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A bstract

This work consists of surface studies of three systems; firstly, the (001) 

surface of a Fe3 0 4  single crystal, secondly, the initial nucleation of Fe on the 

Ge(OOl) surface, and finally, iron oxide formed on Ge(OOl).

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 (-\/2 x v^)i?45° 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(OOl). 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, Fe3 0 4 , 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 Tc, 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)

1
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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(OOl) 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(OOl) are oxidised and charaterised using AES, LEED and STM/STS. The 

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



Chapter 2

Experim ental Techniques and 

Set-up

2.1 Background o f E xperim ental Techniques

2.1.1 A uger E lectron 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 - 1 0  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, Ep, must 

be greater than the binding energy of the electron in the K level, E^ .̂ A hole 

is created in the K level, which is subsequently filled via an electron transition 

from an outer level, shown as Li in the schematic. Following the transition 

an excess energy, (E/c-Ei,i), is available. This energy can be used in one of

3
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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 Ep creates a hole in 

the core level, K, by ionisation. Relaxation occurs and an electron from the 

Li level fills the core level hole, releasing an energy, (Efc-Ez,i). 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 (E^-E/,i) 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 

KLiL2 ,3 . 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 E lectron D iffraction

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{cos(f)n — cos(po) =  nX (2.1)

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

of the incident wave, 4>o 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, and respectively, this can be re

written as

^ • ( ^ n  ^o )  — TlX ( 2 . 2 )

or

a .A ^  — nX (2.3)

where

ASn — Sji Sq (2.4)

This is known as the Laue condition, which requires that the three vectors

s, and 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/a). This involves the reciprocal of the

real space lattice vector, a, and we thus define the reciprocal lattice vector,

a*=l/d.

For surface diffraction to occur in a 2D system, with translation vectors 

h and I, the incoming electron beam must conserve both its energy and the 

component of its momentum parallel to the surface:

=  (2.5)
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where fc|| and kj_ are the parallel and perpendicular momentum components 

of the incident beam, while A:|| and are those of the diffracted beam. The 

reciprocal lattice vector, now labelled is related to the beam energy Eev, 

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

\ghi\ =  \ha} + lb* \ — \k\sina = (2.6)

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

related to the real space vectors a and h by [17];

a.a* — b.b* = 2n a.b* = b.a* =  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 g^i lies in a direction that is orthogonal to the plane of the real space 

lattice tha t is denoted by the Miller indices h and I. 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 tha t 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 I'xy 5 - 10 A, meaning tha t this 

technique is sensitive only to the surface layers.

2.1.3 Scanning Tunneling M icroscopy

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:

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

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

of the form: __________

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 

Schrodinger equation has the solution:

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

+ U{z)^{z)  -  E^p{z) (2 .8 )

(2.9)

(2 .10)

The K term describes the decay of the electron wavefunction within the bar-
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finding the electron at a position z inside the barrier region, which is given

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

is a finite probability tha t 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 (j) 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 E f  =  —(f) 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 Ep — eV < 

E  < Ep  have an increased probability of tunneling through the barrier. If 

eV (f), 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:

Considering all of the states in the energy range probed, E f — bV  < E  < Ep,

by:

P  oc| ^(0) I e2  — 2 k z (2 .11)

(2 . 12 )
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U(z)

V|/(z)

0
(a)

vacuum level

sample

eV
0 z

Figure 2.3: 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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the tunnel current is:

2 „ - 2 k W (2.13)
E = E F - e V

Rewriting this equation, in terms of the local density of states (LDOS), at 

E /, of the sample surface, Ps{0,Ef )'-

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 timneling 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 H r  is used to describe the tunneling of an electron, 

from a sample state ip, to a tip state x- The tunnel current is a convolution 

of the sample LDOS ps and the tip LDOS pt-

The tunnel current It 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 (■0) and tip states (x)-

It oc Vps{0, (2.14)

A'TTf> /*eV
I t ^ - r  P s { E f  -  eV + E)pt{EF -  E) \ M  f  dE  (2.15)

a Jo

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

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 

<f), and the applied sample bias V:

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

dependant, contribution to the tunneling current:

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 Ey. 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 / ,  separated by an insulating barrier b, where 

the directions of the internal magnetic fields of the electrodes differ by an 

angle 9. Within the free electron model, and in the limit of small applied

(2.17)

(2.18)
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(2D(2)(Z)(Z)(2)(2)(Z)(Z)ooooooooo ooooooooo ooooooooo ooooooooo 
(a) ooooooooo o>) ooooooooo

W tip Magnetic tip

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;

In this equation, Pfb is the effective spin polarization of the ferromagnetic- 

barrier interface and afbf  is a mean conductance, which is proportional to 

exp(-2Kz). For differing ferromagnetic electrodes the conductance is:

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

are parallel and anti-parallel:

0- =  c r/6 /(l +  PfbCOsO),  \ P f b < l (2.19)

a  =  cT/fc/(l + PfbPfb)cos9 ,  \ P f b < l (2 .20)

CTTT =  +  PfbPf 'b ) (2 .21 )

-  PfbPs'b) (2 .22 )



CHAPTER 2. EXPERIMENTAL TECHNIQUES AND SET-UP 14

The effective spin polarization for the whole junction is then found to be:

P/6/' =  PfbPf'b = (2.23)

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 tha t 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 tha t 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:

and again using the assumption tha t the tunnelling matrix element M  is 

constant over the voltage range probed, then from equation 2.15:

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 oiTering 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:

Pt{E) =  const (2.24)

—  oc Ps[Ef -  E^ + E) (2.25)

where D(E) is the transmission probability for an electron.

rev
It oc I  p{E)D{E)dE (2.26)

d l / d V  d ln l  p{eV)D{eV)
~1JV~ ^  i  p{E)D{E)dE  ^

(2.27)
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Then, to a first order approximation, the transmission probabihty cancels 

and the normalised conductivity is approximately proportional to the DOS;

^  ^  (2 28) 
I/V ^ Cp ( E) d E  ̂ ^

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

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 E xperim ental Set-up

Tlie original ultra high vacuum (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 (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“  ̂ 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 T he Preparation Cham ber

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 xlO“ °̂ 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.

T he R esistive H eater

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].

T he e “-beam  H eater

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 -1-1 kV. A current 

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

filament {(f) = 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 /im 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 Ar+ 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 < /  < 20.0 fiA  for a 0.5-2 keV beam energy and 

an Ar pressure of 6.65 x 10“® mbar.

T he Triple Evaporator

Thin film depositions are performed using an Omicron EFM3T UHV 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 A uger E lectron 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 V2 . The beam current can be varied by 

changing the extraction potential Vi. 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 

/xA. A SR 850 DSP lock-in amplifier from Stanford Research Systems [42] was 

used to output a 0.5 Yrms sinusoidal signal of frequency 12 kHz to modulate
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Figure 2.7: Schematic of cyhndrical mirror Auger analyser

the deflecting voltage applied to the outer cylinder. A lock-in sensitivity of 

100 yuV was then used to detect the Auger signal. The scan speed was always 

set at 1 eV.s~^

2.2.3 Low Energy E lectron D iffraction 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./. 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. M l, is earthed, so tha t 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(lOO) 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, Vt, are for the sample with 

respect to the tip. The STM controller used for these experiments is a SC ALA 

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 (j) = 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 WO^” present from the 

chemical etch process. This process produces stable, atomically sharp tips.
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Figure 2.10: Electrochemical etching set-up used to prepare STM tips from 

W, MnNi and Cr rods.

P tir  Tips

Platinum Iridium tips were prepared by mechanical shearing of a 0  =  0.25 

mm P t8olr2o 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.

M nN i Tips

MnNi tips were prepared in a manner similar to that described for W. Cylin

drical rods, of roughly (p =  0.5 mm are prepared from an ingot. They are 

then chemically etched, again using PT FE  tubing, in 0.5 M HCl 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 Neel temperature of ~  900 K, meaning it is suitable for room tem

perature SPSTM experiments. The main problem tha t arises with the use of 

MnNi tips is tha t 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 tha t elemental Cr is used for these tips removes 

the problem of identifying the tip apex composition, however the low Neel 

temperature of this material makes it more suitable for experiments below 

room temperature.



Chapter 3 

M agnetite (001)

3.1 Introduction

Magnetite, Fe3 0 4 , also known as lodestone, is the oldest known magnetic 

material [52], It exhibits a metal-insulator transition, known as the Verwey 

transition, at ~  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 Fe^^ra cations, the red Fcoct  ̂ cations, and the white 0^“ 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 0^“ anions 

arranged in a face centered cubic lattice. This 0^“ 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. Fe^+ cations occupy 8 of the 64 A-sites, whereas the B-plane forms 

a mixed valence plane with 8 Fê "*" 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 Fcoct 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 

Fê "'' ions on the A-plane antiparallel to the spins of the Fê "'' and Fê "'’ ions 

on the B-plane.

3.3 T he 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 f2”^cm“ )̂ which is attributed to the ability of 

electrons to hop between the Fê "*" 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 Fê "*" 

ions on the octahedral sites, although the exact nature of this ordering was 

not agreed upon. Originally, Verwey proposed that the Fê "*" and Fê "̂  ions 

occupied alternate planes. Later studies demonstrated that ordering of the 

Fe^+ and Fê '*’ 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 Feoct ions needs to be reconsidered, and tha t 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 Fe^+ 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 

tha t more recent NMR studies by Mizoguchi [64] have found evidence for 16 

distinguishable Feoct sites in the magnetite unit cell below T^. It is clear tha t 

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 H alf M etallic Ferrom agnet

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 E /, 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 E/. 

Only spin down electrons, occupying the t 2g level, are present at the Fermi 

level, and these have a predominantly Fe(B) character. It is also evident tha t 

the 02p 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 

et al. have performed PES on epitaxial magnetite (111) on W (110) at room 

temperature [67]. The spectra obtained were found to be in general agree

ment with the aforementioned calculations. A spin polarisation of -80 ±  5% 

was found near the Fermi energy. A similar experiment, by the same group, 

for magnetite (111) on AI2 O3 , found a slightly smaller value of ~  - 65% spin 

polarisation [6 8 ]. Furthermore, devices have been fabricated, using magnetite 

electrodes, tha t confirm some degree of spin polarisation, although much less 

than the predicted 100%. For example, the magnetoresistance of epitaxial tri

layer junctions composed of magnetite and doped manganite Lao.TSro.aMnOa 

have been shown to exhibit an inverse magnetoresistance, consistent with a 

negative spin polarisation of 25% [69].
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Figure 3.3: The calculated DOS of magnetite, from reference [65]. It can be 

seen that only spin down electrons of the t 2g level are present at the Fermi 

level, resulting to 100% spin polarisation of the electrons at E /. It is also seen 

that the 02p levels lie far below E/.
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(a): Ideal tetrahedral term ination (b): Ideal octahedral term ination

Fe** te trah ed ra l ( su rfa c e  p lan e )
Q  O x y g e n  ( su rfa c e  p lan e)

Q  Fe^ * o c ta h e d ra l (su rfa c e  p lan e) 

O  Fe^' te tra h e d ra l (s e c o n d  p lan e )

Q  O x y g e n  (seco n d  p lan e)

Q  F e ’ *  o c ta h e d ra l (seco n d  p lan e ) 

0  F e ^  te tra h e d ra l (th ird  p lan e )

Figure 3.4: Ideal, unreconstructed, magnetite (001) surface terminations. 

Left: Tetrahedral termination, consists solely of Fef^ra cations. Right: Octa-

3.5.1 Ideal Tetrahedral and O ctahedral Term inated  

Surfaces.

The work presented here concentrates on the (001) surface of magnetite. 

Along the <100> direction, the crystal can be considered as a stack of two 

alternating layers. This can be seen from the ball and stick model of the 

crystal, in figure 3.1. Ideally the crystal can terminate at either of two bulk 

planes. The A-plane, containing only Fe "̂'' ions in tetrahedral interstices or 

the B-plane, containing Fê '̂ "*" cations and 0^~ anions. These ideal bulk ter

minated planes are shown in figure 3.4. However, magnetite (001) is a polar

hedral termination. This termination is a mixed plane of Feoct"*" cations and 

anions. The (6x6) surface unit cell of unreconstructed magnetite 

(001) is shown by the dashed square.

3.5 T he Fe3 0 4 (0 0 1 ) Surface
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surface, which means that these bulk terminations are not stable against 

reconstruction.

3.5.2 The Electrostatic M odel of Polar Surfaces

The electrostatic model of polar surfaces was proposed by Tasker and pro

vides a classification of crystal surfaces which allows one to determine 

whether or not they will reconstruct [70], Within this model, which applies 

to ionic or partially ionic crystals, there are three surface types, which are 

illustrated in figure 3.5.

The crystal is visualised as being built up from repeat planes perpen

dicular to the surface. Type I is neutral, having equal numbers of anions 

and cations of the same charge in each repeat plane. The repeat units have 

zero charge, a, and zero dipole moment, fi. Type II surfaces have a non-zero 

charge in the repeat unit, but due to the symmetrical stacking sequence of 

the repeat unit have zero dipole moment. Type III surfaces have a non-zero 

charge and also have a non-zero dipole moment in each repeat unit of the 

crystal. Type III surfaces therefore have a diverging electrostatic surface en

ergy. Such a surface is not stable, in an ideal bulk termination, and must 

reconstruct. The surface reconstruction is such that the charge of the surface 

plane is halved, resulting in the cancelation of the electrostatic energy due to 

the surface layers. This is achieved through the formation of an ordered array 

of vacancies on the surface. There are two other possibilities for the cancella

tion of surface polarity; surface contamination, or a compensation by electron 

redistribution in response to the electrostatic field. Surface relaxations alone 

do not suffice to cancel the field [71].

Within the electrostatic model, magnetite (001) is classified as a type III 

crystal. Using (\/2 x \/2)i?45° surface unit cells the repeat unit consists of
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Type 1 surface Type 2 surface Type 3 surface
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Figure 3.5: The electrostatic model of polar surfaces. Repeat unit of each 

denoted by a bracket. Type 1; repeat unit contains equal numbers of an

ions and cations in a single plane, each plane has zero charge. Therefore no 

net dipole moment. Type 2; planes are charged, however as they are in a 

symmetrical configuration there is no net dipole moment perpendicular to 

the planes. Type 3; planes are charged and repeat unit is not symmetrical. 

Therefore each repeat unit has a net dipole moment perpendicular to the 

surface.
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a tetrahedral unit cell plane, which has an overall charge of +  6, and an 

octahedral unit cell plane that has an overall charge of - 6. Therefore, each 

repeat unit that forms the crystal has a non-zero dipole moment. As the 

crystal is built up, the electrostatic energy due to the surface diverges and 

the surface energy becomes infinite. To fully cancel this electrostatic field 

the surface layers only must reduce their charge to +  3 for a tetrahedral 

termination, or - 3 for an octahedral termination. Therefore the surface must 

reconstruct.

3.6 P revious Studies o f M agnetite  (001) U s

ing Surface Sensitive Techniques

The (001) surface of magnetite has been extensively studied using surface 

sensitive techniques, AES [72], low energy ion spectroscopy [73], X-ray pho

toelectron spectroscopy (XPS) [66], spin resolved PES [67,68], angle-resolved 

FES [74] and STM [46,75-83]. Recently, DFT calculations have been carried 

out to ascertain the most favourable surface termination [84,85].

3.6.1 Topographic STM  Studies

For STM studies of the clean surface, the (-\/2 x ^/2)R45° reconstruction is 

by far the most widely reported [73,76-83]. However, there is disagreement 

between these studies as to whether the surface is tetrahedrally or octahe- 

drally terminated. Tarrach et al. [76], Gaines et al. [78,79] and Chambers 

et al. [81] have proposed that the surface imaged is best explained in terms 

of a tetrahedrally terminated surface, with a (\/2 x \/2)i?45° array of Fe 

vacancies. The array of vacancies is explained as resulting from the surface
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reconstructing to lower its polarity. However, the studies by Voogt et al. [77], 

Stanka et al. [80], Koltun et al. [82], and Mariotto et al. [83] all show sur

faces that are best explained in terms of octahedral termination. Again, due 

to electrostatic considerations, this termination is most often explained in 

terms of a surface with a {y/2 x -\/2)RA5° array of 0^“ vacancies. It is also 

worth noting tha t both Koltun et al. and Mariotto et al. suggest tha t the 

surface is in fact a bulk octahedral termination, and that a charge ordered 

dimer formation gives rise to the (\/2  x ^/2)R45° symmetry.

3.6.2 Spin Polarised STM  Studies

As already seen in section 3.4, recent spin resolved PES experiments [67,68] 

show that the observed spin resolved DOS at E / are consistent with the sur

face of magnetite having a half metallic nature. This spin polarisation of the 

charge carriers suggests tha t magnetite is a suitable surface for spin polarised 

STM experiments. Furthermore, as maintenance of a high degree of spin po

larisation at the surface is essential for future devices, studies tha t improve 

understanding of the electronic and magnetic structure of the surface are 

vital. In what was one of the first SPSTM experiments, Wiesendanger et 

al. [46,75] imaged the (001) surface of magnetite with both W and Fe tips. 

When scanning with a W tip they observed a 3 A periodicity along the Fe 

rows, consistent with bulk termination. However, when scanning with a Fe 

tip they instead observed a 12 A periodicity along the rows. This imaging of 

a non bulk periodicity with a ferromagnetic probe was explained as follows; 

the bulk 3 A periodicity is replaced by a 6 A periodicity due to the forma

tion of Fe^^-Fe^''" and Fê "'"-Fe '̂'" dimers along the rows. Tunneling with the 

Fe tip results in an extra spin-down (J.) contribution to the tunnel current 

when tunneling from the Fe^'^-Fe '̂^ dimers, thus replacing the expected 6 A
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periodicity with the imaged 12 A periodicity. This experiment was recently 

repeated by Koltun et al. [82] and again a 12 A periodicity was imaged with 

a Fe tip. However, attempts to image the surface with W tips were unsuc

cessful. This result was again explained in terms of dimer formation and an 

enhanced imaging ability of the Fe tip, due to spin polarised tunneling, in 

agreement with the experiment of Wiesendanger et al.. Finally, in the study 

by Mariotto et al. [83], mentioned in the previous section, the surface was im

aged with MnNi tips. Fe dimers were once again imaged on the surface, said 

to be consistent with the formation Fê '̂ '-Fê "'" and Fe^+-Fe^+ dimers along 

the Fe rows. Once again, the surface was not imaged with non-magnetic tips 

for comparison.

