

2.248 

(+  1 %)

2.249 

( + 1  %)

in 2 ML Cr/M o(110) 1.609 2.107 2.232 

(+0.3  %)

2.243 

(+0.8 %)

iv 1 ML Fe/M o(110) 1.801 2.274 

(+2.2 %)

2.244 

(+0.8 %)

2.247 

(+ 1  %)

V 2 ML Fe/M o(110) 1.440 2.018 2.229 

(+0.2 %)

2.244 

(+0.8 %)

Table 5.2: Interlayer separations calculated using GGA-PBE functionals. The 

distances are given in A .  The relative changes as compared to the bulk 

M o(llO) interlayer separation are given in brackets. A s  represents the calcu

lated distance between the surface layer and the layer directly underneath, 

A 5_i represents the distance between this layer and the next underlying 

layer, and so forth.
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Slab No Structure As_i ^S-2 As-3

vi 2 ML Cr/M o(110) 1.499 2.037 2.178 

(-2.1 %)

2.191 

(-1.5 %)

vii 2 ML Fe/M o(110) 1.300 1.957 2.181 

(-1.9 %)

2.198 

(-1.2 %)

Table 5.3: Interlayer separation calculated using LDA-CA-PZ functionals. 

A s, A s_ i represent the interlayer distances of the top layer and the first 

sub-surface layer respectively. The relative changes as compared to the bulk 

M o(llO) interlayer separation are given in brackets.

from the present calculations.

The 2 ML Fe/M o(110) slab display an inward adjustment of the top layer 

of A s( 2ml) =  1-440 A (-71 % relative to bulk Fe) which is again larger than 

the contraction value obtained by Qian et al. The interlayer separation of 

the Fe layer directly underneath is A s - i ( 2ml)  =  2.018 A which is very close 

to the corresponding interfacial Cr layer in slab Hi. The displacements of the 

Mo layers are outwards by few percent. Comparing with the results of Qian 

et al., the interfacial Fe-Mo layer is in good agreement (A 5 _i(2ml) =  2.028 

A) as well as the outward adjustment of few percent of the Mo-Mo interlayer 

separations.

From the values listed in Table 4.2, fractional steps in the case of Fe 

overlayers are calculated to be fi =  0.332 A and i-2. — 0.476 A. This compares 

with an experimental value of around 0.3 A for both fi and f2 , as measured 

by STM. [105,111].

Table 4.3 shows the interlayer separations in the Cr/M o(110) and 

Fe/M o(110) systems, calculated with the local density approximation (LDA).
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The GGA functionals provide a better overall description of the metallic 

subsystems than the LDA functionals [145]. The LDA description tends to 

overbind atoms, so that the bond lengths and the cell volume are usually 

underestimated [144]. This is illustrated in the values from Table 4.3 as the 

interlayer separation of the top layer in both slabs (A 5 ) are significantly 

smaller than those obtained with GGA. In contrast with the GGA descrip

tion, the Mo layers in both systems undergo small contractions of the in

terlayer distances. However, the LDA description shows a similar interlayer 

separation of the interfacial layer ^ s - i { 2ml) as that calculated with GGA. 

The Fe/M o(110) system modeled with LDA also shows an enhanced contrac

tion of the AsfiML with respect to the corresponding layer in the Cr/M o(110) 

system.

Methfessel et al. [136] pointed out that the relaxation of d-metals de

pends on the occupancy of the d-orbitals with respect to the sp-electrons. 

In d-metals the rela:xation is related to the depletion of the d-orbital in the 

sub-surface region. The s,p-electrons exert an outward pressure which com

pensates for the d-electrons attraction. In this rationale, the relaxation of 

atoms like Tc is found to be higher than that of Mo due to occupancy of the 

antibonding s orbital of Tc. In the case of the misfitted films, in addition 

to stretching the film layer to match the M o(llO) substrate, the interlayer 

separation is determined by the specific electronic structure at the interface. 

The electronic structure of the films and Mo substrate is very similar and 

the interface hybridisation is therefore strong, which is reflected in the large 

contractions the film layer. The addition of a second film layer reduces the 

interlayer contraction of the interfacial layer. The new covering layer dis

courages the spill-out of Fe electrons and so makes the charge configuration 

more bulklike compared to that of 1 ML Cr, Fe/M o(110). On the other hand,
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the top layer in the 2 ML Cr, Fe/Mo(110) undergoes now a larger inward 

adjustment due to the stronger d-electron interaction.

The substantial redistribution of charge from the interfacial region into 

the deposit layer may even switch the strain in the films from tensile to 

compressive as found in the Fe and Ni submonolayers on W (llO). The re

distribution of charge is the result of electronic percolation through the is

land coalescence at the critical coverage of 0.6 ML, which is reflected by the 

magnetic percolation observed in the Fe/W(110) system. The altered charge 

distribution within the deposit layer is also responsible for the reconstructing 

of the Ni/W(110) layer into the 8 x 1  coincidence structure.

In addition to the relaxation at the edges of nanostructures, in-plane re

laxations can also occur in the films through the formation of dislocations. 

However, this is not applicable in the case of Cr/Mo(110), where no dislo

cations are observed in the nanostripes up to a coverage of 3 ML. This is 

in contrast to the Fe/Mo(110) system, where dislocation lines appear dur

ing the early stages of formation of the second Fe layer and develop into a 

dislocation network in the third. Since the lattice mismatch for Cr/Mo(110) 

and Fe/Mo(110) is almost identical, one might expect that the formation of 

dislocations should occur at around the same coverage in both systems. To 

understand this behaviour, one must compare the interlayer separations cal

culated for the 2 ML Cr/Mo(110) and 2 ML Fe/Mo(110) slabs, displayed in 

Table 5.4. The difference in the interfacial separations (A ^-i) is only 4.4 % 

between the two systems, indicating a similar degree of interfacial bonding. 

However, the contraction between the first and second layers (As) of the Fe 

bilayer is 12 % larger than that calculated for the Cr bilayer. This indicates 

that the Fe-Fe bond in the Fe bilayer is stronger than the Cr-Cr bond in 

the Cr bilayer. The greater stiffness of the Fe film means that maintaining
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pseudomorphic registry in the 2 ML Fe/Mo(110) system costs more elastic 

energy than in the 2 ML Cr/Mo(110) system, which makes the Fe film more 

susceptible to dislocation formation.

5.5 Conclusions

First-principles DFT calculations and STM have been employed to study 

the multilayer relaxations of the Cr/Mo(110) and Fe/Mo(110) epitaxial in

terfaces. The surface relaxation of 1 ML of Cr on Mo(llO) is sensitive to 

particular nanostructure morphology. Freestanding islands exhibit a lower 

degree of inward relaxation compared to nanostripes, as the former are able 

to reduce the strain by in-plane atomic displacements. The fractional steps 

measured between different layers with STM compare well with the model 

derived from the DFT calculations. It is found that the Cr films have a lower 

stiffness than their Fe counterparts, which makes them more stable against 

dislocation formation despite the comparable lattice mismatch.



Chapter 6

Strain relaxation

6.1 Introduction

One of the most important feature of any heteroepitaxial system is the lattice 

mismatch between the film and substrate. The resulting film strain and its 

influence on the film morphology are critical in deciding the electronic, mag

netic and chemisorptive properties. In this context, strain-induced defects 

such as dislocation lines, arrays or networks are important in terms of their 

ability to relieve the film strain as well as to induce additional anisotropy 

within the film. The lattice mismatch in the Cr/Mo(110) epitaxial system 

is substantial at (aMo - ^ c r ) I ^ M o  =  8.36% where a^r =  2.8830 A and a^o 

— 3.1472 A are the bulk lattice parameters of chromium and molybdenum 

respectively. In the case of the Cr/Mo(110) system the pseudomorphic lay

ers are stable up to a thickness of 3 ML. As detailed in section 2.1, this is 

governed by the balance of surface, interface and elastic energies,

M  =  l C r  +  l i  +  l t - l M o  (6.1)

105
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where 7 cr and J mo are the surface free energies of the Cr film and Mo 

substrate respectively, j i  is the interface energy, and 7  ̂ is the thickness- 

dependent elastic energy associated with maintaining strained growth dur

ing heteroepitaxy. The elastic energy 7 e required to strain further layers of 

the film on top of the substrate accumulates rapidly with each successive 

later added, while the wetting influence of the substrate decreases sharply 

away from the Cr-Mo interface. This shifts the balance of energies towards 

SK growth (A 7  >  0) in Cr films over 3 ML, while also creating favorable 

conditions for the formation of strain-relieving dislocations.

6.2 Strain relaxation in C r/M o(110) system

The switch from growth in two-dimensions to SK growth is accompanied 

in the Cr/M o(110) system by the onset of a two-dimensional (2 D) disloca

tion network. Section 4.3.1 shows the typical LEED pattern obtained from 

the multilayer Cr/M o(110) films. The LEED pattern displays satellite spots 

around the integer-order reflections from the M o(llO) substrate due to the 

lattice distortions caused by the dislocation network. The corresponding STM 

image is shown in Fig. 6.1 (a). The strain-relieving dislocation network is pro

duced by regularly arranged dislocation lines which are identified in the STM 

images by the vertical corrugation contrast.

