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Abstract

This work consists of surface studies of three systems; firstly, the (001)
surface of a Fe3Oy single crystal, secondly, the initial nucleation of Fe on the
Ge(001) surface, and finally, iron oxide formed on Ge(001).

The magnetite (001) surface was studied using Auger electron spec-
troscopy (AES), low energy electron diffraction (LEED), scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS). The clean
surface is shown to exhibit the (v/2 x v/2)R45° LEED mesh. The surface is
imaged with tips made from both antiferromagnetic MnNi and non-magnetic
W. An enhanced atomic scale contrast is imaged with the MnNi tips, which is
explained in terms of a spin polarised contribution to the tunneling current.
A model of the surface termination is put forward.

AES, LEED and STM/STS were also used to study the Fe/Ge(001) sys-
tem. The work concentrates on the initial nucleation of Fe on the (2x1)
reconstructed surface. The clean surface is characterised and then the nucle-
ation of sub-monolayer Fe films is studied. STS is carried out on the surface.
The influence of elevated substrate temperature on the nucleation is also ex-
amined, as is post annealing of films deposited at room temperature, and the
temperature dependence of intermixing between the Fe and Ge.

Finally iron oxide/Ge(001) is studied. The oxide is formed by post an-
nealing of Fe films on Ge(001). The surface of the films are characterised with
AES, LEED and STM/STS. The results are consistent with the formation of
magnetite (001). The effect of annealing temperature on the surface is also

examined.
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Chapter 1

Introduction

Current semiconductor technology makes use of electron charge for informa-
tion processing. On the other hand, magnetic recording devices, which make
use of the spin of the electron, are generally used for mass storage of infor-
mation. The possibility of making devices which allow the use of both the
charge and spin of the electron is the focus of much current research [1,2].
For example, the growth and characterisation of proposed half metals [3],
fabrication and measurements of new ferromagnetic semiconductors [4-6],
and the growth of ferromagnetic layers on semiconductors with a view to
injection spin polarised carriers [7,8] are all highly active areas of research.
Within this field, magnetite, Fe3Oy4, has attracted much interest due to
the fact that it is predicted to be a half metallic ferromagnet; that is, the
electrons at the Fermi level are 100% spin polarised [9]. This fact, coupled
with its relatively high T., makes it a suitable candidate for use as a source of
spin polarised electrons. A detailed knowledge of the surface properties of this
material is essential for device development. To this end, the study presented
here involves a detailed investigation of the (001) surface of magnetite, using

Auger electron spectroscopy (AES), low energy electron diffraction (LEED)
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and scanning tunneling microscopy and spectroscopy (STM/STS).

Fe/semiconductor systems have also attracted much interest due to the
possibility of injecting spin polarised carriers from the ferromagnetic layer
into the semiconductor. This avenue towards integrating charge and spin
electronics is perhaps the most suited to current processing technologies [7].
Such spin injection has already been successfully demonstrated [10]. The
work presented here concentrates on the initial nucleation of Fe onto the
Ge(001) substrate, for deposition at both room temperature and elevated
substrate temperature. The types of Fe island formed on the surface, and
the influence of the islands on the Ge substrate, are discussed in detail. The
system is also studied with regard to the integrity of the interface, and the
onset of intermixing following post annealing. Intermixing at the ferromag-
netic/semiconductor interface is an important issue, as it drastically alters
the electronic, magnetic, and transport properties of the interface.

Finally, it is of interest to attempt to grow proposed half metallic materi-
als, such a magnetite, on semiconductor substrates [11,12]. This is to inves-
tigate the possibility of integration of potential spin polarised carrier sources
into current processing technologies. In the work presented here, Fe films on
Ge(001) are oxidised and charaterised using AES, LEED and STM/STS. The

results are in agreement with the formation of magnetite (001).




Chapter 2

Experimental Techniques and

Set-up

2.1 Background of Experimental Techniques

2.1.1 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is one of the most important, and widely
used, chemically sensitive surface analysis tools for conducting and semicon-
ducting samples [13,14]. The technique is based on the excitation of so-called
” Auger electrons”. A schematic of the process is shown in figure 2.1. The
sample is bombarded with primary electrons of energy 3 - 10 keV. For the
example shown in the figure the, so called, K level is ionised by an incident
electron. For ionisation to occur the energy of the incident electron, E,, must
be greater than the binding energy of the electron in the K level, Ex. A hole
is created in the K level, which is subsequently filled via an electron transition
from an outer level, shown as L in the schematic. Following the transition

an excess energy, (Ex-Er;), is available. This energy can be used in one of
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Figure 2.1: Schematic of the Auger emission process. The ground state is
shown on the left. Centre: An incident electron of energy E, creates a hole in
the core level, K, by ionisation. Relaxation occurs and an electron from the
L, level fills the core level hole, releasing an energy, (Ex-Ep;). This energy can
be emitted as a photon (red arrow), or can be given to a secondary electron,
which is then emitted from the crystal (blue arrow). The state following

emission is shown on the right.

two ways. Firstly a characteristic X-ray photon of energy (Ex-Er;) can be
emitted. This is called X-ray fluorescence. Alternatively this energy can be
given to another (secondary) electron, occupying either the same level or a
more shallow level, and this secondary electron is then ejected. This is the
process of Auger emission. The Auger transition of figure 2.1 is labelled as
KL;Ly3. The Auger electrons have a characteristic energy for each element,
allowing one to identify the element emitting them. The technique renders

information on the elemental composition of the first 2-10 atomic layers [13].
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Figure 2.2: Schematic of the Bragg condition for a 1-D lattice, as explained
in the text.

