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Abstract

In this thesis, the (001) surface of magnetite artificial single crystals has
been studied using low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES) and Scanning Tunneling Microscopy (STM). STM in-
vestigations were carried out in constant current mode at room temperature
using non-magnetic tips (Ptlr and W) and antiferromagnetic tips (MnNi).
Extensive investigation was used to find an adequate sample preparation pro-
cedure. Although several methods have been proposed, ranging from in-situ
cleavage to annealing in Ultra High Vacuum (UHV) or in an oxygen partial
pressure, to Ar" sputtering, each of these methods has drawbacks, and the
preparation parameters (such as annealing temperature and oxygen partial
pressure) may vary drastically according to the type of system used, whether
single crystals or thin films.

Two different procedures were used to prepare the crystals surface. A me-
chanical polishing of the crystal, followed by annealing in UHV, gave rise to a
contamination of the surface; the main contaminants detected by AES were
Ca and K. LEED provided evidence of a p(1x4) reconstruction of the surface,
which was visible in the STM images as domains of long rows running along
the <110> directions and separated by about four times the length of the
primitive unit cell. A 1.0 + 0.1 A step height between adjacent terraces was
observed, indicating some degree of intermixing between tetrahedral and oc-
tahedral planes. A significant amount of calcium was detected on the surface,
which points to a non-stoichiometric surface. We believe this reconstruction
is driven by the segregation of Ca from the bulk as a consequence of the
annealing, leading to the formation of a Ca,Fe;_,O,4-like compound.

A combination of Ar" sputtering, annealing in oxygen partial pressure

IV



and in UHV produced a magnetite surface where no contaminants were de-
tected by our AES setup. A (v/2 x/2) R45° was routinely observed by LEED
measurements. Large and atomically flat terraces, separated by integer mul-
tiples of 2.1 4 0.2 A were imaged with STM. We believe that the surface of
the crystal is terminated at the B plane, exposing rows of Fe?* and Fe3* ions
in octahedral sites. Atomic resolution was achieved on several terraces using
antiferromagnetic MnNi tips, showing Fe rows separated by ~ 6 A running
along the [110] direction. Anomalous corrugations of ~ 6 A and 12 A were
measured along these rows, instead of the expected 3 A separation. A possi-
ble explanation of this anomaly is a ” Wigner localization” leading to a static
arrangement of pairs of Fe?* and pairs of Fe** ions. The different spin polar-
ization of the two Fe species may have been resolved by the antiferromagnetic

probe, which acts like a spin filter providing magnetic contrast.
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Chapter 1

Introduction

Iron oxides are of fundamental importance in several technological applica-
tions associated with molecular geochemistry, corrosion and catalysis. Mag-
netite in particular, due to its peculiar magnetic properties, plays a crucial
role in many electronics and magneto-recording applications. Although mag-
netite was the subject of intensive studies in the last decades, many of its
electronic and magnetic properties are not well understood, and they seem
to strongly depend on the stoichiometry and the purity of the crystals used.
Since the electro-magnetic properties are intimately related to the atomic
geometry of a surface, the knowledge of its structure on an atomic scale is
of fundamental importance. In this respect, the invention of Scanning Probe
Microscopy (SPM) provided a powerful tool for the investigation of surfaces.
In the last decade, the possibility of applying SPM to obtain atomic scale in-
formation on the magnetic structure of surfaces was investigated; one of these
techniques, involving the use of an Scanning Tunneling Microscope (STM), is
referred to as Spin-Polarized Scanning Tunneling Microscope (SPSTM) [1-8].
A relatively high conductivity at room temperature (~ 200 Q~'cm!) [9]

makes STM investigations of magnetite possible. Furthermore, magnetite



1. Introduction

was theoretically predicted to be a half-metallic ferromagnet [10] with a high
degree of spin polarization near the Fermi level and its inverse spinel struc-
ture provides different crystal planes with different magnetization directions;
these facts make magnetite a potential model system for SPSTM.

In this study, the (001) surface of magnetite artificial single crystal has
been studied using low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES) and (STM). This thesis is organized as follows. In chap-
ter 2 a description of the experimental setup is given; AES, LEED and STM
techniques are described and one section is dedicated to the preparation of
STM tips. In chapter 3 we provide an overview of the iron-oxygen system and
a description of Fe(;_;)O, Fe3Oy, 7-Fe304 and a-Fe3zOy4 is given. In chapter 4
the electrostatic and the electron counting models are presented; these two
models are useful in the interpretation of the reconstruction of the Fe3O4(001)
surface. A literature review of the Fe;O,(001) surface reconstructions ob-
served in the last decade is given. The preparation and characterization of
the surface are described in chapter 5; two preparation procedures, giving rise
to different surface reconstructions are described in detail. In chapter 6 we
analyze the influence of contaminant segregation and a p(1x4) reconstruction
is discussed. In chapter 7 we report the observation of a (v/2 xv/2) R45° re-
construction of an atomically resolved surface. The anomalous periodicity of
Fe atoms observed using antiferromagnetic tips has been explained in terms
of a ”Wigner localization” on the surface, leading to a static arrangement of

pairs of Fe?* and pairs of Fe?* ions.



Chapter 2

Experimental details

2.1 The experimental setup

The UHV system consists of three chambers: the room-temperature STM
(RTSTM) chamber, the low-temperature STM (LTSTM) chamber and the
preparation chamber. A full description of the construction and operation of
the RTSTM is given by Quinn [11], the LTSTM chamber is detailed by [12]
and the preparation chamber by [13]. The layout of the system is shown in
figure 2.1.

Each chamber can be valved off from the rest of the system via a series
of UHV gate valves (VAT [14]) and brought to atmospheric pressure for
maintenance without breaking vacuum in the other chambers. Samples and
tips are introduced in the system via a fast-entry loadlock connected to the
preparation chamber by a gate valve. The loadlock is maintained in the low
107! mbar range by a 20 1-s! differential ion-pump (Perkin-Elmer [15]).
Tip and sample transfer through out the chambers is achieved by a series
of wobblesticks and magnetically-coupled linear drives (Vacuum Generators

Ltd. [16]). The pressure in each chamber is monitored using nude Bayard-
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Figure 2.1: Top view schematic of the UHV system.
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Alpert type ionisation gauges (Perkin-Elmer). The entire system is mounted
onto a stainless steel box-section frame which can be floated on pneumatic
dampers to isolate the system from low-frequency vibration during STM
measurements. The box-section is filled with gravel to minimise hollow pipe

vibrations.

The RTSTM chamber

The RTSTM chamber is a standard outer diameter (O.D.) 457 mm commer-
cial chamber (Perkin-Elmer) with two modified ports, for a total of twenty-
one ports. The RTSTM is mounted inside this chamber via the O.D. 254
mm base flange. A customised mitred elbow (VG) to the side of the main
chamber provides the annexe that houses the four-grid LEED/Auger optics.
This chamber also contains a tip and sample storage carousel. The chamber is
pumped by a 220 1-s~! differential ion-pump with TSP and cryoshroud, which
is connected to a mitred elbow on the opposite side of the chamber. This elim-
inates stray magnetic fields from the vicinity where LEED and (magnetic)
STM experiments are carried out. The chamber is pumped down from atmo-
sphere by a 60 1-s~! turbo pump which is connected via a right-angle UHV
valve (VG) and a 1 metre long formed bellows. The chamber is baked inside
a custom-designed oven [11] which encloses the chamber, LEED annexe and
ion-pump. There are two 840 W radiative heaters mounted on the base of the
oven, while the ion-pump houses eight 200 W heating strips. The tempera-
ture inside this oven is maintained at 120—130 °C (this temperature is below
the maximum withstandable temperature of the STM I—V pre-amplifier) for

2—3 days to achieve a base pressure in the mid—10~!! mbar.
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The preparation chamber

The preparation chamber was designed by Dr. S. Murphy [13] and manufac-
tured by Caburn-MDC Ltd. [17]. It is an O.D. 209 mm x 3.0 mm stainless
steel (304 grade) cylinder approximately 0.8 m long, with one hemisperical
end and one plated. There are a total of twenty-seven access ports. This
chamber contains the following facilities for in-situ tip and sample prepara-

tion:

e a resistive heater to anneal samples to a temperature up to 1100 K.

e an e—beam heater to anneal samples to a temperature up to 2600 K

e a liquid nitrogen cooled evaporator

e a quartz crystal deposition monitor (Inficon [18])

e an ion gun (VG Microtech [19])

e precision leak valves for introduction of high purity oxygen, argon and
hydrogen gases.

The preparation chamber also contains an AES setup (Perkin-Elmer)
for chemical analysis of the samples. The chamber is usually baked for 2
days at 170-180 °C by three heating tapes with a total radiative power
of 2175 W. The temperature is measured by two thermocouples, the first
feeds the Eurotherm 91e controller which controls the bakeout [11], while
the second feeds an Omega CN375 controller which acts as a fail-safe against
over-heating. The chamber is wrapped in aluminium foil and a heavy bake-
out blanket to provide thermal insulation. A number of pumps are used to
achieve UHV conditions in the chamber. A TMU 260 1-s=! turbomolecu-
lar pump (Pfeiffer Vacuum [20]), backed up by a 0.7 1.s™! two-stage rotary
vane pump is used to pump the chamber down from atmospheric pressure.

This pump is also used to handle heavy gas loads during ion sputtering and
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oxidation procedures. A double-ended 240 1-s~! differential ion-pump (Phys-
ical Electronics [15]) is used to mantain UHV conditions. A liquid nitrogen
cryoshroud is inserted in the base flange of the ion-pump which houses a
titanium sublimation pump (TSP). The maximum pumping speed obtain-
able when titanium is deposited on a surface at 300 K is 3—9 1-s~*-cm™2 for
hydrogen and oxygen, while it is increased by a factor of 2—5 upon cooling
to 70 K [21]. A non-evaporable getter pump (NEG) from SAES Getters [22]
is positioned mid-way along the chamber.

A base pressure in the mid—10~!! mbar is usually obtained in this cham-

ber after bakeout.

The LTSTM chamber

The LTSTM chamber was also designed by Dr. S. Murphy [13] and built
by Caburn-MDC. It has dimensions O.D. 209 mm X 3.0 mm x 270 mm
(height) with one dished end. The chamber is connected to the UHV insert
of a 60 1 liquid He cryostat, for cryogenic experiments. A bakeout system has
not yet been constructed for this system, the chamber is pumped by a 220
1-s7! differential ion-pump with TSP and cryoshroud and a NEG pump. A

base pressure of 1 x 10~° mbar is usually obtained.

The resistive heater

The resistive heater (see figure 2.2) was designed by C. Kempf and assembled
by J. Naumann. A 0.2 mm diameter W wire is wrapped around an alumina
crucible with spiral grooves machined along its circumference. A Ta insert is
placed inside the crucible. Both the crucible and the Ta insert have a concen-
tric aperture drilled along their axes. The crucible fits inside a stainless steel

can which is connected to a linear translation drive; this allows to position
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Figure 2.2: Schematic illustration of the resistive heater. The sample can
sit face-down in the heater so that Fe can be deposited on it through the
aperture in the base. Alternatively, the sample (or tip) is inserted face-up for

ion-etching. Reproduced from [24].

the sample above the e—beam evaporator or below the ion gun. The sample
can fit in the Ta insert either face-down or face-up. A quartz crystal sensor
is positioned some 10 cm behind the stainless steel can; two pipes carry the
water to cool down the sensor and one BNC feedthrough carries the signal
from the sensor to the quartz crystal monitor. The temperature during an-
nealing is monitored by a K-type (Omega Inc. [23]) thermocouple which is
spot-welded to the Ta insert. The heater was calibrated for temperature (K)
versus filament power (W) with the thermocouple attached to the face of
a sample-holder mounted face-down in the heater. The calibration curve is

given in appendix A.
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The electron beam heater

The e—beam heater was designed and assembled by Dr. J. Osing [12]. It is
used to clean refractory metal samples such as W and Mo, since conventional
resistance heaters are not suitable to heat samples to very high temperatures,
in the range 2200 K < T < 2600 K, in a short period of time. Figure 2.3 shows
a schematic of the e—beam heater fitted in the UHV chamber. The sample
holder is mounted into a Ta stage which is held at a potential of + 1 kV. A
current (2.5 A <1 < 4.5 A) is passed through a grounded thoriated tungsten
filament (¢ = 0.15 mm, 0.6 % Th) which generates thermionic emission
of electrons. These electrons are accelerated towards the cap of the sample
holder, where upon collision, their kinetic energy is transferred to the sample
as heat. Because the filament is situated to one side of the sample there will
be a temperature gradient across the sample, however, this set-up produces a
contamination free surface. Surface temperatures are measured from outside

the chamber using an infra-red pyrometer (Altimex UX-20/600 [25]).

The ion gun

The preparation chamber is fitted with a cold-cathode type ion gun (VG
Microtech), which is used for cleaning sample surfaces and for Ar*™ ion
etching of STM tips. During operation the chamber is pumped using the
260 1-s7! turbo pump. The argon gas is introduced by leak-valve directly
into the gas-cell of the ion-gun, the base pressure in the chamber rises to
5 x 1078 < P4, <1 x 107° mbar. The gas-cell contains a cylindrical anode,
while the casing of the cell acts as the cathode. Applying a potential differ-
ence of a few kilovolts between these electrodes strikes an electric discharge
in the cell, which generates the positive ions. These ions are confined in a

helical path in the cell by an externally mounted cylindrical permanent mag-
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Figure 2.3: A schematic illustration of the e—beam heater used to clean

refractory metal samples. Reproduced from [12].

net. The ion beam is accelerated with a beam energy between 500 eV and
5 keV, through the gas-cell aperture and focussed by a series of concentric
electrostatic lenses. The spot size could be varied between 19 mm and 25 mm
with a sample/gun working distance of 250 mm.

The target diameter is taken as 11 mm, which is the diameter of the circu-
lar 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 cur-
rent to be measured. This is typically of the order of 3.0 pA < I < 20.0 A
for a 1-2 keV beam energy and a chamber pressure of 1 x 10~ mbar. The
target current is measured using the ion-gun control unit, which biases the
sample with +15 V to suppress low energy secondary electrons generated by

the impacting ions.

10
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An estimate of the amount of material removed from the surface by sput-
tering can be calculated knowing the incident ion flux (calculated from the
target current) and the sputter yield Y (the number of target atoms ejected

per incident ion). The sputter rate v is obtained from the relation [26]:

o
~ peNun

v [m-s™!] (2.1

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

as:
4I1Y M

B enD?pN

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

[m-s™1] (2.2)

The electron beam evaporator

Ultra thin Fe films can be deposited using an electron beam evaporator
(see figure 2.4) designed and assembled by C. Kempf. The principle of op-
eration is the same as that for the e—beam heater. Electrons originating
from a hot (thoriated tungsten) filament are accelerated towards a 3N pu-
rity ¢ = 1.6 mm Fe rod which is at a potential of + 1.9 kV with respect to
ground. A heat-shield is formed around the Fe rod and filament by a tube of
Ta foil which sits into grooves cut in the Mo end-caps of the cell. Alumina
beads isolate the filament from these end-caps. Apertures in each Mo cap al-
low the Fe rod into the cell at one end and the evaporated Fe out through the
other. The entire cell fits inside a double-walled liquid N5 cooled cryoshroud.

During operation, cooling this cryoshroud minimises outgassing from the en-

11
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Figure 2.4: A schematic illustration showing a cross-sectional view of the

e—beam evaporator used to deposit ultrathin Fe films. Reproduced from [11].

virons of the evaporator. A new Fe rod is outgassed for several hours before
it is suitable for use, it is also outgassed for a further 3-4 hours before each
subsequent deposition. Typical values for the filament and emission currents
during deposition are 2.5 A and 4 mA respectively. The chamber pressure
usually rises to no more than the mid- 10~!° mbar.

The sample sits upside-down inside the resistive heater (described above),
which has an aperture machined in its base. This set-up allows the sample
surface to be heated for depositions at elevated temperatures. The resistive
heater is also equipped with a water-cooled quartz crystal deposition monitor
(Inficon) which is calibrated to monitor the deposition of b.c.c. Fe. The entire
stage is mounted on a linear drive so that alternately, the sample or quartz
monitor can be moved into position over the evaporator aperture. During a
deposition the quartz crystal is first positioned over the evaporator aperture.