The dislocation pattern is similar to that observed in the Fe/W (110) 

[10,81,83,86,89] and Fe/M o(110) [77,87,111,119] systems. The atomic struc

ture of the misfitted Fe adlayer on W(llO) has been recently studied using 

surface x-ray difraction study [10]. In this study, the modulated Fe structure 

is identified as a laterally distorted bcc phase with lattice parameters a =  b 

=  2.887 A, c =  2.901 A, and 7  =  89.4°. The structural analysis of Fe films
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indicated an isotropic tensile in-plane strain of e(no) =  1.2 %. In contrast 

with the expectations from the continuum elasticity, the out-of-plane strain 

is found to be tensile at e[no] =  2.2 %.

In the case of Fe overlayers, layer-plus-island growth at a coverage of 1.8 

ML is preceded by the formation of strain-relieving dislocation lines in the 

second layer along the [001] direction. These dislocation lines provide uniaxial 

strain-relief along the orthogonal [110]. According to the model proposed by 

Murphy et al. [I ll] , the dislocations are formed by the insertion of an extra 

row of Fe atoms along the [OOl] direction. Each atom that is inserted provides 

a distortion along the [110] row into which is inserted, and indirectly distorts 

the adjacent rows that do not contain an extra Fe atom. The insertion of an 

extra row of atoms causes a compressive lattice distortion, which is localized 

over a length scale of around 13 A and produces the increased corrugation 

in the STM images. Outside the immediate region of the dislocation, the 

lattice distortion falls olf rapidly, forming a strain field on either side of the 

dislocation line. In the third Fe layer the dislocation lines density increases, 

forming an equally spaced one-dimensional dislocation network. The dislo

cation density increases further in the fourth layer of the film and overlap to 

form a 2D dislocation network.

The dislocation lines depend to some extent on the width of the nanos

tripes. For Fe nanostripes with 6 nm lateral width or less there are no dislo

cation lines. The dislocations only appear over a critical width of around 10 

nm and their density increases to form a periodic array for nanostripes with 

larger lateral width of 30-60 nm.

In the case of Cr overlayers there is no indication of dislocation lines in 

the wetting layers, and the 2D dislocation network only occurs as the Cr films 

grow in 3D. The dislocation pattern in the Cr islands is formed by the overlap
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Figure 6.1: STM images showing the formation of a 2D dislocation network 

in Cr islands, (a) differentiated (190 nm x 190 nm) image - 9cr =  4 ML, (b) 

and (c) show the onset of the dislocation network at the early stage, starting 

from a minimum island thickness 9i — 4 ML, (b) is a topographic image of 

the area indicated in (a) and (c) is a differentiated (93 nm x 60 nm) image 

on another Cr island, Ybias — 0.03 V, Itunnei =  0.1 nA.
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of dislocation lines that propagate along the [111] direction. The analysis of 

the dislocation pattern at the early stage displays similarities to the mecha

nism of dislocation formation in Fe/Mo(110) system. Fig. 6.1 shows that at 

0; =  4 ML the packing density of dislocation lines running along the [111] 

direction is lower with respect to that observed at 5 ML, since the separation 

between the dislocation lines further decreases for higher local thickness. The 

minimum separation between adjacent dislocations is determined by the over

lap strength of their respective strain fields. Below a critical separation the 

dislocations overlap signalling the onset of the 2D network, which provides 

biaxial strain relaxation along both orthogonal directions. The overlap of the 

dislocation lines forming the dislocation network is sudden in Cr overlayers 

due to the higher elasticity of Cr films with respect to their Fe counterparts. 

The fourth island layer displays an in-plane modulation of the dislocation 

lines (cf. Fig. 6.1 (c)). The modulation dissapears rapidly as the thickness 

increases, already in the fifth layer of the island the well-ordered dislocation 

pattern is stabilized. The modulation may be due as the dislocations onset 

simultaneously at different points of the islands forming domains.

Cr wedge shaped islands start to grow across the Mo surface from a mini

mum local thickness of 4 ML. This is also the thickness for which dislocations 

form in Cr overlayers. The critical thickness for dislocation formation in het- 

eroepitaxial systems has been calculated using the elastic continuum model 

of Frank and van der Merwe outlined in section 2.6. Within the model, below 

the critical width the substrate pseudomorphically strains the film. Above the 

critical thickness of 4 ML in the case of Cr films, dislocations form in order 

to relieve the excess of elastic energy that could not be accommodated by 

the pseudomorphic layers. It is also likely that the formation of dislocations 

in the fourth island layer will destabilize the film structure in the layers un-
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derneath down to the M o(llO) surface. In this scenario, the insertion of an 

extra Cr atom in the fourth layer causes the accumulated elastic strain in 

the layers below to collapse and rearrange, largely relieving the strain in the 

whole island overlayer. This type of behavior in which dislocations form at 

the heterophase interphase interface has been reported in systems including 

Cu/Ru(0001) [150] and SiG e/Si(110) [151]. For Fe/W (110) system, Popescu 

et al. [10] model the dislocation formation in the Fe/W (110) systems start

ing from the Fe-W interface, based on their observations on 11 ML Fe films 

using surface x-ray diffraction data. It is interesting to note that the wetting 

layer between the islands is completely dislocation-free including the regions 

of the wetting layers neighboring Cr islands. The modulations of the first and 

second island monolayers fall off rapidly as the layer continues outside the 

Cr island. The film morphology over 9cr =  3 ML can be regarded as regular 

alternating regions of locally disturbed crystallographic structure.

The structure of the dislocation network 9i =  4 ML is shown in greater 

detail in Fig. 6 .2 . The symmetry of the pattern resembles a distorted hexag

onal symmetry of the bcc(llO ) surface. The dislocation unit cell is a paral

lelogram, highlighted in Fig. 6.2. The distortion with respect to the bcc(llO) 

surface is given by the angle 7  of the supercell. The Fe over layers do not 

show such distortion, the dislocation unit cell is always a rectangle though 

small distortion of the dislocation pattern has been observed near the islands 

edges. Distortion of the dislocation pattern can occur at the edge of islands 

where there is additional relaxation or where two dislocation domains meet. 

Such examples are highlighted in Fig. 6 . 2  (b).

The distortion of unit cell is reduced for higher thickness as shown in 

Table 6.1. The angle 7  approaches 90° for overlayer thickness higher than 7 

ML. The periodicity of the modulated film structure along the [110] direction
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Figure 6.2: (a) STM image showing the symmetry of the dislocation pattern 

at =  4 ML. The angle 7 of the dislocation unit cell changes with the local 

thickness. For higher thickness the supercell matches the centered rectangular 

unit cell of the bcc(llO) surface, (b) (27 nm x 27 nm ) STM image showing 

two dislocation domains. The blue line highlights the antiphase boundary, 

Vfeias =  0.03 V, Itnnnel =  0.1 nA.

is measured to be 61 A at 4 ML. This value indicates that the modulated 

structure along the [110] direction is larger by a factor /  =  13.70 than the 

respective lattice parameter of the Mo(llO) surface. The non-integer ratio 

indicates the formation of an incommensurate superstructure. The vertical 

distortion of the superstructure is measured from the vertical corrugation in 

STM images to be Z[no] =1.1 A at 4 ML.

The dislocation morphology is found to be very sensitive in Cr islands to 

the particular overlayer thickness. Figure 6.3 shows the dislocation pattern 

on several Cr islands having layers ranging from 4-12 ML. The STM data 

reveals that the mismatch-induced strain is gradually released towards the 

thicker end of the nanowedge island. Table 6.1 lists the values taken from the 

STM data illustrating the evolution of the dislocation network as a function of 

local layer thickness. Both the periodicity and corrugation amplitude decrease
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towards the thicker end of each island. The changes occur at the position 

of underlying substrate steps, since for each substrate terrace crossed the 

island becomes one Cr layer thicker and and the strain state changes by 

some amount. The periodicity of the dislocation network decreases as the 

local film thickness increases, until it eventually reaches an unstrained state, 

where the dislocation network is no longer visible on the surface of the film. 

The changes in the periodicity of the dislocation network reflects a gradual 

change in the in-plane Cr film lattice constant. The corrugation amplitude 

of the dislocation gradually decreases from Z[no] =  1.1 A at 4 ML to Z[no] 

=  0.35 A at 7 ML. The uniform decrease of the corrugation towards the 

thick end of the island is consistent with the idea that the whole dislocation 

pattern is buried at the same depth in the island i.e., at the Cr-Mo interface 

or at the Cr bilayer-monolayer interface.

The dislocation network persists at the islands surface over a large thick

ness range. Analysis of the Cr nanowedge islands grown on the vicinal 

Mo(llO) surface display dislocation pattern up to thickness as high as 9i 

^  20-25 ML. While the strain is abruptly released at 9i =  4 ML, the re

laxation process continues rather slowly until the film achieves the bulk-like 

lattice parameters. The abrupt formation of the dislocation network is also 

observed at the early stage of nanowedge formation on the vicinal Mo(llO) 

surface (Fig. 6.4 (a)). The pattern is distorted, yet the periodicity along the 

[110] direction is consistent with that measured on larger nanowedge islands 

at =  4 ML.

