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Abstract

In this thesis the surface of single crystals and thin films of magnetite
(001) and (110) have been studied by scanning tunneling microscopy (STM),
scanning tunneling spectroscopy (STS), Auger electron spectroscopy (AES)
and low-energy electron diffraction (LEED). The use of STM tips made of
magnetic materials is highlighted in this work. A novel technique has been de-
veloped by the author in order to provide STM tips made of paramagnetic,
ferromagnetic and antiferromagnetic materials. Special emphasis has been
placed on the study and characterization of tips made of antiferromagnetic
MnNi alloy. Chemical and magnetic characterization has been performed
by AES, X-ray diffraction (XRD), alternating gradient force magnetometer
(AGFM) and transmission electron microscope (TEM). Scanning electron
microscope (SEM) has also been employed for characterization of the tips.
The potential of the MnNi tips for SP-STM measurements has been con-
firmed by STS/STM studies of Mn/Fe(001), a test sample whose magnetic
properties are well known. These tips are routinely used by the group for
SP-STM experiments on magnetite.

A detailed analysis of the nature and topography of contaminant free
and contaminated magnetite (001) single crystals and thin films is given.
It has been demonstrated how the surface topography of a contaminated
and clean surface of magnetite (001) is intimately related to the preparation
conditions, with the O/Fe ratio playing a crucial role in determining the
surface terminations of magnetite.

The (001) plane of magnetite can be viewed as a stacking sequence of two
alternating layers. The A-layer contains tetrahedrally coordinated Fe3* ions,

while the B-layer is composed of octahedrally coordinated Fe?* and Fe?*
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ions surrounded by oxygen ions. A (v/2 x v/2)R45° surface reconstruction
has been observed on a clean magnetite (001) surface. A high exposure of
the surface to oxygen during preparation leads to an octahedral terminated
surface. On the other hand, the light exposure of the surface to a hydrogen
atmosphere leads to a co-existence of tetrahedral and octahedral terminated
surfaces. A combined tetrahedral and octahedral termination has been rarely
observed in the past.

Continuous annealing of the single crystals and magnetite thin films
leads to a contaminated (001) magnetite surface. The typical contaminants
found were calcium and potassium. Self assembled patterns of rows and nan-
otrenches on the surface are observed and explained in terms of the formation
of a Ca;_,Fes, ,O4-like and Mg,_,Fes,,O4-like phases. A range of different
surface reconstructions have been observed with increase of the annealing
time, related to a variation of the local [O/Fe] stoichiometry ratio at the
surface and the concentration of contaminants. p(1x1), p(1x2), p(1x3) and
p(1x4) superlattices have been found on the Fe3O4 (001) surface.

Finally, the non-polar surface of a single crystal and thin film of magnetite
(110) has also been investigated. Nanostructures have been observed on the
surface when annealing the crystal and thin film at a temperature of 1100£50
K. Despite the fact that the surface is non-polar, under certain preparation
conditions a (1 x 3) surface reconstruction is observed. It has been attributed
to the change of [O/Fe| stoichiometry ratio and the presence of Ca and Mg

at the surface.
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Chapter 1

Introduction

Metal-oxide surfaces have recently drawn increasing attention due to their
important technological applications, i.e. corrosion, catalysis and microelec-
tronics. Iron oxides have also attracted much interest, in particular FezOy,
commonly known as magnetite, as it is predicted to be half a metallic ferro-
magnet [1].

Fe3O4 (001) and (110) artificial and natural single crystal and thin film
surfaces are the focus of the study presented here. Magnetite is one of the
few oxides with very high, almost metallic conductivity, which is due to
Fe ions of different valence states being located at identical crystallographic
positions. At room temperature, the electrical conductivity of Fe3O4 is about
200 Q7! em ™! [2]. Magnetite is also predicted to be a half-metallic ferrimagnet
[1, 3], meaning that in the spin-up sub-band it is a metal and in the spin-
down sub-band it is an insulator. At a temperature of 120 K bulk magnetite
exhibits a metal-insulator transition, known as the Verwey transition [2, 4],
at which its conductivity decreases by two orders of magnitude [5,6]. The
change of conductivity is accompanied by a change in its crystallographic

structure, whose symmetry is lowered from cubic to monoclinic. The surfaces
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of magnetite show a highly complex behavior which is due to many factors
such as, the stoichiometry; i.e. the ratio of the Fe to O ions on the top most
layer [7-9].

A detailed investigation of probes made of magnetic materials for Scan-
ning Tunneling Microscope (STM) and Spin polarised STM (SP-STM) ap-
plication is performed in this study. Aspects such as fabrication, geometry
and composition are studied. A reproducible technique for the fabrication of
STM tips from a range of magnetic materials has been developed. The tips
are formed by electrochemical etching in an aqueous solution (NaOH, HCI),
using polymer tubing to physically restrict the active etching region. Tips,
with apexes in the 50-100 nm range, have been produced from polycrystalline
MnNi, Cr, Fe and Ni. Atomic resolution STM images have been achieved on
the Fe30,4 (001) surface, using MnNi tips.

The preparation procedure of the surface of magnetite (001) to obtain
a contaminant-free surface is studied in detail, with a view towards spin-
polarised measurements. Due to the continuous presence of contamintants
on the surface of the single crystals of magnetite (001) studied, the SP-
STM project was not fully pursued; the contaminanted magnetite surface was
investigated instead. Contaminants such as Ca and K are commonly present
in natural and artificial magnetite single crystals. They diffuse from the bulk
to the surface when preparing the crystal due to an extensive annealing.
From a fundamental research point of view contaminants on the surface of
magnetite are not highly interesting, but their potential within the area of
nanoscale self-assembly is discussed. The surfaces of magnetite (001) and
(110) are studied by STM, STS, AES and LEED. A series of (v/2xv/2)R45°,
p(1 x 1), p(1 x 2), p(1 x 3) and p(1l x 4) surface reconstructions have been

observed on the surface of magnetite (001) with increasing concentrations of



CHAPTER 1. INTRODUCTION 3

Ca and K. A detailed investigation of the self-assembly of impurities onto
the surface is given at a nano- and atomic- scale on both surfaces.

The results obtained by the author in this study are a contribution to
the characterisation of magnetic probes suitable for SP-STM studies and
to the nanoscale self-assembly of nanostructures by controlled diffusion of

contaminants onto the surface.



Chapter 2

Background

2.1 Introduction to experimental techniques

2.1.1 Auger Electron Spectroscopy (AES)

Auger Electron Spectroscopy (AES) represents one of the most important
chemical surface analysis tool for conducting samples. The method is based
on the excitation of so-called ” Auger electrons”. AES is based on the use
of primary electrons with typical energies between 3 and 30 keV and the
possibility to focus and scan the primary electron beam in the nanometer
and micrometer range analyzing the top-most atomic layers of matter. Figure
2.1 shows the sequence of events following ionisation of a core level. For
this example the K level is shown as being ionised by an incident electron,
whose energy E, must obviously be greater than the binding energy Ex of
an electron in K. Following the creation of a hole in the level K, the atom
relaxes by filling the hole via a transition from an outer level, in this example
shown as L;. As a result of that transition the energy difference (Ex — Ep;)

becomes available as excess energy, and this excess energy can be used by
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Figure 2.1: The ground state is shown on the left. In the center an incident
electron of energy E, has created a hole in the core level K by ionisation.
The hole in the K shell is filled by an electron from L, releasing an amount
of energy (Ex — Ep;), wich can appear as a photon or can be given up
to another electron. The double ionised final state is shown on the right.

Reproduced from [10].

the atom in either of two ways.

It can appear as a characteristic X-ray photon at that energy or it can be
given to another electron either in the same level or in a more shallow level,
whereupon the second electron is ejected. The first process is that of X-ray
fluorescence and the second that of Auger emission. The Auger transition
depicted in figure 2.1 would be named as KL;Ls 3. The electrons taking part
in the Auger process might also originate in the valence band of the solid, in
which case the convention writes the transitions as, for example KL, 3V if one
electron comes from the valence band and, for example, KVV if both do. The

emitted Auger electrons are part of the secondary energy electron spectrum



CHAPTER 2. BACKGROUND 6

obtained under electron bombardment with a characteristic energy allowing
one to identify the emitting elements. Auger electrons render information

essentially on the elemental composition of the first 2-10 atomic layers [11].

2.1.2 Scanning Tunneling Microscopy (STM)

Comprehensive reviews of the theory and operating principles of scanning
tunneling microscopy (STM) and spectroscopy (STS) are given in dedicated
texts by Chen and Wiesendanger [12,13]. The fundamental theory of STM is
modelled on the quantum-mechanical description of an electron with energy
E travelling in a 1D potential U(z) of the form shown in figure 2.2(a). This
electron is described by a wavefunction 1(z), which satisfies the Schrédinger
equation: s

—5-59(2) + U()$(2) = Ey(2) (2.1)

where m is the electron mass and i = h/27 (where h is Planck’s constant).
In the classically allowed region where E > U(z), this equation has solutions
of the form:

2m(E - U)

¥(2) = 9(0)e™, k=t——"F— (22)

where the electron can move in either the positive or negative direction.
In the classically forbidden barrier region where E < U(z), the Schrodinger
equation has the solution:

o 2m(U — E)
Y(2) =9(0)e™, K="—"— (2.3)
The k term describes the decay of the electron wavefunction within the bar-
rier region. For a finite potential U(z), there is a non-zero probability P of
finding the electron at a position z inside the barrier region, which is given

by:
P oc| 9(0) > e (2.4)
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Consequently, if the width of the tunnel barrier is sufficiently narrow, there
is a finite probability that the electron can tunnel through the barrier region.

In the tip-vacuum-sample configuration of an STM junction (figure
2.2(b)), the height of the tunnel barrier is determined by the work func-
tion ¢ of the tip and sample (assumed to be identical for convenience), which
is the minimum energy required to remove an electron from the metal to vac-
uum. An electron at the tip or sample surface, with Fermi energy Er = —¢
eV, will have the greatest opportunity to tunnel through the barrier, since
by definition the Fermi level denotes the upper limit of electron occupancy
in the metal. In the absence of an externally applied bias, the electron can
tunnel through the barrier in either direction so that there is no net tunnel
current. By applying an external voltage V, electrons in the sample within
the energy range EFr — eV < E < Ep have an opportunity to tunnel through
the barrier. If eV < ¢, then only electron states very near to the Fermi
level are probed. The probability for an electron in the nth states to tunnel

through a barrier of width W is given by:

P | 9,(0) 2 e W, k= (2.5)

h

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

account, the tunnel current is:

Ep

Loc Y |9(0)2e™” (2.6)

E=Ep—eV
If V is small enough that the density of electronic states does not vary sig-
nificantly within it, the latter sum can be conveniently written in terms of
the local density of states (LDOS). At the Fermi level, at a location z and
energy E, the LDOS p4(z,E) of the sample is defined as:

1 E
ps(z, Er) == Y_ | 9(2)

€ B.—E—¢

. (2.7)
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Figure 2.2: Schematic representations of (a) an electron described by the
wavefunction ¥ (z) travelling in a one-dimensional potential U(z) and (b) a

STM junction under an applied bias V.
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for a sufficiently small e. The LDOS is the number of electrons per unit
volume per unit energy , at a given point in space and at a given energy. The
tunneling current can be conveniently written in terms of the LDOS of the

sample at z=0 and E = Ep:
I, « Vp,(0, Ep)e™*"W (2.8)

It is clear from this equation that: (1) the tunnel current is directly pro-
portional to the bias applied across the junction, (2) it decays exponentially
as the distance between the tip apex and the sample surface is increased.

The significance of the probe-tip LDOS contribution is realised through a
time-dependent perturbation model of metal-insulator-metal tunneling pro-
posed by Bardeen [14]. Here, a Transfer Hamiltonian Hr is used to describe
the transfer of a tunneling electron from a sample state ¢ to a tip state y.
The tunnel current can be taken as a convolution of the sample LDOS p;

and the tip LDOS py.

= 4re

eV
B / po(Ep — eV + E)p(Ep — E) | M |2 dE (2.9)

hJo

I, also includes a tunneling matrix element M, describing the amplitude of
electron transfer across the tunnel barrier (through the overlap of the ¢ and
x states). The integral describing M is evaluated over any surface lying within
the barrier region and rate of electron transfer is determined by the Fermi

golden rule [15].

_h O o
M=o / (05 ~ $—)ds (2.10)

Bardeen and Giaever [14] assumed that the magnitude of the tunneling
matrix element | M | does not change appreciably in the interval of interest.
Then, the tunneling current is determined by the convolution of the DOS of

two electrodes:

4re [ev

Ii=— [ p(Br — €V + E)ou(Er ~ E)E (2.11)
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2.1.3 Scanning tunneling spectroscopy (STS)

Equation 2.11 shows that the tunneling current can be expressed as a
convolution of the sample LDOS p, and tip LDOS p; (see equation 2.9). In
the semiclassical WKB approximation the tunneling current density between

two planar electrodes can be expressed by:

T, V)= ZE(L) [T, V) (B —eV) — f(B) pu(B)pu( B — eV )dE

where s is the tip-sample distance, V is the sample bias voltage, T(s,V,E)
is the tunneling transmission probability, ps(E) and p(E) are LDOS of the
surface and the tip respectively. f{(E) is the Fermi-Dirac distribution function.
In scanning tunneling spectroscopy formalism, the first derivative of the

tunneling current is usually analysed:

dI(s,V)
av

2 Alel'(s,V, Elp E)pi(E = eV )lg i+

iy dp,(E — eV)

[ LB (B~ evyaE (2.12)

1% dVv

where A is a proportionality coefficient related to the effective tip-surface
contact area. the usual goal of the STS experiment is to probe the DOS
distribution of a sample surface. Equation 2.12 means that this measurement

is meaningful only when the tip DOS as a function of energy over the range of
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measurement is known a priori. Otherwise, the sample DOS does not have a
definitive relation to the tunneling spectrum. In equation 2.12, if the second
and third terms are neglected, a constant tip LDOS and a weak voltage
dependence of the tunneling probability are assumed, dI/dV is proportional
to the sample LDOS ps(E). This simple proportionality forms the basis of
the STS and mostly dI/dV measurements are directly compared to calculated
sample densities of states. In order to obtain reproducible tunneling spectra,
the STM tip must have reproducible DOS, preferably flat DOS, that is,
with a free-electron-metal behavior. Tip DOS are usually highly structured.
Feenstra et al. [16] developed an in-situ tip preparation procedure which
causes local melting and recrystallisation of the tip apex. This procedure
results in flattening of the tip DOS allowing one to obtain reproducible STS
data with W tips.

From the present discussion it is already clear that the relation between
dI/dV and the sample LDOS is highly complicated. In the case of a tip with
a more complicated DOS, such as Fe or MnNi tips, this approximation has
to be taken with caution and it might not be so accurate as for the case of
W tips. Nevertheless, reproducible STS results have been obtained with W
coated with Fe tips on the surface of Mn/Fe(110) [17].

Spectroscopy spectra are presented in the bibliography as I vs Voltage,
dI/dV wvs Voltage and dI/dV/[I/V] vs Voltage [3,18-21]. Bischoff et al. [22-24]
showed how the dI/dV or dI/dV/(I/V) curves are dependent on the expo-
nential background (which is tip dependent) and do not describe the LDOS
very accurately. A scheme to extract the LDOS from a dI/dV measurement
was proposed by Ukraintsev [25]. Ukraintsev showed that normalising dI/dV
with its fitted tunneling probability function (T) leads to the best recovery
of the sample DOS within a one dimensional WKB approach. The tunneling
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probability function, T, is given by:

T =t exp {—25(%’-;3(%1//2))”2] 44, exp [—25(%”((;;—‘//2))”2], (2.13)

The first(second) term of T describes tunneling from the sample(tip)
Fermi level to unoccupied tip(sample) states. t [nA/V] is a proportional-
ity coefficient which is related to the tip-surface effective contact area and is
proportional to the sample (for t,) or the tip (for t;) densities of states at the
Fermi level. ¢ [eV] is given by the local work function (which is the avarage
of the tip and sample work functions in a first approximation). S [nm] is the
tip-sample distance and m the electron mass. To extract these parameters

from the experimental data, dI/dV should be fitted to T [17,22,23].

2.1.4 Low Energy Electron Diffraction (LEED)

A plane wave incident on an atom or atoms within a unit cell will be scattered
in all directions, but interference between waves scattered from neighboring
unit cells will restrict the net flux to those directions in which the scattered
waves from all unit cells are in phase. This requires that the scattered waves
from neighboring cells differ only by an integral number of wavelengths A.
In the simple case of a one-dimensional lattice, the in-phase condition is met

for all integers n which satisfy the condition:

a(sing, — sing,) = nA (2.14)

where a is the distance between scattering planes, A is the wavelength

of the incident wave and ¢, is the angle of the plane wave with respect to
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the lattice plane. This is known as the Laue condition. If the incident and
emergent beams are described by unit vectors sy and s, then this can be

written in vector form as:

a-(Sp — So) = nA (2.15)
or
a-As, = n (2.16)
where
As, = 8, — S (2.17)

The diffracted beams are determined by A s,, and, in the one-dimensional
case, they are given by integral multiples of the basic unit (A / a). This
involves the reciprocal of the real space lattice vector a. We can define a
reciprocal lattice vector a*= (1/a).

For surface diffraction in a 2D system, the electron beam must conserve

both its energy and the component of its momentum parallel to the surface.

I By S, L SV
ki +ki =k +k, K=k +gn (2.18)
where kﬁli and k| are the parallel and perpendicular momentum compo-
nents of the incident beam, while k_{' and k_i are those of the diffracted beam.
The reciprocal lattice vector gy is related to the beam energy FE.y, electron
mass m, and diffraction angle a by:
Vv 2meEeV

\gni| = |ha* + Ib¥] = |k|sina = ——h—sz’na (2.19)
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where a* and b* are the reciprocal lattice vectors. These are related to
the real space vectors @ and b by [26]:

—
*

a.a

- — —
*

=bb* =21 @b =ba*=0 (2.20)

This shows the direct correspondance between the observed diffraction
pattern and the reciprocal lattice of the surface. The reciprocal lattice vec-
tor gn; lies in a direction that is orthogonal to the plane of the real space
lattice that is denoted by the Miller indices h and 1. The Miller indices of
the diffracting planes are used to index the diffraction spots of the LEED

pattern.

2.2 Magnetite: Fe;Oy

2.2.1 Introduction

Magnetite, Fe3Qy, is a truly unique material. The ancient Greeks noted mag-
netism in the mineral magnetite or lodestone. Magnetism gets its name from
the Magnates, inhabitants of Magnesia and named by the Greeks, where lode-
stone is very abundant. Many living organisms, including humans, have used
magnetite for navigation [27] for centuries. Nowadays, magnetite is of a high
technologically importance, with a range of applications including uses in the
cores of electromagnets, in microwave resonant circuits, in computer memory
cores and in high density magnetic recording media. In the last decade, the
possibility of imaging the atomic structure and the electronic properties of a
surface provided by STM has also boosted the fundamental research interest
of imaging magnetic surfaces with magnetic contrast down to atomic scale.
This technique is commonly known as spin-polarised scanning tunneling mi-

croscopy (SP-STM) [28-35].
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Figure 2.3: The multidisciplianry nature of iron oxide research

Magnetite is part of the iron oxide family. These compounds are in fact ei-
ther oxides, hydroxides and oxide hydroxides [36]. The Fe-O system is formed
by wiistite Fe;_,O, magnetite Fe3Oy4, hematite a-Fe,O3 and maghemite -
Fe;03. Some physical properties are described for the different iron oxides
on table 2.1.

Iron oxides are essential for other fundamental sciences as well as for
a wide range of applications. Medicine, biology, environmental chemistry,
geology and soil science are examples of the multidisciplines using of iron
oxides (see figure 2.3) [36].

