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IVAbstra
tIn this set of experiments, the properties of several nanomagneti
 sys-tems have been studied using a variety of surfa
e sensitive te
hniques. Thesete
hniques were used in Ultra High Va
uum (UHV) 
onditions and in
ludeS
anning Tunnelling Mi
ros
opy (STM), Auger Ele
tron Spe
tros
opy (AES)and Low Energy Ele
tron Di�ra
tion (LEED). Several di�erent systems werestudied, in
luding thin iron �lms grown on a molybdenum substrate and boththe unpolished and polished fa
es of an arti�
ial bulk magnetite 
rystal. De-position of a 3.6 ML Fe at 800 K on Mo(110) led to the formation of largewedge-shaped islands. Using an antiferromagneti
 MnNi STM tip unusualvariations in the surfa
e roughness, possibly magneti
 in origin, were ob-served between the islands.The unpolished (001) plane of an arti�
ial Fe3O4 
rystal was also studied.Initially, AES revealed the presen
e of a signi�
ant amount of 
arbon withan atomi
 
on
entration of approximately CC = 0:94. Although an annealtemperature of 950� 20 K, led to the rapid desorption of the C, it also ledto the apparent di�usion of Ca from the bulk to the surfa
e. A faint (1 �1) LEED pattern was also observed indi
ating the presen
e of the normallyunstable polar (001) surfa
e of Fe3O4, possibly due to the stabilizing e�e
t of
ontaminants. Although the sample roughness made routine STM diÆ
ult,large 
hanges in the surfa
e morphology were observed after annealing. Small
lusters were 
onsistently observed on the sample surfa
e.Following the studies of the unpolished magnetite fa
e, the sample was re-moved from UHV and re-inserted with the polished fa
e exposed. Annealing



Vsessions at 950�20 K 
aused C to desorb rapidly from the surfa
e, while theCa level gradually in
reased to CCa = 0:19. LEED patterns initially showedthe presen
e of (1 � 1) termination of the surfa
e. Before additional anneal-ing, unusual long terra
es were observed in one area of the sample, possiblydue to the slightly di�erent plane of polishing in that region. After a 15 houranneal, the surfa
e 
ontained dendriti
 
hannels 1:9� 0:2 �A deep. After an-nealing the sample for a further 60 hours, linear features or \nanoterra
es"appeared with a 
orresponding p(1 � 4) re
onstru
tion seen by LEED. Theperiodi
ity of these nanoterra
es in the [1�10℄ dire
tion was 29 � 3 �A and37 � 4 �A in the [110℄ dire
tion. The nanoterra
es are 
omposed of approxi-mately four atomi
 rows, spa
ed 5:4� 0:5 �A apart. Further annealing led toa deterioration in STM image quality and a fainter LEED pattern, probablyasso
iated with a Ca overlayer. The periodi
ity of the nanoterra
es observedin the [1�10℄ dire
tion was 31� 3 �A, and 14� 1 �A in the [110℄ dire
tion.From these experiments on magnetite, it is apparent that 
al
ium plays asigni�
ant role in determining the surfa
e topography. Further investigationof the role of impurities at the surfa
e of magnetite 
ould lead to the devel-opment of self-patterned magneti
 substrates and templates for nanometres
ale magneti
 devi
es.
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Chapter 1
Introdu
tion
Magnetism plays a 
entral role in many aspe
ts of everyday life. Many livingorganisms, in
luding humans and magnetota
ti
 ba
teria, have used magneti
materials su
h as magnetite for navigation [1℄. Magnetite is also believed tohave played a 
entral role in 
atalysing important synthesis steps that led tothe formation of the �rst 
omplex biologi
al mole
ules, and 
ontinues to beused in the produ
tion of ammonia in industry [2℄.In re
ent de
ades, magneti
 re
ording devi
es have been developed thatstore information in magneti
 materials. As the pressure to store more andmore information in smaller spa
es has grown over re
ent years due to ad-van
es in 
omputing power, resear
h has 
on
entrated on the properties ofsmall magneti
 stru
tures and systems. An understanding of the propertiesof these systems as they are miniaturised is vitally important both for the in-dustrial 
ompanies produ
ing them and for the insight they o�er the s
ienti�

ommunity into the fundamental physi
s of magnetism.Magneti
 systems 
ontinue to be studied intensively be
ause of the new in-sights being gained into their fundamental physi
al properties on the nanome-1



CHAPTER 1. INTRODUCTION 2tre s
ale as well as their te
hnologi
al importan
e in �elds su
h as magneti
re
ording and spin ele
troni
s [3℄. The surfa
es of su
h magneti
 systems areparti
ularly important in determining their behaviour and intera
tion withtheir surroundings. In addition, advan
es in the produ
tion of thin �lms haveled to their features being studied in stru
tures exhibiting magneti
, super-
ondu
ting [4℄ and other properties.This study has used a wide variety of sensitive experimental te
hniquesto probe the surfa
e properties of several magneti
 systems on the s
ale ofnanometres. Thin �lms of iron grown on a substrate of the metal molybdenumhave been studied. Both the polished and unpolished fa
es of an arti�
iallygrown 
rystal of the mineral magnetite have also been investigated.There are several mentions of magnetite (also known as loadstone or lode-stone) in an
ient Irish texts, and the earliest referen
e dates from around 1000AD [5℄. In a poem on the geography of the world, the poet Airberta
h Ma
Coisse des
ribes the \goods" of India and in
ludes \magn�eit" or magnetiteas well as \adamant" among them. It is interesting to note that the earliestreferen
e to magnetite in English is over four hundred years later, in 1440AD, when a referen
e is made to \Magnete, pre
yowse stone" [6℄. This dis-
repan
y may be due to the 
onfusion 
aused by referen
es to the apparentlynon-existent mineral known as \adamant" whi
h was reputed to have theproperties of both magnetite and diamond.Magneti
 nanostru
tures have be
ome 
entres of great interest in the s
i-enti�
 
ommunity and in industry as the 
ore te
hnologies behind magneti
re
ording devi
es. The investigation of the properties of magneti
 systems onthe nanometre s
ale has lead to a better understanding of the fundamental



CHAPTER 1. INTRODUCTION 3physi
s of magnetism and the improvement of te
hnologi
al materials used inmagneti
 re
ording devi
es. Indeed, the development of hard disk re
ordingheads based on the phenomenon of giant magnetoresistan
e (GMR) in mag-neti
 nanostru
tures [7℄ has been one of the physi
s su

ess stories of re
entde
ades, and involved the study of 30,000 di�erent multilayer 
ombinationsof elements [8℄.A wide variety of te
hniques have been developed to study the proper-ties of surfa
es. Among the te
hniques used to study the 
ontaminants thatadsorb onto the surfa
e are atomi
 for
e mi
ros
opy (AFM), Raman spe
-tros
opy (RS) [9℄, 
ore level photoemission spe
tros
opy [10℄, soft X-ray pho-toele
tron spe
tros
opy (SXPS) [11℄ and resonant opti
al se
ond harmoni
generation (SHG) [12℄. Sophisti
ated te
hniques have also been developed toanalyse the magneti
 properties of small magneti
 stru
tures and surfa
es.They in
lude transmission ele
tron mi
ros
opy (TEM) [13℄, the M�ossbauere�e
t [14℄, and X-ray magneti
 
ir
ular di
hroism (XMCD) [15℄. In addition,s
anning probe te
hniques based on opti
al [16{18℄ and other e�e
ts [19℄,and in parti
ular s
anning tunnelling mi
ros
opy (STM) [20℄ have providedhigh resolution images of surfa
es in re
ent de
ades.The use of magneti
ally sensitive STM tips also leads to the possibilityof imaging magneti
 stru
ture on the nanometre s
ale [21℄. Several di�erentte
hniques have been devised in order to investigate the magneti
 proper-ties of su
h systems with s
anning probe te
hniques, and among them areSpin Polarized S
anning Tunnelling Mi
ros
opy (SP-STM) and Spin Polar-ized S
anning Tunneling Spe
tros
opy (SP-STS) [22℄.Although magnetite has been studied extensively [23℄, the 
omplexity



CHAPTER 1. INTRODUCTION 4of its surfa
e stru
ture has only been appre
iated sin
e ultra high va
uum(UHV) systems have enabled detailed studies of the surfa
e to be 
arried out.The experimental te
hniques used in this proje
t to investigate the surfa
esof magneti
 systems in
lude Auger ele
tron spe
tros
opy (AES), low energyele
tron di�ra
tion (LEED) and s
anning tunnelling mi
ros
opy (STM). The
entral te
hnique used in this proje
t is STM as it provides a high-resolutiontopographi
 image of the sample surfa
e. During the 
ourse of this proje
t, a
omprehensive set of pro
edures has been developed that enable the 
hara
-teristi
s of an STM to be determined quantitatively as well as the systemati
troubleshooting of the experimental setup. The properties that 
an be mea-sured in
lude the size of steps taken by the piezowalker 
oarse positioner inthe STM head and the resonan
e frequen
ies of the tube s
anner.This work has built on the previous work done in the Physi
s Dept ofTrinity College, Dublin as well as more re
ent resear
h [24{26℄. The 
ontinueddevelopment of the equipment used to study the magneti
 systems in theNanote
hnology Group in Trinity College, Dublin has meant that analysisby new te
hniques 
an usefully 
ontribute to a more 
omplete understandingof the results from previous experiments. Resear
h in other groups has alsofo
ussed on the properties of thin �lms of iron oxides, and these are 
loselyrelated to the 
hara
teristi
 surfa
e stru
tures found in the bulk samples ofmagnetite studied here [27℄.The samples studied in
lude thin �lms of iron on molybdenum as well asmagnetite in its single 
rystal form. Iron �lms of di�erent thi
knesses havebeen grown on a vi
inal Mo(110) substrate at two di�erent temperaturesin order to study the in
uen
e of temperature and deposition rate on their



CHAPTER 1. INTRODUCTION 5growth modes, and an antiferromagneti
 MnNi tip has been used to investi-gate the feasibility of spin polarised STM (SP STM).Both the polished and unpolished fa
es of an arti�
ially grown Fe3O4single 
rystal oriented in the (001) plane were studied. A number of surfa
estru
tures in
luding linear features referred to as \nanoterra
es" were ob-served by STM, and it is probable that they are asso
iated with the presen
eof 
ontaminants su
h as 
arbon and 
al
ium. It appears that C adsorbs ontothe surfa
e during the sample preparation, while heating of the sample dur-ing lengthy annealing stages leads to the di�usion of Ca from the bulk of the
rystal to the surfa
e.The experimental results des
ribed here provide new insights into themorphology of nanomagneti
 systems as well as the fa
tors that in
uen
etheir topography. It is hoped that this resear
h will give new insights intothe ele
troni
 and magneti
 properties of magnetite single 
rystals and ironoxide thin �lms and lead to a greater understanding of the properties ofmagneti
 systems on the nanometre s
ale.



Chapter 2
Theory
Many bran
hes of surfa
e s
ien
e are in
luded either dire
tly or indire
tlyin this proje
t. They in
lude s
anning tunnelling mi
ros
opy, the growth ofthin �lms, the properties and stru
ture of magnetite as well as the magneti

hara
teristi
s of nanomagneti
 systems. In this 
hapter, a 
on
ise introdu
-tion to the theoreti
al ba
kground of these topi
s will be given as well as a
omprehensive set of referen
es 
ontaining more in-depth analyses.2.1 S
anning Tunnelling Mi
ros
opyIn s
anning tunnelling mi
ros
opy (STM), a sharp tip is brought very 
loseto a 
ondu
ting sample. Ele
trons 
an travel a
ross this gap by quantumme
hani
al tunnelling, be
ause their waveform de
ays exponentially from thesample surfa
e. The tunnelling 
urrent depends on the bias voltage appliedto the tip and on the probability of �nding a tip ele
tron at the surfa
e.This probability is the square of the amplitude of the wavefun
tion and thetunnelling 
urrent 
an then be written as a fun
tion of the sample surfa
e6



CHAPTER 2. THEORY 7lo
al density of states (LDOS) at the Fermi level. This leads to the followingequation: I / V �(0; EF )e�2�W (2.1)where I is the tunnelling 
urrent, V is the applied bias between tip andsample, �(0; EF ) is the LDOS at the sample surfa
e at the Fermi level EF , �is a value proportional to the square root of the work fun
tion of the samplesurfa
e, and W is the distan
e between the sample and tip [28℄. With atypi
al value of the work fun
tion of 4 eV, this equation leads to a de
ayin the tunnel 
urrent by about an order of magnitude for every �A that thegap is in
reased. It is this sensitivity to the gap distan
e that enables theSTM to a

urately map the topography of the sample surfa
e with atomi
resolution. This 
an be a
hieved either in 
onstant 
urrent mode by movingthe tip up and down while it s
ans the sample maintaining a �xed 
urrent,or in 
onstant height mode where the tip is held at a �xed height and thevariations in tunnel 
urrent measured.The approximation above negle
ts however the in
uen
e of the tip lo
aldensity of states on the tunnelling 
urrent. Analysis of the tip-sample systemby the Bardeen approa
h shows that the ele
troni
 stru
ture of both the tipand the sample are equally important in determining the tunnelling 
urrent.Their symmetri
al 
ontribution is shown in the following equation, where� represents a small amount of energy and is the independent variable ofintegration: I / Z eV0 �S(EF � eV + �)�T (EF + �)d� (2.2)



CHAPTER 2. THEORY 8Using a metal tip, the density of states (DOS) of the tip 
an be kept
onstant. This enables the DOS of the sample to be determined by measuringI as a fun
tion of V, and then 
al
ulating dI/dV:dIdV / �S(EF � eV ) (2.3)It is this relation that forms the basis of s
anning tunnelling spe
tros
opyor STS. This te
hnique 
an be performed during a normal 
onstant 
urrenttopographi
 s
an, for example by temporarily disabling the feedba
k loop
ontrolling the tip-sample separation. The tip is then held at a 
onstantheight above a 
ertain point on the sample while the bias voltage is variedand the tunnel 
urrent measured. This data 
an then be 
ompared with thetopographi
 image giving an insight into the surfa
e states of di�erent lo
a-tions on the sample. However, as the ele
troni
 stru
ture of individual STMtips is generally not known, the interpretation of STS results 
an be diÆ-
ult. Te
hniques are 
ontinually being developed that enable the reprodu
ibleprodu
tion of well 
hara
terised tips, and novel tip stru
tures su
h as thoseinvolving 
arbon nanotubes at their apex are being investigated [29{31℄.Spin polarised STM and STS rely on the spin polarised ele
troni
 stru
-ture of magneti
 systems [7, 32, 33℄. Half-metals are 
ondu
ting materials,but only one polarisation of ele
trons 
ontributes to this 
ondu
tivity. Theele
trons with the opposite spin orientation have less o

upied states at theFermi level. By 
hoosing the 
orre
t bias voltage, the spin states of a 
ertainpolarisation 
an in prin
iple be sele
tively probed [22℄. Tips with magneti
properties 
an also be used to ensure that the tunnelling 
urrent depends onthe orientation of spins in the sample, as an external magneti
 �eld 
an be