Figure 6.4 (b) shows a Cr film grown at 420 K (film P, Table 4.4). As de

scribed in section 4.4, Cr films deposited at this lower temperature also grow 

in the layer-plus-island mode but the islands do not form the wedge-shape 

structure. Unlike the wedge-shaped islands, the dislocation pattern on these
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Figure 6.3: Differentiated STM images of Cr islands showing changes in dis

location network with the local film thickness, 9i. (a) (200 nm x 137 nm) 

image - 9cr =  3.5 ML, (b) (172 nm x 103 nm) image - 9cr = 4 ML and (c) 

(100 nm X 100 nm) image - Ocr =  4 ML. Ybias — 0.03 V, I t u n n e i  =  0.1 nA.
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N P[I10] / P[ooi] Z[no] 7 Aat_2

(ML) (A) (A) (A) (°) (A)
4 61 13.70 40 1.1 60 1.6

5 52 11.76 33 0.8 64 1.75

6 47 10.71 30 0.5 70 1.825

7 45 10.15 29 0.35 84 1.865

8 1.883

9 1.885

Table 6.1: Summary of the data taken from the STM measurements on Cr 

islands. The variation of the dislocation periodicity (P) along the [110] and 

[001] directions as well as the vertical corrugation of the dislocation (Z[no]) 

and the distortion of the dislocation supercell (7) are given in the table as a 

function of the layer thickness N. /  is the ratio between the dislocation pe

riodicity along [110] direction and the underlying periodicity of the Mo(llO) 

surface along the same direction. The last column is the average interlayer 

distance of the dislocated Cr layers at the specific multilayer thickness. The 

average layer distance is measured with respect to the wetting bilayer.
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Figure 6.4: STM images showing the dislocation pattern on islands with 

different morphology, (a) (85 nm x 85 nm) image of film VII (Table 4.4). 

The inset shows the dislocation pattern onset on a small Cr island, (b) (50.4 

nm X 50.4 nm) image of film P (Table 4.2), Vbias =  0.03 V, Itunnei — 0-1 nA.

islands is rectangular as highlighted in the inset of 6.4 (b). The rectangular 

symmetry is only observed in the wedge-shaped Cr islands at much higher 

thickness, 9i > 8 ML. In this case, the incommensurate superstructure has a 

dislocation unit cell larger along both rectangular directions by a factor /  = 

12.11 than the corresponding Mo(llO) surface unit cell. While the structure 

is an incommensurate match between Cr and Mo, the y/2 : 1 ratio between 

the in-plane lattice constants is preserved in the dislocation pattern. The net

work periodicity in the Fe/Mo(110) system is measured to be 35 A along the 

[001] and 57 A along the [110] direction. In the case of Fe/W(110) the unit 

cell of the modulated structure is measured to be 50.76 A x 35.84 A [10,111]. 

Comparing the dislocation unit cell of the three systems it is found that the 

dislocation network is sensitive to the degree of the lattice mismatch within 

the heteroepitaxal system. Basically, the smaller the epitaxial mismatch, the 

larger is the unit cell area (^ ) of the dislocation network. Considering the
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Figure 6.5: Local plane-fitted STM image of the (110) surface of Cr islands. 

The island surface is broken by fractional steps as the island thickness in

creases by 1 ML, V h i a s  -  0.03 V, I t u n n e l  =  0.1 nA.

three systems, the relation is A ct/mo > -^Fe/Mo > •A.Fe/w where mcr/Mo < 

niFe/Mo < ^Fe/w- It should be noted that estimates should be made for 

homosymmetric systems when the films have undergone the same degree of 

relaxation i.e., measurements of dislocation periodicity must be taken at the 

same layer thickness.

As discussed earlier in this chapter, the dislocation network is incommen

surate and varies from layer to layer. For the dislocation in Fig. 6.4 (b)-inset, 

the network can be regarded as a coincidence lattice where approximately 12 

Cr atoms match 11 Mo atoms along the [110] direction. The vertical corru

gation is related to the local adsorption position of the Cr atom. Cr atoms 

located in bridge and hollow sites correspond to lower vertical positions, rep

resented by the dark regions in the STM images. The regions where the two 

lattices coincide (Cr atoms occupying the positions on top of Mo atoms) cor

respond to the regions with enhanced corrugation. It is also possible that the 

corrugation may be affected by the LDOS due to different bonding across 

the coincidence structure.

As the elastic strain changes cis the island grows thicker, the position of
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the underlying substrate steps are marked on the surface of the islands by 

fractional steps. Due to the inclinations of the tip with respect to the sample, 

the atomic terraces appear with some slope. Since the terraces are at different 

heights a global plane filter will not flatten them. The local plane filter will 

allow to do so. Figure 6.5 is such a plane fitted image of the (110) surface of Cr 

nanowedges. The image indicate that this surface plane is broken by fractional 

steps. The height of such a step is 0.3 A as the island thickness increases from 

4 to 5 ML. The presence of fractional steps reflect the changes in tetragonal 

distortions of the film lattice. These fractional steps are not observed in STM 

studies of Fe/Mo(110) nanowedge islands, though the positions of buried 

substrate steps were distinguished in Fe/W(110) nanowedge islands [83,111]. 

The height of these fractional steps is greatest at the thin edge of the islands 

and decreases to zero towards their thick end. The fractional steps on the 

island are measured to be 0.35 A between 4 ML and 5 ML local coverage 

and 0.15 A between 6 ML and 7 ML.

There are corresponding changes in the height of the monatomic steps 

measured between successive layers as well. The fifth column in Table 6 

lists the approximated interlayer distances of the islands. The approximation 

represents an average of the interlayer distance. It is obtained from STM 

measurements of islands thickness in the range 9i — 4-9 ML with respect to 

the wetting layers. It is clear from the values that gradual in-plane strain 

relaxation reduces the tetragonal distortions in the films. The difference in 

interlayer distance (A^r - A^r-i) is highest for film thickness from 4 ML to 6 

ML. This suggest that out-of-plane relaxation of Cr layers is rapid at lower 

thickness while for 9i > Q ML, the layer relaxation approaches the Cr bulk 

interlayer separation over several layers.
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Figure 6.6: (a) (200 nm x 200 nm) STM image showing the growth of a 

0.15 Fe A film at RT on a predeposited 3.5 ML Cr film on Mo(llO), (b) (40 

nm X 100 nm) STM image of Fe islands formed on the Cr bilayer, (c )  (150 

nm X 150 nm) STM image showing the growth of a 0.25 A Cr film on a 

predeposited 3.5 ML Cr film on Mo(llO). Vbias =  0.03 V, Itunnei =  0.1 nA.

6.3 N anostructure form ation on C r/M o(110)  

system

Figure 6.6 (a) is a STM image following the deposition of a 0.15 A Fe film 

on top of a predeposited Cr film. The deposition of Fe was carried out at 

RT using an evaporation rate of 0.2 ML/min. The substrate is a 3.5 ML 

Cr film deposited at elevated temperature at its structure has been detailed 

previously in this chapter. The result of the deposition of a 0.25 A Cr film 

on the same predeposited Cr film on Mo(llO) is shown in Fig. 6.8 (c). The 

deposition of the submonolayer Cr films is also at RT and using the same 

deposition rate of 0.2 ML/min.

Both figures clearly show the dramatic effect of strain relaxation on 

adatom mobility. Comparing the island density formed on the layers with
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dislocations and that formed on the strained bilayer, the former is higher by 

a factor of ~  15 times. This indicate the considerably higher mobility of Fe 

and Cr adatoms on the large Cr islands. The islands formed of the bilayer 

under strain have an average lateral dimension of ~  3.5 nm and show a ten

dency for alignment along the [111] direction [Figure 6.6(b)]. This growth 

alignment is not observed for islands formed during the deposition of the 

0.25 A Cr film in Fig. 6.6(c). Epitaxial systems under strain are predicted 

to provide templates for self-assembly without a particular pre-patterning 

process [123] even at RT. In addition to the formation of nanoscale islands 

with reduced size distribution as illustrated in Fig. 6.7, a higher degree of 

organization i.e. alignment or spatial distribution, may also be achieved in 

particular conditions i.e. low coverage regime, highly strained substrate and 

by tuning the deposition rate.

The reduced diffusion barrier on the relaxed layers produces ~  5 times 

larger Fe islands. The histograms in Fig. 6.7 show a narrow size distribution 

of islands formed on the bilayer as compared to that formed on the dislocated 

layers.

Figure 6.8 shows that on the dislocation pattern, Fe or Cr adatoms have 

preferential nucleation sites. The nucleation commences in the regions of 

enhanced corrugation (islands 1 and 2, Fig. 6.8), followed by subsequent 

expansion in the lower corrugated regions (islands 3 and 4). The thickness 

cependent variation of the dislocation network as described in the previous 

section in no longer observed. The formation of islands strongly disturbs the 

cislocation pattern around the Cr island as clearly illustrated Fig. 6.8. STM 

images of islands 1-5 reveal that the periodicity of the dislocation network is 

smaller in the regions next to the Fe islands and increases with the distance 

from the island.
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Figure 6.7: Histograms showing the size distribution of Fe islands formed (a) 

on the strained Cr bilayer and (b) on the relaxed Cr layers.

