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Chapter 1: Introduction

History

Surfaces play an important role in nature. Since a surface, or interface, always
marks the boundary between two systems, the surface mediates the interaction between the two systems. Surfaces are used for energy conversion, charge transport
or chemical reaction. The human interest in surfaces is quite old. One of the
oldest records stems from the Babylonian time (2000-1000 B.C.) and is concerned
with lecanomancy. a form of divination, used in that time, involving pouring oil
on water (or vice versa) and observing the spreading behaviour, appearance and
(interference) colors that occurred [1]. During the nineteenth century the scientific
importance of surfaces was recognized through experimental work like the observation of the catalytic action of platinum on the reaction of hydrogen and oxygen and
the asymmetrical resistance (rectification) in a sandwich of Cu and FeS. The realization of electron spectroscopy, the development of commercial ultra-high vacuum
chambers and the availability of larger and faster computers allowing more sophisticated theoretical work, resulted, only in the late 1960s in the emergence of surface
science as an adult science producing fundamental insights in the two dimensional
world of surfaces.
The motivations for surface science are generally spoken threefold. First the
interest in the detailed understanding of heterogeneuos catalysis, the increase in
chemical reactivity due to the presence of a solid (usually powder) catalysis. This
enhanced reaction rate is caused by a modification of the chemical species when
adsorbed on the solid surface of the catalysis. A detailed understanding of this
modification therefore is a key-issue in studying catalysis. Secondly, the interest
from material science in processes like the corrosion of materials or mechanical failure caused by grain boundary embrittlement. Segregation of impurities in a solid
to the surface, or to a grain boundary is an important issue in this field. Even a
small concentration of impurities in the bulk can lead, via segregation, to a monolayer coverage of a surface and hence alter the properties of this surface drastically.
The third motivation is the fabrication of semiconductor devices. Surfaces and interfaces play a crucial role in modern, small electronic devices. Understanding the
reconstruction of semiconductor surfaces or the growth properties of materials on
an (almost) atomic scale are challenging issues in science and industry. All these
forementioned problems and processes involve fundamental surface phenomena. Besides these three motivation there is, of course, also the mere scientific interest in
the two dimensional physics and chemistry of surfaces.
Real surfaces, of practical use in catalysis, material engineering or industry,
are in general very complex and are often used in 'difficult' environments, e.g. at
high temperatures or at high pressures. To avoid this complexity, surface science
has concentrated mainly on oversimplified model systems: clean and flat, low Miller
index surfaces of single crystals studied in a controlled environment, usually ultrahigh vacuum, with only small amounts of one or two adsorbing elements.

Scanning Tunneling M icroscopy

13

Scanning Tunneling Microscopy
In 1982 a new scientific instrument, the Scanning Tunneling M icroscope (S T M ),
was invented by Rohrer and Binnig [2]. W ith this instrument it becam e possible,
for the first tim e, to visualize individual atom s and their electronic structure in real
space. T his aesthetically appealing achievement resulted from a concurrence o f the
quantum mechanical tunnel effect and a sound mechanical and electronic design.
In an S T M a sharp needle scans at a distance o f 2-10 A over a surface, while this
surface is probed by the quantum mechanical tunnel current between the tip and
the sample. This tunnel current is very sensitive to changes in the relative tip to
sam ple distance, but it also influenced by the electronic structure o f sample and tip.
T h e resolution obtained by STM is remarkably high, in fact higher than expected
from simple considerations: atom ic resolution has been realized on virtually every
con ductin g sample, including metal surfaces with very sm ooth charge density profiles. L ocalized, dangling-bond like, electronic states at the tip apex, originating
from small clusters or single atoms, play a crucial role in this. Besides the atom ic
im aging the S T M also provides chemical and electronic structure information. These
fascinating capabilities o f STM launched an avalanche o f S T M research in various
fields. A t first the research concentrated on the application o f STM to a wide range
o f systems: metals, sem iconductors, layered materials, superconductors, magnetic
materials, organic molecules and biological materials. In the last five years the ac
cent shifted towards the use o f STM as one o f the many tools to study surfaces.
T his fits into the more general trend that problem s in surface science are more and
m ore solved by using a broad range o f different techniques on a specific system. A
nice exam ple o f this trend, in which also ST M measurements act a part, are the
S i ( l l l ) ( \ / 3 x \ /3)R 60°-A g structure [3], For S T M this development also appears
from the titles o f publications on STM : whereas in th e early years o f ST M the technique itself was always mentioned in the title, in m ore recent publications this is no
longer the case. Beside these developments in the ST M research itself, there were
also som e related techniques evolving, such as A tom ic Force M icroscopy (A F M ),
poten tiom etry and surface m odifications techniques using STM .

Stepped Surfaces
As we m entioned earlier, research in surface science has concentrated in first
instance on crystal planes o f low Miller index. These low Miller index surfaces
have the lowest surface free energy, and thus they are stable with respect to rearrangements or disordering up to temperatures close to the melting point. Their
preparation is relatively easy and they exhibit only one or a few high sym m etry
surface sites, making them more accessible for theoretical studies. In contrast, real
surfaces are m ore heterogeneous in their surface structure: m ore than one crystal
plane m ay be present, many surface sites co-exist and steps and kinks occur on the
surface. It is well established that this variety o f surface structures directly relates
to the broad range o f surface chemical phenomena.
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Figure 1.1 Schematic representation of a structural heterogeneous high
Miller index surface, showing terraces, steps and kinks.
High Miller index surfaces are, like real surfaces, structurally heterogeneous, as
shown schematically in Fig. 1.1. The structures found for high Miller index surfaces
can be divided into three types, as shown in Fig.1.2: 'hill and valley' structures, flat
terraces with multiple height steps and flat terraces several atoms wide separated by
steps of one atom height. Many high Miller index surfaces have this last structure
type, often referred to as vicinal or stepped surfaces. In this case the terraces have
in general low Miller index orientations, that is they have a low surface free energy.
The steps often have a low Miller index orientation as well, although high Miller
index orientations occur resulting in highly kinked steps. Stepped surfaces show
varying degrees of thermal stabilities, though some of the stepped surfaces exhibit a
remarkable thermal stability. In comparing the properties of stepped surfaces with
those of low Miller index surfaces interesting differences are found: different binding
energies for chemisorption, an enhanced chemical activity and a higher dissociation
probability for adsorbing molecules. Clearly, the existence of steps and kinks is
closely related to these effects. Of course, step and kink sites form new additional
sites compared to the sites on the low Miller index terrace. Furthermore does the
presence of geometrical irregularities, like a step or a kink, influence the electronic
structure of a surface, thus the chemical signature of atoms close to these irregu-

Figure 1.2 Three structure types for high Miller index surfaces: flat terraces several atoms wide separated by steps of one atom height, flat terraces
with multiple height steps and 'hill and valley' structures.