The filament current is slowly increased until a stable deposition rate is

12



2. Experimental details

achieved, this is usually about 0.5 ML-min~" (0.015 A-s~!). Then the sample,
which is cleaned 20-45 minutes prior to deposition, is rapidly moved into the
deposition beam — this takes roughly 10 seconds. As a result the amount of
material deposited upon the surface is not exactly controlled, however, the
deposition rate is typically so low that only a very small fraction of the total
coverage can be deposited in this time. Once the required deposition time
has elapsed the filament current and accelerating voltage are quickly ramped

down.

2.1.1 The STM

Comprehensive reviews of the theory and operating principles of scanning
tunneling microscopy (STM) and spectroscopy (STS) are given in dedicated
texts by Chen and Wiesendanger [27,28]. The fundamental theory of STM is
modelled on the quantum-mechanical description of an electron with energy
E travelling in a 1D potential U(z) of the form shown in figure 2.5(a). This
electron is described by a wavefunction ¢ (z), which satisfies the Schrodinger
equation: soin

—5— == ¥(2) + U(2)¥(2) = Ey(2) (2.3)

2m dz?

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

of the form:
2m(E — U)
h

where the electron can move in either the positive or negative sense of di-

¥(2) = P(0)e™, k= (2.4)

rection. In the classically forbidden barrier region where E < U(z), the

Schrodinger equation has the solution:

Pliz) =i(0)ex™, | WEtE e (2.5)
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The k term describes the decay of the electron wavefunction within the bar-
rier region. For a finite potential U(z), there is a non-zero probability P of
finding the electron at a position z inside the barrier region, which is given
by:

P ox| 9(0) |* e (2.6)

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

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

a barrier of width W is given by:

2m

Ty

P[0l [Fre B0 e o (2.7)

Taking all the possible states in the energy range EFr — eV < F < EF into

account, the tunnel current is:

Lo 0 VO a2 28)
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This equation may be re-written in terms of the local density of states (LDOS)

at the Fermi level of the sample surface p,(0, Er):
I, < Vp,(0, Ep)e %W (2.9)

It is clear from this equation that: (1) the tunnel current is directly propor-
tional to the bias applied across the junction, (2) it decays exponentially as
the distance between the tip apex and the sample surface is increased and
(3) the local density of states of the surface is sampled.

The significance of the probe-tip LDOS contribution is realised through a
time-dependent perturbation model of metal-insulator-metal tunneling pro-
posed by Bardeen [29]. Here, a Transfer Hamiltonian Hr is used to describe
the transfer of a tunneling electron from a sample state i to a tip state x.
The tunnel current can be taken as a convolution of the sample LDOS p;

and the tip LDOS p;.

4Te £x 2
-[t = T ps(EF —eV + E)pt(EF Stk E) | M | dE (210)
0

I; also includes a tunneling matrix element M, describing the amplitude of
electron transfer across the tunnel barrier (through the overlap of the 9 and x
states). The integral describing M is evaluated over any surface lying within

the barrier region.

= %/(X*g—f g %’; dS (2.11)

All STM images described in this thesis were obtained by scanning the
tip across the surface in constant current mode. In this configuration the tip-
sample separation is maintained at a constant value by means of a feedback-

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

is biased and the tip is earthed. The room-temperature microscope (RTSTM)

15
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Figure 2.5: 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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used in this study was built by Dr. A. Quinn [11]. The STM head is con-
structed from machinable ceramic (Macor) and comprises a piezo tube scan-
ner and a fine approach piezo-walker based upon the system developed by Dr.
S.H. Pan at the University of Basel, Switzerland [30]. The sample is mounted
on top of a polished quasi-cylindrical sapphire rod which is clamped between
a set of six piezo stacks. These piezo stacks are arranged pairwise in a tri-
angular fashion about the sapphire rod with one pair of stacks spring-loaded
against it. A signal composed of quarter sections of a period of a sine wave is
applied to the piezo stacks. To make one step the piezos first deform quickly in
one direction and slip under the rod leaving its position virtually unchanged.
Then they deform slowly back simultaneously and drag the rod with them.
The fine approach piezo-walker can operate both in an inertial and a fric-
tional modes. A full description of this mechanism is discussed in [31, 32].
This fine approach system is controlled using a home-built control unit [11].

The tube scanner is sectioned into four outer Ag electrodes which carry
the Z—-X, Z+X, Z-Y and Z+Y voltages, while the inner electrode is
grounded. The scanner has a dynamic range of +£13000 A in the z—direction
and £20600 A in the 2— and y— directions. These ranges were calibrated on
Cu(100) monoatomic steps and highly oriented pyrolytic graphite (HOPG)
atomic resolution images respectively. The STM head is isolated from vibra-
tions by a two-stage spring system [11] which works in conjunction with the
pneumatic dampers on the system frame.

The RTSTM chamber is also fitted with an electromagnet, designed and
assembled by J. Naumann, to carry out magnetic STM experiments. This
consists of two Permanorm 5000 poles with Kapton-insulated copper wire
windings. Three thermocouples are fitted to monitor the heat output gener-

ated by the magnet. This magnet can be positioned so that the sample in the

| %7
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Figure 2.6: Schematic representation of a STM head similar to the RTSTM

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

STM lies between the poles. An in-plane magnetic field of 90 mT is possible
without significant overheating of the sample.

Two STM controllers were used for these experiments: a TOPS II system
by WA Technology [33] and a SCALA system by Omicron GmbH [34]. The
accompanying softwares provide some functions for data analysis, however
data was also analysed using commercial software from NTMDT, Russia [35]

and from Nanotec Electronica S.L. [36].

2.1.2 Four-grid LEED/AES optics

The RVLO 900 four-grid reverse view optics were manufactured by VG Mi-
crotech. Primarily used for low-energy electron diffraction (LEED), these
optics can also be operated as a retarding-field analyser for Auger electron

spectroscopy (AES). The optics are mounted on a O.D. 200 mm CF cus-
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tom elbow which is tilted at an angle of 30° to the horizontal. The optics
are surrounded by a mu-metal cylinder to provide shielding from stray mag-
netic fields. The sample sits in the transfer fork of a magnetic drive, which
is grounded by a stainless steel braid to an oxygen free high conductivity
(OFHC) copper block at the bottom of the LEED annexe. The sample is
rotated in this drive so that its surface faces the electron gun. Scattered

electrons are collected by the grids and screen located behind the gun.

LEED operation

A schematic illustration of the four-grid LEED is shown in figure 2.7. The
grid nearest the sample M1 is earthed so that electrons scattered by the
sample, initially travel in field-free space. A negative potential is applied
to the two centre grids M2a and M2b to suppress inelastically scattered
electrons, while elastically scattered electrons are accelerated towards the
phosphorescent screen by its +5 keV potential. The fourth mesh M3 is also
grounded to reduce the field penetration of the suppressing grids by the
screen. Although the RVLO 900 four-grid reverse view optics can be operated
as a retarding-field analyzer for AES, the performance of this set-up is very
poor. All the AES measurements presented in this thesis have been done
using a Cylindrical-Mirror Analyzer described in the next section.

LEED patterns were taken at energies between 40 eV and 200 eV, using an
emission current of 0.5 mA, the target current could not be measured. LEED
patterns were recorded by photographing the screen. The spot-separation in
these photographs could be used to calculate the surface net parameters of
the surfaces analysed [11].

For surface diffraction in a 2D system, the assumption of infinite periodic-

ity is a fair approximation in two dimensions, but not in the third dimension
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Figure 2.7: Schematic of four-grid optics operating in LEED mode (c.f. ref-
erence [37]).

which is truncated by the presence of the surface itself. The crystal struc-
ture probed by LEED may therefore be considered to be a slab, infinitely
periodic in two dimensions, but comprising only a few layers in the third
dimension. The real space two-dimensional lattice is specified by two lattice
vectors a; and a,. These define the boundaries of a parallelogram which form
the boundaries of the unit cell.

A plane wave incident on an atom or atoms within a unit cell will be
scattered in all directions, but interference between waves scattered from
neighbouring unit cells will restrict the net flux to those directions in which
the scattered waves from all unit cells are in phase. This requires that the
scattered waves from neighbouring cells differ only by an integral number of

wavelengths .
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Normal axis
to surface plane

Figure 2.8: Laue diffraction from a one-dimensional array of scatterers.

In the simple case of a one-dimensional lattice (see Fig. 2.8), the in-phase

condition is met for all integers n which satisfy the condition

a(sin, — sinfy) = n\ (2.12)

where a is the distance between scatterers, A is the wavelength of the incident
wave and 6 is the angle of the plane wave with respect to the lattice. This
is known as the Laue condition. If the incident and emergent beams are

described by unit vectors sy and s, then this can be written in vector form

as
a- (s, —So) =n\ (2.13)
or
a-As; = nA (2.14)
where
As,, = (s, — 8) (2.15)

The diffracted beams are determined are determined by As, and,

in the one-dimensional case, they are given by integral multiples

21



2. Experimental details

of the basic unit (A\/|a|). This involves the reciprocal of the real space lat-
tice vector a. We can define a reciprocal lattice vector a* = (1/a).

A simple construction — known as the Ewald sphere — permits the diffrac-
tion beam angles to be derived from the reciprocal lattice. Only elastically
scattered waves contribute to the diffraction process, so that their wave-
lengths are the same on incidence and emergence. Propagating waves in
reciprocal space can be represented by lines of length (1/)), and we shall
assume that the incident wave will have a direction at an angle 6 with re-
spect to the crystal planes. We shall give this vector the symbol ky. The
construction is illustrated in Fig. 2.9 for the one-dimensional case, where the
reciprocal lattice planes have been illustrated as lines. The wave vector kj is
positioned so that one end touches a lattice line, and the other end provides
the centre for a circle of radius (1/X) or |ky|. Wave vectors which touch this
circle have the same energy as the incident beam, and whenever this circle
cuts a reciprocal lattice line the difference between the components of the
resulting k and the incident ky in a direction parallel to a must equal an
integral number of reciprocal lattice vectors na*. This satisfies the condition
given in equation 2.13 for possible diffraction beams. In other words, the
Ewald sphere defines the locus of beam vectors which have the same energy
as the incident beam, and the intersection of this sphere with the reciprocal
lattice rods defines the conditions under which both the diffraction condi-
tion and the conservation of beam energy are satisfied simultaneously. As
the incident energy is increased, so the sphere radius will also increase. As
a consequence, the number of diffraction beams increases and the angle be-
tween each diffraction beam decreases: the diffraction beam will appear to

condense towards the specular beam.
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Figure 2.9: Laue diffraction from a one-dimensional array of scatterers.

In two dimensions, the real space lattice is described by two lattice vectors
a; and a,, and a corresponding reciprocal lattice can be constructed from

basis vectors aj and a3, defined by the following relations:
aj-a; =ay-a, =27 (2.16)

and

alsa =a =0 (2.17)

The second relation requires that aj be perpendicular to a; and aj be per-
pendicular to as. Any vector relating two reciprocal lattice points must take
the form

Vv QmeEeV

|gnk| = |hal + ka3| = |k| sina = o sina (2.18)

where h and k are integers, E.y is the beam energy, m, is the electron mass

and « is the diffraction angle.
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Diffraction from the two-dimensional lattice must satisfy the two Laue

conditions

a; - As = h\ (2.19)

and

a; - As = k) (2.20)

and these can be solved whenever
As = \(ha] + kaj) = Ak (2.21)

This shows the direct correspondence between the observed diffraction pat-
tern and the reciprocal lattice of the surface. The reciprocal lattice vector gy,
lies in a direction that is orthogonal to the plane of the real space lattice that
is denoted by the Miller indices h and [. The Miller indices of the diffracting
planes are used to index the diffraction spots of the LEED pattern. The an-
gle @ may be determined from the spot-separation d, between indexed spots
in the LEED pattern by using the geometry of the LEED screen, shown in
figure 2.10. The actual spot-separation can be calculated from the distance
dphoto measured in a photograph of the pattern using:

dphoto D 7

o M
D photo

(2.22)

where D, is the actual screen diameter and Dppe, is the screen diameter

measured in the photograph.

LEED on Fe;0,(001)

The structure of magnetite is that of an inverse spinel. It has a face-centered
cubic unit cell based on O?~ ions. The Fe cations occupy % of the 64 available
tetrahedral A sites and % of the 32 available octahedral B sites. There are 8

formula units (Fe3O4) per conventional unit cell, for a total of 32 O?~ and
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screen

sample

Figure 2.10: Schematic of the LEED screen geometry. The sample is placed
at the focal point of the screen. The angle a can be determined from
tg a = d,/R. The distance d, is the separation between the hk spot and

the specular spot.

24 Fe ions. The conventional unit cell length is a = 8.4 A. The top view of a
(001) bulk-terminated face-centered cubic (f.c.c.) crystal surface is shown in
fig. 2.11¢

Figure 2.12 shows the p(1x1) and the (v/2 x+/2) R45° surface structures
in real and reciprocal space. Filled circles correspond to the (1x1) lattice,
while open circles represent the superlattice in the real space and fractional-
order beams in the reciprocal space.

Figure 2.13 shows a LEED pattern observed with a primary electron
energy of 93 eV. A (v/2 x+/2)R45° mesh is visible, and the (v/2 x1/2) R45°
superlattice is indicated by a red solid square. The superlattice edge was
measured to be a = 8.3 + 1.7 A, in very good agreement with the value
expected for the conventional unit cell edge. The p(1x1) unit cell is marked
by a yellow dashed square. The interpretation of the pattern is facilitated by
a comparison with fig. 2.12 (d).
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Figure 2.11: Top view of the (001) surface of magnetite. (for sim-
plicity only the O? ions, forming an f.c.c. lattice, are shown).
The conventional wunit cell is marked by a dashed blue square.
The primitive unit cell is indicated by a red square, together with
the primitive lattice vectors. The conventional unit cell edge is

a = 8.4 A, and the primitive unit cell edge is a = 5.9 A.
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Figure 2.12: The p(1x1) surface structure in real space (a) and in recipro-
cal space (b). The primitive unit cell is marked by a solid square; its edge
a2 5.9 A is oriented along the <110> directions.

The (V2 x+/2) R45° surface structure in real space (c) and in reciprocal space
(d). The (V2 x\/§)R45° superlattice is marked by a solid square; its edge
a = 8.4 A is oriented along the <100> directions and is equal to the edge of

the conventional bulk unit cell of magnetite.
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Figure 2.13: LEED pattern of a clean Fe3O4(001) surface observed with a
primary electron energy of 93 eV. A (v/2 xv/2)R45° mesh is visible. The
primitive p(1x1) unit cell and the (v/2 x1/2) R45° superlattice are indicated

by a yellow dashed square and a red solid square, respectively.
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2.1.3 Cylindrical-Mirror Analyzer for AES

A model 10—155A Physical Electronics cylindrical mirror analyser was used
for AES analysis of Fe304(001) samples. The cylindrical mirror analyser
(CMA) operates as an electrostatic deflection analyser. It consists of con-
centric inner (radius r;) and outer (radius r3) cylinders, with a coaxially
mounted electron gun (figure 2.14). A primary electron beam is produced
by thermionic emission from a hot filament (F1 and F2) and acceleration
through a potential V2. The beam current can be varied by changing the
extraction voltage V1 to vary the level of emission. The primary beam could

be focussed on the sample to produce a beam diameter of 100 pm.

—/ww—G-l ELECTRON MULTIPLIER [3{

Figure 2.14: A schematic illustration of the layout of a cylindrical mirror

analyser. Reproduced from [38].
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Backscattered electrons enter the analyser through an annular aperture
in the inner cylinder. This cylinder is grounded, while a deflecting potential
is applied to the outer cylinder. The trajectory of electrons travelling in the
resulting electrostatic field will be deflected by an amount which depends
inversely upon their kinetic energy. Electrons with lower energies will be
deflected to a greater extent than those with higher energies. The deflecting
potential is chosen so that only electrons of a particular energy E, will have
the correct trajectory to pass through the exit aperture at the opposite end of
inner cylinder. The analyser current will be given by the number of electrons
N(E)y) passing through the exit aperture. Between the exit aperture and the
collector, an electron multiplier is used to amplify the analyser current to
a level which can be detected by a lock-in amplifier. Sinusoidal modulation
of the deflecting potential shifts the energy window for electron transmission
above and below the value specified by the d.c. component. The first harmonic
component of this signal, which can be measured using lock-in detection,
gives the differential signal dN(F)/dE.