The diffusion energy barrier and the binding energy of adatoms to the 

substrate is strongly affected by the substrate strain energy. Calculations of 

the strain induced diffusion barrier of Ag on A g (lll) slab have indicated 

that for compressive strain the diffusion barrier is reduced, while for low 

tensile strain (~  4%) is increased and for large tensile strain it decreases 

again [124]. It is therefore expected that at lower substrate temperature, Fe 

or Cr adatoms would be confined in the higher corrugated regions of the 

dislocations (the regions of locally compressive strain), forming an organized 

network of clusters with a sharp size distribution. The use of dislocation 

networks for self assembly has been demonstrated in the case of Fe and Ag 

nanostructures on C u /P t( l l l )  system [152], and in the case of the P b /S i( lll)  

system [153].

The islands in Fig. 6.8 have a characteristic shape, closely following the 

underlying dislocation network. A line profile on a Cr island in shown in Fig. 

6.8. The corrugation amplitude of the dislocation network reproduced on the 

Cr islands surface is 0.5 A, similar to that measured on the bare dislocation
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Figure 6.8: STM images illustrating the nucleation of Cr or Fe adatoms at 

room temperature on the dislocation pattern. Islands 1-5 illustrate the grad

ual growth of Fe islands on the dislocation network. The line profile shows 

that the islands follow the underlaying dislocation pattern. Wtnas =  0.03 V,

^ tu nnel 0-1 nA.

pattern. The step height between the Fe island and the underlaying Cr is 2.1 

±  0.1 A, consistent with a (110) bulk terminated layer.

6.4 Surface chemical reactivity of Cr m ono

layers on M o(110)

Figure 6.9 shows a representative sequence of STM images of Cr films grown 

at elevated temperatures with varying coverage from a fractional monolayer 

to 4 ML. In the submonolayer regime, Cr adatoms have nucleated at the Mo 

step edges forming nanostripes. STM images of these films show a number de

pressions, with depths between 0.3 Aand 0.6 A, for positive bias voltage. AES 

analysis has shown that the contamination is due to C and O, and that their
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Figure 6.9: STM images of Cr films deposited at elevated temperatures on 

Mo(llO). (a) 50 X 50 nm^ image of a 0.15 ML film, (b) 91 x 91 nm^ of a 

2.3 ML film and (c) 800 x 800 nm^ image of a 4 ML film, (d) and (e) are 

24 X 24 nm  ̂ images of the islands surface and of the pseudomorphic bilayer. 

The numbers indicate the local layer coverage in monolayers. Vuas =  0.03 V,

^tu nnel =  0 .1  n A .

concentration increases with the time from the actual deposition. The STM 

images are acquired not later than 120-150 min from deposition. As shown 

in Chapter 4, for a sticking probability of unity, the surface is completely 

covered at room temperature by 1 ML of CO molecules after 39 hours in the 

low 10“ °̂ mbar. This is in general agreement with C and O concentrations as 

a function of time calculated from AES and is therefore suggested that the 

apparent depressions result from carbon and oxygen surface co-adsorption.

In Fig. 6.9(a) the submonolayer Cr film displays a much higher den

sity of such defects with respect to the Mo atomic terraces. This indicates 

an enhanced reactivity of the Cr monolayer as compared to Mo(llO) sur

face. Higher coverage deposition of Cr at elevated temperatures results in 

Cr nanostripes with alternating thickness. The nanostripes are under large 

strain energy as they maintain pseudomorphic registry with the substrate up 

to 3 ML. The strain magnitude established in the films is of the order of few
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tens of GPa, depending on the misfit squared and local film thickness. Very 

different adsorption characteristics are detected in the STM images as a func

tion of layer number. For example, in Fig. 6.9(b) the 3 ML thick nanostripe 

appear smooth, while the roughness is significant for the 2 ML nanostripes. 

Over 3 ML the increasing strain energy creates favorable conditions for a 

transition to SK growth in the form of three-dimensional wedge-shape is

lands supported on a wetting bilayer [Fig.6.9(c)]. The bilayer between the 

islands is still in the high strain energy regime as it maintains pseudomor- 

phic registry with the Mo(llO) substrate. The strain is released to almost zero 

starting from a local coverage of 4 ML within the nanowedges by means of a 

two dimensional dislocation network . The adsorption characteristics appear 

again to be sensitive to the layer number. The large domains of the dislo

cation network give no indication of contamination [Fig.6.9(d)], in contrast 

with the pseudomorphic bilayer [Fig.6.9(e)].

Fe films deposited on Mo(llO) also show clear layer dependent adsorp

tion [105] but this differs in some respects to that of Cr films on Mo(llO). 

The growth of Fe films on Mo(llO) near room temperature is shown in Fig. 

6.10. It is important to note that adsorption characteristic do not depend on 

particular nanostructure, i.e. free-standing islands or nanostripes. STM im

ages of Fe films in the submonolayer regime suggest no apparent difference in 

reactivity between the Mo(llO) surface and the 1 ML Fe [Fig. 6.10(a)]. The 

situation changes drastically at sesquilayer coverage. The 2 ML Fe islands 

display a 2 x 2 structure, attributed to O adsorption while the substrate of 

1 ML Fe consists in a combination of 2 x 2 structure and random adsorption 

of C clusters [Fig.6.10(b)]. The structure of 1 ML Fe on Mo(llO) is similar to 

that of 2 ML Cr on Mo(llO) [Fig.6.9(e)]. We note that the LEED patterns 

of Fe films in the coverage range of 1.2 <  0 <  2 ML display a sharp 2 x
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Figure 6.10: STM images of Fe films deposited near room temperature on 

Mo(llO), courtesy Dr. S. Murphy, (a) 59 x 59 nm^ image of a 0.15 ML film, 

(b) 39 X 39 nm^ of a 1.3 ML film and (c) 800 x 800 nm^ image of a 2.4 ML 

film, (d) and is a 6 x 10 nm^ images of the pseudomorphic and dislocated 

Fe layer. The numbers indicate the local layer coverage in monolayers. Vbias 

-  0.03 V, I t u n n e l  ==0.1 uA.

2 pattern, identical to those of Cr films on Mo(llO) in the coverage range 

1.2 < 0 < 3 ML. The 2 x 2  structure is still present on the wetting layer 

during the SK growth. As in the case of Cr films. Fig. 6.10(d) shows that the 

formation of the dislocation pattern in Fe films inhibits significantly layers 

reactivity.

Figure 6.11 shows the layer projected density of states (LPDOS) (partial 

(/-states) for the Mo(llO) substrate as well as for the 1 and 2 ML Cr and Fe 

films on Mo(llO). Figure 6.11(a) shows the d-states of the fourth layer below 

the surface in the 7 ML Mo(llO). The LPDOS display two major sub-bands 

split by the crystal field consistent with the bulk electronic structure. At the 

surface, the d-LPDOS is different, with almost double electron density at the 

Fermi level (Ej?) and less pronounced gap between the two sub-bands Fig. 

6.11(b).

The d-states of 1 and 2 ML Cr/Mo(110) show a width of ~  5 eV, narrower
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Figure 6.11: Layer projected density of states, partial d-states for the struc

tures indicated in each figure, s represents the surface layer. The d-band 

center shift (<5) is indicated.
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than the corresponding bulk value, due to the larger interatomic separation 

in the pseudomorphic films. The analysis of the d-band center in Fig. 6.11 

(b)-(d) shows a much higher shift for the Mo(llO) surface compared to that of 

the 1 ML Cr/Mo(110). The shift increases from 0.15 eV to 0.51 eV in the case 

of 2 ML Cr/Mo(110). This trend is also obtained for the Fe/Mo(110) system. 

Figure 6.11 also illustrates the different electronic properties of Fe/Mo(110) 

and Cr/Mo(110) epitaxial systems. The 1 ML Fe/Mo(110) has a higher elec

tron density at than the 1 ML Cr/Mo(110). The different DOS at E r̂ have 

been related to different magnetic properties [148], and this is reflected in the 

previously calculated magnetic moments of 2.59 //e /atom  and 1.3 //s/a tom  

respectively. [18,127] In addition, the d-band shift is measured to be larger 

for the 1 and 2 Fe ML/Mo(110) than that of 1 and 2 Cr ML/Mo(110).

The surface chemical reactivity of transition metals depends strongly on 

the perturbations of d-electrons in the surface layer [154]. In particular, as 

demonstrated by Hammer and N0rskov [155], the binding energy of CO 

molecules to metal surfaces depends on the position of the d-band center 

of gravity. The changes of the energetic position of the d-band centre in 

transition metal with more than half-filled d-bands, correspond to changes 

in the chemisorptive energy of several adsorbates. Essentially, the closer the 

d-band center is to the Fermi energy, the stronger is the metal-adsorbate 

binding energy.