2.1.2 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is an important technique in the field
of surface science, which allows one to determine the structure and degree
of order of a crystal surface [15,16]. A beam of monochromatic low energy
electrons is incident normal to the sample. If the sample has a well ordered
crystalline surface then for certain energies the impinging electron beam is
elastically back-scattered by the Bragg planes of the crystal back onto a
fluorescent screen, which displays the diffraction pattern of the surface.

The impinging electron beam may be regarded as a succession of electron
waves incident on the crystalline sample. These waves will be scattered by the
atoms of the crystal, as they are areas of high electron density. The atoms
can be considered to act as point particles. A plane wave incident on an
atom, or the atoms of a unit cell, will be scattered in all directions. However,
for a crystal, interference between the scattered waves from neighbouring
unit cells will restrict the net flux to those directions in which the scattered
waves from all of the unit cells are in phase. This condition is met only when
the scattered waves from neighbouring cells differ by an integral number of
wavelengths, A. For the simple case of a 1-D lattice this in-phase condition for

constructive interference is met for all integers, n, that satisfy the condition:
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a(cosgy, — cosp,) = nA (2.1)

where a is the distance between the scattering planes, A is the wavelength
of the incident wave, ¢, is the angle of the incident plane wave with respect to
the plane of the crystal, and ¢, the angle of the emergent beam with respect
to the plane of the crystal. This condition is known as the Bragg condition,
and is illustrated schematically in figure 2.2. Describing the incident beam

and the emergent beam as vectors, S, and s, respectively, this can be re-

written as
@.(s;, — So) =mA (2.2)
or
a.As; = nA (23]
where
TN = O = (2.4)

This is known as the Laue condition, which requires that the three vectors
S, $n and As,, form a triangle with two identical sides. The diffracted beams
are determined by As;, and, in the one dimensional case, they are given by
integral multiples of the basic unit (A/@). This involves the reciprocal of the
real space lattice vector, d@, and we thus define the reciprocal lattice vector,
a*=1/d.

For surface diffraction to occur in a 2D system, with translation vectors
h and [, the incoming electron beam must conserve both its energy and the

component of its momentum parallel to the surface:

—2 -2 -2 -2 — —
k| +kl =k +K , k=Fk+gu (2.5)
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where k] and k, are the parallel and perpendicular momentum components
of the incident beam, while k_ﬂ and ki are those of the diffracted beam. The
reciprocal lattice vector, now labelled gy, is related to the beam energy E.y,

the electron mass m,, and the diffraction angle a by:

= - - 2me By .
|gri| = |ha* + Ib*| = |k|sina = %sma (2.6)

where a* and b* are the reciprocal lattice primitive net vectors. These are

related to the real space vectors @ and b by [17]:

— -

dat=bb*=2r ab-=ba*=0 (2.7)

This shows the direct correspondence 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 . The Miller indices of
the diffracting planes are used to index the diffraction spots of the LEED
pattern.

In general, for LEED experiments, the sample is normal to the incoming
beam. This means that k] = 0 for the incident electrons. Therefore the
observed diffraction pattern will be an image of the reciprocal lattice of the
surface. LEED patterns of surfaces are taken at energies ranges between 20
and 500 eV. In this energy range the de Broglie wavelength of electrons have
the same order of magnitude as the interatomic distances of crystals. The
electron mean free path is of the order of ~ 5 - 10 A, meaning that this

technique is sensitive only to the surface layers.

2.1.3 Scanning Tunneling Microscopy

The scanning tunneling microscope (STM), invented in 1981, revolutionised

the field of surface science [18]. For the first time it allowed the "real space”
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imaging of the surface structure of conducting and semiconducting samples,
down to the atomic scale. However, as is explained below, in reality the tech-
nique probes the electronic structure of the surface, rather than the actual
topographical structure. Detailed descriptions of the technique and its uses

are found in references [19,20].