Because the primary beam is generated from a hot filament source, the
incident electrons will have a finite angular spread. As a result, electrons
with the same energy may be backscattered so that they enter the analyser at
different angles. This means that the signal passing through the exit aperture
will display an energy spread which is degraded by the angular spread of the
incident electrons. As a result, both the energy resolution and transmission
of the analyser are degraded by the angular spread of the source. A good
analyser should be capable of focussing electrons of the same energy but
different angles of injection at the exit aperture. In the CMA this is achieved
by choosing a mean injection angle such that electrons which enter at a

steeper angle and so need greater deflection to reach the exit aperture, have
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sample
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_S. steel insert

co-axial cable_——|
- lBNC feedthrough

Figure 2.15: Schematic illustration of the sample stage used for AES analysis.
The Macor block isolates the stainless steel insert and sample from ground.
A co-axial cable connects the insert to a BNC feedthrough, which can be

grounded directly or through an ammeter to measure the target current.

a larger distance to travel in the region of the deflecting field. This condition
is satisfied designing the analyser in such a way that it accepts a conical
annulus of electrons (~ £6° [39]) about a mean angle of o = 42.3°.

In the experimental set-up, the sample sits in a stainless steel insert,
which is isolated from ground by a Macor block (figure 2.15). The latter is
fixed to a double-sided O.D. 70 mm CF flange by three threaded stainless
steel rods (~ 300 mm long). A coaxial cable connects the steel insert with a
BNC feedthrough mounted on one side of the double-sided flange. The whole
assembly is mounted on an x — y — z translator so that the sample may be
positioned directly beneath the CMA optics.

A beam energy of 3 keV and a filament current of 3.2 A were used for all
measurements. The emission current ranged between 0.4 mA and 1.4 mA,

giving a target current of ~ 2uA and ~ 8uA respectively. The deflecting po-
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tential was ramped by a Perkin-Elmer 11-500A AES control unit. A SR 850
DSP lock-in amplifier from Stanford Research Systems [40] was used to out-
put a 0.5 V,,,s sinusoidal signal of frequency 12 kHz. This signal was fed
into the AES control and acted as a reference for the modulation of the
deflecting potential. A peak-to-peak modulation of 2 eV was used in all ex-
periments. The current passing through the exit aperture of the analyser was
amplified using a Channeltron model 4839 electron multiplier [41], held at
an accelerating potential of ~ 1 kV using a Perkin-Elmer 32—100 multiplier
power supply. The first harmonic of the collector current was separated and
converted to a voltage using the lock-in amplifier. A lock-in sensitivity of
100 pV was used to detect the Auger signal. Originally, this signal (y—axis)
and a signal proportional to the d.c. component of the deflecting potential
(x—axis) were used to run a Hewlett-Packard plotter. Later, these signals
were fed through one digital multimeter and the lock-in amplifier to a GPIB
PC interface card, where the data was acquired in x.dat format, using a
programme written by D. Kashanin in the Lab Windows CVI environment.
The latter method provides a much more accurate format for quantitative

~1, with scan ranges of

analysis. The scan speed was typically set at 1 eV:s
0-750 eV, so that a single scan takes approximately 12% minutes.

Atomic concentrations are calculated in the manner described by Davis
et al. [42] and McGuire [43]. The atomic concentration Cx of element X is

given by:
Ix/Sxdx
2 alla/Sada)

where Iy is the peak-to-peak amplitude of the largest Auger transition mea-

Cx = (2.23)

sured for the element, Sy is a relative Auger sensitivity factor, taken from
reference [42]. The main Auger transition peaks for pure elemental standards

are marked in spectra also given in reference [42]. The summation is over one
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peak per element present on the surface. The scaling factor dy is included so
that concentrations may be determined from peaks measured under different

conditions, this is given by:
dX = LxEMyxfp,X (224)

where Lx is the lock-in sensitivity, Fj x is the modulation energy and Ip x
is the primary beam current. When calculating concentrations using peak-
to-peak values taken from the same spectrum, this scaling factor can be

disregarded.

2.2 STM tips

A range of different materials and techniques has been used to prepare the
STM tips used during this work. A brief overview of the characteristics of

these tips is given in the following sections.

W tips

A ¢ = 0.5 mm x 10 mm wire was clamped into a tip holder at one end. The
tip holder was fitted to a modified micrometer screw which allowed a precise
positioning of the tungsten wire in a 2 M NaOH solution. The tungsten wire
acts as the anode during the electrolytic process, while a fully submerged
stainless steel cylindrical foil acts as the cathode. Under an applied d.c. bias,
preferential etching at the air/electrolyte interface occurs, with the oxidation
of the anode to form soluble WO} ? anions which flow away from the active
etching region. This leads to a necking-in of the wire in the active etching
region. The process continues until the thinned region parts under the weight

of the submerged portion drops off. The etching process is controlled by an
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electronic shut-off control with a ~ 9 V d.c. output built by P. Flanagan and
calibrated by Dr. C. Seoighe. This unit breaks the electrolytic circuit once a
pre-set etching current, corresponding to the drop-off point, is reached. The
fast shut-off of the electrolytic circuit at drop-off has been found essential
to produce very sharp tips [44-46]. The tips were rinsed with propanol-2-ol
before insertion into vacuum. The tips were then ion-etched with Ar™ ions
to remove the layer of WO3; oxide. The typical parameters for this process
are given in table 2.1.

The procedure described above gives satisfactory results, leading to the
production of very stable and sharp tips.

Alternative procedures, such as the floating layer technique, the loop tech-
nique and the wire insulation technique involve confining the active region to
a very small volume. A more detailed description of these techniques is given
in [13]. Among these techniques, only the latter has been extensively used
to fabricate the tips used for this thesis. The wire insulation procedure con-
sists of covering the submerged part of the W wire with an insulating layer,
specifically a PTFE tube. This physically confines the active region [47] and
protects the dropped-off part which can produce a sharper tip [48]. This
method was used also to fabricate Manganese-Nickel, Iron and Chromium

tips.

Etching time (min.) Ion energy (keV) Target current (mA)

20 2 15-30
10 i 5-10
3 0.5 <1

Table 2.1: Typical parameters for Ar* ion etching of W STM tips.
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Ptlr tips

Platinum Iridium tips were prepared by mechanical cutting. A ¢ = 0.25 mm
Ptgolryy wire was simultaneously pulled and cut using a pair of snips. Ptlr
tips do not require ion-etching in vacuum since they do not oxidized. This
fact makes Ptlr tips very fast to fabricate. However, this method is not very
reproducible and the tips produced are generally of lower quality than the

electrolytically etched W tips.

MnNi tips

Antiferromagnetic (AF) tips have been proposed for magnetically-sensitive
spin-polarised STM (SPSTM) studies [2,49], as they remove the problem of
tip magnetostriction, while the magnetic order of the tip does not change
with an externally applied magnetic field. The family of ordered equiatomic
binary alloys of manganese, MnMe where Me may be Pd, Pt, Au, Ir or
Ni, are particularly attractive for this use. These alloys usually have high
magnetic moments, are mechanically hard and have high Néel temperatures.
MnNi tips were prepared by Dr. Murphy from a 99.9 % pure MnNi ingot.
A full description of the preparation procedure is given in [13,50]. In brief,
cylindrical rods of ¢ = 0.5 mm x 13 mm were etched in an aqueous solution
of (% 10 volume) saturated HCI. It was found necessary to physically confine
the etching region: the loop technique, the floating layer technique and the
wire insulation technique were used, the last two giving the most satisfactory
results. Tips prepared in this manner were ion-etched in vacuum using the
same parameters as those used for the W tips. Some excellent results were
obtained using these tips, with atomic resolution images obtained on oxygen
covered W(100) [50,51], on Fe304(001) [24] and on Fe islands on Mo(110)
[12,52]:
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Cr tips

Cr tips were prepared by Dr. Murphy [13]. They were etched in a 2 M NaOH
solution using the wire insulation technique. In vacuum they were ion etched
to remove the oxide layer. These tips were used in a few sessions on the

Mo(110) and Fe30,4(001) surfaces achieving a reasonable resolution.

Fe tips

Iron tips were prepared from 99.98 % pure Fe wire (¢ = 0.25 mm), using the
loop technique. An aqueous solution of 10 % volume saturated HCI acid was
used as the electrolyte, while the etching bias was typically 0.3-0.6 V d.c.
The tips were rinsed with distilled water and propan-2-ol, immediately after
drop-off.

The tips were ion-etched in vacuum, using similar parameters to those
used for W tips. They were used a few times in sessions on the magnetite
(Fe3O,4) surface [24]. However, they were easily blunted by minor tip crashes
and tip material tended to be deposited on the surface. Also, they were
unsuitable for STM experiments in a variable magnetic field, due to their

considerable magnetostriction [24].
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Chapter 3

Iron oxides

3.1 Introduction

Magnetite is part of a family that includes sixteen iron oxides, hydroxides
and oxide hydroxides. Iron oxides are widespread in nature and are of interest
to many scientific disciplines (Figure 3.1). The major applications of iron
oxides include pigments for paints and the construction industry, magnetic
pigments and ferrites, catalysts for industrial syntheses and raw material for
the iron and steel industry [53]. In more recent times magnetite has been
extensively studied because of its half-metallic ferromagnetic properties. The
electronic density of states at the Fermi level is completely spin polarized,
making magnetite a potential candidate for applications in spin electronics.

Figure 3.2 shows the phase relations in the system FeO—Fe,O3 [54].
Heavy lines are boundary curves separating stability fields of the various
condensed phases, and light dash-dot lines are oxygen isobars. The oxygen
pressure is expressed in atmospheres.

In the following sections a brief description of each of the iron oxides is

given.
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Figure 3.1: The widespread spectrum of research involving iron oxides. Re-

produced from [53].
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Figure 3.2: Phase relations in the system of FeO—Fe;O3. Heavy lines are

boundary curves separating stability fields of the various condensed phases,

and light dash-dot lines are oxygen isobars. The oxygen pressure is expressed

in atmospheres. Reproduced from [54].
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3.2 Wastite, Fe;_,0O

Stoichiometric wiistite, FeO, cannot exist as a stable phase at low pressure
or at pressures exceeding 10 MPa. The non-stoichiometry is accommodated
by oxidation of a proportion of the metal ions and the creation of cation
vacancies. A stable, cation-deficient phase, Fe;_,O (with 1 — z ranging from
0.83 to 0.95) exists at 0.1 MPa and at temperatures higher than 840 K. At
lower temperatures it disproportionates into Fe and Fe3O,4 [53]. The formula
Fe,_,O indicates that the vacancies are located on the Fe?* sublattice, ac-
companied by the oxidation of two Fe?* ions to Fe3* to maintain charge
neutrality. Its crystal structure is similar to that of rocksalt NaCl. It can
be regarded as consisting of two interpenetrating face-centred cubic stuc-
tures of Fe** and O?". The cubic unit cell, shown in fig. 3.3, ranges from
0.428 — 0.431 nm, depending on the vacancy content. Wiistite is paramag-
netic at room temperature and becomes antiferromagnetic at temperatures
below ~ 200 K. The Neel temperature strongly depends on the deviation
from the 1:1 stoichiometry [55]. Wiistite is an important intermediate in the

reduction of iron ores.

0
ng L
. ‘ :Fe

Figure 3.3: Unit cell of wiistite. Reproduced from [53].
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3.3 Magnetite, Fe;O,

The structure of magnetite is that of an inverse spinel. It has a face-centred
cubic unit cell based on 32 O?~ ions which are regularly cubic close packed
along the <111> directions (see fig. 3.4). The unit cell edge constant is
a = 0.83963 nm [56]. There are eight formula units per unit cell. Magnetite
contains both divalent and trivalent iron ions. Its formula can be written as
Y 4[XY]pOy4, where X = Fe?*| Y = Fe3* and A and B denote tetrahedral
and octahedral sites, respectively. This formula means that one half of the
ferric Fe** ions occupies % of the available tetrahedral A sites, and the other
half of the ferric ions, together with an equal amount of ferrous Fe?* ions,
occupy % of the octahedral B sites. The Fe ions in the octahedral sites form
rows running along the <110> directions. In stoichiometric magnetite the
ratio of divalent to trivalent cations is Fe?t/Fe3* = 0.5. Non-stoichiometric
magnetite has a cation deficient Fe3* sublattice [53].

Rapid electron hopping between the Fe?™ and Fe3* ions in the octahedral
sites makes magnetite a moderately good electrical conductor at room tem-
perature [57]. The electrical conductivity of magnetite at room temperature
is 0 &~ 200 2 tem™! [9]. Below the Verwey temperature Ty magnetite under-
goes a phase transition and the electrical resistivity changes by two orders of
magnitude. This transition occurs in bulk crystals over a small temperature
interval in the neighborhood of Ty, = 120 K [58]. Although the Verwey transi-
tion has been the subject of intensive investigations during the past decades,
the nature of of the electrical transition is not fully understood. However, it
is believed that at Ty the electron hopping freezes out, leading to an ordered
array of Fe?* and Fe3* ions with static charges. Magnetite is ferrimagnetic at
room temperature and has a Curie temperature T of 858 K. The A and B

cation sites form the basis for two interpenetrating sublattices. Below T, the
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Figure 3.4: Unit cell of magnetite. Reproduced from [53].

spins on the A and B sites are antiparallel and the magnitudes of the two
types of spins are different: this causes ferrimagnetism. The spin arrange-
ment can be written as Fe3*|[Fe?*1Fe?*1]O?7™. The net magnetic moment
per formula unit is 4 pp, which corresponds to the magnetic moment of an
octahedral B site Fe?*| since the 5 g moments of the Fe3t ions in the A

and B sites are opposite and cancel each other out [59].

3.4 Maghemite, v-Fe; O3

Maghemite (from magnetite and hematite) has a structure similar to that of
magnetite. It differs from magnetite in that all the Fe?* are oxidized to Fe3*.
Maghemite has a unit cell with a lattice parameter a = 0.8352 nm [56]. To
maintain charge neutrality, vacancies have to be introduced. Vacancies are

mainly created on the B sites [60]. Instead of y-Fe,O3, one can write Feg 6704

42



3. Iron oxides

or Fe¥* 4[Fe** ;5,300 /3]504, where O indicates an octahedral vacancy. The
number of vacancies § can vary from 0 for stoichiometric Fe3O4 up to % for
stoichiometric v-Fe,O3. Because no Fe?* ions are present, electron hopping
is not possible and maghemite is an insulator. Maghemite is a ferrimagnet
with a magnetic moment of 3 % 1 g. Maghemite is widely used as a magnetic

pigment in the electronic recording devices [53].

3.5 Hematite, a-Fe; O3

Hematite is the most common iron oxide, usually referred to as rust. Hematite
is isostructural with corundum. It is the only iron oxide with a hexagonal
close packed lattice of O>~ anions as its basis (see fig. 3.5). The Fe** ions fill
% of the octahedral sites. The unit cell is hexagonal with a = 0.5035 nm and
¢ = 1.372 nm [56]. Hematite is paramagnetic above 956 K (7). Between T
and 260 K (T, the Morin temperature), it is weakly ferromagnetic. Below

T, hematite undergoes a phase transition to an antiferromagnetic state [53].

Figure 3.5: Unit cell of hematite. Reproduced from [53].
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Chapter 4

The (001) surface of Fe3Oy

4.1 Introduction

Magnetite is the oldest known magnetic material: its magnetic properties
were discovered around 1500 B.C. In 1915 Bragg established the details
of its structure using X-ray diffraction [61]. Spinel ferrites, which are ob-
tained by sintering iron oxide with other oxides resulting in the mixed series
M,Fe;_,O4, with M a variety of metals, are the basic materials in many
technological applications. They are used in the cores of electromagnets, in
microwave resonant circuits, in computer memory cores and in high density
magnetic recording media. Magnetite itself plays an important role in geology
because of its influence on the earth’s magnetic field and in biology because
it’s used as a navigation means by magnetotactic bacteria. Magnetite is also
of fundamental importance as a catalyst in inorganic processes such as the
synthesis of ammonia and the water gas shift reaction for the production
of hydrogen, and in organic processes such as the dehydrogenation of ethyl
benzene to styrene [53]. Furthermore, since magnetite is redox-active, it can

reduce toxic species such as chlorinated organics and chromate. In the last
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decade, the great demand for high density magnetic recording media, com-
bined with the possibility of imaging the atomic structure and the electronic
properties of the surface provided by STM, has boosted a great interest in
magnetite and its related iron-oxides. In particular, attention was focused
on the study of the surface reconstruction of magnetite and on its magnetic
properties. In the following sections a short review of the main works carried

out on Fe3zOy is given.