CHAPTER 2. THEORY 9applied to determine whether the observed e�e
ts are indeed magneti
 [25℄.This external magneti
 �eld 
auses a 
hange in the spin 
on�guration at thesample surfa
e and enables the separation of spin polarized e�e
ts from other
ontributions to the tunnel 
urrent signal. Ferromagneti
 tips su
h as thosemade from Fe have a large stray �eld whi
h 
an in
uen
e the magnetisationof the sample and are also prone to magnetostri
tion whi
h 
an lead to instru-mentational artifa
ts. Antiferromagneti
 tips on the other hand do not havethis stray �eld, and should exhibit a signi�
ant spin-ordering at the apex ofthe tip, enabling spin polarised STM (SP STM) to be a
hieved [21, 34℄.2.2 Thin Films of IronThin iron �lms have magneti
 properties whi
h depend on the morphology ofthe �lm. These properties make them useful samples with whi
h to investigatevarious aspe
ts of spin polarised STM. This se
tion will give an overview ofthe magneti
 properties of very thin �lms (also known as ultra thin �lms),whi
h are between one and ten monolayers thi
k.The iron on molybdenum (110) system, referred to as Fe/Mo(110), hasnot been studied as intensively as the similar iron on tungsten (110), orFe/W(110), system [35℄. By growing these �lms on a substrate of vi
inalmolybdenum (110), iron islands of various sizes and thi
knesses 
an beformed. In parti
ular, the stepped nature of the Mo (110) substrate allowswedge shaped iron islands whose thi
kness varies along the length of theisland to be grown. These wedge shaped islands arise naturally and theirstru
ture is shown s
hemati
ally in Figure 2.1a. Su
h islands are predi
tedto have regions with di�erent magnetisation dire
tions.
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Figure 2.1: These are s
hemati
 diagrams of some of the stru
tures formedby iron �lms on the stepped molybdenum surfa
e. (a) A 
ross se
tion ofnaturally o

urring wedge shaped islands grown on stepped surfa
es in thisstudy. (b) A 
ross se
tion of an iron �lm showing how alternate terra
es havedi�erent thi
knesses.Thin �lms have been a topi
 of mu
h interest over the last number ofde
ades. With the movement towards greater data storage densities in 
om-puter disk drives, attention is being fo
ussed on the magneti
 properties ofthese �lms. The way in whi
h �lm properties di�er from those of bulk sam-ples will be dis
ussed here. As the stru
ture of ultrathin �lms has a strongin
uen
e on their magneti
 properties, the manner in whi
h ultrathin �lmsgrow is dis
ussed initially, and the theory behind their unusual magneti
anisotropies is then des
ribed.2.2.1 Stru
ture and epitaxyThe magneti
 properties of thin �lms are strongly in
uen
ed by their stru
-ture. Therefore it is useful to des
ribe the manner in whi
h they grow beforedis
ussing their magneti
 properties. The thin �lms dis
ussed here are grownepitaxially, that is ea
h 
rystal in the �lm grows in a unique orientation
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rystalline substrate. If both materials are the same then thisis referred to as auto- or homo-epitaxial growth, and if they are di�erent itis referred to as heteroepitaxial. Thin �lms rarely grow in a layer-by-layermanner be
ause of the strains 
aused by depositing the �lm and substratematerials on top of one another.The growth modes of 
rystals 
an be 
lassi�ed into the following modes[36℄.1. Frank-van der Merwe (FM) growthLayer-by-layer growth where 
omplete monolayers are formed beforesubsequent layers nu
leate { the growth is two dimensional (2D).2. Volmer-Weber (VW) growthSmall 
lusters nu
leate on the substrate forming islands in a three di-mensional (3D) manner.3. Stranski-Krastanov (SK) growthA growth mode 
ombining both the VW and FM modes. Initial growthis layer by layer but after a 
riti
al thi
kness is rea
hed, islands form ontop of the layers. This is sometimes referred to as 2D �! 3D growth.The growth modes 
an be 
onsidered as a wetting problem, governedby the following equation based on the surfa
e energies of the �lm (�A),substrate (�B), interfa
e (��) and latti
e mismat
h (�S).�� = �A � �B + �� + �S (2.4)The growth begins as a monolayer if �� < 0 and as islands if �� > 0.Plane FM growth is very rare be
ause of the strain energy or latti
e mismat
h
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luded in the surfa
e energies of Equation 2.4. Howeverif the growth is indu
ed by supersaturation (i.e. either low substrate temper-ature or high evaporation rates) then monolayer nu
leation 
an o

ur and afor
ed layer or quasi-FM growth mode results. Kineti
 prin
iples govern thegrowth in most real growth pro
esses and 
ondensation at low temperaturesresults in small grain sizes while that at high temperatures results in largegrains.The latti
e mis�t, f , whi
h plays an important role in determining thestru
ture of �lms, 
an be de�ned in a one dimensional (or 1D) model as:f = (b� a)a (2.5)Where a and b are the latti
e parameters of the substrate and �lm re-spe
tively. This mis�t results in dislo
ations and elasti
 strain, whi
h haveimportant 
onsequen
es for the magnetoelasti
 anisotropy of ultrathin �lms.2.2.2 AnisotropyThe unusual anisotropies of thin �lms are an important property both forappli
ations as magneti
 re
ording media and as sour
es of long range mag-neti
 order. Anisotropy is de�ned as the 
ontribution to sample free energythat depends on the dire
tion of the magnetization ve
tor M. Anisotropyresults from the 
rystalline ele
trostati
 �eld (re
e
ting the lo
al symmetryof the 
rystal) in
uen
ing the orbits of the ele
trons in the atoms, whi
hin turn intera
t with the magnetization through spin-orbit 
oupling. Uni-axial anisotropy is the simplest example of anisotropy, and in this 
ase it isfavourable forM to lie along an easy axis denoted by z. This axis is the 
-axis
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rystals. In a
i
ular (i.e. needleshaped) parti
les z is along the long axis. Ultrathin �lm stru
tures exhibitstrong uniaxial anisotropies linked with the uniaxial 
rystal-�eld intera
tionat their surfa
es and interfa
es.The perpendi
ular magnetization often found in systems su
h asFe/Ag(001), Ni/Cu(001) and Co/Pd 
an be understood qualitatively by 
on-sidering the di�eren
e in the ele
troni
 stru
ture when 
ompared to the bulk,as dis
ussed by O'Handley [37℄. In the bulk, the ele
trons 
an have 
ompo-nents of momentum in any dire
tion (although some dire
tions are favourablebased on the shapes of the orbitals). As it is unlikely to �nd d ele
trons outsidethe surfa
e of the �lm, the 
omponents of ele
tron momentum perpendi
ularto the surfa
e are redu
ed. The velo
ity in the surfa
e plane is linked to theangular momentum perpendi
ular to the surfa
e and this 
auses the quantityL2zL2x+L2y to in
rease near the surfa
e. In situations where the spin-orbit 
ou-pling is signi�
ant the 
omponent of the spin perpendi
ular to the surfa
ewill in
rease | and therefore perpendi
ular magnetization is favoured.The various anisotropy 
ontributions 
an be 
ategorised as [36, 38℄:� shape anisotropy� bulk magneto
rystalline anisotropy� strain anisotropy� magneti
 surfa
e anisotropy



CHAPTER 2. THEORY 142.3 MagnetiteAlthough the 
hemi
al formula for magnetite, Fe3O4, is relatively simple, itsa
tual stru
ture is quite 
omplex as 
an be seen in the s
hemati
 diagramshown in Figure 2.2. Magnetite forms 
rystals in the 
ubi
 inverse spinelstru
ture. In this stru
ture, the oxygen O2� anions form a fa
e 
entered
ubi
 (f

) framework and the iron 
ations (whi
h are present in both theirFe2+ and Fe3+ form in magnetite) are lo
ated in the intersti
es or gapsof the oxygen frame. All the Fe2+ ions and half of the Fe3+ ions are ino
tahedral intersti
es. The other half of the Fe3+ ions are in tetrahedralintersti
es. The formula unit of magnetite, Fe3O4, 
an be written more fullyas Fe3+ # [Fe3+ " Fe2+ "℄O4 where the iron ions en
losed by square bra
ketsare in o
tahedral intersti
es.The 
ubi
 unit 
ell of magnetite 
ontains 8 formula units, that is 32 O2�anions as well as 16 Fe3+ and 8 Fe2+ 
ations. The length of the 
ube sideis 8.4 �A. The (001) plane 
an be viewed as a sta
k of two alternating layers.One of the layers 
ontains tetrahedral irons, while the other layer is 
omposedof rows of iron ions surrounded by oxygen ions and is shown s
hemati
allyin Figure 2.2. The rows run perpendi
ular to one another in neighbouringo
tahedral layers.The oxygen latti
e is 
exible and readily a

ommodates 
ations otherthan iron, and therefore magnetite is often non-stoi
iometri
 [23℄. A widerange of 
ations 
an be introdu
ed into magnetite. Some elements su
h as Co,Ni and Zn appear to randomly repla
e o
tahedral Fe2+ throughout magnetite
rystals. Other elements, however, su
h as Cu, Mn and Cd appear to be
on
entrated near the surfa
e of the 
rystals. Fully substituted ferrites have
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Figure 2.2: This is a s
hemati
 of the bulk-terminated Fe3O4 (001) surfa
e.The oxygen ions are 
oloured green, while the o
tahedral iron ions in thesame layer as them are 
oloured red. The other iron ions whi
h are in thetetrahedral positions on adja
ent layers are 
oloured blue. After Referen
e[27℄.
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ed with a general formula ofMFe2O4. Cal
ium substitutionhas been found to lead to the 
ubi
 
ell edge in
reasing from 8.39 �A to 8.47�A. Aluminium on the other hand leads to a redu
tion in the 
ell edge length,and the in
uen
e of aluminium substitution on its magneti
 properties hasalso been studied [23℄. Na has also been in
orporated into the magnetitestru
ture.The latti
e of iron ions in the tetrahedral positions have their spins alignedparallel with one another but are anti-parallel to the iron ions in the o
tahe-dral positions. These two interlo
king latti
es have unequal magneti
 momentand the antiferromagneti
 
oupling between them does not entirely 
an
el outthe magnetisation of the 
rystal. This form of magnetism is termed ferrimag-netism. The antiferromagneti
 
oupling via the 127ÆFeA � O � FeB bondis stronger than 
oupling on the o
tahedral sites. The easy magnetizationdire
tion of magnetite also lies along the eight [111℄ 
ube diagonals [39℄, andit has a Curie temperature of 850 K [23℄.Magnetite 
an have metal va
an
ies on the o
tahedral sites and it is asemi-
ondu
tor with a band gap of about 0.1 eV. This band gap is low enoughfor the thermal energy of the ele
trons at room temperature to 
reate some
ondu
tivity. The high 
ondu
tivity of magnetite at room temperature is un-usual for iron oxides and is due to the hopping of ele
trons of equal spinbetween the Fe2+ and Fe3+ 
ations in the o
tahedral sites. At low tempera-tures, however, ele
tron delo
alization is inhibited and this hopping is frozenout and the 
ondu
tivity de
reases by approximately two orders of magni-tude in stoi
hiometri
 
rystals [26℄. The temperature at whi
h this transitiono

urs is 
alled the Verwey temperature (TV ) and is typi
ally around 118 K
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hiometri
 single 
rystals of magnetite [23℄. The Verwey temperaturevaries with the stoi
hiometry of the sample and is often used as a methodto 
he
k for the presen
e of impurities whi
h 
an lead to the point of thetransition falling to about 100 K [26, 40, 41℄. Magnetite has been studied bylow temperature STM 
lose to the Verwey temperature at 125 K [42℄.The fo
us of the 
urrent proje
t has been on the (001) plane of magnetite.Previous studies have fo
ussed on me
hani
ally polished magnetite 
rystalsonly, and it has been shown previously that the opti
al properties of spinelssu
h as magnetite are e�e
ted by the form of polishing used [25, 43℄. In thisstudy, both the polished and unpolished sides of an arti�
ially grown bulkmagnetite 
rystal have been studied. The (001) plane has square four-foldsymmetry and the topography of 
rystals 
ut along this plane 
onsists ofmany square terra
es. It has been found that the surfa
e of magnetite isvery sensitive to the preparation 
onditions and that it re
onstru
ts intoseveral di�erent forms depending on the way in whi
h it was prepared. Somelinear re
onstru
tions observed by STM on magnetite have been attributedto the presen
e of 
ontaminants su
h as Mg, Ca or K [26,27℄, although it wasthought previously that similar surfa
es were stoi
hiometri
 [24, 25℄.A Wigner glass state is reported to o

ur on the Fe3O4 surfa
e at roomtemperature, and the resulting 
harge ordering at the surfa
e has been stud-ied on the atomi
 s
ale using SP STM [26, 44℄. This surfa
e 
ontinues tobe an interesting 
andidate for the further investigation of spin polarizedphenomena.