3 .6 .3  D F T  C cd cu la tion s

A recent addition to work on the magnetite (001) surface has been first prin

ciple calculations, within density functional theory (DFT) [84,85]. Cheng 

studied 4 possible surface terminations of Fe3 0 4 (001) [85]. These are unre

constructed A-plane, A-plane with a (\/2  x \/2)i?45° array of Fê "*" vacancies, 

unreconstructed B-plane, and finally B-plane with a (\/2  x \/2)/?45° array 

of Q2- vacancies. This study found that the latter two, an unreconstructed 

B-plane termination, and a B-plane with a (\/2  x \/2)i?45° array of oxygen 

vacancies, are both more energetically favourable than either A-plane ter

mination. Furthermore, it was found that both the unreconstructed B-plane 

and B-plane with Oyac terminations decrease their energy in an O rich en

vironment, with the unreconstructed surface becoming more favourable in 

O rich atmospheres. This result is not reconciled with the theory of polar 

surfaces.

In a similar study, Pentcheva et al. have investigated the possibility of a
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stable bulk surface termination [84], This study again suggests that a bulk oc

tahedral (B-plane) termination is in fact energetically favourable. The study 

also shows that both B-plane terminations, either with or without oxygen va

cancies, are more stable than A-plane terminations. It is interesting to note 

that both studies show that for B-plane termination, with or without oxygen 

vacancies, the magnetite surface maintains the half metallic character of the 

bulk.

It is worth noting that the slab used to model the surface by Cheng 

consists of 17 atomic layers, and that used by Pentcheva et al. consists of 5 

B-layers and either 4 or 6 A-layers. In terms of the polar model of surfaces, 

energy divergence at the surface arises as the number of repeat units with 

a dipole moment increases [70]. It is therefore unclear as to whether a slab 

representing only 4-8 repeat units can give rise to energy divergence at the 

surface. Furthermore, the modelled cells are clearly not charge balance, and 

therefore their applicability to real magnetite surfaces is questionable.



Chapter 4 

Characterisation and Surface 

Preparation of M agnetite (001) 

Single Crystal

4.1 Introduction

In this chapter the characterisation of the the single crystal magnetite ingot 

used in the experiments is discussed. The purity of the crystal is proven by the 

presence of the Verwey transition. The surface contamination induced due 

to the diffusion of bulk impurities following annealing in UHV is briefly dis

cussed. Finally, the preparation procedure used to obtain a clean magnetite 

surface is outlined, and AES and LEED of the clean surface presented.

4.2 Sam ple C haracterisation

The magnetite sample used in this study was grown using the skull melting 

technique by Prof J. Honig [86].The crystals were cut along the <010> direc-

43
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Figure 4.1: X-ray diffractogram of the magnetite single crystal.

tion, aligned to an accuracy of 0.5°. X-ray measurements were taken using a 

powder diffractometer [Fig. 4.1]. A CuKa wavelength was used, correspond

ing to A =  1.541 A .  The diffractogram obtained was found to be in good 

agreement with the expected crystalographic structure of magnetite [87].

The most conclusive confirmation that the crystal is actually magnetite is 

the presence of the Verwey transition. For non-contaminated, stoichiometric, 

magnetite the transition temperature is found at ~  120 K. If the crystal is 

contaminated or cation deficient, Fe(3(i_a))0 4 , the transition temperature is 

found to be lower [88]. Indeed, for cation deficiency of only (5C=0.0039 the 

transition is found to disappear completely [89]. Through resistivity versus 

temperature measurements the crystal used in these experiments was found 

to have a T„ of ~  110 K, as seen in figure 4.2. This confirms the crystal 

to be magnetite, but shows it to be slightly substoichiometric, either due to 

contamination or cation deficiency.
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Figure 4.2: The resistivity versus temperature curve for the magnetite single 

crystal used in these experiments. The Verwey transition temperature Ty is 

found to be /■NJ 110 K.

4.3 Initial Annealing: D iffusion o f Ca and K

The surface of the magnetite crystal was prepared, ex-situ, by mechanically 

polishing the sample surface, using diamond paste of decreasing grain size, 

down to a grain size of 0.1 //m. The sample was then cleaned with ethanol, 

using an ultrasonic bath. It was then secured in a Ta/M o sample holder and 

inserted into the UHV system.

Following insertion into the UHV system, the magnetite (001) sample was 

initially outgassed at ~  450 K for 24 hours in the resistive heater. It was then 

subject to extended periods of annealing in UHV at 800 K. The minimum an

neal times were 4 hours, up to a maximum of 80 hours continuous annealing. 

This results in the diffusion of calcium and potassium contaminants from the 

bulk of the crystal to the surface [90]. For the crystal used in these studies Ca 

is by far the largest contaminant. This can be seen from the Auger spectra 

in figure 4.3, which was taken following 20 hours of annealing at 800 K, in
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Figure 4.3: (a): Auger electron spectrum of the magnetite surface following 

initial insertion into UHV and annealing for prolonged periods at ~  800 K, 

in UHV. Calcium contaminants diffuse from the bulk, as is evident from Ca 

concentration of 16% in this spectra, (b) and (c): (120x120) and (90x90) 

STM images of magnetite (001) surface with ~  10% Ca concentration, 

as measured in AES. Tunnel current set-point, 1^= 0.1 nA and junction bias 

voltage, Vfc =  +1 V.
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UHV. The surface has a 16% Ca concentration. It is clear from this spectra 

that the most hkely reason the crystal has a Verwey transition temperature 

of 110 K, rather than 120 K as expected for stoichiometric crystals, is the 

presence of Ca contamination, which suppresses the transition temperature. 

When such large Ca concentrations are present at the surface it is highly dis

ordered. This is clear from the fact that the surface exhibits either no LEED 

mesh at all, or at best, faint and blurred (1x1) diffraction spots. STM of 

the surface also reveals a highly disordered surface. This is evident from the 

STM images presented in figure 4.3. These images are of a surface with ~  

10% Ca concentration in Auger spectra. Ill-defined terraces are formed, with 

evidence of a large concentration of surface contamination.

For lower concentrations of Ca contamination (1~8%) ordered surface 

reconstructions can occur. These reconstructions consist of trench-like for

mations of the Ca contaminants on the terraces of the surface. Ceballos et 

al. [90] have shown that for Ca concentrations of 1-3% a p(lx2) reconstruc

tion occurs, for 3-6% a p(lx3) reconstruction, and for 6-8% a p(lx4) recon

struction. Figure 4.4 shows a LEED mesh and STM image of the magnetite 

(001) surface with ~  6% Ca concentration, as measured by AES. The LEED 

mesh shows some quarter order spots, indicated by the red arrows. STM 

shows that terraces are formed on the surface, with edges aligned along the 

[110] and [110] directions. These terraces are separated in height by multiples 

of 2.1 A. As the separation between octahedral and tetrahedral planes is 1.05 

A, the imaged step heights correspond to surface termination at either the oc

tahedral or tetrahedral plane, but not a combination of both. On the imaged 

terraces rows are formed, as seen in figure 4.5. They are separated by 24 A 
and have a periodicity of 6 A along the rows. As unreconstructed magnetite 

has a (6x6) K? surface unit cell, the imaged reconstruction corresponds to
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Figure 4.4; LEED mesh of surface with ~  6% Ca contamination, quarter 

order spots are seen, which are indicated by the red arrows. Also shown, 

a (700x700) STM image of the magnetite (001) surface with 6% Ca 

contamination. It=  0.1 nA, V{,= +1 V. Rectangular terraces, with their edges 

aligned along the [110] and [lIO] directions, are formed, on which the initial 

stages of formation of a p (lx 4 ) surface reconstruction are imaged.
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a p ( lx 4 )  symmetry. These rows are oriented along the [110] and [110] di

rections, and have a two fold symmetry. They have an apparent corrugation 

height of ~  1 A .  The rows, forming the p ( lx 4 )  surface reconstruction, have 

been attributed to Ca row formation on the magnetite surface [90,91]. The 

Auger spectra for such contaminated surfaces show that there is an increase 

in the oxygen to iron ratio of the surface as the concentration of Ca con

tamination increases. This has led to the suggestion that the reconstruction 

results from Ca ions replacing Fe ions, in a (4x1) pattern, at the magnetite 

surface [91].

4.4 Preparation o f C lean M agnetite (001) 

Surface

It was first reported by Tarrach et al. that repeated cycles of Ar"̂  ion etching 

an annealing in UHV results in an ordered magnetite surface, free from con

tamination [76]. The importance of annealing the sample in oxygen to achieve 

surface order was noted by Stanka et al. [80]. To eliminate surface contam

ination, and prepare the clean magnetite surface for the studies presented 

here, the sample was prepared as follows. Firstly the sample was annealed 

in an O2 atmosphere at 2.66xl0~® mbar, at a temperature ~  800 K, for 30 

min. It was then subject to Ar'*' ion etching, with an energy of 1 keV, for 

15 min. This was followed by annealing in UHV, at ~  800 K, for periods of 

between four and twelve hours. The initial oxygen anneal was found to be 

necessary to maintain the surface 0 /F e  ratio, and annealing pre rather than 

post Ar+ ion etching resulted in the most ordered surface. Four hours post 

etching UHV annealing was found to be the minimum time necessary for 

good surface order. Initially, following the annealing in UHV step, Ca again
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Figure 4.5: Top; (300x300) STM image, I(= 0.1 nA, Vb= +1 V. Accom

panying line profile, shows the 24 A periodicity across the rows. Bottom; 

(130x100) A  ̂ STM image, with accompanying line profile, showing the 6 A 
periodicity along the rows.



CHAPTER 4. M AG NETITE (001): C H A R A C TE R ISA TIO N /P R E P A R A TIO m i

0  peaks

ZOp
High energy 
Fc peaks

jS  0.0 -

•1.0p

-lOn

-100 0 100 200 300 400 500 600 700 800

Low energy ^  
F ep c^

Energy (eV)

Energy (eV)

Figure 4.6: Auger spectrum of the surface following the preparation procedure 

described in text. Only O and Fe peaks are present, with the previous high 

concentration of Ca gone from the surface following the preparation.

diffused to the surface. However, repeated cycles of this preparation results 

in a clean surface, with contamination levels below the limit of detection of 

the AES set-up.

4.4.1 AES and LEED o f th e  Clecin M agnetite (001) 

Surface

An AES spectrum of the clean surface is shown in figure 4.6. The only peaks 

present are those of O and Fe, with no evidence for Ca contamination of the 

surface. It has been suggested tha t the low energy peaks of Auger spectra 

can be used as an indication of the type of iron oxide present at the surface 

[72,92]. Low energy Fe peaks can be seen at 46 eV and 52 eV, with the 

amplitude of the latter being much larger than the former, consistent with 

the presence of an iron oxide at the surface. Seo et al. [72] suggest tha t these 

peaks are indicative of magnetite, however, later work by den Daas et al.
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Figure 4.7: LEED pattern of the magnetite surface following the preparation 

procedure described in the text. The solid square indicates the p ( l x l )  cell, 

and the dashed square the (-\/2 x \/2)/?45° superlattice.

suggest it is not possible to use the low energy Auger peaks to distinguish 

the oxide type [93]. From Auger spectra, the 0 /F e  ratio of the (-\/2x \/2)i?45° 

reconstructed magnetite surface is 1.5-1.7.

A typical LEED mesh of the clean magnetite (001) surface is shown in 

figure 4.7. It is taken using a primary electron energy of 56 eV and an emis

sion current of 0.5 mA. The diffraction pattern shows fractional order spots, 

forming a ( \ /2 x  y/2)RA5° reconstruction. The unreconstructed primitive unit 

cell for the magnetite (001) surface is (6x6) A^, with the reconstructed unit 

cell being (8.48x8.48) A .̂ This LEED mesh has been observed in numerous 

studies of the Fe304 (001) surface. Tarrach et al. [76], Kim et al. [94] Gaines 

et al. [78,79] and Mariotto et al. [83] have all observed this pattern for the 

clean surface of (001) single crystals. Voogt et al. [77] observed this mesh for 

an MBE grown Fe304(001)/M g0  film. As noted in section 3.6.1, there have
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been three possible surface structures put forward that would explain the ob

servation of a (\/2 X ^/2)R45° LEED mesh. Firstly a tetrahedrally terminated 

(A-plane) surface, with an array of Fe vacancies. Secondly an octahedrally 

terminated surface (B-plane) with an array of O vacancies. Both of these 

models are based on the need of the magnetite (001) surface to reconstruct 

due to the electrostatic considerations put forward by Tasker [70]. Thirdly, 

it has been proposed that the surface is not actually reconstructed; that is, 

there is no (\/2 x \/2)i?45° vacancy structure on the surface. Wiesendanger 

et al. [46], Koltun et al. [82] and Mariotto et al. [83] have all suggested that 

their STM images are best explained in terms of a charge ordering of Fê '*'- 

Fe^+ and Fê "'‘-Fê ''" dimers in a (\/2 x y/2)RA5° symmetry. Following the 

observation of the [y/2 x \/2)i?45° LEED mesh, STM was performed on the 

surface on a number of occasions. The results of this, and a consideration 

of which model best suits the observed structure, are presented in the next 

chapter.



Chapter 5

STM  of the (V2 x V2)i?45° 

R econstructed M agnetite (001) 

Surface

5.1 Introduction

In this chapter STM images of the {^/2 x y/2)RA5° reconstructed magnetite 

surface are presented. The surface was imaged with tips made from both 

antiferromagnetic MnNi and from W. The images obtained with MnNi offer 

an improved contrast of the surface, possibly due to a spin polarised effect. A 

model of the surface termination is put forward. Tunneling spectra of surface 

are presented. Finally, the breakdown of the {\/2  x -\/2)i245° reconstruction 

due to UHV annealing of the sample is discussed.

54
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Figure 5.1: (1000x1000) STM image, It= 0.1 nA, V{,= +1 V, obtained 

using W tip. A terraced magnetite (001) surface, following preparation pro

cedure described in section 4.4, is imaged. Large rectangular terraces, with 

edges aligned along [110] and [110] directions, are formed. All imaged step 

heights are 2.1 A, or whole multiples of this.

5.2 Terrace Form ation and Surface Term ina

tion

STM of the clean magnetite (001) surface, which exhibits the (\/2 x \/2)/?45° 

LEED mesh reveals the formation of large rectangular terraces, with edges 

aligned along the [110] and [110] directions, as seen in the image of figure 

5.1. Step heights are always measured to be multiples of 2.1 A. During the 

course of these experiments step heights of 1.05 A, or odd multiples of this, 

have not been observed. The fact that only step height multiples of 2.1 A 
are measured shows the surface to be terminated at either the octahedral 

plane, or the tetrahedral plane. The observation of of 1.05 A step heights is 

necessary for the surface to be terminated by a mixture of octahedral and
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Figure 5.2: (a): (230x230) STM image of magnetite (001) surface, ob

tained using MnNi tip, 0.1 nA, V(,= +1 V. The terraces imaged are 

separated in height by 2.1 A. (b): Differentiated image showing more clearly 

tha t the atomic scale rows imaged on the terraces rotate by 90° from one 

terrace to the next. This symmetry is best explained in terms of termination 

at the octahedral plane (B-plane).

tetrahedral terraces. This can be seen by reference to the magnetite unit 

cell [Fig. 3.1], where the interplane distance is 1.05 A. It is worth noting 

tha t it has been shown, in reference [90], that sample preparation involving 

annealing in H can give rise to some small terraces with 1.05 A step heights.

Higher resolution images show atomic scale rows, oriented along the [110] 

direction, running along the terraces. These rows rotate by 90° on terraces 

separated by 2.1 A, and odd multiples of 2.1 A. Such an image is shown in 

figure 5.2. PES results, and first principle calculations, consistently show tha t 

the Fe ions dominate the DOS at Ey, and that the 02p levels lie far below the 

Fermi level [9,65,66,74], This means tha t the dominant contribution to the 

tunnel current from magnetite will come from the Fe cations, as STM probes
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the states near the Fermi level [19]. Therefore, the imaged atomic rows are 

Fe ions. The observed rotation of the atomic scale rows is consistent with the 

2-fold symmetry of the octahedral rows of magnetite, and therefore indicates 

the surface to be terminated at the octahedral plane. The tetrahedral plane 

has a four fold symmetry and so one would not expect to see this rotation of 

rows between successive planes. Further in favour of surface termination at 

the octahedral plane is tha t the density of the imaged atoms, which is too 

dense to be the tetrahedral plane.

5.3 STM  Im aging w ith  M nN i Tips

A higher resolution image of the surface obtained with a MnNi tip, using 

sample bias of +1 V and tunnel current set-point of 0.1 nA, is shown in 

figure 5.3. The rows, oriented along the <110> directions, are formed from 

points of two different intensities, labelled a  and j3 respectively in the figure. 

This differing intensity is clearly seen in the line profile taken along the [lIO] 

direction, shown in figure 5.3(c).