In this thesis the surfaces of magnetite (001) and (110) are studied.
Preparing the surface of magnetite is not trivial and undesirable iron oxide-
phases transition need to be avoided. Figure 2.4 shows the equilibrium phase
diagram of the iron-oxygen system and the stability domains for wistite

Fe,_,O, magnetite Fe3O4, maghemite 7-Fe,O3 and hematite a-Fe;,O3 as a
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Magnetite | Haematite | Maghemite | Wiistite
Formula Fe;04 a-FeyOs v-Fe, O3 FeO
Structural Inverse Corundum Defect Defect
type spinel spinel NaCl
Crystal system Cubic Hexagonal Cubic/ Cubic

Tetragonal
Space group O]-Fd3m D-R3c O!-Fd3m/ | O},Fm3m
P432,2
Cell a: 0.84 a: 0.50 a: 0.84/ a: 0.43
dimensions a: 0.83
(nm) gr 1.8 c: 2.50
Colour Black Red Brown Black
Magnetic order Ferri- Weakly Ferri- Antiferro-
ferro-

Curie/Neel 850 956 820-986(1 | 203-211
temperature (K) Ty: 119
RT Saturation 92-100 0.3 60-80 -
magnetisation
(JT'Kg™')
Density (gem?) 5.18 5.26 4.87 5.9
Formula units 8 6 8 4
per unit cell

Table 2.1: Some properties of the iron oxides. (Cornell [36]) (1) The T¢ of

maghemite is uncertain because it transforms to haematite above ~713 K.
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Figure 2.4: Phase diagram for the Fe — O system. Reproduced from [36]

function of the temperature and oxygen content.

Bulk Fe3Oy4 has a cubic inverse-spinel structure, where the 32 O?~ anions
form an face centered cubic (f.c.c.) lattice, half of the Fe3* cations occupy 1/8
of the available tetrahedral sites (64 available A-sites) and the other half of
the Fe3* cations are located in 1/4 of the available octahedral interstices (32
available B-sites). 1/4 sites of the octahedral interstices is occupied by Fe?*
cations. The unit cell edge constant is a = 0.83963 nm [37]. For stoichiometric

Fe;0, there are 2Fe®* and 1Fe?* per chemical formula. See figure 2.5.
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Figure 2.5: Unit cell of Fe3Oy4

Magnetite is also predicted to be a half-metallic ferrimagnet [1,19], mean-
ing that in the spin-up sub-band it is a metal and in the spin-down sub-band
it is an insulator. There is a gap in the majority spin band at the Fermi
level but there is not in the minority spin band. Filled bands of the majority
spin are mainly composed of 3d levels of Fe in the B site. For the A site 3d
orbitals of Fe are filled by the minority spin electron. Moreover, the orbitals
just below the Fermi level are composed of 3d levels of Fe in the B sites [1,38].
Alvarado et al. have also demonstrated [38] that the electrons from the O 2p
states lie well below the Fermi energy.

At a temperature of 120 K bulk magnetite exhibits a metal-insulator
transition, known as the Verwey transition [2,4], at which its conductivity
decreases by some two orders of magnitude [5,6]. Above the Verwey transition
temperature, magnetite is thought to be a half-metal [1,3] with a highest
known T, of 860 K [39]. At room temperature, the electrical conductivity of
Fe;0, is some 200 27! cm™!. This first order metal-insulator transition [40], is

associated with a lattice distortion from cubic to monoclinic, which however
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has not been fully resolved [41,42]. The transition has been viewed as an
order-disorder transition in relation to the arrangement of cations on the
octahedral sites of the inverse spinel structure whose formal chemical formula

can be written as Fe,?t [Fe*T Fe?t]50,%~ [43-47].

2.2.2 The surface of Fe;O4 (001)

The (001) plane of magnetite can be viewed as a stacking sequence of two
alternating layers. The A-layer contains tetrahedrally coordinated Fe®* ions,
while the B-layer is composed of rows of octahedrally coordinated Fe?* and
Fe?* ions surrounded by oxygen ions. The separation between neighbouring
planes (i.e. the A-B interplanar separation) is 1.05 A, while the separation
between successive like planes (i.e. the A-A or B-B interplanar separation)
is 2.10 A. In each octahedral plane, the nearest-neighbor B-site cations form
rows that run along the [110] and [110] directions.

The rows in successive octahedral planes are rotated by 90° with respect to
one another, giving these planes a two-fold rotational symmetry. In contrast,
the arrangement of cations in the A-layers give them a four-fold rotational
symmetry. A ball model of Fe;O4 (001) is shown in figures 2.6 and 2.7 where

a full B and A-terminated surface are depicted respectively.

2.2.3 The surface of magnetite (110)

The bulk of Fe3O4 can be thought to consist of two different planes perpen-
dicular to [110] with arrangement of the Fe and O ions as given in figure
2.8.

These type-A and type-B layers alternate with a spacing of 1.484 A be-

tween successive layers. The type-A contains only iron ions on the octahedral
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Figure 2.6: The (001) B-terminated surface of Fe;O4.The large circles rep-

resent oxygen atoms forming an f.c.c. lattice. The small circles depict iron

atoms located at the A and B sites. The p(1 x 1) primitive unit cell is marked
with an black square. The (\/5 X \/§)R45° unit cell is marked with a orange

square.
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Figure 2.7: The (001) A-terminated surface of Fe3O4. The large circles rep-
resent oxygen atoms forming an f.c.c. lattice on the layer below. The small
circles depict iron atoms located at the A and B sites. The p(1 x 1) primi-
tive unit cell is marked with an black square. The (v/2 x v/2)R45° unit cell

is marked with a orange square.
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Figure 2.8: The atomic arrangement in the two types of (110) layers A and
B presented in the bulk Fe,O3. The surface unit cell is 8.4 A along the (001)
and 6 A along the (-110).
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positions. The type-B contains both octahedrally and tetrahedrally coordi-
nated Fe ions which have antiparallel magnetic moments (see figure 2.8).
Magnetite (110) is a non-polar surface. This means that the surface of Fe3O,
(110) has no dipole moment perpendicular to the surface, therefore it has a
finite surface energy meaning that the surface may retain the structure of

the bulk termination with minor relaxations [48] (see appendix C).

2.2.4 Autocompensated surfaces

The concept of autocompensation, originally developed for surfaces of
compound semiconductors, such as GaAs and ZnSe [49], is very sucessful
for predicting reconstructions of metal oxide surfaces [50]. The most stable
surfaces are predicted to be those which are autocompensated, which
means that excess charge from cation-derived dangling bonds compensates
anion-derived dangling bonds. The surface is then "self-compensated”, that
is the cation-(anion) derived dangling bonds are completely empty (full) on
stable surfaces. This model allows for the partially covalent character found
in many metal oxides, including oxides of iron. This simple electron-counting
approach is somewhat more complicated in Fe;O4 because of the mixed

valency and coordination of iron ions in the inverse spinel structure.

For magnetite, one tetrahedral Fe?" ion contributes three electrons to a

total of four bonds to neighboring oxygen atoms in bulk Fe3O4. Therefore,

each bond contains % e~ that are donated from the tetrahedral iron ions.

Above the Verwey transition, electrons hop freely between octahedral Fe?*
and Fe®*, giving rise to an average formal oxidation state for iron of 2.5.

Each octahedral iron ion contributes 2.5 e~ to a total of six bonds to oxygen

ions. Each Fe(oct)-O bond thus contains %z% e~ contributed from iron
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ions. Assuming two electrons per bond, each oxygen contributes 2 — % e

= 2 e~ to each Fe(tet)-O bond, and 2 — X e~ = 7 e, to each Fe(oct)-
O bond. These numbers can be used to determine dangling bond charges
when different surfaces structures are created. This is known as the electron-
counting model.

This is formally equivalent to conditions for creating a non-polar surfaces
of ionic (or partially ionic) crystals introduced by Tasker [51]. The electro-
static model proposed by Tasker classifies the surfaces of any ionic or partially
ionic materials into three types. Type 1 consists of neutral planes with both
anions and cations (i.e. (001) and (110) surfaces of rocksalt metal oxides, such
as MgO and NiO). Type 2 consists of charged planes arranged symmetrically
so that there is no dipole moment perpendicular to the unit cell (i.e. (111)
surface of the fluorite structure terminated with an anion plane). Neither of
these surfaces affect ions in the bulk of the crystal and they should therefore
have modest surface energies (also called non-polar), which diverges when
a net dipole is presence on the surface. The type 3 surface is charged and
there is a perpendicular dipole moment. These surfaces have infinite surface
energies (i.e. (111) surfaces in the rocksalt structure). These surfaces are also
called polar (see appendix C).

For A or B-bulk terminated Fe;O4 (001) surface electrostatic arguments
lead to uncompensated charge at the surface. In figure 2.9 a schematic rep-
resentation of a polar crystal is shown. The ionic charge of +6 per layer
unit cell is autocompensated throughout the bulk of the crystal in magnetite
(001). However, an extra charge of £3 (depending on an A or B surface
termination) is not compensated when the surface is created. For energetic
reasons charge neutrality is required. Charge neutrality at the polar (001)

surface of Fe3O, must be realized by an adjustment of the structure and
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Figure 2.9: Schematic representation of the charge neutrality of magnetite
(001). A B-terminated surface is depicted with a total charge of —3 on the

surface.

the composition of the surface layer. Magnetite (001) surface undergoes ma-
jor transformations(reconstructions) on the surface to minimise the surface
energy in agreement with our STM and LEED results !.

The stable surfaces (types 1 and 2) may occur with only small relax-
ations from the bulk structure whereas the type 3 surfaces can only occur

with substantial reconstructions [51]. The surface of magnetite (001) is a

If we consider a B-terminated surface (v/2 x v/2)R45° reconstructed (see figure 2.6),
full layer, the unit cell contains 4 Fe,.; ions and 8 oxygen atoms. The 4 Fe,. ions have
one dangling bond each. These bonds contain a total of (4 x 5/12) = 1.67 e~. Of the 8
oxygen atoms, 4 have one dangling octahedral bond and the other four have one dangling
tetrahedral bond. Therefore, the O dangling bonds contain a total of (4 x 19/12) + (4
x 5/4) = 11.33 e~. The total number of electrons on the oxygen dangling bonds is (1.67
+ 11.33) = 13 e™. This leaves the surface with a charge deficiency of 3 e~ since the 8 O
atoms at the surface require a total of 16 e~ to fill their dangling bonds for octahedral

bulk terminated surface.
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polar surfaces, therefore intrinsically unstable. It belongs to type 3 surfaces
according to Tasker’s model. The surface of magnetite (110) is a non-polar

surface [48].

2.2.5 Literature review
The clean Fe3;0,(001) surface

As explained in section 2.2.2; the (001) plane of magnetite can be viewed as
a stacking sequence of two alternating layers, A and B, containing iron ions
on the tetrahedral and octahedral sites respectively .

Both A- [52-54] and B- [47, 55, 56] terminated surfaces have been re-
ported in the literature, with no satisfactory explanation as to why the (001)
magnetite surface should be terminated at either plane. However it is clear
that the preparation conditions play a crucial role in determining the surface
termination.

A (V2 x V/2)R45° reconstruction has been observed by several groups
on the clean magnetite (001) surface of both natural and synthetic single
crystals, and on thin films grown by Molecular Beam Epitaxy (MBE)2.
STM studies carried out by Tarrach et al. [52] have suggested that the
top-most surface layer consists of a full monolayer of tetrahedral Fe ions.

Chambers et al. [54] used x-ray photoelectron spectroscopy (XPS), X-ray

2Two different notations to define the same surface reconstruction are used in the
literature leading to confusion. Some authors [52,53,57] reference the reconstructed surface
to the bulk unit cell and call it p(1 x 1). Others [56,58-60] reference the simplest primitive
unit mesh to the unreconstructed surface, and consequently this reconstruction is called
(V2 x v/2)R45°. In surface crystallography it is common to denote any unreconstructed
surface with the smallest primitive (1 x 1) unit cell and the latter notation is adopted in

this thesis
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photoelectron diffraction (XPD) and STM to support the conclusion that
the Fe3O,4 (001) surface is constituted by half filled layer of tetrahedral Fe
ions. The latter surface termination is charge compensated. Wiesendanger
et al. [34] imaged two distinct structures on different areas of a natural
crystal of magnetite; the two structures were attributed to bulk terminated
tetrahedral and octahedral terminations of the surface. In contrast, Voogt et
al. [55] and more recently Stanka et al. [56] have proposed a B-terminated
layer on a single crystal and a Fe3O,/MgO(001) film, respectively. In both
cases, they have proposed that charge compensation is achieved by an array
of oxygen vacancies accompanied by a change in the valence state of the Fe.
Mariotto et al. [47] observed a (V2 x v/2)R45° reconstruction on a clean
magnetite (001) single crystal surface interpretated as a B-layer surface
termination. Mariotto et al. further proposed that the reconstruction is due
to charge ordering of the Fe cations in octahedral positions, and not to an
ordered array of vacancies as proposed by previous studies. Such a surface

is not charge compensated.

The contaminated Fe;04(001) surface

Surface reconstructions induced by alkaline and alkaline-earth metals have
been observed on a range of different systems, such as thin films of FezO4
grown on MgO(001) substrates [60,61], thin films of Fe3O,4 grown on Pt(111)
substrates [62] and TiO, single crystals [63,64]. A p(1x4) reconstruction was
observed by Anderson et al. [60] on a 1 um thick film of magnetite grown
on a MgO (001) substrate. A similar effect was observed by Voogt et al. [55]
who reported the onset of a p(1x3) reconstruction on a magnetite thin film

grown on MgO (001). Anderson et al. attributed the surface reconstruction



CHAPTER 2. BACKGROUND 28

to the segregation of magnesium from the substrate, leading to the formation
of a MgFe;O4 phase. Kim et al. [59] in a study of magnetite thin films grown
on MgO (001) suggested that the Mg ions diffuse through the iron oxide via
vacancies in the octahedral cation sublattice. Once they reach the surface,
they decorate the rows of octahedral B-site cations. Norenberg et al. [64]
have investigated Ca-induced surface reconstructions on TiOs. They have
observed a variety of surface reconstructions, including p(1x3) and p(1x4).
They attributed the p(1x3) reconstruction to Ca?* cations replacing the Ti
cations at the surface of the crystal. A p(1x4) reconstruction, caused by an
ordered array of trenches, was found to succeed the p(1x3) reconstruction
and it was attributed to oxygen loss from the surface.

Magnetite is a particularly well suited material for these studies. The po-
lar surface of magnetite must reconstruct or undergo a charge redistribution
to minimize the surface energy. As explained and demonstrated in chap-
ter 5, a clean surface of magnetite terminated at the (001) plane exhibits a
(\/5 X \/§)R45° reconstruction. The contaminant free magnetite surface had
revealed interesting data of its fundamental properties. These fundamental
properties are modified by the presence of contaminants on the surface.

Nanostructures will play a fundamental role in many future electronic,
mechanical and optical devices. The traditional methods of microfabrication,
e.g. lithographic methods, are limited in their resolution and new techniques
to manipulate atoms and molecules to ultimately fabricate nanodevices are
developing [65-68]. Since the latter is far too slow and awkward, a differ-
ent method is that of self assembly of atoms and molecules in nanostruc-
tures. As an alternative method to the deposition of atoms onto a substrate,
the controlled diffusion of impurities from the bulk of a single crystal to

the surface or, in the case of thin films, from the substrate into the film is
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proposed as a method by which self-assembly can be achieved. One could
use these nanotemplates for the deposition of carbon nanotubes, fullerenes
and DNA molecules, whose sizes are compatible with the typical dimensions
of our nanotemplates. Organic/Inorganic interfaces are suitable for build-
ing and testing new electronic devices that could be used in nanotechnology
such as organic light emitting diodos (OLEDs), organic field effect transistors
(OFETSs) [69,70], solar cells [71], sensors etc. Several studies have been made,
investigating the formation of thin semiconductor organic molecules on semi-
conductors [72,73] and metallic surfaces, such as: gold [56], silver, nickel [74],
copper [75] etc. Organic epitaxy on inorganic substrates is no easy task, but
can successfully be achieved if the molecule/substrate combination is prop-
erly chosen and if the interface is optimised. Since very few suitable systems
have previously been considered, the study of new candidate systems could be
a very productive area of future research. These organic molecules can mod-
ify the properties of metals and semiconductors (i.e. the density of states,
electronic and magnetic properties.) and vice versa. 1-D nanostructures of
organic large organic molecules could be an starting point for fundamental
research (i.e. study of the interaction of organic molecules with an arranged

pattern) and development of the mentioned molecular devices [76].

The surface of Fe;O4 (110)

As explained in section 2.5, magnetite (110) is a non-polar surface. The sur-
face of Fe3O4 (110) has a finite energy, meaning that it may retain the struc-
ture of the bulk termination with minor relaxations according to Tasker’s
model [51].

There has not been much research carried out on the surface of magnetite

(110) compared to the polar surfaces (001) and (111). Jansen et al. [77] stud-
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ied the surface of artificially grown single crystals of magnetite (110). A clean
terraced surface was obtained by STM for annealing temperatures of 1200
K. LEED and STM data showed a magnetite (110) reconstructed surface.
STM images showed atomic rows running along the [110] with a periodic-
ity of multiples of 3 A and a separation between the rows of 17, 24 and 34
A along the [001] direction. To explain the surface reconstruction, a model
based on iron oxide phase transition (from FezO4 to a-Fe;O3-like) was pro-
posed. These results were corroborated by the same author using STM/STS
when investigating a 50 nm Fe3O4 (110) film grown on a MgO substrate [78].
Annealing of the thin film at 850 K produced the formation of rows separated
by 20-40 A periodicity along the [001] direction. The formation of a MgFe; O,
phase on the surface was also discussed, but this explanation was ruled out.

Oda et al. [79] carried out a LEED investigation on a clean surface of
Fe304 (110) single crystal. Annealing of the crystal at 850 K was enough to
produce a sharp LEED pattern. Missing spots along the [110] direction have
been seen on their LEED patterns. A model based on a Fe3O4-p2mg-(1 x 3)
surface was proposed for this surface. This result disagrees with that obtained
by Jansen el al. and it is attributed to the different annealing temperature

and a better quality of the single crystal.




Chapter 3

Experimental details

3.1 The ultrahigh vacuum set up

The original UHV system was designed and constructed by Professor I.V.
Shvets, Dr. A. Quinn and Dr. J. Osing. It consists of three main chambers:
the preparation chamber, the room-temperature STM (RTSTM) chamber
and the low-temperature STM (LTSTM) chamber. The layout of this system
is shown schematically in figure 3.1. A full description of the construction
and operation of the RTSTM and preparation systems is given by Quinn [80].
The LTSTM description can be found in [81]. Finally the RTSTM is detailed
in [82].

Each chamber can be valved off from the rest of the system via a series of
UHV gate valves (VAT [83]) and brought to atmospheric pressure for main-
tenance without breaking vacuum in the rest of the system. Samples and
STM tips are introduced to the system via a fast-entry loadlock connected
to the preparation chamber by a gate valve. When not in use, this loadlock
is usually maintained in the low 10~® mbar range by a 20 L - s~! differen-

tial ion-pump (Perkin-Elmer [84]). Tip and sample transfer throughout the
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Figure 3.1: Top view schematic of the UHV system.




CHAPTER 3. EXPERIMENTAL DETAILS 33

chamber is facilitated by a series of wobblesticks and magnetically-coupled
linear drives (Vacuum Generators Ltd. [85]) which can access each sample
stage. The pressure in each chamber is monitored using nude Bayard-Alpert
type ionisation gauges (Perkin-Elmer). The entire system is supported on a
stainless steel box-section frame which can be floated on pneumatic dampers
to isolate the system from building vibrations during STM operation. The

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

3.2 The preparation chamber

The preparation chamber was designed by Dr. S. Murphy [82] and manufac-
tured by Caburn-MDC Ltd. [86]. It is a standard O.D. 457 mm commercial
chamber (Perkin-Elmer) with two modified ports and total of twenty-one
ports. To achieve UHV the chamber is usually baked for 3 days at 170-180
°C. A customised bake-out tent was designed by the author and manufac-
tured by [86]. A base pressure in the low ~ 107!° mbar is obtained in this
chamber after baking out.