Surface M agnetism
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larities can be quite different from that of other atom s at the surface. Steps and
kinks also play an im portant role in crystal growth, evaporation and the kinetics o f
melting. T h e stability o f the periodic alternation o f m on o-atom ic steps and atom ic
flat terraces on stepped surfaces is an interesting issue in itself. This stability can
b e influenced by the presence o f adsorbates on the surface. A dsorbates can induce
structural rearrangements, changing the surface structure am ong the three structure types. T h e driving force for this adsorbate induced reconstruction appears to
be the difference in chemical bonding o f the adsorbate to different crystal faces,
thus resulting in a change o f the relative surface free energy o f the different faces.
T h e structure with the lowest free energy in absents o f adsorbates might not have
the lowest energy in the presence o f adsorbates. A s pointed out by Somorjai [4 ] in
a recent publication, the ability of adsorbates to initiate structural changes seems
to be a key issue in solving, what he calls, the puzzles o f surface Science: the high
reactivity o f rough surfaces in chemical bond breaking and for catalysis, the thermal
activation o f chemical bond breaking and the role o f co-adsorption in catalysis and
triboligical changes.
In summary, stepped surfaces form a challenging issue in surface Science for
several reasons: the periodic m ono-atom ic step structure in itself is interesting, the
adsorbate induced reconstructions form an unsolved problem and steps on surfaces
are o f im portan ce for chemical reactivity, crystal growth and the binding o f adsor
bates. In a way stepped surfaces are a first controlled step from the simplified model
systems tow ards m ore realistic systems.
T he main su bject o f this thesis is the study o f stepped surfaces with Scan
ning Tunneling Microscopy. W e have concentrated on two surfaces: N i(7 9 1 1 )
and C u(410). T h e interest in the surface o f the transition metal Nickel stems, o f
course, from its application in catalytic reactions. T he step structure was measured
w ith S T M in detail and compared with the results obtained b y low energy electron
diffraction (L E E D ). The effects o f adsorbates on the step structure are investigated,
revealing evidence for an adsorbate induced reconstruction. Variations in the appearance o f step edges in STM images were found and the role o f the tip in this
will be discussed. T he STM study o f the C u(410) surface started as a comparison
between S T M and Transverse Electron Focusing (T E F ). T h e ST M measurements
showed however a new phenomena: the rapid m otion o f step edges at room tem perature.

Surface M agnetism
A n oth er lively area in surface Science is the field o f surface magnetism, with
practical applications in magnetic storaging. A fter the invention o f STM it was
recognized that a com bination o f the atom ic resolution o f S T M with spin resolution
(m agnetic sensitivity) would have fascinating prospectives. Spin resolution might be
obtained by using spin polarized electrons in the tunnel process. One o f the ways,
beside others, to achieve a spin polarized current is the use o f ferromagnetic tips.
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Magnetite has been considered a model system for testing the ability of STM to
measure a magnetic contrast on an atomic level. In the last part of this thesis the
results of a STM and LEED study of the (110) plane of magnetite are presented.
The main conclusion from this work is that the (110) face of magnetite shows a
reconstruction and is semiconducting, and thus its usefulness as a model system for
spin polarized tunneling is (still) an interesting question.
Outline
The remaining part of this thesis is organized as follows. Chapter 2 gives
a description in some detail of the ultra-high vacuum STM system that was used
for the measurements presented in this thesis. Chapter 3 is concerned with the
problems of vibrations in an STM set-up. The main sources of disturbing vibrations
are discussed, together with the commonly used methods of vibration isolation.
A theoretical model of vibration isolation in STM is presented and compared with
experimental results. Criteria for the STM design with respect to vibration problems
are given. In Chapter 4 the results on the Ni(7 9 11) surface are presented, followed
by the measurements on Cu(410) in Chapter 5. In the last part, Chapter 6, the
measurements on ГезОл (ПО) are discussed.

References
1. D. Tabor, J. Colloid Interface Sci. bf 75, 249 (1980).
2. G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel, Appi. Phys. Lett. 40, 178 (1982).
3. E.J. van Loenen, J.E. Demuth, R.M. Tromp, R.J. Hamers, Phys. Rev. Lett. 58, 373
(1987)
4. G.A. Somorjai, Surf. Sc. 242, 481 (1991).

Chapter 2

A UHV STM system

Chapter 2: A UH V S T M system

18

2.1

Introduction

Since the invention o f the Scanning Tunneling M icroscope (S T M ) by Rohrer
and Binnig [1] this instrument has been used in a variety o f environments. T he
pow er o f this m icroscope lies in the atom ic resolution that can be obtained. However, when probing a sample on an atom ic scale one only sees a very small part o f
the sample, that is ST M is a very local surface probe. Therefore one o f the most
pow erful applications o f ST M is its use on well defined surfaces and in com bination
w ith other surface Science techniques. In an Ultra-High Vacuum (U H V ) environ
m ent both these requirements can be fulfilled. On the other hand the UHV puts
som e constraints on the ST M design with respect to sample and tip handling and
vibration isolation. O nly in the last years, quite some tim e after its invention, STM
has developed into a routinely used surface science instrument, taking advantage o f
its merits and com bining these with the advantages o f other surface science tools.
In this chapter we describe our UH V ST M system which was used for the
studies presented in this thesis. T he system is based on an earlier system [2] which
we adapted and o f which we upgraded the S T M unit.

2.2

General description

T he system (see Fig. 2 . 1 ) consists o f two UH V chambers connected by a valve.
T h e first cham ber is used as a load lock and the second cham ber contains the surface
tools S T M , LEED and Auger, a gas inlet system and sample heating and sputtering
facilities. A sam ple handling and transfer possibility allows the transport o f samples
w ithin the system . T he first chamber is pum ped by a turbom olecular pump. This
sam e tu rbo pum p is used as a roughing pum p for the second chamber either direct
via th e valve connecting the two chambers or via a b y pass. This second chamber
is pum ped by ion-getter pumps and a titanium sublim ation pum p with a liquid
nitrogen cryo-shroud. B oth chambers can be baked separately. T he second chamber
(or main cham ber) contains the ST M and all other preparation and characterization
facilities. T h e first chamber, which is merely used as a load lock, is intended for
m ore extensive sample preparations like cleaving or evaporating thin films, but these
op tion s have not been realized so far. B oth chambers contain an ionisation gauge
for measuring the pressure and the main chamber is also equipped with a mass
spectrom eter. In the first chamber, used as a load lock, we reach a pressure in
th e low 1 0 - 9 mbar. T he base pressure o f the main cham ber is 6.10 -11 mbar. A
residual gas analysis shows a clean U H V mass spectrum , with main contributions
from hydrogen, carbon m onoxide and carbon dioxide.
V ia a leak valve high purity gases can be introduced into the main chamber.
T h is leak valve is connected via a six cross and five all-metal valves with four gas

V
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Figure 2.1 The UHV system with the two chambers, the preparation and
the main camber. The preparation chamber is merely used as a load lock
to introducé samples (via the fast entry lock). The STM is situated in the
main chamber together with the surface tools LEED and AES and the sample
cleaning facility, such as the ion gun.

bottles containing Ar, CO , H 2 , N 2 and with the turbo pump. B y flushing and
pum ping th e stainless steel gas leads can be cleaned and when necessary they can be
baked. In this way we are able to introducé clean high purity gases for experimental
purposes. T he A r gas is used for sputtering. W e also have Ne gas available for
sputtering.
B oth cham bers are supported by one single frame that is placed on three air
dam pers [3] in order to minimize the vibrations coupled into the system.