Tunneling Theory

The STM is based on the principle of quantum mechanical tunneling. Accord-

ing to classical mechanics the probability of an electron tunneling through

a potential barrier is zero. However, according to quantum mechanics the

electron has a non-zero probability of tunneling through the barrier. The dy-

namics of the free electron model of a metal-vacuum contact are described
by the Schrodinger equation:
IR

—5——=¥(2) + U(2)¥(2) = Ey(2) (2.8)

2m dz?

where m is the electron mass and h = h/2m (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)

¥() = 9O, k=Y — (29)

where the electron can move in either the positive or negative sense of direc-
tion.
In the classically forbidden barrier region where E < U(z), the

Schrédinger equation has the solution:

e 2m(U — E)
YASE™, s (2.10)
The « 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
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finding the electron at a position z inside the barrier region, which is given
by:
P | ¥(0) |? &7~ (2.11)

Consequently, if the width of the tunnel barrier is sufficiently narrow, there
is a finite probability that the electron can tunnel through the classically
forbidden barrier region.

It is this electron tunneling that the STM exploits. An STM junction
[Fig. 2.3(b)] consists of a sharp metallic tip, stabilised at a distance of a few
A from a conducting sample. The height of the tunnel barrier is determined
by the work function ¢ of both the tip and the sample. The work function
is the minimum energy necessary to remove an electron from the metal to
vacuum. For convenience the work function of tip and sample are considered
to be identical in the following discussion of the technique. Those electrons
with Fermi energy £y = —¢ have the greatest tunneling probability, since by
definition the Fermi level, Ef, denotes the upper limit of electron occupancy.
In the absence of an applied bias, electrons have an equal probability of
tunneling through the barrier in either direction, and so there is no net tunnel
current. On the application of an external bias voltage V, electrons in the
sample (or tip, depending on polarity) within the energy range Er — eV <
E < Er have an increased probability of tunneling through the barrier. If
eV < ¢, then only electron states very near to the Fermi level are probed.

The probability that an electron in the n* electron state will tunnel

through a barrier of width W is then given by:
Po| ,(0) 272V, g=L1—¥T (2.12)

Considering all of the states in the energy range probed, Er —eV < E < Fp,
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Figure 2.3: Schematic representations of (a) an electron described by the
wavefunction v(z) travelling in a one-dimensional potential U(z) and (b) a

STM junction under an applied bias V.
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the tunnel current is:

Ep

I, x Z | (0) [P e (2.13)

E=Ep—eV
Rewriting this equation, in terms of the local density of states (LDOS), at
E¢, of the sample surface, ps(0, Er):

I, < Vps(0, Ep)e™2W (2.14)

From this equation one can see that; (i) the tunnel current is directly
proportional to the bias voltage applied across the tunnel junction, and (ii),
the tunnel current decays exponentially as the width of the tunnel barrier
(i.e tip-sample separation) increases. The tunneling current is also depen-
dent on the LDOS of the tunneling tip. The significance of the tip contribu-
tion can be accounted for through a time dependent perturbation model of
metal-insulator-metal tunneling, proposed by Bardeen [21]. In this approach
a Transfer Hamiltonian Hr is used to describe the tunneling of an electron,
from a sample state v, to a tip state x. The tunnel current is a convolution
of the sample LDOS p; and the tip LDOS p;.

o i‘% OCV ouip — oV L E (e B (B A (2.15)

The tunnel current I; also includes a tunneling matrix element M, which

describes the amplitude of electron transfer across the tunneling barrier, as
a function of the overlap between sample states (¢) and tip states (x).

M s

It is determined by a surface integral on the medium separating the two

)dS (2.16)

electrodes. If M is constant over the voltage range probed, the tunnel current
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is determined by a convolution of the LDOS of the two electrodes, the tip,

and the sample.

Spin Polarized Tunneling

The above treatment shows that the tunnel current between the tip and the
sample depends on the width of the tunnel barrier W, the local barrier height
¢, and the applied sample bias V:

I=I(W,¢,V) [2.17)

However, if magnetic electrodes are involved there is an additional, spin-

dependant, contribution to the tunneling current:

I1=I1(W,$,V,1) (2.18)

Spin-dependant tunneling was first demonstrated by Tedrow and Merser-
vey, using planar ferromagnetic-oxide-superconductor tunnel junctions [22].
Within the Stoner model of ferromagnetism, the spin-up and spin-down parts
of the spin-dependent density of states of the ferromagnetic electrode are
shifted relative to each other by the exchange energy. As a result, the spin-
up and spin-down parts of the DOS have different magnitudes at E;. Due to
the differing DOS of the two spin species the current-voltage characteristics
of the junction were observed to be asymmetric.