The a  and (3 points form a (-\/2 x -\/2)i?45° symmetry. The (\/2  x -\/2)i?45° 

unit cell is indicated by the dashed white square. Also imaged are local 

minima or depressions, labelled 7 , which also form a (\/2  x \/2)i?45° array 

on the surface. The a  and (3 points are elongated along the [110] direction, 

and the distance between like points along this direction is 12 A. From the 

bulk structure of the octahedral plane of magnetite, the expected periodicity 

along the Fcocf rows is 3 A. Therefore, given the large size of the imaged spots, 

and the doubling of the expected periodicity along the rows, this surface is 

best explained in terms of Fe-Fe dimer formation along the rows. The a  and 

(3 points imaged with a MnNi tip represent Fe-Fe dimers in two different
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Figure 5.3: (a): (140x140) STM image, !<= 0.1 nA, Vft= +1 V, taken with 

a MnNi tip, showing the ( \/2 x  v^)/?45° reconstructed magnetite surface, (b); 

A (65x45) zoom in, showing that spots of two different brightness levels 

are imaged, corresponding to two different charge states, possibly Fe^+-Fe^+, 

labelled a, and Fe^+-Fe^+, labelled /?. Also imaged is an ordered array of 

local minima, labelled 7 . All three features separately form a {\/2  x \/2)i?45° 

symmetry The surface unit cell of the structure is indicated by the dashed 

square, with a length of 8.4 A. (c): Line profile along the solid white line in 

the STM image, illustrating the alternating periodicity, of 5 A and 7 A, along 

the [lIO] direction. This results in the Fe rows having a wavelike structure, 

(d): Schematic of the arrangement of the Fe ions as imaged with MnNi tips. 

The white spheres represent Fê "*" ions and the grey spheres Fê "*" ions.
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charge states. Given tha t the formal charge of an Fcoct ion in magnetite is 

the a  and (3 points are thought of as Fe^+-Fe^+ and Fe^+-Fe^+ dimers 

in the following discussion. However, the actual charge state of these surface 

dimers cannot be confirmed with STM, and given the difficulties in showing 

the existence of complete charge transfer below T„ for magnetite [62,63], 

and surface polarity considerations, unit charge localisation on these surface 

dimers is not probable. Similar dimer formation schemes have previously been 

used to explain non bulk periodicities observed by STM using tips prepared 

from magnetic materials [75,82,83].

The imaged dimers do not form straight rows along the [110] direction. 

They instead have a wave-like appearance. The fact that the dimer rows are 

not straight is illustrated by the line profile along the [lIO] direction, which 

shows an alternating periodicity of 5 A ±  0.5 A and 7 A ±  0.5 A along this 

direction [Fig. 5.3(c)]. The wavelike structure of the [110] oriented rows can 

also be visualised by examining the (\/2  x V^)i?45° unit cell, outlined in 

figure 5.3(b). Four a  points form a (8.4 x 8.4) A^ square cell. For the [110] 

oriented Feoct rows to be oriented in a straight line a (3 point must be at 

the centre of this cell. However, instead the (3 point is shifted in the [lIO] 

direction, and a local minima (7 ) is also in the cell. This examination of the 

surface unit cell, clearly shows tha t the Fe rows have a wavelike structure 

along [110]. The imaged surface geometry is outlined in figure 5.3(d).

5.3.1 Stabilisation of the Charge Ordered Arrange

ment

Repeated scans of the same charge ordered areas, over time periods as long as 

~  1 hour, show that the surface maintains the same charge ordered arrange

ment for such time periods. This shows the charge ordered (-\/2 x \/2)i?45°
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reconstruction to be an extremely stable arrangement for the clean magnetite 

(001) surface, at room temperature.

As stated in section 3.6.1 it has previously been proposed in numerous 

studies that the (\/2 x •\/2)i?45° symmetry can arise due purely to a charge 

ordering of the Fe ions, without any actual surface reconstruction [46,82-85]. 

This model is essentially a bulk octahedral termination, with Fe '̂ -̂Fe^"'' and 

Fe^+-Fe^“*" dimer formation in a {^/2 X \/2)R45° symmetry. It was used to 

explain the image obtained in reference [83], where there was no observable 

shift of the dimers away from the [110] direction. The charge ordering has 

been explained in terms of the reduced co-ordination of the Fcoct ions at the 

surface, due to the absence of the apical oxygen of the bulk octahedron. It 

is suggested that this lowers the symmetry from cubic to tetragonal, which 

leads to a splitting of the t 2g levels, which induces the formation of rows of 

dimers along the [110] direction [95].

This bulk termination model does not however take into account the 

fact that the magnetite (001) surface is polar. It also does not take into 

account the wavelike formation of the dimers, imaged here, along the [110] 

direction. In view of the fact that magnetite (001) is a polar surface, it is 

favourable to create oxygen vacancies for an octahedrally terminated surface. 

A (\/2 X \/2)i?45° network of oxygen vacancies was proposed by Voogt et 

al. as one possible surface reconstruction resulting in the (\/2 x y/2)R45>° 

LEED mesh they observed on MBE grown magnetite (001), and later used 

by Stanka et al. to explain STM images of the surface obtained with W 

tips. With respect to the images presented here, this oxygen vacancy network 

would explain the observed local minima (labelled 7 in the STM images). The 

repulsive effect that the virtual positive charge of the 0 ^“ vacancy would have 

on the Fe cations would also explain the wavelike appearance of the Fe rows.
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The observed charge ordering can also be accounted for by a 0^“ vacancy 

network, as the Fe^+-Fe^+ dimers would preferentially occupy the Feoct sites 

nearest the oxygen vacancies, due to the virtual positive charge of defect, as 

shown in figure 5.4.

Taking into account all considerations; the non-bulk periodicity of the 

Feoct rows along the [110] direction, the wavelike appearance of the Fcoct rows 

along the [110] direction, the observed charge ordering, and finally surface 

polarity considerations, the STM images presented here are best explained in 

terms of an octahedrally terminated surface with a (\/2  x y/2)R45° array of 

0^“ tha t induces the formation of dimers of nominal charge Fe^+-Fe^+ and 

Fe3+-Fe^+.

In this discussion of the proposed surface termination it is worth men

tioning the very recent DFT calculations by Cheng [85] and Pentcheva et 

al. [84]. Both studies favour bulk B-layer termination. However, the fact that 

the B-terminated model, with no vacancies, was found to be favourable by 

these calculations may, firstly, be due to the small size of the slabs used to 

model the surface. As the surface energy tha t induces these vacancies (i.e. 

surface polarity) increases with slab thickness [70], the final result obviously 

depends drastically on the thickness of the slab used. Secondly, the slabs 

used in these calculations are not charged balanced, and make an unrealistic 

comparison to single crystal magnetite. Both studies found tha t the surface 

termination depends on oxygen partial pressure, which suggests tha t differ

ing images of the (\/2  x \/2)R45° reconstructed magnetite surface obtained 

in different STM studies could possibly be explained in terms of the surface 

preparation procedure.
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Figure 5.4: Model of the (\/2  x -\/2)i?45° reconstructed Fe3 0 4  (001) surface 

structure. A (\/2  x y/2)R45° ordered array of oxygen vacancies forms on the 

surface. This in turn results in dimer formation, due to alternate pairs of 

Feoct sites along the [110] direction being energetically inequivalent. Due to 

the virtual positive charge of the 0^“ vacancy, the Fê "''-Fê ''' dimers will 

preferentially occupy the pair of sites directly adjacent to it. The vacancy 

structure also explains the observed shifting of the dimers, perpendicular to 

the [110] direction.
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5.4 STM  Im aging w ith  W  tips

The ( a /2  X ^/2)R45° reconstructed magnetite surface has also been imaged 

with tips prepared from paramagnetic W. Figures 5.5(a) and 5.5(b) show 

atomic scale resolution images of the surface obtained with W tips, using the 

same tunnelling parameters as for the previously described images obtained 

with MnNi tips. The (-\/2x \/2)/?45° symmetry is again clearly seen. However, 

the imaged surface now consists of only bright points, labelled and local 

minima, again labelled 7 . Both the bright points and local minima have a 

( \ / 2  x \/2)i?45° symmetry, giving a 1 2  A periodicity along [1 1 0 ] and [lIO] 

directions. The bright points are elongated along the [lIO] direction, with a 

full width at half maximum (FWHM) of 7.5 ±  0.5 A, and have a FWHM 

of 5.0 it 0.5 A along the [1 1 0 ] direction. This corresponds to the combined 

value of the Fe^+-Fe^+ and Fe^+-Fe^+ dimers imaged with the MnNi tip. 

The {^/2 X \/2)R45° ordered array of minima, labelled 7 , is imaged with 

both tip materials and these have the same dimensions with either tip. The 

large size of the imaged bright points S, and the elongation along the [lIO] 

direction, suggests that they correspond to two neighboring Fe-Fe dimers 

compressed together along the [lIO] direction, as shown schematically in 

figure 5.5(d). The MnNi tip resolves this large bright point into two separate 

spots of differing intensity. Finally, we note tha t the images presented here 

are consistent with the images of the same surface obtained by Stanka et 

al. [80] using W tips, which also show no evidence for charge ordering.

5.4.1 F illed  State Im aging

Filled state imaging of the (V^ x \/2)/?45° reconstructed magnetite surface, 

using a W tip, was also carried out. The same structure as for empty state



CHAPTER 5. STM OF (^2 x V2)R45° MAGNETITE (001) SURFACE 64

Figure 5.5: (a): A (190x140) STM image, I(= 0.1 nA, Vb= +1 V, taken 

with a W tip. Discrete bright spots (<5) and local minima (7), each forming 

a (-\/2 X \/2)i?45° symmetry, are imaged, (b); A (90x50) zoom in, for 

comparison with figure 5.3(b). The dashed white line illustrates the existence 

of an antiphase boundary, perpendicular to the line, (c): Line profile along 

the [lIO] (sohd white line) shows a 12 A periodicity. The FWHM of a bright 

spot is ~  7.5 ±  0.5 A along the [lIO] direction and is ~  5 ±  0.5 A along the 

[110] direction. The bright spots imaged here represent the combined value 

of both bright and grey spots imaged with a MnNi tip. (d): Schematic of the 

surface, as imaged with a W probe. The dashed ovals show the area on the 

surface where two neighboring dimers, shifted towards each other along the 

[liO] direction, are imaged together as a single bright spot, 6.
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Figure 5.6: (35x22) STM image, If= 0.1 nA, V(,= -1 V, taken with a 

W tip. This filled state image shows the same structure as empty state 

imaging, imaging large bright points 6 and local minima 7 . However the 

elongation of the bright points along the [lIO] direction is more discretely 

resolved. Accompanying line profile shows the 12 A periodicity giving rise to 

the (\/2  X \/2)i?45° symmetry and also illustrates the large FWHM of the 

imaged bright point, supporting the model that it results from two dimers 

compressed together in the [lIO] direction. The dotted curve corresponds to 

a line profile for +1 V bias, clearly showing tha t filled state imaging results 

in a much larger corrugation height of the Fe ions.
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imaging is seen, however the bright points ((5) are more discreetly resolved, 

and the elongation of these bright points along the [110] direction is more 

clearly seen, as evident from figure 5.6. The large size of the imaged bright 

points, and the elongation along the the [lIO] direction further supports the 

suggestion that they correspond to two neighboring Fe-Fe dimers compressed 

together along the [110] direction. A large change in the corrugation height 

of the bright points of the (\/2 x \/2)i?45° reconstructed surface occurs when 

the polarity of the tunnel junction is switched. Figure 5.6(b) shows a compar

ative Une profile for junction biases of +1 V and - I V,  with a tunnel current 

set-point of 0.1 nA. Tunnelling from the filled states of the magnetite (001) 

surface results in a much increased corrugation of the Fe ions. Whilst the 

structure is the same for either junction polarity, consisting of bright points 

{S) and local minima (7), the filled state images shows a more well defined 

structure of the dimer pair. This polarity dependent imaging shows the occu

pied orbitals of the {y/2 x \/2)R45° reconstructed surface to be more localized 

than the unoccupied orbitals. It is also worth briefly considering the asym

metry of the tunnel current implied by the large difference in the corrugation 

heights for positive and negative sample bias. As one would not expect such 

bias dependency for a metal-vacuum-metal junction, this illustrates that the 

complex DOS of bulk magnetite is maintained at the surface.

Also interesting with regard to the filled state imaging of the surface 

is that for the bright points at the edge of a reconstructed area there is 

an increased corrugation height in comparison to those bright points in the 

middle of the reconstructed area. This can be seen in figure 5.7 where, around 

the edge of the {y/2 x y/2)R45° reconstructed area, the bright points can be 

seen to be much higher. The corrugation height doubles for those bright 

points at the edge of the area, as can be seen from the line profile. It is also
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Figure 5.7: Left: (135x60) STM image, It=0.1 nA, V(,= -1 V, taken with 

a W tip. Middle; Line profile across white line shown in STM image. The 

corrugation increase for bright points at edge of reconstructed area can clearly 

be seen. Right; Image as left, but with bias voltage switched to +  1 V. The 

difference in the corrugation of the edge bright points is no longer imaged, 

and it is also clear that the bright points are not as well resolved.

clear that this effect is not seen in the empty state image of the same area. 

The fact this effect is seen only when tunneling from the sample suggests 

that the increase in corrugation is due to an increased electron localisation 

at these points, which would be seen most clearly when electrons tunnel 

from the sample. This increased electron localisation is most likely induced 

by the reduced co-ordination of the Fe ions at the edge of the reconstruction, 

compared to those at the centre which are fully surface co-ordinated. This 

change in the local electronic properties of the surface, in a region of local 

disorder, clearly illustrates the importance of perfect surface order to the 

electronic properties of the magnetite (001) surface.

5.5 Im proved R esolution  o f M nN i Tips: A  

Spin Polarised Effect?

Recalling section 3.6.2, there have been numerous SPSTM studies of the 

magnetite (001) surface. The initial study by Wiesendanger et al. [46] com-
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pared images obtained with W tips and Fe tips. The W tips imaged a 3 A 
periodicity, along the [110] oriented rows, whereas the Fe tips imaged a 12 A 
periodicity. This was explained in terms of Fe^+-Fe^“'" and Fê +-Fê "*" dimer 

formation, doubling the periodicity to 6 A. The imaged 12 A periodicity was 

said to arise as the Fe tip only imaged the Fe^"''-Fe '̂‘' dimers, due to the extra 

(I) contribution to the DOS. It was said the the Fe^+-Fe^+ dimers were not 

actually imaged, but that they occupied points imaged as a local depression 

in the STM images. This experiment was repeated more recently by Koltun 

et al. [82], and again the Fe tip imaged a 12 A periodicity. However, attempts 

to image the surface with W tips were not successful. The authors therefore 

assumed that the 12 A periodicity imaged with an Fe probe is due to a spin 

polarised enhancement of the tunnel current.

It is clear from the STM images presented here that a 12 A periodicity can 

be resolved with a W probe. Imaging this periodicity with a magnetic tip is 

therefore not a sufficient condition to be met in order to claim a spin polarised 

contribution to the tunnel current. It can arise solely due to topographical 

or electronic effects, rather than being due to spin polarised resolution.

Comparing the images obtained with W tips to those with MnNi tips 

clearly show that the MnNi tips offer improved resolution, imaging two dis

tinct bright points whereas the W tips images these as one larger bright point. 

This enhanced resolution with MnNi tips can be explained in terms of a spin 

polarized contribution to the tunnel current. The contribution of the mag

netite (001) surface to the tunnel current when scanning with a paramagnetic 

tip is dependent purely on the LDOS of the sample. When scanning with a 

tip prepared from magnetic material there is an extra, spin dependent com

ponent to the tunnel current. As the Fê '*“-Fe^+ and Fe^“'"-Fê "*" dimers have a 

different spin configurations it should be possible to distinguish between them
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with a magnetic tip [25]. Such a spin polarized contribution to the tunnel 

current is consistent with the recent spin-resolved PES experiments [67,68] 

showing magnetite thin films to have a negative spin polarization of up to 

-80 ±  5% at room temperature. It is also possible that the differing contrast 

imaged with the MnNi tip is purely due to a differing LDOS of the Fe^+-Fe^+ 

and Fe^+-Fe^+ dimers, and is not a spin polarised contribution. However, one 

would then expect to also image the charge ordered arrangement with W tips. 

A further complication is that the electronic structure of the MnNi tip may 

differ from the W tip, allowing improved resolution, irrespective of any spin 

polarised concerns. The other possible explanation is that this alternating 

periodicity is a topographical effect, however, if this is so, the W tip would 

also resolve the spots of different brightness along the [110] oriented rows. 

Therefore, whilst other possible explantions must also be considered, a spin 

polarised effect provides a reasonable explanation for the surface structure 

imaged with MnNi tips, and differences between the images obtained with 

W and MnNi tips.

5.6 STS of the (\/2 x y/2)RAb° Reconstructed  

M agnetite (001) Surface

Scanning tunneling spectroscopy was performed on the (\/2 x \/2)i?45° re

constructed magnetite (001) surface at room temperature. Three normalised 

curves, which are representative of all those obtained on the surface are pre

sented in figure 5.8. The presented curves are each the average of ~  1000 

curves taken at different points on a pre-defined grid of the scan area. Each 

are for different scanning sessions, with different W tips. All presented STS 

curves were obtained using the same current-voltage set points, 0.1 nA, -l-l V.
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Figure 5.8: Tunneling spectra of the magnetite (001) (\/2  x \/2)R45° recon

structed surface, (a): Spectra in the range -1.5 V to +1.5 V, showing the 

features around E/. A reproducible energy gap of ~  0.25 eV is measured in 

all spectra. The energy gap is measured from the FWHM of the peaks around 

Ey in the normalised spectra (b): Spectra in the range -2 V to +2 V. A dis

tinct peak at -1.5 V is resolved. This peak has been resolved on numerous 

surface spectra, (c): Spectra in the range of -3 V to -1-1.5 V, again showing 

the peak at ~  -1.5 V. Broad energy bands are formed on both sides of E / 

which are generally featureless except for this broad peak in the occupied 

band at ~  -1.5 ±  0.2 V, and a shoulder in the unoccupied band at ~  -t-0.5 

±  0.1 V.
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The curve features are reproducible for different current-voltage set-points. 