A number of pumps are used to achieve UHV conditions in the chamber:
the first is a TMU 260 L - s=! turbomolecular pump (Pfeiffer Vacuum [87]).
This pump is backed by a 0.7 L - s™! two-stage rotary vane pump. A double-
ended 240 L - s~! differential ion-pump (Physical Electronics [84]) is used to
maintain UHV conditions. A liquid nitrogen cryoshroud is inserted in the base
flange of the ion-pump which houses a titanium sublimation pump (TSP).
A non-evaporable getter pump (NEG) from SAES Getters [88] is positioned
mid-way along the chamber. This pump is particulary effective pumping in
hydrogen.

The chamber contains all the facilities for in-situ tip and sample prepa-
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ration: electron-beam and resistive heaters, quartz crystal deposition mon-
itor (Inficon [89]), a triple evaporator with integral flux monitor, ion-gun
(VG [90]) and precision leak valves for controlled introduction of high purity
oxygen, hydrogen and argon gases. In addition, the preparation chamber also
contains a cylindrical mirror analyser (CMA) based AES subsystem (Perkin-
Elmer) for sample characterization. A detailed description of the main sam-
ple preparation facilities used for the preparation and analysis of the crystals

covered in this thesis is given below.

3.2.1 The resistive heater

The heater was designed by C. Kempf. The heater consists of an alumina
crucible with a spiral groove machined along its circumference along
which a ¢ = 0.2 mm W wire is wrapped. The sample sits inside a Ta
insert which fits inside the crucible. Both the crucible and the Ta insert
have concentric apertures machined in their bases. The sample can be
inserted face-down for film depositions or face-up for Ar* ion bombardment.
The crucible fits inside a stainless steel can which is connected to the
feedthrough for the quartz crystal monitor. This feedthrough comprises two
water cooling pipes and a BNC feedthrough to carry the quartz crystal
signal to the monitor. A separate feedthrough carries the connections
to the heater filament and a K-type (Omega) thermocouple which is
spot-welded to the Ta insert. A schematic of the resistive heater set-up
can be seen in figure 3.2. The heater was calibrated for temperature
(°C) wversus filament power (W) with the thermocouple attached in this
position and to the face of a sample-holder mounted face-down in the heater.

Samples can be heated up to a temperature range of 350 K < T 5, < 900 K.
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Figure 3.2: Schematic illustration of the resistive heater. The sample can
sit face-down in the heater for evaporation experiments. Alternatively, the

sample (or tip) is inserted face-up for ion-etching. Reproduced from [91].
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Figure 3.3: A schematic illustration of the e-beam heater. Reproduced from

81).

3.2.2 The e-beam heater

The electron beam heater was designed and assembled by Dr. J. Osing [81]. It
was initially used for the sample preparation treatment of tungsten, molyb-
denum and magnetite surfaces. Short flash-annealing of the surface at very
high temperatures (1000 K < T 55, < 2600 K for 15-20 seconds in UHV) are
able to remove impurities from the surface [82]. A schematic illustration of
the e-beam set-up is shown in figure 3.3. The sample is clamped in a sample
holder between a Ta cap that screws onto a Mo body. The sample holder is
mounted into a Ta stage which is held at a potential of +1 kV.

A current (1.5 A <1 < 4.5 A) is passed through a grounded thoriated
tungsten filament (¢ = 0.15 mm, 0.6 % Th) which generates thermionic
emission of electrons. These electrons are accelerated towards the cap of

the sample holder, where upon collision, their kinetic energy is transferred
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to the sample as heat. Because the filament is situated to one side of the
sample there will be a temperature gradient across the sample, however,
this set-up produces a contamination free surface. Surface temperatures are
measured from outside the chamber using an infra-red pyrometer (Altimex

UX-20/600 [92]).

3.2.3 The ion gun

The preparation chamber is fitted with a inert sputter ion source (PSP vac-
uum technology [93]), which is used for Ar* ion etching of STM tips and
for some sputtering experiments. The argon gas is introduced by leak-valve
directly into the gas-cell of the ion-gun, the base pressure in the chamber
rises to 5 x 1078 < Py, < 1 x 107° mbar. An energy from 0.5 to 3 KeV
is applied to the ions for rapid cleaning of samples in UHV. The ions are
created by an oscillating electron discharge inside a chamber at Ion Energy
(kinetic energy) potential. There are two long life tungsten filaments which
typical filament currents of 2.6 A will run through. Discharge currents used
usually vary from 30-40 mA. The target diameter is taken as 11 mm, which
is the diameter of the circular Ta insert in the resistive heater, into which
the sample/tip is mounted for ion-etching. A sample/gun working distance
of 100 mm is required for this ion-gun. This insert is isolated from ground
by the surrounding ceramic crucible. The thermocouple spot-welded to this
insert allows the target current to be measured. This is typically of the order
of 8.0 <1< 20.0 uA for a 0.5-2 keV beam energy and a chamber pressure
of 1 x 1075 mbar.

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

tering can be calculated knowing the incident ion flux (calculated from the
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target current) and the sputter yield Y (the number of target atoms ejected

per incident ion). The sputter rate v is obtained from the relation [11]:

_JYM
~ peNan

14

[m.s™!) (3.1)

where J is the ion current density (A.m™2), Y the sputter yield
(atoms/incident ion), M the molar mass of the target matrix (kg.mol™!),
p the density (kg.m™3), e the electron charge (A.s), N is Avogadro’s con-
stant (mol~!) and n the number of components yielded per matrix molecule
(n = 1 for an elemental target). For a circular target, this can be re-written

as:
4IY M

V= —————

enrD?pN 4

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

[m.s™! (3.2)

3.2.4 Sample Characterization: Auger Electron Spec-

troscopy

The main parts of the Auger spectrometer are the electron gun and the
electrostatic energy analyzer. Auger spectrometer uses a cylindrical mirror
analyzer (CMA, model 10-155A Physical Electronics) with a variable po-
tential applied between an inner and outer cylinder and resulting in a signal
which is proportional to the number of detected electrons N at kinetic energy
E. Primary electrons of known energy which are reflected from the sample
surface are used to optimise the signal intensity and calibrate the analyzer.

A beam energy of 3 keV was used for all measurements, the filament
and emission currents were 3.2 A and 1.4 mA respectively, giving a target

current of ~ 8 uA. A SR 850 DSP lock-in amplifier from Stanford Research
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Systems [94] was used to output a 0.5 V,,,s sinusoidal signal of frequency 12
kHz. A lock-in sensitivity of 100 uV was used to detect the Auger signal.

!, with scan ranges of 0-750 eV

The scan speed was always set at 1 eV.s™
for magnetite (100)/(110) and 0-1200 eV for Fe30,/MgO (001). An example
of a concentration calculation for magnetite (001) is shown in the appendix

3.2.4.

3.3 The room-temperature STM

All STM images described in this thesis were obtained by scanning the tip
across the surface in constant current mode. In this configuration the tip-
sample separation is maintained at a constant value by means of a feedback-
loop which controls a pizoelectric tube scanner holding the tip. The STM
head is constructed from machineable ceramic (Macor) and comprises a piezo
tube scanner and a fine approach walker based upon the system developed
by Dr. S.H. Pan at the University of Basel, Switzerland [95]. The sample is
mounted on top of a polished quasi-cylindrical sapphire rod which is clamped
between a set of six piezo stacks. These piezo stacks are arranged pairwise in
a triangular fashion about the sapphire rod with one pair of stacks spring-
loaded against it. A signal composed of quarter sections of a period of a sine
wave is applied to the piezo stacks. The rod is moved towards or away from
the tip in two steps: first the stacks deform quickly in one direction and slip
under the rod leaving its position virtually unchanged. Then they deform
slowly back simultaneously and drag the rod with them. The fine approach
piezo-walker can operate both in an intertial and a frictional mode. A full
description of this mechanism is discussed in [96,97].

The tube scanner is sectioned into four outer electrodes which carry the
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Figure 3.4: Schematic representation of a STM head similar to the RTSTM

used. A front view and cross-section of the fine approach walker are shown.

Z-X,Z+X, Z-Y and Z+Y voltages, while the inner electrode is grounded. The
scanner has a dynamic range of £13000 A in the z-direction and +20600
A in the x- and y- directions. These directions were calibrated on Cu(100)
monatomic steps and HOPG atomic resolution images respectively. The STM
head is isolated from vibrations by a two-stage spring system [80] which works
in conjunction with the pneumatic dampers on the system frame.

The RTSTM chamber is also fitted with an electromagnet, designed and
assembled by J. Naumann, to carry out magnetic STM experiments. This
consists of two Permanorm 5000 poles with Kapton-insulated copper wire
windings. Three thermocouples are fitted to monitor the heat output gener-
ated by the magnet. This magnet can be positioned so that the sample in the
STM lies between the poles. An in-plane magnetic field of 90 mT is possible

without significant overheating of the sample.
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The STM controller used for these experiments is a SCALA system by
Omicron [98]. This controller allows the user to compensate for the thermal
drift using a topographic feature of the STM image as a reference point.
A 0.1 nm/s thermal drift was measured when no correction was applied.
By enabling this option, thermal drift was reduced to 0.0025 nm/s. The
accompanying software provides some functions for data analysis, however
data was also analysed using commercial software from Nanotec Electrica

S.L. [99]

3.3.1 Four-grid LEED

The RVLO 900 four-grid reverse view optics were manufactured by VG Mi-
crotech. The optics are mounted on a O.D. 200 mm CF custom elbow which
is tilted at an angle of 30° to the horizontal. The sample sits in the trans-
fer fork of a magnetic drive, which is grounded by a stainless steel braid
to an OFHC copper block at the bottom of the LEED annexe. The sample
is rotated in this drive so that its surface faces the electron gun. Scattered
electrons are collected by the grids and screen located behind the gun.

A schematic illustration of the four-grid LEED is shown in figure 3.5.
The grid nearest the sample M1 is earthed so that electrons scattered by
the sample, initially travel in field-free space. A negative potential is applied
to the two centre grids M2a and M2b to suppress inelastically scattered
electrons, while elastically scattered electrons are accelerated towards the
phosphorescent screen by its +5 keV potential. The fourth mesh M3 is also
grounded to reduce the field penetration of the suppressing grids by the
screen.

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

and 200 eV, using an emission current of 0.5 mA the target current could not
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Figure 3.5: Schematic of four-grid optics operating in LEED mode (c.f. ref-
erence [26]).

be measured. LEED patterns were recorded by photographing the screen.

The angle a may be determined from the spot-separation d, between
indexed spots in the LEED pattern by using the geometry of the LEED
screen, shown in figure 3.6. The actual spot-separation can be calculated from
the distance d,u.t, measured in a photograph of the pattern if a calibration
photo of the entire screen is taken, using:

dphoto Dr

d, =
D photo

(3.3)

where D, is the actual screen diameter and Dype is the screen diameter
measured in the photograph. An example of a LEED calculation on the

magnetite (001) surface can be found on the appendix B.
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Figure 3.6: Schematic of the LEED screen geometry. The sample is placed at
the focal point of the screen. The angle a can be determined from tana =
d,/R. The distance d, is the separation between the hk spot and the specular

spot.




Chapter 4

Fabrication and
characterisation of STM tips
for spin-polarised STM and
STS

4.1 Introduction

There has been substantial interest in the fabrication of probes, with well
defined geometry and composition, for use in Scanning Tunneling Microscopy
(STM) [100-104]. The usual criteria for a good STM tip are: (1) radius of
curvature lower than 100 nm, to obtain a suitably high resolution, (2) a
high aspect-ratio (i.e. the ratio of tip length to diameter) near the tip apex
to allow probing of surfaces with significant roughness, (3) a low aspect-
ratio away from the apex, to reduce mechanical oscillations of the tip during
scanning and (4) a single apex to avoid multiple tip artefacts. A variety of

techniques have been developed to produce tips with different geometries.

44
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These are usually variations on the electrolytic etching/polishing of a thin
wire (¢=0.25-1 mm) with additional treatments to further sharpen the tip
and to remove residues formed during the electrolytic treatment.

Much of the previous work in this field has focused on refining the prepa-
ration procedure for producing W or Ptlr tips, which are now the standard
tips used in most STM applications. By comparison, there has been much less
investigation of the suitability of magnetic materials for STM tips [105-109].
This work deserves more attention, given the potential uses of such tips
for imaging magnetic surfaces with magnetic contrast down to atomic scale,
also known as spin-polarised STM (SPSTM), which have recently seen many
promising developments [110-116]. A variety of tips based on ferromagnetic
or antiferromagnetic materials have been proposed, including Fe and Gd
coated W [117,118], Ni [119], Fe [31], CrOq layers on Si(111) [120], Cr, MnNi,
and MnPt [121-123]. Cr coated W tips were recently used to perform spin-
polarised scanning tunneling spectroscopy (SPSTS) experiments to image
the domain structure of the Fe/W(110) ultrathin film system [32].

In this study, a similar technique to that described by lijima and Ya-
suda [102] for preparation of Fe, Ni and FeBSiC magnetic force microscope
(MFM) tips is employed, to produce STM tips from polycrystalline MnNi,
Cr, Fe and Ni and W. Using this technique, we have improved upon the ear-
lier preparation procedures developed in our laboratory [122,123], to produce
tips with better geometry and with tip apexes lying in the 50-100 nm range.
Special emphasis is placed on the fabrication of tips of antiferromagnetic ma-
terials. These tips, unlike ferromagnetic tips, do not produce a stray magnetic
field that can affect the sample. In addition, the magnetic configuration of
the tip itself is also not influenced by the stray field of the sample. Moreover,

as the tip and the sample do not interact through magnetostatic forces, the
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tunnel gap should be more stable.

These advantages were first highlighted by Minakov et al. [33], who calcu-
lated the spin-dependency of the tunnel current between an antiferromagnetic
tip and a ferromagnetic sample. They also proposed the use of antiferromag-
netic tips made from Cr for imaging magnetic surfaces with magnetic contrast
down to atomic scale experiments. Cr has a Néel temperature that lies above
300 K, which makes it applicable in experiments that do not require cryogenic
temperatures. Other materials with high Néel temperatures are the ordered
equiatomic alloys MnNi, MnPd, MnPt, MnAu and Mnlr [121]. Special em-
phasis has been placed on the fabrication of tips from MnNi. Because this
material is an alloy, it is necessary to consider the effects of the preparation
procedure on the stoichiometric composition of the tip, in addition to the

usual considerations of tip geometry and sharpness.

4.2 Tip fabrication procedure

A schematic diagram of the electrochemical etching setup is shown in figure
4.1.

The rod is partially covered with a close-fitting section of teflon (PTFE)
insulating tubing and then immersed into a bath of the etchant (NaOH or
HCI). A modified micrometer screw is used to position the rod so that the
electrolyte covers the PTFE tube. This physically restricts the active etching
region to a small volume of the rod above the PTFE tubing. The tip is
formed at the upper end of the PTFE tube, where the physical restriction
of the etching region leads to a thinning or necking-in of the rod, as shown
in the schematic in figure 4.2 a). An example of the thinning process is

shown in figure 4.2 b) which was taken during the etching of a Cr rod.
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Figure 4.1: Electrochemical etching set up. A rod is partially covered with

insulating PTFE tubing and dipped into a bath of 0.5M HCI etchant.

The etching process was interrupted prior to drop off the tip. An optical
microscope manufactured by Zeiss Microscope Axiovert 25 was used (lens
CP-ACHROMAT) to visualise the necking-in process.

When the cross-section of the thinned region becomes sufficiently small,
it can no longer support the suspended weight of the lower wire portion and
breaks, forming a nanometer-scale tip. The tip which falls to the bottom of
the electrolyte bath is usually found to be sharper. Because the tip is formed
inside the PTFE tube, it is protected when it falls to the bottom of the bath.

For etching, the circuit was typically biased with 4 V d.c., using an elec-
tronic shut off control circuit, which monitored the etching current and au-
tomatically closed the etching circuit when a pre-set reference value was
reached. This value was calibrated to correspond to the typical current at
which drop-off of a tip occurs. A stainless steel foil was used as the cathode
in all the experiments. The tips were removed from the PTFE tube by insert-

ing a needle into the opposite end of the tube. They were then rinsed with
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Figure 4.2: a) Thinning or necking-in of the MnNi rod at the air/PTFE
interface. The Mn and Ni are oxidised, leading to the formation of chloride
compounds. b) Etching process of a Cr rod interrupted before dropping off.
The PTFE tube is removed for the photograph. The thinning or necking in

of the rod can be seen. x 10 magnification.
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distilled water, followed by a rinse with iso-propanol to remove contaminants.
The tips were glued using UHV conductive glue into a custom tip holder and
then loaded into the UHV system. Prior to use, they were ion etched with
0.5-2.0 keV Ar™ ions (typically 10 minutes at 2 keV, followed by 10 minutes
at 1 keV, and finally 5 minutes at 0.5 keV) to remove any oxide layer or con-
taminants that may have been produced during the electrochemical etching
procedure.

MnNi tips were previously fabricated by a loop method, where the etchant
was suspended by surface tension in a metal loop that forms the cathode
[122,123]. The technique described above improves upon the loop method
by simplifying the preparation. Moreover, by creating a single air/electrolyte
interface instead of the two present with the loop method, the tip aspect-
ratio can be improved. The fact that the dropped-off tip is protected by the
PTFE tubing is another advantage compared to the loop method, where the
dropped-off tip may be retained in the etchant film and may be damaged by

contact with the metal loop.
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4.3 MnNi tips

4.3.1 MnNi alloy

The MnNi alloy has a CuAu-I type face centred tetragonal crystal structure,
with lattice parameters a = 3.740 A, ¢ = 3.524 A [124,125]. This alloy is an-
tiferromagnetic within a composition range of about £2% of the equiatomic
composition [126]. Neutron diffraction studies indicate that the Mn atoms
have large magnetic moments (u = 4.0+0.1up) [124,127], although more re-
cent theoretical calculations (Linearized muffin-tin orbital method combined
with atomic sphere approximation, LMTO-ASA) based on local spin density
functional theory have predicted smaller values (u = 3.29upg) [125]. The mag-
netic moments of the Ni atoms are by comparison much smaller (z < 0.6up).
The magnetic moments are antiferromagnetically aligned in planes that are

normal to the crystallographic c-axis (see figure 4.3).

4.3.2 Tip preparation

A polycrystalline MnNi ingot was prepared by Dr David Fort (Metallurgy and
Materials, University of Birmingham) by arc-melting equiatomic proportions
of 99.9% pure Mn and Ni powder under an Argon atmosphere. Having melted
the ingot 30-40 times to ensure homogeneity, it was then annealed for 48 hours
at 900 °C under an inert Argon atmosphere. EDX anaylisis was performed
on the sample, showing a 49.87 atomic-% of Mn. X-ray powder diffraction (at
CuKa; wavelength, corresponding to A = 1.541 A was used ) was carried out
on a sample of the ingot to ensure that the correct crystallographic structure
was obtained. The results are shown in Fig. 4.4. Cylindrical rods (0.5mm X
13mm) of the material were then prepared by cutting the ingot with a low-

speed diamond-wheel saw and polishing.
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Figure 4.3: a) CuAu-I type face-centred tetragonal structure of equiatomic
alloy. b) possible antiferromagnetic ordering configurations for this alloy. Re-

produced from [127]
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Figure 4.4: X-ray diffraction spectrum of a powdered sample of one of the
MnNi ingots prepared. All the lines can be identified with the crystal struc-

ture of MnNi.
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The rods were etched in an aqueous solution of 0.5 M HCI for approxi-
mately 6 minutes before drop-off occured. Because the PTFE tubing used to
restrict the etching region is positively buoyant in the solution, it was impor-
tant that the weight of the dropped off tip exceeded the buoyancy caused by
its protective PTFE tubing. Otherwise, the tip would float upwards just be-
fore drop-off, causing the tip to bend. However, it was observed that sharper
tips were formed if the combined weight of the wire and PTFE tubing sus-
pended in the electrolyte was reduced. Typically, a length of 2.5 mm of PTFE
tube was found to give good results, producing tips with an apex of 50-100
nm. SEM images of an MnNi tip prepared in this fashion are shown in Fig.