Chapter 3
Experimental Details
Several di�erent experimental methods were used during this proje
t. In this
hapter, an overview of these experimental te
hniques and their asso
iateddata pro
essing systems will be given. A 
omprehensive set of pro
edures de-veloped during this proje
t will also be outlined that enable the testing andquantitative analysis of s
anning tunnelling mi
ros
opes, and other similars
anning probe te
hnologies. Note that in order to emphasise that the indi-vidual 
hambers in the va
uum system used in this study are distin
t units,their names have been 
apitalised when they are referred to in the text.3.1 Va
uum SystemThe experiments performed in this study were 
arried out in an ultra-highva
uum (UHV) system. This system 
onsists of three separate 
hambers,separated by valves and has been des
ribed in detail elsewhere [25, 45℄. Thesystem is pumped by a 
ombination of roughing and turbo-pumps, non-evaporable getter (NEG) pumps, liquid nitrogen 
ooled titanium sublimation18



CHAPTER 3. EXPERIMENTAL DETAILS 19pumps (TSPs) and by several ion-pumps. The base pressure in the systemis typi
ally in the low 10�10 mbar range. A fast-entry load lo
k 
hamber is
onne
ted to the Preparation Chamber where most sample preparation is
arried out. The Preparation Chamber is equipped with a number of devi
esfor the 
leaning of samples and deposition of thin �lms. These in
lude anele
tron beam or e-beam heater (for qui
kly heating or 
ash-annealing re-fra
tory metals su
h as molybdenum), a resistive heater (for heating samplessu
h as magnetite for long periods of time), and an argon ion gun that isused to 
lean both the samples themselves and the STM tips [46℄. An e-beam evaporator that was developed in-house was used to deposit the thiniron �lms des
ribed in this study. This unit has re
ently been upgraded toa 
ommer
ial Omi
ron EFM-3 devi
e. The preparation 
hamber also 
on-tained an Auger Ele
tron Spe
tros
opy (AES) instrument for determiningthe 
hemi
al 
omposition of the sample surfa
e to be investigated [47℄. ThisAES equipment is more sensitive than the instrument that was available toprevious resear
hers in the Nanote
hnology Group [25℄.The evaporation of iron was monitored by a quartz 
rystal monitor sup-plied by In�
on. This devi
e measures the mass of the iron in
ident on thequartz 
rystal, and then 
al
ulates a thi
kness deposition rate in units of�A.s�1 based on the assumption that the Fe is growing in the b

 stru
ture.From the thi
kness value determined by the In�
on monitor, the fra
tional
overage of the iron in units of pseudomorphi
 monolayer equivalent (ML)
an be determined, as well as the deposition rate in units of ML.min�1, asdes
ribed in detail in Referen
e [48℄.An external pyrometer is used to monitor the temperature of the sample
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ash-annealed in the e-beam heater. It is an Ultimax UX-20, with atemperature range of approximately 900 { 3300 K. The emissivity value (�)of molybdenum used is taken from the manufa
turer's manual, and for thismodel of pyrometer � = 0:35 for the \mirror quality" �nish of the samplestudied here.3.2 S
anning Tunnelling Mi
ros
opesA Low Temperature STM Chamber and a Room Temperature STM Chamberare 
onne
ted to the Preparation Chamber. The Low Temperature STM(LT STM) 
onsists of an STM head made from the ma
hinable 
erami
Ma
or whi
h 
an be lowered into a 
ryostat, as des
ribed in Referen
e [42℄.Extensive 
alibration and performan
e assessment of this STM was 
arriedout during the 
ourse of this proje
t. The Room Temperature STM Chamber
ontains the Room Temperature STM (RT STM) made from Ma
or. It wasthis RT STM that was used for most of the s
anning sessions in this set ofexperiments, and it was also 
alibrated and tested extensively as part of thisproje
t. The Room Temperature STM Chamber is also equipped with a LowEnergy Ele
tron Di�ra
tion (LEED) system whi
h 
an be used to determinethe 
rystal stru
ture of a sample surfa
e.The STMs are 
ontrolled by 
omputerized external 
ontrol units, whi
h
ontrol the position of the tip relative to the sample and aquire data duringthe s
anning sessions. The 
ontrol system used initially was a WA Te
h-nologies Tops II unit. This Tops unit was upgraded to a newly 
ommissionedOmi
ron S
ala Control Unit during the 
ourse of this proje
t. The S
ala 
on-troller was 
alibrated in the x � y plane by obtaining atomi
 resolution on
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at highly oriented pyroliti
 graphite (HOPG). Verti
al 
alibration was doneusing the monatomi
 steps on a vi
inal Mo(110) sample. The 
alibration wasalso determined by 
omparison with the values determined for the originalTops 
ontroller. Several problems were en
ountered while 
ommissioning theS
ala unit, and it is possible that the system has not yet been fully optimised.After intensive dis
ussions with Omi
ron representatives, it appears that anydis
repan
y in the lateral 
alibration of the S
ala unit 
ompared to the Topsunit 
ould be due to the intrinsi
 ele
troni
 (as opposed to piezo) drift inthe 
ontrol unit. This topi
 is dis
ussed in Referen
e [26℄. The magnitude ofthis drift during small area s
ans 
an be redu
ed by 
hanging the range ofthe s
anning speeds available. It is also possible that the value measured bythe S
ala analog to digital 
onverters for the tunnel 
urrent may be di�er-ent from the a
tual tunnel 
urrent by a fa
tor of two as the pre-ampli�erused in the STMs is di�erent from the 
on�guration supplied by Omi
ron.This feature of the Omi
ron unit does not however a�e
t the feedba
k loop
ontrolling the position of the STM tip. In addition, as the optimal tunnel
urrent generally varies both with the sample and the tip it does not a�e
tthe images s
anned signi�
antly.It is interesting to note that although atomi
 resolution 
an be normallya
hieved on HOPG, the interpretation of these images is not straightforward.Many di�erent surfa
e topographies have been imaged on graphite [49{51℄.The STM tips used in this proje
t were mainly made from tungsten(W), although tips made from the antiferromagneti
 material manganeseni
kel (MnNi) were also used. Me
hani
ally 
ut PtIr tips were also used.These tips were prepared in-house by the author, Sergio Fernandez Cebal-
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hemi
al-et
hing te
hniquesused are similar to those des
ribed in detail elsewhere [48, 52, 53℄. After thetips were introdu
ed into the UHV system they were bombarded with ar-gon ions using an ion gun to remove any oxidised layer of material and toimprove their shape. The antiferromagneti
 MnNi tips enable the feasibilityof Spin-Polarized STM to be studied. Other groups have produ
ed tips withsimilar antiferromagneti
 
hara
teristi
s by depositing thin �lms of Cr onto
onventional W tips [34℄. Ferromagneti
 tips made from Ni have also beenprodu
ed [54℄. Many di�erent te
hniques exist to produ
e reliable tips forSTM [55℄.3.3 Data pro
essingA wide variety of powerful pro
esssing algorithms are now available to pro-
ess experimentally a
quired data, in
luding STM images, AES spe
tra andLEED patterns.In order to provide a range of te
hniques with whi
h to pro
ess STMimages, it was de
ided to use the freeware WSxM image pro
essing softwaresupplied by Nanote
 Ele
troni
a on their website (http://www.nanote
.es)in 
onjun
tion with the SPM Software supplied by Omi
ron. Frequent 
om-muni
ation was made with the developers of the WSxM program in orderto adapt it to the various STM image data formats used in this proje
t.These dis
ussions have also led to signi�
ant improvements to some of theprogram's features. Both these programs allow the images to be pro
essedand analysed using standard te
hniques. These te
hniques in
lude varioustypes of plane �tting of the image whi
h enable the slope of the sample to
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ted from the image, as well as analyti
al tools used to determinequantitative values from the images. For example, lo
al plane �ts subtra
ta slope from the image based on the slope of parti
ular terra
es, and this
an be used to emphasise the height di�eren
es between terra
es or steps onthe sample. In addition, two dimensional fast Fourier transforms (2D-FFT)
an be used to �lter unwanted signals with well de�ned frequen
ies su
h asele
tri
al noise or resonan
e from an image, and line pro�les 
an be used tomeasure the periodi
ity and 
orrugation of features on the surfa
e.STM images are not the only forms of experimental data whi
h bene�tfrom 
omputerisation. LEED patterns 
ontinue to be photographed with a
onventional 
amera but the developed negatives are now s
anned dire
tlyinto a 
omputer where they 
an be pro
essed to improve the 
ontrast beforebeing printed, a pro
edure whi
h has led to signi�
ant time savings. The data�les 
ontaining Auger spe
tra 
an now be pro
essed using software whi
hwas developed as part of this proje
t. This software identi�es and labelsthe most prominent peaks in the spe
trum fa
ilitating their identi�
ation by
omparison with published referen
e spe
tra.3.4 STM Testing Pro
eduresThe testing and performan
e assessment of s
anning tunnelling mi
ros
opeshas traditionally been qualitative rather than quantitative. Previously pub-lished STM evaluation methods are 
ompli
ated, and diÆ
ult to apply inpra
ti
al situations [56{58℄. In order to provide a more rigorous basis forthe 
omparison of di�erent STM setups, a 
omprehensive set of performan
eassessment pro
edures has been developed as part of this proje
t. These pro-
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edures provide a sound theoreti
al and experimental basis for determining
riti
al fa
tors su
h as the resonan
e frequen
ies of the piezoele
tri
 tubes
anner and the step size of the 
oarse approa
h piezowalker. In addition,these pro
edures 
an also be used to diagnose and troubleshoot many 
om-mon problems en
ountered during the use of a s
anning tunnelling mi
ro-s
ope. These tests provide a �rm foundation for the development of newmi
ros
opes and the full optimisation of those 
urrently available, in
ludingboth the Low and Room Temperature STMs. These pro
edures 
an also beadapted for the analysis of other instruments based on s
anning probes andpiezo tube s
anners.3.4.1 PiezowalkerA piezowalker is usually employed in s
anning tunnelling mi
ros
opes toposition the sample 
lose to the STM tip. The sample is initially pla
edin a holder on the walker several 
entimetres from the tip, and then raiseduntil that distan
e has been redu
ed to approximately 1 mm. An automatedpro
edure 
alled the \auto-approa
h" is then followed by the 
ontrol unit togradually bring the sample within range of the tube s
anner without 
rashingthe tip into the sample.The piezowalker employed in the STMs used in this proje
t 
onsist of sixpiezo sta
ks pressed by a spring against a sapphire rod that supports thesample as shown in Figure 3.1, and des
ribed by Quinn [45℄. A high voltagesawtooth-like waveform is applied to the piezos, and their shearing motionresults in a \slip-sti
k" a
tion whi
h moves the sapphire rod [59, 60℄. Thethi
kness and number of piezos \tiles" in ea
h sta
k of the walker varies in
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Figure 3.1: This diagram shows the s
hemati
 stru
ture of the piezowalkerused in the STMs in this proje
t. After Mariotto et al [60℄.ea
h STM and several fa
tors 
ontribute to the 
hoi
e of sta
k stru
ture. Forexample, at low temperatures the piezoele
tri
 shearing 
oeÆ
ient is ordersof magnitude less than that at room temperature, and more piezos are neededin ea
h sta
k to a
hieve a pra
ti
al step size. In addition, it has been foundthat the shearing voltage must 
hange very qui
kly for the piezos to shear atlow temperatures [42℄. This rate of 
hange, also referred to as the slew rate,must be of the order of mi
rose
onds for the piezowalker to fun
tion under
ryogeni
 
onditions.Rotational movement 
an also be in
orporated into the piezowalker byvarying the orientation of the piezo
erami
 sli
es that form ea
h sta
k. Forexample, this has been implemented in the Titanium Room Temperature
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tor determining the sta
k stru
ture isthe thi
kness of the piezoele
tri
 
erami
s used. The highest voltage that 
anbe applied to a piezo tile is proportional to its thi
kness and this must betaken into a

ount when 
hoosing the sta
k stru
ture.Given the variety of piezowalker designs implemented and the variousoperating temperatures at whi
h they are used it is useful to develop a set oftests that would enable the 
omparison of the di�erent walker 
on�gurationsand to fa
ilitate the troubleshooting of problems asso
iated with them. Itshould be borne in mind that very high voltages (up to 800 V peak to peak)are applied to the piezowalker during its operation and therefore the 
ontrolunit should be dis
onne
ted fully from the STM head before it is manipulatedeither with bare hands or va
uum wobblesti
ks.Basi
 testsDuring normal operation, the 
oarse positioning 
ir
uitry of the Omi
ronS
ala 
ontroller applies a high voltage sawtooth-like waveform simultane-ously to ea
h of the piezo sta
ks used for verti
al movement. This mode ofoperation di�ers from the sequential shearing mode used by the walker ele
-troni
s 
onne
ted to the Tops unit. These two modes of operation result indi�erent step sizes and have been 
ompared in detail in other studies [60℄.The frequen
y of the high voltage signal 
an be set on the S
ala to bebetween 500 Hz and 4 kHz. In order to test the fun
tionality of the walkertwo basi
 tests 
an be applied. First of all, a simple visual 
he
k 
an be madeto see whether the walker moves at a satisfa
tory speed when a high voltagesignal is applied to it. At a frequen
y of 4 kHz this movement should be
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ond. In addition, the high frequen
y vibrations ofthe piezo sta
ks should be audible if the STM head is in air. In UHV, thesevibrations will also be audible if the STM head is me
hani
ally 
lamped inpla
e as the 
lamp will transmit the vibrations to the air side of the 
hamber.Several fa
tors 
an prevent the piezowalker from moving even when a volt-age is being applied. Ea
h piezowalker has a 
hara
teristi
 threshold voltagebelow whi
h the sapphire rod will not move. There is also a maximum voltagewhi
h 
an be applied to the piezos - ex
eeding it will result in the depolingof the piezos and a loss of fun
tionality. This voltage is referred to as thedepoling voltage, and for the shearing mode piezos used in the piezowalkerdes
ribed here, this is typi
ally half the value of the depoling voltage fora thi
kness mode piezo. The piezos used in the STMs des
ribed here areEBL#2, and were provided by Stavely Sensors.These 
hara
teristi
s of the piezowalkers are given in Table 3.1. Typi
allyone side of ea
h piezo tile is grounded and the threshold voltage quoted is apeak-to-peak voltage. For example, for a piezo tile 0.5 mm thi
k, a voltageof 50 V indi
ates that one ele
trode on ea
h piezo is kept at 0 V while theother varies between -80 V and +80 V. This piezo tile will only be depoledif the voltage applied is less than -150 V or greater than +150 V.As the piezosta
ks share a 
ommon ground, if this ground be
omes dis-
onne
ted the applied voltage will have no e�e
t. Typi
ally, the signal needsto rea
h at least three of the piezosta
ks for the sapphire rod to be moved. De-pending on its position in the piezowalker, the sapphire rod moves at di�erentvelo
ities, and this is probably due to variations in the surfa
e roughness ofthe sapphire rod. In the 
ase of the non-
ylindri
al rods used in some of the
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teristi
sSTM Name PiezoThi
kness(mm) Piezos in ea
hSta
k DepolingV Ampli-tude(V) ThresholdVpp (V)RT STM 1 1 300 250LT STM 0.5 4 150 160Ti RT STM 0.5 2 verti
al + 1 ro-tational 150 160
STMs, the 
at part of the rod against whi
h the spring presses may be
omerotated away from the spring and the for
e applied by the spring itself tothe sapphire rod may also be insuÆ
ient or too great. The adjustment of thesapphire rod position and the spring for
e may lead to movement of the rod,in this 
ase.Step size measurementThe size of steps taken by the piezowalker is one of its most important 
har-a
teristi
s as it determines the duration of an auto-approa
h pro
edure, whenthe tip is initially brought 
lose to the sample. This is parti
ularly signi�-
ant at low temperatures when the shearing motion of the piezos is quitesmall. Ideally, the step size while the walker is moving the rod up should bethe same as when it is moving the rod down. In the 
on�guration used inthe STMs involved in this proje
t, the walker is used to move the sampleverti
ally (unlike some 
ommer
ial systems whi
h have the sample mounted