Points on the I(V) curves were taken at 0.02 V intervals, with an acquisi

tion time of 320 /us per point. They are normalised as explained in section 

2.1.3. The presented curves differ in tha t they are taken over different voltage 

ranges.

The normalised curves (a) and (b) clearly show that an energy gap is 

present between the filled and the empty states of the surface. This gap, 

measured from the FWHM of the peaks in the normalised spectra, is ~  

0.25 eV wide. This is compared to an expected band gap of 0.1 eV for bulk 

magnetite [52]. Considering tha t it is a B-terminated magnetite (001) surface 

being probed here, the existence of states near E / on the unoccupied side of 

the gap, seen in these spectra, is consistent with band structure calculations 

by both Yanase [9] and Zhang and Sathapy [65], the latter of which is shown 

in figure 3.3. In these calculations it was shown tha t the minority spin band 

(i) of the t 2g states of the B-sites cross over E /, whereas the eg majority spin 

band (T) on the occupied side does not cross over Ey.

Other than the presence of the energy gap, one can see a shoulder in 

the curves on the unoccupied side of the spectra at ~  +0.5 V. These are 

the minority spin band ( |)  states. From the calculations of Yanase [9], and 

Zhang and Sathapy [65] this shoulder is in the energy region of the broad 

minority spin band of the t 2g states of the B-sites. On the occupied side of 

the spectra there is also a shoulder/peak at ~  -0.25 V. A peak at ~  -1.5 

±  0.2 V, seen very strongly in (b), is also resolved in many spectra of the 

surface. This peak is also seen in (c), which is over a larger voltage range. 

The shoulder at ~  -0.25 eV represents the edge of the occupied band. The 

peak at ~  -1.5 ±  0.2 V roughly corresponds to a peak in the majority spin 

eg states of the Feoct B plane in the band structure calculations [9,65]. The
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observation of these B plane states with STS is consistent with the fact that 

the surface is terminated at the octahedral plane, as STS probes only those 

states present at the surface.

Comparing these spectra to other experiments, it is interesting to note 

that Wei et al. [96] measured tunneling spectra on magnetite(001)/MgO, 

below T^, and found a gap of ~  0.2 eV. That is similar to the magnitude 

of the gap measured here at room temperature. This is somewhat surpris

ing, as one would expect a larger gap magnitude following the advent of the 

Verwey transition. One can explain this if electron hopping at the surface is 

already inhibited at room temperature due to the lack of co-ordinating Feoct 

ions above the surface layer, as proposed by Coey et al. [75] to explain the 

observation of surface charge ordering on magnetite (001) at room tempera

ture. As the high room temperature conductivity of magnetite is attributed 

to electron hopping between Feo^ sites, the absence of such sites above the 

surface is likely to inhibit this conduction mechanism. It was proposed that 

the surface will exhibit an energy gap, or mobility gap, in the DOS, above 

T^ [75], as seen in the STS spectra presented here. However, PES experi

ments by Chainani et al. show that for a magnetite single crystal, cleaved 

along [110], there is evidence of a metallic type density of states, on the oc

cupied side of Ef, at room temperature [97]. Below T„ a gap of ~  0.07 eV 

was found in the occupied band. The metallic state arises gradually with 

increasing temperature from below T„. This metallic state, extending from 

the occupied side of the DOS, suggests that the Verwey transition is a metal- 

insulator transition as opposed to a semiconductor-insulator transition. It is 

not seen in the STS presented here. This can be explained in terms of the 

probing depth of PES compared to STS, with the former having an escape 

depth of ~  5 A, compared to only the states protruding from the surface
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for the latter [16]. Furthermore, STS provides spectroscopic information on 

a highly localised area of the STM scan, as opposed to averaging over large 

sample areas when using PES. In their PES experiments Chainani et al. [97] 

resolved a state at -1.5 V, which is in agreement with the state resolved in 

our tunneling spectra. The resolution of this state on the octahedrally ter

minated surface with STS shows it to be one associated with the B-plane of 

magnetite.

5.7 Breakdow n of (>/2 x \/2)i?45° R econstruc

tion  D ue to  U H V  A nnealing

5.7.1 Prolonged A nnealing at ~  800 K

Following prolonged annealing of 20-50 hours of the {y/2 x \/2)i?45° recon

structed Fe3 0 4  surface in UHV conditions at ~  800 K the 0 /F e  ratio of the 

Auger spectra of the surface reduces to 1.35 ±  0.05. This reduction in the 

0 /F e  ratio of the surface, seen through AES, is accompanied by a breakdown 

of the (y/2 X y/2)R45° reconstruction. This is seen through both LEED and 

STM. In general the sharp (\/2  x y/2)R45° LEED is replaced by a blurred 

p ( l x l )  mesh [Fig. 5.9(a)]. Figure 5.9 shows STM images of a surface that 

was ( \/2  X 's/2)R45° reconstructed, following a 24 hour anneal in UHV at ~  

800 K. The surface is characterised by the presence of large troughs. These 

can be 1.05 A or 2.1 A in depth. Generally the surface shows no atomic scale 

order, however on ocassion atomic scale rows are imaged on the surface, such 

as those in figure 5.9. The atomic scale rows do not have a (\/2  x \/^)i?45° 

symmetry. Instead they form rows that are separated by 12 A. This is il

lustrated by the line profile in figure 5.9. There is no discernable corrugation
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Figure 5.9: (a): LEED mesh of the magnetite (001) surface following pro

longed annealing in UHV. The (\/2 x \/2)R45° reconstructed mesh is re

placed by an unreconstructed p( lx l )  mesh, (b): (700x700) STM image, 

If= 0.1 nA, Vfc= -1-1 V, taken with a W tip, and a (360x200) zoom in 

on this surface. The (\/2 x \/2)R45° reconstruction is gone, and the terraces 

have begun to break down, with large troughs appearing on the terraces. 

Atomic scale rows are imaged on some parts of terraces, however long range 

atomic order has broken down, (c) and (d): Higher resolution STM image, 

and associated line profile, showing some local row formation, with a 12 A 
periodicity.
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along these rows, and it is clear to see from the image that they do not form a 

long range order on the surface. The large black troughs run perpendicular to 

the imaged atomic rows. Due to the decrease in the 0 /F e  ratio of the Auger 

spectra, it is likely that the troughs are a result of oxygen depletion of the 

surface, giving rise to line defects. Indeed this is pointed to by the fact that 

simply by annealing the sample in O at 2.66x 10“® mbar for 15 min results in 

the surface regaining the (\/2 x V^)i?45° structure. The fact that annealing 

in UHV can destroy the (\/2 x -\/2)R45° order, and that by simply annealing 

the disordered sample in an oxygen environment can return the reconstruc

tion shows the importance of the 0 /F e  ratio to the surface of magnetite, 

and specifically to the importance of the 0 /F e  ratio to the presence of the 

(\/2 X \/2)R45° reconstruction.



Chapter 6

Germ anium  (001)

6.1 Introduction

Germanium is a group four intrinsic semiconductor. It was the first semi

conductor to be used commercially, however despite this fact, silicon is now 

far more widely used than germanium in the semiconductor industry. This 

is because of the lower cost of Si, the higher temperature tolerance of Si 

devices, and the fact tha t unlike Ge its oxide is not water soluble, which 

is advantageous in processing of devices. Ge still finds use in low operating 

voltage devices and in power rectifiers. More recently, due to the use of epi

taxial Ge thin films grown on Si for bipolar transistors, which have proven 

faster and more efficient than existing Si transistors, interest in Ge has inten

sified dramatically [98]. Ge has also been studied in terms of the possibility 

of achieving a dilute magnetic semiconductor, through doping with magnetic 

elements, in the hope of combining magnetic and electric devices on a single 

chip [2,4-6]. Furthermore, the possibility of using ferromagnetic metals as a 

source of spin polarised electrons for injection into semiconductors has led to 

interest in the growth of ferromagnetic layers on Ge [7,8,99-102]. More gen-

76
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Figure 6.1: The Germanium unit cell. It crystallises in the diamond structure, 

which can be thought of as two interpenetrating fee lattices. The lattice 

constant for Ge is 5.66 A

erally, growing sub-monolayer metal films to obtain ordered clusters on semi

conducting substrates has also received much attention [103]. This chapter 

provides an introduction to the Ge(OOl) surface, and an overview of related 

work.

6.2 Surface Terminations of Ge(OOl)

Germanium crystallises in the diamond structure [Fig. 6.1]. It has a lattice 

constant of 5.66 A. A calculated DOS for bulk germanium [104] is shown 

in figure 6.2. Around E / a band gap ~  0.7 eV is present, with a broad 

band centred on ~  -1.1 eV found on the occupied side and one centred on 

~  4- 0.75 eV found on the unoccupied side. Cleaving the (001) face of a Ge 

crystal results in the formation of a surface with two dangling bond sp^ hybrid 

orbitals per surface atom. As with the Si(OOl) surface, the Ge(OOl) surface
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Figure 6.2: Calculated electronic density of states of germanium [104]. Left 

is from -12 eV to +12 eV. Right a zoom in on the area around Ey. A band 

gap of I'N-' 0.7 eV is calculated. An occupied state centred on ~  -1.1 eV, and 

an unoccupied state centred on ~  -1-0.75 are also found.

reconstructs through the pairing of nearest neighbour surface atoms, forming 

dimer rows orientated along the <110> crystallographic directions [105]. This 

gives rise to the (2x1) surface reconstruction, which is the primary LEED 

mesh observed at room temperature [106].

(2x1)  Surface R econstruction

The original models for the (2x1) reconstructed surface were based on two 

schemes. The first was a symmetrical surface dimerisation, along the [110] 

direction, which would lead to an odd number of unpaired electrons per sur

face atom and result in a half filled metallic surface state. The second was 

an asymmetrical surface dimerisation model, introduced by Chadi [107], es

sentially consisting of an energy saving buckling of the surface dimers, which 

would result in a semiconducting type surface state band. A schematic of 

these dimerisation schemes, and how it gives rise to the (2x1) reconstruc

tion, can be seen in figure 6.3.
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Figure 6.3: (a): Side view of bulk terminated (001) surface. Each surface 

atom has two dangling bonds, (b): The dimerisation that gives rise to the 

(2x1) surface reconstruction. The dimers shown here are symmetric, (c): 

Schematic of the asymmetric, or buckled dimer, found to be the lowest energy 

configuration by Chadi [107].

It is now accepted tha t the reconstruction is best explained by the latter 

model, with the formation of asymmetrically buckled dimer pairs along the 

<110> crystallographic directions. These buckled dimers flip-flop rapidly at 

room temperature between their two equivalent positions. The calculations 

by Chadi imposed no symmetry constraints on the dimers and found tha t 

the buckled dimer [Fig. 6.3(c)] forms spontaneously, and that the symmetric 

dimer is in fact unstable [107]. Later total energy calculations also favoured 

this model [108,109]. The buckling results in a charge transfer between the 

two atoms of the dimer, with the buckled up dimer being electron rich and 

the buckled down dimer electron poor. First principle calculations by Kruger 

et al. [110] have determined the Ge(OOl) surface states, from the bulk states, 

for the asymmetric dimer model. A semiconducting gap of ~  0.8 V was 

calculated. They found 4 salient surface bands; the dimer bond band Dj, 

the dangling bond band D„p, the dangling bond band T)down, and the anti

bonding dimer bond band D*. In addition there were found to be back-bond 

states of mainly sp character; B, and s character; Sj. These were found to



CHAPTER 6. GERMANIUM (001) 80

be localised between the first and second layer, perpendicular to the surface. 

The D„p band was found to be a very broad peak from the edge of the gap 

region to -1.5 V. The band was also a broad band, from the unoccupied 

edge of the gap to 1 V. A back-bond state was found at ~  -1 V.

c (4 x 2 )  Surface R econstruction

The c(4x2) reconstruction is also observed on the Ge(OOl) surface. At room 

temperature weak quarter order LEED spots have occasionally been observed 

on the surface, consistent with some localised 4x reconstruction [106]. The 

intensity of these quarter order spots have been shown to increase with de

creasing temperature, until at ~  200 K only the c(4x2) mesh is observed, 

showing the (2xl)<— >(4x2) two-dimensional phase transition to be of the 

second order type [106]. The buckled dimer again forms the basis of the 

c(4x2) reconstruction. Unlike the (2x1) reconstruction the dimers are buck

led out-of-phase (or anti-correlated) along the [110] oriented rows. They do 

not flip-flop between the two possible configurations of the dimer, as occurs 

for the (2x1) reconstruction, but are frozen in one buckled configuration. 

This model for the c(4x2) reconstruction was again proposed by Chadi [107]. 

This configuration was found to be true, using surface sensitive XRD, by Fer

rer et al. [111]. The diff'erent buckling arrangement of the dimers in the (2x1) 

and c(4x2) reconstructions is more clearly seen in the schematic of figure 6.4.

Kevan and Stoffel [112] studied the (2xl)'<— >’c(4x2) transition using 

PES, and found the transition to be an order-disorder, metal-insulator tran

sition. A metallic surface state was present for the room temperature (2x1) 

transition. This state gradually disappeared as the sample was cooled, and 

was absent for the low temperature c(4x2) phase. They suggested that the 

metallicity of the (2x1) phase is due to the flip-flopping of the dimers be-
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tween their two equivalent buckled positions. Between these two buckled 

states they pass through a symmetric state, giving rise to a conductivity 

band not present for the frozen buckled dimers of the c(4x2) reconstructed 

surface.

p (2 x 2 ) Surface R econstruction

Finally, a p(2x2) reconstruction can also occur on the surface. Like the 

c(4x2) reconstruction it arises due to frozen buckled dimers, however the 

buckling is in phase (or correlated) along the dimer rows. Needels et al. [113] 

calculated the p(2x2) and the c(4x2) reconstruction to be almost degener

ate. Experimentally this reconstruction has not been widely observed for the 

Ge (001) surface, however it has been imaged using STM, for T < 80 K, 

where it was found to co-exist with the c(4x2) reconstruction [114,115].

6.3 Previous STM  C haracterisation o f th e  

Ge(OOl) Surface

6.3.1 T he Clean Ge(OOl) Surface

STM imaging of the Ge(OOl) surface by Kubby et al. [116] imaged rows 

oriented along the (liO) direction, separated by 8 A along the (110) direc

tion. The periodicity along the rows was 4 A, corresponding to the (2x1) 

surface termination, confirming the earlier room temperature LEED mesh 

observed by Kevan [106]. The orientation of the dimer rows were found to 

rotate through 90° on terraces separated in height by 1.4 A. This is due to 

the 90° rotation of the tetrahedral dangling bonds between these terraces. 

This domain structure on alternating terraces gives rise to the observed two
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Figure 6.4: Top view of the surface reconstructions of the Ge(OOl) surface. 

The (2x1) reconstruction consists of rows of dimer pairs, oriented along the 

[lIO] direction. The dimers are buckled asymmetrically out of the plane of the 

surface, as shown. The c(4x2) reconstruction again consists of dimer pairs, 

however they are frozen out-of-phase, as viewed along the [110] direction. 

Finally the p(2x2) reconstruction involves dimers frozen in phase along the 

[110] direction. It differs from the (2x1) reconstruction in that the direction 

of the dimer buckling alternates along the [lIO] rows, as shown.
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domain (2x1) LEED mesh. Areas exhibiting the c(4x2) reconstruction were 

also imaged, generally in the vicinity of defects and steps. The STM images 

of the surface show a large polarity dependence. As there is a higher elec

tron density on the D„p electron of the dimer pair, when tunnelling from the 

tip into the sample one would expect to emphasise the states of the Ddown 

band, whereas tunnelling from sample to tip one would expect to emphasise 

the states of the D„p band. This was found to be true, and was evident by 

a phase shift of the frozen dimers of the c(4x2) reconstructed areas when 

changing junction polarity. Surprisingly, even for the symmetric (2x1) sur

face, asymmetric behaviour could be imaged with STM. This was most easily 

seen through a clear phase shift along the dimer rows for positive and nega

tive polarity images.

STS of the (2x1) surface was also carried out in the study by Kubby et 

a/., measuring an insulating gap of 0.9 eV. Surface states were resolved, with 

two filled state features at -1 eV and -2.6 eV, and one empty state feature 

at -1-0.9 eV. In line with the calculations by Kruger [110] the -1 eV band 

was labelled as the D„p band, and the -1-0.9 eV feature as being due to the 

Ddown band. Both peaks have widths of ~1 eV. The feature at -2.6 eV was 

labelled as the D* band. These results were said to be in general agreement 

with the ARPES results of Kevan and Stoffel [112], which found peaks at 

-0.6 and -1.3 V. The difference in energies of the resolved peaks between the 

two techniques was explained in terms of the increased sensitivity of STS to 

p  ̂ like states of germanium, compared to PES.

Later STM studies have consistently shown that the (2x1) reconstruc

tion dominates at room temperature, with areas of the c(4x2) reconstruction 

also present [117]. The presence of missing dimer defects and missing dimer 

complexes (such as twin missing dimers) on the terraces has also been consis-



CHAPTER 6. GERMANIUM (001) 84

tently noted, and it has been shown that such defects lead to a local freezing 

of the flip-flop motion of the (2x1) dimers in the vicinity of the defect, re

sulting in the presence of localised areas of the c(4x2) reconstruction around 

defects, at room temperature [118].

The formation of a striped domain pattern of (2x1) and c(4x2) domains 

at room temperature on extremely defect free surfaces has been imaged with 

STM at room temperature [119]. Whereas the defect induced domains decay 

over a length scale of ~4-40 A, these domains can be up to 80 A wide and form 

a well ordered striped domain structure over the entire surface. The presence 

of even a low concentration of surface defects destroys this domain structure. 