2.3

Sample handling and preparation

Samples can b e mounted on our sample holder, shown in Fig. 2.2, which is
m ade out o f m olybdenum . We chose m olybdenum because this material can withstand the high tem peratures, which can occu r during sample preparation, without
outgassing and thus contaminating the sample (in contrast to e.g. stainless steel
that does w ithstand high temperatures but also serves as a source for carbon contam ination). T h e sample is clamped with spring levers onto a plate. T h e levers are
tightened with screws that also fasten the plate on to the fram e. T h e knob on top
o f the fram e enables us to piek up the sample holder with the w obble stick that has
a kind o f fork, see Fig. 2 .2 . This sample holder is capable o f handling samples up
tolO x 10 m m 2. T h e sample holder can be put on various stations for the different
analysing and preparation techniques. T w o small pillars on these stations fit into

Chapter 2: A U H V S TM system
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Figure 2.2

Front (upper) and top (lower) view o f a sample holder. The
sample is clamped with the spring levers onto the Mb plate. The grid in this
plate ensures direct heating o f the sample. The holes in the bridge position
the holder on the various sample stages. The wobble stick can piek up the
sample holder with the knob.

tw o holes in th e bridge o f the holder, keeping the sam ple holder in its place and
ensuring electrical contact. Samples mounted on a sample holder can be introduced
into th e first cham ber that has an easy access via a viton sealed flange. T he sample
can than b e transferred into the main chamber with a long (m agnetically coupled)
translation rod.
T h e sam ple can be cleaned by ion bom bardm ent and annealing. For the ion
bom bardm ent we use a sputter ion gun [4] with either A r or Ne gas. The sample
is annealed b y electron bom bardm ent from the rear. T h e grid in the plate o f the
sam ple holder ensures a direct heating o f the sample. T he tem perature o f the sam
ple can b e measured with a pyrometer [5] from outside the system. T h e possibility
to in trodu cé gases into the system can be used during sample heating to remove
certain contam inations.

2.4

The Scanning Tunneling Microscope
O ur S T M consists o f a piezo tube scanner which moves the tip and a louse for

con trolled sam ple approach. Fig. 2.3 shows a schem atic drawing o f the STM . The
inside o f the tu b e is covered with one (silver) electrode, while the outside electrode
is segm ented in four parts. The inner electrode serves the z-m otion, whereas the
outer one serves the x- and y-m otion. In Fig. 2.4 the electrode arrangement o f the
tu b e is shown.
This arrangement results in a sym m etrical activation of the tube

The STM
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Tipholder

Tube

Sample station

Figure 2.3 Top view of the STM set-up. The sample can be put on the
sample station that is pushed by the louse. With the cage construction the
louse can also retract the sample.
so that the obtained images are not artificially tilted. The tip is mounted in a tip
holder which can be screwed into a counter part on the tube. The electric connection
for the tip is attached to this counter part. An AI2O3 ring isolates the tip from the
tube. A copper shield between the tube and this ring prevents cross talk from the
tube to the tip. The tip holder can be screwed out of the STM with a tulip shaped
tool, thus enabling in principle an in situ tip exchange. The tube is mounted in
a housing which is rigidly connected to the STM set-up. This set-up consists of a
stainless steel block (9 хбх 5 cm3) that rests on three pieces of viton. A plate that is
rigidly connected to the UHV chamber supports the STM set-up. The other sample
stations are not directly connected to the STM set-up or the supporting plate.
The sample approach in our set-up is accomplished by a piezo walker, the louse,
that pushes a sample station towards the tip. The louse walks on the louse floor,
which is the upper side of the stainless steel block. The louse consists of a triangular
shaped piezo disc that rests on three aluminum discs, the feet. These aluminum feet

-X

Figure 2.4 The electrode arrangement on the piezo tube ensuring a Sym
metrical art.ivat.inn nf t.hp tnhp
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are anodize so t h a t they are covered with a thin aluminum oxide layer. The feet can
be clamped electrostatically to the floor. The louse can move in three directions by
applying t h e appropriate sequence of clamping- and piezo-voltages. For a reliable
operation of t h e louse some precautions have to be taken. After the feet have been
anodized they are outgassed at 200°С in a vacuum oven and during the bake-out of
t h e UHV system the feet are not placed on the louse floor (so the louse has to be
assembled in the UHV after bake-out). Further t h e louse floor is not polished, as
one tends to do, but grinded until no material could be removed anymore.
T h e electronics mainly used with our STM is home build, a diagram is shown
in Fig. 2.5. A voltage is applied to t h e tip and the tunnel current is measured as a
voltage across a resistor (Rm, typically 1-10 ΜΩ) via the same lead. The connection
to t h e tip is a thin coaxial cable, where the outer lead can either be grounded or
p u t on t h e same potential as the inner lead. This last option decreases the cable
capacitance and can be used in spectroscopic measurement. A special feature of
our electronics, which is not commonly found in STM set-ups, is the fact that the
sample can be hold at ground potential. Besides the constructive advantages this
results in a better behaviour of the feedback and in less pick up of noise, especially
when long cables have to be used. The voltage of the tunnel current is compared to
a reference setting and, basically, the difference is led via a filter and a high voltage