CHAPTER 3. EXPERIMENTAL DETAILS 29horizontally). Gravity plays an important role in this 
on�guration and inpra
ti
e the ratio of step sizes in the up and down dire
tions is less than one.It is useful to quantify this ratio, and to relate it to a physi
al step size inorder to 
hara
terise a spe
i�
 piezo walker. For this purpose, the pro
eduresoutlined below have been developed.If the STM head is in air, or the distan
e between 
ertain points on theSTM head body are a

urately known, then a simple method 
an be usedto determine the step size. Provided that the sample holder on the walker'ssapphire rod is well away from the tube s
anner, the walker 
an be movedby an auto-approa
h forwards or ba
kwards for a period of time suÆ
ientfor the distan
e moved to be observed without diÆ
ulty. The distan
e thatthe sample holder has moved 
an then be measured either using a ruler orby 
omparison with referen
e points on the STM head, and the number ofsteps taken to move that distan
e noted from the 
ontrol unit. From these�gures, a value for the average step size 
an be 
al
ulated.If the STM is in UHV or inserted in a 
ryostat and no longer visible,then the following pro
edure for measuring the step size may prove useful.The Z voltage being sent to the tube s
anner should be measured with anos
illos
ope either by 
onne
ting it to a low voltage output proportional to itor by using a 10:1 probe 
onne
ted to the wires leading to the tube s
anner.If the tube s
anner 
on�guration being used 
ombines the Z voltage signalwith that of the X and Y de
e
tions at ea
h quadrant (i.e. Z�X;Z�Y modeof operation) then the voltages at two opposite quadrants must be measuredand half the value of their sum taken as the Z voltage itself. However, if theX and Y de
e
tions 
an be set to zero in the software (typi
ally setting the
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an position to zero and the s
an area to zero will a
hieve this)then measuring the voltage on one quadrant is suÆ
ient to determine theamplitude of the Z signal.1. Bring the tip into tunnelling on a sample. Adjust the position of thesample with the piezowalker (retra
ting the tip before ea
h movement)until the Z voltage, Vo, is 
lose to 0 V.2. Withdraw the tip and retra
t the sample by 10 steps using thepiezowalker (generally the tip will still be within tunnelling range evenafter taking 10 steps). Bring the tip forward again and measure thevalue of the new Z voltage, Vb. Note that this value will 
hange overtime due to piezo 
reep in the tube s
anner, and it is therefore usefulto take only the initial value after ea
h 
hange in the tube s
annerextension.3. Withdraw the tip and bring the sample 10 steps 
loser to the tip. Bringthe tip forward again and note the Z voltage, Vf . Note that in general Vfwill not be the same as Vo be
ause the step sizes in opposite dire
tionsare not equal.The ratio of forward (Sf ) to ba
kward step size (Sb) is then given by thedi�eren
e in the voltages, as shown in the following equation:SfSb = Vb � VfVb � Vo (3.1)This ratio should ideally be 
lose to 1, but will in pra
ti
e be between0.6 and 0.8. On
e the Z sensitivity of the tube s
anner is known, and thehigh voltages applied to the tube s
anner have been measured as above, the



CHAPTER 3. EXPERIMENTAL DETAILS 31Table 3.2: Measured Piezo Walker Step SizesSTM Name AppliedVpp (V) Fowardstep size(nm) Ba
kwardstep size(nm) Step sizeratioRT STM 160 35 50 0.7LT STM 160 52 75 0.7Ti RT STM 250 29 49 0.6physi
al step height 
an be determined from the values re
orded in the abovepro
edure. The values determined for the walkers used in several STM thatare used in this proje
t are given in Table 3.2. As 
an be seen in this table,the step size of the LT STM when operated at room temperature is mu
hgreater than the other piezowalkers in order to ensure that the step size isadequate at low temperatures.3.4.2 Tube s
annerThe resonan
e frequen
ies of the tube s
anner both in the verti
al (Z) dire
-tion and in the lateral (X, Y) dire
tions determine the maximum s
anningrate at whi
h the STM 
an operate. It is the X and Y s
an speeds whi
h arevaried regularly during an STM session, and the rate at whi
h the Z height
hanges is determined by the sample topography. During a normal s
an theX s
an speed is generally mu
h faster than the Y s
an speed.The frequen
y at whi
h the tube s
anner s
ans in the X or Y dire
-tion should be signi�
antly below the value of the 
orresponding resonan
e
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y. Formulas for 
al
ulating the resonan
e frequen
ies of the tubes
anner 
an be found in the literature [28,61℄, however the a

ura
y of theseformulas in pra
ti
e has not been 
on�rmed, and their use in determiningquantitative values of the tube s
anner piezoele
tri
 
oeÆ
ients 
an be in-
onsistent [62℄.Basi
 testsIn order to test the wiring leading to the tube s
anner, it is useful to measurethe 
apa
itan
e between the quadrants of the tube s
anner. This 
an be
onveniently and a

urately measured using a multimeter su
h as a TextronixDMM 912 or Fluke 83 III. The measurement 
an be made between the signalwires of the BNCs leading to the tube s
anner. The 
apa
itan
e of the wires(whi
h is typi
ally 50 pi
ofarads per metre) is a lot less than the 
apa
itan
ebetween the quadrants (whi
h is of the order of nanofarads). For example,the 
apa
itan
e between ea
h quadrant on the tube s
anners in the LT STMand Ti RT STM and the ground is typi
ally 4 nF. The measured 
apa
itan
ebetween two quadrants was found to be between 2 nF and 2.5 nF whenmeasured at the air-side of the ele
tri
al feed-through leading to them.Resonan
e frequen
iesThe pro
edure outlined below gives a useful indi
ation of whether the tubes
anner wiring is fun
tioning, and also enables the measurement of the tubes
anner's resonan
e frequen
ies. This test uses the inverse piezo e�e
t [28℄ to
he
k whether all four quadrants of the tube s
anner are 
onne
ted 
orre
tly.This is a
hieved by applying a sinusoidal voltage to one quadrant in order
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ontra
t. This deforms the opposite quadrant and avoltage 
hange should be dete
ted a
ross it. In addition the adja
ent piezoquadrants are 
apa
itively 
oupled to the ex
ited quadrant, and a 
ross-talksignal 
an also be dete
ted on them. This 
ross-talk signal is distin
t froma leakage signal as it is 
aused by 
apa
itive 
oupling, whereas a leakagesignal is 
aused by resistive 
oupling. The presen
e of a tip holder in thetube s
anner 
hanges the resonan
e frequen
y. As the mass and length ofboth tips and tip holders vary, it is best to do the measurements without atip holder in pla
e in order to determine the intrinsi
 resonan
e frequen
iesof the tube s
anner.In the STMs used in this proje
t, only one of the BNCs on the 
ablesleading to the tube s
anner feedthrough has its shielding braid 
onne
ted tothe tube s
anner ground. It is therefore important that this BNC should begrounded at all times. In addition, if the other 
ables are not grounded, extranoise may be brought into the region of the tube s
anner through those wires.It is therefore ne
essary to ground the shields of all of the BNCs leading tothe tube s
anner. This 
an be done 
onveniently by 
onne
ting them to anos
illos
ope.A summary of the pro
edure is given below:1. Using a fun
tion generator, apply a sinusoidal voltage of amplitude 2V peak-to-peak to the Z+X quadrant.2. While varying the frequen
y of the applied signal, use on os
illos
opeto monitor both it and the 
orresponding signal in the Z-X quadrant.3. Find the lowest resonan
e frequen
y of the Z+X quadrant by identify-ing the frequen
y at whi
h the Z-X signal is largest.
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efrequen
y (kHz) Vpp on oppositequadrant (mV)LT STM Z �X 1.67 � 100Z � Y 2.09 � 1000Ti RT STM Z �X 1.53 � 380Z � Y 1.56 � 70Table 3.3: Measured Tube S
anner Resonan
e Frequen
ies4. Repeat this pro
edure for the other three quadrants.The resonan
e frequen
ies measured using this pro
edure are shown inTable 3.3. It 
an be seen from that table that the resonan
e frequen
ies aretypi
ally around 1.5 kHz and that at those frequen
ies the pi
kup on theopposite quadrants is signi�
ant. It is also interesting to note that there isa signi�
ant di�eren
e between the amplitude of the voltage measured onthe X and Y quadrants. The reasons for this are un
lear as these quadrantsshould have similar properties. It is possible that as the wires leading to theSTM head follow slightly di�erent routes that some of them are 
loser toone another and lead to a greater pi
kup signal. It is also possible that someextra 
ondu
ting glue might be present 
lose to the ele
trodes of some of thequadrants and that this may in
uen
e the measured variations.This pro
edure 
an also be used to test whether any of the s
anner wireshave be
ome deta
hed. This te
hnique would be espe
ially useful in the 
aseof the STM head being 
ooled in a 
ryostat where the wires leading to thepiezo
erami
 tube s
anner would not be visible. If a wire has be
ome deta
hedthen it will pi
k up a smaller signal from its neighbouring ele
trode than its



CHAPTER 3. EXPERIMENTAL DETAILS 35equivalent on the opposite side of the tube s
anner. For example, if the Z+Xwire has be
ome deta
hed then it would pi
k up a smaller signal than theZ�X wire when a sinusoidal signal is applied to either of the Z�Y ele
trodes.3.4.3 Pre-ampli�erA pre-ampli�er is used to amplify and 
onvert the tunnel 
urrent into avoltage that is then measured by the 
ontrol unit. This 
hip (usually a Burr-Brown OPA-111SM operation ampli�er in the STMs used in this proje
t) isoften lo
ated adja
ent to the STM head [25,42,45℄. It may be
ome damagedduring the routine bakeouts ne
essary to a
hieve ultra high va
uum afterthe system has been up at air. It is possible that during the bakeout, theoperational ampli�er be
omes damaged at the moment when the ion pumpis swit
hed on. In some 
ases, there is a dis
harge in the va
uum 
hamberduring the swit
hing on of the pump. This dis
harge 
an be seen througha viewport as a blue glow inside the 
hamber and possibly 
onne
ts the tipand therefore the input of the ampli�er to the high voltage of the ion pump.It is useful to systemati
ally 
he
k whether the pre-ampli�er is fun
tioning
orre
tly. A useful method to do this is to start an auto-approa
h and monitorthe pi
kup on the It signal (neither a tip or sample need be in the STM forthis test to work). During an auto-approa
h two distin
t waveforms 
an beseen on the normally 
at tunnel 
urrent signal. One is 
aused by the suddenvoltage 
hange in the tube s
anner 
oin
iding with the fast retra
tion of thetip. The other o

urs approximately 14 ms later when the walker takes a stepand is due to the high voltage signal being sent to the walker piezos. Notethat the presen
e of a �lter box on the It signal 
able will 
hange the shape
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Figure 3.2: The pi
kup measured on the tunnel 
urrent signal. (a) The 
hangein the tunnel 
urrent signal as the tube s
anner is retra
ted qui
kly. The insetshows the shape of the ramping sawtooth-like voltage applied to the tubes
anner during the autoapproa
h. (b) This graph shows the pi
k-up signaltunnel 
urrent (green) approximately 14 ms after the fast retra
tion of thetube s
anner.of the observed waveform.The S
ala ele
troni
s have been adapted as part of this proje
t to redu
ethe rate of auto-approa
h to 2 Hz, i.e. two steps a se
ond, ensuring that the tipis not 
rashed into the sample by rapid movement of the piezowalker. The lastfew iterations of the auto-approa
h also indi
ate whether the auto-approa
hroutine itself is fun
tioning 
orre
tly and whether the 
orre
t voltage polarityhas been 
hosen for the Z tube s
anner signal. If the tip 
onsistently 
rashesinto the sample on the last iteration of the auto-approa
h pro
edure then thisindi
ates that the wrong polarity has been 
hosen for the s
anner Z voltagein the 
ontroller. The STMs used in this proje
t are what are referred to as\negative polarity" by Omi
ron, the manufa
turers of the 
ontrol unit. Thismeans that the tip-to-sample distan
e de
reases when the voltage applied to
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anner is in
reased.The waveforms shown on the os
illos
ope during the auto-approa
hshould be similar to the ones shown in Figure 3.2 whi
h were re
orded on theMa
or RT STM. The inset in Figure 3.2 shows the os
illos
ope tra
e of therepeated slow de
reasing ramp of the Z voltage as the tube extends lookingfor the sample. The �rst pi
kup on It (shown in Figure 3.2a) is due to thefast retra
tion of the tube s
anner. There is another pi
kup on the It signalafter about 14 ms 
orresponding to a 
oarse step taken by the walker afterea
h unsu

essful attempt to enter tunnelling by extending the tube s
an-ner. This pi
kup signal is shown in Figure 3.2b. Modi�
ations to the designof the wiring in the STM should minimise the amplitude of these pi
k-upsignals, although their presen
e is useful in 
on�rming that the pre-ampli�eris 
onne
ted 
orre
tly to the tunnelling 
urrent.