Spin-dependent tunneling has also been observed in ferromagnet-
insulator-ferromagnet junctions [23]. This case was theoretically treated by
Slonczewski [24]. He considered a tunnel junction with two identical ferro-
magnetic electrodes, labelled f, separated by an insulating barrier b, where
the directions of the internal magnetic fields of the electrodes differ by an

angle #. Within the free electron model, and in the limit of small applied
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Figure 2.4: Schematic of spin polarised scanning tunneling microscopy. (a):
Using a W tip, which does not have a spin split density of states, all atoms
are imaged as equivalent. (b): Using a tip made from magnetic material,
which has a spin split density of states, results in enhanced tunneling for one
spin type over the other, allowing one to resolve atoms with different spin

configurations.
bias, Slonczewski found the following expression for the conductance of the

junction:

g = O'fbf(l o Pf?bCOSO), ‘ be g 1 (219)

In this equation, Py, is the effective spin polarization of the ferromagnetic-
barrier interface and oy is a mean conductance, which is proportional to

exp(-2xz). For differing ferromagnetic electrodes the conductance is:
o= Ufbf(l aF bePf/b)COSO, | be <l (2.20)

For the two cases where the internal magnetic fields of the junction electrodes

are parallel and anti-parallel:
o = O'fbf(l A bePf/b) (2.21)

o1y = ops(1 = PpsPyr) (2.22)
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The effective spin polarization for the whole junction is then found to be:

Oty a
Phgie DuPye= Lo (2.23)
e i Ot gyl

The use of a magnetic STM tip to image a magnetic sample can therefore
yield information on the magnetic structure of the sample [Fig.2.4]. However,
some aspects of this technique are still not well understood, such as separat-
ing the magnetic and electronic contributions to the tunnel current and the
magnetization direction, and degree of spin polarization, of the tips used for

the experiments. A recent review of the technique is found in reference [25].

Scanning Tunneling Spectroscopy

As has already been discussed, the tunnel current in a tunneling junction is
dependent on the barrier width, the local barrier height and the applied bias
voltage. When tunneling between metallic electrodes in the low bias limit (~
mV), the tunnel current varies linearly with bias voltage. However, for higher
bias the tunnel current generally does not exhibit Ohmic behaviour, and the
image obtained with STM can vary greatly with junction bias. This is par-
ticularly true for semiconductor surfaces. Scanning tunneling spectroscopy
(STS) allows one to examine how the tunnel current varies with voltage by
acquiring I(V) curves of the tip-sample tunnel junction [19]. In general, the
feedback loop is interrupted for a few hundred microseconds so that the tip
sample distance remains constant during the curve acquisition. There is a
delay to allow the sample-tip distance to stabilise. Due to the exponential
dependence of tip-sample distance on the tunnel current it is vital that this
distance remains constant during the curve aquisition. The bias voltage is
then ramped through the desired range and the I(V) characteristic of the
junction measured. The feedback loop is then re-engaged and scanning con-

tinues. Curves can be taken at a single point, or a grid I(V) map of the
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surface can be obtained. As the tunnelling current is a convolution of the tip
and sample DOS the measurement will only contain meaningful information

about the sample DOS if the tip DOS is constant over the voltage range used:
pt(E) = const (2.24)

and again using the assumption that the tunnelling matrix element M is
constant over the voltage range probed, then from equation 2.15:
dl

— o( By — Ey,+ E :
=  pu(By - Ey + E) (2.25)

This equation essentially means that, assuming the validity of the above
assumptions, a measure of the sample DOS can be obtained from the deriva-
tive of the I(V) curve. However, it must be borne in mind that, in reality,
the assumption of a constant M does not hold. The tunnelling probability
is always highest for states at the Fermi level. Therefore when tunnelling
from the tip to the sample, most of the tunneling electrons will come from
the Fermi level of the tip, and will probe the empty states of the sample.
However, when tunnelling from sample to tip most of the tunneling electron
will come from the Fermi level of the sample, therefore offering limited infor-
mation on the occupied states of the sample. A data normalization process,
first proposed by J. Stroscio et al. [26] and N.D. Lang [27] can help solve this

problem. From equation 2.15:

eV
I x E)D(E)dE
Lot | e (2:26)
0
where D(E) is the transmission probability for an electron.
dlfdV _ dinl _ p(eV)D(eV) (2.27)

IV dmv LV e e
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Then, to a first order approximation, the transmission probability cancels

and the normalised conductivity is approximately proportional to the DOS;

dl/dV _ p(eV)

IV " % k¥ o(E)dE

The inherent weakness of STS as a spectroscopic technique is that it only

(2.28)

maps the electronic states that protrude from the sample and significantly
overlap with the tip wavefunction, essentially resulting in a negative pene-

tration depth [19].

2.2 Experimental Set-up

The original ultra high vacuum (UHV) system was designed and constructed
by Professor 1.V. Shvets, Dr. A. Quinn and Dr. J. Osing. It consists of three
main chambers, the preparation chamber, the room-temperature STM (RT-
STM) chamber and the low-temperature STM (LTSTM) chamber. The lay-
out of this system is shown schematically in figure 2.5. A full description of
the construction and operation of the RTSTM is given by Quinn [28]. The
LTSTM description can be found in reference [29], while a detailed descrip-
tion of the preparation chamber is found in reference [30].