High Voltage Amplifier
DA
•^

J

F i g u r e 2.5 Schematic representation of the electronic set-up. The tunnel
current is measured as the voltage across R„,. This voltage is compared to
a reference setting. The correcting signal is than via a filter and amplifiers
led to the z-piezo. A computer steers the x- and y-movement and collects the
data.
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amplifier to the z-piezo. The resulting movement of the tip then closes the feedback
loop. The signal, which is the voltage driving the z-piezo, is read by a computer
that also controls the χ and y voltages steering the tube movement. Besides our
own electronics we also used a commercial STM control unit [6]. The advantage of
this unit is its capability of performing spectroscopic measurements.
In order to deduce quantitative results from our STM measurements we need
a reliable value for the sensitivity of our piezo tube. It is well known that the sensi
tivity depends on the magnitude of the displacement and on the bias voltage. Also
hysteresis effects can occur. For the small displacement used in STM the average
piezo-sensitivity is constant within 5 % and hysteresis effects can be neglected rel
ative to this uncertainty. If we further neglect the bias voltage the uncertainty in
piezo-sensitivity will be about 10 % [7]. For the χ and y movement we gauged the
piezo-sensitivity by measuring a surface lattice with well known lattice constants. In
our case we used images obtained on graphite and on a Si(lll)7x7 structure, which
will be presented below. With some algebra one can deduce the sensitivity for χ and
y separately. The results for graphite and silicon were consistent and the sensitivity
did not change significantly in time. The piezo-sensitivity for the ζ motion was mea
sured with an inductive displacement transducer [8]. The result is shown in Fig. 2.6,
where the measured sensitivity is plotted against the voltage sweep. Clearly visi
ble is the dependence of the sensitivity on the magnitude of the displacement. For
the small displacement used in STM we extrapolated the sensitivity at zero voltage
sweep. It has been shown that this extrapolation corresponds well with the value

8

10 12 14 16 18
Voilage sweep (xlOV)

Figure 2.6 The piezo-sensitivity (z-direction) as a function of the applied
voltage sweep, as deduced by an inductive displacement transducer. The ex
trapolation to zero voltage sweep is taken as the sensitivity for the z-movement
of thp STM.
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Tip

Sample

MM.

¿?
V(U

Figure 2.7 Electronic used for tip preparation. Short pulses, 3 V 5-10 ns,
directly to the tip. The I-V converter is placed at the sample side.
deduced from the height of mono-atomic steps on Au [7]. The sensitivity we found
yielded indeed the correct height for mono-atomic steps on Cu and Ni. We note
here that the sensitivity we found is lower than the sensitivity deduced from the
dimensions of the tube and the material parameter (dai). This discrepancy may
be caused by partial depolarization, inhomogeneous wall thickness or irregular electrode surfaces. The values for the three sensitivities deduced as described above are
used for the quantitative interpretation of our STM results assuming an uncertainty
of 10 %.
The tip is a crucial part of the STM with respect to attaining high, e.g. atomic,
resolution. We used several tips: etched W tips, cut Ptlr tips and commercial [9]
Ptlr tips. In principle our set-up is equipped for in situ tip exchange, but this option
is not yet in use. For in situ tip preparation we used two recipes. The first recipe
consists of scanning the tip for some time, typically 10 minutes, with a high tip
voltage (~ 10 V) and a high tunnel current (~ 5 nA). The second recipe consist of
applying a voltage pulse to the tip. For this recipe we used a different electronic
set-up. The tunnel current is now measured with an I-V converter at the sample side
thus enabling us to apply a short pulse to the tip directly, see Fig. 2.7. We used a
voltage pulse of 3 V and 5-10 ns. Both recipes resulted in most cases in a more stable
signal. We have routinely used one of these two recipes before every measurement
session. In principle the set-up shown in Fig. 2.7 is also suited for cleaning the tip in
a field emission mode or sputtering the tip by using a high voltage and introducing
Ar or Ne into the system. We have, however, not routinely used these possibilities.

2.5

The LEED and AES system.

Besides the STM we can study a sample with Low Energy Electron Diffraction
(LEED) and Auger Electron Spectroscopy (AES).
In an AES experiment a surface atom is ionised by the production of a core
hole by an incident electron of sufficient energy (2-5 keV). The ion loses some of
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its potential energy by filling the core hole with an electron from a shallower level
and the emission o f energy. In the A uger process this energy is emitted as kinetic
energy o f another weakly bound electron. This electron is called an Auger electron.
T h e kinetic energy o f this Auger electron is determ ined by the energies o f the three
levels involved. Since these energies are specific for one element, one can deduce
the surface com position from an analysis o f the A uger electron yield versus electron
energy. For this purpose we used an electron gun and a cylindrical Auger electron
analyser [10 ].
In LEE D one looks at the diffraction o f low energy electrons that are (elastically) reflected from the sample surface. T he diffraction pattern can be viewed on a
phosphor screen. This pattern is basically a Fourier transform o f the surface lattice
structure and gives inform ation on the atom ic structure o f the surface. W e use a
reverse view L E E D optie [11 ], Since we com pare the results obtained by LEED with
S T M results it is worthwhile to look in somewhat more detail at the diffraction in
LEE D [12]. T h e ideal intensity i(k ), where k is th e electron wave vector, is the
Fourier transform o f the autocorrelation function <^(r) o f the (scattering) structure.
T h e measured intensity is the convolution o f the ideal intensity and the instrumental
response function T : i( k ) meos. = i(k ) * T ( k ) . T h e Fourier transform o f the response
function is called the transfer function t(r ). T h e width o f the transfer function
is called the transfer width w. This width gives an effective coherence range o f
the instrument. T h e main limitation o f this transfer width stems from the angular
broadening o f the incident electron beam (and not from the energy broadening).
A typical value for this transfer width is 100 A [13]. This means that no coherent
interference effects on length scales larger than 1 0 0 A can be straightforwardly resolved by the LEE D instrument. If we recall that typical scales involved in STM
measurement, 50-1000 A, are o f this order o f m agnitude or even one order larger and
that ST M is a local probe, that is no diffraction technique, we realize that the above
considerations should be kept in m ind when com paring LEED and STM results.

2.6

Performance

T he louse system as described above turned ou t to b e a reliable coarse adjustment if the already mentioned precautions are taken. T he sample can be brought
into tunneling range without the tip touching th e sample. T he size o f the steps
m ade by the louse are not very reproducible, but always well within the z range o f
the piezo tube. T h e typical step size is in the order o f 500-1000 A. This step size
is o f course adjustable by changing the voltage applied to the louse piezo. W hen
the sample is in tunneling position the louse can be stepped back so that is not in
con tact with the sample during measurements.
T he S T M has shown to operate routinely w ith g o o d resolution on various sam
ples. T he follow ing chapters o f this thesis illustrate this. Here we show some results
on samples which are com m only used as test samples for ST M . Fig. 2.8 shows an
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Figure 2.8

STM image showing atomic resolution on graphite.

atomic resolution image obtained on graphite, which illustrates the stable operation
of our microscope. Another example is shown in Fig. 2.9. In this case we imaged
the 7x7 reconstruction on Si(lll). The individual atoms forming the reconstruc
tion are clearly resolved. Also defects in the form of missing atoms can be seen.
Resolving this Si reconstruction is not only a test for the microscope but also for
the UHV sample cleaning facilities. This kind of images obtained on graphite and
silicon were used to calibrate the x- and y-axis of the microscope.
Another result is presented in Fig. 2.10, where an image obtained on a stepped
Si surface is shown. This shows clearly the atomic resolution on the terrace and