Chapter 4
Iron Films on Molybdenum
The dire
tion of magnetization in thin �lms of iron has been shown to bevery sensitive to the presen
e of 
ontaminants, in
luding those in the resid-ual gas [63, 64℄. As the magnetization states in the �lm are also sensitive todislo
ations in the epitaxial �lm [65, 66℄, it is important to ensure that thesurfa
e of the molybdenum substrate is regular and free of impurities be-fore the deposition of iron. This is a
hieved by the repeated annealing of theMo(110) substrate at high temperatures for short time intervals. This pro
e-dure, known as \
ash-annealing" or \
ashing", typi
ally heats the sample toapproximately 2,300 K for between 5 and 15 se
onds. This leads to the des-orption of adsorbates from the surfa
e, in
luding the Fe that may be presentfrom previous depositions.The Fe was deposited using an e-beam evaporator that was designed andbuilt in-house. The thi
kness of the �lm deposited was measured with a 
om-mer
ial quartz 
rystal deposition monitor, as des
ribed in the Experimental
hapter and elsewhere [48℄. This thi
kness measurement is given in units ofpseudomorphi
 monolayer equivalents (ML).38
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Figure 4.1: Images of the Mo(110) substrate before subsequent 
ashing ledto an improved surfa
e quality, as 
on�rmed by AES, LEED and STM. (a)A 200nm � 200nm s
an showing the uneven nature of the [1�11℄ step edges.(b) A 100nm � 100nm image showing o

asional double steps. Tip = W,Vbias = 0:1 V, It = 0:1 nA in both 
ases.4.1 Mo(110) SubstrateIn order to su

essfully deposit a pure thin �lm of Fe, the Mo(110) substratemust be 
arefully prepared. In these experiments, this preparation took theform of 
ash annealing whi
h led to the rapid desorption of 
ontaminantsfrom the sample surfa
e as well as the removal of any iron remaining fromprevious depositions. The stepped nature of this vi
inal Mo(110) surfa
e(whi
h has been mis
ut from the plane by approximately 5 Æ [48℄) 
an 
learlybe seen in Figure 4.1a.In this 
ase, the 
ash-annealing pro
ess has not yet 
ompletely removedthe 
ontaminants. The step edges are irregular and do not form straight



CHAPTER 4. IRON FILMS ON MOLYBDENUM 40lines, although the general step edge orientation is along the [1�11℄ dire
tion.A 
loser look at the sample surfa
e (shown in Figure 4.1b) also show stepswhere very narrow terra
es have formed. Contaminant parti
les 
an also beseen on the sample surfa
e. These are most likely either iron from previousdepositions or impurities that were present in the residual gas in the UHV
hamber. Subsequent 
ash-annealing stages led to an improvement in thesurfa
e quality, as 
on�rmed by AES, LEED and STM.4.2 1.2 ML Fe on Mo(110) at 315 KThe morphology of thin iron �lms depends on several parameters, in
ludingthe substrate temperature and deposition rate. The �lm des
ribed here 
on-sisted of a 1.2 ML thi
k iron �lm deposited on a substrate that was slightlyabove room temperature at 315 K. The deposition rate was 0.6 ML:min�1.The Auger spe
trum of this sample showed the presen
e of both oxygen andiron, indi
ating that an iron oxide had formed on the sample surfa
e duringthe deposition. The LEED pattern obtained on this surfa
e was 
onsistentwith a p(2 � 2) re
onstru
tion of the sample surfa
e.Two separate STM s
ans showing the stru
ture of a 1.2 ML thi
k �lmdeposited 
lose to room temperature at 315 K are reprodu
ed in Figure4.2. As 
an be seen in the large area s
an of Figure 4.2a, the growth modeis uniform a
ross this area of the sample. Closer inspe
tion of the samplesurfa
e (shown in Figure 4.2b after 2D-FFT pro
essing) shows the nature ofthe growth in greater detail. There appears to be growth by the step-
owme
hanism out from the step edges, as well as a degree of island nu
leationaway from the edges on the molybdenum terra
es. As the amount of Fe
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Figure 4.2: These images show a 1.2 ML Fe �lm grown on Mo(110) at 315 K.(a) This 200nm�200nm s
an shows the uniformity of the sample. Vbias = 0:03V, It = 0:1 nA. (b) This small area (50nm � 50nm) s
an has been �lteredusing a FFT pro
ess to improve the image quality and shows the 
ombinationof step-
ow growth and island nu
leation. Vbias = 0:1 V, It = 0:1 nA. Tip =W in both 
ases.deposited 
orresponds to approximately a monolayer of iron, it appears thatthe bare molybdenum substrate 
an also be seen between regions 
overed byiron. It is interesting to 
ompare this �lm with a similar �lm grown duringa previous set of experiments (Film C in Referen
e [48℄) at a slightly slowerdeposition rate of 0:443ML:min�1. In that 
ase there was almost 
omplete
losure of the �rst pseudomorphi
 layer before nu
leation of the se
ond layerbegan. In the �lm studied here, the �rst layer does not appear to be 
losed
ompletely although a signi�
ant amount of the se
ond layer has grown.
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Figure 4.3: STM results on a 3.6 ML Fe �lm grown on Mo(110) at 800 K. (a)A large Fe island 
an be seen in this 200nm�200nm image. Vbias = 0:1V; It =0:1nA. (b) A 49nm � 49nm s
an of the area between the large Fe islands.Unusually, the surfa
e roughness varies a
ross ea
h terra
e. Vbias = 0:03 V,It = 0:1 nA. Tip = MnNi in both 
ases.4.3 3.6 ML Fe on Mo(110) at 800 KA signi�
ant 
hange in the growth mode is observed when a thi
ker iron�lm is deposited at a higher temperature. In this 
ase, a 3.6 ML thi
k �lmwas deposited on a substrate that was heated to 800 K in a resistive heaterduring the deposition. The deposition rate was similar to the one used in theexperiment des
ribed above, and was approximately 0.45 ML:min�1.The iron islands in this 
ase are very large, with a width and length ofapproximately 200 nm as 
an be seen in Figure 4.3a. A 3D representation ofthis image (Figure 4.4) shows the wedge shaped nature of the island 
learly.These images were s
anned with an antiferromagneti
 MnNi tip. As dis
ussed



CHAPTER 4. IRON FILMS ON MOLYBDENUM 43in detail elsewhere [48, 67, 68℄, iron �lms deposited on molybdenum at ele-vated temperatures apparently grow in the Stranski-Krastanov (SK) growthmode, where the islands form on an initial iron layer that has grown pseu-domorphi
ally on the molybdenum substrate. This also appears to be the
ase here, as the smaller area s
an of the area between large islands shownin Figure 4.3b does not appear to be of exposed molybdenum terra
es.This image shows several interesting features when 
ompared with similarsized s
ans of the 1.2 ML �lm. The width of the terra
es is mu
h largerin this 
ase, indi
ating that the formation of the iron layer has 
hangedthe topography of the surfa
e. The iron layers have grown in su
h a wayas to redu
e the number of steps. In addition, the surfa
e roughness variesa
ross ea
h terra
e, with the left-hand side of ea
h terra
e having a di�erentstru
ture to the right-hand side. The terra
es have been labelled in Figure4.3b. It appears that terra
es A, C and E have one type of stru
ture orroughness and that terra
es B, D and F have another type of stru
ture.These results suggest that the lower iron layer has various thi
knesses andthat in some regions a monolayer of iron 
overs a molybdenum terra
e whileon the adja
ent step down terra
e a double layer of iron has formed. Thisstru
ture is indi
ated s
hemati
ally in Figure 2.1b. It is likely that terra
esA, C and E are double layers and that B, D and F are single layers of iron,and that Fe-nanostripe arrays have formed underneath and between the largeislands.The di�eren
es observed in the STM images 
ould be related to the dif-feren
es in 
rystal stru
ture of those parts of the terra
e due to the transitionfrom monolayer to double layer. The variations seen 
ould also be due to the
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Figure 4.4: A 3-dimensional representation of the STM data shown in Figure4.3a. The wedge-shaped nature of the large Fe island 
an be seen. Vbias = 0:1V, It = 0:1 nA. Tip = MnNi.



CHAPTER 4. IRON FILMS ON MOLYBDENUM 45MnNi tip imaging the di�eren
e in the magnetization dire
tion of the iron�lm [69{71℄. Note that these images should be 
ompared with those fromthe previous experiment with 
are as they were s
anned using di�erent STM
ontrollers. In order to test whether the e�e
t seen is magneti
, it would beuseful in future work to grow a similar �lm and study it with a magneti
allysensitive STM tip both with and without a magneti
 �eld applied to it [34℄.If a 
hange was noti
ed between the images then it is likely that this 
hangewas magneti
 e�e
t in origin.These experiments on the growth of iron �lms on a stepped molybdenumsubstrate have demonstrated the importan
e of substrate preparation and
hara
terisation prior to iron deposition. The 1.2 ML �lm deposited hereshowed a mixture of Frank-van der Merwe and Volmer-Weber growth, whilethe the 3.6 ML �lm appeared to form by Stranski-Krastanov growth withwedge-shaped islands forming on top of iron layers. The area between thelarge wedge-shaped iron islands formed during the growth of the 3.6 ML �lmexhibited anomolous topographi
 e�e
ts. These e�e
ts are possibly related tothe variation in 
rystal stru
ture between double and mono-layers of iron. Italso possible that the antiferromagneti
 MnNi tip used here was imaging thepredi
ted variation in magneti
 properties between these layers, and furtherexperiments with an applied magneti
 �eld 
ould 
on�rm whether this is the
ase.



Chapter 5
Unpolished Magnetite Surfa
e
Resear
h on Magnetite (Fe3O4) 
ontinues to provide interesting results whi
hare be
oming in
reasingly relevant to re
ording te
hnologies based on mag-netism. For the purposes of this proje
t it was de
ided initially to investigatethe (001) surfa
e of arti�
ially grown Fe3O4 single 
rystals. These 
rystalswere grown by the group of Professor Honig in Purdue University, USA bythe so-
alled skull melting te
hnique, as des
ribed in Referen
e [40℄. Thesesingle 
rystals were then 
ut into sli
es approximately 1 mm thi
k orientedin the (001) plane with an a

ura
y of approximately 0.5 angular degrees bythe group of Dr Bozhko in the Institute of Solid State Physi
s, RAS, Mos
ow,Russia. The sli
e of magnetite used as a sample in this set of experimentswas referred to as \Hru1" on the proto
ol sheets and laboratory notes.On
e 
ut, one side of the sample was polished �rst with 0.3 �m andthen with 0.05 �m Al2O3 powder, while the other side was left in its rough\as 
ut" state. Some of the single 
rystals supplied 
ontained ma
ros
opi
defe
ts whi
h limited the a

ura
y of the polishing. Su
h dislo
ations are
ommon in 
rystals, and iron oxides may also be twinned, where two slightly46
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rystal are present in one sample [23℄. In orderto study the e�e
ts of surfa
e roughness on the magnetite sample, it wasde
ided to investigate both the polished and unpolished side of the sample.The unpolished fa
e of the sample was studied �rst. Before being loaded intothe UHV system, the sample was 
leaned by pla
ing it on a lint-free tissuein a petri dish, submerging it in ethanol and then pla
ing both sample andpetri dish in an ultrasoni
 bath.5.1 AES analysisAuger Ele
tron Spe
tros
opy (AES) was used to study the 
hemi
al 
om-position of the sample surfa
e after it was loaded into the UHV system. Arepresentative set of the spe
tra re
orded are shown in Figure 5.1.Various primary beam energies were used during this set of experimentsin order to distinguish Auger peaks from peaks due to primary ele
tronswhi
h have lost a dis
rete amount of energy through the ionization of 
orelevels. As outlined in Referen
e [47℄, any peak that moves as a fun
tion of theprimary beam energy is not an Auger peak. Using the method des
ribed inReferen
es [26,47℄, the AES spe
tra have been used to determine approximatevalues for the atomi
 
on
entrations of elements at the sample surfa
e, andthese are tabulated in Table 5.1.When it was �rst pla
ed in the UHV system only a large 
arbon peakand a small oxygen peak were signi�
antly above the ba
kground noise levelas 
an be seen in Figure 5.1a. These peaks 
orrespond to a 
arbon atomi

on
entration of CC = 0:94, and an oxygen atomi
 
on
entration of CO =0:06. One possible sour
e of this large amount of 
arbon is the ethanol in
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Figure 5.1: A representative set of AES spe
tra showing the 
hemi
al 
om-position of the sample surfa
e after sequential anneal stages. The primarybeam energy (EB) was varied to distinguish Auger peaks from artifa
ts dueto primary ele
trons [47℄. (a) Before annealing. EB = 3 keV. (b) After a 4hour anneal at 900�20 K. A small sulphur peak 
an be seen. EB = 3 keV. (
)After annealing for 126 hours at 900� 20 K followed by 57 hours at 950� 20K. EB = 2 keV. (d) After 60 hours of annealing at 950�20 K. EB = 1.6 keV.



CHAPTER 5. UNPOLISHED MAGNETITE SURFACE 49Table 5.1: Surfa
e Atomi
 Con
entrations of Unpolished MagnetiteAnnealtime(hours) Annealtemp. (K) C Ca O Fe S
0 { 0.94 0.00 0.06 0.00 0.004 900� 20 K 0.61 0.02 0.17 0.19 0.01126 + 57 900� 20 Kthen 950�20 K 0.04 0.07 0.52 0.37 0.00
60 950� 20 K 0.10 0.07 0.46 0.37 0.00whi
h the sample was 
leaned. It has, however, been noted previously thateven samples whi
h were not washed in ethanol but were exposed to air showa signi�
ant level of 
arbon 
ontamination [21℄. This indi
ates that air-bornehydro
arbons also adsorb onto the surfa
e.Annealing the sample for 4 hours at a temperature of 900� 20 K led to atemporary in
rease in the 
hamber pressure to 10�8 torr before it stabilized ata pressure in the mid 10�10 torr range. This indi
ates that 
ontaminants weredesorbing from the sample surfa
e during the annealing. The Auger spe
trumafter this annealing stage (Figure 5.1b) shows a redu
ed 
arbon level of CC =0:62 while the oxygen and high energy iron peaks are now 
learly visible, withCO = 0:17 and CFe = 0:19. A small sulphur peak 
orresponding to CS = 0:01appears in this AES spe
trum. In addition, a small 
al
ium peak indi
atingCCa = 0:02 
an be seen, indi
ating that 
al
ium has di�used from the bulk
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rystal to the surfa
e.Further annealing stages with a total anneal time of 126 hours at 900�20 K did not result in a signi�
ant de
rease in the level of the 
arbon presenton the surfa
e. However, annealing stages at a higher temperature of 950�20K for a total of 57 hours did however lead to the 
arbon 
on
entration, CC =0:04, de
reasing to less than the 
al
ium level, CCa = 0:07, as shown in Figure5.1
. Interestingly, after annealing at this temperature for an additional 60hours the amplitude of the 
arbon level in
reases on
e again to CC = 0:10,and is slightly greater than the 
al
ium 
on
entration of CCa = 0:07, asthe spe
trum in Figure 5.1d shows. As this is against the general trend ofthe annealing stages, it is probable that the initial annealing stage 
auses
arbon whi
h has adsorbed onto the surfa
e to desorb from the surfa
e. Thesubsequent in
rease in the level of 
arbon after annealing is probably due to
arbon di�using from the bulk of the sample to the surfa
e.From these experimental AES results, it appears that the annealing tem-perature of 950 � 20 K is high enough to rapidly desorb the 
arbon on thesurfa
e. However, this temperature also promotes the di�usion of impuritiesfrom the bulk of the 
rystal. If experimental 
onditions are su
h that long an-nealing times of the order of hundreds of hours are pra
ti
al, then the lowerannealing temperature of 900 � 20 K 
ould be used to avoid the di�usionof bulk 
ontaminants su
h as Ca while gradually de
reasing the amount of
arbon at the surfa
e. The te
hnique of ion bombardment 
ould also be usedto remove 
ontaminants, however this te
hnique was not used in this studyin order to avoid signi�
ant 
hanges to the sample surfa
e topography.
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rystal stru
ture of the sample surfa
e was studied with Low EnergyEle
tron Di�ra
tion (LEED). When the sample was �rst loaded into the va
-uum 
hamber, no di�ra
tion spots were visible with LEED, indi
ating thatthe sample surfa
e was disordered. After a series of anneal stages with a totalanneal time of 24 hours at 900 � 20 K a faint pattern was observed. Therehas been some dis
ussion in the literature about the appropriate notation fordes
ribing the 
rystal stru
ture of the magnetite surfa
e in both its re
on-stru
ted and unre
onstru
ted states. A 
lear overview of this debate is givenin [72℄. The LEED pattern observed is 
onsistent with the re
ipro
al latti
eof the primitive surfa
e unit 
ell with dimensions of 6 �A � 6 �A [27℄ andwill therefore be referred to as (1 � 1). Note that this primitive surfa
e unit
ell is di�erent from the proje
ted bulk unit 
ell, whi
h has dimensions of8.4 �A � 8.4 �A. This is 
onsistent with an unre
onstru
ted surfa
e, althoughthe blurred nature of the spots indi
ates a poor overall stru
turing of thesample surfa
e. Apart from one LEED session where no pattern at all wasobserved, the (1 � 1) pattern remained visible but faint during subsequentanneal stages.It is interesting to note that a (1 � 1) pattern is not expe
ted on 
leanFe3O4 as the (001) surfa
e is polar and has an imbalan
e of positively andnegatively 
harged ions. Su
h polar surfa
es of highly ioni
 