4.5.

4.3.3 MnNi tips characterization

An important consideration when producing STM tips from alloy materials,
is the effect of the preparation procedure on the local composition near the
tip apex. Both electrochemical etching and ion etching of the tips may cause
changes to the stoichiometry of the MnNi tips, resulting in Mn- or Ni-rich
phases near the tip apex, which have quite different magnetic properties to
the bulk material. While very little is known about the kinetics of the elec-
trochemical reaction, it is possible that the removal rates of each element will
differ. There will also be some dependence on the local crystalline structure
at the tip apex. The grain size, orientation and density of grain boundaries,
will all affect the removal rates. In order to obtain more information about
the atomic composition and possible changes to the local magnetic properties
at the apex of the tip, different surface and bulk studies have been carried
out on a MnNi sample. The techniques used for this investigation are: Alter-

nant gradient force magnetometer (AGFM), X-ray diffraction (XRD), Auger
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)15399 WD34.8mm 20.0kV x180 250um

015414 WD34.6mm 20

Figure 4.5: SEM images of a MnNi tip with (a) x180 magnification, showing
the low aspect-ratio possible with the PTFE insulation. Some by-products
of the etching process are visible on the tip. A 250 pum scale bar is indicated
in the lower right-hand corner of the image. The sharpness of the tip apex is
apparent in images (b) x 1.5k magnification; with a 20 pum scale and (c) x8k

magnification; with a 5 pum scale.
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electron espectroscopy (AES) and Transmission electron microscope (TEM)

and Scanning tunneling spectroscopy (STS).

Study of the effects of electrochemical etching: AGFM and XRD

analysis

The alternating gradient force magnetometer (AGFM) is a highly sensitive
tool particularly suited for thin film magnetometry. The measurement tech-
nique is based upon the alternating force generated on a magnetised sample
by a set of field-gradient coils. The so-induced sample oscillation is directly
proportional to the sample’s magnetisation.

AGFM was used to study the effect of the electrochemical etching on
the MnNi probes. Two flat MnNi samples were characterized, one electro-
chemically etched (sample A) under similar conditions as for a MnNi tip
(cell/voltage/etchant concentration/etching time), and an unetched sample
(sample B). The thickness and diameter of the samples were approximately
0.5 mm and 10 mm approximately. An AGFM unit, MicroMag (model 3200
VSM/AGFM) manufactured by Princeton Measurements Corporation was
used. The magnetisation (emu) versus external magnetic field [-10%,103] (Oe)
was recorded for the two samples in order to compare the magnetic sus-
ceptibility. The weight of sample B was 5.3 & 0.5 mg and sample A was
1.8 £ 0.5 mg. In figure 4.6, the magnetic behavior for a paramagnet, dia-
magnet, antiferromagnet and ferrimagnet material is shown. For an antifer-
romagnetic material, no hysteresis loops are recorded and small values for
the susceptibility are usually calculated (~ 107%-107% emu/g).

Pal et al. [127] investigated the change in the susceptibility with temper-
ature for different Mn based Cu-Au-I type alloys. A susceptibility value of ~
8 - 1079 emu/[Oe - g] at 300 K was found for the MnNi compound.
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Figure 4.6: The general magnetic behaviour for magnetic materials is rep-
resented. Notice the small slope (susceptibility) for the antiferromagnetic

alloys.

Magnetisation vs. external magnetic field was recorded for both sam-
ples (see figure 4.7). The magnetic susceptibility can be defined as, k =
Maturisation ) Hesternat-

A value of 1.24 - 107% and 3.33 - 107% emu/[Oe - g] for the magnetic
susceptibility can be extracted from figure 4.7 for MnNi sample B and A
respectively (There is a 3 % error on the values measured, coming from
systematic and instrumental errors). Some conclusions can be extracted from
these values. 1) There is a change of the value of the magnetic susceptibility
due to the variation in composition caused by electrochemical etching.
More Mn than Ni atoms are removed while electrochemically etching. The
electrochemical etching process produces surface stress, reorganising the
MnNi grain structure at the surface of the tips. This leads to a small increase
in the magnetic susceptibility. 2) The value of the magnetic susceptibility

of sample A is of the same order of magnitude as the one given by the
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Figure 4.7: Comparison of Mgampie- VS. Hegternat for a MnNi sample

(etched/not etched).
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literature for a MnNi alloy [127] and is also comparable to that of sample B.
We can conclude that the change of the susceptibility value is not large
enough to change the magnetic properties of the MnNi samples due to
preferential electrochemical etching. Some concern arises from the fact that
in figure 4.7, a small hysteresis loop can be observed. This can be due to a
small amount of impurities in the bulk sample introduced during fabrication
or to a non ideal 50 Ni-50 Mn atomic percentage in the chemical composition

of the sample.

In order to investigate the possible change of structure due to the
electrochemical etching, X-ray measurements were taken on a flat MnNi
etched/notetched (A/B) samples (sample A, etched under the same con-
ditions followed for the tip fabrication). The thickness and diameter of the
samples were approximately ~ 1.0 mm and ~ 10.0 mm approximately. Sam-
ple A was rinsed with distilled water for chloride and oxides removal after
electrochemical etching.

A CuKa; wavelength, corresponding to A = 1.541 A was used. The XRD-
depth penetration depends on the material to be analysed. For most metals
a few um penetration depth is estimated for this device. In order to compare
A and B samples, we need to ensure that the etchant penetration into the
sample is deeper than the XRD-depth penetration. Visual inspection of sam-
ple A after electrochemical etching shows an increase in roughness of the flat
surface. The etchant penetration into the sample while etching was higher
than XRD-depth penetration visually estimated. The XRD spectra obtained
for sample B and A is represented in figure 4.8.

The position of the XRD-peaks remained the same, for sample A and

B, as in figure 4.4. Therefore, the electrochemical etching does not change
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Figure 4.8: XRD spectra obtained for a MnNi sample not etched, B, and
etched, A. A variation on the FWHM of the peaks of sample A compared to

sample B is observed.
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the structure, which remains tetragonal Cu-Au-I-type. While the XRD
spectrum for sample A indicates a MnNi structure-type, a variation on
the full width at half maximum (FWHM) of the peaks can be seen when
compared to sample B in figure 4.8. The XRD-peaks for sample A have
approximately twice the FWHM of those for sample B. This is produced
as a result of the stress induced on the surface of sample A while etching.
Since this measurement indicates that there is no change of structure, it
could be suggested that despite the fact the electrochemical etching is a very
aggressive procedure, a layer by layer removal occurs. In other words, the
layer underneath cannot be removed until the layer on top has been fully

etched.

It has been demonstrated how the MnNi crystallographic structure and
magnetic properties slightly vary while electrochemical etching. This is could
be an indication to believe that MnNi tips keep their antiferromagnetic be-

havior.

Study of the argon ion bombarding effect: AES composition anal-

ysis

The ion-etching procedure used in UHV to remove oxides and residues from
the tip, may also subject the tip to some preferential sputtering since the
sputtering yields for elemental Mn and Ni are different, being 2.88 and 2.03
respectively at 1 keV [128]. The sputtering rate has been separately calculated
for pure elemental Mn and Ni, under the conditions used for the preparation
of the MnNi tips. Elemental sputtering rates of 0.07 /:\/sec for Ni and 0.1

A /sec for Mn were calculated for ion-etching with 1 keV Ar* ions at a fluence
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of 2.8x10'7 ions/m?-sec. However, it is important to note that the sputtering
yields for Mn and Ni in the MnNi alloy may differ from the elemental values
and so a calculation of the elemental sputtering rates may be misleading.
To investigate the impact of ion etching on stoichiometry, a polished
flat sample was taken from the MnNi ingot and introduced into our UHV
system. Figure 4.9 a) shows the AES spectrum for the MnNi sample. Traces
of N (370 eV), C (272 eV), S (150 eV) and O (508 eV) are present on the
surface. As a result, the Mn/Ni ratio does not correspond to the expected
equiatomic composition. As a first attempt to obtain a clean and a smoother
MnNi surface for the analysis of the Ar* etching effect, the MnNi sample was
annealed for a period of 30 h. at 900 K £50 K. Contaminants such as N, C
and S are significantly reduced after annealing at high temperatures [7,9,47].
An AES spectrum of the sample post-annealing can be found in figure 4.9
b). A small amount of N and C are detected but the concentration of O has

dramatically increased.

A second sample was introduced then into the UHV chamber. AES was
performed after loading the sample, and a similar spectrum to the one
obtained in figure 4.9 a), was recorded. The concentration of contaminants
was reduced by Ar™ ion sputtering the MnNi surface for 2 seconds at 1
keV. Then, the sample was Art etched at the same energy for another 15
and 45 seconds. The AES spectra showing the effect of 15, 45 sec. of Ar ion
bombardment is shown in figure 4.10. A reduction of the concentration of
contaminants such as C, N and O can be seen. The calculated values for the
atomic ratio between Mn and Ni, R[Mn/Ni], are 0.8383 and 0.550 for the 15
and 45 seconds of ion bombardment respectively. This means that there is a

preferential sputtering of approximately 33 % faster for Mn than for Ni, as
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Figure 4.9: AES analysis of a flat, polycrystalline MnNi sample; (a) before
annealing (the sample is highly contaminated) and (b) after annealing for 30

h. in UHV at high temperatures. The concentrations of each elements are

calculated on the right.
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Figure 4.10: AES spectra of a flat, polycrystalline MnNi sample after 15
(black spectrum) and 45 sec. (blue spectrum); The concentrations of each
elements are calculated on the right. There is a reduction in the Mn/Ni
signal ratio for the longest etched sample, indicating that there is preferential

etching of the Mn component.

predicted by the theoretical sputtering yield values.

Convincing evidence has been provided that preferential sputtering of
the Mn component occurs. This suggests that a (possibly ferromagnetic) Ni-

rich phase may be produced on the surface of the tips. Also, the presence
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of contaminants such as O and N coming from the bulk as a result of the
annealing must be considered, as these may affect the composition and crys-
tallographic structure of MnNi, thereby changing its magnetic properties. If
the MnNi tip is off-stoichiometric as a consequence of the tip preparation
and cleaning procedure, the antiferromagnetic order of the tips may be lost.
However, it is probable that a thin ferromagnetic layer would still be pro-
duced on the surface of the tip, which would allow a spin-polarised tunneling
effect to occur. It is even possible that the magnetisation direction of such a
ferromagnetic layer would be pinned by the antiferromagnetic portion of the
tip, in an analogous situation to that found in planar tunnel junctions.

A conclusive piece of evidence regarding the magnetic order of the apex
of the tip could be given by the Lorentz Microscopy. In this technique a
transmission electron microscope (TEM) maps the stray magnetic field near
the sample surface by monitoring the interaction of transmitted electrons

with the field !.

4.3.4 Magnetic contrast: Scanning tunneling spec-

troscopy (STS)

A cooperation experiment was carried out by the author in the University of
Nijmegen (The Netherlands) under the supervision of Dr. T. Yamada, Dr.
M. M. J. Bischoftf and Prof. H. van Kempen. The growth of ultrathin Mn
films on Fe (001) whisker at 370 K was investigated at room temperature

by STS/STM with antiferromagnetic MnNi probes. In order to characterise

LA collaboration project has been initiated with University of Glasgow, Department
of Physics and Astronomy, Scotland, where the TEM technique is available. In order to
find out more about the magnetic properties of the MnNi tips, a batch of Ar ion etched
unetched tips have been sent to Dr. S. McVitie and Prof. JN Chapman to be analysed.
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the magnetic properties of MnNi tips, STM/STS experiments were carried

out on a magnetically characterised Mn/Fe(001) sample.

Previous work by this group has shown that the growth of Mn on Fe(001)
at this temperature is believed to lead to flat films and low intermixing.
AES and grazing ion-surface scattering measurements showed that the
film morphology switches from layer-by-layer to layer-plus-island when a
coverage of 3 monolayers (ML) is reached. Yamada et al. [17] reported the
observation of a magnetic contrast of up to 10-20 % in scanning tunneling
spectroscopy dI/dV maps obtained with Fe coated W tips (7 - 10 nm) on
Mn layers (> 3 ML) grown on an Fe (001) whisker. They did not observe
an alternating contrast in the dI/dV maps using W tips. Despite the fact
that the magnetic dipole interaction between the sample and the tip is
considerably reduced for ferromagnetic ultra-thin film coatings on a non-
magnetic tip in comparison to thicker coatings or even bulk ferromagnetic
tips, a remaining magnetostatic influence cannot be ruled out which might
play an important role for magnetically soft or superparamagnetic samples.
Although a quantitative analysis has not been performed yet, the influence
of magnetic interactions on a magnetic surface was studied by Wulfhekel
et al. [110,111]. The effects of the stray field on the magnetisation of the
Co(0001) surface was investigated with an Fe tip and it was concluded that

these effects are not neglectible.

The Asymmetry term in the dI/dV curves was defined by:

1 _ A1/dVeven — A1 /dVoua (4.1)
alr/dv/[T] = Al /dVeen + dIdVogq ’ |

where dI/dV,,e, and dI/dV,4, are the dI/dV curves obtained for even
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and odd layers. The asymmetry at positive voltages gives the sample
polarisation multiplied by the tip polarisation at the Fermi level. If a 100
% polarisation is assumed for the sample surface states, the tip polarisation
level can be found out. A minimum of 10 % tip polarisation was obtained
using equation 4.1 with Fe coated W tips with perfect (anti)parallel tip

sample magnetisation.

In order to learn more about the magnetic properties of the MnNi tips
such as, 1) ability of MnNi probes to provide magnetic contrast and 2) mag-
netisation orientation of the apex of the tip, a well characterized surface of
Mn layers (> 3 ML) grown on an Fe (001) whiskers was used as a test sam-
ple. MnNi tips were prepared following the preparation procedure described
above. STM/STS measurements were performed in UHV at room tempera-
ture with a commercial STM (Omicron UHV STM-1).

To obtain a clean and flat substrate surface, a Fe(001) whisker, with di-
mensions 10 x 2 x 0.5 mm?® was Ar ion sputtered, leading to a contaminant
free substrate. STS measurements were performed by recording an I(V) curve
at every pixel of a topographic scan which is obtained at a typical set point
of V.=0.2-0.3 V and I = 0.5 nA. dI/dV profiles were obtained by numerical
differentiation of the I(V) curves and then divided by the T factor. STM
image in figure 4.11 a) shows the stacking number of monolayers on Fe (001)
scanned with a MnNi tip. Monolayers 2 and 3 have unique electronic proper-
ties and a different constrast on the dI/dV maps is expected. This contrast is
due to two contributions, electronic and magnetic properties. The electronic
properties of ML > 3 are the same but they are spin coupled antiferromag-
netically in plane [17]. The dI/dV map can be found in figure 4.11 b). A

difference in brightness between monolayers 4 and 5 can be observed. This
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Figure 4.11: a) (500x500) A? STM image. Different stacking Mn layers are
found. V,= 0.13 and I;= 0.5 nA taken with a MnNi tip. b) dI/dV map at
0.13 V measured at the same area as a). The difference in brightness level
can be seen between terrace 4 and 5. ¢) dI/dV curve across the line profile

in figure b).
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Figure 4.12: a) Fe/W blunt tips, the magnetisation orientation has been
proved to be in-plane b) MnNi sharp tips, the magnetisation orientation is

sketched out of plane.

is attributed to a magnetic contrast difference between the dI/dV signals.
Using the asymetry term defined in equation 4.1, a magnetic contrast value
of ~ 2-2.5 % was calculated from the line profile along the terraces (see figure
4.11 ¢)).

Blunt Fe/W tips can resolve the in-plane magnetisation of the surface
of Mn/Fe(001) as shown by [17]. The tip geometry of the Fe/W tips used
by Bischoff et al. is sketched in figure 4.12 a) (~ @gpe; = 400-800 nm). It
has been illustrated how the magnetisation orientation for the tip lies in-
plane. The preparation conditions, as well as the geometry, are responsible
for this. Bischoff et al. were interested in magnetically resolving the terraces
at a manometer scale, whereas we are interested in using the MnNi tips for
atomically resolved SP-STM.

Another aspect to discuss is the polarisation of the tip. The magnetic
contrast is proportional to Psumpie(Ef + V) - Peip(Ey) - cos (B) where P is
the sample(tip) polarisation at an applied Voltage V and B is the angle

between polarisation directions. If B is not close to 0 or 180° the contrast is
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reduced, but also if Py, is low the contrast is reduced. For Fe, the polarisation
level is about 43 % at the Fermi level [129]. Assuming that the apex of the
MnNi tips has a thin Ni covering layer (as discussed in section 4.3.4), it would
be interesting to know the level of polarisation of Ni, i.e. if Ni has a much
lower polarisation this could lead to a lower magnetic contrast. Measurements
of spin polarisation for different materials is given by reference [119,129,130).
The polarisation at the Fermi level for magnetite and Ni was found to be 84
% and 42 %, respectively. Therefore, the consideration of MnNi as having a
lower polarisation at the Fermi level can be ruled out.

The presence of the Ni layer on the MnNi tips is sketched in figure 4.12 b).
We have found that for MnNi tips, the magnetic contrast recorded in-plane is
low. The fact that the shape of the tip (~ @apez = 50-100 nm) is different to
that of the Fe/W tips, might affect the orientation of the local magnetisation
orientation of the thin layers. The local magnetisation orientation may have
a strong component oriented out of plane forced by the tip shape as drawn
in figure 4.12 b).

A test sample to prove the latter assumption could be Fe films on Au(111).
Between 0.5 and 3 ML the magnetisation of the Fe film is out of plane
as demonstrated by polar magneto Kerr effect (PMOKE) and AGFM [131,
132]. If this is certain, MnNi tips could be ideal for magneticaly resolving
Bloch walls, step edges between terraces and samples with an out of plane

magnetisation orientation at an atomic level.

4.4 Cr tips

The difficulties regarding composition, faced when attempting to fabricate

tips from alloy materials, are removed when dealing with the elemental an-




CHAPTER 4. STM TIPS 70

tiferromagnet Cr. In this case, cylindrical rods were prepared from a high
purity polycrystalline Cr ingot. The PTFE insulation method was used to
electrochemically etch the tips in a 2 M NaOH solution. Again, sharp tips
(50-100 nm tip apexes), with a low aspect ratio were obtained (Fig. 4.13).
However the Néel temperature of this material makes it more suitable for

experiments below room temperature.

4.5 Other tips

Fe, Ni and W tips were also produced, using ¢ = 0.5 mm diameter commercial
wire. An etchant solution of 2 M NaOH was used for the W tips, while 0.5 M
HCl1 was used to prepare the Fe and Ni tips. The tip fabrication procedure
was identical to the one described for Cr and MnNi and reproducibly sharp

tips were obtained (Fig. 4.14).

4.6 STM results on magnetite (001) taken
with a MnNi tip

Both Ni and MnNi tips have been used to obtain atomic resolution on the
Fe304(001) surface. MnNi tips have been used to resolve the atomic structure
of the (v/2 x v/2) R45° reconstruction of the clean Fe304(001) surface. Figure
4.15 shows an atomically resolved image of the surface of Fe304(001) obtained
by Dr Guido Mariotto.

The corrugation along the rows alternates between bright points and
dark points, where a ~ 0.2 A corrugation was measured at the bright
points, while a ~ 0.1 A corrugation was measured at the darker points.

The periodicity of the bright points along the [110] rows is ~ 12 A and the
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Figure 4.13: SEM images of an antiferromagnetic Cr tip with (a) x250 mag-

nification and (b) x10k magnification.
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Figure 4.14: SEM image of a ferromagnetic Ni tip with x2.5k magnification.

The scale in the lower right corner of the image measures 20 pm.

separation between bright and dark points is ~ 6 A. The contrast in the
STM images is attributed to the Fe?t and Fe®' ions at the B-sites. The
variation of the tunneling current depends on m, , which differs locally for
Fe?* and Fe®' in magnetite being 4up and 5 up respectively, making these
ions distinguishable in STM images using a MnNi tip. This results may be

interpreted as a possible spin-polarised effect [47].