Figure 2.9 STM image (100 χ 100 Â2) showing atomic resolution of the
Si(lll) 7x7 reconstruction. The z-marker is 2 Â.
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even som e structure in the step can be distinguished. T h e com bination of a step and
the atom ic resolution indicates the stable operation o f our m icroscope. Interesting
in this im age is th e reconstruction on the terrace which partly resembles the 7x7
structure but the w idth o f the terrace is to o small to realize the full reconstruction.
T h e results obtained on metallic sample will be discussed in detail in the following chapters o f this thesis. W e mention here only that we have n ot yet achieved
atom ic resolution on metal samples. P artly this can be explained b y the fact that
we concentrated our work on stepped metal surfaces. Due to these steps we were not
able to obtain stable scans at small tip-sam ple distances norm ally used for atom ic
resolution im aging. T h e vertical resolution we achieved on these samples is 0.1 A.
T h e problem s we encounter with the m icroscope described in this chapter lie
mainly in the field o f vibrations. T he main reasons for this are the frame o f the
system and the placem ent o f the whole set-up. T he fact that our system is situated on the fourth floor o f our building restricts our measurement tim e to the night
hours, provided th e weather is not to o windy. To overcom e these problem s the
whole system has recently been moved on a new frame to an atom ic shelter in the
basement o f the building. T he measurements described in the follow ing chapters
were all perform ed on the old location on the fourth floor.

F ig u re 2.10 STM image(100 x 100 A2) of a stepped S i ( l l l ) surface. The
terrace is too small to allow a full 7x7 reconstruction. The z-marker is 10 A.
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2.7

Conclusion

We have build a UHV STM system with a base pressure of 6.10" u mbar.
Standard cleaning facilities can be used to prepare clean surfaces: ion sputtering
using either Ar or Ne and annealing by electron bombardment. The surfaces can be
characterized with Auger electron spectroscopy and Low Energy Electron Diffraction. The STM has shown routinely operation with vertical resolution up to 0.1 Â
on various samples. Atomic resolution has been obtained on graphite and on flat
and stepped Si surfaces.
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3.1

Introduction

A crucial requirement for optim um functioning o f an ST M , is a high stability
o f the position o f th e tip relative to the sample. T he developm ents o f the STM
designs since its invention are dom inated by attem pts to achieve this high stability.
This is for instance reflected in the decrease o f the dimensions in the STM -designs
as a function o f time. In this chapter we will discuss the m ost im portant sources of
disturbances, the general accepted approaches to deal with these disturbances and
we shall discus in som e detail the solutions we have used in our S T M system, which
we described in the previous chapter.

3.2

General considerations

T h e mechanical stability o f an ST M has to b e better than the desired resolution. For
resolving atom s we need roughly a resolution o f 0 .0 1 nm normal to the sample surface
and 0.1 nm parallel to the sample surface. A noise level o f 10 % thus corresponds
to 1 pm . In order to meet these requirements the ST M has to be isolated from
external vibration sources. W e can distinguish three types o f isolation that have
been em ployed:
• M agnetic levitation of permanent magnets on a superconducting lead bowl.
• Suspension using coil springs (one or more stages).
• M ounting on a stack consisting o f metal plates separated by pieces o f viton or
small springs.
M agnetic levitation was used by R ohrer and Binnig [1] in their first STM . The
m ajor disadvantages o f this m ethod are that it requires coolin g by liquid helium, in
order to keep the lead superconducting, and that, as a result, the thermal drift in
the S T M is relatively high. For these reasons the m agnetic levitation is nowadays
not used any more.
T h e second ty p e o f isolation, spring suspension, is in one or other form widely
used in S T M designs. T he principle o f the spring suspension is that it acts as a
low-pass filter. Up to the cut-off frequency, which is the resonance frequency o f the
spring system, the ST M follows the movements o f the suspension o f the springs.
A b ove the cu t-off frequency the response decreases logarithmically, roughly with a
factor o f 100 per decade (second order filter). A t the cu t-off frequency a resonance
occurs so that the movement o f the suspension is enhanced by the spring system.
Clearly this is an undesirable effect. T o overcom e this enhancement the resonance
peak has to be suppressed by adding dam ping to the system. A second advantage o f
adding dam ping is the faster decay o f vibrations present in the spring system, e.g.
vibrations caused by accident or by sample manipulation. However, a disadvantage
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of adding damping is the negative influence on the performance of the filter for high
frequencies. Thus the amount of damping is dictated by an optimal balancing of the
reduction of the resonance peak and the high frequency performance of the filter.
It will be clear that we want to choose the resonance frequency as low as pos
sible. A practical limitation on this resonance frequency is dictated by the physical
size of the system. To see this we note that for a mass m suspended on a spring
with spring constant A; the resonance frequency UQ is given by 2πι^ο = J g/Al, where
g is the gravitational acceleration and Δ/ is the elongation of the spring from its
equilibrium length. So, for a resonance frequency of 1 Hz we find an elongation Al
of 25 cm! Typical resonance frequencies for spring suspensions lie around 2 Hz.
A very nice way of combining a low resonance frequency and a proper amount
of damping is the use of bungee cords*. This solution is often used for atmospheric
STM (or AFM) applications. The STM is mounted on a massive support which is
hung from the ceiling with bungee cords. In this way a relatively long elongation
is created and thus a low resonance frequency. The damping is a property of the
bungee cord, basically coming from deformation of the cord.
The third type of vibration isolation is usually referred to as a stack. Such
a stack consist of several metal plates, stacked on top of each other, separated by
small pieces of viton, rubber or small springs. This system also acts as a low pass
filter. The amount of damping depends on the material used between the plates. It
should be noted that both the spring constant and the damping constant of viton
or rubber depend strongly on the load. The cut-off frequency in this case typically
lies around 15-20 Hz, which is higher than can be achieved with spring suspension.
To prevent a stack assembly from being top heavy, the design can be chosen in such
a way that the center of gravity of the whole set-up is located as low as possible.
The three vibration isolation systems we have mentioned above can of course
be combined. Double-stage spring systems are used, for example. This yields a
better filter performance at higher frequencies. In this case the damping should be
placed in the second stage to attain an optimal performance. Which system, or
combinations of systems, is used depends also on the STM itself. An STM used in
atmospheric environment can easily be isolated by suspension with springs or, even
better, with bungee cords. For an STM-UHV system this solution is less practical.
In this case the UHV system is often isolated by some kind of air dampers and the
STM itself is, inside the UHV chamber, isolated by a spring system or a stack.