rystals thereforeare highly unstable and normally re
onstru
t [26, 27℄. It is likely thereforethat the presen
e of 
ontaminants on the magnetite surfa
e of this sample isstabilizing the surfa
e. A similar pattern was observed by Anderson et al [27℄and they attributed it to the massive segregation of a 
ontaminant (Mg in
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ase) to the surfa
e, leading to an overlayer of that impurity. It is likelythat an overlayer partly 
omposed of 
arbon and/or 
al
ium is present onthis sample.5.3 STM imagesThe STM images of the sample (four of whi
h are shown in Figure 5.2)
on�rm that the unpolished side of the sample is very rough and thereforeunsuitable for STM experiments. Before annealing, long depressions werepresent on the surfa
e as 
an be seen in Figure 5.2a and in 3D form in Figure5.3. These depressions were linear and quite long, 
ontinuing for distan
esover 1�m. They were approximately 6 nm deep and 100 nm wide. It is possiblethat these features are s
rat
hes resulting from the 
utting of the 
rystal intosli
es.After annealing the sample for 4 hours at a temperature of 900 � 20K, the topography of the sample surfa
e 
hanged, as shown in Figure 5.2b.No s
rat
hes were observed in any of the areas s
anned during the STMsession after the anneal was 
ompleted, although some large features werepresent. These features take the form of protrusions on the surfa
e whi
hare approximately 20 nm high while the 
atter areas of the sample 
ontainsome depressions. It is possible that the annealing stage 
aused large masstransport e�e
ts in the sample and that the magnetite surfa
e was e�e
tivelyregrown in UHV during the anneal.Smaller area s
ans of the surfa
e show the presen
e of small 
lusters.Before annealing, the 
lusters were quite large as 
an be seen in Figure 5.2
.By 
omparing the STM images with Auger spe
tra taken after the same
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Figure 5.2: STM images showing the stru
ture of the unpolished Fe3O4 (001)sample surfa
e. (a) Before annealing the sample appears very rough and lineardepressions (possibly s
rat
hes) are visible in this 1�m�1�m s
an. Vbias = 1V, It = 0:5 nA (b) Holes (indi
ated by arrows in the �gure) appear in this1�m�1�m image after annealing for 4 hours at 900�20 K, and although theheight variations on the surfa
e have de
reased, large features still remain.Vbias = 0:1 V, It = 1 nA. (
) A 50nm� 50nm image showing the presen
e of
lusters before the sample was annealed. Vbias = 1 V, It = 0:5 nA. (d) Afterextensive annealing, rows were seen on the sample surfa
e as shown in this5nm� 5nm s
an. Vbias = 1 V, It = 0:1 nA. Tip = W in all 
ases.



CHAPTER 5. UNPOLISHED MAGNETITE SURFACE 54anneal stages it would appear that these 
lusters 
an be attributed to thepresen
e of 
arbon on the surfa
e.After a lengthy sequen
e of annealing stages, it was however possibleto image regularly spa
ed rows on the sample surfa
e. As resonan
e of thetube s
anner 
an lead to the presen
e of rows in STM images, 
are wastaken to 
on�rm that this was not the 
ase by 
hanging various s
anningparameters. These rows are shown in Figure 5.2d. whi
h was pro
essed witha 2D-FFT �lter in order to emphasise the periodi
ity of the rows and toredu
e the smearing present in the images. These rows were present in theoriginal unpro
essed image and were not an artifa
t 
aused by the imagepro
essing algorithm.By using line pro�les to measure the periodi
ity of the rows in the dire
-tion perpendi
ular to them it was found that they are spa
ed by 7 � 1 �A.It is possible that these rows are o
tahedral Fe ions in rows at the surfa
e.Su
h rows would be separated by a distan
e of 6 �A. However, as the 
orre-sponding Auger spe
trum shows the presen
e of both 
arbon and 
al
ium onthe sample surfa
e, it is more likely that the atoms imaged in the rows areimpurities. These 
ontaminants possibly preferentially o

upy 
ertain bridgesites on the Fe3O4 surfa
e.The large height variations a
ross the sample made STM s
ans diÆ
ult.The speed of the feedba
k loop had to be maintained at a relatively highvalue in order for the tip to follow the large variations in the topography ofthe sample. The 
lusters that were present on the sample during most of thes
anning sessions also made small area s
ans quite diÆ
ult as they movedwith the tip and led to a smearing of the images.
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Figure 5.3: A 3-dimensional representation of the 1000nm � 1000nm s
anshown in Figure 5.2a. The roughness and s
rat
hes on the surfa
e 
an be
learly seen. Vbias = 1V; It = 0:1nA



CHAPTER 5. UNPOLISHED MAGNETITE SURFACE 56From these results, it is apparent that the surfa
e topography and 
ompo-sition 
hanges signi�
antly as a fun
tion of anneal time. It is un
lear whetherthe annealing pro
ess 
auses the large-s
ale movement of Fe and O atoms onthe surfa
e or whether all the topography variation is 
aused by the move-ment of C and other adsorbates su
h as water. It appears that a 
ombinationof both pro
esses takes pla
e. Large movements of all the elements at thesurfa
e 
ause the s
rat
hes initially present to be \smoothed out". The des-orption of the 
arbon overlayer on the surfa
e then allows the underlying
ubi
 
rystal stru
ture of the magnetite to manifest itself in the form offour-sided holes on the surfa
e.



Chapter 6
Polished Magnetite Surfa
e
The large variations in the surfa
e height and the persisten
e of the 
arbon
ontamination made STM imaging and analysis of the unpolished side of themagnetite sample diÆ
ult. In order to investigate the polished fa
e of thesample, it was removed from the UHV system, turned over to expose theme
hani
ally polished side and then re-inserted into the va
uum 
hamber.The sample was not re-
leaned with organi
 solvents while it was in air. Dueto the presen
e of ma
ros
opi
 defe
ts in the sample, the a

ura
y of thesample polishing in the (001) plane varied, and a small area of this sample hasbeen polished at a di�erent angle to the rest of the sample fa
e. It should benoted that the polished side of the sample was annealed fa
e down for a largenumber of hours while the rough side of the sample was being investigated.This 
ould potentially lead to the di�usion of impurities from the sampleholder into the sample itself, although extensive studies with AES failed to�nd any tra
e of 
ontamination by the materials used to make the sample
aps (Mo and Ta). 57
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Figure 6.1: AES spe
tra showing the 
hemi
al 
omposition of the polishedmagnetite surfa
e after various anneal stages. (a) Before annealing with thepolished fa
e exposed, EB = 1.6 keV. (b) After a 15 hour anneal at 950� 20K. EB = 2 keV. (
) After a 60 hour anneal at 950� 20 K. EB = 2 keV. (d)After a 37 hour anneal at 950� 20 K. EB = 2 keV.6.1 AES analysisThe AES spe
tra of the sample after it was returned to the UHV system showa small 
arbon peak and a lower 
al
ium peak as 
an be seen in Figure 6.1a.The atomi
 
on
entrations determined from this set of AES results are shownin Table 6.1. Initially, 
arbon has an atomi
 
on
entration of CC = 0:11,while CCa = 0:07. The oxygen peak indi
ating CO = 0:50, and the iron peakindi
ating CFe = 0:33 are also 
learly visible.
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arbon from the surfa
e, the sample was annealedfor 15 hours at 950 � 20 K. The Auger spe
trum after this annealing stage(Figure 6.1b) shows a pronoun
ed 
al
ium peak (
orresponding to CCa =0:10), while the 
arbon peak is no longer dis
ernible. This indi
ates that
arbon desorbs mu
h more readily from the polished surfa
e than the roughside. With further annealing stages, �rst at 950� 20 K for 60 hours (Figure6.1
) and then for a further 37 hours (Figure 6.1d) the level of the 
al
iumat the surfa
e 
ontinued to in
rease, rising to CCa = 0:19. This indi
atesthat the 
al
ium was di�using from the bulk of the sample at these hightemperatures. It should be borne in mind that the length of these annealingstages quoted here is in addition to the previous annealing stages that thesample underwent during the studies of the unpolished side.It is worth noting that the initial surfa
e atomi
 
on
entrations beforeannealing are in agreement with the values obtained for the unpolished fa
eafter its �nal anneal. It therefore appears that the annealing pro
ess is havingthe same e�e
t on both the polished and unpolished sides of the sample. Inaddition, after the sample was exposed to air and re-introdu
ed into UHVwith the polished fa
e exposed, the level of 
arbon on the sample surfa
eremained quite low and 
omparable to the 
al
ium level. The 
arbon presenton the surfa
e at this point is probably a 
ombination of the residual 
arbonleft after the annealing as well as 
arbon from air-borne hydro
arbons. Itis also interesting to note that the level of 
arbon 
ontamination was mu
hgreater (CC = 0:94) when the sample was initially 
leaned in ethanol andintrodu
ed into the va
uum system with its unpolished side exposed.As in the 
ase of the unpolished side of this sample, the annealing tem-
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e Atomi
 Con
entrations of Polished MagnetiteAnnealtime(hours) Annealtemp. (K) CC CCa CO CFe
0 { 0.11 0.07 0.50 0.3315 950� 20 K 0.00 0.10 0.48 0.4260 950� 20 K 0.00 0.13 0.45 0.4137 950� 20 K 0.00 0.19 0.43 0.38perature of 950� 20 K leads to the di�usion of 
ontaminants from the bulk,although no tra
e of sulphur was observed. Therefore, in order to obtain a
lean magnetite surfa
e, it appears that a lower anneal temperature (possiblyof 900� 20 K) should be used for a longer period of time.6.2 LEED patternsThe LEED pattern of the polished side was mu
h sharper than that seenon the unpolished side of the sample. Before annealing, distin
t di�ra
tionbeams 
onsistent with a (1 � 1) termination of the surfa
e 
an be seen, butthese are very faint, and possibly re
e
t the bulk stru
ture of the sample.After annealing the sample for 15 hours at 950 � 20 K the LEED imagesshowed bright well-de�ned spots, as shown in Figure 6.2a. The inset showsa 
omputer generated pattern with the same symmetry. From these imagesa surfa
e unit 
ell with primitive ve
tor length of about 7 � 1 �A 
an be
al
ulated using a te
hnique whi
h is des
ribed in detail elsewhere [25℄. This
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onsistent with the size of an unre
onstru
ted primitive surfa
e unit 
ellwhi
h would have a primitive ve
tor length of 6 �A , and suggests that theunstable polar surfa
e of magnetite has been stabilized by the presen
e of
ontaminants. However, due to experimental 
onstraints related to the LEEDequipment used in this study, the a

ura
y of the numeri
al values obtainedfrom the LEED patterns is limited and they should be treated with 
aution.As Figure 6.2b shows, subsequent annealing for 60 hours at this tem-perature led to the appearan
e of satellite spots. These additional di�ra
tedbeams indi
tate the presen
e of a re
onstru
ted sample surfa
e, possibly 
on-sisting of orthogonal domains of a p(1 � 4) stru
ture. Linear features whi
hhave been referred to as nanoterra
es in other studies [24{26℄ appear in the
orresponding STM images and will be dis
ussed in greater detail below. Anadditional 37 hours of annealing at 950� 20 K 
aused the LEED pattern tobe
ome fainter, indi
ating that the surfa
e stru
ture had be
ome more disor-dered after this annealing stage. It is possible that this poor surfa
e stru
tureresults from an overlayer formed by the high 
al
ium atomi
 
on
entrationof CCa = 0:19 at the surfa
e after the �nal annealing stage.
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Figure 6.2: LEED patterns re
orded on the polished Fe3O4 (001) surfa
e. (a)After a 15 hour anneal at 950�20 K a (1�1) pattern is observed, indi
ating astabilized bulk termination of the surfa
e. Ebeam = 93 eV. (b) Satellite spotsindi
ating a p(1�4) re
onstru
ted surfa
e appear after a subsequent 60 houranneal at 950� 20K. Ebeam = 82 eV.



CHAPTER 6. POLISHED MAGNETITE SURFACE 636.3 STM imagesAs expe
ted, the height variation on the polished side of the sample was mu
hless than on the unpolished side and high resolution STM images 
ould beobtained routinely. After the sample had been re-loaded into the UHV sys-tem, but before it had been annealed again, the surfa
e of the sample showsthe square terra
es that are expe
ted from the 
ubi
 stru
ture of magnetite,and are shown in Figure 6.3a. A smaller area s
an (Figure 6.3b) shows thatthe surfa
e is 
overed in 
lusters. These 
lusters are similar to those seenon the unpolished side of the sample and are probably 
omposed of 
arbonor 
al
ium (possibly in the form of CaO or CaFe2O4) as the 
orrespondingAES spe
trum shows CC = 0:11 and CCa = 0:07.Unusually, long terra
es arranged in the form of steps 
an also be seen onthe sample, as shown in Figure 6.3
 and Figure 6.3d. These steps are similarto those seen on vi
inal surfa
es su
h as Mo(110). Some 
urvature of the steps
an be seen in the lower part of these images. This is attributed to the driftof the piezo tube s
anner whi
h o

urs after it is moved to a new s
an area.The height di�eren
e between adja
ent large terra
es was measured usinga histogram of the lo
ally plane �tted surfa
e, and was found to be around15�2 �A. This 
orresponds to the height of two bulk unit 
ells whi
h measure8:4 �A ea
h in magnetite. There appear to be several poorly resolved narrowterra
es in between the larger terra
es. However, due to the presen
e of the
lusters on the surfa
e it is diÆ
ult to a

urately determine their height. Themis
ut from the (001) plane due to the variation in the sample polishing haspossibly led to these long terra
es and regular steps.