4.2 The electrostatic model

The electrostatic model was proposed by Tasker [62,63] and provides an
explanation of why polar surfaces (such as the Fe3O,4(001) surface) must
reconstruct. As shown by Bertaut [64], when there is a dipole moment in
the unit cell perpendicular to the surface, the surface energy diverges and is
infinite. Therefore such surfaces cannot exist. Tasker classifies the surfaces of
any ionic or partly ionic materials into three types (see Fig. 4.1). A type-1
surface is neutral with equal number of anions and cations in each plane.
Examples are the (100) and (110) surfaces of rocksalt metal oxides, such as
MgO and NiO. A type-2 surface is charged but there is no dipole moment
perpendicular to the surface because of the symmetrical stacking sequence.
The surface energies are small and limited relaxations of the surface ions may
be enough to stabilize them. An example is the (111) surface of the fluorite
structure terminated with an anion plane. The type-3 surface is charged and
has a dipole moment perpendicular to the surface. These surfaces have an
infinite surface energy and therefore cannot exist as simple bulk terminations.
Examples are the (111) surfaces in the rocksalt structure: these surfaces are

called polar. Type-3 surfaces can only occur if the surface reconstructs or
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Figure 4.1: The three types of surfaces of ionic materials. (a): type-1 for
<100> and <110> surfaces of rocksalt structures. (b): type-2 for <111>
surfaces of fluorite structures. (c): type-3 for <111> surfaces of rocksalt
structures. The repeated units for planar charge density are shown in square

brackets.

if it undergoes a charge redistribution. An exception is made by ultra-thin
films, in which the surface energy is still finite.

The structure of magnetite can be described as a stack of (001) alternating
layers containing either Fe3* cations in tetrahedral A sites or O?~ anions and
Fe?5T cations in octahedral B sites. Therefore the bulk-truncated surface of
Fe304(001) can be terminated either at the A or at the B plane. The charges
per unit cell are +3 for the tetrahedral termination and —3 for the octahedral
one. A dipole moment in the unit cell perpendicular to the surface is present
and therefore the bulk-terminated Fe;O4(001) surface is a polar type 3 one.

Neither of the two bulk-truncated terminations is possible.
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4.3 The electron counting model

A partly covalent nature of the Fe3O4 bonds, due to a strong mixing between
the O 2p and Fe 3d orbitals was proven by de Groot [65]. Barbieri [66] has cal-
culated that the ionic character of the Fe-O bonds is about 50 %. The electron
counting model, developed by Pashley [67] to explain the reconstructions on
compound semiconductors such as GaAs and ZnSe, was extended to oxides
by Lafemina [68]. According to this model, the lowest energy surface struc-
ture is the one where all the dangling bonds on the electropositive elements
are empty and the dangling bonds on the electronegative elements are full.
Therefore, a stable surface is created when the number of available electrons
exactly matches this requirement. As a consequence, no net charge is present
on the surface. It must be kept in mind that this model does not uniquely
determine the surface reconstruction. Several possible structures may fit the
model. However, any successful structural model must satisfy the electron
counting model. In other words, the electron counting model is a necessary
but not sufficient condition to explain a certain surface reconstruction. Below
we apply the electron counting model to the possible two bulk-terminated

surfaces and to two types of reconstructions that have been proposed.

4.3.1 Fe—O dangling bonds

In the spinel and inverse spinel structure, cations have two types of coordi-
nation to the anions: tetrahedral and octahedral. Fe;.;, atoms have 4 bonds
to the surrounding O atoms. Since their valence state is 43, they share 3 e~
divided over 4 bonds, i.e. 3/4 e~ per bond. Fe,. atoms have 6 bonds to the

3+

surrounding O atoms. The octahedral iron ions consist of FeZ, and Fe}:

since these two bonding configurations must be present in equal proportions
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Figure 4.2: Each O atom bonds with 1 Fe,, and 3 Fe,; atoms. Assuming a
covalent nature of the bonds, each bond must be filled with 2 electrons. The

number of e~ shared by O and Fe atoms are shown in the schematic.

in order to achieve charge neutrality, an average charge of +2.5 is assumed
for the Fe,. ions. Therefore, the Fe,. ions share 2.5 e~ divided over 6 bonds,
i.e. 5/12 e~ per bond. Each O atom bonds with 1 Fey., and 3 Fe,. To fill the
bond with the Fey,, an O shares (2—3/4) = 5/4 e™. To fill its three bonds
with Fe,., an O shares (2—5/12) = 19/12 e™. A schematic of the bonds be-
tween O and Fe atoms and the number of electrons shared in these bonds is

shown in figures 4.2 and 4.3.
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Figure 4.3: (a): Feyet, —O bonds. (b): Fe,;—O bonds. The number of e~ shared

by O and Fe atoms are shown in the schematic.
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4.3.2 Tetrahedrally bulk-terminated surface:
full A layer

There are 2 Fey;, atoms, 4 Fe,; atoms and 4 O atoms per unit cell with
dangling bonds, as shown in Fig. 4.4. Each of the 2 Fe;y, has 2 dangling
bonds: these 4 dangling bonds contain a total of (4 x 3/4) = 3 e~. The
4 Fe,, atoms have one dangling bond each; these 4 dangling bonds contain
a total of (4 x 5/12) = 1.67 e. The total number of e~ contained in the
dangling bonds of the electropositive elements is (3 + 1.67) = 4.67 e~. Each
of the 4 O atoms has one broken bond to a Fe,.. This means that the total
number of e~ contained in the dangling bonds of the electronegative elements
is (4 x 19/12) = 6.33 e~ instead of the 8 e~ required to completely fill the
4 bonds. According to the autocompensation model, the most stable surface
is created when the anions dangling bonds are full and the cations dangling
bonds are empty. To completely fill the anions dangling bonds a total of
(8 —6.33) = 1.67 e~ can be transferred from the cations dangling bonds,
but this transfer will not lead to a state where all the cations dangling bonds
are empty: an excess of 3 e” is present on the surface that, therefore, is not

stable.

4.3.3 Octahedrally bulk-terminated surface:

full B layer

A bulk-terminated surface at a B layer does not contain any Fe,: therefore
their bonds are not broken. If we consider a unit cell, it contains 4 Fe,.
atoms and 8 O atoms (see Fig. 4.5). The 4 Fe,, atoms have one dangling
bond each. These bonds contain a total of (4 x 5/12) = 1.67 e~. Of the 8 O

atoms, 4 have one dangling octahedral bond, and the other four have one
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Figure 4.4: Tetrahedrally bulk-terminated surface of Fe304(001): full A layer.

The dangling bonds of Fese,., Fe,s and O atoms are shown.

dangling tetrahedral bond. Therefore, the O dangling bonds contain a total
of (4 x 19/12) + (4 x 5/4) = 11.33 e™. Transferring all the electrons from
the Fe to the O dangling bonds leads to a total of (1.67 + 11.33) = 13 e~
in the O dangling bonds. This leaves the surface with a charge deficiency of
3 e, since the 8 O atoms at the surface require a total of 16 e~ to fill their
dangling bonds and satisfy the electron counting model. Therefore this type

of surface is also not stable.
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Figure 4.5: Octahedrally bulk-terminated surface of Fe30,4(001): full B layer.

The dangling bonds of Fe,,; and O atoms are shown.

4.3.4 Tetrahedrally terminated surface:

half-filled A layer

There are 1 Fey, atom, 4 Fe,; atoms and 6 O atoms per unit cell with
dangling bonds, as shown in Fig. 4.6. The Fe;, has 2 dangling bonds that
contain a total of (2 x 3/4) = 1.5 e~. The 4 Fe,; atoms have one dan-
gling bond each; therefore they contain a total of (4 x 5/12) = 1.67 e~. Of
the 6 O atoms, 4 have one broken bond to a Fe,; and contain a total of
(4 x 19/12) = 6.33 e”. The remaining 2 O have one broken bond to a Fe,
and contain a total of (2 x 5/4) = 2.5 e”. The total number of electrons avail-
able from the Fe and O dangling bonds is (1.5 + 1.67 + 6.33 + 2.5) = 12 e™.
This is exactly the number of e~ required to fill the dangling bonds of the 6
O atoms. Therefore, a termination with a half-filled layer of tetrahedral Fe

atoms is a stable surface.
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Figure 4.6: Tetrahedrally terminated surface of Fe3O4(001): half-filled A
layer. The p(1x1) unit cell of the unreconstructed surface and the (v/2
x1/2)R45° unit cell of the reconstructed surface are shown, together with
the dangling bonds. One missing tetrahedral Fe ion per unit cell, (shown as a

dashed circle) produces an autocompensated (\/5 x\/§)R45° reconstructed

surface.
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4. The (001) surface of Fe3O4

4.3.5 Octahedrally terminated surface:

oxygen vacancies in the B layer

A surface terminated at the B layer with 1 O atom missing per unit cell and
an appropriate increase or reduction of the Fe,, valencies is autocompen-
sated. An O vacancy creates 3 dangling bonds on neighbouring Fe atoms.
We need to distinguish between two coordination geometries: in one case
the O atom is bound to 2 Fe,. in the first layer (i.e. the surface layer) and
to 1 Feyyr in the second layer. In the other case the O atom is bound to
3 Fe,e: — 2 in the first layer and 1 in the third layer. At the same time,
an O dangling bond is removed, :.e. either an octahedral or a tetrahedral
one, respectively. Fig. 4.7 shows the model proposed by Stanka [69]. In this
model, an O atom bound to 3 Fe,; was removed: this choice was guided
by atomically resolved STM images. In the unit cell there are 4 Fe,, atoms
with 7 dangling bonds to O atoms. They contain (7 x 5/12) e~. Of the 7
O atoms, 4 have dangling bonds to Fe,, atoms and contain (4 x 19/12) e™.
The remaining 3 O atoms have a dangling bond with Fe,, and contain a
total of (3 x 5/4) e”. To fill all the 7 O atoms dangling bonds, a total of
14 e~ is required. Summing up all the charges from the Fe and O dangling
bonds gives (7 x 5/12) + (4 x 19/12) + (3 x 5/4) = 13 e~. The surface is
deficient by 1 e~. To satisfy the principle of autocompensation, an extra e~
must be supplied. This can be achieved by increasing the valence of the five

exposed Fe,; atoms from 2.5% to 2.77.
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Figure 4.7: Octahedrally terminated surface of Fe3O4(001): oxygen vacancies
in the B layer. The p(1x1) unit cell of the unreconstructed surface and the
(V2 x+/2)R45° unit cell of the reconstructed surface are shown, together

with the dangling bonds. The missing O ions are shown as dashed circles.
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4. The (001) surface of Fe3O,4

4.4 Literature review

As shown in the previous two paragraphs, the (001) surface of Fe3O4 is not
stable unless it reconstructs. Two different models have been presented to
explain what the forces driving the reconstruction are. Although the two
approaches are different, they lead to the same conclusion and are therefore
equivalent.

A (V2 xv/2) R45° reconstruction is observed both on natural and artifi-
cial single crystals [70,71] and on MBE grown thin films [59, 72-75]. Different
models have been proposed to explain this reconstruction. Tarrach et al. [70]
have suggested that the surface topmost layer consists of a full ML of tetra-
hedral Fe ions. Such a surface is non-autocompensated since it would have
an excess of 3 e”. To achieve a non-polar surface they speculated that half of
the Fe®* are reduced to Fe*. Kim et al. [72] have proposed an A-terminated
surface that is autocompensated due to an ordered array of tetrahedral Fe
vacancies (Fig. 4.6). More recently, a study by Chambers et al. [74] using
XPS, XPD and STM, supports the conclusion that the Fe304(001) surface
is constituted by 1/2 ML of tetrahedral Fe. The same model was used by
Mijiritskii et al. [76] to explain the experimental results obtained using LEED
and LEIS on a thin epitaxial Fe3O4(001) film grown by O, assisted MBE of
Fe on a MgO(001) substrate.

In contrast, Voogt et al. proposed a B-terminated surface [77]. Autocom-
pensation is achieved by an array of oxygen vacancies accompanied by a
variation in the Fe3 to Fe?* ratio per surface unit cell. They speculate that
the missing oxygen might act as a 2 impurity and could trap conducting
electrons from neighboring sites. This would induce a charge ordering at the
surface similar to the one observed by Wiesendanger et al. [4,78] with SPSTM

on a magnetite natural crystal. The effect of the charge ordering would be
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4. The (001) surface of Fe3O4

to change the oxidation state of two octahedral iron ions per unit cell from
2.5% to 3%, providing the missing extra electron, necessary to compensate
the surface, to the oxygen dangling bonds.

A B-terminated surface was recently proposed by Stanka et al. [69] in a
study of epitaxial films of Fe304(001) grown on MgO (001) substrates. This
is a variation of the model by Voogt et al. The (v/2 x1/2)R45° symmetry
and the charge balance are achieved by the removal of one oxygen ion per

unit cell and by increasing the charge of the octahedral iron ions from 25+

i 2T
Voogt et al. have also proposed a B-terminated surface where all the Fe
ions are oxidized to Fe3* and where one O%~ ion per unit cell is replaced by a
OH'~ group [77]. Gaines et al. [71] proposed a surface formed by a FeO-like
structure. Recently Rustad [79] suggested a new surface structure based on
molecular dynamics investigation. In this model, the tetrahedral Fe ions in

the first (third) layer swing down (up) and occupy empty cation sites in the

second octahedral Fe plus tetrahedral O layer.
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Chapter 5

Characterization and

preparation

5.1 Introduction

One set of artificial single crystals of Fe304(100) has been used for this work.
The crystals have been grown employing the skull melting technique [80] in
the chemistry department of Purdue University, Indiana, by Prof. J.M. Honig
[81]. One batch of crystals was sent to RTI GmbH [82] where the crystals
were aligned with a precision ranging from £ 0.1° to + 1°, cut along the
[010] direction and polished by a chemo-mechanical method. A second batch
of crystals was sent to Surface Preparation Laboratory (SPL) [83] where
the crystals were aligned to 0.5° and mechanically polished using diamond
paste with a grain size down to 0.1 um. The thickness of these crystals is
approximately 0.5 mm instead of 1.2 mm as for the first batch.

X-ray measurements were taken using a powder diffractometer. A CuKa;
wavelength, corresponding to A = 1.541 A was used. The diffractogram ob-

tained, shown in figure 5.1, is in very good agreement with the expected crys-
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Figure 5.1: X-ray powder diffractogram of Fe3O,4. The peaks are indexed with
the respective Miller indices. The extraneous peak at 26 ~ 14° was attributed
to the background of the glass slide used as support for the magnetite powder.
The spurious peak at 26 =~ 28° was identified as the K3 line corresponding
to the (311) K« line.
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5. Characterization and preparation

tallographic structure of magnetite. A unit cell length a = 8.398 & 0.010 A
was measured.

A four-wire resistance vs. temperature measurement was made between
55 K and 300 K at ~ 1 K intervals. The Verwey transition temperature for a
stoichiometric crystal is characterized by a sharp discontinuity in the electri-
cal resistance at about 125 K and by a small first order thermal hysteresis [84].
The transition temperature decreases as the parameter § in Feg;_50O4 in-
creases, that is the same as saying that the crystal becomes cation deficient.
At the same time the magnitude of the discontinuity decreases and thermal
hysteresis becomes sizable. The curve in fig. 5.2 shows a change in the elec-
trical resistivity much smaller than the two orders of magnitude expected
for a stoichiometric crystal; a Verwey transition temperature of 108 K was
determined, indicating that our crystal is sub-stoichiometric. The value of
the resistivity (p = R- S/l) was calculated estimating the area of the crystal
surface (S ~ 11.25 mm?) and the distance between the electrical contacts
(I = 3 mm). The electrical conductivity at room temperature was found to
be 0 &~ 116 Q! cm™!, comparable with literature data [9].

Creating a well structured, clean surface of a magnetite artificial single
crystal is not an easy task. Surface contaminants like carbon, sulphur, cal-
cium and potassium are normally detected. Diverse methods of cleaning a
magnetite surface have been proposed. In situ cleavage of magnetite crys-
tals has been attempted [4]. This method ensures a contaminant-free surface
since the crystal is cleaved in UHV. Although in situ cleavage does not re-
quire further treatment such as annealing or ion bombardment, it produces
a very rough surface. A combination of argon ion sputtering and annealing
is a common procedure but it can produce changes in the surface magnetism

of Fe304 [85]. Annealing in UHV [70] produces a very well structured surface
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Figure 5.2: Resistance vs. temperature curve for an artificial Fe3O,4 crystal. A
four-wire measurement was made between 55 K and 300 K at ~ 1 K intervals.