Although further studies on the magnetisation of the MnNi tips are
needed, it is clear that the tip fabrication, using the teflon tubing technique,
improves the geometry (high aspect-ratio near the tip apex and low aspect-
ratio away from the apex) of the tips compared to tips obtained by standard
etching. Therefore these tips provide a more stable tunneling current due to

a reduction of tip resonance during scanning.
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Figure 4.15: 65 x 65 A2 STM image of an synthetic Fe;O, (001) single crystal.

Taken with a MnNi tip, I;=1 nA, V,=1.0 V. a-a line profile taken along the

[110] direction. Reproduced from [133]
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4.7 Conclusions

STM tips have been electrochemically etched from both antiferromagnetic
and ferromagnetic materials, using a technique where the active etching
region is physically restricted by a close-fitting section of teflon (PTFE)
tubing. This technique produces sharp tips (typically 50-100 nm in di-
ameter), with a low aspect ratio, making them very suitable for STM
applications. Particular emphasis has been placed on the fabrication of tips
from the antiferromagnetic materials Cr and MnNi, as it has been shown
that these tips possess a number of advantages over ferromagnetic tips for
spin-polarised STM applications. The implications of the tip preparation
procedure on composition and magnetic order have been discussed for the

MnNi binary alloy:

1. The effect of the electrochemically etching process on MnNi tips has
been analysed by AGFM and XRD. No evidence of change of the crystal

lattice or an alteration of the magnetic order of the tip has been found.

2. The effect of Ar-ion bombardment on the tips in UHV might change
the composition of the apex due to a preferential sputtering as indi-
cated by AES. It is suspected that a thin-layer of ferromagnetic Ni
might be covering the apex of the tip. If this layer is present it also
allows may also allow a spin-polarised tunneling effect to happen. SP-
STS experiments on a Mn/Fe(001) sample have shown that the total
magnetisation orientation at the apex of the tip has two components,
in-plane and out-of-plane. A stronger out-of-plane component is sus-

pected, although these results are not conclusive.

3. MnNi tips fabricated with the teflon technique provide a more stable
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tunneling current due to a reduction of tip resonance during scanning
compared to tips fabricated under a standard electrochemically tech-

nique.

It has also been demonstrated that MnNi tips are suitable for SP-STM
experiments as first pointed by Minakov et al. [33]. MnNi tips have been used
to obtain atomic resolution on the Fe3O4(001) surface and for SP-STM [9,35].




Chapter 5

An atomic scale study of the

clean Fe3;0,4(001) surface

5.1 Introduction

In this chapter, the clean magnetite (001) surface is studied. A contam-
inant free magnetite surface exhibits a (/2 x v2)R45° superlattice. A
B-terminated surface has usually been observed after annealing the sample
in an oxygen atmosphere. A novel preparation procedure which leads to a
rare co-existing A and B-surface termination after annealing the sample in
a hydrogen atmosphere is described. A detailed analysis of the topography
and nature of the A- and B- surface terminations of magnetite (001) has
been given. The problem of the surface terminated on an A or B layer is
addressed by means of chemical interaction of oxygen and hydrogen with

the surface.
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5.2 Sample preparation

A number of synthetic single crystals have been used in these experiments.
The crystals were grown by Prof. Honig (Purdue University, Indiana) employ-
ing the skull melting technique. The experiments were carried out on crystals
taken from the same ingot. The crystals were first characterized by pow-
der x-ray diffraction. The diffraction patterns showed good agreement with
the diffractogramms for magnetite, and a lattice constant of 8.398 + 0.010 A
was measured. Four-point resistance vs. temperature measurements were also
performed; A Verwey transition temperature of 108 K was found for the crys-
tals [7]. The crystals were mechanically polished using diamond paste, with
grain size down to 0.25 pm, before being introduced into the UHV system.
The experiments were carried out in the UHV system described in section 3.
STM measurements were carried out at room temperature in constant cur-
rent mode. A bias voltage between +0.6 V and + 1 V was applied to the
sample and a tunneling current of between 0.1 nA and 0.3 nA was typically

used [98]. MnNi tips have been used as probes in the STM experiments.

5.3 Surface preparation

We have developed two different in-vacuum preparation procedures to obtain
a clean surface of magnetite (001). Both procedures lead to a contaminant-
free surface as shown by the AES spectrum (see figure 5.1 a). The O(509
eV)/Fe(700 eV) ratio and the Fe M3V V peak shape of the AES spectra
provide strong evidence that no iron oxide phase other than magnetite was
present [10,134,135]. A typical LEED pattern of the surface is shown in figure
5.1 b). Satellite spots corresponding to a (v/2 x v/2)R45° mesh are clearly
visible. The reconstructed unit cell length is ajjog = 8.2 £ 0.2 A. The p(1 x
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1) unit cell is marked with a white square and its unit cell is ajj;9 = 6.1 £
0.2 A. The (v/2 x v/2)R45° superlattice was routinely reproduced following

either of the preparation procedures described bellow.

1. The first sample preparation procedure consisted of annealing the crys-
tals in UHV at 990+50 K for long periods of time. According to our
AES data, this has a two-fold effect of reducing the surface and causing
segregation of impurities to the surface. The impurities were removed
from the surface by Art sputtering for 10 minutes at 1 KeV (Iigrget~
15-20 pA). The crystals were then annealed in an oxygen partial pres-
sure (the typical exposure varied between 3600 and 7200 Langmuir) to
compensate for the reduction of the surface caused by the long UHV
annealing. The crystals were finally annealed in UHV at the same tem-
perature for short periods of time (typically 2 to 8 hours). It was found
that this preparation procedure consistently led to a B-terminated sur-

face [47].

2. The second preparation procedure is similar to the first one, with the
exception of annealing the crystals in a hydrogen atmosphere (typical
exposure of ~ 2000-3000 Langmuir) instead of in an oxygen atmo-

sphere. This leads to co-existing A— and B— terminations.

5.4 STM results and discussion

5.4.1 B- temination surface

After annealing the synthetic single crystal in an oxygen atmosphere followed
by short periods of annealing in UHV, well defined terrace edges and a (1/2 x
V/2) R45° superlattice (see figure 5.2) were formed.
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Figure 5.1: a) AES spectrum shows a contaminant-free magnetite (001) sur-

face. b) LEED pattern of a clean Fe304(001) surface taken with a primary
electron energy of 78 eV. The p(1 x 1) unit cell and the (v/2 x v/2)R45°

superlattice are highlighted in white and yellow respectively.




CHAPTER 5. THE CLEAN FE3;0, (001) SURFACE 80

Figure 5.2: (1000 x 1000) A2 STM image, I,=0.1 nA, V,=1 V taken with
a MnNi tip. A terraced surface was found after Ar™ sputtering a synthetic
single crystal followed by annealing it in an oxygen atmosphere (3600 L) and

in UHV. The terrace edges are aligned along the [110] and [110] directions.

A closer inspection of terrace marked as A in figure 5.2 shows an atom-
ically resolved STM image of a B-terminated area (see figure 5.3). It was
observed that neighboring terraces are separated by step heights that are
multiples of 2.1 + 0.2 A, corresponding to the separation between A — A or
B — B planes. Atomic rows are running along the terrace edges [110] and
[110] directions. A highly regular structure of a 12 + 1 A periodicity along
the [110] direction is visible (see figure 5.3 b) and c¢)). Adjacent atomic rows
are separated by 6 + 1 A. The primitive unit cell is marked with a black
square in figure 5.3 b). A 90° rotation of the iron rows has been observed on
neighboring terraces separated by 2.1 A. Therefore it can be concluded that

the surface is terminated at a B plane.
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Figure 5.3: a) (300 x 300) A2 STM image, I,=0.1 nA, V,=1 V taken with a
MnNi tip. Atomic rows are running along the [110] and [110] directions. b)
(90 x 90) A? zoom-in STM image. The (v/2 x v/2) R45° primitive unit cell
is marked with a black square. c¢) Line profile along the [110] direction. The
dimers are separated by a 12 & 1 A periodicity.
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This structure was found to extend over a length of the order of about
40-50 unit cells on terraces with average size of (400 x 400) - (500 x 500)
A? suggesting that not only a short-range order as suggested by Anderson
et al. [136] but also medium and long-range order (LRO) had set in on the

surface.

An extensive analysis of these results is given by Mariotto et al. [47].
There a (\/§ >4 \/ﬁ)R45° superlattice observed by LEED and STM was at-
tributed to an ordering of electron charges, with the formation of Fe?*-Fe?*+
and Fe3*-Fe?™ dimers at the B-sites. It is emphasized that such long-range
order is established at room temperature suggesting that the metal-insulator
transition on the surface occurs at a temperature that is well above the bulk
transition temperature Ty,. Two possible mechanism that can lead to the
formation of Fe?"-Fe?" and Fe?*-Fe?* dimers have been proposed.

One possible mechanism of formation of dimers is described by Jordan
et. al [35]. It is claimed that a (\/5 X \/§)R45° array of of oxygen vacancies,
results in the localization of the hopping electrons on neighboring Fe,.
sites and the formation of Fe*"-Fe?* and Fe?**-Fe*" dimers along the [110]
oriented Fe rows. A second model has been also proposed by Shvets et
al. [137] where dimerization of the Fe,. ions is caused by an electron-lattice
interaction. A deformation of the oxygen f.c.c. lattice leads to a dimerization

of the Fe ions at the B-sites.

5.4.2 Co-existing A- and B- terminations

Co-existing A- and B- terminations were obtained by annealing the sample in

a hydrogen atmosphere as described in section 5.3. Following this preparation
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procedure, a rectangular terraced surface was found. A ~ 1 £ 0.1A step height
has been measured between the terraces labelled 2 and 3 (as shown by the
line profile in Fig. 5.4). An atomic step height of 1.05 A provides evidence of
a both A- and B- terminated surface. An atomic resolution image taken on
the terrace labelled ”4” is shown in figure 5.5.

The white lines present in the side images in figure 5.5 denote missing
rows along the [110] and [110] directions. They are attributed to missing
Fe cations. A 90° rows(vacancies) rotation is observed on the same terrace.
The structure exhibits a four-fold symmetry, typical of a tetrahedrally
terminated surface. Therefore, terraces 3 and 4 are terminated at the
A-plane. By including these vacancies in the tetrahedral surface planes,
they exhibit a similar reconstruction to the octahedral planes, and the
(V2 x V2)R45° unit cell marked by a white square is easily identified.
Although the A- and B-planes exhibit similar reconstructions, the nature
of the two reconstructions are intrinsically different. As explained at the
beginning of this section, It is gathered substantial evidence to support the
claim that the (v/2 x v/2) R45° superlattice observed at the B-planes is due
to the ordering of electron charges at the B-sites. This cannot be the case
for a tetrahedrally terminated surface, since A-sites are occupied by Fe3*
cations only. The (\/§ e \/§) R45° mesh observed on the A-plane surface was
explained by Chambers et al. [54] as due to a missing Fe* cation per unit
cell, which makes the magnetite surface electron balanced. Our results are in
good agreement with this explanation. The (v/2 x v/2)R45° reconstruction
exhibited by the Fe3O4(001) surface has been attributed by some groups
to A-planes at the surface and by other groups to B-planes at the surface,
leading to a certain degree of confusion. This is possibly due to the fact that

the simultaneous presence of both terminations has been rarely observed on
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Figure 5.4: (1100 x 1100) A? STM image, I,=0.1 nA, V,=1 V taken with a
MnNi tip. A line profile is taken along different terraces numbered from 1 to

4. Step heights of 2.10 + 0.2 A are present except for the separation between

terraces 2-3 where the step height with the neighboring terrace is 1.05 A.
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Figure 5.5: (100 x 100) A2 STM image, I,=0.1 nA, V,=1 V taken with a
MnNi tip. Atomic rows run along the [110] and [110]. A white square in
the lower right-hand corner denotes the (v/2 x v/2)R45° primitive unit cell.
Missing rows can be seen along both the [110] and [110] directions on the

same terrace and are indicated with white lines on the side images.
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the surface of magnetite.

The first preparation procedure described in section 5.2 which consists

of annealing a magnetite crystal in an oxygen atmosphere, followed by UHV
annealing periods has been intensively studied in the last decade as explained
in the introduction. This leads to a reorganization of the surface in order to
minimise the surface energy leading to a B-terminated surface.
On the other hand, the interaction between magnetite (001) and other gases
such as hydrogen has not been studied to any extent in the past. When the
surface is exposed to a hydrogen atmosphere, oxygen is desorbed, leading to
Fe,.; which can contain a maximum of 5 dangling bonds. As described in sec-
tion 2.2.4, oxygen vacancies on the surface lead to a deficiency of electrons,
which makes the surface less stable. Further annealing in UHV will produce
a re-organisation of the surface to minimise its energy by means of desorbing
those Fe,. ions. The plane lying underneath the oxygen and Fe,. ions is an
A-layer, which then becomes visible. Since the exposure in hydrogen atmo-
sphere was lower than the one in oxygen, it is possible that the exposure
was not sufficient to create an A-termination layer but a co-existing A- and
B-termination.

This was also discussed by Chambers et al. [54], they suggested that
a more oxidized magnetite surface is most likely to show a B-termination
as also suggested by Stanka et al. [56]. Even though molecular gases are
known not very reactive with metallic surfaces, a small exposure in hydrogen
or oxygen atmosphere may have a crucial effect on the surface termination

when preparing the crystal of magnetite.
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5.5 Conclusions

We have studied the (001) surface of synthetic Fe3O4 single crystals using a
range of surface sensitive techniques. A detailed description of the prepara-
tion procedure leading to a contaminant-free magnetite surface is outlined.

A clean magnetite (001) surface usually exhibits a (v/2 x v/2) R45° super-
lattice as observed by LEED and STM. This reconstruction was attributed
to an ordering of electron charges, with the formation of Fe?*-Fe** and
Fe3t-Fe3* dimers at the B-sites. For a tetrahedrally terminated surface, the
(\/§ X \/§)R45° mesh observed on the A-plane surface has been explained by
a missing Fe** cation per unit cell. This structure was found to extend over
40 unit cells on terraces suggesting that long-range order (LRO) had set in
on the surface.

A possible mechanism to explain the controversial nature of the surface
termination on magnetite has been proposed. It was found that the surface
terminates at the B plane when annealed in oxygen partial pressure. A sur-
face comprising co-existing A and B terminations was observed following
mild anneal of the crystal in hydrogen partial pressure. Oxygen radicals are
desorbed from some most top layers when reacting with hydrogen gas. This
led to deficiency of electrons and hence a non-autocomepensated surface. Af-
ter further annealing of the crystal in UHV, the surface energy is minimised
by losing Fe,. cations. This explains why some A-layers are then visible on
the surface.

The surface preparation plays a critical role in determining the surface

termination of magnetite (001).



Chapter 6

An atomic scale study of the
contaminated Fe;0,4(001)

surface

6.1 Introduction

In this chapter, the diffusion of K, Ca and Mg atoms in Fe3O4 (magnetite)
single crystals and Fe;0,/MgO(001) have been studied. The onset of a self
assembled pattern of rows and nanotrenches on the Fe30,(001) surface [8,9,
138] induced by long annealing periods has also been analysed. We will show
that segregation of K and Ca to the surface is induced by thermal diffusion
i.e. via interstices in single crystals and thin films grown on MgO. Although
K and Ca are present only in small concentrations, they play a crucial role in
the formation of the surface of a magnetite crystal. This is due to the fact that
Ky_;, Ca;_, and Mg, _, do not form spinel structures, as these ions are too
large to fit into the interstitial sites between the oxygen anions. Therefore,

they diffuse to the surface during the anneal of the crystals, causing the
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appearance of self assembled structures. A detailed study of the topography
and mechanism of self-assembly of contaminants on the magnetite surface at

a nanometer and atomic scale is given.

6.2 Sample preparation

A set of magnetite synthetic and natural single crystals and thin films grown
on MgO have been used in these experiments. The natural crystals were cut
from the single crystalline nugget used by Tarrach et al [52], which originated
from Zillertal, Austria. The crystals were aligned with a precision of £1° with
respect to the (001) plane and were oriented along the [010] direction. The
synthetic crystals were those used in section 5.2.

The single crystals were characterized by powder x-ray diffraction as
in section 5.2. The diffraction patterns showed good agreement with the
reference spectra for magnetite and lattice constants of 8.398 + 0.010 A
and 8.406 £+ 0.010 A were measured for the synthetic and natural crystals,
respectively. Four-point resistance vs. temperature measurements were
also performed; Verwey transition temperatures of 108 K and 98 K were
measured for the synthetic and natural crystals respectively [7]. The crystals
were mechanically polished as explained in section 5.2 and introduced into
the UHV system. The experiments were carried out in the UHV system

described in section 3.

A 70 nm Fe3Oy4 thin film was grown on (100) oriented MgO single crystal
cleaved- and polished- substrates using an oxygen plasma assisted molecular
beam epitaxy (MBE) system (DCA MBE M600, Finland). The MgO sub-
strate was purchased from MTI Corporation [139]. The purity of the MgO
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substrate is 99.95 %, with typical impurities of Ca, Al and Si at 40, 15 and
10 pmm respectively. The substrate was chemically cleaned before loading
into the UHV-chamber and then cleaned in-situ at 600 °C in UHV for 1 hour
(at a base pressure of ~ 5 -107! Torr) followed by four hours in a 5 -107°
Torr oxygen pressure. The growth of the Fe3O4 was carried out by electron
beam evaporation of pure metallic Fe (purity of 99.999 %) in presence of
free oxygen radicals generated by an ECR (Electron Cyclotron Resonance)
plasma source [140] in an oxygen atmosphere at a base pressure of 5 -107°
Torr.

Reflection high-energy electron diffraction (RHEED) intensity oscillations
showed that the film was grown in a layer-by-layer mode (0.3 A/s) and that it
is epitaxial. From the symmetric (400/200) and asymmetric (622/311) Bragg
reflections it can be shown that an in plane lattice constant of Fe3O4 thin film
(0.8426 nm) is equal to twice the lattice constant of MgO substrate. The out
of plane lattice constant is less than twice the difference between lattice con-
stant of bulk Fe3O04 and MgO (0.8372 nm). The structural characterization
of the Fe304/MgO (001) was carried out using multi-crystal high-resolution
x-ray diffractometer (HRXRD, Bede-D1, UK). It was revealed that the Fe;Oy4
film grows strained on the MgO substrate with a tetragonal distortion caused

by the lattice mismatch of 0.344 %.

6.3 Contaminated Fe;0,(001) surface

As explained in the introduction, annealing a single crystal of magnetite for
extended periods in UHV (900 + 50 K) resulted in the diffusion of contami-

nants from the bulk to the surface.

The most common contaminants for single crystals are Ca, K and S. The
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Table 6.1: Ionic radii for different contaminants found on the surface of single

crystals of magnetite. Values given in pm (107!? meters units)

segregation mechanism for metallic systems can be explained in terms of the
size accommodation model [141]. In this model, segregation is driven by the
decrease in the elastic strain energy as solute atoms - either too big or too
small - diffuse from the bulk and occupy an interface site with less strain.
Table 6.1 shows the ionic radii for the typical contaminants found in single
crystals of magnetite [142]. Ca and K have much larger ionic radii than Fe,
therefore they are expected to segregate to the surface. These contaminants
segregate (i.e. via interstices) through the bulk remaining on the most top
layers. Some of them may be located not at the interface, but in some layers
below. The new locations of these large ions at the interstices of the magnetite
unit cells, will stress the top most layer of the surface. The strain created
on the surface increases the surface energy, forcing the surface to undergo
major changes to lower it. It is believed that the strain is relieved by the
breaking of the long range (v/2 x v/2)R45° order, which shifts towards p(1
X n) superlattices.