Each chamber can be valved off from the rest of the system via a se-
ries of UHV gate valves (VAT [31]) and brought to atmospheric pressure
for maintenance without breaking vacuum in the rest of the system. A fast
entry loadlock is connected to the preparation chamber by a gate valve, al-
lowing the introduction of samples and tips without breaking vacuum. When
not in use, this loadlock is usually maintained in the low 10~7 mbarr range
by a 20 L.s™' differential ion-pump (Perkin-Elmer [32]). Tip and sample

transfer throughout the system is facilitated by a series of wobblesticks and
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Figure 2.5: Top view schematic of the UHV system.
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magnetically-coupled linear drives (Vacuum Generators Ltd. [33]) which can
access each sample stage. The pressure in each chamber is monitored us-
ing nude Bayard-Alpert type ionisation gauges (Perkin-Elmer [32]). The en-
tire system is supported on a stainless steel box-section frame which can
be floated on pneumatic dampers to isolate the system from building vibra-
tions during STM operation. The box-section is filled with gravel to minimise

hollow pipe vibrations.

2.2.1 The Preparation Chamber

The preparation chamber was design by Dr. S. Murphy [30] and manufactured
by Caburn-MDC Ltd. [34]. To achieve UHV the chamber is usually baked
for 3 days at ~150°C. A base pressure of ~ 1.33 x1071° mbar is obtained in
this chamber after baking out.

A number of pumps are used to achieve UHV conditions in the chamber.
Firstly a 260 L.s™! turbomolecular pump (Pfeiffer Vacuum [35]), which is
backed by a 0.7 L.s~! two-stage rotary vane pump. A double-ended 240 L.s™!
differential ion-pump (Physical Electronics [32]) 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). Finally a
non-evaporable getter pump (NEG), from SAES Getters [36], is positioned
mid-way along the chamber.

The chamber contains facilities for in-situ tip and sample preparation: a
resistive heater, an Ar™ ion gun, precision leak valves for the introduction
of high purity gases, a triple evaporator with integral flux monitor (Omi-
cron [37]) and a quartz crystal deposition monitor (Inficon [38]). In addition,
the preparation chamber also contains a cylindrical mirror analyser (CMA)

based Auger electron spectroscopy subsystem (Perkin-Elmer [32]). A detailed
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description of the main sample preparation facilities used for the preparation

and analysis of samples is given below.

The Resistive Heater

The resistive heater was designed by C. Kempf. A schematic of the resistive
heater set-up can be seen in figure 2.6. It also acts as a sample stage for
Ar™ ion etching and thin film deposition. It 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 holder sits inside a Ta insert, which
fits inside the crucible. The sample holder consists of a Ta cap that screws
onto a Mo body. Both the crucible and the Ta insert have concentric aper-
tures machined in their bases to facilitate film depositions. The sample can
be inserted face-down for film depositions, or face-up for Ar* ion bombard-
ment. The crucible fits inside a stainless steel can, which is attached to a
feedthrough for the quartz crystal monitor. This feedthrough comprises two
water cooling pipes and a BNC feedthrough to carry the signal from the
in-situ quartz crystal to the ex-situ 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. This thermocouple allows calibration
of the resistive heater each time the W filament is replaced. The heater is
calibrated for temperature (K) versus filament power (W), with the thermo-
couple placed in a sample-holder mounted face-down in the heater. Samples
can be heated in a temperature range of ~ 350 K to ~ 900 K using this

heater.
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Figure 2.6: 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 [39].

The e -beam Heater

The preparation chamber is also equipped with an electron beam heater,
for higher temperature preparation procedures. The electron beam heater
was designed and assembled by Dr. J. Osing [29]. The sample holder is
mounted into a Ta stage which is held at a potential of +1 kV. A current
(1.5 A <1< 45 A) is passed through a grounded thoriated tungsten
filament (¢ = 0.15 mm, 1 % Th), which generates thermionic emission of
electrons. These electrons are accelerated towards the cap of the sample
holder, whereupon collision, their kinetic energy is transferred to the sample
as heat. Because the filament is situated to one side of the sample there is a
temperature gradient across the sample. Surface temperatures are measured
from outside the chamber using an infra-red pyrometer (Altimex UX-

20/600 [40]) operating in the 1 pm range, which gives a transmission of 95%
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through the Kodial window. Due to the low annealing temperatures necce-

sary for the samples in this study the e”-beam heater was not generally used.

The Art Ion Gun

The preparation chamber is fitted with an inert sputter ion source (PSP vac-
uum technology [41]) for Ar* ion etching of STM tips and in-situ cleaning of
samples. There are two tungsten filaments, through which typical filament
currents of 2.6 A run. The argon gas is introduced through a leak-valve, di-
rectly into the gas-cell of the ion-gun, and ionised by electron bombardment.
A bias voltage of 0.5 to 2 keV is applied to the sample or tip to be sput-
tered. Discharge currents 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. This insert is
isolated from ground by the surrounding ceramic crucible. The thermocouple
spot-welded to this insert allows the target current to be measured. This is
typically of the order of 8.0 < I < 20.0 pA for a 0.5-2 keV beam energy and

an Ar pressure of 6.65 x 107% mbar.