The authors suggest that this domain formation at room temperature is 

driven by a strain relief mechanism. This property of the surface was recently 

used to examine the contrasting electronic properties of the (2x1) and c(4x2) 

reconstructions using STS by Gurlu et al. [120]. It was found that the (2x1) 

domains have states near E / that are not resolved for the neighbouring c(4x2) 

domains. The presence of states in the semiconducting gap of the tunneling 

spectra was explained by Gurlu et al. using the same mechanism as previously 

proposed by Kevan and Stoffel [112]. i.e. The flip-flopping dimers of the (2x1) 

reconstruction pass through a symmetric state resulting in a conductivity 

band for the (2x1) domains that is not present for the c(4x2) domains.

6.3.2 Growth of U ltrathin M etal Films on the Ge(OOl) 

Surface

There has been much recent work focusing on the use of Ge(OOl) as a 

substrate for the deposition of metals. Due to superconducting character

istics below 2 K the Ag/Ge(001) system has been extensively studied using 

STM [121-123]. This work has focused on finding the most favourable adsorp-
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tion sites for the metal adatoms, and whether the nucleation occurs normal 

or orthagonal to the dimer rows. The Pt/Ge(001) system has also been stud

ied, again in relation to the initial nucleation sites of the deposited Pt atoms, 

and also with respect to the temperature dependence of the growth [124]. 

This system has also been shown to form 1-D Pt nanowires with metallic 

conductivity on the surface following high temperature (>1200 K) annealing 

in UHV [125].

Of particular interest has been the growth of magnetic elements, driven 

by the possibility of integrating magnetic devices and electronic devices on 

a single chip [2,4-6]. One avenue explored with respect to this integration 

has been that of dilute magnetic semiconductors (DMS). It was predicted 

by Dietl et al. [126] that ferromagnetic order can be stabilised in the group 

four semiconductors. Some of the most promising results have come from Mn 

substituted Ge, which has yielded a Tc =  116 K for MBE grown films [5], 

and of 285 K for a single crystal [99]. This in turn has led to interest in the 

UHV growth of epitaxial Mn on both the (100) and (111) faces of Ge [100]. 

In terms of the formation of Ge based DMS, Choi et al. have shown that 

Cr and Fe doped crystals exhibit ferromagnetic behaviour, at 126 K and 

233 K respectively [127,128]. In these studies they found an increase in the 

lattice constant of the Fe doped Ge lattice, arguing that this shows the Fe is 

incorporated into the host lattice. However, despite the intensive research, the 

actual use of DMS in working devices languishes, due to the very low values 

of Tc and problems with integration into existing device technologies [7].

Alongside research into dilute magnetic semiconductors, the deposition of 

ferromagnetic metal films onto semiconductor substrates is also being actively 

studied. There are many advantages of using ferromagnetic metals as a source 

of spin polarised carriers [7]. Firstly, they are easily integrated into existing
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processing technology. Secondly, they are a source of spin polarised electrons, 

whereas for many of the DMS discovered the spin polarised carriers are holes. 

This is advantageous because electrons have been shown to have long spin 

scattering lengths in semiconductors [129]. Thirdly, the electrons they provide 

are highly spin polarised. Finally, unlike DMS, the ferromagnetic metals have 

high Tc’s, allowing their use in devices at practical temperatures.

Indeed, Fe has already been shown to be a suitable candidate for spin in

jection into semiconductors at room temperature by Zhu et al. [10]. The 

injection of spin polarised electrons into GaAs was demonstrated for a 

GaAs(001)/(In,Ga)As light emitting diode, covered with Fe. The degree of 

the emitted circularly polarised light was calculated to be consistent with a 

spin injection efficiency of 2%. The process was explained in terms of the 

formation of a Schottky barrier at the interface. This allows the tunneling of 

electrons through a depletion layer into the active region of the diode. This 

spin injection mechanism is not affected by the resistance mismatch of the 

metal and substrate [130].

The benefit of the Fe/GaAs(001) interface lies in the fact that, because 

of the low lattice mismatch between the two, Fe can be grown epitaxially on 

GaAs. This is also true for Ge and ZnSe substrates. Some previous studies 

on the deposition of Fe thin films onto the Ge(OOl) surface have been per

formed [102,131,132]. Much of the work has focused on the growth mode of 

the films, the degree of intermixing, and the extent of magnetic dead layers at 

the interface. It was initially reported, in reference [133], that Fe films grown 

on Ge at 150°C can have magnetically dead layers of up to 100 A .  However, 

more recent work suggests that the extent of magnetic dead layer is not as 

large as originally suggested. Ma and Norton [131] have performed a com

bined LEED, AES, ARAES and MOKE study on this system. They found the
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initial nucleation to be disordered, with local order (as seen through LEED) 

commencing at seven monolayers of Fe. Contrary to reference [133] room 

temperature MOKE loops show hysterisis for films with thickness > 4 ML. 

This suggested that the intermixing problem is less than previously thought, 

but still shows that the first 3-4 ML are either magnetically dead, or have an 

easy axis perpendicular to the film plane. Through the temperature depen

dence of the AES concentration of Fe they suggested tha t severe intermixing 

of the Fe with the Ge substrate commences at 160°C and tha t rapid diffusion 

of Fe into the bulk occurs at 400°C, with the Fe signal disappearing at this 

temperature, consistent with complete diffusion of Fe into the bulk. It is also 

interesting to note that they found tha t the Fe thin films lack the four fold 

magnetic symmetry of bulk a-Fe. There is a uniaxial magnetic anisotropy, 

with the [110] direction behaving as a hard axis, and the [110] direction as 

a soft axis. Whilst Ma et al. do not offer an explanation for this anisotropy, 

Kneedler et al. have shown that for the similar Fe/GaAs(001) system the 

effect is less pronounced for thicker films, pointing to the interface as the 

origin of the effect [134],

Schleberger et al. have performed an XPS study on amorphous Fe-Ge 

nanostructures [135]. They observe chemical shifts of the core levels which, 

they say, excludes the formation of a sharp Fe/Ge interface. Nominal thick

nesses of > 10 A Fe had to be achieved for the formation of a pure Fe toplayer 

above the intermixed region. For the deposition of Ge onto an Fe substrate no 

significant shift is observed, suggesting a sharp interface is formed. However, 

a recent study by Cantoni et ai, again using XPS, shows th a t the intermix

ing of Ge in the Fe toplayer for room temperature grown films is less that 

3% [102], Furthermore, using MOKE, they detect the onset of room temper

ature ferromagnetism at 3 ML, indicating tha t there is virtually no magnetic
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dead layer, consistent with the formation of an abrupt interface.

Finally, in relation to the Fe/Ge interface, it is worth noting tha t Freeland 

et al. have found direct evidence of an induced magnetic moment in Ge at the 

Fe/Ge interface using X-ray magnetic circular dichroism [101]. Spin polarised 

s states at Ey, and a d-component at higher energy were found to be present 

at the Ge interface layer, both oriented anti-parallel to the moment of the Fe 

layer, with a magnitude of 0.1



Chapter 7 

N ucleation of Iron on 

Germanium (001)

7.1 Introduction

In this chapter, results on the initial nucleation of Fe on the Ge(OOl) sur

face are presented. STM and STS were carried out on the clean Ge(OOl) 

surface. The initial nucleation of Fe on this surface was studied using STM. 

Small clusters are found to form for deposition with the substrate at room 

temperature. These clusters are discussed in detail. The influence of elevated 

substrate temperature on the initial growth of Fe was also studied with STM. 

The effect of post annealing on the Fe-Ge interface, with respect to intermix

ing, was investigated with AES and STM. Finally, STS of the clusters tha t 

form on the Ge(OOl) surface has been obtained.

89



CHAPTER 7. NUCLEATION OF IRON ON GERMANIUM (001) 90

7.2 Clean Ge(OOl) Surface

7.2.1 Preparation o f th e  C lean Ge(OOl) Surface

The Germanium samples used in these experiments were cleaved from a 3” 

n-type (Sb doped, 25 (001) oriented wafer. The samples were then

cleaned in ethanol using an ultrasonic bath. Following this they were mounted 

into Ta/Mo sample holders and inserted into the UHV system. In-situ UHV 

preparation of the Ge(OOl) surface is well documented [136]. The samples 

are initially outgassed in UHV at 800 K. This is followed by repeated cycles 

of Ar+ ion etching and annealing in UHV. Samples were etched for 15 min, 

using an ion energy of 1 keV. UHV annealing at temperatures in the 800-1000 

K range for time periods ~  25 min was then carried out. This preparation 

procedure has been shown to result in the formation of well ordered Ge 

surfaces [116]. One problem associated with this preparation technique is 

the presence very large protrusions on the surface. Generally, the number 

of these defects are found to be greatly reduced as the number of etch and 

anneal cycles is increased. These large defects have been explained in terms of 

the diffusion of C contaminants from the bulk crystal to the surface [136,137].

An AES spectrum of the Ge(OOl) surface following repeated cycles of Ar+ 

etching and annealing in UHV is presented in figure 7.1. Contamination of 

the surface is below detection limit of the analyser, i.e. the only Auger peaks 

present are those associated with Ge. Low energy peaks at 23, 47, 53, 89 

and 108 eV, as well as the higher energy peaks, specifically the one at 1147, 

are characteristic of the Ge surface. LEED shows tha t the surface exhibits 

the well known (2x1) reconstruction, seen in figure 7.2, as expected for the 

Ge(OOl) surface at room temperature [106].
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Figure 7.1: Auger electron spectrum of the clean Ge(OOl) surface. Graph left 

shows the low energy peaks, and right the high energy peaks. The peak at 

1147 eV is used to calculated relative surface concentrations. After repeated 

etch and anneal cycles contamination is below the limit of the Auger set-up.

( 2 x 1 ) /> I m

Figure 7.2: LEED mesh of the clean (2x1) reconstructed Ge(OOl) surface. 

The unreconstructed (1x1) unit cell is outlined with a red square, and the 

(2x1) superlattice is outhned by the yellow rectangle.



CHAPTER 7. NUCLEATION OF IRON ON GERMANIUM (001) 92

7.2.2 STM /STS of the Clean Ge(OOl) Surface

A STM image of the Ge(OOl) surface following repeated cycles of Ar'*' ion 

bombardment, and annealing in UHV, is shown in figure 7.3. The Ge dimer 

rows, oriented along the [lIO] direction, are imaged. These rows are separated 

by 8 A in the [110] direction. As seen in previous STM studies [117], the (2x1) 

reconstruction forms a long range reconstruction on the surface and a (2x1) 

unit cell is outlined with a yellow rectangle [Fig. 7.3(b)]. Some examples of 

missing Ge dimer defects are also imaged, and these are marked by white 

circles [Fig. 7.3(c)]. The c(4x2) reconstruction is also evident on the surface, 

in the region of the missing Ge dimer defects. The c(4x2) surface unit cell is 

outlined with a red rectangle.

I(V) tunnelling spectra of the clean Ge surface were also obtained, using 

W tips. A representative I(V) curve of the surface, taken using tunnelling 

parameters of +1.97 V, 0.5 nA, is shown in figure 7.4. The curve is an average 

of 900 separate curves taken on the surface. Points were taken at 0.04 V 

intervals, from -2 V to +2 V, with an acquisition time of 320 fxs per point, 

and a delay time of 100 fis. The curve on the right is a normalised version of 

the same I(V) curve, using the normalisation procedure described in section 

2.1.3. A semiconducting gap of ~  0.8 eV is measured from the spectra. Two 

filled state peaks are resolved at -1.0 eV, -0.4 eV and an empty state peak 

is resolved at 0.75 eV. These states are within the region of the bulk bands 

found in figure 6.2, and are in broad agreement with previous tunnelling 

spectra of the clean Ge(OOl) surface [116,120]. The semiconducting gap is 

in the same range as both previous studies; 0.9 eV by Kubby et al. [116], 

and 0.75-0.9 eV by Gurlu at al. [120]. In the study by Kubby et al. peaks 

at roughly -1 eV and 0.9 eV were resolved. These states are associated with 

the D„p band and Yidown band of the surface dimer, and were found always
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Figure 7.3: (a): (320x320) STM image of Ge(OOl) surface following 5 

cycles of etching and annealing in UHV. Terraces are formed, with both the 

(2x1) and c(4x2) reconstructions evident. Also imaged are white protrusion, 

associated with the diffusion of C contaminants from the wafer, (b) and (c); 

(150x90) zoom-in and differentiated image of the zoom-in respectively. 

The c(4x2) surface unit cell is marked with a red and the (2x1) surface unit 

cell with a yellow rectangle. Also marked, with a white circle is a missing 

Ge dimer defect, associated with the formation of the c(4x2) reconstruction, 

(d): (500x500) A  ̂ STM image of the clean surface, and (e): Derivative of a 

zoom-in, showing the 90° rotation of the dimer row direction from one terrace 

to the next. The (2x1) reconstruction forms over the entirety of the surface. 

All images here It =  1 nA, V(, =  -1 V.
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Figure 7.4; STS I(V) curve of the clean Ge(OOl) surface and normalised 

version of this curve, right. A semiconducting gap of ~  0.8 eV is measured 

from the FWHM of the gap region. States are resolved at -1.0 eV, -0.4 eV 

and 0.75 eV.

to be present, regardless of whether the surface exhibits a (2x1) or c(4x2) 

reconstruction. The peak at -0.4 eV, seen in 7.4, was not resolved in the STS 

study by Kubby. However, in the spectra presented here, the peak is very 

strong. The presence of this peak is in agreement with PES studies of the 

Ge(OOl) surface by Nelson et al. [138], who resolve a state at -0.6 eV and 

by Hsieh et al. [139], who resolve a state at -0.5 eV. This state was found 

to be strongest for lower photon energy, which emphasises the p states, and 

weakest for higher photon energies, which emphasise s states. The strong 

presence of this peak at ~  - 0.4 eV in the STS spectra is in agreement with 

this energy dependence, as STS emphasises the p-states of this surface over 

the s states. The presence of the peak in the STS spectra also confirms that 

the state is present on the surface of Ge(OOl), rather than it being solely a 

bulk contribution from the underlying layers that are also probed by PES. 

Gurlu et al. also resolved a peak in STS spectra at -0.5 eV in the study of
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the (2xl)/c(4x2) domain structure of the Ge(OOl) surface [120]. The peak 

was weak, and only resolved for the c(4x2) domains of the surface. They 

therefore suggested its presence is due to the more than half filled tt states 

of the Dup band, which they say is present only for the c(4x2) reconstructed 

surface. However, in our work, the peak appears to be present for areas of 

the surface exhibiting the (2x1) reconstruction, suggesting it is not due to 

a state present only for the frozen dimers of the c(4x2) reconstruction. It 

is also worth recalling that in their work Gurlu et al. resolved states in the 

semiconducting gap, around E/, for the (2x1) reconstructed surface, which 

they suggested was due to the flip-flop motion of the dimers in the (2x1) 

reconstruction [120]. We have not resolved such metallic surface states within 

the region of the semiconducting gap in the STS spectra obtained during the 

course of this work.

7.3 N ucleation  of Fe Film s on th e  Ge(OOl) 

Surface

7.3.1 Initial N ucleation  of Fe on Ge(OOl) Surface at 

Room  Tem perature

Following the preparation of the clean Ge(OOl) surface, ultrathin films of Fe 

were immediately deposited onto the surface in UHV, at room temperature, 

using the Omicron EFT triple cell evaporator. A thoroughly de-gassed ul- 

trapure Fe rod source was used. Generally 30 minutes of evaporation was 

necessary to stabilise the flux rate, and the Fe was then deposited at rates 

~  lA/min. Nominal film thicknesses were measured using a quartz crystal 

balance. The chamber pressure did not rise above 1 x 10~® mbar during de-
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Figure 7.5: (a): Large scale, (378x378) STM image of the clusters that 

form on Ge(OOl) following the deposition of Fe. =  0.1 nA, V(, =  +1 V. Two 

missing Ge dimer pair vacancies are pointed to by red arrows, (b); (146 x 123) 

zoom-in of the image showing the clusters with respect to the substrate. 

While the Ge dimer rows are separated by 8 A along the [110] direction, the 

clusters are 12 A wide in this direction.

position. STM commenced within 30-60 minutes following deposition. The 

pressure in the STM chamber was 1.33x10“ ^̂  mbar .

An STM image which shows the initial stages of the room temperature 

growth is presented in figure 7.5. Assuming the imaged islands consist solely 

of Fe, the coverage corresponds to ~  15 % of 1 ML. The surface is charac

terised by the formation of nanometre scale clusters. In the direction per

pendicular to the Ge dimer rows, [110], virtually all of the clusters are 12 A 
wide. In the direction parallel to the dimer rows, [110], the clusters can be 12 

A wide, giving rise to square shaped clusters, or they can be 8 A wide, giv

ing rise to clusters that are slightly elongated perpendicular to the substrate
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Figure 7.6; (143x76) STM image, It =  0.1 nA, Vb =  +1 V, of the clusters 

on Ge(OOl) showing the registry of the clusters with respect to the substrate. 

It is also clear from this tha t along the [110] direction the clusters are always 

separated by multiples of 8 A.

dimer rows. The latter type are more common. For tunnelling set-points of 

If ~  0.1 nA and Vf, =  +0.7 —>■ +2 V these clusters have highly reproducible 

apparent corrugation heights of 1.1 ±  0.1 A, with respect to the underlying 

substrate, suggesting tha t they are a single monolayer high. It is clear tha t 

the growth process at room temperature is predominated by the formation of 

these 2D clusters. Some smaller protrusions are also imaged on the surface, 

and these will be discussed in detail later. It is also important to note that 

the missing Ge dimer defect density is extremely low. Two such defects are 

marked with red arrows in figure 7.5.