"In this case we make use of the same properties of this kind of ropes that prevent bungee
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Frequency (Hz)

F ig u re 3.1 Vibration spectra of the building vibration near the STM set-up
on the 4th floor of the Nijmegen laboratory building; shown are the vertical
component (a) and the two horizontal components (b and c) o f the vibrations.
The vertical scale is the acceleration in pm/s2.

3.3

Building vibrations

T h e main source o f vibrations disturbing the operation o f an S T M are the
vibrations o f the building in which the ST M set-up is located. Typically, build
ing vibrations occu r in the frequency range from 10 to 100 Hz and the amplitudes
involved can be as high as 150 nm. Building vibrations are caused m ainly by ma
chines running at or near the line frequency. Other possible causes are vibrations
from elevators, p eople walking around, traffic outside the building, trains or wind.
T h e resonance frequencies of walls and floors o f a building are directly related to the
m axim um floor load. These resonances thus lie for different buildings in the same
frequency range, typical 15-30 Hz.
In Fig. 3.1 we show a Fourier spectrum o f the building vibrations near our
S T M set-up on the 4th floor o f the physics building o f the University o f Nijmegen.
T his spectrum was measured with an accelerom eter in com bination w ith a Fourier
transform er, b o th o f Brüel k Kjasr [2]. T he m ost prominent feature in this spec
trum is the com p lex o f peaks around 24 Hz. This com plex is caused by the air
circulation system o f the building. A constant circulation o f fresh air through the
building is achieved by compressing fresh air into pressure rooms in th e basement.
From these room s the air is distributed via shafts through the whole building. The
air is com pressed into the pressure rooms with large turbines placed in th e basement.
It are these turbines which are responsible for the vibrations around 24 Hz. This air
circulation system is put on half power during the night, which results in a decrease
o f the m agnitude o f th e vibrations around 24 Hz.
Fig. 3.2 gives an overview of the vibrations in several places in the building.
Som e general features can be seen. T he com plex around 24 Hz can be seen every-
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F ig u re 3.2 Vibration spectra at several locations in the building of the
physics department: the 4th floor (a), the basement (b), the building founda
tion (c), the vibration-free sites (d), outside the building (e) and the atomic
shelter (f). The vertical scale is the acceleration in fim/s2.

where in the building. Higher floors are worse in this respect then the basement.
Remarkable is the fact that the 24 Hz vibration can even be observed outside, at
som e 20 meters distance o f the building. Even m ore surprising is the bad result for
the vibration-free sites in the basement o f the building. These sites were intended as
vibration-free islands within the vibrating building where experiments sensitive to
vibrations could be performed. To achieve this, large concrete blocks (1 x 1.5 x 2 m3)
were placed on sand within the building but w ithout any connection to the founda
tion o f the building. T he idea was that in this way the blocks were isolated from
the vibrations o f the building. Indeed, the vibration measurements showed that the
blocks were one o f the most quiet places in the Netherlands. However, these mea
surements were perform ed before the building was used, thus w ithout the turbines
o f the air circulation system working. Our measurements, where we observed the
24 Hz vibration even outside the building, indicate that the vibrations caused by
the turbines o f the air circulation system are transferred through the ground. Thus
the 24 Hz vibration are coupled through the sand to the blocks. A s a result the
vibration characteristic o f the blocks is even worse than on the building foundation
because the total building is heavier than the blocks!
T h e place in the building which is least influenced by the vibrations o f the
turbines was not intended for vibration isolation but instead was built as an atom ic
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shelter. Except for its heavy concrete construction and the impressive double doors
this shelter was never completed. Comparing the vibration spectra at different locations in Fig. 3.2. one can easily see that moving a vibration sensitive experiment,
like an STM, to the atomic shelter gives a considerable improvement. For this reason the shelter was rebuilt as a laboratory room and recently all STM set-ups were
moved to this place. However, the experiments described in this thesis were all
performed on the 4th floor and, as a consequence, without exception during night
hours.

3.4

A simple model for vibration isolation and tunneling
assembly

Several authors [3] proposed a simple model for describing the vibration isolation system and the tunneling assembly of an STM. The model is shown schematically in Fig. 3.3 The vibration isolation is modeled by springs with spring constant
fa. These springs isolate the whole set-up from the vibration of the floor with amplitude i „ t . The resulting amplitude of the movements of the STM base is Xbaee- The
sample is thought to be rigidly connected to the base. Since the tip should be able
to move with respect to the sample, the connection between tip and sample is not
rigid. This is modeled by the stiff springs with spring constants k¡. The movement
of the tip relative to the floor is denoted xtip. In this model the STM set-up reduces
to a set of two coupled oscillators. The equations of motion are given by:
™.\ХЬаи + кіХЬак + gibase

~ Xhp) =

k\XexlSÍnwt

(3.1)

and
ТПіХир + ^(Xtip

tip
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- Xbase) = О
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Figure 3.3 Schematic representation of the model which describes the STM
as two coupled oscillators

(3.2)
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were тп\ is the mass of the base and m-¡ is the mass of the tip-part of the STM and
τη,χ ^> πΐ2 In order to see what the influence of external vibrations on the STM
performance is we may define three response functions
^Ьме

D

Jli =

%Up ~ Zbase
%tip ~ %baíe
D
D
, IÍ2 — '
1 Л3 —
2-βιί
%base
%cxt

fo o\
(O O)

These three response function are plotted in Fig 3 4 as a function of the frequency
ω As we have seen before the vibration isolation acts as a low-pass filter
For
the STM, modeled by R2, we find a high-pass filter behaviour Up to the cut-off
frequency V4 the response increases with a factor of 100 per decade At the cut
off frequency a resonance occurs For frequencies above v-¡ the response is exactly
one The response of the STM to the external vibration is than given by R3 This
response R¡ shows an increase up to the resonance frequency 1/1 of the vibration
isolation, followed by a plateau of constant response up to the resonance frequency
vi of the STM Above v-i the response decreases The magnitude of the response on
the plateau is given by
R3(plateau) = (—)

(3 4)

For practical systems v\, the resonance frequency of the vibration isolation, will be
of the order of 1-5 Hz This means that most of the disturbing external influences,
like building vibrations, occur in the frequency range of the plateau Clearly the
response to these disturbances will be small whenever 1І 2 is small, thus whenever
v-i ~5> v\ for several orders of magnitude
In Eq s 3 1 and 3 2 we have neglected the damping present in the vibration
isolation and STM Damping is caused by losses due to deformation, (viscoelastic)
friction or external attenuators (e g eddy-current damping) As we saw before, the
amount of damping is dictated by balancing the reduction of the resonance peak
height and the filter performance In the present model damping can be modeled

RESPONSE

1

V,

V2

FREQUENCY

Figure 3.4 The three response functions, as defined in Eq 3 3, as a function
of frequency
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by included a damping term to the basic equations. For Eq. 3.1 we can add to the
left hand side the term:
ГіІба«
(3.5)
The response Ri can than be calculated giving:

H©-'
»
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(36,

where Q\ is the quality factor defined as:
Qi = —

(3.7)

flTTli

The damping term included in equation 3.2 is somewhat more complicated, since
it will be proportional to the time derivative of (x ttp — X(„Je) rather than the time
derivative of xttp. Thus in equation 3.2 we add to the left hand side:
Г 2 j t (Xup-Xb.se)

(3.8)

Now the expression for /22 is given by:

!