A Verwey transition temperature of 108 K was determined, indicating that

the crystal is sub-stoichiometric
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5. Characterization and preparation

but it is likely to induce segregation of impurities from the bulk or, in the
case of thin films, from the substrate, as reported by Anderson et al. [86]
and Voogt [59]. Annealing in an oxygen partial pressure is another common
technique used [87]. The methods used to clean the surface in this study are

the following:

e annealing in UHV at various temperatures
e argon ion sputtering and annealing in UHV
e annealing in an O, partial pressure followed by argon sputtering and by

further annealing in UHV

Occasionally the crystals were mechanically polished. A detailed descrip-

tion of these procedures will be given in the next sections.

5.2 Mechanical polishing

As found by Seoighe [24], the surface of the FesO4(001) crystals polished
with a chemo-mechanical method by RTI GmbH [82] did not exhibit a reg-
ular structure even after long annealing sessions at various temperatures.
These crystals were then taken out of the UHV chamber and were mechan-
ically polished. The batch of crystals prepared by SPL [83] did not present
this problem since they were polished by a merely mechanical method. How-
ever, these crystals were also mechanically polished by the author after long
annealing sessions in UHV at high temperatures (~ 1000 K). This treatment,
which usually resulted in a highly contaminated surface, was also thought to
induce a reduction of the surface from Fe;O4 to FeO. The crystals were re-
moved to atmosphere and mechanically polished to remove this surface layer.

A brief description of the mechanical polishing method is given below.
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5. Characterization and preparation

The crystal is mounted onto a home-built polishing device [24] using bees
wax. Diamond paste is put on a polishing cloth, which is glued to a flat stain-
less steel disc. The mechanical polishing is done by hand using isopropanol as
a lubricant. The crystal is mechanically polished using diamond paste with
decreasing grain sizes of 3, 1 and 0.25 pum for approximately one hour for
each diamond paste grade. After polishing the crystal is removed from the
polishing device and cleaned in an ultrasonic bath using ethanol. It is then

screwed onto a Mo sample holder and inserted in the UHV system.

5.3 Annealing in UHV

The preparation method used by Seoighe [24] consisted of mechanically pol-
ishing the surface of a Fe;O4(001) crystal followed by annealing in UHV.
Seoighe found that annealing the crystals in UHV to a temperature of
990 K + 50 K produced a regularly structured surface. He distinguished be-
tween two regimens which give rise to two different types of surface structure.
Annealing the crystal to 970 K + 50 K for periods ranging from 4 to 8 hours
produced a surface characterized by the presence of flat square terraces up
to several hundred Angstrom wide. The edges of these terraces are aligned
along the <110> directions and the step heights between the terraces are
multiples of 2.1 A. This type of structure was imaged by Seoighe on both
an artificial crystal (taken from the same ingot as those as the ones used
by the author) and a natural crystal. A p(1x1) LEED pattern was obtained
from this structure. A further ~ 20 hours annealing at the same temperature
induced the formation of a different surface structure. The square terraces
seem to split into rows running along the <110> directions. The splitting

appears to start from the edges of the square terraces to proceed inward.
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The separation between the rows varies between 40 and 24 A and it becomes
narrower with increasing overall anneal time. The corrugation perpendicu-
lar to the rows was measured to be 2.0 + 0.4 A, corresponding to the step
height between two adjacent terraces. For this reason Seoighe refers to these
rows as "nanoterraces”. This structure was associated with a LEED pat-
tern in which the primary spots were streaked along the <110> directions.
Occasionally satellite spots were discerned around the primary spots in the
<110> directions. The satellite spots were approximately 1/4 of the primary
spot distance, suggesting a repeat structure of ~ 24 A. This type of struc-
ture was also imaged on both an artificial and a natural crystal. However,
the images acquired on the natural crystal show a sharper and more regu-
lar structure than for the artificial one. The rows were very persistent and
were only removed by mechanically polishing the crystal surface. A four grid
LEED-optics was used as a retarding field analyser for AES. This system
was found to be unsatisfactory since the elctronics unit which comprises the
preamplifier and oscillator was poorly designed [12]. However, a qualitative
Auger analysis was performed by Seoighe to establish if the crystal surface
contained contaminants. The presence of sulphur was detected on the natural
crystal after annealing in UHV. However this was not found in the case of
the artificial crystal. The possibility that the splitting of square terraces into
rows was a contaminant-driven effect was ruled out. The conclusion drawn
by Seoighe was that the preparation procedure described above produced a
clean magnetite surface. It was concluded that the surface of magnetite has
a stability transition point at a temperature (in UHV) close to 970 + 50 K.
The structure of the surface after this transition would be a combination of
tetrahedral and octahedral planes. In other words, the structure formed by

square terraces would be a semi-stable structure. Only after longer annealing
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the terraces split into rows to form a more thermodynamically stable state.

One of the first aims of this study was to reproduce the results obtained
by Seoighe and to perform a comprehensive AES analysis using a cylindri-
cal mirror analyzer. A set of Fe3O4(001) crystals, obtained from the same
nugget as the crystals used by Seoighe, were prepared by SPL [83]. Exper-
iments were also carried out using one of the crystals originally studied by
Seoighe — labelled crystal "number 1”. The first experiments carried out by
the author using AES, LEED and STM, showed significant deviation from
the results obtained by Seoighe. The surface did not seem to structure fol-
lowing the pattern indicated by Seoighe. A few times rounded terraces were
observed. Square terraces were seen but they seemed to be much more per-
sistent than expected. Long annealing in UHV failed to produce the splitting
of square terraces into rows. On the contrary, long annealing sessions in UHV
gave rise to a very poorly structured surface.

These topographic results were accompanied by the chemical analysis of
the surface. AES spectra indicated the presence of contaminants like sulphur,
carbon, calcium and potassium on the surface. Figure 5.3 shows a typical
Auger spectrum obtained after the crystal was annealed to 990 + 50 K for a
total of 36 hours. Only on two occasions were rows similar to the ones seen
by Seoighe observed.

Such a large difference in the surface structure and the heavy presence of
contaminants could be ascribed to a different annealing temperature. At the
beginning of this work, the tungsten filament of the resistive heater used to
anneal the magnetite samples broke. It was then plausible to hypothesize that
the temperature at the crystal surface was higher than before. To check this
possibility a crystal was mechanically polished and inserted in the UHV sys-

tem. The annealing temperature was increased in steps. After annealing the
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Figure 5.3: Auger spectrum after UHV annealing at 990 + 50 K for a total

of 36 hours. The presence of potassium, carbon and calcium is indicated by

the red arrows.
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crystal at 940 £+ 50 K for ten hours the first LEED pattern was observed; the
surface did not show any regular topographic feature. After a further anneal-
ing at 990 + 50 K for ten hours a surface characterized by flat terraces with
very irregular edges was imaged by STM. The step height between adjacent
terraces is ~ 2 A. The temperature at which these images were acquired is,
within the experimental error, the same as used by Seoighe. Further anneal-
ing at higher temperatures induced a heavier contamination of the surface. In
this experiment we covered a range of annealing temperatures broader than
the one in Seoighe’s studies. The hypothesis of a different annealing temper-
ature between the author’s experiments and Seoighe’s experiments was then
rejected.

In conclusion, annealing a magnetite crystal in UHV to temperatures in
the surrounding of 1000 K induces a significant contamination of the surface;
the contaminants are principally K and Ca that most likely segregate from
the bulk of the crystals. Long annealing sessions in UHV at high temperatures
are also prone to cause a reduction of the magnetite surface. To produce a

clean surface of magnetite a different preparation method is required.

67



5. Characterization and preparation

5.4 Ar" ion sputtering and annealing

After repeated attempts to clean the crystal surface by mechanical polishing
and annealing in UHV at various temperatures, it was clear that this method
was inadequate. AES measurements showed the presence of carbon and oc-
casionally sulphur after the crystal was polished and inserted into UHV (see
fig. 5.4). While the carbon peak disappeared after repeated annealing cycles,
the sulphur peak was harder to remove. Additionally, the presence of calcium
and potassium was detected. These elements are thought to segregate from
the bulk as a consequence of the high annealing temperature. Calcium and
potassium were detected even after short annealing cycles (~ 4 hours) at
990 + 50 K. Annealing the crystal for longer periods caused an increase in
the concentration of calcium and potassium.

It was then decided to sputter the surface using Ar* ions (see table 5.1
for the details of sputtering conditions). The crystal was sputtered at room
temperature and then annealed in UHV at 990 + 50 K for a short time (of the
order of one-two hours). This method was found to produce a clean surface.
LEED examination of the surface showed very sharp and defined diffraction
spots as well as very blurry patterns, according to different preparation ses-
sions. We attribute this result to the destructive nature of ion sputtering.
Although the sputtering and annealing parameters were the same, condi-

tions such as the crystal position and the angle between the ion beam and

Ion energy (keV) Target current (zA) Etching time (min.)
Ife=d 5—30 10 — 120

Table 5.1: Typical parameters for Ar* ion etching of a Fe304(001) surface.

A 1x107% Torr partial pressure of argon gas was used to sputter the surface.
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Figure 5.4: Auger spectrum after mechanical polishing. The crystal was not
annealed. The presence of a large carbon peak is indicated by the red arrow.
Sulphur, occasionally detected after mechanical polishing of the surface, is

not present in this spectrum.
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the crystal surface were very awkward to control. This is likely to change
the amount of material removed from the surface and as a consequence the
annealing time required to structure the surface. STM data associated with
this preparation procedure showed a surface characterized by square terraces.
A variation of the method described above gave rise to a very reproducible
method to prepare a contaminant-free surface. The diffraction patterns ob-
served in this case always showed a very sharp (v/2 x1/2) R45° reconstruction
as predicted for a clean surface of Fe3O4(001) [59,70-75]. The crystal was at
first annealed in UHV at high temperature (~ 1030 K) for periods of time
ranging between 20 and 120 hours. In this way bulk impurities diffuse to the
surface. Fig. 5.5 shows an Auger spectrum taken after annealing a crystal in
UHV at 1030 + 50 K for ~ 20 hours; a calcium peak is present at 290 eV.
The crystal was then annealed at 990 + 50 K in oxygen atmosphere (the
exposure ranged between 3600 L and 7200 L). After the pressure recovered
the crystal was sputtered with Ar* ions (a 1x107° Torr partial pressure was
used). The parameters used for Ar* ion etching the surface are shown in table
5.1. As shown by the Auger spectrum in fig. 5.6, calcium has been removed
from the surface. Traces of argon and nitrogen are now visible. To remove
these impurities, and to let the surface re-structure after the sputtering, the
crystal was annealed in UHV for periods of time ranging from two to ten

hours. Subsequent AES analysis indicated a clean surface (see fig. 5.7). The

Pre-UHV 0O, Art target UHV annealing

annealing time (hours) exposure (L) current (uA)  time (hours)

20 —-120 3600 — 7200 ~ D =il

Table 5.2: Typical parameters for the preparation of a Fe304(001) surface.
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Figure 5.5: Auger spectrum after annealing in UHV at 1030 + 50 K for

~ 20 hours. The presence of a calcium peak is indicated by the red arrow.

parameters used for this preparation procedure are shown in table 5.2.

To summarize, this preparation method produced a contaminant-free (as

shown by AES), (v/2 x+/2) R45° reconstructed (as shown by LEED and STM)

surface. This procedure is believed to give rise to a clean magnetite surface.
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Figure 5.6: Auger spectrum after Ar™ ion sputtering. Traces of argon and

nitrogen are present on the surface.

72



5. Characterization and preparation

0.4
0.3-
0.2 Low energy High energy
1 Fe peaks Fe peaks
p P
5 .
s 0.0
S 014
- SE
T .0.21 sz 533 y
0.3 il
-0.4-
-0.5 . : . —

0 04000 200 1 800 0 004800 |- 600" ragg
Energy (eV)

Figure 5.7: Auger spectrum after annealing in UHV at 990 + 50 K for

~ 2 hours following the Ar™ ion sputtering.
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5.5 AES analysis

A model 10—155A Physical Electronics cylindrical mirror analyser was used
for AES analysis of Fe304(001) samples. AES was used during this work to
obtain qualitative information about the cleanliness of the crystal surface.

Peak shape changes of Auger transitions are due to changes in the chem-
ical composition and are usually due to valence band electrons involved in
the transitions. Since the peak shape of these transitions is characteristic for
a certain chemical state of the elements, the peak shape can be used to iden-
tify the state. In the case of iron oxides the Fe M, 3VV peak shape is used
to determine which iron oxide is present at the surface [88-91].

In his work on the adsorption of oxygen on Fe(110) [89], Smentkowski
studied the lineshape changes of the Fe M 3VV peaks to identify the different
iron oxides formed on the surface and the O(KLL, 510 eV)/Fe(LMM, 701 eV)
ratios to monitor the surface coverage of oxygen. Since this work is highly
relevant to the experiments carried out in this thesis, its main results are

outlined below.

e A clean Fe(110) crystal was exposed to 360 Langmuir (L) at different tem-
peratures. The Auger lineshapes changed as the temperature was increased
from 90 K to 850 K. By comparing the AES spectra taken at different tem-
peratures with the reference Auger spectra (shown in Fig. 5.8) of FeO, Fe304
and Fe,Oj3, it’s possible to identify the different phases. The spectrum ob-
tained at 161 K can be assigned to Fe3O4. For oxygen adsorption between
300 K and 575 K the spectrum is associated with FeoO3. At 600 K the stable
oxide is Fe3O,4 again. For temperatures greater than 840 K FeO is the stable
iron oxide (see Fig. 3.2).

e AES was used to monitor the surface concentration of oxygen as a function
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Figure 5.8: Reference Auger spectra of FeO, Fe3O4 and Fe;O3. Reproduced
from [89).
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Figure 5.9: Fe(MVV) Auger lineshape changes following the adsorption of

360 L of O, at various temperatures. Reproduced from [89].
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of surface temperature. A Fe;O4 layer was produced and then the crystal was
heated to the desired temperature while an Auger spectrum was acquired.
From the lineshape changes and the O/Fe Auger ratio it can be shown that
between 50 K and 650 K Fe3Oy, is the stable oxide. In the temperature range
of ~ 650—950 K, the O/Fe Auger ratio decreases as a result of the Fe;O,4 to
FeO transition. Above 950 K, the O/Fe Auger ratio remains constant since
FeO is the only stable surface oxide.

e A Fe304 layer was produced on the crystal which was then heated and
maintained at the desired temperature while Auger spectra were periodically
acquired. At a temperature of 575 K no thermal effect is observed and the
Fe;Oy4 layer is stable. At 600 K, the O/Fe Auger ratio remained constant at
1.41 for ~ 30 min. It then started to decrease as iron diffusion through the
Fe3Oy4 layer occurred. At 700 K, which corresponds to a temperature slightly
higher than than the starting temperature of the Fe;O, to FeO phase tran-
sition (~ 670 K), the Auger O/Fe ratio started to decrease immediately and
saturated to 0.54 after ~ 80 min. At 800 K, the experiment was performed at
a temperature near the completion of the Fe3O4 to FeO phase transition; as
a result, the initial value of the O/Fe Auger ratio is low and rapidly reaches

its limiting value of 0.54.

Since the electron beam of the Auger spectrometer is potentially ca-
pable of modifying the oxygen covered surface, controlled electron bom-
bardment experiments were performed by Smentkowsky at both 90 K and
300 K. The crystal, containing ~ 1 ML of oxygen, was exposed to the
Auger electron beam (current density = 12.5 pA/cm?, V., = 3 kV) for
two hours. The Auger spectra, obtained at ~ 30 min. time intervals, did
not change in intensity or shape, indicating that electron beams effects

were not occurring under such preparation conditions. Since the high en-
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ergy O(KLL, 510 eV)/Fe(LMM, 701 eV) ratios are used to monitor the sur-
face coverage of oxygen, it was also necessary to demonstrate that lineshape
changes do not occur, for the different iron oxides, in the high energy re-
gion of the Auger spectra. Once again this was found to be true and so
the O(KLL, 510 eV)/Fe(LMM, 701 eV) ratios could be correlated with the

surface coverage of oxygen.