The exact registry of the clusters with respect to the Ge substrate can 

be seen from the STM image shown in figure 7.6. The substrate maintains 

the dimer row structure of Ge(OOl) and this can be used to ascertain the 

position of the clusters with respect to the substrate dimers. The dashed lines, 

along the [110] oriented dimer rows, are separated by 8 A. As a substrate
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reference, it can be seen that these dashed hnes pass through local apparent 

depressions on the substrate surface. As the sample is positively biased, these 

depressions correspond to the buckled up atoms of frozen Ge dimers, as these 

are electron rich [107]. The dashed lines always pass through the centre of 

the clusters, clearly showing tha t they only nucleate on sites that are 8 A, or 

whole multiples of 8 A, apart in the [110] direction. This periodicity means 

tha t they can only be occupying certain locations on the surface with respect 

to the c(4x2) reconstruction of the substrate. These two possible locations for 

the (8x12) A  ̂clusters, which in terms of the (2x1) reconstruction are in fact 

equivalent, are represented schematically on the left of figure 7.7(a). Shown on 

the right of figure 7.7(a) are the two possible sites for the (12x12) A^ clusters. 

Again these two sites are equivalent in terms of the (2x1) reconstructed 

surface. How the spacing of the clusters along the [110] direction arises is 

seen in figure 7.7(c).

Similarly, along the [110] direction, due to the restrictions of the nucle

ation site, the clusters are spaced by whole multiples of 4 A. Whether the 

clusters are 12 A or 8 A wide in the [110] direction depends on how many 

substrate dimers the clusters nucleate across in this direction. The nucleation 

site is essentially the same for both, but for the 12 A wide cluster nucleation 

occurs over three of the [110] oriented dimer rows, whereas for the 8 A wide 

clusters nucleation occurs over two [110] oriented dimer rows. This point can 

be seen from figure 7.7(a).

The 12 A width of the clusters in the [110] direction cannot be understood 

by looking only at the Ge surface dimers, which have an 8 A periodicity along 

this direction. For the size of the clusters to be dictated by surface dimer rows 

of the substrate surface layer, one would expect the clusters to have widths 

tha t are multiples of 8 A. The 12 A width can only be understood if one takes
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Figure 7.7: (a); Schematic of the clusters with respect to the c(4x2) re

constructed Ge(OOl) surface. The most common cluster is (12x8) A^. This 

nucleates on one of two possible sites, shown on the left of the figure. Both 

sites axe equivalent for the (2x1) reconstructed surface. On the right are the 

two possible sites for the (12x12) clusters, which are again equivalent for 

the (2x1) surface, (b): Side view of the nucleation of the clusters, showing 

the 12 A width of the clusters relative to the substrate, (c): Schematic show

ing tha t the preferred nucleation site is only repeated at 8 A intervals along 

the [110] direction, as observed in the STM images.
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Figure 7.8: (180x140) STM image, It — 0.1 iiA, =  +1 V, showing the 

rotation by 90° of the chisters from one terrace to the next. The white arrows 

on each terrace point in the direction of the elongation of the clusters, the 

[110] direction.

into account the bulk periodicity of Ge. This is shown schematically in figure 

7.7(b). The cluster size in the [110] direction is dictated by the periodicity of 

the second Ge layer, and not by the periodicity of the surface dimers. This 

indicates that the atoms of the clusters interact not only with the Ge dimers 

of the surface, but also with those of the subsurface layer.

With regard to the initial nucleation process, it is also worth noting that 

the (12x8) clusters, which are elongated along the [110] direction, can be 

seen to rotate by 90° between alternating terraces, in keeping with the fact 

tha t the dimer rows of the Ge substrate rotate in the same manner. This 

can be seen in figure 7.8, and illustrates the preference for growth across the 

dimer row direction, as opposed to along the rows, showing initial nucleation 

of the islands in the [110] direction to be energetically favourable compared 

to nucleation along the [110] direction.
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7.3.2 Interaction o f th e  Fe F ilm  w ith  th e  Ge(OOl) Sub

strate

Effect o f the Fe Film  on th e Substrate R econstruction

Following the deposition of the Fe film, the long range (2x1) reconstruction 

appears to break down somewhat. From the STM image of figure 7.9, it can 

be seen that the surface does not exhibit any one long range reconstruction. 

Instead the substrate locally exhibits differing reconstructions over very short 

ranges. As has previously been mentioned there is an extremely low density 

of missing Ge dimer defects on the surface, as is evident from STM image 

figure 7.5. This shows tha t any breakdown in the (2x1) order is not due to 

the presence of large numbers of such defects. In the STM image of figure 7.9 

small areas of the (2x1) reconstruction can be seen. Other than these small 

areas, the surface has no long range order, with local areas of the surface tha t 

can neither be defined as (2x1) or c(4x2). For clarity red arrows mark some 

such disordered areas. Such a disordered surface has never been imaged for 

the clean, defect free, Ge surface. It is therefore reasonable to suggest that 

this disorder is due to the presence of the Fe film and tha t the film is, in some 

way, pinning the flip-flopping Ge dimers in a manner similar to tha t of the 

missing Ge dimer defects, causing local changes in the surface reconstruction. 

This adsorbate induced changing of the reconstruction is consistent with work 

by Alverez et al. who, using XRD, found tha t surface contamination (from 

residual gas, in their experiments) leads to increased temperatures for the 

(2xl)'!-^(4x2) phase transition, and to a rounding of the transition [140]. 

Given the dependence of the electronic structure of the Ge(OOl) surface on 

the reconstruction that it exhibits, this altering of the Ge surface by the Fe 

film will undoubtedly eff̂ ect the electronic properties of the Ge surface and
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Figure 7.9: (200x250) STM image, It =  0.1 nA, V(, =  +1 V, of the 

initial nucleation of Fe on the Ge(OOl) surface. The surface exhibits regions 

of disorder, having neither the (2x1) or (4x2) reconstructions. Some of these 

areas are pointed to with red arrows.

the Fe/Ge(001) interface as a whole.

F e/G e Interface: Abrupt or Interm ixed?

One of the most important points to be addressed in terms of the Fe/Ge(001) 

interface is the degree of intermixing in the system. The degree of inter

mixing present greatly influences the properties of spin transport across the 

interface [7]. Previous surface studies have suggested varying degrees of re

activity of the interface at room temperature, from severe [133,135], to low 

level [102,131]. While the quality of the actual Fe/Ge(001) interface cannot 

be assessed using STM, some properties of the surface following Fe nucle

ation can be used as an indication of the extent of reactivity. For example, as 

had already been shown, the corrugation height of the imaged clusters is as 

expected for a monolayer of Fe on the Ge(OOl) surface. For intermixing of the
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islands with the Ge(OOl) substrate one would expect a reduced corrugation. 

Secondly, the Ge substrate maintains its general structure in the areas sur

rounding the clusters, however with changes in the local reconstruction of the 

surface evident, as outlined in the previous section. Previous STM studies of 

metal clusters on S i( lll)  have shown the formation of very large voids when 

intermixing occurs [141], Possible evidence for intermixing between substrate 

and film is present in the STM images. As mentioned in section 7.3.1, there 

are some small protrusions imaged on the surface, alongside the clusters. A 

zoom in on part of a terrace is shown in figure 7.10. Again the characteristic 

square and rectangular clusters can be seen on the surface. Also imaged are 

these small protrusions, mostly occupying positions above the [lIO] oriented 

Ge dimer rows. They are slightly elongated along the dimer row direction 

and have an apparent corrugation height of 0.75 A .  For clarity some of these 

are circled on the STM image. These small protrusions have not been imaged 

on the clean Ge substrate prior to deposition.

The protrusion have two likely explanations. The first is tha t they are Fe 

ad-dimers on the surface. However, given the obvious stability of the larger 

structure it is unclear why Fe ad-dimers, occupying sites very close to each 

other, would not go on to form the larger clusters. The second possibility is 

tha t they are Ge ad-dimers on the surface. The protrusions imaged here are 

similar to those imaged in a previous STM study, where Ge was deposited by 

evaporation onto the Ge(OOl) surface and Ge ad-dimers formed [142]. The 

most stable configuration was for ad-dimers occupy sites above the dimer 

row, with the ad-dimer elongated along the [lIO] direction. If the protrusions 

imaged here are Ge, it would suggest a degree of intermixing at the interface. 

As there are few missing Ge dimer defects imaged on the substrate, the 

most likely source of the Ge would be that it has been ejected from the



CHAPTER 7. NUCLEATION OF IRON ON GERMANIUM (001) 104

Figure 7.10: (a): (143x123) STM image, as in Fig.7.5. The small protru

sions imaged on the surface are pointed to by red arrows, (b): (210x170) 

STM image, I* = 0.1 nA, =  +1 V. An area with a very high concentration 

of these protrusions, and few of the (12x8)  A  ̂ clusters is circled.

substrate following deposition of the film. This would result in Ge vacancy 

sites, or the substitution of Fe for Ge. As there are few such vacancy sites 

imaged, if they exist they must be beneath the imaged islands. The similarity 

with previously imaged Ge ad-dimers points towards these being the same. 

However, as seen in the circled area of figure 7.10(b), the concentration of 

these protrusions can be very high in areas with few of the (12x8) A  ̂clusters. 

If the Fe is causing Ge to be ejected from the substrate, one would not expect 

a high concentration of them in an area with few of the (12x8) A  ̂ clusters. 

Unfortunately, it is not possible to conclusively show whether these small 

protrusions are Fe or Ge.

In summary the STM images show that the Ge substrate maintains its 

structure in the areas surrounding the (12x8) A  ̂ clusters. No large voids 

are imaged and the clusters have apparent heights consistent with a single 

monolayer of Fe. However, localised intermixing in the immediate area of the
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Figure 7.11: (a); (1300x1300) STM image showing the Ge(OOl) surface 

following the deposition of Fe film of nominal thickness 0.7 A. The STM 

image is consistent with the formation of ~  0.8 - 1 ML Fe film. A preference 

for growth of the islands along the [110] and [110] directions, indicated with 

arrows, can be discerned, (b): (810x810) A^ STM image of the same surface. 

This shows that the Fe film has preferential growth in one direction in this 

area of the surface, (c): (500x500) A^ STM image showing the nucleation of 

the Fe film across a step edge. All images I( =  0.1 nA, Vb =  -1.8 V.

imaged clusters, resulting in a Fe-Ge alloy, cannot be ruled out.

7.3.3 Increased Fe F ilm  Thickness

We have shown that the initial stages of Fe nucleation on Ge(OOl) at room 

temperature results in the formation of well ordered clusters, with a def

inite registry with respect to the Ge(OOl) substrate. This extremely well 

ordered nucleation is seen for very low deposition thickness. STM images of 

the Ge(OOl) surface following the deposition of a 0.65 A thick Fe film at room 

temperature are shown in figure 7.11. From the image, this corresponds to 

a ~  0.8 - 1 ML Fe film. A closed film is not formed, instead islands having 

heights of 1.1 and 2.2 A, with the latter in the majority, are imaged, and the 

bare Ge(OOl) surface is imaged between these islands. These directions form
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Figure 7.12: (a): (440x420) STM image, =  0.1 nA, Yb ~  +1 V, showing 

the Ge(OOl) surface following the deposition of Fe film of nominal thickness 

1 A, which is ~  1.2 ML (b): (480x420) A  ̂ STM image, It — 0.1 nA, Vb =  

+  1 V, following deposition of film of nominal thickness 2 A, which is ~  2.4 

ML.

the terrace edges of the Ge(OOl) surface, as denoted by the white arrows in 

figure 7.11(a), and it can be clearly seen from this STM image that the film 

preferentially nucleates in either of these two directions. From figure 7.11(b) 

it is clear that the preferred growth direction of the islands does not rotate 

direction by 90 ° from one terrace to the next. This indicates tha t for Fe films 

of thickness ~  0.8 - 1 ML, while the islands do show a preference to nucleate 

in either the [110] or [110] directions, they do not show a preference for one 

direction above the other. Indeed in the STM image of figure 7.11(c) the Fe 

film can be seen to continue nucleating in the same direction across a terrace 

step.

STM images of films of nominal thickness 1 A and 2 A are shown in 

figure 7.12(a) and (b) respectively. Again a closed Fe film is not formed on 

the surface, consistent with Volmer-Weber growth, and the Ge substrate can 

be seen underneath the Fe islands at all stages of film nucleation imaged. 

The 2 A film results a very rough surface, with the presence of large islands
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with heights up to 6.6 A. The two STM images are of similar size, showing 

tha t as the Fe coverage is increased the average Fe island size is larger.

The imaged growth mode for these films offers an explanation as to why 

Ma et al. [131] and Cantoni et al. [102] have found the first monolayers of 

Fe on Ge(OOl) to be magnetically dead at room temperature. STM reveals 

tha t the initial growth is of the Volmer Weber type, which is not conducive 

to long range magnetic order of the Fe thin films at room temperature.

7.4 D eposition  of Fe at E levated Substrate  

Tem perature of 200°C

Sub-monolayer growth of Fe onto the Ge(OOl) surface at elevated substrate 

temperature of 200°C has also been studied. Repeating the deposition of ~  

0.15 - 0.35 ML Fe films for elevated substrate temperature, it was found that 

the 12 A wide clusters that form at room temperature do not form. Instead, 

the most common structure is a beaded, or chain-like island, elongated per

pendicular to the dimer row direction. Rectangular islands, which are higher 

than the chain-like islands, also form on the surface. STM images of the type 

of structure that form on the surface are shown in figure 7.13. For tunnelling 

conditions It ~  0.1 nA and Vb =  +0.7 ^  +2 V, the chains, a zoom in of 

which shown in figure 7.13(c), can have corrugation heights of 1.1 and 2.2 

A, consistent with 1 and 2 ML of Fe respectively. Along the [110] direction 

there is a 16 A periodicity and in this direction the FWHM of the component 

clusters that form these islands is ~  12 A. In the [110] direction the islands 

are either 12 A or 24 A wide. It is clear tha t the clusters making up the chain 

island are similar those tha t form at room temperature, suggesting tha t the 

elongated islands that form at elevated substrate temperature are made up of
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Figure 7.13: (a); (780x740) STM image showing nucleation of Fe at el

evated substrate temperature. Chain-like islands nucleate on the surface. 

These are 1 or 2 ML high. Higher islands (seen brighter in the image) are 

not as elongated, (b): (320x320) STM image showing the rectangular 

islands that also form for elevated substrate temperature. These islands are 

higher than the chains, forming for 3-6 ML of Fe. It can be seen that there 

is a preference for elongation across the dimer rows, (c): (200x80) A^ STM 

high resolution zoom-in of one of the chain-like islands. It can be seen that 

the islands nucleate across the dimer row direction. In the [110] direction the 

islands are 12 A wide, and the periodicity of clusters tha t form the islands is 

16 A along the [110] direction. All images If =  0.5 nA, V{, =  -1.8 V.
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-12  A -16  A

[110] ( c )

Figure 7.14: (a): Formation mechanism of the elongated chains. The 12 A 
wide clusters nucleate together to form the islands elongated along the [110] 

direction, (b): Formation mechanism of the rectangular islands. The shape 

of the island depends on the local concentration of the 12 A wide clusters, 

(c): Side view of the chains, showing how the 16 A periodicity along the [110] 

direction arises due to the registry of the constituent 12 A clusters.
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these smaller cluster. As the islands are elongated along the [110] direction, 

it appears that the formation mechanism involves anisotropic diffusion of the 

12 A wide clusters on the surface, with a preference for diffusion along the 

[lIO] direction. The chains form when the diffusing clusters meet neighbour

ing clusters, which must constitute a barrier to further diffusion. Whether 

chains or the rectangular islands form then depends on the local concentra

tion of the (12x8) clusters. A model of the formation mechanism of the 

islands, and the registry of the chain like islands, is shown in figure 7.14. It 

can be seen from this how the 16 A periodicity in the [110] direction arises 

from the merging of the smaller 12 A wide clusters.

The rectangular islands, which can be seen in the STM image of figure 

7.13(b), still show a preference for growth along the [110] direction, but with 

a much reduced aspect ratio compared to the chain-like islands. Whereas the 

chain-like islands have apparent corrugation heights of 1.1 and 2.2 A, the 

rectangular islands have heights of 3.3 - 6.6 A, in multiples of 1.1 A. This 

increased height of the more rectangular island is obvious from the STM 

images, as the aspect ratio of the brighter islands is clearly reduced with 

respect to the less bright (and thus lower) islands. In summary, for Ge(OOl) 

substrate temperature of 200°C, Fe islands of 1 to 2 monolayers high form 

chain-like islands, whereas for islands of 3 - 6 monolayers in height the aspect 

ratio reduces and 3D islands are more energetically favourable. Both island 

types show a preference for growth in the [110] direction, i.e. across the Ge 

dimer rows, which suggests anisotropic diffusion of the constituent clusters.
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P(2x2)

Figure 7.15: (360x200) STM image, It =  0.5 nA, V(, =  -1.5 V, of the 

Ge(OOl) surface following the deposition of ~  0.35 ML of Fe at substrate 

temperature of 200°C. The derivative of the image is shown, right. The Ge 

substrate forms a domain structure with neighbouring areas of p(2x2) and 

c(4x2) reconstructions, some of which are marked with arrows.

7.4.1 Influence of Fe D eposited  at E levated Substrate  

Tem perature on the Ge(OOl) Surface

For room temperature deposition it was shown that the Fe film can alter the 

reconstruction of the underlying Ge substrate and result in the appearance 

ad-dinier protrusion type defects on the surface. The appearance of these ad- 

dimers could possibly be due to intermixing at the interface. If intermixing 

does occur at room temperature, one would expect it to be more evident 

at elevated temperature. It is therefore of interest to analyse the Fe films 

deposited at elevated substrate temperature in terms of Fe interaction with 

the substrate.

In terms of this, the first point of interest is that, from the images pre

sented in figure 7.13, it is clear that the area of the Ge substrate not covered 

with islands maintains its general structure following deposition of the Fe 

film at a substrate temperature of 200°C. The Ge dimer rows are still clearly
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imaged following the deposition of the Fe film. Indeed, the substrate appears 

more ordered than for room temperature deposition of films of similar thick

ness. This point is even more evident in the STM image of figure 7.15, which 

shows the Ge(OOl) surface following the deposition of ~  0.35 ML of Fe at sub

strate temperature of 200°C. Rectangular islands, with corrugation heights 

of up to ~  6.6 A, form on the surface. The dimer rows of the Ge surface are 

clearly seen alongside the islands, and the Ge substrate is virtually defect 

free, with only one missing Ge dimer type defect imaged. This extremely low 

concentration of substrate defects is not consistent with intermixing over the 

entirety of the substrate, however, once again it is possible that the area of 

the islands themselves are an intermixed phase.