CHAPTER 6. POLISHED MAGNETITE SURFACE 64

Figure 6.3: Images of the Fe3O4 (001) polished surfa
e after it was re-introdu
ed into the UHV 
hamber and after being annealed fa
e down dur-ing experiments on the rough side of the sample. (a) This 500nm � 500nms
an shows square terra
es. (b) Clusters 
an be seen on the surfa
e in this100nm� 100nm s
an. (
) A 500nm� 500nm s
an showing the unusual longterra
es that are similar to those on a vi
in
al surfa
e. (d) The long terra
es
an be seen in more detail in this 200nm � 200nm s
an. All images weres
anned with Vbias = 1 V, It = 0:1 nA and Tip = W.



CHAPTER 6. POLISHED MAGNETITE SURFACE 656.3.1 15 Hour AnnealAfter an anneal time of 15 hours at 950 � 20 K, the STM images of thesurfa
e show irregular terra
es, with apparently 
urved edges, as 
an be seenin Figure 6.4a. Analysis of the 
orresponding AES spe
trum indi
ates thatCCa = 0:10, and that no 
arbon is present.The irregular stru
ture of the terra
e surfa
e itself 
an also be seen ina 
loser view in Figure 6.4b. The surfa
e of the terra
es appear to havedendriti
 
hannels in them. These holes have a mean depth of 1:9 � 0:2�A. The spa
ing between equivalent planes in the bulk magnetite unit 
ellis 2:1 �A. The similarity between this and the depth of the holes indi
atesthat the two levels imaged 
orrespond to equivalent planes of the unit 
ell.This interpretation assumes that no signi�
ant relaxation of the interlayerspa
ing has taken pla
e at the surfa
e. However, signi�
ant relaxation of thespa
ing between the layers nearest the surfa
e has been observed by otherstudies [73, 74℄.Periodi
ally spa
ed lines whi
h appear to be 
omposed of rows of singleatoms 
an be seen in Figure 6.4
. These rows are 
learer when the image ispro
essed by di�erentiating the measured z values with respe
t to the x-axis,and the resulting image is shown in Figure 6.4d. Some of the rows appear tobe grouped together and this might indi
ate the onset of nanoterra
es. Theperiodi
ity of these rows, measured by a line pro�le perpendi
ular to theirdire
tion, is 6:6�0:7 �A. This is 
onsistent with the distan
e of 5:9 �A betweenadja
ent rows of iron ions in o
tahedral positions in the bulk unit 
ell. Theseimages were s
anned with a W tip, and it is interesting to note that noregular 
orrugation along these atomi
 rows was observed. Su
h 
orrugation
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Figure 6.4: These images were s
anned on the Fe3O4 (001) polished surfa
eafter a 15 hour anneal at 950 � 20 K. (a) Irregular terra
es 
an be seen inthis 500nm� 500nm s
an. (b) This 80nm� 80nm s
an shows the dendriti

hannels in the terra
es. (
) This high resolution 30nm � 30nm s
an showsthe presen
e of what are apparently atomi
 rows. (d) This pro
essed versionof the image shown in (
) enables the atomi
 rows to be seen more 
learly.All images were s
anned with Vbias = 1V; It = 0:1nA and Tip = W.



CHAPTER 6. POLISHED MAGNETITE SURFACE 67has been imaged in other studies with magneti
 tips and is apparently dueto 
harge ordering on the surfa
e [26, 75℄.The rows at the bottom left of this image appear to run at an angle tothose in the rest of the image. Rows on the same s
an lines at the right of theimage do not show this variation in orientation indi
ating that this 
hange inangle is not due to tube s
anner drift. The orientation of these rows at a smallangle to those on adja
ent terra
es indi
ates that a di�erent re
onstru
tionmay be present in that area of the sample, or that the rows have formed atslightly di�erent orientations.In order to gain an overview of the surfa
e topography, the data fromone of the STM images a
quired during this experimental session has beenplotted in a 3D representation, shown in Figure 6.5. This image 
learly showsthe \right-angle" stru
ture and terra
es of the magnetite (001) surfa
e.
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Figure 6.5: A 3D representation of a 100nm � 100nm s
an taken on thepolished fa
e of the magnetite sample after a 4 hour anneal. The terra
es onthe surfa
e 
an be seen 
learly. Vbias = 1V; It = 0:1nA, Tip = W.



CHAPTER 6. POLISHED MAGNETITE SURFACE 696.3.2 60 Hour AnnealA 60 hour anneal at a temperature of 950 � 20 K led to the appearan
eof linear features on the surfa
e, as shown in Figure 6.6. These rows areregularly spa
ed and are similar to the 1D re
onstru
tions or \nanoterra
es"observed in other studies [24, 26, 27, 76, 77℄. Large area s
ans su
h as thatshown in Figure 6.6a show that the rows are present on all the terra
esimaged, and that the rows generally run in mutually perpendi
ular dire
tionson adja
ent terra
es. However, rows in di�erent parts of the same terra
e alsorun perpendi
ular to one another o

asionally, as 
an be seen in Figure 6.6b.This indi
ates that the rows start or nu
leate at di�erent points leading toslightly di�erent orientations.The periodi
ity of the nanoterra
es in Figure 6.6b whi
h run in the [110℄dire
tion in the image is 37� 4 �A. The small number of nanoterra
es whi
hrun in the [1�10℄ dire
tion on the right hand side of this image have a similarperiodi
ity of 29�3 �A. The topography of the nanoterra
es themselves 
an beseen more 
learly in Figure 6.6
. Faint rows 
an be seen in the nanoterra
es aswell as a region where three nanoterra
es merge into two. These apparentlyatomi
 rows are also visible in Figure 6.6d, whi
h is a smaller area s
an of theregion in whi
h the nanoterra
es merge in Figure 6.6
. It appears that thenanoterra
es are either 4 or 5 atomi
 rows wide whi
h 
an be linked to thep(1�4) stru
ture of the LEED patterns. The LEED patterns are also streakedin nature, re
e
ting the stepped stru
ture of the surfa
e with many terra
espresent. These rows have a periodi
ity of 5:4 � 0:5 �A whi
h is 
onsistentwith the spa
ing between rows of o
tahedral iron ions. The nanoterra
es areoriented along the same [110℄ 
rystallographi
 dire
tion as the o
tahedral Fe
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Figure 6.6: STM Images of the Fe3O4 (001) polished surfa
e after another60 hour anneal at 950 � 20 K. (a) This large area 500nm � 500nm s
anshows the presen
e of nanoterra
es on the surfa
e. (b) The perpendi
ularnature of the angle between some of the rows on the same terra
e is shownin this 50nm� 50nm s
an. (
) This 20nm� 20nm small area s
an shows thetopography of the nanoterra
es themselves. (d) Rows, apparently atomi
 innature, 
an be seen in this 10nm � 10nm image. All images were s
annedwith Vbias = 1:5 V, It = 0:1 nA and Tip = W.
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es are quite linear, as 
an be seen in Figure 6.7 whi
his a 3D representation of the data shown in Figure 6.6b.6.3.3 37 Hour AnnealFurther annealing to 950 � 20 K for 37 hours led to further 
hanges in thesample surfa
e. The STM tip during this session was unstable, and two tip
hanges 
an be seen in Figure 6.8a. The large number of 
lusters on thesurfa
e 
an be seen in Figure 6.8b. In order to improve the image qualityvoltage pulses were applied to the tip. These tip pulses were programmedby the author using the \nanostru
turing ma
ro language" feature of theOmi
ron SPM software, and 
onsisted of a 10 V pulse applied for 50 ms.This is similar to the pulses that were applied using the Tops 
ontroller in thepast. The tip 
onsistently re
overed after ea
h voltage pulse, and a 
lusterof material 
ould be seen at ea
h point on the sample where a pulse hadbeen applied. This indi
ates that material was pi
ked up by the tip durings
anning whi
h redu
ed its imaging resolution. The voltage pulse appliedthen jettisoned this material from the tip onto the sample whi
h enabled itto s
an on
e again.The 
lusters on the sample surfa
e were probably partly 
omposed of
al
ium (possibly in the form of CaO or CaFe2O4) and did not 
ontainelemental 
arbon, as 
al
ium was the only element other than iron and oxygenpresent in the 
orresponding AES spe
trum. This indi
ates that this annealstage has led to the segregation of a signi�
ant amount of 
al
ium from thebulk of the 
rystal, and that this 
al
ium has di�used to the surfa
e where ithas formed an overlayer 
ontaining 
lusters whi
h redu
e the image quality.
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Figure 6.7: A rotated 3D representation of a 50nm�50nm STM image shownin Figure 6.6b. This image was taken taken on the polished fa
e of the mag-netite sample after a 60 hour anneal. The linear nature of the nanoterra
esis evident. Vbias = 1:5 V, It = 0:1 nA and Tip = W.



CHAPTER 6. POLISHED MAGNETITE SURFACE 73

Figure 6.8: These STM images were s
anned on the polished magnetite sur-fa
e after the �nal 37 hour anneal at 950 � 20 K. (a) The image qualitywas unstable during this s
anning session, probably due to the presen
e of asigni�
ant amount of 
al
ium on the surfa
e. Two tip 
hanges 
an be seenin this 200nm � 200nm image. Vbias = 1:5 V, It = 0:1 nA. (b) A largenumber of 
lusters on the surfa
e 
an be seen in this 100nm� 100nm s
an.Vbias = 1:5 V, It = 0:1 nA. (
) Features similar to nanoterra
es 
an be seenin this 100nm� 100nm sized image. Vbias = 1 V, It = 0:1 nA. (d) A smaller50nm�50nm s
an enables the periodi
ities of the rows to be measured usingline pro�les. Vbias = 1 V, It = 0:1 nA. All images were s
anned with a W tip.
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onsistent, several features sim-ilar to nanoterra
es were observed. On relatively large area s
ans su
h asFigure 6.8
, these features had a periodi
ity of about 28�3 �A. The periodi
-ities measured in a smaller area s
an (Figure 6.8d) depend on the orientationof the linear features. Line pro�le measurements indi
ate that the rows inthe [1�10℄ dire
tion repeat every 31 � 3 �A. Line pro�les on the rows in the[110℄ dire
tion, however, give a value for the periodi
ity of 14 � 1 �A. Thisvariation is unlikely to be due to drift in the tube s
anner as the two setsof rows are perpendi
ular to one another as expe
ted, and any drift presentwould have distorted the angle between the rows. It is therefore probablethat the variation in the periodi
ity indi
ate a 
hange in the stru
ture of thearray of nanoterra
es on some terra
es indu
ed by the 
al
ium overlayer.6.4 OverviewTaken together, the results presented in this se
tion indi
ate that 
al
ium dif-fusing from the bulk of the sample has a signi�
ant in
uen
e on the surfa
estru
ture of Fe3O4(001). Similar e�e
ts have been seen in thin �lms of mag-netite grown on MgO substrates [27℄, and although that study attributed there
onstru
tions to the presen
e of Mg, it is known that Ca often segregatesto the MgO surfa
e and it is possible that the surfa
e stru
ture was 
ausedby Ca [78,79℄. The sequential anneal stages applied to the magnetite samplestudied here leads to the segregation of the 
al
ium within the bulk of thesample and it then di�uses to the sample surfa
e. The presen
e of 
al
ium
auses linear re
onstru
tions in the shape of nanoterra
es 4 or 5 atomi
 rowswide to form. The variation in the width and periodi
ity of the nanoterra
es
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ates that the surfa
e is not fully re
onstru
ted. As indi
ated by AES,the surfa
e of the magnetite sample studied here is non-stoi
hiometri
 andvaries as a fun
tion of anneal time. It is likely that similar samples that werestudied previously also 
ontained impurities su
h as 
al
ium, but that thiswas not dete
ted by the AES equipment used then. The formula unit of theferrite 
ompound formed by the 
ombination of Ca and Fe3O4 at the surfa
eis likely to be of the form of CaxFe3�xO4 [26℄.It is interesting to note that the (p2 � p2)R45Æ re
onstru
tion oftenseen on 
lean magnetite (001) surfa
es was not seen here. Instead, either a(1�1) or a p(1�4) di�ra
tion were observed by LEED, 
onsistent with thepresen
e of impurities at the surfa
e. The presen
e of the (p2 � p2)R45Æ
ould in future be used as an e�e
tive and eÆ
ient te
hnique to gauge thepurity of a given magnetite sample surfa
e and avoid the time 
onsuming useof AES and STM te
hniques.These nanoterra
es 
ould provide useful templates for patterned magneti
media as their dimensions are well below those a
hievable with 
onventionallithographi
 te
hniques. By depositing a thin �lm of iron on the nanoterra
esa well-ordered system with unique magneti
 properties 
ould be developed.The presen
e of 
al
ium should also have an interesting e�e
t on the ele
-tri
al and magneti
 properties of magnetite, in
luding its Verwey transitiontemperature whi
h is parti
ularly relevant for investigations of magnetite atlow temperatures.