Figure 3.2 shows the phase diagram of the Fe-O system. This is a complex
system where the stable phases depend on parameters such as temperature
and oxygen content. The preparation of a Fe3O4 single crystal is therefore of
critical importance to obtain a surface layer that is truly magnetite and not
a different phase such as hematite or wiistite. A series of experiments was
carried out to establish whether or not it was possible to obtain quantitative
information from our Auger spectra. An artificial Fe3O,4(001) crystal was
exposed to 2160 L of oxygen and at the same time it was annealed at a
temperature of 990 + 50 K. About two hours were allowed for the crystal to
cool down and the pressure to recover. The crystal was then transferred into
the sample stage and five Auger spectra were acquired at ~ 40 minute time
intervals. The acquisition time of one spectrum was ~ 12 minutes. The crystal
was continuously exposed to the electron beam of the Auger spectrometer for
all the duration of the experiment. The emission current and the beam voltage
were respectively Ienission = 1.4 mA (corresponding to a target current of
Liarget ~ 14 pA) and V, = 3 keV.

The Fe(MVV) transitions are shown in Fig. 5.10. It is obvious from this
picture that the shape of the low energy iron peaks changes dramatically
as a function of time. The first spectrum, acquired at ¢ = 0 min., shows
two minima at 44.5 eV and 51.5 eV. In the second spectrum, recorded 40

minutes later, the second peak is still at an energy of 51.5 eV while the first

78



5. Characterization and preparation

0.5}

t—— t=0 min.
0ot /7N - =40 min.
el \ t=80 min.

phe! \ —— 1=12() min
=0k t=160 min.
©
o -15F
o)
p=
£ 20
(e
% 25}
-3.0F
-3.5F
35.40445.50.55‘60.65

Energy (eV)

Figure 5.10: Auger spectra of a Fe3O4 single crystal taken at 40 min. intervals.
The shape and the relative amplitude of the peaks change as a function of

time.
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peak shifts to 46 eV. At the same time, the amplitude of the second peak
starts to decrease. In the third spectrum, acquired at ¢ = 80 min., the first
peak corresponds to 46.5 eV and the second one is still stable at 51.5 eV.
At this time the low energy peak becomes bigger than the high energy one.
This trend is confirmed by the last two spectra acquired at ¢ = 120 min. and
t = 160 min. respectively.

The lineshape change in the Fe(MVV) transitions is accompanied by
a change in the oxygen concentration as shown by the decrease of the
O(509 eV) peak amplitudes (see Fig. 5.11). There is a direct correlation be-
tween the oxygen content detected on the surface and the time the crystal
was exposed to the electron beam. The high energy Fe(649 eV, 701 eV) peaks
were also analysed. They do not show any significant change, neither in their
shape nor in their amplitude. The O/Fe ratio, measured using the O(509 eV)
peak and the Fe(701 eV) peak, decreases as the exposure time of the crystal
increases.

Although the experimental parameters (target current and beam voltage)
are similar to the ones used by Smentkowski, our results indicate that the
electron beam of the Auger spectrometer has a significant and deleterious
effect on the measurements.

The lineshape change of the Fe(MVV) peaks and the amplitude decrease
of the O(509 eV) peak can be caused by the electron beam heating up the
crystal surface causing an electron stimulated desorption (ESD) of oxygen.
As stated above, since the amplitude of the Fe(701 eV) does not change
with time, the O(509 eV)/Fe(701 eV) ratio decreases with time; this implies
that the surface of the crystal is depleted of oxygen during the exposure to
the electron beam. This indicates a reduction of the surface from a higher

oxygen content (like hematite) to a lower oxygen content (like wiistite). This
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Figure 5.11: Auger spectra of a Fe3O4 single crystal taken at 40 min. intervals.

The amplitude of the O(509 eV) peaks decreases as a function of time.

explanation is in agreement with the changes observed in the Fe(MVV) peaks.
Comparing these peaks with the reference Auger spectra reproduced from [89]
and shown in Fig. 5.8, it’s possible to identify the spectrum taken at t = 0
min. with Fe;O3, the spectrum taken at ¢ = 40 min. with Fe3O4 and the
one taken at ¢ = 160 min. with FeO. The other spectra correspond to a
transition between Fe3O, and FeO. The shift of the low energy iron peak
from 44.5 eV to 47 eV corresponds to a shift to a more metallic state, 47 eV
being the transition energy corresponding to metallic iron. Such an effect
would be localised in the area of the crystal hit by the electron beam. This
was found to be the case. The diameter of the e—beam is ~ 100 pym. Right
after the set of measurements shown in Fig. 5.10, the crystal was moved by
~ 2 mm and an Auger spectrum was acquired. The shape of the Fe(MVV)

peaks corresponds to the one shown in Fig. 5.10 taken at ¢ = 0 min.
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Figure 5.12: Auger spectra of a Fe3Oy4 single crystal taken at 40 min. intervals.

The shape and the relative amplitude of the Fe(649 eV, 701 eV) peaks do

not change as a function of time.
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In a different set of experiments, the crystal was annealed in UHV for
~ 100 hours to a temperature of 950 K £+ 50 K. Such a long annealing in
UHV is likely to cause a reduction of the magnetite surface to FeO and to
cause segregation of impurities from the bulk. Also in this case the primary
beam spot was fixed at one position on the surface, while Auger spectra were
taken repeatedly. Figure 5.13 shows four spectra taken ar t = 0, ¢t = 16,
t = 19 and ¢t = 28 minutes respectively. All the four spectra exhibit a large
peak at 46 eV, while the peak at 51 eV is only visible in the spectrum taken
at t = 0 min. (Note that the amplitude of this spectrum is bigger than the
others since it was acquired using a 20 pV sensitivity instead of 50 uV). The
shape of these spectra corresponds to FeO, as shown in the reference Auger
spectra (Fig. 5.8). The spectra taken at ¢ = 16, 19 and 28 min. are practically
identical so that it is almost impossible to distinguish one from the other.
This can be understood assuming that a stable FeO layer is present on the
surface and that ESD is not significant any more.

From the two sets of experiments described above we can conclude that
the electron beam of the Auger spectrometer plays a crucial role during the
acquisition of the Auger spectra when the surface of the crystal is not re-
duced to FeO. The e—beam induces an electron stimulated desorption of
oxygen from the surface until an FeO-like state is reached. When this hap-
pens, an equilibrium is reached and the lineshape of the Fe(MVV) does not
change any more. Obviously this fact does not allow us to use the Auger data
for a quantitative analysis. An attempt to solve this problem was made by
decreasing the target current I; 4, from 14 pA to 2 pA. Although the situ-
ation improved, an electron beam effect was still observed. This fact makes
it very questionable to compare Auger spectra obtained during different ses-

sions, since the time of exposure to the electron beam can vary significantly
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Figure 5.13: Auger spectra of a Fe;O4 single crystal annealed in UHV to a
950 K + 50 K temperature for ~ 100 hours.
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from session to session. In addition to these problems, a strong critique to the
possibility of identifying the different iron oxide species from the low energy
Auger peaks was published by den Daas [92]. In this work the use of deriva-
tive spectra for quantitative analysis is judged inadequate and dangerous.
According to his work, a change of shape of the original peak also changes
the peak-to-peak height in the derivative mode and the correct peak-to-peak
heights are difficult to determine. Another problem is that the background
in the low energy region (< 100 eV) often changes strongly upon chemical
or structural changes of the surface and then it can influence the shape of
the complete spectrum. The collection of the integral (N versus F) spectra
followed by the removal of the background is suggested as the correct way to
proceed.

Since in the literature there is poor agreement concerning the possibility
to identify the different iron oxides from the Auger Fe(MVV) peaks lineshape
and amplitude, and since the results obtained during this thesis are not of
straightforward interpretation, the Auger experiments were limited to a qual-
itative analysis of the cleanliness of the crystal surface. Given this caution,
an indication of the oxidation state of the surface may still be deduced from

the very first Auger scan.
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Chapter 6

p(1x4) reconstruction on

Fe50,(001)

6.1 Introduction

As explained in section 4.2, the (001) surface of magnetite is a polar sur-
face. That means its two possible bulk-truncated terminations cannot exist:
the Fe304(001) surface can only occur if the surface reconstructs or if it un-
dergoes a charge redistribution. In this chapter we will discuss a series of
results indicating a p(1x4) surface reconstruction driven by segregation of

contaminants from the bulk of the crystal.

6.2 Experimental results

A new set of Fe304(001) single crystals was used for the experiments de-
scribed in this chapter. These crystals were prepared by Surface Preparation
Laboratory [83]. The preparation details are described in section 5.1. After

cleaning one of the crystals in an ultrasonic bath using ethanol, it was at-
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6. p(1x4) reconstruction on Fe3O4(001)

tached onto a Molybdenum holder by means of a Tantalum screwed-on cap

and inserted in the UHV preparation chamber.

6.2.1 First annealing cycle

The crystal was then inserted face down inside the resistive heater and an-
nealed in UHV at 990 + 50 K for four hours. After an initial rise up to
~ 5x1072 Torr, the pressure stabilised around a value of 5x107'° Torr.
Figure 6.1 shows an Auger spectrum taken after the crystal was cooled down.
A 3 keV electron beam energy and a 1.4 mA emission current were used.
Two peaks at 249 eV and 292 eV show the presence of potassium and cal-
cium, respectively. Other impurities, if present on the surface, were below
the detection limit of our AES setup. A LEED image taken right after the
AES measurements is shown in fig. 6.2 (a). The distance between the pri-
mary spots along the <110> directions was calculated to be 6.0 + 1.2 A,
in agreement with the expected value of the magnetite unit cell (see section
2.1.2). Satellite spots are visible along the [110] and [110] directions around
the primary spots. They are ~ 1/4 of the primary spots distance, which
corresponds to ~ 24 A in real space. This pattern indicates the onset of a
p(1x4) reconstruction with domains oriented by 90° with respect to each
other. A schematic of such a reconstruction is shown in fig. 6.2 (b). Another
point of interest in this image is the presence of very faint spots indicated
by red arrows in fig. 6.2 (a). These spots correspond to a (v/2 xv/2)R45°

reconstruction.
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Figure 6.1: First annealing cycle. Auger spectrum of an artificial Fe304(001)
single crystal after a 4 hours UHV annealing at 990 + 50 K. Two peaks
at 249 eV and 292 eV show the presence of potassium and calcium on the

surface. Ca concentration = 5.4 %, K concentration = 1.9 %.
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6. p(1x4) reconstruction on Fe304(001)

Figure 6.2: (a) First annealing cycle. LEED pattern observed with a pri-
mary electron energy of 93 eV. Satellite spots are visible around the primary
spots along the [110] and [110] directions. They are ~ 1/4 of the primary
spots distance, which corresponds to ~ 24 A in real space. Faint spots cor-
responding to a (v/2 x1/2)R45° reconstruction are indicated by red arrows.
(b) Schematic of a p(1x4) reconstruction LEED pattern.
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6. p(1x4) reconstruction on Fe3O4(001)

STM images were recorded operating in constant-current mode at room
temperature. A tungsten tip, prepared as described in section 2.2, was used.
Sample bias of 1 V and tunneling current of 0.1 nA were the typical measure-
ment parameters. The surface is characterized by the presence of terraces, as
shown in fig. 6.3 (a). The edges of the terraces are mostly well defined and are
aligned along the [110] and [110] directions, although in different areas they
are characterized by a more irregular shape (see fig. 6.3 (b)). The terraces
are separated by 2.1 + 0.2 A or by an integer multiple of this value along the
z— direction. This value corresponds to one quarter of the (001) unit cell
lattice constant and can be associated either with the distance between two
tetrahedrally coordinated planes (A-A planes) or with the distance between
two octahedrally coordinated planes (B—B planes). The terraces are covered
by rows running along the [110] and [110] directions and the orientation of
the rows changes by 90° on terraces separated by [2.1 x (2n + 1)] A, where
n =0,1,2... An example of the 90° rotation can be seen in fig. 6.4 (b), where
the two terraces are separated by 2.1+ 0.2 A along the z— direction. The
separation between rows varies between 22 and 30 A, and the corrugation of

the rows measured along the <110> directions ranges between 1 and 2 A.
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6. p(1x4) reconstruction on Fe;O4(001)

Figure 6.3: (2000x2000) A% (a) and (800x800) A2 (b) STM image of a
p(1x4) reconstructed surface of Fe304(001). The irregular shape of the ter-
race edges can be seen. Both images were acquired at a sample bias of 1.0 V

and a tunneling current of 0.1 nA using a W tip.
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Figure 6.4: (600x600) A2 (a) and (400x400) A2 (b) STM image of a p(1x4)
reconstructed surface of Fe304(001). Both images were acquired at a sample

bias of 1.0 V and a tunneling current of 0.1 nA using a W tip.
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Anneal time
(hours)
4
18
20
14

Anneal temp.

(K)
990 + 50
990 + 50
990 + 50
1030 £ 50

K level

(%)
1.9
0.9
0.6

Ca level
(%)
5.4
6.7
7.8
9.5

S level
(%)

1.0

Fe level
(%)
44
48.7
55.7
50.1

O level
(%)
48.7
43.7
34.9
40.4

Table 6.1: Contamination levels of potassium and calcium after four annealing

cycles in UHV at various temperatures.

6.2.2 Second annealing cycle

The crystal was further annealed in UHV for eighteen hours at 990 + 50 K.

Figure 6.5 shows an Auger spectrum taken after the crystal was cooled down.

A 3 keV electron beam energy and a 1.4 mA emission current were used.

Comparing this spectrum with the previous one (see fig. 6.1) it’s clear that the

peak at 249 eV, corresponding to potassium, has almost disappeared. On the

contrary, the calcium peak at 292 eV has increased. Atomic concentrations

calculated as described in section 2.1.3 are shown in table 6.1.

A LEED image taken right after the AES measurements is shown in fig.

6.6. The distance between the primary spots along the <110> directions was

calculated to be 6.0 + 1.2 A, in agreement with the expected value of the

magnetite unit cell. A (v/2 x1/2)R45° mesh is now clearly visible. Satellite

spots are still visible along the [110] and [110] directions around some of the

primary spots, but some of them are practically indiscernible from streaked

lines running along the [110] and [110] directions.
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Figure 6.5: Second annealing cycle. Auger spectrum of an artificial
Fe304(001) single crystal after a further 18 hours UHV annealing at 990 + 50
K. The peak at 249 eV, corresponding to potassium, has almost disappeared
while the calcium peak at 292 eV has increased. Ca concentration = 6.7 %,

K concentration = 0.9 %.

94
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Figure 6.6: LEED pattern observed with a primary electron energy of 93 eV.
The artificial Fe3O,4(001) single crystal was annealed in UHV for further 18
hours at 990 + 50 K. A (v/2 x+/2) R45° mesh is now clearly visible. Satellite
spots are still visible along the [110] and [110] directions around some of the
primary spots, but some of them are practically indiscernible from streaked

lines running along the [110] and [110] directions.