The larger shift of the d-band center in the 1 ML Fe films as compared 

to that of Mo surface is reflected in the STM data where a clear roughness 

difference between the films and the Mo(llO) surface could only be observed 

for the case of Cr films. The gradual shift of the d-band center with the 

addition of a new Fe or Cr film layer on a Mo(llO) substrate agrees well 

with the STM data. As the lattice mismatch of Cr and Fe films on Mo(llO)
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is large, there is a considerable strain energy variation between consecutive 

layers. The different reactivity of each layer suggested by both STM and DFT 

may be attributed to a large extent to accumulated strain energy within each 

layer. However, while the strain energy in both Fe and Cr films on Mo(llO) 

is comparable, the reactivity of the two systems as discussed above is quite 

different. The larger d-band center shift in the Fe films predicts a higher 

chemical reactivity of Cr overlayers than that of Fe overlayers on the same 

Mo(llO). This is attributed to a different redistribution of charges in the 

pseudomorphic Fe overlayer as compared to the pseudomorphic Cr overlayer.

6.5 Conclusions

The transition to SK growth in Cr/Mo(110) system is typified by the onset 

of a regular dislocation network. The onset of the 2D dislocation network 

at 4 ML generates a biaxial strain relief within the whole island. The strain 

relaxation is gradual, accompanied by combined changes in the structure of 

the dislocation network. Comparing the dislocation pattern in Cr/Mo(110) 

with similar systems a relationship is drawn between the dislocation unit 

cell and the lattice mismatch. Cr monolayers under strain can be used as 

templates for self-assembly. The RT deposition of submonolayer Fe films 

on the Cr bilayer forms islands with a narrow size distribution while much 

larger islands form on the dislocation network. The correlation between the 

surface structure and surface c?-band shift show how the surface reactivity 

decreases with the addition of new pseudomorphic monolayers. Cr monolayers 

display a higher degree of reactivity that Fe monolayers on the same Mo(llO) 

substrate. The introduction of dislocation patterns is able to significantly 

lower the chemical reactivity of the overlayer.



Chapter 7 

Nanoscale pattern on the  

F e 3 0 4 ( ll l)  surface

7.1 Introduction

Magnetite crystallizes in the inverse spinel structure with a lattice param eter 

of 8.3963 A [156]. A large number of oxides with a metal to oxygen ratio of 

0.75 crystallize in the spinel structure, called after the mineral MgAl2 0 4 . 

M agnetite chemical formula can be written as Fe^+[Fe^+, Fe^"^]04 from the 

ionic point of view. Other spinels can be derived by partial substitution of 

the iron ions by other cations, resulting a great variety of spinel oxides [157]. 

M agnetite exhibits by far the most interesting properties from the spinel 

materials, due to the presence of two valence states, as ferrous Fe "̂'’ and 

ferric Fê "*" ions.

The crystal structure is based on a fee lattice of oxygen (0^“ ) anions, 

containing Fe^+ ions in tetrahedral interstices (so-called A sites) and Fê '*' 

and Fe^+ in octahedral interstices (the B sites). Half of the Fê "*" ions occupy 

1 /8  of the available tetrahedral sites A. The others Fe^+ ions, together with

128
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Figure 7.1: Calculated spin-polarized DOS of Fe3 0 4 . Reproduced from [158].

an equal amount of Fe^+ ions occupy 1/2 of the octahedral sites B.

The ferrous Fe ’̂̂  iron has the valence electronic configuration 3d® which 

ciffers from that of the ferric Fê "*" ions by the presence of a single extra spin 

cown electron in addition to the ferric 3d^ spin up core. The conductivity of 

r.iagnetite is ~  2x10^ at room temperature, which is one order of

nagnitude lower than the metallic conductivity. The conduction mechanism 

is electron hopping between t2g orbitals on the octahedrally coordinated Fe 

cations [159].

The spin polarised density of states, as calculated by Zhang and Satpathy 

[L58], in shown in Fig. 7.1. The five fold d levels are split into t 2g and ê  

crbitals by the crystal field. The crystal field splitting is approximately 2 eV 

f)r the Fe(B) atoms while it  is less than few meV  for the Fe(A) atom. The
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difference is attributed to a large covalent mixing of the Fe(B-site) orbitals 

with six nearest neighbors of the same kind, while the Fe(A-site) orbitals 

have only three nearest neighbors of the same type. The exchange splitting  

between spin-up and -down electrons on the Fe atom is found to be roughly 

3.5 eV.

As illustrated in Fig. 7.1, magnetite is predicted to be a half metallic 

ferroraagnet which makes it a very attractive material for spin electronics 

applications. A half metal is an unusual type of ferro- or ferrimagnet mate

rial which is conductive for one spin orientation and insulator for the other. 

To obtain only spin-up or spin-down at the Fermi level it is necessary to 

reorder the bands by hybridization in an alloy or compound [163]. The cal

culated spin-polarised density of states of bulk magnetite shows that the O 

p-states are situated below the Fermi level. According to Fig. 7.1, the spin-up 

(majority) electrons are semiconducting with a band gap of about 0.5 eV at 

the E f  - Only spin-down electrons are present at the E/r and these electrons 

have a Fe(B-site) character. The spin polarisation at the Fermi level is one 

of the most important properties of magnetite. In addition, magnetite is a 

ferrimagnet with a high Curie temperature of Tc =  850 K, which is important 

when it comes to practical applications.

At a temperature of around 124 K magnetite undergoes a sharp metal 

to insulator transition, the Verwey transition ( T v )  where the conductivity 

decreases by about two orders of magnitude [164]. Since its discovery in 

1941 and despite intensive research, the origin of the T y is still the subject 

of intensive debate [165,166]. The general classical description of the Ver

wey transition is based on ionic ordering of Fe^+ and Fe^+. In this model, 

above the T y  the Fe^+ and Fê "*" are dynamically disordered in the lattice. 

The electron charge is delocalized which gives m agnetite metallic-like con-



C H A P TE R  7. NANOSCALE P A T T E R N  ON THE F E 3 0 i ( l l l ) S U R F A C E l 3 1

duction. Below the transition temperature, the model proposed a spatial 

long range order of the Fê "'" and Fê '*' ions. The periodic order localizes 

the electron, preventing the motions of carriers and is referred to as elec

tron charge freezing. The charge ordering produces a structural transition of 

the lattice at low temperature and the symmetry is reduced from cubic to 

monoclinic [160]. The Verwey transition is very sensitive to the presence of 

impurities or non-stoichiometry [161,162]. A deficiency in the Fe concentra

tion in magnetite of less than one percent is able to shift the T\/ temperature 

by a couple of degrees while for deficit greater than 3 % the transition is no 

longer observed [160]. The properties of magnetite are even more complex 

at the surface. STM studies of the magnetite (001) surface have suggested 

that a charge ordered state is established at the surface at a much higher 

temperature, at least above 300 K [167]. This has prompted several STM  

investigations of the (001) and (111) surfaces of magnetite [168-170].

7.2 The (111) surface of m agnetite

The Fe3 04  (111) surface is complex, offering six possible bulk terminations 

as shown in the cross section in Fig. 7.2 (a). However, the (111) surface only 

includes three different layers but in a different sequence. One is the oxygen 

layer (Fig. 7.2 (b)), and the others are Fe in two different symmetries. One 

is octahedral (Fig. 7.2 (c)) and the other is tetrahedral (Fig. 7.2 (d)).

In the Fe304  (111) crystal iron layers alternate with oxygen layers. Oxy

gen layers (the red balls in Fig. 7.2) are closed packed and are the most 

dense layers in the fee lattice. The Fe layers contain ions in either octaheral 

or tetrahedral positions. The denser Fe layers are those containing ions in 

octahedrally coordinated sites. The octahedral ions are located in the same
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Figure 7.2: (a) Cross section of the Fe3 0 4  (111) crystal showing the alter

nating Fe and O layers, (b) Top view of a closed packed oxygen termination. 

Oxygen atoms can be placed on top of an Fe octahedral (O i) or Fe tetrahe

dral (O2 ). (c) Fe octahedral termination and (d) Fe tetrahedral termination. 

In (c) and (d) the oxygen layer shown is below the surface Fe layers. The 

large red balls represent the O atoms, the smaller light blue balls are the Fe 

in octahedal positions and the dark blue ones are the Fe in tetrahedral sites.
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plane, midway between oxygen layers. The single Fe iron layer between the 

oxygen layers is named in the structure as the Fe monolayer. Figure 7.2 also 

shows that three iron layers can also be located between two oxygen layers. 

These layers are referred to as an Fe multilayer [171]. The Fe multilayer con

sists of Fe atoms in octahedral sites midway between the oxygen layers and 

two Fe layers in tetrahedral positions each placed at a quarter of the distance 

between the oxygen layers.

The separation between two consecutive oxygen layers is 2.5 A, while the 

separation between two consecutive Fe octahedral layers is 4.8 A. The ter- 

ahedral Fe layers within the multilayer are separated in the [111] direction 

from the oxygen layers, as well as from the octahedral Fe layer, by 0.6 A. 
The oxygen terminations can appear as oxygen on top of an octahedral Fe 

(the Oi layer) while the other possibility is oxygen on top of a tetrahedral Fe 

(the O2 layer). A top view of the oxygen termination is shown in Fig. 7.2 (b). 