Chapter 7
Con
lusions
The experiments 
arried out in this study have investigated a number ofinteresting features of nanomagneti
 systems. In the 
ase of the iron �lmson molybdenum, several �lms of di�erent thi
knesses were grown. Duringthe preparation of the substrate an irregular vi
inal Mo(110) surfa
e wasobserved. The step edges of the surfa
e were rough and the terra
es werenot uniform or de�ned by straight edges. Subsequent preparation pro
essesimproved the surfa
e quality.The AES results on a �lm of 1.2 ML of iron grown on Mo(110) showedthe presen
e of oxygen, indi
ating that an iron oxide may have formed onthe sample surfa
e. The 
orresponding LEED pattern indi
ated a p(2 �2) re
onstru
tion of the surfa
e. The STM s
ans on this �lm showed theexpe
ted mixture of the step-
ow and the island nu
leation growth modes.The resulting �lm does not appear to have an almost 
ompletely 
losed �rstlayer as was seen in the 
ase of a similar �lm grown in another study [48℄.This variation is probably due to the di�erent deposition rates used.In a subsequent experiment, a mu
h thi
ker iron �lm of 3.6 ML was76



CHAPTER 7. CONCLUSIONS 77grown. This resulted in very large islands with a width and length of approx-imately 200 nm. In the area between the islands, STM s
ans with an antifer-romagneti
 MnNi tip show the presen
e of wide terra
es of varying surfa
eroughness. These terra
es are possibly 
aused by the overlap of iron layersprodu
ing a transition from one monolayer thi
k stripe to a two monolayerthi
k stripe. It is possible that the 
ontrast observed between these nanowiresis 
aused by the magneti
 sensitivity of the MnNi tip. Further experimentswith an external magneti
 �eld applied to the sample during the STM ex-periments should help to 
on�rm whether this is the 
ase. It is also possiblethat the di�erent roughness is due to variations in the 
rystal stru
ture as afun
tion of �lm thi
kness.The extensive experiments 
arried out on the polished and unpolishedsurfa
es of a magnetite 
rystal provided interesting results that help interpretprevious studies. The use of sensitive AES equipment has meant that the
hemi
al 
omposition of the 
rystal surfa
e 
an now be studied in greaterdetail. Previous work by resear
hers in this group on magnetite did not havea

ess to this equipment, and a more 
omplete analysis of those results 
annow be 
arried out [24, 25℄.7.0.1 Unpolished Magnetite Surfa
eThe unpolished fa
e of the magnetite surfa
e was studied �rst. It is interestingto note that although the sample studied here was grown arti�
ially using theskull melting te
hnique by the group of Professor Honig in Purdue University,USA, it still 
ontained a large amount of impurities. Other similar arti�
ial
rystals have also been found to 
ontain 
ontaminants [26℄. Initially, the
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on
entration of 
arbon at the sample surfa
e was determined to beapproximately CC = 0:94 by AES. In order to 
lean the sample surfa
e,the 
rystal was annealed for a number of hours �rst at a temperature of900 � 20 K and then at 950 � 20 K. During these annealing stages, theamount of 
arbon at the surfa
e de
reased, and during one session a smallamount of sulphur whi
h had apparently di�used from the bulk was alsoobserved. A signi�
ant amount of 
al
ium also di�used from the bulk ofthe 
rystal during the annealing pro
edure and after the �nal anneal stagethe atomi
 
on
entration of 
arbon was CC = 0:10 while that of 
al
iumwas CCa = 0:07. Although the higher anneal temperature of 950 � 20 Kresulted in the desorption of 
arbon from the surfa
e, it also apparently
aused the segregation of impurities su
h as 
al
ium from the bulk. It wouldtherefore be appropriate in future studies to anneal at a lower temperatureof approximately 900� 20 K in order to obtain a magnetite surfa
e with lessimpurities.The LEED pattern on the unpolished side of the sample was very faintindi
ating that the surfa
e was quite disordered. The presen
e of a faint (1�1)pattern suggests that the normally polar and unstable Fe3O4 (001) surfa
ehad been stabilized by the 
ontaminants present at the surfa
e. STM images
on�rmed the disorder and roughness of this side of the sample. Initially,long depressions were present on the surfa
e. Annealing 
aused the samplesurfa
e topography to 
hange and it is probable that large mass transporte�e
ts o

urred e�e
tively regrowing the Fe3O4 surfa
e.After the �nal annealing stage, faint rows with a separation of 7�1 �A wereobserved by STM. As this distan
e 
orresponds to the spa
ing between rows
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tahedral Fe ions, it appears that these are either the Fe ions themselves or
ontaminants that have formed a re
onstru
tion whi
h re
e
ts the periodi
ityof the inverse spinel 
rystal stru
ture.It appears that a 
ombination of large movements of material at thesample surfa
e and the desorption of a 
arbon overlayer 
ause the topographyof the unpolished sample fa
e to 
hange and be
ome smoother. However,large topography variations remained present at the sample surfa
e, makingit unsuitable for STM s
ans.7.0.2 Polished Magnetite Surfa
eThe polished side of the arti�
ial magnetite 
rystal was more suitable forSTM experiments as it did not 
ontain major height variations. Even thoughthe sample was exposed to air for a short period of time while it was beingprepared, the 
arbon 
on
entration as determined by AES was CC = 0:11.This is signi�
antly lower than that seen for the initial s
an of the rough sideof the sample whi
h had been 
leaned in ethanol. This indi
ates that theprimary sour
e of 
arbon on the surfa
e might be the ethanol used to 
leanthe 
rystal and not airborne hydro
arbons, although rough surfa
es wouldbe expe
ted to have more 
arbon present in general. Carbon also desorbedfrom the polished side of the sample at a faster rate than on the rough side,and after a 15 hour long anneal at 950 � 20 K no 
arbon was dete
ted.However, a large amount of 
al
ium did di�use from the bulk of the 
rystalduring the annealing stages, and the 
al
ium 
on
entration eventually roseto CCa = 0:19. This again suggests that a lower annealing temperature wouldbe appropriate in order to prepare an un
ontaminated magnetite surfa
e.



CHAPTER 7. CONCLUSIONS 80The LEED patterns on the polished side of the sample were quite sharp.They initially indi
ated a (1�1) termination of the surfa
e, and a surfa
eunit 
ell with a primitive ve
tor length of 7� 1 �A. This (1�1) termination is
onsistent with the presen
e of stabilizing 
ontaminants, as seen in the AESanalysis of the sample. Further annealing led to the appearan
e of satellitespots in the LEED pattern. This 
orresponds to orthogonal domains of ap(1�4) re
onstru
tion, whi
h appear as nanoterra
es in the 
orrespondingSTM images. During the �nal annealing stage, the LEED pattern be
amefainter and it is possible that the poor surfa
e stru
ture indi
ated by this is
aused by a 
al
ium overlayer at the surfa
e.Large area STM s
ans of the sample before it was annealed with thepolished side exposed show the square terra
es expe
ted with 
ubi
 
rystalssu
h as magnetite. However, a 
loser inspe
tion of the surfa
e with STMreveals the presen
e of 
lusters on the surfa
e. These 
lusters are similar tothose seen on the unpolished side of the sample, and probably 
onsist partlyof C and Ca, possibly in the form of CaO or CaFe2O4, as suggested by ananalysis of the AES spe
tra.Unusually, long terra
es separated by narrow steps, similar to those seenon the surfa
e of vi
inal 
rystals su
h as the Mo(110) sample studied herewere also observed. This surfa
e stru
ture was possibly 
aused by the slightmisalignment of the polishing plane in the region being s
anned. It is inter-esting to note that the regularity of this surfa
e stru
ture, and the presen
eof long terra
es, make it an interesting 
andidate for further magneti
 exper-iments (possibly involving the deposition of iron �lms). Su
h a sample 
ouldbe 
ompared to other widely studied stepped surfa
es, and possibly lead to
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 devi
e appli
ations for \mis
ut" magnetite
rystals.Irregular terra
es, apparently with 
urved edges, were observed after an-nealing the sample. The terra
e surfa
es themselves were uneven, and 
on-tained dendriti
 
hannels in them. The depth of these 
hannels was 1:9� 0:2�A whi
h is 
onsistent with the STM imaging equivalent planes of the mag-netite bulk unit 
ell whi
h are separated by 2:1 �A, and also 
onsistent withthe 14% relaxation of the �rst interlayer spa
ing that was determined byother studies [73℄. Periodi
ally spa
ed atomi
 rows, apparently 
onsisting ofo
tahedral iron ions were also observed. It is interesting to note that theSTM images of these rows taken with a W tip show no periodi
 
orrugationalong the rows. Su
h a 
orrugation has been noted on 
lean magnetite dur-ing STM sessions with a MnNi tip [26℄ and attributed to 
harge ordering atthe surfa
e. It is possible that this dis
repan
y is due to the absen
e of spinsensitivity in the W tip, although the di�erent stoi
hiometry of the surfa
esstudied should also be taken into 
onsideration.Further annealing stages led to the formation of linear features appar-ently several atomi
 rows wide and 
onsistent with the p(1�4) re
onstru
-tion observed in the 
orresponding LEED pattern. These one-dimensionalre
onstru
tions are similar to those seen in previous studies [24, 25, 77℄. Inthe [110℄ dire
tion the periodi
ity of the nanoterra
es was 37 � 4 �A. Theiraverage periodi
ity in the [1�10℄ dire
tion was 29� 3 �A. In some images, theorientation of the rows varies slightly, while in others rows running perpen-di
ular to one another meet on the same terra
e. This indi
ates that thesenarrow terra
es may have formed at separate lo
ations and grown with dif-
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 rows were resolved in the nanoterra
es indi
atingthat they were approximately four or �ve atomi
 rows wide. The distan
ebetween ea
h row of 5:4 � 0:5 �A and their orientation along the <110>
rystallographi
 dire
tions is 
onsistent with o
tahedral iron sites being im-aged. These nanoterra
es form in a manner similar to self-dire
ted growth inother systems [80℄, and spontaneous pattern formation by self-assembly hasbeen investigated in several magneti
 [81℄ and semi
ondu
tor [82,83℄ systems.These rows 
ould provide useful templates for the formation of regular mag-neti
 stru
tures by the subsequent deposition of a magneti
 material su
h asiron.The �nal anneal stage led to the 
on
entration of 
al
ium at the sur-fa
e rising to CCa = 0:19, and STM s
ans during this session were unstable.However a short voltage pulse applied to the tip 
onsistently improved im-age quality, implying that material was pi
ked up by the tip as it s
anneda
ross the sample surfa
e, thereby redu
ing its imaging resolution. The ap-plied voltage pulse then 
aused this material to be jettisoned from the tipand the image quality improved. The 
lusters observed on the 
ontaminatedsample surfa
e probably 
onsisted largely of 
al
ium, possibly in the formof CaO or CaFe2O4. Several high resolution images of this surfa
e were ob-tained, and nanoterra
es were observed on the larger terra
es. Unlike theprevious nanoterra
es observed, the distan
e between them varied depend-ing on their orientation. Nanoterra
es in the [1�10℄ dire
tion had a periodi
ityof 31� 3 �A, while those in the [110℄ dire
tion repeated every 14� 1 �A.From these results it is evident that a signi�
ant amount of 
al
ium ispresent in the arti�
ial magnetite 
rystal studied here, and that the presen
e
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al
ium at the surfa
e strongly in
uen
es the morphology of the sur-fa
e. Although it was previously thought in the absen
e of a sensitive AESanalysis that other 
rystals from this bat
h of arti�
ial magnetite were purethis is now unlikely to be the 
ase [24,25℄. Re
onstru
tions similar to the lin-ear features observed here are unlikely to have formed on a 
lean surfa
e andare more likely to be indu
ed by a 
ontaminant, probably Ca (although Kand S are also possible) in a manner similar to the re
onstru
tions attributedto the presen
e of Mg observed in other studies [27℄. However, it is knownthat Ca often segregates to the MgO surfa
e [78, 79℄, and it is possible thatCa and not Mg 
aused the 1D re
onstru
tions observed in Referen
e [27℄. The
oloured �lms previously attributed to an iron di�usion e�e
t may have beenrelated to the di�usion of 
ontaminants from the bulk of the 
rystal beingstudied [25℄. Other resear
h has shown that the opti
al properties of mag-netite 
rystals are also strongly in
uen
ed by the te
hnique used to polishthem [43℄.It is possible that the 
al
ium di�using from the bulk repla
es some ofthe iron ions in the surfa
e layer. The resulting 
hemi
al stru
ture of the
ompound at the surfa
e may then be written as CaxFe3�xO4, where x rep-resents the fra
tion of the iron ions repla
ed by the 
al
ium. This di�usionand segregation from the bulk of the 
rystal 
ould be driven by size or 
hargebalan
ing properties, in a manner similar to those apparently leading to thesegregation of Mg through thin magnetite �lms [27℄. It is also possible thata non-stoi
hiometri
 interfa
e is formed with a gradually de
reasing 
al
ium
on
entration with depth in a manner similar to that observed during theintera
tion of potassium with Fe3O4(111) [84℄. The orientation of the linear
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es along the <110> dire
tions suggests that the rate of segregationof 
al
ium is dependent on the 
rystallographi
 dire
tion, as suggested inReferen
e [27℄.As no (rp2 � rp2)R45Æ re
onstru
tion [74, 85℄ was observed either byLEED or STM during this set of experiments on polished or unpolishedmagnetite, it is likely that this re
onstru
tion only forms on stoi
hiometri
magnetite surfa
es. Therefore, the analysis of the LEED pattern on a sample
ould provide an e�e
tive and eÆ
ient method of determining the standardof surfa
e 
leanliness during sample preparation.7.1 Further WorkIt is 
lear from these results and from other studies [84℄ that magnetite dis-plays a fas
inating variety of surfa
e stru
tures depending on the sto
hiome-try of the surfa
e. It would be interesting in future studies to dope the mag-netite surfa
e with a variety of impurities, in
luding Mg and Ca, in di�erent
on
entrations and to observe the resulting topography. Although impuritiesare expe
ted in natural magnetite 
rystals and 
al
ium is one of the most
ommon impurities in metal oxides [79℄, the preparation of a stoi
hiometri
surfa
e would be more suitable for SP STM experiments. Su
h stoi
hiometri
surfa
es 
an be prepared by ion sputtering, or by depositing thin �lms onnon-magneti
 substrates by Mole
ular Beam Epitaxy (MBE) [86,87℄. In addi-tion, the signi�
ant e�e
t of the 
al
ium seen in this study sheds light on theimportan
e of sample stoi
hiometry in other related �elds. For example, ina powdered sample of magneti
 material, there are many interfa
es betweenthe surfa
es of di�erent grains, and the properties of these interfa
es 
ould be



CHAPTER 7. CONCLUSIONS 85in
uen
ed by impurities. The presen
e of impurities should also have inter-esting e�e
ts on the magnetoele
troni
 properties of heterojun
tions grownbetween di�erent spinels.Atomi
 resolution STM images at various temperatures and in appliedmagneti
 �elds with antiferromagneti
 tips on other nanomagneti
 systems
ould provide valuable extra information for an enhan
ed analysis of thedata presented in this and other studies. The magnetite surfa
e, either 
leanor with surfa
e stru
tures indu
ed by impurity doping 
ould provide usefulsubstrates for the deposition of iron and other magneti
 elements and 
om-pounds in te
hni
al appli
ations. It would also be intersting to examine the(111) fa
e of magnetite bulk 
rystals in the light of the understanding nowdeveloped of the (001) fa
e.
It is hoped that the experiments 
arried out in this proje
t have led touseful insights into the fundamental physi
al properties of te
hnologi
allyrelevant nanomagneti
 systems.
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