6. p(1x4) reconstruction on Fe3O4(001)

A PtIr tip was used for STM measurements. Figure 6.7 (a) shows a
(2000 x 2000) A? image obtained using a +1 V bias voltage and a 0.1 nA
tunneling current. This image shows that multiple terraces are present on
the surface, with the edges aligned along the [110] and [110] directions. The
terraces can be divided into three different sets, according to the structure
observed on top of them. The first set comprises flat terraces, the second set
is characterized by terraces with rows aligned along the [110] or [110] crys-
tallographic axes, and the third set contains terraces with rows aligned at
~ +60° with respect to the [110] direction. A zoom on the area marked by the
white dashed square is displayed in fig. 6.7 (b); it shows a (1000 x 750) A2
image that helps to better distinguish the three different structures. Terraces
labelled as By, B, and Bj are characterized by rows oriented along the [110]
direction, while terraces labelled as A; and A, are flat. The line profile taken
along the line labelled ¢-t and shown in Fig. 6.7 (c), shows a very interesting
feature. The step height between terraces B; and A; is ~ 1 A, and the same
distance separates terrace B, from terrace A,. A 1 A separation along the
[001] direction corresponds to the distance between two consecutive octahe-
dral and tetrahedral atomic planes in bulk magnetite, and it has never been
observed before. Terraces B,, B, and Bj are separated by 4.2 4+ 0.4 A and the
rows on top of these terraces are oriented along the [110] direction. Terraces
A, and A, are also separated by 4.2+ 0.4 A, but no rows are visible on top
of them. A neighbouring area of the crystal is shown in Fig. 6.8 (a), and the
line profile labelled v-v — see Fig. 6.8 (b) — also shows that the step height
between terraces B; and A; is ~ 1 A, while terraces B, and B, are sepa-
rated by 4.2+ 0.4 A. The rows on terraces B; and B, are regularly spaced
and their average periodicity was measured to be 26 + 3.0 A, while the corru-

gation of the rows along the [110] direction varies between 1 A and 2 A. The

96
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area marked by a white oval in Fig. 6.8 (a) shows a 2.1 0.2 A step height
between two terraces with rows rotated by 90° with respect to each other.
An other area of interest is the one marked as Ay. This terrace, separated
by ~ 1 A from terrace By, is characterized by rows forming a § ~ 60° angle
with the [110] crystallographic axis. The area delimited by the dotted-dashed
line in Fig. 6.8 (c) shows a large terrace where domains with rows oriented
at a +60° angle with the [110] direction are visible. The periodicity of these
rows is ~ 13 A, about half the value of the average periodicity of the rows
aligned with the [110] direction on terraces B, B, and Bs. A zoom of the
area marked by the dashed rectangle is shown in Fig. 6.8 (d). It can be seen
that the domains are separated by rows running along the [110] direction;

the angles formed by the rows with the [110] direction are shown.
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Figure 6.7: (a) (2000x2000) A2 STM image. The area marked by the white
dashed square is displayed in fig. 6.7 (b). Multiple terraces are present on
the surface, with the edges aligned along the [110] and [110] directions. (b)
(1000 x 750) A2 STM image. Terraces labelled B;, B, and Bs are character-
ized by rows running along the [110] direction, while terraces labelled A; and
A, are flat. (c) Line profile taken along the scan line labelled ¢-¢ in fig. 6.7
(b). The step height between terraces B; and A; and terraces By and A, is
~ 1 A. Terraces B;, B, and Bj are separated by 4.2+ 0.4 A.
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~1A
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Figure 6.8: (a) (600x600) A2 STM image. The area marked by a white oval
shows a 2.1 + 0.2 A step height between two terraces: the rows are rotated by
90° with respect to each other. (b) Line profile taken along the scan line la-
belled v-v in fig. 6.8 (a). The step height between terraces By and A; is ~ 1 A
while terraces B; and B, are separated by ~ 4 A. (c) (1000 x 1000) A? im-
age. The area delimited by the dotted-dashed line shows a large terrace where
domains with rows oriented at a +60° angle with the [110] direction are vis-
ible. (d) (330 x 530) A% image. The domains are separated by rows running
along the [110] direction, and the angles formed by the rows with the [110]

direction are shown.
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6.2.3 Third annealing cycle

The crystal was further annealed in UHV for twenty hours at 990 + 50 K.
The Auger spectrum shows a further increase of the calcium concentration
(see table 6.1). Traces of potassium are still visible and a small sulphur
peak appears. No LEED information are available for this annealing cycle.
A (2000x2000 A?) STM image is shown in figure 6.9. A mechanically cut
platinum-iridium tip was used with a sample bias of 1 V and a tunneling
current of 0.1 nA. Terrace edges have become very rough. No rows are visible
on the terraces on this occasion. The step height between adjacent terraces

is now ~ 2 A or a multiple of this figure.

Figure 6.9: (2000x2000) A> STM image after the third annealing cycle. The
image was acquired at a sample bias of 1.0 V and a tunneling current of

0.1 nA using a Ptlr tip.
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6.2.4 Fourth annealing cycle

Further annealing in UHV for 14 hours at 1030 £+ 50 K produced a surface
of poorer quality. The concentration of calcium increased further reaching a
value of 9.5 at %. No potassium or sulphur were detected on the surface, as
shown in fig. 6.10 by the corresponding Auger spectrum. The LEED pattern
in fig. 6.11 (a) was observed. The streaked lines around the primary spots
along the [110] and [110] directions are not visible anymore and the addi-
tional diffraction spots of the (\/5 xv/2) R45° reconstruction are lost too.

The terrace definition and squareness is almost completely lost, as shown in

figure 6.11 (b).
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Figure 6.10: Fourth annealing cycle. Auger spectrum of an artificial
Fe304(001) single crystal after a 14 hours UHV annealing at 1030 + 50 K.

Ca concentration = 9.5 %, K concentration was below the detection limit of

the analyzer.
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Figure 6.11: (a) LEED pattern observed with a primary electron energy of
93 eV. An artificial Fe304(001) single crystal was annealed for 14 hours in
UHV at 1030 + 50 K. (b) (2000 x 2000) A2 STM image after the fourth
annealing cycle. The image was acquired at a sample bias of 1.0 V and a

tunneling current of 0.1 nA using a W tip.
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6.2.5 p(1x4) reconstruction on a natural Fe;04(001)

single crystal

Surface structures very similar to the ones described above were observed
by Seoighe [24] both on artificial and natural crystals of Fe3O4(001). The
artificial crystals came from the same nugget as the ones used during this
thesis. The natural crystal came from Zillertal, Austria, and it showed a
worse degree of stoichiometry as established by resistance versus tempera-
ture measurements (a Verwey transition temperature of 98 K was observed).
The presence of rows, whose separation varied between 40 A and 24 A was
observed on both types of crystals, although the natural one exhibited a bet-
ter defined and sharper surface (Fig. 6.12 shows a (200x200) A2 STM image
obtained by Seoighe on a natural crystal). LEED patterns identical to the
ones described in sections 6.2.1 and 6.2.2 showed the presence of satellite
spots at ~ 1/4 of the primary spot distance along the [110] and [110] di-
rections. These structures were attributed to the reconstruction of a clean
Fe30,4(001) surface, due to the lack of reliable AES data. We believe this
interpretation is erroneous and the features observed, both with LEED and
STM, are due to segregation of impurities from the bulk of the crystals. In
the case of the artificial crystals this interpretation is strongly backed up by
the fact that they came from the same source and they were prepared in the
very same way. This suggests that the surface reconstruction is due to seg-
regation of calcium to the surface. Concerning the natural crystal, although
it was prepared using the same procedure, no data are available about its
chemical composition. Since calcium is one of the most common impurities
in metal oxides, it is likely to be the cause of the reconstruction observed.
However, the possibility that the p(1x4) reconstruction may be caused by

the diffusion of a different element cannot be completely ruled out: a p(1x4)
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and a p(1x3) reconstructions can be induced by diffusion of magnesium to
the Fe3O4(001) surface in thin magnetite films grown on MgO substrates
( [86], [59]).
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Figure 6.12: (a) (200x200) A2 STM image of a natural Fe30,(001) single
crystal. The image was acquired at a sample bias of 1.0 V and a tunneling
current of 0.1 nA using a MnNi tip. The surface unit cell corresponding to
the p(1x4) reconstruction is marked by the dashed rectangle. Reproduced

from [24]. (b) Line profile along the a—b line.
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6.3 Conclusion

As explained in the previous paragraphs, a crystal of Fe304(001) was mechan-
ically polished and then annealed in UHV at temperatures ranging between
990 and 1030 K for different periods of time (see table 6.1). Four cycles of an-
nealing in UHV were performed, each of them resulting in a different chemical
composition and structure of the surface. The key role in the interpretation
of these results is played by the presence of calcium on the surface and in the
topmost layers of the crystal.

Calcium is a common impurity in metal oxides, with typical concentra-
tions in single crystals of the order of a few tens to a few hundred parts per
million [93]. Calcium contamination may occur during the production ! as
well as during the preparation and transportation of the crystals. Calcium
segregation has been studied on the MgO(100) [94,95] and TiO, [96] surfaces.
In the latter case the formation of a CaTiO3-like compound was suggested.

We can identify four different stages corresponding to the four annealing

cycles and to the Ca concentration on the crystal surface (see table 6.1):

1. Ca segregates from the bulk to the surface of the crystal as a conse-
quence of the annealing. The LEED pattern shows the onset of a p(1x4)
reconstruction. Topographic images show the presence of rows on top of
the terraces whose separation varies between 21 and 30 A. Although a
24 A periodicity is expected for a p(1x4) reconstruction, the fact that
the rows are poorly defined suggests that the surface is not fully recon-
structed. We suggest that this reconstruction is due to the formation of
a CazFe3_,O4-like compound. A very faint (\/5 X \/§)R45° mesh begins

to appear. This is the reconstruction expected for a clean Fe;O4(001)

'Prof. Y.M. Mukovskii, Moscow Steel and Alloy Laboratory. Private communication.
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surface (see section 4.4). We attribute this reconstruction to the crystal
planes right beneath the surface and topmost layers contaminated with

calcium.

. The Ca concentration increases after further annealing. The rows are
now more regular and better defined, with an average periodicity of
26 + 0.5 A, very close to the expected value of 24 A. Satellite spots
around the primary spots are still visible, consistently with the pres-
ence of rows on the terraces. The (\/§ x\/i)R45° mesh is now much
sharper indicating that extra annealing induced a better structuring of
the surface. The fact that the (v/2 x+/2)R45° reconstruction is now
much sharper and seems to take over the p(1x4) reconstruction can be
explained by the diffusion of calcium to the very surface of the crystal.
In this way, the rows observed with STM are still expected but, since
calcium is now present only at the very surface, the (/2 x1/2)R45°
reconstruction appears stronger. The 1.0 + 0.1 A step height observed
between adjacent terraces indicates some degree of intermixing between

tetrahedral and octahedral planes.

. The third stage is believed to be a transition between a surface charac-
terized by the competitive presence of a p(1x4) and a (v/2 x1/2)R45°

reconstructions and a surface showing a p(1x1) pattern.

. This stage of the preparation corresponds to a surface of very poor
quality. The terraces are poorly defined and their squareness is almost
completely gone. No sign of reconstruction is shown by LEED. This
stage corresponds to a massive diffusion of calcium to the surface (see
fig. 6.10). Such a big segregation of calcium to the surface has the
effect of removing both the p(1x4) and the (v/2 x/2)R45° recon-
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structions, as shown by LEED. The LEED pattern is now p(1x1). As
explained in section 4.2, a bulk-terminated, clean Fe304(001) surface
would be unstable. We suggest that the presence of calcium on the
surface may remove the dangling bonds and give rise to a surface state
more stable than the p(1x4) or (v/2 x/2) R45° reconstructions. A sim-
ilar behaviour was observed on epitaxial Fe3O4(001) thin films grown
on MgO(001) [86]. In this case, the lifting of a (v/2 x+/2)R45° recon-
struction was due to the segregation of magnesium from the substrate

to the film surface, leading to the formation of a Mg overlayer.
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Chapter 7

Atomic-scale contrast on a
Fe;04(001) surface observed

with an antiferromagnetic tip

7.1 Introduction

As discussed in section 5.3, annealing a magnetite crystal in UHV to temper-
atures in the surrounding of 1000 K causes a significant segregation of con-
taminants from the bulk to the surface. In chapter 6 we discussed a p(1x4)
reconstruction, which was attributed to the diffusion of calcium to the surface
of the magnetite crystal. Another consequence of a long UHV annealing at
high temperatures is the creation of oxygen vacancies and the transformation
of the top surface layers to FeO [71].

A different preparation method (described in section 5.4) was developed
by the author in the course of this study. This method produced a very clean
surface (see fig. 5.7) on which atomic scale contrast was observed using an

antiferromagnetic MnNi tip. In the following sections we will present the
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results obtained and we will discuss the possibility of a magnetic contrast

effect.
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7.2 LEED data

Fig. 7.1 shows a typical LEED pattern observed with a primary electron
energy of 52 eV. Crystals prepared according to the procedure described in
section 5.3 gave always rise to a very sharp (v/2 x1/2)R45° reconstruction.
The (/2 x+/2) R45° mesh is indicated by a red solid square: the reconstructed
unit cell length is a0 = 8.3 £ 1.7 A. The p(1x1) unit cell is marked by a
yellow dashed square and its unit cell length is aj;19) = 5.9 £ 1.2 A, in very

good agreement with the expected value.

Figure 7.1: LEED pattern of a clean Fe3O4(001) surface observed with a pri-
mary electron energy of 52 eV. A very sharp (v/2 x/2)R45° mesh is visible.
The p(1x1) unit cell and the (v/2 x+/2) R45° superlattice are indicated by a

yellow dashed square and a red solid square, respectively.
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7.3 STM data

Large-scale STM measurements showed a surface characterized by the pres-
ence of large and flat terraces. All the STM images shown in this chap-
ter were obtained using an antiferromagnetic MnNi tip. Figure 7.2 shows a
(1000x1000) A? image on which four terraces, onto which atomic resolution
was obtained, are numbered. The step heights between the four terraces are
shown by the line profiles in fig. 7.3; they are integer multiple of 2.1 A, which
corresponds to the separation between A-A or B—B planes. The step height
between terrace ”1” and terrace ”2” is 12.6 + 1.3 A, terrace ”?3” and ”4” be-
long to the same atomic plane and are separated by 2 + 0.2 A from terrace
72" Terraces ”1”7, 72” and ”3” are quite large, measuring about (350x480)
A2 (280x280) A% and (480x280) A2, respectively; their edges are well de-
fined and aligned along the <110> directions. Terrace ”4” is significantly
smaller, measuring some (300x100) A2, and its uneven edges are not aligned

along the <110> directions.
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Figure 7.2: 3D view of a (1000x1000) A? image. Four terraces, onto which
atomic resolution was obtained, are numbered. The step height between ter-
race ”1” and terrace ”2” is 12.6 + 1.3 A, terrace ”3” and 4 belong to the same
atomic plane and are separated by 2 + 0.2 A from terrace 72”. Vs = 1.0 Vg
Liwnnar = 010 A, MuNistipt
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Figure 7.3: (a) (770x1000) A? image. Vyigs = 1.0 V, Liunner = 0.1 nA, MnNi
tip. (b) Line profile taken along the green line across terraces 1, 2 and 3.
(c) (620x800) A? image. Viigs = 1.0 V, Iiynner = 0.1 nA, MnNi tip. (d) Line

profile taken along the green line across terraces 3 and 4.
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Fig. 7.4 (a) shows terrace ”1” in greater detail. The edges of this terrace
are very sharp and aligned along the <110> directions. Three different step
height values were measured in different areas of this image. Fig. 7.4 (b)
shows a (2.1 £ 0.2 A) and a (8.4 + 0.8 A) separation between neighbouring
terraces; fig. 7.4 (d) shows three terraces separated by 6.3 & 0.6 A. Adjacent
terraces are separated by twice the atomic step of the magnetite unit cell;
a monoatomic step equal to 1.0 + 0.1 A was never observed on a surface
prepared in this fashion. On the basis of this observation we can rule out the
presence of both tetrahedral and octahedral atomic planes on the surface. The
very good agreement between the measured and expected values of the step
heights also suggests a negligible effect of interlayer relaxation. Although the
AES spectrum acquired right before the STM session showed a clean surface
(see fig. 5.7), fig. 7.4 (a) gives indication of the presence of contaminants.
These are best seen in the 3D representation showed in fig. 7.4 (c) in the shape
of bright clusters whose concentration appears to be higher in the proximity of
terraces edges. No information about the chemical nature of these adsorbates
is available since their concentration was below the detection limit of our AES
setup; however, on the basis of previous experiments we can speculate that
either Ca diffusing from the bulk, or residual C in the UHV chamber, may
be the cause of the surface contamination. A final consideration about this
image concerns the presence of rows running along the [100] direction. These
rows can be barely seen in fig. 7.4 (c) but a zoom onto terrace ”1” reveals a

very sharp and defined atomic structure.
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Figure 7.4: (a) 2D view of a (300x400) A? image. (b) Line profile taken
along the green line across four terraces. (c) 3D view of the same image. A
more detailed view of terrace ”1” is shown. Clusters indicating the presence
of adsorbates on the surface are visible, especially in the vicinity of terrace
edges. Rows running along the [100] direction are visible onto terrace ”1”.
(d) Line profile along the green line taken across three terraces. Vy;es = 1.0 V,