The atomic periodicities of both oxygen terminations are identical. The bulk 

separation between nearest neighbor anions varies from 2.851 A to 3.084 A. 
In the octahedral planes iron atoms are arranged in a ’’Kagome” lattice with 

3 A interatomic distances [169]. The plane containing Fe in octahedral posi

tions is shown in Fig. 7.2 (c). The tetrahedral iron atoms form a hexagonal 

(honeycomb) lattice with a 6 A periodicity [169] and is represented in Fig. 

7.2 (d).

The m a g n etite (lll)  surface is very sensitive to the sample preparation 

conditions. Under both reducing conditions for natural single crystals and 

oxidising conditions for Fe3 0 4 ( l l l ) / P t ( l l l )  films, long-range hexagonal su

perstructures have been observed, which were attributed to biphase ordering 

of coexisting Fe3 0 4 ( l l l )  and F e O ( l l l )  domains [169,170]. More recently, I. 

V. Shvets et al. reported the formation of a similar superstructure on an
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artificial Fe3 0 4 ( l l l )  single crystal surface prepared under oxidising condi

tions. The superstructure was attributed to strain-induced electronic order

ing within a close-packed oxygen surface layer [172,174]. Using spin polarised 

STM, it was also found on this surface that oxygen vacancies induce signifi

cant variations in tunneling magnetoresistance of up to 250 % [175].

7.3 Sam ple preparation

In this study, STM measurements were performed on an artificial magnetite 

single crystal grown by the floating zone technique. The sample was cut along 

the (111) plane with a precision of ± 1°. The crystal was mechanically pol

ished with diamond paste with decreasing grain sizes roughness from 3 to 1 

and 0.05 //m. High resolution X-ray diffraction measurements confirmed the 

spinel crystal structure with a lattice constant of 8.3957 ±  0.0005 A .  Resistiv

ity/m agnetoresistivity vs. temperature measurements have been performed 

in a closed cycle refrigerator designed and assembled by the author using 

a DC four-point probe technique and a permanent magnet. The measure

ments indicated a sub-stoichiometric crystal with a Verwey temperature of 

108 ±  1 K. The remaining sample preparation and analysis were performed 

in the multichamber UHV system. Significant contamination with carbon, 

calcium, sulphur and potassium was detected at the surface from the Auger 

analysis. The sample was cleaned by cycles of annealing in UHV at a tem 

perature of 750 K, around 60 hours per cycle, followed by Ar+ ion etching at 

0.5-2 keV for 15 min. The longer anneal time produced a decrease in potas

sium and an increase in Ca concentration. This process was repeated until 

the Ca and S contamination at the surface measured by AES was <  2 %. Fol

lowing this treatment, AES measurements indicate an Osioev/Ferosev ratio
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of 1.15 indicating an oxygen-deficient surface. To recover the stoichiometry 

the sample was annealed in oxygen atmosphere of 10“® mbar at 950 K for 

30 min. The oxygen was pumped out of the chamber and the sample was 

cooled down to room temperature in UHV conditions. Following the treat

ment, the O5 ioev/Fe703ev' ratio was about 1.28, which is consistent with the 

value for the bulk magnetite. The resulting surface displayed a hexagonal 

LEED pattern with a 6 A periodicity, which is characteristic of a tetrahedral 

symmetry. [170,172,173]. STM images of the surface revealed an ordered 

surface consisting of atomic terraces.

To obtain the patterned (111) surface, the sample was annealed at 870±20  

K in 5 X 10“® mbar O2 for 20 min. The sample was allowed to cool down in 

oxygen atmosphere for 20 min. Following this, the oxygen was pumped out of 

the preparation chamber. It has been found that repeated annealing cycles in 

oxygen atmosphere followed by sample cooling in UHV as described above, 

did not succeed in forming surface patterns. The sample cooling in oxygen 

leads to the formation of an oxygen-rich surface, confirmed by the increase of 

the O5i0eV'/Fe703ev ratio to 1.5. The Auger spectrum of the magnetite surface 

following the preparation procedure is shown in Fig. 7.3. The LEED pattern 

of the resulting surface displayed an hexagonal 1 x 1  pattern with satellite 

spots. STM measurements were performed in constant current mode, using 

W tips and sample biasing with respect to the tip.

7.4 Nanoscale pattern formation on the 

F e 3 0 4 (lll)  surface

Figure 7.4 shows a differentiated STM images of the surface after the above 

I reparation. The surface is well ordered, characterized by large terraces with
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Figure 7.3; AES spectrum of the magnetite (111) surface. The percentage of 

Ca and S is less than 2%. The O5 i0ev/F e703ei/ ratio of the over-oxydized 

surface is 1.5.

steps aligned along the [Oil] and [Oil] directions. The step heights between 

terraces are multiples of 2.5 A. The hexagonal superstructure forms domains 

that cover approximately 30 % of the surface. From other STM studies of 

the Fe3 0 4 ( l l l )  surface, it appears that the superstructure coverage depends 

sensitively on the local F e /0  ratio at the surface [169,170,172]. In the case of 

this study, the superstructure formation also depend on the level of contam

ination. As shown in Fig. 7.3 a sizeable Ca and S contamination is detected 

from the AES analysis which prevents the superstructure domains on large 

areas. It is important to note that to obtain the superstructured surface, be

sides the stoichiometry and the reduced contamination level, it is essential to 

obtain a long range ordered surface of atomic terraces as shown in Fig. 7.4.

The superstructure has a 42 ±  3 A periodicity and a corrugation ampli

tude of 1.0 ±  0.5 A at +0.1 V tunnel bias applied to the sample. It will be 

shown later that this corrugation amplitude is dependent on the tunnel bias 

used. The minimum step height measured between two successive domains
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Figure 7.4: Differentiated STM images of the superstructured Fe3 0 4 ( l l l )  

surface, (a) (488 nm x 488 nm) image of the surface following the above 

preparation procedure and (b) (244 nm x 244 nm) STM image showing the 

domains of the superstructure. Vinas =  0.1 V, Itunnei =  0.1 nA.

(step m in Fig. 7.4) is 2.5 ±  0.5 A. This is consistent with the model that 

the superstructure represents an oxygen termination and that the step cor

responds to the 2.4 A separation between successive oxygen (111) layers in 

the bulk Fe3 0 4  structure [172]. In this model, the oxygen (111) layers Oi 

and O2 (Fig. 7.2) are modified at the surface to have equivalent bond geome

tries, which may involve some rearrangement of their respective underlying 

Fe layers. The minimum step height measured between terraces without the 

superstructure (step n in Fig. 7.4) is 5.0 ±  0.5 A, which corresponds to the 

repeat distance between equivalent (111) layers in the bulk structure (c/. Fig. 

7.2). In Fig. 7.5 (a) the green arrow indicate a region of a m agnetite terrace 

where the contrast is enhanced. The highly defected character of the bare 

magnetite terraces is clear from this image. The defects most likely corre

spond to contamination of the Fe-terminated surface. A previous study of 

the (111) surface has shown the superstructure covering virtually the entire
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Y (nnti)

Figure 7.5: (a) 72 nm x 72 nm STM image of a superstructure domain, show

ing an apparent step a  of 0.6 ±  0.1 A between the domain and an unpatterned 

upper terrace. The insert shows a region of this step under enhanced con

trast. The step height between the domain and a lower terrace (step (3) is 

3.9 ± 0 .1  A. (b) 91 nm x 91 nm image of two domains (x and z) separated 

by an unpatterned terrace (y). The insert shows the line profile along the di

rection marked, showing a step height of 1.0 ±  0.1 A between regions x and 

y, and a step height of 1.4 ±  0.1 A between regions y and z. Vbias =  0.03 V, 

t̂unnel — 0-1 nA.

sample surface [172]. In this case, the higher degree of contamination inhibits 

the formation of the long range order. As a result the superstructure forms 

on smaller areas, on terraces with an average size of 50 nm x 50 nm.

Where an unpatterned terrace gives way to a superstructure domain, an 

apparent step of o; =  0.6 ±  0.1 A height is visible, as shown in Fig. 7.5(a), 

while for a hexagonal domain sitting on top of a terrace, the minimum 

step height Ss ^ — 1.4 ±  0.1 A, as shown in Fig. 7.5(b). These apparent step 

heights most likely result from a difference in tunneling conductance over 

areas with and without the hexagonal superstructure, where the domains ex-
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hibit a lower tunneling conductance. However, if they represent topographical 

rather than electronic features, they could also indicate the coexistence of two 

terminations on the surface. For example, in Fig. 7.5 the 1.4 A step height 

between the unpatterned terrace y and the patterned area z would corre

spond to the separation between the oxygen termination and the iron layer 

in octahedral positions down to 1.2 A into the surface.