The Triple Evaporator

Thin film depositions are performed using an Omicron EFM3T UHYV triple
evaporator, with integral flux monitor [37]. This is a three cell electron beam
evaporator. The evaporant can be evaporated from an ultrapure metal rod, or
from a crucible containing small pieces of the desired material. The evapora-
tion of the source is achieved by electron bombardment heating, whereby the
bombarding electron beam induces a temperature rise of the source. The in-

strument allows high precision sub-monolayer or multi-layer deposition. The
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flux monitor consists of an ion collector at the beam exit column. At a given
electron emission current and e -beam energy, the ion flux measured is di-
rectly proportional to the flux of the evaporated atoms. A shutter is present
at the beam outlet, allowing precise control of evaporation times. The evap-
oration cell itself is contained in a water-cooled copper cylinder which, along
with the highly localised heating of the evaporant, helps maintain UHV con-

ditions during evaporation.

2.2.2 Auger Electron Spectroscopy Set-up

The Auger analyser is a cylindrical mirror analyser (CMA, model 10-155A
Physical Electronics [32]). A schematic of the Auger analyser is seen in fig-
ure 2.7. The primary electron beam is generated from a hot filament source,
and accelerated through a potential V,. The beam current can be varied by
changing the extraction potential V. The electron gun is within two con-
centric cylinders. The inner cylinder is grounded, while a deflecting potential
is applied to the outer cylinder. The deflecting potential is chosen such that
only electrons of a particular energy will pass through the exit aperture. The
analyser current is given by the number of electrons that pass through this
aperture. Between the exit aperture and the collector an electron multiplier
is used to amplify the analyser current. Primary electrons of known energy,
which are reflected from the sample surface, are used to optimise the signal
intensity to find the analyzed spot, and calibrate the analyser. A full descrip-
tion of the operation of the Auger analyser can be found in [15]. A beam
energy of 3 keV was used for all measurements. The filament and emission
currents were 3.2 A and 0.4 mA respectively, giving a target current of ~ 8
pA. A SR 850 DSP lock-in amplifier from Stanford Research Systems [42] was

used to output a 0.5 V., sinusoidal signal of frequency 12 kHz to modulate
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Figure 2.7: Schematic of cylindrical mirror Auger analyser

the deflecting voltage applied to the outer cylinder. A lock-in sensitivity of
100 pV was then used to detect the Auger signal. The scan speed was always
set at 1 eV.s™!.

2.2.3 Low Energy Electron Diffraction Set-up

The RVLO 900 four-grid reverse view optics used in the experiments de-
scribed here were manufactured by VG Microtech [43]. The optics are
mounted on a O.D. 200 mm CF custom elbow which is tilted at an angle
of 30° to the horizontal. The sample sits in the transfer fork of a magnetic
drive, which is grounded by a stainless steel braid to an OFHC copper block
at the bottom of the LEED annex. The sample is rotated in this drive so
that its surface faces the electron gun. Scattered electrons are collected by

the grids and screen located behind the gun.
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Figure 2.8: Schematic of four-grid optics operating in LEED mode (c.f. ref-

erence [17]).

A schematic illustration of a four-grid LEED apparatus is shown in figure
2.8. It consists of an electron gun, providing a collimated beam of electrons,
and a hemi-spherical fluorescent screen on which the diffracted electrons are
observed. The grid nearest the sample, M1, is earthed, so that electrons scat-
tered 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 scat-
tered 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.
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Figure 2.9: Schematic representation of a STM head similar to the RTSTM

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

2.2.4 STM Design and Operation

The room temperature STM head is constructed of macor and comprises of
a piezo tube scanner and a fine approach walker [Fig.2.9]. It is based upon
the system developed by Dr. S.H. Pan at the University of Basel, Switzerland
[44]. In this design the sample is mounted on top of a cylindrically polished
sapphire rod. The rod is clamped between a set of six piezo stacks, mounted
in a triangular fashion. One pair of piezo stacks is spring-loaded against
the sapphire rod. The motion of the sapphire rod occurs in two steps. First
the stacks rapidly shear simultaneously so that the rod remains fixed as
the stacks slip along the rod. All six piezo stacks are then allowed to relax
simultaneously, such that the rod is dragged in the direction opposite to the
original shear direction.

The piezoelectric tube scanner has four separate electrodes, of equal area,
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parallel to the axis of the tube. The inner electrode is grounded, so that when
a voltage is applied to one of the outer electrodes the tube scanner bends
away from that electrode. 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 [28] which works in conjunction with the pneumatic dampers
on the system frame.