Lnnes =90.1 nA, MnaNi tip.
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Figure 7.5 shows a (140x210) A? image that was obtained scanning over
terrace "1” using a sample bias of 1.0 V and a tunneling current of 0.1 nA.
Atomic rows running along the [110] direction and separated by ~ 5.5 A are
visible. The periodicity along the rows is ~ 10 A. Despite the presence of ad-
sorbates — the bright spots indicated in fig. 7.5 — and vacancies, the atomic
rows are quite regular. A higher resolution image is shown in fig. 7.6 (a) where
a (70x70) A? area was scanned few minutes later using the same parame-
ters. The separation between adjacent rows confirms the value of ~ 5.5 A
measured in the previous image. The periodicity along the [110] direction
was also found to be ~ 10 A and the periodicity along the [100] direction
~ 7.3 A. The comparison of these values with the ones calculated from the
LEED pattern of fig. 7.1 shows a misfit of about 10—17 %. In other words,
the lengths calculated from the STM pictures are 10—17 % smaller than
expected. We attribute this to the fact that the calibration of the tube scan-
ner was carried out using a tungsten tip, while these images were obtained
with MnNi tips that are usually 1—2 mm longer than the W ones, leading to
an under estimate of the measured distances. Taking this into account, and
using the LEED results as a confirmation of this hypothesis, the rows’ peri-
odicity on terrace ”1” along the [110] direction is ~ 12 A. The distance along
the [100] direction is now ~ 8.4 A. A cubic symmetry is clearly seen on the
surface; a black square marked in fig. 7.6 (a) can be identified with the (/2
xv/2) R45° reconstructed unit cell, in agreement with the results showed by
the LEED analysis (see fig. 7.1). Caution must be used in the interpretation of
STM images of metal oxide surfaces, since these are not simply topographical
contours of a surface but rather its electronic LDOS [97]. Theoretical calcu-
lations [10] and experimental evidence [98] show that the O 2p states lie well

below Er and are therefore not accessible for tunneling experiments. This
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means that the contrast in the STM images mainly originates from the Fe 3d
states. We conclude that STM images of Fe3O,4 are dominated by Fe cations,
which we identify as the bright spots on the surface in figures 7.5 and 7.6 (a).
We believe that these spots correspond to Fe cations at octahedral B sites.
As stated above, the separation between two adjacent bright spots along the
[110] direction is ~ 12 A, which corresponds to 4 times the distance between
Fe cations in octahedral B sites in the bulk. The bright spots on neighboring
rows are shifted by ~ 6 A and a measurement of their Full Width at Half
Maximum (FWHM) gave an average value of 3 A. A closer analysis reveals
the presence of extra spots between the bright ones; the line profile taken
along the green line shows that the extra spots are at an equal distance of
~ 6 A between the bright spots (see fig. 7.6 (b)). The corrugation of the
bright spots is ~ 0.2 A and the one of the extra spots is ~ 0.1 A.
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Figure 7.5: (140x210) A2 STM image. Rows of atoms running along the
[110] direction are visible. The presence of adsorbates, possibly Ca or C, is
indicated by small white arrows. The image was acquired at a positive sample

bias of 1.0 V and a tunneling current of 0.1 nA using a MnNi tip.
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Figure 7.6: (a) (70x70) A2 STM image. The bright spots correspond to Fe
cations at octahedral B sites. A ~ 6 A shift between neighbouring rows is
observed. (b) Line profile taken along the green line shown in fig. 7.6. The
separation between two bright spots along the <110> directions is ~ 12 A;
an extra spot, at an equal distance of ~ 6 A between the bright spots is
revealed by the line profile. The image was acquired at a positive sample

bias of 1.0 V and a tunneling current of 0.1 nA using a MnNi tip.
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Fig. 7.7 shows a 3D view of terraces ”2” and ”3”. Terrace ”2”, approxi-
mately (280x280) A? in size, appears to be a hole in the middle of terrace »3”
(see fig. 7.2), from which is separated by 2.1 = 0.2 A. A zoom on terrace 72",
shown by the insert in fig. 7.7, reveals an atomically resolved structure. Al-
though the corrugation measured along the rows is only ~ 0.1 A, due to
the fact that the (300x300) A? scan area is quite big, the atomic contrast is
evident. A careful analysis revealed a surface structure identical to the one
observed in figures 7.5 and 7.6. Atomic rows running along the [110] direction
and separated by ~ 6 A are visible, as well as the ~ 6 A shift between bright
spots on adjacent rows. The periodicity measured along the [110] direction
was ~ 10 A.

Fig. 7.8 .shows a. 3D " view . of ! terrages. 2700 T3 S 4%
Terraces ”2” and ”4” belong to the same atomic plane and are separated
from terrace "2” by 2.1 + 0.2 A. The presence of atomic rows running along
the [010] direction is evident from the insert shown in fig. 7.8. The periodic-
ity along these rows varies from ~ 5.9 A to ~ 7.8 A; the average value was
measured to be ~ 7 A. The presence of adsorbates and vacancies, noted al-
ready on terraces ”1” and ”2”, is more obvious on terraces ”3” and ”4” and
contributed to make the surface highly irregular. This fact, together with
a corrugation smaller than 0.1 A, does not allow us to draw any definitive

conclusion about the surface symmetry on this terrace.
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Figure 7.7: 3D view of terraces ”2” and ”3”. The image is (300x300) A2. The

insert reveals an atomically resolved structure imaged on terrace ”2” identical
to the one observed on terrace ”1” (see figures 7.5 and 7.6 for comparison).

s = 1.0V, Lunne = O-LRA T MINGSID:
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Figure 7.8: 3D view of terraces ”2”, ”3” and ”4”. The image is (400x400)

A2 The insert reveals an atomically resolved structure imaged on terrace

. Ve = 1.0V, Bupnes — 001 1 MaNi i
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Figure 7.9 shows terraces ”3” and ”4” separated by 2.1 £ 0.2 A.
A (100x140) A? image (fig. 7.9 (c)) reveals some features worth to be noticed.
Atomic rows can be identified, especially in the upper part of the image. The
atomic rows change their orientation by 90° from one terrace to the next,
in agreement with the surface structure of the B—sublattice of magnetite.
Although atomic rows were resolved on terrace ”3”, (see fig. 7.8), atomic
resolution on the same terrace in fig. 7.9 (c) was not achieved. An analysis
of the rows on terrace "4” revealed a ~ 5 A periodicity along the [110] direc-
tion; these rows are separated by ~ 5 A suggesting the presence of a p(1x1)
symmetry on terrace "4”. Fig. 7.9 (d) shows the line profile taken along the
red line marked in fig. 7.9 (a); atomic rows oriented along the [110] direction
are visible on this small terrace; a ~ 5 A periodicity along these rows was

measured, in agreement with the values measured on terrace ”4”.

124



7. Atomic-scale contrast on Fe3O,4(001)

0.254

0.204

< 0154

2 010
0054

0.00

r - T r : T ,
00 50 100 150 200 250 300
Distance (A)

Figure 7.9: (a), (b) 3D views of terraces ”3” and ”4” from two different
perspectives. (c) 2D view of a (95x140) A? image. A zoom on terrace ”4”
is shown. (d) Line profile taken along the red line shown in fig. 7.9 (a).
Y= 1.0V, Lunnea = 0.1 nA, MaNi ' 6ip.
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7.4 Discussion

Magnetite owes its electrical conductivity to a charge hopping mechanism.
The spin configuration of the Fe?* and Fe3* ions is 3d°t 3d | and 3d°1,
and their magnetic moments are 4 g and 5 ppg, respectively. The sixth d-
electron of Fe?™ with spin | hops among the octahedrally coordinated Fe
ions, causing a bulk conductivity of ~ 100 Q 'cm~! at room temperature
[78]. Below the Verwey transition temperature Ty, magnetite undergoes a
structural and electronic transition; the crystal structure changes from cubic
to monoclinic and the electrical conductivity drops by approximately two
orders of magnitude [84]. Below Ty a ”charge freezing” on the octahedrally
coordinated B sites takes place. Charge ordering was studied by Wigner [99]
who determined that the critical parameter for a ”Wigner localization” to
set in is the ratio /B, where V} is the Coulomb interaction energy between
charge carriers on nearest-neighbour sites and B is the electronic bandwidth.
Coey et al. [100] proposed that surface anistropy near the surface may cause
a splitting of the 3d | electron levels and a consequent reduction of the
electronic bandwidth. This may increase the Verwey transition temperature
at the surface and cause a "Wigner localization” at room temperature.
Spin-polarized tunneling was theoretically investigated by Slonczewski
[101,102] in the case of a tunnel junction of two ferromagnets (f, f') separated
by a non-magnetic barrier b. In a one-dimensional model, in the limit of a
free-electron metal at zero temperature, small bias voltage and small barrier
transmission, Slonczewski calculated the conductance of the tunnel junction
to be:
G = Gy (1 + PppPypiycost) (1)

where Gy is the mean surface conductance, Py, (Pyys) is an effective spin
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polarization of the ferromagnet-barrier junction, and 6 is the angle between
the spin quantization axes of the two ferromagnetic electrodes. Applying this
model to an STM tunnel junction, taking into account that the magnetization
of the tip and the angle # between the magnetization of tip and sample are
constant, the magnetization-dependent component of the tunneling current
becomes:

Im o< | ms | (7.2)

where mg is the magnetic moment of the sample. Since the magnetic moment
of a Fe?* ion is 4 up and the one for a Fe?* ion is 5 pp, those ions should be
distinguishable with a spin-polarized tip.

The images shown in figures 7.5, 7.6 and 7.7 show atomic rows separated
by ~ 6 A running along the [110] direction. A line profile of the rows along
[110] reveals two different types of features, which we’ll refer to as ”bright
spots” and ”extra spots” for simplicity (see fig. 7.6 (b)). The bright spots
are separated by ~ 12 A, but the separation between one ”bright spot” and
one ”extra spot” is ~ 6 A. The corrugation of the ”bright spots” is ~ 0.2 A,
approximately twice that of the ”extra spots”. Assuming that the different
contrast of "bright spots” and ”extra spots” originates from a difference
in the LDOS, the structure observed could not be explained in terms of
a tetrahedrally terminated surface, since only one species of Fe cations is
present in the A-sublattice. Even the interpretation of these images in terms
of mere topographical contours of the surface would not fit the half-filled
A layer model described in section 4.3.4. In this case the 12 A periodicity
between ”bright spots” would be caused by a missing tetrahedral Fe3* per
unit cell. The "extra spots”, imaged in the position of the missing tetrahedral
ions, would appear less bright because they would sit one atomic plane below

the surface layer; but this is not compatible with the structure of magnetite,
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since the octahedral ions are not placed exactly under the tetrahedral ones
but they are shifted by 1.05 A. No shift is observed in our images. Another
argument in favour of an octahedral termination can be obtained by the
image shown in fig. 7.9 (c); in this image atomic rows are visible on two
terraces separated by 2.1 + 0.2 A, and a change in their orientation by 90°
from one terrace to the next is visible, in agreement with the structure of the
B-sublattice in magnetite. On the basis of these observations, we conclude
that the surface is terminated at the B-sublattice.

The expected separation along the [110] direction between two adjacent
Fe cations in octahedral B sites in bulk magnetite is ~ 3 A and such a peri-
odicity was never observed on any of the images we obtained. Spin polarized
tunneling may be the origin of the anomalous periodicity observed. Wiesen-
danger et al. [4,5,103] observed a 12 A periodicity of the atomic rows on a
Fe;04(001) surface of a natural single crystal using an Fe tip. This experi-
ment was recently repeated by Koltun et al. [104] on an artificial Fe30,4(001)
single crystal. This was explained in terms of magnetic contrast based on
the theoretical predictions of lida et al. [105,106] and Kita et al. [107]. They
studied the possible configurations of Fe?* and Fe?* in the low temperature
phase of Fe;Oy4, showing that a 12 A periodicity along the rows of Fe ions
at B sites is expected. These configurations are known as the Mizoguchi’s
patterns and are shown in fig. 7.10. According to these models, the rows of
iron ions in the B-sublattice are separated by 6 A, and the Fe?* and Fe®*
ions, whose periodicity is 12 A, take one of the two configurations shown in
te. 7.10.

Our data indicate a B-terminated surface where an anomalous periodic-
ity is also observed; the atomic rows running along the [110] direction appear

to be composed by two different species of octahedrally coordinated Fe ions.
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Figure 7.10: Mizoguchi’s patterns of Fe3O4 on C, and C, planes.
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This may be explained in terms of spin-dependent electron tunneling, con-
sidering that the antiferromagnetic tip we used provided magnetic contrast
allowing the resolution of pairs of Fe?* and pairs of Fe3* ions. The origin
of the contrast may rise from the different spin polarization of the two Fe
species. The Fe?* have a large | LDOS near the Fermi level, which is absent
for the Fe** ions. The tunnel current will depend on the relative orientation
of the sample and tip magnetization. The Fe?* will appear as bright spots
with a higher corrugation in the STM images than the Fe*t ions. The 6 A
periodicity measured between ”bright spots” and ”extra spots” can be ex-
plained in terms of a "Wigner localization” leading to a static arrangement
of pairs of Fe?* and pairs of Fe3* jons. A ~ 3 A Full Width at Half Maximum
(FWHM) of the ”bright spots” confirms this hypothesis, suggesting that a
"bright spot” does not correspond to a single Fe?* ion but rather to a pair
of Fe?" ions.

The pattern we observed differs from the one predicted by the Mizoguchi’s
patterns in the relative shift between the maxima of adjacent rows, which
is 6 A instead of 3 A. Although this may be a cause of concern, we have to
remember that the Mizoguchi’s patterns refer to the bulk of magnetite and
not to its surface.

Voogt proposed a model of an octahedrally terminated surface in which
the (v/2 x1/2)R45° reconstruction is due to an ordered array of oxygen va-
cancies [59]. The missing oxygen atom would act as a 2* impurity and could
trap conducting electrons from neighboring sites. This would induce a charge
ordering at the surface, as shown in fig. 7.11; changing the oxidation state
from 2.5+ to 3+ of two Fe ions per unit cell would produce a stable surface.
A schematic model of the surface structure we have observed by LEED and

STM is shown in fig. 7.12. This model shows the (001) surface of magnetite
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Figure 7.11: Schematic model of the structure proposed by Voogt. An or-
dered array of oxygen vacancies causes the (v/2 x+/2)R45° reconstruction.
To achieve a stable surface, oxygen vacancies must be accompanied by the

oxidation of two Fe?5* ions to Fe3* per unit cell.

terminated at the octahedral plane; the Fe%/, ions and the Fe}, ions are rep-

resented as blue spheres and red spheres, respectively. Charge ordering on
the surface results in the pairing of Fe?* and Fe®* along the [110] direction;
a pair of Fe?" ions is imaged by the STM as a ”bright spot” and a pair of
Fe3* ions is imaged as an ”extra spot”. This model is based on the idea that
the driving force inducing the (\/i x\/i)R45° reconstruction is due to the
charge ordering at the surface and not to an array of oxygen vacancies.
Figure 7.9 shows a different type of structure where Fe rows with a lateral
separation of 6 A and a periodicity along the rows of 6 A were observed. The
terraces where the two different types of structures were imaged are separated
by 12.6 A. Assuming that the surface is B-terminated, this means that both
terraces expose an octahedrally coordinated atomic plane. The fact that a

12 4 periodicity was observed only on certain areas of the crystal suggests
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Figure 7.12: The (001) surface of Fe3O,4 terminated at the octahedral plane.
This schematic model reproduces the structure observed in fig. 7.6. Pairs
of Fe?* and Fe®* ions run along the [110] direction. The (v/2 x+/2)R45°
reconstructed unit cell may be due to the charge ordering. The 6 A and 12

A periodicities observed by STM measurements are shown.
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a short-range order, possibly due to the presence of defects on the crystal
surface and to its off-stoichiometry [78].

Non-magnetic tips are expected to show a 3 A periodicity along the Fe
rows. This would provide definite evidence that the 12 A periodicity ob-
served with ferromagnetic or antiferromagnetic tips is caused by a spin-
polarized mechanism. Although the great majority of STM sessions was
carried out using chemically etched, non-magnetic W tips, atomic resolu-
tion was never obtained. Atomic rows on the B-sublattice were imaged by
Wiesendanger et al. [78] using chemically etched W tips, but the corrugation
amplitude was below the noise level and no periodicity was observed. Koltun
et al. [104] were also unable to achieve atomic resolution on the B-sublattice

using in situ torn W and Ptlr tips.
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Chapter 8

Summary

8.1 Conclusion

The (001) surface of Fe3O4 has been studied using STM, LEED and AES.
The bulk properties of the artificial single crystal have been characterized
by means of XRD and resistance vs. temperature measurements. The [001]
lattice constant was measured to be 8.398 + 0.010 A, which is in good agree-
ment with the predicted value. A Verwey transition temperature of 110 K
was determined, indicating a slight sub-stoichiometry of the crystal. During
this study it was found that the preparation of a crystal by means of an-
nealing in UHV results in the contamination and reduction of the surface.
Under the typical preparation conditions — annealing in UHV at ~ 1000 K
for 4-60 hours — AES indicated the presence of contaminants on the surface,
mainly Ca and K. The onset of a p(1x4) reconstruction with domains ori-
ented by 90° with respect 