Most interestingly, the dimer rows of the Ge substrate do not exhibit the 

(2x1) reconstruction expected for the surface at room temperature. Instead 

it exhibits a striped domain pattern, seen more clearly in the differentiated 

image. The pattern forms over the the entirety of the STM image. We recall, 

from section 6.3.1 that a striped domain pattern, with alternating domains 

of the (2x1) and c(4x2) reconstructions, has been imaged by Zandvliet et 

al. [119] at room temperature, on a surface with an extremely low defect 

density. Indeed, the presence of less than 0.05% surface defects (number of 

vacancies and adclusters divided by number of surface atoms) was found to 

destroy it. However, the striped domain pattern imaged here differs markedly 

from that imaged by Zandvliet et ai, firstly in that the domains form over 

much smaller distances, and secondly, in that the (2x1) reconstruction is 

not present at all. The c(4x2) reconstruction is most evident, and between 

the c(4x2) areas domain boundaries form. The area of the domain bound

aries have a p(2x2) symmetry, however due to their small size it is debatable 

whether the areas can actually be called a p(2x2) reconstructed surface.
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The c(4x2) reconstruction, and also the p(2x2) reconstruction, are asso

ciated with the Ge(OOl) surface at low temperature, when the Ge dimers 

no longer have enough energy to flip-flop back and forth between the two 

degenerate buckled configurations and the dimers are thus frozen in these 

patterns. As the surface imaged here is at room temperature, one would not 

expect to image such an arrangement. Indeed, to our knowledge the p(2x2) 

reconstruction has only been imaged at T< 200 K [114]. Despite calculations 

suggesting the c(4x2) and p(2x2) reconstructions are degenerate [113], the 

fact that the c(4x2) reconstruction dominates here is consistent with its ob

servation at room temperature which suggests that it forms more readily 

than the p(2x2) reconstruction. The most reasonable suggestion for the ex

istence of this mixed domain surface at room temperature is that the imaged 

islands interact with the Ge dimers to inhibit the flip-flopping motion associ

ated with the (2x1) reconstruction. This freezing of the dimers results in the 

observation of surface reconstruction usually observed at low temperature. 

The fact that the surface exhibits the domain structure over the entirety of 

the imaged surface suggests that the Fe islands interact with the Ge(OOl) 

substrate over reasonably long length scales.

Whilst the islands formed at elevated substrate temperature clearly in

fluence the substrate reconstruction over long ranges, the Ge(OOl) surface 

still maintains its dimer row structure, and exhibits known reconstructions. 

Even in very close proximity of the islands the substrate is well ordered. 

The possibility of the substrate surface consisting of an ordered Fe-Ge phase 

following deposition is highly unlikely as the surface structure, atomic cor

rugation heights and surface band gap is as for clean Ge(OOl). Furthermore 

the substrate does not exhibit an increase in the defect density compared to 

pre deposition surfaces. This suggests that, while it is still possible that the
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islands themselves consist of an intermixed phase, the surrounding substrate 

is not affected, even for a substrate deposition temperature of 200°C.

7.5 Effect o f P ost A nnealing on th e  

F e/G e(001) Interface

7.5.1 AES Data

A 3 A Fe film was deposited onto a clean Ge(OOl) sample, using the parame

ters outlined in section ??. Auger spectroscopy was performed on the sample 

following RT temperature deposition and then following UHV annealing for 

15 minutes at 150°C, 300°C, 450°C and 600°C. Each AES scan took ~  30 

minutes in total. Following each AES scan the sample was immediately an

nealed at the next temperature and AES performed again. The background 

pressure was 4.66xl0~^‘’ mbar , rising to 8x10“ °̂ mbar during the annealing 

cycles. The spectra are presented in figure 7.16. It is clear tha t there is a large 

decrease in the Fe concentrate at the surface following annealing at 150°C. 

The concentration is then relatively stable, with only slight reductions in 

the Fe concentration following each temperature increase, until annealing at 

600°C results in the Fe concentration at the surface almost disappearing. This 

is similar to what has been described by Ma et al. [131], and they propose 

tha t the rapid decrease in Fe concentration at 160°C, tha t they observed, is 

due to interdiffusion.

7.5.2 STM Data

As already stated, the stability of the Fe/Ge(001) interface at elevated tem

perature is an important issue, especially with regard to the onset of inter-
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Figure 7.16: Auger spectra for step-wise annealing of 3 A film on Ge(OOl). 

Spectra (a) is for RT, (b) through (e) are following step-wise annealing at in

creasing temperatures of 150°C, 300°C, 450°C and 600°C. Graph (f) gives an 

overview on the effect of aggregate annealing on the Fe surface concentration 

as measured by AES.
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mixing or interface degradation. AES does not provide conclusive evidence 

tha t the concentration changes are due to intermixing, as such an increase 

can also be explained in terms of 3D island formation following annealing. 

Therefore the stability of the interface to annealing was investigated with 

STM. A 0.5 A Fe film was deposited onto the clean Ge(OOl) surface, with 

the substrate at room temperature. An STM image of a similar surface has 

already been shown in 7.11(a), showing the deposited Fe to form small 1.1 A 
and 2.2 A high islands on the surface. The sample was post annealed step-wise 

at elevated temperature and after each anneal the sample was characterised 

using STM.

7.5.3 Annealing to  350°C

Firstly, the sample was annealed at 160°C for 15 minutes. An STM image 

following this anneal is shown in figure 7.17(a). Merging of the Fe islands 

is very evident, with a large increase in the exposed Ge substrate compared 

to prior to annealing. There is no evidence in STM images for large scale 

intermixing occurring at this temperature, showing instead that the increase 

in the AES Ge/Fe ratio is in fact due to the Fe islands coalescing to form 

larger islands than are present following evaporation at room temperature.

For post-anneahng of the sample at temperatures up to 350°C, STM re

veals a continuous merging of the Fe islands, a transition from 2D to 3D 

islands, which can be associated to the increase in the Ge/Fe ratio of AES. 

This is evident from the STM image of figure 7.17(b), which shows the surface 

following a 15 minute anneal at 350°C. The Fe islands have further merged, 

forming rectangular 3D islands of up to 10 ML in height. The characteristic 

dimer rows of the Ge(OOl) surface is still seen on this type of surface, show

ing tha t the structure of the Ge(OOl) surface is maintained, and suggesting
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Figure 7.17: (a): (520x520) STM image of 0.5 A Fe film on Ge(OOl) 

following 15 minute anneal at 160°C in UHV. 1̂  =  0.1 nA, V6 =  -1.8 V. 

(b): (530x530) A  ̂ STM image of the same film, following 15 minute anneal 

at 350°C in UHV. If =  0.1 nA, V6 =  -1.8 V. A merging of the Fe islands 

to form larger 3D islands is evident, (c); (710x680) A^ STM image of the 

surface following annealing in UHV for 15 minutes at 450°C. It =  1 nA, Vb =  

-1-1 V. A dramatic change in the surface, consistent with the formation of an 

intermixed surface layer, is imaged, (d): (550x450) A^ STM image showing a 

different area of the intermixed surface formed following annealing at 450°C. 

I( =  1 nA, V6 =  +1 V. (e): (370x370) A^ STM image of the surface following 

15 min anneal at 600°C. If =  0.1 nA, V6 =  -1.8 V. A highly defective Ge 

dimer row surface re-emerges, suggesting that the Fe has diffused into the
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large scale Fe-Ge intermixing still has not occurred. Throughout these post 

annealing experiments the surface still exhibits the (2x1) LEED mesh. It 

is also interesting to note that following this annealing step the Fe islands 

show some preference for elongation across the dimer row direction. This 

can be seen from figure 7.17(b), where the elongation direction of many of 

the islands rotate by 90° from one terrace to the next. This elongation of 

the rectangular Fe islands is the same as was seen for the islands formed 

following Fe evaporation at an elevated substrate temperature in section 7.4.

7.5.4 A nnealing at 600°C

The sample was then annealed for 15 minutes at 450°C. AES shows the 

Ge/Fe ratio to be similar before and after this annealing step. STM images 

of the surface following this anneal are shown in figure 7.17(c) and (d). The 

surface has completely changed from previous images. All evidence of the Fe 

islands, on a well formed Ge(OOl) substrate is gone. Instead large rectangular 

disordered islands are imaged. They do not form terraces, but the island 

edges are aligned at 90° to each other, in-keeping with the cubic symmetry 

of the Ge substrate. This transformation of the surface as seen by STM is also 

accompanied by a streaking, primarily along the [110] and [lIO] directions, of 

a previously sharp (2x1) LEED mesh. Due to the low coverage of deposited 

Fe, it is impossible tha t these islands are pure Fe. Therefore the surface is 

best explained in terms of the formation of Fe-Ge intermixed phase at the 

surface following anneahng temperatures of ~  450°C.

Further annealing of the sample, at 600°C for 15 minutes, results in an

other transformation of the surface. The dimer rows of the Ge surface re

appear, however, as seen in figure 7.17(e) the terraces formed are small and 

the surface highly defective. The Fe/Ge concentration of the AES has de-
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creased to a stage where it is only slightly above the detection limit of the 

analyser. This consistent with diffusion of Fe into the bulk Ge causing the 

reappearance of the Ge dimer rows. The (2x1) LEED mesh returns following 

this high temperature annealing. Even at this temperature there still remains 

some small areas consistent with an amorphous intermixed phase, as seen on 

the left side of figure 7.17(e). This suggests that if complete diffusion of Fe 

into the bulk Ge does occur then annealing temperatures of > 600°C are 

necessary.

7.6 Scanning Tunnelling Spectroscopy o f the  

F e/G e(001) Surface

7.6.1 STS of Fe Clusters Formed During Initial Nucle

ation at Room Temperature

Scanning tunnelling spe(;troscopy has been performed on the surface follow

ing the initial nucleation of the clusters described in section 7.3.1. For data 

presented here the tip sample distance was determined by V(, =  +  1.8 V, 

and It =  O.lnA. A I(V) spectrum, taken on the surface shown in figure 7.5, 

of both the (12x12) and (12x8) clusters nucleating on the Ge sub

strate, is shown in figure 7.18. The differentiated curve is also presented. The 

curve representing the clusters is an average of ~  400 curves taken on top 

of the (12x12) A^ and (12x8) A^ clusters, and the one representing the Ge 

substrate is also an average of 400 curves. From the tunnelling spectra, it 

is clear tha t these monolayer high clusters are not metallic at room temper

ature. From the STS spectra they have a conductivity gap similar to that 

of the Ge substrate itself, with at most a reduction of the gap to ~  0.7 eV
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Figure 7.18; Tunneling I(V) spectrum of the (12x12) and (12x8) 

clusters on the Ge(OOl) surface (black), and the underlying substrate (red). 

The clusters have a conductivity gap of ~  0.7 eV, and are highly asymmetric. 

The asymmetry is consistent with a Schottky diode behaviour. The derivative 

of the curve is also shown.

compared to ~  0.8 eV measured for the Ge(OOl) surface. This gap value is 

measured from the FWHM of the normalised spectra. It is clear the the clus

ters are not yet metallic, and the similarity of the band gap they exhibit with 

that of the substrate suggest that the surrounding semiconductor dictates 

the measured gap. Non-metallicity of nanoscale clusters of metal materials 

on semiconducting substrates has been observed in references [143,144].

It is also immediately obvious that the I(V) characteristics above the 

clusters is highly asymmetric. The tunnel current increases dramatically for 

negative bias greater than ~  -1 V, resembling Schottky diode behaviour. 

This increased current for negative sample bias shows the system to be for

ward biased when applying a negative sample bias. This is as expected for 

a Schottky barrier formed on an n-type substrate. The diode behaviour sug

gests that a space charge region, or depletion layer, forms near the surface. 

The conductivity band of the Ge substrate shifts upward at the interface
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with the cluster, resulting in the formation of a depletion layer, which gives 

rise to the Schottky type behaviour seen with STS. Asymmetric tunneling 

I(V) spectra have previously been observed for non-metallic 3 nm high Au 

clusters on p -S i(lll) by Radojkovic et al. [144], The clusters here are much 

smaller, and show that Schottky behaviour can occur for clusters tha t are 

not yet metallic.

7.6.2 STS o f 0.5 A Fe F ilm  on Ge(OOl) Surface

STS was also carried out on surfaces similar to tha t imaged in figure 7.11, 

which is the Ge(OOl) surface following the deposition of 0.5 A Fe film. A 

closed Fe film is not formed, the surface being characterised by mainly 2 ML 

high Fe islands. An STM image of the surface, and two STS maps, are shown 

in figure 7.19. The STS maps presented are for +0.15 V and -0.15 V sample 

bias. This is to illustrate that within what is the band gap of the Ge substrate, 

states due to the Fe film are resolved. Only within a ~  0.15 V region around 

0 V do the I(V) maps show no contrast. This is conclusive evidence tha t the 

deposited Fe results in the formation of these islands. This move towards 

metallicity of the islands is also evident from the STS curve presented. This 

is the average of every curve taken during scanning within the dashed box in 

the STM image. It therefore represent the averaged contributions of all of the 

Fe islands and also the Ge substrate. Within this dashed box the Fe islands 

are almost exclusively 2 ML in height. The curve shows that the surface does 

not have a significant bandgap, indicating that these 2 ML high islands no 

longer exhibit the semiconducting behaviour of the (12x12) and (12x8) 

A^ clusters. The STS curves still shows a change in slope around E /, showing 

tha t the surface is still not perfectly metallic.

By examining single spectroscopy points on this surface the contributions
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Figure 7.19: (a): S l’M image of the surface following deposition of the 0.5 A 
Fe film, (b): STS map of the surface for =  -0.15 V. (c): STS map of the 

surface for V{, =  0.15 V. Both maps show tha t the Fe film is resolved, and 

therefore has conducting states, in the band gap region of the Ge substrate, 

(d): I(V) spectra for the entire region inside the dashed box. Islands inside 

are almost exclusively 2 ML high, (e): A differentiated zoom-in of the I(V) 

spectra for the region near E /, showing tha t following deposition of the Fe 

film, the surface does not exhibit a large band gap (~  0.15 V), pointing to a 

transition towards metallic behaviour.
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Figure 7.20; I(V) curve on the Fe island (black), and the adjacent substrate, 

taken at the points shown in the inset STM image. The Fe curve again 

clearly shows a move toward metallic behaviour. The Ge substrate still has 

a bandgap, however it is now reduced to ~  0.4 eV, from ~  0.8 eV for the 

clean surface.

of the Fe islands and Ge substrate can be separated, and the effect of the Fe 

islands on the electronic properties of the Ge substrate can be seen. Figure 

7.20 shows an I(V) curve for an Fe islands, alongside an I(V) curve of the Ge 

substrate surrounded by these Fe islands. The points from which the curves 

are taken are shown in the inset STM image. These single point curves are 

highly reproducible within the same areas of the surface. As seen from the 

averaged curve in the previous section, the Fe islands move towards metal

lic behaviour, with a very small conductivity gap region measured. The Ge 

surface still exhibits a semiconducting gap, however it is much reduced com

pared to the clean Ge(OOl) surface. The bandgap for the clean surface was 

found to be ~  0.8 eV, whereas the bandgap here is ~  0.4 eV. These states 

within the band gap region are induced by the presence of the Fe clusters 

on the surface. Using STM, First et al. [143] have shown that metal cluster 

induced states exist within the GaAs bandgap in the proximity of the Fe
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clusters. More recently, Reusch et al. [145] have imaged such metal induced 

states using an STM in cross sectional configuration at a Au/GaAs(110) in

terface. It is clear from the STS data presented here tha t the Fe/Ge(001) 

interface also results in the semiconductor substrate exhibiting such metal 

induced states within the bandgap.



C hapter 8 

Form ation and 

C haracterisation o f Iron Oxide 

on th e Ge(OOl) surface

8.1 Introduction

Integration of spin polarised carriers into existing technologies is a major 

issue in the field of spin electronics and it is therefore of interest to study 

the formation of proposed half metals on semiconductor substrates [11,12]. 

As shown by Schmidt [146], successful spin injection into a semiconductor 

requires either spin polarisations of close to 100%, or the close matching 

of the conductivities of the semiconductor and source. Therefore the use of 

materials with a relatively wide bandgap, and a source of 100% spin polarised 

carriers, such as Cr02 and Fe304  is desirable for this purpose [7]. Another 

advantage of magnetite is that it has a suitably high Tc value for device 

operation. Furthermore, most known magnetic semiconductors are sources of 

spin polarised holes, whereas Cr0 2  and Fe304  are sources of spin polarised

125
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electrons. Polarised electrons have been shown to have relatively large spin 

scattering lengths in GaAs [129]. As this has not been demonstrated for 

polarised hole carriers, a source of spin polarised electrons is preferable.

In this chapter a study of the oxidation of Fe films deposited on Ge(OOl) 

substrates is presented. The oxide formed is characterised with AES, LEED 

and STM/STS. This characterisation points to the formation of magnetite 

(001). The onset of intermixing due to increased annealing temperature is 

discussed.

8.2 D ep osition  of 50 A F e/G e(001 )

The Ge(OOl) surface was prepared as previously described in section 7.2.1. 