+

мэ |['-©Т ш'<
where Q2 is again a quality factor:
Q2 = —

(3.10)

1/2ТП2

In Fig. 3.5 we summarize the results of the model, with and without damping, for
several typical values. The inclusion of the damping does, of course, change the
actual numbers, but it does not change the overall picture dramatically.
We note here that by analog with Eq. 3.4 one can derive a formula estimating
the resonance frequency of the STM starting from a measured Дг^)· The resonance
frequency is given by:
1* = - ? J L =
(3.11)
The resonance frequency of the vibration isolation can in general be measured more
directly.
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A simple model...

The model described above can be used as a guideline in thinking about STM
constructions and can provide us with some quantitative numbers. In the following
we will add some comments that should be kept in mind when applying the model.
• The model is only one-dimensional. In general vibration problems will involve
more dimensions. More complicated vibration modes (e.g. modes involving
more dimensions) can disturb the simple picture. One can think of wiggling
of a UHV system or rocking of a spring suspension.
An STM is not only (or mainly), as is sometimes suggested, sensitive to ver
tical, but also to horizontal building vibrations. The actual STM design and
its connection to or placement in the building is of importance in this case.
• Acoustic disturbances of the STM operation are not included in the model. A
UHV chamber can exhibit an acoustic resonance and acoustic excitations are
not filtered by the vibration isolation. When using spring suspension acoustic
waves can even propagate along the springs.
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Figure 3.5 The response function with and without damping, for some typ
ical cases. Curve 1 and 2 represent the vibration isolation, curve 4 and 5 rep
resent the STM unit. The values for the resonance frequency and the quality
factor are: v\ = 3 Hz Qi = 3, v2 = 5 Hz Q 2 = 15, J/3 = 3 kHz Q 3 = 30, f4
= 100 kHz Q 4 = 100. Curve 5 and 6 result from the combination of curve 1
with curve 3 and 4 respectively.
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• The model consists of two spring stages. These spring stages model respec
tively the vibration isolation and the STM. It is thus implicitly assumed that
all other parts of the STM set-up are rigid. This is in general not true. The
STM itself is in general a complex mechanical construction. The total of me
chanical constructions in an STM set-up can contain less rigid parts. One can
think of a UHV set-up or a low temperature STM. In principle this results in
additional spring stages.
• The description of the STM in the model as a high pass filter results directly
from the fact that we considered the response of {xt,P —X(«»e), rather than x<ip,
to the vibrations of the base (хьаіе)- This might raise the impression that an
STM is insensitive to low frequency vibrations. However one can see easily
that if we analyze the response of xttp or the acceleration xUp we end up with a
low-pass filter. A weak mechanical construction in the STM will be disastrous
for this reason. Furthermore do the largest amplitudes in typical vibration
spectra occur at low frequencies and at these low frequencies the vibrations
are difficult to handle, filter or avoid.
In conclusion we think that this simple model can serve as an useful guideline.
The oversimplifications of the model should be recognized, however. The advantage
of the model is its simplicity and the possibility of defining a meaningful resonance
frequency for the STM, i^. We indicated already a way to determine this resonance
frequency in Eq. 3.11.

3.5

The STM design

From the discussion in the previous paragraph it follows that it is advanta
geous to have a high resonance frequency v-i of the STM unit itself. A resonance
frequency of about 10 kHz would in principle make the vibration isolation superflu
ous. However since an STM necessarily contains movable parts, e.g. the tip and the
sample approach, the design will be a compromise between displacement capability
and stiffness. In this section we will discuss this compromise.

3.5.1

Design criteria

To model the most important parts of an STM consider a rectangular rod of
length / and width h and a tube of length / and diameter 2Л. The lowest resonance
frequency of the rod and the tube are related to their dimension and to some material
constant. Quite generally one can write:
^„~c£,

andC~ Д

(3.12)

The STM design

39

material
stainless steel
aluminum
titanium
copper

E xlO 11
19
7
11
11

Ρ
7.9
2.7
4.5
8.4

С
4.97
5.09
5.08
3.62

Table 3.1 Values of the elastic modulus E in dyne/cm2, the density ρ in
gr/cm3 and С = <JE/p in kHz m for several materials.

with E the elastic modulus and ρ the density of the material. From this equation
one can deduce the following design considerations:
О Small is beautiful
From the dependence of ν on h/l2 one sees that an overall decrease in size by say
a factor of two results in a gain in resonance frequency by the same factor of two.
The mechanical parts of an STM can in principle be made arbitrarily small. This
is not true, however, for the piezoelectric ceramic elements that are used for the
movement of the tip, since a certain minimum displacement is needed. This results
in a trade-off between the requirements of the desired displacement and the obtained
stability.
О Cubic is the best
The factor h/l2 optimizes when h = l\ if h > I h and I interchange in Eq. 3.12.
Thus a cubic shape is preferable.
О High stiffness
The factor С is optimized when the elastic modulus E is high and the density ρ is
low. The values of these parameters are shown in Table 3.1 for several materials.
From this table one sees that the first three materials are best suited for STM ap
plication. The values of С for these three materials do not differ that much. The
total weight of the STM can of course be lowered by using e.g. aluminum instead
of steel. Titanium can be used when a non-magnetic material is needed. The use of
copper can clearly not be recommended.
Another part of the STM that often causes vibration problems is the sam
ple stage. This sample stage has to be movable in a subtle way in order to bring
the sample into tunnel distance from the tip. In some cases the piezo tube and
tip are movable instead of the sample but basically this causes similar problems.
Once a tunnel current is achieved the relative sample-tip position has to be very
stable. Several solutions for the problem of controlled approach are used: all kinds
of piezo-walkers, like the louse described in Chapter 1, inertia driven systems [4]
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Tube

Figure 3.6
anSTM

Tip

Sample

Schematic view of the U-like connection from tip to sample in

or mechanical constructions using differential screws or lever constructions. In all
these cases the stability is essentially determined by the connection from the tip,
via the scan unit to the sample. To achieve a high stability this U-like connection
(Fig. 3.6) should be as short and rigid as possible.
A last consideration is the placement of an STM in some other system, such
as a UHV system or a cryostat. For larger systems, like a UHV system, it is useful
to think of the 'center of gravity plane' defined as the horizontal plane containing
the center of gravity of the system. If a vibration isolation is used it should support
the system close to this center of gravity plane. The STM should then be placed
also in this plane or the springs suspending the STM should be attached close to
this plane.
3.5.2