A series of (vV2xv/2)R45°, p(1 x 1), p(1 x 2), p(1 x 3) and p(1 x 4)
surface reconstructions have been observed with increasing concentrations of

Ca and K on single crystals. These are summarized in figure 6.1.
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Figure 6.1: A series of p(1 x 1), p(1 x 2), p(1 x 3), p(1 x 4) surface re-
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constructions observed on the Fe3O,(001) surface caused by the segregation

of impurities from the bulk. The reconstructions are plotted as a function of

the annealing time and of the Ca and K atomic concentrations.
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Figure 6.2: AES spectrum showing a low level of contaminants present on

the surface

6.3.1 Breaking of long range (v/2 x v2)R45° order by

the presence of contaminants

The same magnetite crystal as that used in section 5.4 has been used to
performed these experiments. A (v/2 x \/§)R45° surface reconstruction was
obtained after following the preparation procedure described in 5.3 (anneal-
ing in a hydrogen atmosphere). Further annealing of the crystal (~ 6 h at
900+50 K) resulted in some diffusion of contaminants. Sulphur, Potassium
and Calcium were detected on the top most layers by AES (see figure 6.2).
The atomic percentages in their concentration were found to be S < 1 %, K
< 1% and Ca < 1 %. This level of contamination is very close to our AES
detection limit. LEED showed blurred satellite spots indicating the presence
of a (v/2 x v/2) R45° surface reconstruction.
Figure 6.3 a) shows a (500 x 500) A? STM image of this surface.
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Figure 6.3: a) (500 x 500) A2 STM image, I,=0.1 nA, V,=1 V taken with
a MnNi tip. The terraces A and B shows the onset of formation of trenches

due to the annealing of the crystal in UHV.




CHAPTER 6. THE CONTAMINATED FE;04(001) SURFACE 95

The terraces A and B show the onset of formation of trenches due to
the annealing of the crystal in UHV. The step height between terraces A
and B is 2.1 + 0.2 A. A 90° rotation of the trenches is observed between
the terraces, concluding that planes A and B have a two fold symmetry,
typical of a octahedrally terminated surface. A short annealing of the crystal
in UHV favors the creation of oxygen vacancies on the B layers and therefore
the formation of missing iron rows. Missing oxygen and iron ions will result
in the formation of trenches. The periodicty of these trenches varies from
20-30 A although an average of 24 + 2 A was the most common value. A
24 A periodicity is identified with a p(1 x 4) superlattice on the surface. A
zoom-in of areas A and B can be seen in figure 6.4 a) and b) respectively.

Atomic rows and trenches can be seen running along the [110] and [110]
directions in figure 6.4 a). A closer analysis of the atomic rows shows areas
where no shift of bright spots on adjacent atomic rows is observed. A (1 x
1) square cell is marked in black. On the other hand, figure 6.4 b) shows that
bright spots, marked with white squares, are not in-phase. This is typical of
a (v/2 x v/2)R45°-like reconstruction.

On other areas of the surface when contaminants have reached the surface,
they start to nucleate on the edges of the terraces along the [110] direction.
Figure 6.5 a) shows an STM image where an onset of contaminants arrange-
ment can be seen. The two rows of contaminants labeled as A and B labels in
figure 6.5 b) are separated by ~ 18 + 2 A which is identified with a p(1 x 3)
superlattice.

Although the surface is mainly covered with a (v/2 x v/2) R45°-like re-
construction, similar to that found in section 5, one main difference can be
highlighted: the more frequent presence of trenches on the surface. This leads

to the appearance of a new set of surface reconstructions which breaks the
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Figure 6.4: a) (90 x 80) A? STM image, I,=0.1 nA, V,=1 V taken with a
MnNi tip. Zoom-in on area A in figure 6.3. A (6 x 6) A? primitive unit cell
corresponding to a p(l x 1) reconstruction is marked with a black square.
b) (100 x 90) A? STM image. The (v/2 x v/2)R45° unit cell is marked with

white squares.
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Figure 6.5: a) (400 x 400) A? STM image, I,;=0.1 nA, V,=1 V taken with

a MnNi tip. The presence of contaminants at the edge of the terrace can be
seen. b) (200 x 90) A2 STM image, Zoom-in in figure 6.5 a). Labels A and B
denote two rows of contaminants separated by ~ 18 + 2 A. This is identified

with a p(1 x 3) superlattice.
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long range (v/2 x v/2) R45° order.

As corroborated by AES and STM the only difference between the surface
studied in section 5 and that of concern here is the presence of contaminants.
Therefore the change of topography of the surface is just attributed to the

increasing amount of impurities, as will be discussed in the following sections.

6.3.2 p(1 x 2) reconstruction

The annealing in UHV at 900 4+ 50°C in UHV of a synthetic single crystal of
magnetite (001) for 1-15 hours produced diffusion of Ca up to a concentration
of 1.3 % (see figure 6.6 a)), while LEED analysis showed a streaked p(1 X
1) superlattice as can be seen in figure 6.6 b). The calculated unit cell along
the [110] direction is 5.8 + 0.2 A.

Figure 6.7 a) shows a (800 x 800) A2 STM image taken with a ferro-
magnetic nickel tip showing a terraced surface. The terrace edges are aligned
along the [110] and [110] directions. The separations between successive like
planes are multiples of 2.1 x 0.2 A, suggesting that all terraces belong to an
A or B type termination.

A zoom-in of figure 6.7 a) can be found in figure 6.7 b). The two successive
planes are separated by 2.1 + 0.2 A. Two different surface rearrangements
are marked with black lines a and b. Line a shows two rows of atoms running
along the [110] direction. An average corrugation of ~ 0.2 A along the bright
spots is found. This value is equal to that measured on a clean magnetite
(001) surface for Fe ions [8,138]. A (v/2 x v/2) R45°-like reconstruction can
be seen. The line b shows bright spots in-phase. The primitive unit cell is
identified with a p(1 x n) surface reconstruction.

It is also of interest to highlight the accumulation of clusters on the top

terrace edge marked with line A. An analysis of the corrugation showed a ~



CHAPTER 6. THE CONTAMINATED FE304(001) SURFACE 99

0.00006 -
[O]= 0.5850
[Fe]= 0.4010
0.00004 4 [Ca]=0.0130
) 0.00002 3
= E
S :
g 0.00000 4
s /
-0.00002 3
’g Ca peak
Fe ks
2z -0.00004 3 o
-0.00006 o)
O peaks
b T o T o T b T b T T ® T » 1
0 100 200 300 400 500 600 700 800
Energy (eV)

Figure 6.6: a) AES spectrum of low-level contaminanted surface. 1.3 % of Ca
has been found at the surface of the crystal. b) LEED pattern, taken with
a primary electron energy of 90 eV, corresponding to a p(1 x 1) streaked

superlattice, marked with a yellow square.
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Y .

Figure 6.7: a) (800 x 800) A2 STM image, I,=0.1 nA, V,=1 V taken with a
Ni tip. The neighboring terraces are separated by multiples of 2.1 x 0.2 A. b)
(144 x 122) A? zoom-in STM image. Two different surface rearrangements
are marked with black lines a and b. Line A shows the accumulation of

clusters of contaminants on the edge of the terrace.
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0.4 A value, which is approximately twice the value of the corrugation mea-
sured on rows of Fe ions. Therefore this features can be identified with Ca (see
table 6.1). A shift on the (\/i X \/§)R45° surface reconstruction exhibited by
a contaminant free surface towards a p(1 x n) has been produced due to the
presence of Ca on the surface. Despite the fact that some (v/2 x v/2) R45°-
like reconstruction areas have been found, most of the surface is covered with
a p(1 x n) superlattice.

Figure 6.8 a) is a (200 x 200) A? zoom-in on the terrace marked as B in
figure 6.7 a). Atomically resolved rows can be seen along the [110] direction.
A closer inspection on these atomic rows can be found on image 6.8 b). A
primitive unit cell of (12 x 6) A? is marked with black square. This is iden-
tified with a p(1 x 2) surface reconstruction. Although whether the surface
is terminated at an A or B plane can not be concluded from the corrugation
analysis (line profiles marked as « in figure 6.8 ¢) ), it can be concluded that
two different species are present on the surface. An average corrugation of ~
0.2 A and 0.4 A along the bright spots is found. Ca and Fe ions are identified
with those exhibiting 0.4 A and 0.2 A corrugation respectively. This means
that the Ca ions are replacing or nucleating on every second Fe ion along
the [110] direction. This is shown in a schematic in figure 6.9 for an A or B
termination surface.

As explained in chapter 2.5, the surface of magnetite (001) is a polar
surface and is intrinsically unstable. Therefore, it needs to reconstruct to
mmnimise the surface energy. The electroncounting model approach can be
applied then to find out if the surface is autocompensated. The tetrahedral
termination model is taken as an example. There are 1 Fey., atom, 1 Ca?*t
atom, 4 Fe,, atoms and 4 oxygen atoms per unit cell. Each of the 1 Fej,

and Ca®" atoms have 2 dangling bonds. These 4 bonds contain a total of (2
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Figure 6.8: a) A (200 x 200) A? zoom-in STM image of terrace B in figure
6.7 a). Atomic rows have been imaged along the terrace edge on the [110]
direction. b) and c) (36 x 32) A? zoom-in STM image and its line profile
along « line profile respectively. A p(1 x 2) surface reconstruction is marked

with black square.
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Figure 6.9: A schematic of the p(1 x 2) surface reconstruction. The Ca ions
are replacing or nucleating on the Fe ions in the tetrahedral a), and octahedral

b) coordination. The p(1 x 2) superlattice is marked by a dashed rectangle.
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x 3/4) =1.5e” and (2 x 1/2) = 1 e”. The 4 Fe, atoms have one dangling
bond each; these 4 dangling bonds contain a total of (4 x 5/12) = 1.67 e™.
The total number of e~ contained in the dangling bonds of the electropositive
elements is (1.5 + 1 4+ 1.67) = 4.17. Each of the 4 O atoms has one broken
bond to a Fe,;. This means that the total number of e~ contained in the
dangling bonds of the electronegative elements is (4 x 19/12) = 6.33 instead
of the 8 e~ required to completely fill the 4 bonds. That means that, to
completely fill the anions dangling bonds a total of (8 — 6.33) = 1.67 e~ can
be transferred from the cations dangling bonds. 4.17 e~ were found on the
dangling bonds of the electropositive elements. The electro balance of these
figures means that an excess of 2.5 e™ is present on the surface. Following
the same procedure, a deficiency of electrons is calculated for the octahedral
terminated model. Both models proposed for the p(1 x 2) superlattice, makes
the surface non-autocompensated, therefore it is a non-stable surface. These
type of reconstruction has not been observed often and it will be replaced by

other surface reconstructions by further annealing.

6.3.3 p(1 x 3) reconstruction

A different reconstruction was obtained when the Ca and K concentrations
increased to ~ 5.7 % and ~ 1.5 %, respectively after 30-40 h. of annealing
at 900 10 K. The corresponding Auger spectrum is shown in figure 6.10 a).
A similar concentration of K and Ca was found for a p(1 x 4) surface recon-
struction (see section 6.3.4), however contrary to the p(1 x 4) reconstruction
no reduction of the surface was detected and the [O/Fe| ratio was measured
to be 1.3, in accordance with the value of a stoichiometric surface. Oxygen

vacancies do not therefore play a role in the formation of a p(1 x 3) recon-

struction, which is induced solely by diffusion of contaminants. The LEED
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pattern displays fractional order spots along the [110] and [110] directions.
The fractional order spots are marked with white arrows and their separation
is 1/3 of the separation between the primary spots, which corresponds to a
distance of ~ 18 + 2 A in real space.

Figure 6.11 a) shows a (600 x 600) A2 zoom-in STM image taken with a
W tip. The line profile a shows planes separated by multiples of 2.1 + 0.2 A
(see figure 6.11 b) ). Atomic rows are visible along the [110] and [110] direc-
tions. The rows are rotated by 90° on terraces separated by odd multiples of
2.1 + 0.2 A, which proves a B-plane terminated surface is imaged.

A zoom-in of these atomic rows can bee seen in figure 6.12 a) and b).

The periodicity along these rows is ~ 6 = 1 A, and adjacent rows are
separated by ~ 18 £ 2 A. A (6 x 18) A2 unit cell (marked with a black
rectangle in figure 6.12 b)) is identified with a p(1 x 3) superlattice. From the
studies of the clean Fe30,4(001) surface presented in chapter 5, we conclude
that the p(1x3) surface reconstruction is created by the diffusion of Ca and
K to the surface. The diffusion of metals such as Ca or K ions from the bulk
to the surface is explained in terms of the size accommodation model [141].
We have attributed the p(1x3) reconstruction to the segregation of either
Ca and K ions, replacing every second Fe ion in octahedral coordination.

A schematic model of the reconstruction is shown in figure 6.13.
Using the electron-counting model, to fill O bonds with Fe, ions, each oxygen
shares (2-5/12)= 19/12 e~. To fill the bond with the Fe,., ions, the oxygen
shares (2-3/4)= 5/4 e. In the case of a K* ion replacing an octahedrally
co-ordinated Fe ion in the model proposed here for a p(1 x 3) surface re-
construcion, the modified unit cell contains 5 Fe, atoms, 1 K, atoms and
12 O atoms. Following the same electron counting procedure as previously

described, a p(1 x 3) reconstructed surface has a lack of 4.75 e~ /unit cell. A
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Figure 6.10: a) The presence of K and Ca contaminants on the surface can
be clearly seen on the AES spectrum. A Ca peak at 292 eV and a K peak at
249 eV are visible, corresponding to a ~ 5.7 % and ~ 1.5 % concentration in
the near surface layers, respectively. b) LEED pattern taken with a primary
electron energy of 47 eV. Fractional order spots around the primary spots
are clearly seen and marked with white arrows. Their separation is 1/3 of

that between the integral order spots.
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Figure 6.11: a) (600 x 600) A2 STM image, I;=0.1 nA, V,=1 V taken with a
W tip. Atomic rows are visible along the [110] and [110] directions. b) Line

profile marked as @ in a) shows step heights of 2.1 A between terraces.
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Figure 6.12: a) (300 x 300) A2 STM image, I,=0.1 nA, V,=1 V taken with

a W tip. Atomic rows are running on the terrace edge along the [110]. b)
(109 x 96) A? zoom-in STM image showing a periodicity of ~ 6 + 1 A, and
adjacent rows separated by ~ 18 + 2 A.
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Figure 6.13: A schematic of the p(1 x 3) surface reconstruction. The Ca or K
ions replace Fe ions in the octahedral coordination. The p(1 x 3) superlattice

is marked by a dashed rectangle.
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non-autocompensated surface is also found for the case of Ca*? replacing an
octahedrally co-ordinated Fe ion. These considerations indicate that a surface
exhibiting a p(1x3) reconstruction is not expected to be a stable one, and our
experimental evidence support this model by showing that it is a metastable
state. A p(1x3) surface reconstruction was observed on only a few occasions

and after further annealing was replaced by a different reconstruction.

6.3.4 p(1 x 4) surface reconstruction
Magnetite single crystals

For long annealing times of natural single crystals, metallic K is gradually
desorbed from the surface due to its high vapour pressure [143]. The sub-
surface layer tends to be depleted of this impurity thus reducing the rate of
its surface segregation. Longer annealing times also reduce the O/Fe ratio at
the surface which leads to the formation of a p(1 x 4) surface reconstruc-
tion. The typical O/Fe ratio for a clean surface exhibiting a (v/2 x v/2) R45°
reconstruction is 1.3, while our AES data showed O/Fe ranging from 1.1 to
0.8 as the annealing time increases. The decrease of the O/Fe ratio shows
that oxygen vacancies are created at the surface, and correlates well with
the increase in the number of trenches created on the surface. The LEED
pattern recorded for this surface shows satellite spots between the primary
spots. They are marked with white arrows in figure 6.14.

The fractional order spots have 1/4 of the separation between the primary
spots, which corresponds to a distance of ~ 24 A in real space identified with
a p(1 x 4) superlattice. The primitive unit cell is indicated with a white
square labelled ”1”. The p(1 x 4) unit cell is marked with the white square
labeled ”2” (LEED image taken by Guido Mariotto [8,138]). AES spectra for
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Figure 6.14: LEED pattern recorded for a p(1 x 4) surface reconstruction.
The primitive unit cell is indicated with a white square labelled ”1”. The p(1
X 4) unit cell is marked with the white square labeled ”2”. The fractional

order spots are indicated with white arrows. Reproduced from [138]
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the p(1 x 4) reconstructed surface, typically showed surface contamination
levels of < 1.5 % for potassium and ~ 6 % for calcium. The STM images
showed well-defined trenches oriented along the [110] and [110] directions.
The surface exhibits a two-fold symmetry since a rotation of the trenches by
90° was not observed on the same terrace but only on terraces separated by
2.1 + 0.2 A high steps. We can therefore conclude that the surface is B-layer
terminated. The periodicity of the trenches on the terraces varies from 20 to
60 A. As annealing time is increased, the separation between the trenches
becomes smaller and more regular [8,9,138]. This is shown in the line profile
of figure 6.15 a) obtained by Ciaran Seoighe on a natural crystal, where the
trenches are equidistant with a 24 + 2 A periodicity between them (see figure
6.15 b)).

The dynamics of this trench formation is discussed by Mariotto et al.
[8,9,138], attributing the trenches to K and Ca segregation and to a reduction
of the O/Fe ratio at the surface. The increasing density of the trenches as a
function of annealing time can be explained in terms of a size accommodation
model (see section 6.3.1). Continued annealing produces a Ca build-up on the
surface to a point where the surface becomes saturated. To accommodate
more Ca, the surface undergoes a gradual transformation resulting in the
formation of trenches. This type of surface provides a greater surface area
and correspondingly a larger number of surface sites to accommodate more
Ca atoms with respect to the flat surface.

An insight into the segregation mechanism of Ca atoms at the Fe304(001)
surface is provided by atomically resolved STM images like the one shown in
figure 6.15 c).

Atomic rows oriented along the [110] direction exhibit a 6 + 1 A period-

icity, while adjacent rows are separated by ~ 5 A, instead of the 6 A value
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Figure 6.15: a) (500 x 500) A2 STM image It=0.1 nA, Vb=1V taken with
MnNi tip. Regular trenches can be clearly seen on the surface. b) Line profile
corresponding to blue line in figure 6.15 a), shows a 24 + 2 A periodicity
between the trenches. ¢) (70 x 70) A2 STM image taken with a MnNi tip,
I,=0.1 nA, V,=1V. The atomic rows exhibit a 6 & 1 A periodicity along the
[110] direction. A 5 & 0.5 A separation is observed between rows along the
[110] direction. The p(1 x 1) superlattice is marked with a white square. d)
Line profile along the [110] direction in figure 6.15 c), showing a 6 + 1 A
periodicity. Reproduced from [91]
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expected for a bulk terminated surface. The maxima on adjacent rows are
shifted by ~6 A with respect to each other, giving rise to the superlattice
in figure 6.15 ¢). The line profile in figure 6.15 d) shows a large corrugation
of the rows along the [110] direction. An average corrugation value of ~ 0.4
A average was measured. This value is approximately twice the value of the
corrugation measured on rows of Fe ions on the clean octahedrally termi-
nated Fe3O4(001) surface. This large corrugation indicates that the atoms
imaged on the narrow terraces are not Fe ions but, as indicated by the AES
spectra, they are Ca or K atoms. It must be kept in mind that the clean and
p(1x4) reconstructed surfaces were both scanned using the same type of tip
(i.e. fabricated from MnNi alloy). Therefore, the difference in the corrugation
cannot be ascribed to a tip effect, but is rather due to the different atomic
species on the crystal surface.

Despite the fact that 1.5 % of potassium was detected by AES, we propose
schematic models in figure 6.16 a) and b) to explain the observed surface
structure explicitly in terms of Ca atoms segregating at the surface. Figure
6.16 a) shows the case when Ca ions replace every other Fe ions in octahedral
coordination, while 6.16 b) illustrates the case of Ca ions occupying vacant
intersticial sites in the octahedral cation sublattice.

This approach is taken because STM analysis of the surface shows the

kW
presence of a incommensurate superlattice with an orthorhombic

0.5 1
symmetry, which cannot be attributed to a potassium ferrite surface phase.