For the STM used in this study the junction bias voltage is applied to the
sample. Therefore stated junction bias values, Vy, are for the sample with
respect to the tip. The STM controller used for these experiments is a SCALA
system by Omicron [37]. This controller allows the user to compensate for the
thermal drift using a topographic feature of the STM image as a reference
point. The accompanying software provides functions for data analysis. Data

was also analysed using commercial software from Nanotec Electrica S.L. [45]

2.2.5 STM Tips

Atomically sharp and stable tips are vital in order to obtain atomic scale res-
olution using STM. For this reason tungsten is the most widely used material
for tip preparation. It is relatively hard, making it a stable probe material,
and it can be electrochemically etched, allowing the preparation of atomically
sharp tips [19].

For SPSTM, described in section 2.1.3, it is necessary to use a mate-
rial with a spin split DOS. Initial studies used bulk ferromagnetic tips [46].
However, the stray magnetic field of these materials can alter the magnetic
properties of the sample one is attempting to characterise. One method to

prevent this is the evaporation of thin films of magnetic material onto W
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tips. However, this does not generally result in atomically sharp probes. The
other is the use of antiferromagnetic materials, such as Cr or MnNi, which
do not have a stray field [47]. STM was performed with tips prepared from
a range of materials in the course of this work; tungsten, platinum iridium,
manganese nickel and chromium. Except where stated the STM images in
this thesis were obtained with W tips. Tips were usually prepared using a

chemical etching procedure and their preparation is described in detail in [48].

W Tips

These tips are prepared from ¢ = 0.5 mm W wire. The wire is cut into small
rods and a small insulating layer, a PTFE tube, is place on the end of the
rod. The rod is then clamped into a modified micrometer screw, which allows
precise positioning of the rod in a beaker of 2.0 M NaOH solution. The W
wire acts as the anode while a submerged metal foil acts as the cathode.
Under an applied 4 V dc bias chemical etching occurs at the air/electrolyte
interface. The W oxidises to form soluble WO?~, which flows away from the
active etching region. This leads to a thinning of the wire at the interface
region, and eventually the submerged section of the wire falls off under it
own weight. During the etching process the PTFE acts to physically restrict
the active etching region [49] and also protects the tip that falls into the
beaker [50]. This tip etching setup is shown in figure 2.10. The tips are then
rinsed with propanol-2-ol, placed in tips holders and inserted into UHV. The
tips are then etched with Ar* ions to remove the WO3~ present from the

chemical etch process. This process produces stable, atomically sharp tips.




CHAPTER 2. EXPERIMENTAL TECHNIQUES AND SET-UP 28

MicropositionerI

L

—— 4V dcbias

PTFE tubing

2MNaOH__ -, *[}
g S. Steel cathode

Figure 2.10: Electrochemical etching set-up used to prepare STM tips from
W, MnNi and Cr rods.

PtIr Tips

Platinum Iridium tips were prepared by mechanical shearing of a ¢ = 0.25
mm Ptgylryy wire. The wire is pulled and cut simultaneously using snips. PtIr
does not oxidise and does therefore not require in-situ UHV Ar* ion etching.
This method does not result in the same reproducibility as chemical etching

and these tips were mainly used for testing of microscopes in air.

MnNi Tips

MnNi tips were prepared in a manner similar to that described for W. Cylin-
drical rods, of roughly ¢ = 0.5 mm are prepared from an ingot. They are
then chemically etched, again using PTFE tubing, in 0.5 M HCI solution.
Following chemical etching they are inserted into UHV and subjected to Ar*

ion bombardment. These tips are again very sharp and stable. MnNi has a
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very high Néel temperature of ~ 900 K, meaning it is suitable for room tem-
perature SPSTM experiments. The main problem that arises with the use of
MnNi tips is that the composition of the apex is uncertain [51]. For example,
the electrochemical etching could be preferential to one of the elements, re-
sulting in a Mn or Ni rich apex. Magnetic contrast has been achieved using

these tips on the well characterised Mn/Fe(001) system [51].

Cr Tips

Cr tips were etched, again using the PTFE insulation method, using 2 M
NaOH solution. The cylindrical rods were prepared from a high purity Cr
ingot. Again, sharp tips (50-100 nm tip apexes), with a low aspect ratio,
were obtained. The fact that elemental Cr is used for these tips removes
the problem of identifying the tip apex composition, however the low Néel
temperature of this material makes it more suitable for experiments below

room temperature.




Chapter 3

Magnetite (001)

3.1 Introduction

Magnetite, Fe3Oy, also known as lodestone, is the oldest known magnetic
material [52]. It exhibits a metal-insulator transition, known as the Verwey
transition, at T, ~ 120 K [53,54], which has led to much research into under-
standing the nature of this transition [55]. Furthermore, interest in magnetite
has intensified recently due to the fact that its conduction electrons are ex-
pected to be 100% spin polarised, even at room temperature [9]. This spin
polarisation of the charge carriers means that magnetite is a candidate mate-
rial for devices that exploit the spin of the electron, such as magnetic tunnel
junctions, a field which has seen much recent interest [56,57]. This chapter
explains the structure and properties of magnetite, and gives an overview of

recent work.