The apparent step heights measured depend to some extent on the tunnel 

bias used, since the corrugation amplitude of the superstructure is strongly 

bias dependent. Figure 7.6 compares two STM images taken on the same 

superstructure domain with different sample bias. Three distinct regions of 

the superstructure, labeled as regions I, II and III, can be identified. It has 

previously been shown that the average interatomic separation in region I 

is 2.8 ±  0.1 A, while in regions II and III it is 3.1 ±  0.1 A [172]. In Fig. 7.6, 

it is clear that reversing the polarity results in a decrease in corrugation in 

regions I and II, while the corrugation of region III increases. As the sample 

is biased with respect to the tip, this would suggest that region III has more 

empty electron states available than regions I and II near the Fermi level. 

The corrugation of the superstructure along the [Oil] direction (regions III) 

as a function of the bias voltage is represented in Fig. 7.6 (c). The corrugation 

amplitude varies from 0.5 A at V =  -0.1 V to 1 A and 1.5 A for a voltage 

of 0.1 V and 1 V respectively. While the shape and corrugation amplitude 

are affected by the applied bias voltage, the periodicity of the superstructure 

remains unchanged.

A large scale image of the magnetite surface below the Ty temperature is 

shown in Fig 7.7 (a). Figure 7.7 (b) shows an example of the patterned surface 

measured at 95 K. It is clear that the superstructure is still present on the 

surface below the bulk T y  temperature, which was measured to be 108 K.
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Figure 7.6; Two 20.1 nm x 14.5 nm STM images taken on the same do

main with a tunnel current of I =  0.1 nA but with different tunnel bias, (a) 

V =  -0.1 V, (b) V =  -t-0.1 V. The three distinct regions of the superstruc

ture, identified as I, II and III, are indicated, (c) Plot of the superstructure 

corrugation vs. bias voltage.
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Figure 7.7: STM images of the patterned magnetite (111) surface taken at 

95 K using I =  0.1 nA and V =  +2.0 V. (a) 200 nm x 200 nm image and (b) 

81 nm X 81 nm image. The insert shows a 41 nm x 41 nm higher resolution 

image of the hexagonal superstructure taken with V =  -1.0 V.

The superstructure maintains the symmetry when cooled down though the 

Verwey temperature signalling that a possible charge ordering at low tem

peratures does not affect the surface electronic mechanisms that form the 

patterned magnetite (111) surface.

On the basis of previous calculations and experimental evidence by Shvets 

et al. [172], it is most likely that an oxygen surface layer is imaged, and that 

this is possible through orbital hybridisation with the underlying Fe layer. 

Details of the mechanisms leading to superstructure origins are rather com

plex given the electronic processes in magnetite. Shvets et al. have shown 

the presence of a tensile strain at the oxygen terminated surface by means of 

theoretical calculations. In a more recent study Berdunov et al. [175] calcu

lated the layer-projected spin density of states of the magnetite surface and 

found changes of the electronic structure at the surface near the Fermi level. 

Unlike the bulk, there is a high oxygen p-state near the Fermi level, which
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also contributes to the tunnel current.

According to Shvets et al. [172], the tensile stress originates from the ex

cess of electrons in the oxygen layer which results in a Coulomb repulsion 

established between the oxygen anions. The distance between oxygen anions 

therefore increases from 2.8 A to 3.1 A. The surface stress at the oxygen 

surface is able to modulate the electron density creating a long range or

der. Another possibility that has been suggested in [172] is the development 

of a charge density wave (CDW) at the surface. The charge density wave 

is a modulation of the crystal lattice accompanied by a modulation of the 

electronic density. When the electron and phonon systems are allowed to in

teract, the competition between the elastic and electronic energies leads to a 

static lattice deformation and periodically modulated charge density. In the 

case of magnetite (111) surface the surface stress may cause a re-allocation 

of charges amongst the iron ions at the B-sites. The re-allocation may lead 

to modulations of the electronic structure which eventually generate the su

perstructures.

In addition to previous studies, the spectroscopic STM measurements 

presented in this chapter have confirmed the electronic nature of the su

perstructure. It is also shown that surface contamination is able to alter the 

superstructure formation. Depending on the degree of contamination, the su

perstructure forms nanoscale domains with a lower surface conductivity. The 

superstructure is stable below the Verwey transition temperature of the bulk 

crystal, indicating that the electronic processes involved in the formation 

of the pattern do not depend on the transformations of the bulk magnetite 

crystal that occur at low temperatures.
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7.5 Scanning Tunneling Spectroscopy (STS) 

of the patterned m agnetite (111) surface

STS was performed on the patterned (111) surface of m agnetite above and 

below the Verwey transition using W tips. Three normalized curves obtained 

on the surface a t room tem perature, a t a tem perature above the T v (T =  140 

K) and below the T y (T =  85 K) are presented in Fig. 7.8. The normalization 

of the curves is explained by Stroscio et al. [176] and Lang et al. [177]. The 

spectra are typical of all those obtained on the (111) surface of magnetite at 

the respective tem perature. The spectra are obtained using the same current- 

voltage set points of 0.1 nA and +  1 V. Each of the normalized curves is an 

average of ~  1000 curves taken a t different points on a pre-defined grid of 

the scan area. Points on the I(V) curves were taken at 0.02 V intervals, with 

acquisition time of 320 fis per point.

The normalized curve a t room tem perature clearly shows an energy band 

gap separating the filled and empty states of the surface. The gap is ~  0.2 

eV wide, slightly higher than th a t expected band gap of 0.1 eV for bulk 

m agnetite [157]. Although the difference is close to experimental error, the 

slightly higher value may suggest the existence of a charge ordering a t the 

surface (surface T y). The spectra obtained a t a lower sample tem perature of 

150 K are very similar and display the same energy band gap of ~  0.2 eV 

(Fig. 7.8 (b)).

O ther than the presence of energy gap, one can see a a shoulder in the 

curve of the unoccupied side of the spectra a t +  0.35 eV. The shoulder 

may correspond to minority spin band (J,) states. From the calculations of 

Zhang and Satpathy represented in Fig. 7.1 this shoulder is in the energy 

region of the broad minority spin-band of the t^g states of the B-sites. On
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Figure 7.8: Tunneling spectra of the patterned magnetite (111) surface at 

different temperatures, (a) Spectra in the range - 1.4 V to +  1.4 V taken at 

room temperature showing a band gap of ~  0.2 V. (b) Spectra in the range 

-1.4 V to +1.4 V taken at a temperature of 140 K. The spectra is similar 

to that obtained at room temperature showing the band gap of ~  0.2 V. (c) 

Spectra in the range - 3 V to +  3 V taken below the Tv at a temperature of 

85 K. The band gap has significantly augmented to ~  0.9 V.
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the unoccupied side of the spectra a pronounced peak is observed at - 0.17 

eV. The density of states calculations in Fig 7.1 display a strong peak in 

the minority spin band (J,) states close to the Fermi level. It is likely that 

the peak measured in the STS curve at - 0.17 eV represents the edge of the 

occupied band.

The tunneling spectra change considerably when the m agnetite sample is 

cooled below the T y (Fig. 7.8 (c)). The band gap in this case is measured to 

be ~  0.9 V. On the same curve, the peak in the occupied side of the spectrum  

is shifted from - 0.17 V to - 0.74 V while in the unoccupied side, the shoulder 

is shifted from +  0.5 V to 1 V. The larger band gap at low temperature is 

expected due to the more insulating behavior of magnetite below Tv̂ .

7.6 C onclusions

The formation of a nanoscale hexagonal pattern by oxidation of the (111) 

surface of a magnetite single crystal has been studied using STM and STS. 

The superstructure forms domains shaped by the presence of surface con

tamination. The structure has a periodicity of 42 ±  3 A and comprises three 

distinct regions. STM images of the surface are strongly bias dependent. The 

structure is stable on the surface from room-temperature to 95 K, which lies 

below the T y  temperature of the bulk crystal. RT scanning tunneling spec

troscopy measurements indicate a band gap of ~  0.2 V separating the filled 

and empty states. At low temperatures the band gap magnitude is larger, as 

expected following the occurance of a metal-insulator phase transition.



Chapter 8 

Summary and outlook

The growth of Cr on Mo(llO) has been studied using STM, LEED, and 

AES. Near room temperature, the growth of Cr on Mo(llO) is characterized 

by 2D nucleation on substrate terraces at low coverage. In this regime, the Cr 

adatom diffusion is much lower compared to the Fe/Mo(110) system, giving 

rise to a much rougher film morphology. At a coverage of around 0.2 ML, Cr 

islands show a preferential growth along the [001] direction.