The orthorhombic superlattice can be clearly seen in figure 6.15 c¢), with
lattice parameters of a ~ 3 A and b ~ 2.5 A. Since CaFe,0, (Calcium
ferrite) belongs to the P, space group (rhombic/ bipyramidal class) [144],
we believe that a Ca;_,Fes, ,O4 phase is present on the narrow terraces shown

in figure 6.15 c). Three rows of Ca cations can be identified on each of the
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Figure 6.16: Two models of the atomic arrangement shown in the STM image
6.15 c). a) The Ca ions replace octahedral coordination Fe ions b) The Ca

ions occupy vacant intersticial B-sites
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narrow terraces shown in figure 6.15 c¢). On the sides of the Ca rows, less
pronounced features can be observed. These features also form rows aligned
along the [110] direction, with a 6 £ 1 A periodicity and a corrugation of
~0.2 A. The periodicity and corrugation values indicate that these rows are
composed of Fe ions in tetrahedral coordination. To check if our argument
is sound, we have compared the concentration of Ca measured by AES with
that predicted by our model, and we have found them in good agreement. A
concentration of 4.7 % calculated from the model compares well with a 6 %
concentration detected by AES.

Electron counting arguments show that oxygen vacancies in a B-layer
would lower the polarity of the surface and make it more stable. The modified
unit cell contains 3 Fe,. atoms, 3 Ca, atoms and 12 O atoms and 4 missing
oxygen atoms. An O creates 3 dangling bonds on neighbouring Fe atoms.
A 0.90 e /unit cell are required to compensate the surface. This surface
remains non-autocompensated, although it is more stable than the p(1 x 3)
reconstructed surface or an octahedrally bulk-terminated one. The p(1 x 4)
surface reconstruction was observed on numerous occasions and it was indeed
found to be a highly stable state. Without disregarding the autocompensation
model that was followed by many other authors to support their results, It
is remarked that non-autocompensated polar-surfaces have been observed
before. This is the case for the NiO(111)/NiO(100) system [145], a-Fe;O3
under certain preparation conditions [146,147], Fe3O4(001) [34] and other

oxides for example.

Magnetite thin films

A wide range of surface reconstructions have been observed on thin FezO4

(001) films grown on MgO (001), as explained in the literature review in the
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introduction. To complete the study of the influence of contaminants on the
surface of Fe3Oy4, a 70-nm magnetite thin film was grown on polished-MgO
(001) substrate by MBE and investigated by LEED/AES/STM/STS.

The preparation procedure adopted for the initial cleaning of the thin film
was similar to that in section 5.3. Preliminary AES analysis confirmed the
presence of contaminants such as carbon and nitrogen on the surface as well
as a [O/Fe] ratio of 1.56. These contaminants were removed from the surface
by light Ar* sputtering for 10 minutes at 500 eV. (typical Iiggee~ 7 pA). The
crystal was then annealed in an oxygen partial pressure (exposure ~ 3600
Langmuir). In order to avoid massive diffusion of Mg and other contaminants
present in the substrate, the sample was annealed in UHV for long periods
of time at rather low temperature of 300-400 £50 °C. Annealing the sample
back and forward in an oxygen atmosphere and in UHV produced a sharp
(V2 x V/2)R45° and p (1 x 1) LEED pattern. This effect has been also
observed in single crystals of magnetite (001). Figure 6.17 shows a (2000 x
2000) A% STM image of a contaminant free magnetite surface corresponding
to a sharp (v/2 x v/2) R45° LEED pattern. The thin film has been annealed for
a total of 200 h at 300 — 400 £ 50 °C. STM has been performed every 13-15
hours of annealing. Figure 6.17 shows a STM image of a disordered surface,
recorded after 180 hours of annealing in UHV. No terraces have been formed
on the surface.

Voogt et al. [55] studied the influence of Fe;O4 grown on a MgO (001)
cleaved and polished substrate by AFM. A rough surface without macrosteps
was observed on the MgO (001) polished substrate. On the other hand, the
opposite effect has been found for in-situ and ez-situ MgO (001) cleaved
substrates. This, led to the initial conclusion that a polished MgO (001) sub-

strate is not suitable for the growth of Fe3O,. The latter result has been
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Figure 6.17: a) A (2000 x 2000) A? STM image of a disordered 70 nm
Fe304/polished-MgO (001) surface taken with a MnNi tip, [;=0.1 nA,
Vi=1V.

proved wrong by other authors [53,60] who have employed polished MgO as
substrates for their STM studies on Fe3zOy.

A 70 nm Fe3O4 thin film grown on a cleaved and polished MgO (001) sub-
strate has been investigated by the author. No presence of macrosteps or ter-
raced surface observed for either of them when annealing at 300-400+50°C.

An increase of the annealing temperature of the thin films to 500-600
°C, on both sustrates, led to diffusion of Mg to the surface. AES data are
summarised in figure 6.18.

The number of annealing hours are plotted against the percentage of Ca
and Mg diffused to the surface (on the horizontal and vertical axes respec-
tively). LEED, AES and STM was performed after 3.5 hours of annealing.
AES spectrum showed a high level of contamination ([Ca]=0.5 % and [Mg]=8
% atomic concentrations) on the surface. LEED data showed fractional order

spots of 1/4 and 1/3 separation from the primary spots. This corresponds
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Figure 6.18: AES chart. The concentration of Ca and Mg diffused to the

surface against annealing time at a temperature of 500-600 °C is presented.

to a distance of ~ 24 A and 18 A identified with a p(1 x 4) and p(1 x
3) superlattices respectively. Figure 6.19 a) shows a (1000 x 1000) A% STM
image with step heights multiples of 2.10 4 0.2 A which corresponds to the
separation between planes in magnetite bulk. Although the square terrace
definition has been lost, rounded terraces have formed on the surface.

These results differ with the ones obtained by Chambers et al. [58] where
a 300 °C annealing temperature was used to obtain a terraced surface, al-
though it could be attributed to a the use of a thicker film. Gaines et al. [53]
also observed a (v/2 x v/2) R45° superlattice on a 100 nm magnetite thin film
when high temperature annealing was used. This did not lead to diffusion of
contaminants to the surface, contrary to our results. The annealing temper-
ature of the crystal is critical if contaminants are avoided, although for films
thinner than 100 nm, contaminants are hard to avoid if a terraced surface is
to be obtained.

Figure 6.19 b) shows a (1300 x 1300) A2 STM image taken on the same
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Figure 6.19: a) A (1000 x 1000) A? STM image taken with a MnNi tip,
I;=0.1 nA, V,=1V. Rounded terraces on the surface are formed due to the
high temperature annealing. Neighboring terraces are separated by multiples
of 2.1 £ 0.2 A. b) A (1300 x 1300) A2 STM image taken with a MnNi tip,
I,=0.1nA, V,=1V.c) and d) A (700 x 700) and (300 x 300) A? STM images.
A 24 A periodicity is found on the line profile marked as a in figure 6.19 d).
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IV curves for 70nmFe304/MgO(001)

12/03/04;[Mg}=2%, [Ca]=free
10 14/03/04;[Mg]=8,[Ca]=0.5%
15/03/04;[Mg]=14%,[Ca]=6 %

Figure 6.20: I/V curves for different concentration rates of Mg and Ca diffused

to the surface.

scanning session as figure 6.19 a). Atomic rows running on top of the ter-
race marked as A can be seen. A zoom-in on these rows is shown in figure
6.19 c¢) and d). A line profile marked as a in figure 6.19 d) shows a 24 +
2 A periodicity between the rows, which corresponds to a p(1 x 4) surface
reconstruction.

Scanning tunneling microscopy (STS) measurements were performed at
RT by recording an I(V) curve at every point of a topographic scan which is
obtained at a typical set point of V=1V and I = 0.1 nA.

Figure 6.20 shows 3 Intensity/Votage curves taken in the range of
-2.50,2.50 Volts for the 70 nm film at different levels of contamination. A
conductivity gap of ~ 1 V is found for a 2 % Mg contaminated surface (red
curve). When the amount of contaminants is increased on the surface (green
and blue curves) the conductivity gap increases to a maximum of 2.5 V (blue
curve). I/V curves shows how at negative bias, when the contaminant level

increases, there is a tendency of decreasing the electron tunneling from the
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Figure 6.21: (2000 x 2000) A2 STM image taken with a MnNi tip, I;=0.1
nA, V,=1V. STM image which shows that the terrace definition is almost

completely lost for a highly contaminated p(1x1) mesh.

filled states of the sample to the empty states of the tip. This is due to the
creation of a Ca;_,Fes,,0O4-like and Mg;_,Fes,,O4-like insulator phase on
the surface. The formation of a Ca;,,Fes,,O4-like and Mg;_,Fes,,O4-like
phase on the surface, corroborated by STS results, is in agreement with the

ball models proposed in sections 6.3.3 and 6.3.4.

6.4 p(1lx1)

Further annealing of the crystals brings the Ca concentration up to a value of
9.5 at % as shown by AES. No traces of any other contaminant are detected.

At this stage a p(1x1) LEED pattern was observed. Figure 6.21 shows
a (2000 x 2000) A2 STM image which shows that the terrace definition is

almost completely lost.
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6.5 Conclusions

We have studied the (001) surface of natural and synthetic Fe3O,4 single
crystals as well as the surface of Fe3O4 thin films grown on a MgO substrate
using a range of surface sensitive techniques, AES, LEED, STM and STS.
A detailed description of the preparation procedure leading to diffusion of
contaminants to the magnetite surface is outlined. Diffusion of K and Ca
bulk impurities and their surface segregation results in the formation of self

assembled row structures. The main results can be summarized as follows:

1. The most common contaminants found on the surface of magnetite sin-
gle crystals are Ca and K. Due to the high annealing temperatures, Ca
and K ions diffuse from the bulk to the top most layers, being accommo-
dated at the interstices of the magnetite unit cells (contaminant atomic
concentration < 1 %). It is believed that the stress induced by contam-
inants breaks the long range (v/2 x v/2) R45° order on the surface. The
change of topography is a feasible argument to relax back the surface
energy by means of shifting its reconstruction from a (v/2 x v/2) R45°

toap(l x n) with 1 <n < 4.

2. Annealing of a contaminant free crystal in UHV induced segregation
of Ca and K contaminants to the surface. For low concentrations (less
than ~ 2 %) of contaminants, a p(1 x 2) surface reconstruction was
observed. A p(1 x 3) reconstruction resulted after further annealing
with an increase of the Ca and K on the surface. No reduction of the
O/Fe ratio was observed. After long annealing sessions the p(1 x 3)
reconstruction was replaced by the p(1 x 4) reconstruction. The O/Fe
ratio has decreased as function of the annealing time. A concentration

of Ca and K similar to the p(1 x 3) reconstruction was measured.
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A p(1 x 4) reconstruction was also found on the surface of a 70 nm
thin film grown on polished-/cleaved-MgO (001) substrate. STS results
corroborates the insulator nature of a surface partially covered with a
Mg, _,Fe;.,04 and Cay_,Feq,,O4 phase. We can conclude that the
surface reconstructions of Fe;O,4 are induced on one hand by the con-
tamination level on the surface and the O/Fe ratio on the other hand.
For a high level of contamination a blurred p(1 x 1) LEED mesh was
observe and STM images showed a surface where topographic features

can hardly be distinguished.

To summarise, we have controlled the diffusion of alkaline and alkaline-
earth metals to the surface which is translated in the formation of a range
of nanostructures depending on the contaminations level. The preparation
procedure and the presence of contaminants on the surface leads to a non-
stoichiometric Fe3O4 surface. The Ca;_,Fey,,O4 or Mg;_,Fes,,O4 trenches
and rows formed on the surface of magnetite are proposed as pre-patterned
template for the formation of long one-dimensional molecular nanostructures.
This type of direct forced-assembly using appropriate periodic superstruc-
tures on the nanoscale opens a variety of new possibilities for the ordered
deposition of organic molecules on surfaces, and for guiding the growth of
nanostructures in general. It also opens a wide field for basic surface studies,
since very little is known at present about the adsorption properties of large
organic molecules on well-defined surfaces.

Another possible avenue for future experiments could be related to self-
assembly of magnetic structures such as evaporation of Fe and Cr on the
patterned surface of magnetite not only for studying the modification of the
electronic/magnetic properties of the substrate, but also to study the new

properties of the nanoclusters grown on the magnetite substrate.




Chapter 7

Surface studies of Fe;04 (110)

7.1 Introduction

In this chapter, a detailed study of the topography of the (110) surface is
carried out. A comparison with research performed by other authors on this
surface is outlined. The surface of a magnetite (110) single crystal and 50 nm
Fe304/MgO film have been investigated by AES, LEED, STM and STS. It
is shown how a terraced surface can only be obtained by high temperature
annealing of the crystal which leads to the formation of self-assembled nanos-
tructures on a terraced surface. The latter has been identified with a Fe3O,4
reconstructed surface. High annealing temperatures have been used for the
preparation of the magnetite thin film, leading to segregation of Mg to the
surface. The surface is also covered with self-assembled nanostructures. The
self-assembled nanostructures are replaced by a well-defined terraced surface
for the single crystal, when the surface of the crystal is highly exposed to
oxygen gas. This change of topography is attributed to the change of the
[O/Fe] ratio.

We demonstrate that the magnetite (110) surface is very sensitive to
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[O/Fe] variations, and despite the fact that the surface is non-polar, it re-

constructs under certain preparation conditions.

7.2 Sample preparation

A synthetic single crystal was grown by Prof. Y. M. Mukovskii (Moscow
State Steel and Alloys Institute, Moscow, Russia) employing the floating zone
technique. The crystal was characterized by four-point resistance vs. temper-
ature measurements indicating a sub-stoichiometric cyrstal with a Verwey
temperature of 110 + 1 K. The crystal was mechanically polished using di-
amond paste with grain size down to 0.25 um before being introduced into
the UHV system. The experiments were carried out in the UHV system de-
scribed in section 3. Magnetite thin films of 50 nm thickness were grown
on a polished (110) oriented MgO single-crystal substrate using dc mag-
netron reactive sputtering from a 99.95 % purity Fe target in the presence
of an argon-oxygen gas mixture. Structural characterisation of the sputtered
Fe304/MgO(110) was carried out in a multi-crystal high resolution x-ray
diffractometer (HRXRD, Bede-D1, UK). In the triple-axis geometry, lattice

constant variations (Aa/a) as low as 2 x 107% were detected.

7.3 Results and discussion

7.3.1 Formation of nanostructures
Single crystal

The first sample preparation attempt to obtain a contaminant-free magnetite

(110) surface was similar to that described in section 5.3. A magnetite single
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Figure 7.1: LEED pattern taken with a primary electron energy of 97 eV for
a magnetite (110) surface. Blurred diffraction spots along the [001] direction
are present whereas a defined 6 A periodicity was determined on the [110]

direction.

crystal was Ar™ ion etched followed by anneal in UHV at 900+50 K for 15
hours.

This resulted in a contaminant free surface as shown by AES data, with
a [O/Fe] ratio of 1.404. Figure 7.1 shows a LEED pattern typical of this
Fe304 (110) surface. Blurred diffraction spots along the [001] direction are
dispayed. A ~ 6 + 0.2 A periodicity was determined instead, on the [110]
direction in the real space.

STM and LEED were performed on the sample subsequent to every 12
hours anneal. The [O/Fe] ratio after 48 hours of annealing did not vary
significantly. The LEED pattern still displayed blurred diffraction spots along
the [110] direction. STM of the surface, performed after a total number of 48
hours, still showed a disordered surface.

The crystal annealing temperature was then increased to 1100£50 K for
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1 hour. AES analysis showed presence of 4 % of Ca on the surface due to
the high temperature annealing. Ca was removed with a light Ar* etching.
Further annealing of the crystal at high temperature for 1.5 hours led to a
reduction of the [O/Fe] ratio from 1.40 to 1.30. Traces of Ca were not found
on the surface according to our AES data. A sharper rectangular LEED
pattern was found (see figure 7.2 a) ).

A 6 £ 0.2 A periodicity is measured along the [110] direction in real space.
Sharper diffraction spots along the [001] direction can now be seen. Fractional
spots are at 1/3 of the separation between the primary spots. Orange and
yellow arrows mark the primary and fractional order spots respectively. These
correspond to a separation of ~ 9 A and ~ 24 A for the primary and fractional
order spots in real space. A schematic of the LEED pattern for this surface
is presented in figure 7.2 b). A ~ (25 x 6) A? unit cell is identified with a (3
x 1) reconstruction. This is marked with a orange rectangle. The primitive
unit cell, (8.398 x 5.937) A2, is marked with an yellow rectangle in figure 7.2
b).

Figure 7.3 shows a (1000 x 1000) A2 STM image of this surface. A ter-
raced surface has been formed after a high temperature annealing. The edges
of the terraces are aligned along the [110] direction. Step heights are inte-
ger multiples of 1.5 + 0.1 A corresponding to an A-B plane separation in
magnetite (110) bulk.

A zoom-in of figure 7.3 is shown in figure 7.4 a). Atomic rows are running
along the [110] direction. A 24 A periodicity across the rows is found in
the line profile marked as a (see line profile in figure 7.4 b) ). Atomically
resolved STM image of the nanostructures is shown in figure 7.4 c¢). Two sets
of atomic rows can be distinguished running along the [110] separated by 6

+ 1 A periodicity. The corrugation analysis shows that the two atomic rows
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Figure 7.2: a) LEED pattern taken with a primary electron energy of 107
eV for a (110) surface. Primary and fractional order spots are marked with
yellow and orange arrows respectively. b) Schematic of the LEED pattern
observed. A (8.398 x 5.937) A% and a (25 x 6) A? unit cell are marked with

an yellow and orange rectangle.




CHAPTER 7. SURFACE STUDIES OF FE;0, (110) 130

Figure 7.3: (1000 x 1000) A2 STM image, [,=0.1 nA, V=1V taken with a W
tip. The terrraced surface has been formed after high temperature annealing

of the crystal.
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Figure 7.4: a) and b) (500 x 500) A2 STM image, I,;=0.1 nA, V,=1 V taken
with a W tip and line profile marked as a respectively. Atomic rows are
running along the [110] direction. c) (330 x 130) A2 zoom-in STM image.
Two set of atomic rows can be observed along the [110] separated by 6 + 1 A.
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are on the same plane. The two atomic rows are marked as a and b in figure

7.4 c). A periodicity of ~ 10 A along the [110] direction has been found.

50 nm of Fe;0, on MgO (110)

A 50 nm magnetite thin film was used for this experiment. The thin film has
been annealed at 1000 £ 50 K for 5 minutes. AES shows a high concentration
of Mg on the surface. A 15 % coverage of Mg was found. A rectangular LEED
pattern, similar to that found in figure 7.1 was obtained. Figure 7.5 a) shows
a (500 x 500) A? STM image of the magnetite thin film obtained by Dr.
Nikolai Berdunov. The areas inspected by STM were fully covered with rows
separated by ~ 24 A. A closer inspection of these rows is shown in figure 7.5
b). Although the rows are not atomically resolved as for the single crystal,
two set of atomic rows can be distinguished on each rows. They are marked
with black arrows. The atomic rows have a ~ 6 A periodicity along the [001]
direction and the rows are not in-phase along the [110] direction. This is in

good agreement with the results found for the single crystal.

7.3.2 Discussion

Two possible different surface terminations for magnetite (110) (A-or B ter-
minated) have been described in section 2.2.3. As explained in section 2.2.4,
the surface of magnetite (110) is non polar [48]. This means a bulk termi-
nated magnetite (110) surface can be formed with small relaxations. A B-
terminated surface is composed of octahedral irons separated by 3 A along
the [110] direction. A 3 A periodicity has not been found in our LEED or
STM data. Therefore a B surface termination can be ruled out. An A surface

termination is composed of octahedral irons separated by 6 A along the [001]

direction. These octahedral irons are not in-phase along the [110] direction.
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Figure 7.5: a) (500 x 500) A2 STM image, I;=0.1 nA, V,=1V taken with a W
tip. The surface is covered with rows separated by ~ 24 A. b) (300 x 300) A2
STM zoom-in. Two set of atomic rows can be distinguished running along

the [110] and separated by ~ 6 A from each other. Reproduced from [148]
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As demonstrated in chapter 6, as a result of exposing the magnetite surfaces
to high temperatures, oxygen is desorbed from the surface. An A termination
is more feasible for the surface reconstruction observed here if two unit cells
are desorbed from the surface due to the annealing.