30
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Figure 3.1: Ball and stick model of the magnetite unit cell. The blue ions
represent Felr  cations, the red Fe%5" cations, and the white O?~ anions. It
can be seen that the structure forms alternating planes of octahedrally and

tetrahedrally co-ordinated Fe ions.
3.2 Bulk Structure

Magnetite crystallises in an inverse spinel structure, containing 32 O?~ anions
arranged in a face centered cubic lattice. This O% lattice results in the
formation of 64 tetrahedral interstices (denoted A-sites) and 32 octahedral
interstices (denoted B-sites). Consecutive A- and B- planes are separated by
1.05 A. Fet cations occupy 8 of the 64 A-sites, whereas the B-plane forms
a mixed valence plane with 8 Fe?* ions and 8 Fe®** ions. The unit cell has a
lattice constant of 8.3963 A. The Fe ions of the octahedral plane form rows
running along the <110> directions. These Fe,.; ions have a periodicity of 3
A along these directions, and the rows that they form are separated by 6 A.
The direction of these Fe rows rotate by 90° between successive octahedral

planes. The tetrahedral plane has a four fold symmetry. The Fe ions of the
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A- and B- planes are arranged in a ferrimagnetic order, with the spins of the
Fe?* ions on the A-plane antiparallel to the spins of the Fe?* and Fe3* ions

on the B-plane.

3.3 The Verwey Transition

The Verwey transition is a class of metal insulator transition, classified as
a spontaneous intercorrelated change of both lattice symmetry and electric
conductivity in certain ionic crystals at a critical temperature. It was first
observed in magnetite [53,54]. Magnetite has a relatively high conductivity
at room temperature (~ 200 Q~'cm™!) which is attributed to the ability of
electrons to hop between the Fe?* and Fe®* sites of the octahedral planes.
This electron hopping is frozen out at low temperatures, and at 120 K mag-
netite undergoes a metal-insulator transition where the electron hopping is
completely inhibited and the crystal symmetry is lowered [53,54]. It was gen-
erally thought that the transition leads to an ordering of the Fe?* and Fe3*
ions on the octahedral sites, although the exact nature of this ordering was
not agreed upon. Originally, Verwey proposed that the Fe** and Fe?' ions
occupied alternate planes. Later studies demonstrated that ordering of the
Fe?* and Fe®' cations on the same octahedral planes is more likely. Nuclear
magnetic resonance [58,59], high energy transmission electron diffraction [60],
and high resolution neutron and synchrotron x-ray powder diffraction exper-
iments [61] all found evidence for two structurally distinguishable B-sites be-
low T,. However, recent x-ray resonant scattering studies by Garcia et al. [62]
and Subias et al. [63] provide evidence that, below T,, charge ordering of the
Fe ions does not in fact occur and suggest that a charge disproportionation of

at most 25% occurs. They suggest that the entire concept of the transition as
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an electronic ordering of the Fe,. ions needs to be reconsidered, and that it is
better explained in terms of a condensation of phonons [63]. They specifically
disagree with models that suggest a complete disproportion of charge into
Fe?* and Fe3* ions, such as the original Verwey model, and the later patterns
proposed by Mizoguchi [59]. Further evidence of this idea is given by the fact
that more recent NMR studies by Mizoguchi [64] have found evidence for 16
distinguishable Fe, sites in the magnetite unit cell below T,. It is clear that
despite decades of intensive research the electronic properties of magnetite,
and in particular the mechanism of the Verwey transition, are still not well

understood.

3.4 Half Metallic Ferromagnet

Much of the recent interest in magnetite centres on the fact that it is pre-
dicted to be a half metallic ferromagnet, with 100% spin polarisation of the
charge carriers at E; [Fig. 3.2]. Augmented plane wave (APW) calculations
by Yanase and Siratori [9] show a gap in the majority spin band at Ef, but
no such gap in the minority spin band. Later band structure calculations
using the local spin density approximation by Zhang and Sathapy [65], gen-
erally agree with the earlier APW calculations. The calculated DOS from
reference [65] is shown in figure 3.3. It shows the majority spin up band to
be semiconducting, whereas the minority spin down band is metallic, at Ey.
Only spin down electrons, occupying the ty, level, are present at the Fermi
level, and these have a predominantly Fe(B) character. It is also evident that
the O, levels lie far below the Fermi level.

Both calculations are in agreement with earlier photoelectron spec-

troscopy (PES) experiments by Alvarado [66]. Experimental data, more re-
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Figure 3.2: Left: Schematic of total density of states for a ferromagnet. Spin
polarised 3d electron are present at the Fermi level, along with unpolarised
4s electron. Right: Schematic density of states of a half metal, only one spin

polarised sub-band is occupied at the Fermi energy.

cent than the PES experiments of Alvarado, also support the half metallic
nature of magnetite suggested from these band structure calculations. Dedkov
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