At elevated temperatures, Cr films form pseudomorphic nanostripes by 

the step-flow growth mechanism up to a coverage of 3 ML. These nanostripes 

display a meandering step front consistent with a Bales-Zangwill type insta

bility. The roughness of the step front decreases with the nanostripe coverage 

on the substrate terrace. Interstep interactions generate a flat step front as 

the nanostripe covers the entire terrace. The combination of AES and LEED 

analysis of Cr films have anticipated a transition to the SK regime for cover

ages over 3 ML. This has been confirmed from the STM data, where above 

this coverage Cr films show the formation of Cr nanowedge islands. The SK 

transition is accompanied by the formation of a two-dimensional dislocation 

network within the islands. At the early stage, nanowedges form by the over-

146
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lapping of meandering nanostripes. At a coverage of 3.5 ML, Cr forms regular 

nanowedges arrays, with islands separated by ~  200 nm and elongated along 

the [001] direction. The nanowedge density formed on the [111] oriented steps 

gradually increases with coverage. The nanowedges formed on the [110] steps 

have a triangular shape and a lower density at the surface. The step density is 

also found to affect the nanowedge morphology. High step density produces 

a higher density of much thicker nanowedges without a particular growth 

direction owing to the enhanced mass transport along the substrate steps. 

The lower mobility of Cr on the surface compared to Fe means that the Cr 

nanowedge islands exhibit monatomic steps corresponding to incomplete lay

ers, as compared to the unbroken (110) surface exhibited by Fe nanowedge 

islands at the same temperature.

The Cr layers are highly reactive to the residual gas in UHV. The oxygen 

contamination results in a p(2 x 2) pattern. As in the case of Fe films on 

Mo(llO), the reactivity is lower for thicker Cr layers.

Using DFT calculations, the multilayer relaxations have been examined 

for the Cr/Mo(110) and Fe/Mo(110) epitaxial interfaces. The experimental 

data is taken from measurements of the fractional steps between consecutive 

layers in the STM images. Comparing the data for both systems, it is found 

that Cr films have a lower stiffness than their Fe counterparts, which makes 

them more stable against dislocation formation despite a comparable lattice 

mismatch. The multilayer relaxation of the surface is responsible for the 

fractional steps observed between successive Cr layers and changes as the 

in-plane strain is released.

The strain relaxation abruptly occurs in Cr islands by overlapping disloca

tion lines running along the [111] direction. The dislocation network provides 

biaxial strain relief within the nanowedges. The onset of the dislocation net-



CHAPTERS. SUMMARY AND OUTLOOK 148

work is at a minimum thickness of 4 ML and destabilizes the Cr layers down 

to the Cr-Mo interface. The dislocation network is an incommensurate super

structure with a unit cell that reflects the symmetry of the bcc(llO) surface. 

The strain relaxation in Cr nanowedes changes with every monolayer. This 

is highlighted by the gradual changes of the dislocation periodicity, corruga

tion and symmetry towards the thicker end of each nanowedge island. The 

deposition of ~  0.15 ML Fe on the pseudomorphic Cr layers results in the 

formation of Fe islands rows running along the [111] direction.

The preparation procedure leading to the formation of an ordered 

Fes0 4 (111) surface has been described. Such a surface consists of large atomic 

terraces with edges oriented along the [Oil] and [Oil] directions. The light 

oxidation of this surface gives rise to a nanoscale hexagonal pattern. The 

pattern forms domains on different surface terraces shaped by the degree of 

contamination. The superstructure has a periodicity of 42 ±  3 A and com

prises three distinct regions. The spectroscopic measurements have confirmed 

the electronic origin of the superstructure. STM analysis proved the stability 

of the superstructure below the Vt-  STS analysis of the superstructure below 

the V r of the bulk magnetite crystal found a band gap of ~  0.9 eV, higher 

than that obtained at RT of ~  0.2 eV.

This thesis will provide a firm basis for future experimental and theo

retical studies of the magnetic properties of the Cr/Mo(110) system. The 

morphologically similar Fe/Mo(110) system has been of particular interest 

in the past year in terms of spin-polarised scanning tunneling spectroscopy 

(SPSTM) studies of its magnetic properties [6-8].

Preliminary theoretical calculations on the Cr/Mo(110) have shown that 

the 1 ML Cr film is magnetic, and therefore SPSTM and surface magneto 

optic kerr effect (SMOKE) can be applied to study the orientation of mag-
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netic easy axis in the pseudomorphic monolayers. Theoretical calculations 

are needed to establish the magnitude of the magnetic moment of the pseu

domorphic 2 and 3 ML of Cr on Mo(llO) as well as the magnetic coupling. 

One of the possible reasons for the lack of information on the properties of Cr 

ultrathin films may come from the absence of SDW in the ultrathin regime. 

In has been shown in this thesis that large Cr nanowedges form at ET on 

Mo(llO), and depending on the substrate step density some of them can 

reach 30 ML or more at the thicker end, and these islands may well develop 

a SDW-like magnetism.

The properties of the ultrathin magnetic under strain are very differ

ent compared to their bulk counterparts. In this light, it is of interest to 

study how the exchange diffusion barrier is affected by the strain energy. 

This can be done experimentally by XPS, or using theoretical calculations of 

the exchange diffusion barriers while gradually changing the slab lattice pa

rameter. This could potentially open new pathways in engineering magnetic 

materials. One immediate application concerns the Fe/Cr interface. Intensive 

studies were carried out on Cr films deposited on Fe substrates, however a 

high degree of interdifussion heavily influences the structural and magnetic 

properties leading to disagreements among the experimental reports [17]. If 

the intermixing could be considerably reduced by changing the strain energy 

in the film, one could accurately predict the magnetic properties of the Cr/Fe 

system which can be promising for future practical applications.

Theoretical calculations are also needed to understand the evolution of 

diffusion barriers as a function of strain in the Cr/Mo(110) system. Some 

calculations on this topic are available in literature but these data are not di

rectly applicable as the diffusion is very sensitive to to the particular chemical 

system.
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The potential use of Cr layers under strain for self assembly deserves more 

attention. Further experiments can be performed by gradual change of the 

deposition parameters to enhance/reduce the level of organization at RT. A 

comparison between the self assembly on 1 and 2 ML of Cr on Mo(llO) is of 

interest.

It is important to establish how the inherent contamination affects the 

electronic and magnetic properties of the films. A combined study of tem

perature programmed desorption and SMOKE may indicate how significant 

is the role of contamination in changing the films state.

In the case of the patterned magnetite surface, one step forward would 

be to apply SPSTS at both RT and LT and to analyse the change in the 

magnetic properties of each of the three regions of the superstructure as a 

function of temperature.



A ppendix A 

R esistivity of m agnetite  

crystals

Resistivitity is measured using a commercial closed cycle He refrigerator 

from Janis Ltd. The set-up has been modified to accommodate a magnet for 

magneto-transport investigations. The dimensions of the closed cycle system 

had to be reduced as most of the high field magnets have a gap between 1-2 

cm. The magnet used here is a variable field permanent magnet (Multimag) 

with a bore size 26.5 mm, commercially available from Magnetic Solutions. 

To reduce its dimensions, a 10 cm long cold finger extension with 1 cm diam

eter sample holder has been manufactured. For this new configuration, a new 

radiation shield and a vacuum jacket have been designed. The diagram of the 

modified closed cycle refrigerator is presented at the end of this Appendix. 

The silicon diode was changed for a AlGaAs diode attached on top of this 

extension, just below the sample holder, for the Si diode is not adequate for 

temperature measurements in magnetic fields at below 60 K. The heater is 

a Mn wire wound around the cold finger just underneath the AlGaAs diode. 

The temperature stability and sweep is controlled with a Lakeshore 330 tem-
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perature controller. The sample is attached on the copper sample holder with 

Apiezon vacuum grease, which provides excellent thermal conductivity. The 

sample holder is tightly screwed onto the cold finger and a small quantity of 

Apiezon grease is applied to ensure the perfect sealing and thermal conduc

tivity. The measurements are taken in DC, in a 4-point probe configuration, 

where four 150 OD Cu wires are glued in line onto the sample with fast 

dry silver paste.

Resistivity dependence on temperature is an accurate procedure to in

vestigate the quality of m agnetite crystals, since very small deviations in 

stoichiometry (<  4%) can be detected from the Ty-  The exact value of the 

transition is found as the minimum point of the graphs derivative. The first 

two crystals were grown using the skull melting technique, followed by anneal

ing at 1400-1450 °C in a controlled atmosphere. Figure A. 1(a) shows a second 

order transition, with a slow increase of resistivity and a low T y at 87.9 ±  

0.3 K. This is an indication of a non-stoichiometric crystal, the percentage of 

non-stoichiometry can be estimated as Fe3_ i0 4  with x =  0.08 [160]. Figure 

A. 1(b) indicates a crystal of better quality, the phase transition is sharp, 

with a jump in resistivity of about two orders of magnitude. The crystal is 

still slightly nonstoichiometric (Fe3_j;0 4 , x=0.014) according to the T y  value, 

(Ty =  108 ±  0.3 K). The following examinations are for another two artificial 

crystals grown using the floating zone technique. The crystal analyzed in Fig. 

A. 1(c) is a better quality one, with a homogeneous oxygen distribution and 

low concentration of defects. The nonstoichiometry is estimated to be very 

close to 1.1%. The fourth crystal is the closest to the ideal magnetite crystal. 

Figure A .l(d ) shows a transition at T^ =  123.4 ±  0.3 K. The transition is 

sharp and rapid, within 2 K the crystal’s resistance increases from 8.1 x 10“® 

n  at 123.5 K to 2 X 10“  ̂ Q at 121.2 K.
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