Traces of calcium have been regularly observed on the single crystal dif-
fused from the bulk. Although it has been removed by light Ar* ion annealing
as confirmed by our AES data, some calcium could remain on some localised
areas of the surface undetectable by AES. The rows observed in figure 7.4
were not observed on the whole surface, just on some discreet areas. The same
reconstruction has been observed on the thin films when Mg has diffused to
the surface. We believe that the surface does not change phase to another
iron oxide in the light of our LEED and STM results. None of the other
three iron oxide phases, Fe;_,O, v-Fe;O3 or a-Fe;O3 matches with the ~ (6
x 8.4) A? and ~ (6 x 24) A? periodicity found in our experiments. There-
fore, it is assumed that the surface remains magnetite (110). It is concluded
that the surface reconstruction observed is caused by a local change of the
stoichiometry and the presence of contaminants on the surface of magnetite.

Figure 7.6 depicts a schematic of the reconstruction found. Ca ions, in
the case of the single crystal, and Mg ions, in the case of the thin film, segre-
gate to the surface via interstices by the same mechanism as that proposed
in chapter 6. Ca and Mg may replace every second octahedral Fe on a A
terminated magnetite (110) surface. These ions could also nucleate at every
second interstice between the Fe ions on octahedral sites. The (1 x 3) re-
constructed unit cell is marked with a dashed rectangle. This would induce
the formation of a Mg,_,Fes,,O4 or Ca;_,Fes, .04 insulator phase on the
surface as occurred for magnetite (001).

Although our results are in contradiction to those found in reference
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Figure 7.6: Schematic proposed for the (110) surface reconstruction found.

The (1 x 3) reconstructed unit cell is marked with a dashed rectangle.
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[77, 78], they should not be disregarded since a different preparation pro-
cedure when cleaning the crystals was used there. Jansen et al. [78] carried
out experiments on a 50 nm Fe3O4 (110) grown on a MgO substrate. As
demonstrated in section 6.3.4, annealing of the thin films at such at 1100 ~
50 K produces a massive diffusion of Ca and Mg to the surface, decorating
the most top layer. The surface reconstruction found in reference [78] could

be also formed by Mg atoms diffused to the surface.

STS results

Scanning tunneling spectroscopy was performed on the surface of the single
crystal of magnetite (110). Figure 7.7 a) shows I/V curves for the range of
[-2.5,2.5] volts on two regions of the STM image shown in figure 7.7 b). STS
data was recorded under the same conditions as those taken in section 6.3.4.

Area 1 shows a terrace where atomic order is not present. The latter has
been also observed regularly on the surface of single crystals and thin films on
magnetite (001). The cyan and black curves show two I/V curves on areas
marked as 2 and 1 in figure 7.7, respectively. Two important features are
highlighted. 1) The bigger conductivity gap on the nanostructure areas. 2)
The low conductivity found on the nanostructured areas at negative bias.
These two facts, are a good indication to corroborate the model proposed.
The more insulating behaviour on the nanostructures shows the lack of Fe,
ions (these irons favor electron hoping in magnetite [47]). This is in good
agreement with the formation of Mg, _,Fes,,O4 or Ca;_,Fes,,O4 on the
surface as proposed. A small tunneling current at negative bias is due to the
lack of electrons available to tunnel from the sample to the empty states of

the tip. This is is due to a lack of oxygen anions (high density of filled states)

as well as a lack of Fe,.; ions (lower density of empty states) . This has been
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Figure 7.7: a) I/V curves for magnetite (110) surface. The cyan curve rep-
resents the I/V curve taken on a (110) surface, marked as area 1 in STM
image b), where no atomic order is present. The black curve represents the
I/V curve taken on the nanostructures marked as area 2. A bigger conduc-

tive gap representing the more insulating behavior on the nanostructures is

highlighted
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proposed in our model where Fe,.; and oxygen have been desorbed from the
surface and Ca and Fe,. ions form the nanostructures.

The nanostructures were called nanotreches in chapter 6 when investi-
gating the surface on Fe3O4 (001). A more interesting case is presented for
magnetite (110) since a 90° rotation of the nanostructures is not feasible for
this surface. All nanotrenches are oriented along the same direction in all

terrraces which eases evaporation processes.

7.4 Conclusions

The surface of a magnetite (110) single crystal and magnetite (110) grown on
MgO have been investigated. It has been demonstrated that the morphology
of the (110) surface of magnetite is highly sensitive to the treatment con-
ditions which affect directly the [O/Fe] ratio of the surface and varies the
presence of contaminants on the surface.

Annealing of the surface of magnetite at ~ 1100 K in UHV for short
periods of time produced a re-organisation of the surface leading to a (6 x
8) A? and (24 x 6) A? periodicity as indicated by LEED and STM results.
The (24 x 6) A? unit cell is identified with (3 x 1) superlattice. The nanos-
tructures have been seen on both magnetite single crystals and thin films
and their appearance has been attributed to change of the stoichiometry and
diffusion of contaminants onto the surface. A model based on the formation
of a Ca;_,Fes,,0O4 or Mg,_,Fey,,O4 phase on the surface of magnetite is
proposed.

As suggested in chapter 6, the nanotemplates found on the surface of
(110) could be used for evaporation of different species compatible with their

nanosizes.




Chapter 8

Summary

8.1 Conclusions

STM tips have been electrochemically etched from both antiferromagnetic
and ferromagnetic materials, using a technique where the active etching re-
gion is physically restricted by a close-fitting section of teflon (PTFE) tubing.
This technique produces sharp tips (typically 50-100 nm in diameter), with a
low aspect ratio, making them very suitable for STM applications. Particular
emphasis has been placed on the fabrication of tips from the antiferromag-
netic materials Cr and MnNi, as it has been shown that these tips possess
a number of advantages over ferromagnetic tips for spin-polarised STM ap-
plications. The implications of the tip preparation procedure on composition
and magnetic order have been discussed for the MnNi binary alloy using
XRD, AGFM and STS analysis. Their ability to provide SP-STM results for
sample magnetisation in-plane has been proven. MnNi tips are used to obtain
atomic resolution on the Fe304(001) surface and they have been used to re-
solve the atomic structure of the (\/5 X \/§)R45° reconstruction of the clean

Fe;04(001) surface. There is strong evidence for the interpretation of these

139



CHAPTER 8. SUMMARY 140

results in terms of a spin-polarised tunneling effect, where magnetic contrast
is obtained between the Fe?* and Fe®' ions in the octahedrally terminated
surface.

A contaminant free magnetite surface exhibits a (v/2 x v/2)R45° super-
lattice. A B-terminated surface has usually been observed after annealing
the sample in an oxygen atmosphere. However, a novel preparation proce-
dure which leads to a co-existing A and B-surface termination after anneling
the sample in a hydrogen atmosphere is described. Oxygen radicals are des-
orbed from the top most layer when reacting with hydrogen gas and the loss
of Fe,. cations occurs after further annealing in UHV. The surface prepara-
tion plays a critical role in determining the surface termination of magnetite
(001).

Long annealing periods of a single crystal of magnetite in UHV induces
segregation of Ca and K contaminants from the bulk to the surface. For low
concentrations (less than ~ 2 %) of contaminants a p(1 x 2) surface re-
construction was observed. A p(1l x 3) reconstruction resulted after further
annealing with an increase of the Ca and K on the surface. No reduction
of the O/Fe ratio has been observed for this reconstruction. After long an-
nealing times the p(1 x 3) reconstruction was replaced by the p(1 x 4)
reconstruction. The O/Fe ratio has decreased as function of the annealing
time. A concentration of Ca and K similar to the p(1 x 3) reconstruction
was measured. We can conclude that the surface reconstructions of Fe;O4 are
induced on one hand by the contamination level on the surface and on the
other hand by the O/Fe ratio. For a high level of contamination a blurred
p(1 x 1) LEED mesh was observed and STM images show a surface where
topographic features can hardly be distinguished.

The topography and morphology of the non-polar surface of magnetite
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(110) has been also studied. We have demonstrated that the (110) surface
of magnetite is also highly sensitive to the treatment conditions which
affects directly the [O/Fe] ratio of the surface. Nanorows separated by 24 A
periodicity have been observed along the [001] direction for a single crystal
and a 50 nm thin film grown on MgO. These nanostructures are located in
localised areas on the single crystal and were spread on the whole surface
on the thin film. Their formation has been attributed to the presence of Ca

and Mg on the surface.

8.2 Further work

8.2.1 Further characterisation of MnNi probes

To date, STM tips made of MnNi have been fabricated and characterised by
Alternant gradient force magnetometer (AGFM), X-ray diffraction (XRD),
Auger electron espectroscopy (AES) and Transmission electron microscope
(TEM). It has also been proved by Scanning tunneling spectroscopy (STS)
their ability to provide SP-STM measurements for an in-plane magnetisation
sample. Although in this thesis their ability to provide SP-STM measure-
ments has been shown, more conclusive claims can be made after the inter-
pretation of the results which will be provided by Dr. S. McVitie and Prof. JN
Chapman. These results are related to the further investigation of the mag-
netic order of the apex of the tip. It will be given by the Lorentz Microscopy
where a transmission electron microscope (TEM) maps the stray magnetic
field near the sample surface by monitoring the interaction of transmitted

electrons with the field. More information about the local magnetisation di-

rection of the apex of the tip (in plane/out of plane as discussed in section
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4.3.4) will be obtained using a test sample such as Fe films on Au(111).
Between 0.5 and 3 ML the magnetisation of the Fe film is out of plane as
demonstrated by polar magneto Kerr effect (PMOKE) and AGFM [131,132].
If MnNi tips have a strong magnetization orientation out of plane, they could
be ideal for resolving Bloch walls, step edges between terraces and samples

with an out of plane magnetisation orientation at an atomic level.

8.2.2 Further characterisation of Fe;Oy

Magnetite (001), (110) and (111) surfaces are a suitable test system to address
fundamental questions such as metal-insulator transition dependency in low-
dimensional materials with mixed valence or how the transition is affected
by the fact that the surface of the sample is polar.

As future work, it is proposed to use spin-polarization STM to discrimi-
nate between the magnetic and electronic properties of the magnetite surface
on an atomic scale and associate it with a possible charge ordering. To achieve
spin-polarised contrast in tunneling tips will be made of the antiferromagnetic
alloy MnNi, fabricated according to the technique that has been developed
by the author. It will be also possible to apply an in-plane magnetic field in
order to achieve spin contrast.

In chapters 6 and 7, trenches and protrusions on the surface of magnetite
(001) and (110) have been imaged by STM and interpreted by a set of p(1
x n) with 1 < n < 4 surface reconstructions. A further characterization
of the properties of these surfaces is needed, i.e. a study of their transport
properties. These highly ordered structures could be a starting point for the
development of tailored magnetic surfaces. One could use these surfaces as

nanotemplates for the deposition of carbon nanotubes, fullerenes and DNA

molecules, whose sizes are compatible with the typical dimensions of our
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nanotemplates. These templates could be also used for evaporation of other

metallic materials for magnetic tunneling junction or magnetic self-assembly

purposes.



Appendix A

AES calculations

As explained in section 3.2.4, part of the sample characterisation was per-
formed by Auger electron spectroscopy (AES). The atomic concentratrations
of the elements on the surface of the crystals and thin films studied in this

thesis have been calculated by equation A.1:

Ix/Sxdx
Za(la/‘sada)

where Iy is the peak-to-peak amplitude of the principle Auger transition

5= (A.1)

measured for the element and Sy is the corresponding relative Auger sensi-
tivity factor, taken from reference [149]. The main Auger transition peaks for
pure elemental standards are marked in spectra also given in reference [149].
The summation is over one peak per element present on the surface. The
scaling factor dx is included so that concentrations may be determined from

peaks measured under different conditions, this is given by:
dx = LxEymxIpx (A.2)

where Ly is the lock-in sensitivity, Eys x is the modulation energy and Ip x

is the primary beam current.
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Figure A.1: a) The presence of K and Ca contaminants on the surface can
be clearly seen on the AES spectrum. A Ca peak at 292 eV and a K peak at
249 eV are visible, corresponding to a ~ 5.7 % and ~ 1.5 % concentration

in the near surface layers, respectively.

As an example of the atomic concentration calculations a contaminated
magnetite (001) surface is used. The AES spectrum in figure A.1 corresponds
to the p(1 x 3) surface reconstruction found in section 6.3.3.

In order to calculate the atomic concentration of the elements, equation
A.1 is used. 4 different elements are present on the surface of FezOy4, Iron,
oxygen, calcium and potassium. Since the low energy peaks are generally
more susceptible to distortion by magnetic effects and localised specimen
charging it is best to use peaks occurring above about 100 eV for quantitative

analysis. Therefore, the Fe(703 eV) peak rather than the Fe (47) peak was

chosen in this example. The other three components are Ca(292 eV), K(249
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eV) and O(509 eV). The relative peak amplitudes for Fe(703 eV), Ca(292
eV), K(249 eV) and O(509 eV) were 8.18, 2.52, 1.42 and 30.25 respectively
(in arbitrary units). The relative sensitivity factors from these peaks for a
primary beam energy of 3 KeV are 0.2, 0.5, 0.85 and 0.5 respectively. The
scale factor d, is the same for all peaks and therefore cancels out. Application

of equation A.1 to the Fe(703 eV) peak in this specimen yields:

8.18/0.20
(8.18/0.20 ++ 30.25/0.50 + 1.42/0.85 + 2.52/0.5)

[Clpe = =0.378 (A.3)

Similar calculations applying equation A.1 to the Ca, K and O peaks give,
[C]ca = 0.057, lC]K = 0.015 and [C]o —10:559:

There are several errors to these simple quantitative techniques. These are:

1. Matrix effects on the electron escape depths and backscattering fac-
tors. The dependence of Auger electron escape depth on the electronic
structure of the host material may alter the depth of measurement in
the specimen relative to that in a standard. Since the magnitude of the
Auger signal is proportional to the number of atoms in the analysis
volume, a larger escape depth will cause a corresponding increase in

Auger signal.

2. Chemical effects can change the peak shape an thus lead to error when
using peak-to-peak heights in the differential spectrum as a measure of

the Auger signal.

3. Surface topography: Generally, a highly polished surface produces a
larger Auger signal than a rough surface. This effect is minimised by
determining concentrations from equation A.1 since surface roughness

is expected to decrease all Auger peaks by nearly the same percentage.



Appendix B

LEED calculations

A detailed description of the LEED operation has been given in section ?7.
Using equation 2.20 and taking into account that magnetite has a cubic

symmetry, equation 2.19 now reduces to:

a h 12.2643

i Y = = A B.1
n  sinoa2meE.y  SinavE.y ()

where E,y is the beam energy in eV.

The radii of curvature of the screen is 66 mm and its diameter, Dy is 104
mm. Using figure 3.6, it can be established that sina = dgr/ 66. Using this

result together with equation 3.3, we can reduce equation B.1 to:

o _ 7.783 Dm0
n dphoto Vv EeV

The lattice parameters of the contaminated magnetite (001) surface stud-

A (B.2)

ied in section 6.3.3 are calculated as an example. Figure B.1 a) shows the
LEED pattern displaying fractional order spots along the [110] and [110] di-
rections. The fractional order spots are marked with bright arrows and their
separation is 1/3 of the separation between the primary spots. A red arrow

marks the measurement position. The arrow shown is twice the value dypoto-
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The energy of the primary electron beam was 47 eV. The distance between
succesive spots along the [110] direction is 48.4 mm. The value of D per in
this image is 143 mm. Using equation B.2 a lattice parameter of 5.5 A is
obtained for the [110] direction. Therefore, a 16.5 A is the value that corre-
sponds to the distance between the satellite spots in the real space. These
values were identified in section 6.3.3 with a p(1 x 3) superlattice of unit cell
6 x 18 A2,

The expected value along the [110] direction between the main primary
spots is 5.9 A. Therefore there is a 6 % error in the set up, related to the
camera optics, the position of the sample on the magnetic drive and measure-
ments of the LEED spots. Figure B.1 b) shows an schematic of the LEED
pattern found in figure B.1 a). It shows the p(1 x 1) and p(1 x 3) surface
structures in reciprocal space, whereas figure B.1 c¢) shows the interpreted

pattern, together with STM data, in the real space. The p(1 x 1) and p(1 X

3) unit cells are marked with a red and black dashed square respectively.
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Figure B.1: a) LEED pattern taken with a primary electron energy of 47

eV. Fractional order spots around the primary spots are clearly seen along

the [110] and [110] directions. They are marked with yellow arrows. Their

separation is 1/3 of that between the integral order spots. b) and c) shows

the p(1 x 1) and p(1 x 3) surface structures in reciprocal and real space.

They are marked with a red and black dashed square respectively.



Appendix C

Polar and non-polar surfaces

As we have seen in section 2.2.4, surfaces are classified in three types accord-
ing to reference [51]. Type 1 and 2 surfaces have a zero dipole moment u
in their repeat unit cell and thus stable potential. Type 3 have a diverging
electrostatic surface energy, due to the presence of a net dipole moment, not
only on the outer layers, but also on all the repeat units throughout the
material. These type of surfaces are depicted in figure C.1.

As depicted in figure 2.9, magnetite (001) has an ionic charge +6 per
layer unit cell throughout the crystal, making the surface energy diverge. It
belongs to surface type 3 and it is polar. To cancel its polarity it needs an
extra charge of £3 depending of surface termination. On the other hand,
magnetite (110) has a net dipole moment zero perpendicular to the surface.
Therefore it lies under the classification of a non polar surface.

A crystalline compound cut along a polar direction can be represented as
in figure C.2

A simple analysis of a polar surface shows how the electrostatic contri-
bution to the surface energy diverges. Each unit cell has a dipole moment

of 4 = o R. The electrostatic potential increases then as 6V = 2woR per

150
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Type 1 surface Type 2 surface Type 3 surface
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Figure C.1: Classification of surfaces according to Tasker [51]. o and p are
the layer charge density and the dipole moment in the repeat unit cell per-

pendicular to the surface respectively.

Figure C.2: representation of a crystalline compound cut along a polar direc-

tion. R represents the separation between layers in the crystal.
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double layer (0V is of the order of a few tens of eV for MgQO). The total
dipole moment M = N ¢ R of N bilayers is proportional to the slab thickness
and the electrostatic energy amounts to E = 2r NR o2, which it is very large
even for thin films (Thin films used by the author exceed 60 unit cells). It is

clear then:

A}im E =2rNRo? — o0 (C.1)

creating surface instability.
To stabilised a polar surface such as magnetite (001), implies that either
the charges or the stoichometry in the surface layers are modified with respect

to the bulk, and several scenarios would cancel the polarity:

1. One of several surface layers have a composition which differ from
the bulk stoichiometry. This leads to the phenomenon of reconstruc-
tion. This effect has been seen on the contaminant free surface of
magnetite (001) explained in chapter 5. The surface reconstructs in

a (v/2 x v/2)R45° and has a redistribution of charges.

2. Foreign atoms or ions, coming from the bulk to the surface or from
residual atmosphere in the experiment set up, provide the charge com-
pensation. This has been observed on the contaminanted magnetite

(001) and (110) where Mg, Ca and K has diffused to the surface.

3. On stoichiometric surfaces, charge compensation may result from an

electron redistribution in response to the polar electrostatic field [150].

Despite the fact that the surface of magnetite (110) studied in chapter 7
is a non-polar surface, it has been seen that under high temperature anneal-

ing treatment, the surface reconstructs. Nevertheless this does not violate
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Tasker’s model since type 1 and 2 surfaces, even having a finite surface en-
ergy, can also, in some occasions, suffer a surface re-organisation as observed

by the author.
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