AES showed contamination at the surface to be below the detection limit of 

the Auger analyser. LEED exhibited the (2x1) mesh, and STM imaged the 

Ge dimer rows, oriented along the [lIO] direction, characteristic of the clean 

Ge surface. Following this, ~  50 A Fe films were deposited onto the Ge(OOl) 

surface, from an ultrapure Fe rod source, at a rate of 2 A/min. The chamber 

pressure during deposition did not exceed 1 x 10“  ̂ mbar. An AES spectrum 

of the surface following the evaporation of a 40 A film is shown in 8.1. It 

can be seen that the only peaks present are those of elemental Fe. The low 

energy peak at 47 eV is as expected for elemental Fe [147]. Low energy peaks 

of Ge are not resolved. As has been seen by Ma et al. [131], the LEED mesh 

of this film is consistent with the growth of bcc iron. Such a LEED mesh can 

be seen in figure 8.1(c). The growth takes place with the Fe [100] direction 

parallel to the Ge [100] direction. The primitive unit cell of the LEED mesh 

is twice that of Ge(OOl) surface, for the same beam energy. This yields a 

lattice constant half that of Ge(OOl), which is consistent with the growth of
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Figure 8.1: (a): Auger spectrum of 50 A thick Fe film deposited on Ge(OOl) 

substrate. Only peaks associated with elemental Fe are resolved, (b): Low 

energy peak at 47 eV as expected for elemental Fe. (c); LEED mesh of the 

surface, with beam energy of 46 eV. The primitive unit cell of the LEED 

mesh is cubic, and double that of Ge(OOl).

bcc Fe with a lattice constant of 2.87 A.

8.3 O xidation of F e/G e(001) Film s 

8.3.1 O xidation at 200°C and 300°C

Following deposition of the 50 A Fe films, they were oxidised in 5 x 1 0 “® 

Torr O2, for 10 min, at temperatures from 200°C to 300°C. The results were 

found to be independent of the annealing temperature, within this range. This 

oxidation procedure has been used successfully by Dedkov et al. and Fonin 

et al. to obtain thin films of magnetite (111) on W (llO) and Al2 0 3 ( l l l )  

respectively [67,68]. A representative Auger spectrum following oxidation is 

shown in figure 8.2(a). Comparing this to figure 8.1, it is clear to see that the 

described procedure has resulted in oxidation of the Fe film. The oxygen to 

iron ratio of the surface is 1.56 ±  0.05. The single peak at 47 eV, associated
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Figure 8.2: Auger spectrum of 50 A thick Fe film on Ge(OOl) following oxi

dation at 300°C, as described in text.

with elemental Fe, is re})laced by two peaks at 43 eV and 52 eV, with the 

intensity of the latter being greater. While this is indicative of the presence 

of an iron oxide phase at t he surface the use of these low energy peaks to 

accurately ascribe the oxide type is unreliable [93]. One of the most important 

points to be taken from the AES spectrum is that there is no evidence for the 

presence of Ge at the surface. It must be noted, however tha t the possibility 

of intermixing closer to the interface region cannot be excluded using AES.

A LEED mesh of this surface, taken with a beam energy of 89 eV, is shown 

in figure 8.3(a). A LEED mesh of the ( \/2 x  v^)i?45° reconstructed magnetite 

(001) single crystal surface, obtained using the same LEED parameters, is 

also shown. Comparison of the two meshes shows tha t the unit cell of the 

oxidised Fe thin film is the same as tha t of the unreconstructed unit cell of 

the magnetite (001) single crystal. This (6x6) unit cell is marked in both 

photos by a red dashed square. It is clear from this tha t the oxidised thin Fe 

film, on Ge(OOl), forms a structure consistent with tha t of unreconstructed 

magnetite (001). The absence of the (y/2 x y/2)R45° reconstruction for the
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Figure 8.3: (a): LEED mesh of 50 A thick Fe film on Ge(OOl) following 

oxidation at 300°C. Beam energy is 89 eV. The red dashed square shows the 

primitive unit cell, (b): LEED mesh of the (-\/2 x \/2)i?45° reconstructed 

magnetite (001) surface of a single crystal, using the same beam energy, for 

comparison. The (6x6)A^ unreconstructed cell is marked by the red dashed 

square, and is the same size as the primitive cell in (a). For clarity the {y/2 x 

\/2)i?45° cell is marked with a yellow dashed square.
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thin film can be explained by the fact the surface polarity of thin films, which 

is the driving force behind the reconstruction of magnetite (001) surface, is 

finite [71].

STM images of such a surface are shown in figure 8.4. Small terraces, with 

ill defined edges are imaged over the entirety of the surface. Atomic scale rows 

are discerned on the terraces, seen more clearly in the derivative image [Fig. 

8.4(c)]. Rows are imaged on different terraces oriented along two perpendic

ular directions i.e they have a two fold symmetry. The separation between 

the atomic rows is 6 i  0-5 A, in agreement with the observed LEED mesh. 

The periodicity along the row direction is not discernible. The measurement 

of step heights over long ranges is complicated by surface roughness, but it is 

apparent that neighbouring terraces which exhibit 90° rotation of the atomic 

rows are most often separated in height by ~  2 A. However rotation of rows 

by 90° is occasionally evident on terraces of the same height. This can be seen 

from figures 8.4(b), and 8.4(c), where the terraces labelled X and Y are of 

the same height and yet the atomic rows rotate by 90°. A blue arrow marks 

the resulting anti-phase boundary.

Scanning tunneling spectroscopy was performed on this surface, using 

a tunnelling set-point of V;, =  -|-1 V and Ij =  0.1 nA. Firstly, from figure 

8.5(a), it is clear to see that the I(V) properties of the surface change dras

tically following the described oxidation procedure. Prior to oxidation the 

I(V) characteristics are consistent with metallic behaviour. As expected, the 

oxidation results in the appearance of a band gap that is not present for the 

I(V) spectra of the Fe(50A)/Ge(001) surface.

Due to the widely varying band gap values of the differing iron oxide 

phases, the magnitude of the gap can give a good indication of the type 

of oxide present at the surface. Bulk magnetite has a band gap ~  0.1 eV,
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Figure 8.4; (a): (950x920) STM image of the Fe(50 A)/Ge(001) surface, 

following oxidation at 300°C. (b): (300x200) STM image of the surface, 

(c): Differentiated version of figure b. Atomic rows are clearly resolved, ori

ented in two perpendicular directions, indicated by black arrows. A 6 A pe

riodicity is measured between the rows. The blue arrow marks the location 

of an antiphase boundary. All images I< =  0.1 nA, =  -t-1 V.
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Figure 8.5: (a) I(V) tunneling spectra of the Fe 50 A/Ge(001) surface pre 

and post oxidation, (b) Normalised I(V) spectrum of the oxidised surface.

compared to band gaps in the region of 1.94 - 2.3 eV for the other iron oxides 

[52]. A normalised I(V) curve is presented in figure 8.5(b). A reproducible 

band gap of 0.15 ±  0.05 eV is measured from spectra taken on the surface 

following oxidation at 200° C and 300° C. The magnitude of the measured gap 

is consistent with the presence of magnetite at the surface. The I(V) curves 

obtained compare well with those obtained on a single crystal of magnetite 

(001), shown in section 5.6, and also with those obtained by Wei et al. on 

the Fe3 04 (001)/M g0  surface [96].

Ge(OOl) surface. They were then oxidised at 5 x 1 0 “® Torr O2 for 10 min, at 

an increased temperature of 400°C. AES shows the formation of an iron oxide 

phase with low energy peaks again present at 43 eV and 52 eV, as shown 

in figure 8.6. However, unlike the Fe film oxidation at 300°C, Ge peaks are

8.3.2 Oxidation of Fe at 400°C and 500°C

Fe films of thickness ~  50 A were grown onto the clean (2x1) reconstructed
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Figure 8.6: Auger spectrum of Fe(50 A)/Ge(001) surface, following oxidation 

at 400°C. A germanium concentration of 16% is present at the surface.

resolved in the 1000-1200 region of the AES spectrum. The 1147 eV peak 

shows a Ge concentration of ~  16% at the surface. We recall tha t in the 

previous chapter it was found tha t a Fe-Ge alloy was formed on the surface 

for T ~  400°C. The presence of Ge at the surface of the Fe oxide, formed by 

annealing at this temperature, is consistent with this fact.

Fe films, ~  50 A thick, were also oxidised under the same conditions at an 

increased annealing temperature to 500°C. An AES spectrum of the resulting 

surface is shown in figure 8.7. The surface concentration of Ge is 88%, and 

the 0 /F e  ratio 0.5. The Ge low energy Auger peaks at 47 eV, 53 eV and 89 

eV are resolved. We note tha t iron oxide can also give rise to Auger peaks at 

47 and 53 eV, however the presence of the peak at 89 is conclusive proof tha t 

the origin of these low energy peaks is Ge. The high surface concentration of 

Ge shows tha t oxidation of Fe films to form oxide-semiconductor interfaces is 

not possible at such temperatures, due to interdiffusion between the Fe and 

Ge.
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Figure 8.7: Auger spectrum of Fe(50 A)/Ge(001), following oxidation at 

500°C. A germanium concentration of 88% is present at the surface.

8.4 U H V  Post A nnealing o f Iron O xide Film s 

Formed at 200-300°C

As previously stated, one of the main advantages of using magnetite as a spin 

injector is that it has a high Tc ~  850 K. However, in order for this to be useful 

the oxide-semiconductor interface must remain stable to such temperatures. 

The fact that forming the iron oxide at temperatures at, and above, 400°C 

results in a severely intermixed surface suggests that the interface is not 

stable above this temperature. To investigate this further an Fe film was 

oxidised at 300°C, as described in section 8.3.1. The sample was charaterised 

as in section 8.3.

It was found that post annealing of the sample for prolonged periods, 

(~  24 hours), in UHV, at temperatures of up to 300°C does not change 

the surface characteristics. The sample was then post annealed in UHV at 

400°C, for 14 hours. An Auger spectrum of the surface following this UHV 

annealing is shown in figure 8.8. A Ge surface concentration of 95% is mea-
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Figure 8.8; Auger spectrum of Fe(50 A)/Ge(001), following oxidation at 

300°C and further annealing in UHV at 400°C for 14 hours. A germanium 

concentration of 95% is measured.

sured.The Fe concentration is 4.5%, and O 0.5%. This shows tha t the iron 

oxide-semiconductor junction is not stable to UHV annealing at temperatures 

-  400°C.
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Summary

AES, LEED and STM/STS have been used to study the surface properties 

of three systems; the Fe304 (001) surface, the initial nucleation of Fe on the 

Ge(OOl) surface, and finally, iron oxide on Ge(OOl).

9.1 Conclusions

9.1.1 T he Fe3 0 4 (0 0 1 ) Surface

The Fe3 0 4 (001) surface initially shows the presence of large concentrations of 

Ca contamination, which give rise to ( Ixn)  surface reconstructions, where n 

=  1, 2, 3, 4. The clean surface was prepared by cycles of annealing in oxygen, 

Ar+ ion etching, and UHV annealing. Following this preparation, the surface 

exhibits the (\/2  x V^)i?45° LEED mesh. STM was performed on this surface 

using tips prepared from both anti-ferromagnetic MnNi and non-magnetic W. 

The surface is terminated at the octahedral, or B-, plane. A 6 A periodicity 

along the Fe rows is imaged with MnNi tips. This suggests the formation of 

Fe-Fe dimers, as the bulk periodicity along the Fe rows is 3 A, and also due 

to the large size of the imaged bright points. Two different dimer species are

136



CHAPTER 9. SUMMARY 137

imaged with MnNi, and they each form a (\/2 x y/2)R45° symmetry. Also 

imaged are apparent local depressions, forming a (\/2 x \/2)R45° array. The 

latter is consistent with an oxygen vacancy network on the surface, expected 

due to the polarity of the magnetite (001) surface. The imaged Feocf rows 

have a wave-like structure along the [110] direction. W tips image the same 

structure, and the same (y/2 x \/2)i?45° array of depressions, however they 

do not distinguish between the two dimer species. This can be explained in 

terms of a spin polarised contribution to the tunnel current when tunneling 

with MnNi tips. Tunneling spectra of this surface shows a conductivity gap 

~  0.25 eV wide, and states consistent with PES experiments and calculations 

are resolved.

9.1.2 Fe on the Ge(OOl) Surface

The clean Ge(OOl) surface was prepared by cycles of Ar+ ion etching and 

UHV annealing. The surface exhibits the well known (2x1) LEED mesh. 

STM also shows the (2x1) reconstruction and STS of the surface is in general 

agreement with previous studies, with a band gap of ~  0.8 eV measured. 

Deposition of ~  0.15 ML of Fe at room temperature results in the formation 

of (12x8) and (12x12) Fe clusters, which are ~  1.1 A in height. 

The clusters nucleate with an exact registry on the Ge(OOl) surface, with a 

favoured nucleation site apparent in the STM images. The Ge(OOl) substrate 

maintains the dimer row structure of the clean surface following deposition 

of the Fe film, however the long range (2x1) order breaks down. While some 

small scale intermixing cannot be ruled out, STM images are consistent with 

the formation of an abrupt interface. For thicker films (0.5 - 2.4 ML) STM 

reveals 3-D island growth occurs for this system.

Deposition of 0.15 ML films at elevated substrate temperature of ~  200°C
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results in the formation of either 1 or 2 ML high Fe chains or 3-6 ML high Fe 

islands, elongated along the [110] direction, that is, across the Ge dimer rows. 

The constituent Fe clusters that make up the chains are the same size as those 

that form at room temperature. They form due to diffusion of the smaller 

clusters along the [lIO] direction. Larger Fe islands alter the reconstruction 

of the substrate significantly, giving rise to a striped domain structure of 

the c(4x2) and p(2x2) reconstructions. Again there is no evidence of severe 

intermixing for these films. Annealing experiments show severe intermixing 

to occur for T ~  400°C.

STS was carried out on the Ge(OOl) surface with the (12x8) and 

(12x12) Fe clusters that form for room temperature deposition. The clus

ters exhibit a band gap similar to the substrate. Schottky like behaviour is 

seen in the I(V) spectra taken over the Fe clusters. For 0.5 ML film thickness 

the Fe islands move toward metallic behaviour, with a measured gap of ~  

0.15 V. The band gap of the Ge between these Fe islands is reduced to ~  0.4 

eV, compared to ~  0.8 eV for the clean surface, suggesting the existence of 

metal induced states in the surface band gap of the semiconducting substrate.

9.1.3 Iron Oxide on Ge(OOl)

Finally, Fe films on Ge(OOl) were oxidised in an attempt to produce magnetite 

thin films. Fe films of thickness ~  50 A were deposited onto the clean (2x1) 

reconstructed Ge(OOl) surface. They were oxidised in 5x10“® Torr O2, for 

10 minutes, at temperatures between 200°C and 300°C. Within this range 

results were found to be independent of oxidation temperature. AES shows 

peaks at 43 and 52 eV, consistent with the presence of an iron oxide, and 

shows no evidence for any Ge present at the surface. LEED is consistent with 

the formation of unreconstructed Fe3 04 (001). STM of the surface reveals
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rows separated by 6 A, in agreement with the LEED mesh. The periodicity 

along the rows is not resolved. STS of the surface shows a gap of ~  0.15 

eV, around Ey, close to the expected value for magnetite. The STS curves 

are in agreement with those obtained on the single crystal magnetite (001) 

surface. While the oxide-semiconductor junction is stable to UHV annealing 

at 300°C, annealing at 400°C results in the diffusion of Ge, as seen with AES.

9.2 Future W ork

9.2.1 T he Fe3 0 4 (0 0 1 ) Surface

Still further characterisation of the Fe3 0 4 (001) surface is necessary for a full 

understanding to be reached. Recent work has come to a general agreement 

that the octahedral termination is more favourable, however, in terms of 

the structure of the {y/2 x v^)i?45° reconstructed surface there is still no 

agreement as to the reasons for this symmetry. Before the electronic and 

magnetic properties of the surface can be understood and explained, it is 

essential that the structure of the surface is known. Specifically, it is essential 

to conclusively show whether there is a ( \/2  x y/2)R45° array of oxygen 

vacancies, or whether the symmetry arises due to some other mechanism.

The charge ordering imaged with MnNi tips is also worth further inves

tigation. Imaging this structure with other magnetic tips, such as Cr, would 

increase the evidence that this is indeed due to a spin polarised contribution 

to the tunnel current. Obtaining more images with W tips, over a large range 

of bias voltages, would conclusively show that the contrast is not due to an 

electronic contribution to the tunnel current. It would also be interesting to 

perform STS on the (^/2 x \/2)i?45° reconstructed magnetite surface using 

magnetic tips. Comparison of I(V) curves obtained with magnetic and non-
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magnetic tips may provide evidence for spin polarised tunneling when using 

magnetic tips.

9.2.2 Fe on th e  Ge(OOl) Surface

An interesting aspect of this study is the (12x8) and (12x12) Fe 

clusters that nucleate on Ge(OOl), at room temperature. The fact that at 

elevated temperature these cluster nucleate together to form elongated Fe 

chains means that one can study how the electronic properties of these chains 

vary with length, using STS. For example, the dependence of chain length 

on the band gap, and the Schottky type behaviour, could be studied. Fur

thermore, given the fact that these chains form at moderate temperature (~  

200°C), the diffusion of the Fe cluster to form the chains could be studied 

using variable temperature STM. One could also deposit similar amounts of 

other elements onto the Ge(OOl) surface to see whether the cluster forma

tion occurs for other materials. If it does, the I(V) properties of similar sized 

clusters of different elements could be studied.

9.2.3 Iron O xide on Ge(OOl)

Further studies of this system are necessary to ascertain the quality of the 

interface formed between the oxide and semiconductor. As only surface sen

sitive techniques have been used here, intermixing at the interface cannot be 

ruled out. Similarly, while the evidence presented here clearly shows mag

netite to form, the techniques used here do not show whether the Fe film is 

oxidised to magnetite in its entirity. Given the absence of the {^/2 x \/2)i?45° 

reconstruction for the thin films formed here, it would be interesting to at

tempt to form thicker films, through repeated cycles of Fe deposition and
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oxidation at 300°C, to see if the reconstruction does appear for as film thick

ness increases, as one would expect for a polar surface.
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