Actual designs

Next we compare the design criteria with two actual STM designs: the UHV
STM described in the previous Chapter and an air STM called the 'pencil'. This last
STM is based upon a design from Okayama [5] and is schematically shown in Fig.
3.7. The STM is build out of a pencil shaped piece of stainless steel. The scanning
element is a piezo tube similar to the UHV design. The tip-sample approach is in
this case realized by pushing the piezo tube towards the sample with a differential
screw plus a piezo multilayer. The tube is therefore mounted on a cylinder, flattened
on two sides, that glides through a shaft, basically supported on two lines, and is
clamped by a spring lever. The sample is mounted in the sample holder which is
rigidly connected to the pencil by four screws. The sample can be moved in two
directions perpendicular to the tip.
In both cases the design is kept small. The size is in the first instance governed by the size of the piezo tube and, less importantly, by the allowed size of the
samples. An additional constraint for both designs is the approach mechanism. The
differential screw plus piezo multilayer gives the pencil its elongated shape and the
dimensions of the louse plus its space requirements determine the size of the UHV
design.
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Spring lever

Piezo multilayer

Differential screw

Figure 3.7 Schematic view of the pencil STM. The differential screw and
the piezo multilayer push the tube housing towards the sample. The tube
housing is mounted on a cylinder that glides through a shaft. The cylinder
is clamped by a spring lever and is flattened so that it rests on two lines in
the shaft. The sample can be moved in x- and y-direction by adjusting four
screws (of which only two are shown.
The UHV design has a rather cubic shape. Two dimension are dictated by
the space requirement of the louse and the third dimension is chosen in the same
order of magnitude to achieve a cubic form. The STM is thus quite heavy and this
puts some demands on the supporting constructions. The pencil STM has a more
rectangular shape, which results from a compromise to convenience of handling and
machining.
To realize a high stiffness both designs are made of stainless steel and fabricated, as far as possible, out of one piece.
The problem of rigidity versus moveability of the tip is solved in the pencil
design by using a cylinder that is firmly clamped over a larger area in a shaft, thus
resulting in a short and rigid tip-sample t/-connection. In the UHV design the sample is placed on a small block that is pushed by the louse. No special clamping, other
than gravity, is applied in this case. The tip-sample {/-connection thus created is
short and rigid, except for the last part from STM block to the sample. This is
probably the weakest part of this design.

3.6

Quantitative analyses using the simple model

For the two STM's already mentioned in the previous section, the pencil and
the UHV STM, we measured and analyzed the response to external vibrations. The
analyses were done using the simple model presented in section 3.4 and the validity
of this model could be demonstrated. The response we measured is basically the
response R2 as defined in Eq. 3.3. The measurements were done using the UHV-
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Figure 3.8 The set-up used to analyze the vibrations. The vibrations were
measured on top of the preparation chamber, position 1. The STM's were
placed either upon the main chamber, position 2, or in the main chamber,
position 3.

chamber described in the previous chapter. This chamber was isolated from external
vibrations using air dampers. Fig. 3.8 shows the set-up. The vibrations of the
system were measured on top of the preparation chamber, position 1 in the figure,
using an accelerometer (BiiK [2]). The STM's were placed either upon the main
chamber, position 2 in Fig. 3.8, or in the main chamber, position 3 in the Fig. 3.8.
This last position is the actual placement of the UHV STM. Earlier measurements
showed that the vibration spectra for on top of the preparation chamber and on top
of the main chamber are comparable, and that the vibrations in the main chamber
are slightly smaller in amplitude. For the measurements the STM's were tunneling
on samples of graphite (HOPG) or gold. We analyzed the feedback signal which
is the voltage signal that controls the tip movement in z-direction in order to keep
the tunnel current constant. Both the signal of the accelerometer and the feedback
signal of the STM were Fourier analyzed using a 2-channel Fast Fourier Transformer
(B&K [2]). A typical result for such a measurement is shown in Fig. 3.9. From this
result one sees that certain peaks in the vibration spectrum cause corresponding
peaks in the feedback spectrum. That the peaks in the two spectra at the same fre
quency are indeed related can be seen from the measured coherence spectrum, also
shown in Fig. 3.9. From the amplitude of the peak in the acceleration spectrum one
can deduce the amplitude of the corresponding displacement, assuming harmonic
vibrations. The voltage amplitude in the feedback spectrum can be related to a
displacement of the tip relative to the sample. These two displacement amplitudes
are basically хы,,е and xiv — хьа,е as defined earlier and we thus can determine the
response R2 for several frequencies. The reader might notice here that the feedback
signal measures the tip-sample displacement xtip — x,ampie rather than xt,p — x ^ e
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Figure 3.9 Typical result of the vibration measurements described in the
text. Shown are the Fourier spectrum of the feedback signal in mV (a), the
horizontal vibrations in μπι/s2 on the preparation chamber (b) and the coher
ence between these two (c).
and that the relation between x,amvic and хь,к is more complex than assumed in
the model. For the following analyses we assume хватріе to be equal to it«« and we
shall discus this assumption later. In order to analyze the data as described above
we need some distinct vibration peaks and for this reason the vibration isolation of
the UHV system was not carefully optimized in contrast to what is usual for STM
measurements.
r
From the value of Яг f° a certain frequency one can determine the lowest
resonance frequency of the STM using Eq. 3.11. Since we determined the value of
i?2 for several different frequencies we can explicitly check the simple model. Ac
cording to this model Ri should reveal a high-pass filter behaviour as a function of
frequency: for frequencies of interest here the response should decrease by a factor
of 100 per decade with decreasing frequency. In Fig. 3.10 we plotted the values of
R2 as a function of frequency for three cases: the pencil STM on the UHV chamber
(position 2), the UHV STM in the same place and the UHV STM in the UHV cham
ber (position 3). All three curves show a similar behaviour following the decrease
by a factor 100 per decade. From these curves the resonance frequencies can be
determined giving 4 kHz for the pencil STM and 1 kHz for the UHV STM. The
results for the UHV STM differ slightly for the two different positions: for position
2 inside the UHV chamber the resonance frequency was found to be slightly higher
(1.2 kHz) while the slope was somewhat less than a factor 100.
From these measurements we see that the simple model can describe actual
STM's. The high-pass filter behaviour is demonstrated and a meaningful value for
the resonance frequency can be determined. In this way we have a possibility of
comparing STM designs quite directly. Thus we may conclude that, although the
model is clearly an oversimplification, it still provides a meaningful and useful de
scription of an STM.
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The coupling between the STM sample stage and the UHV system can in the
same way be modeled by a spring stage. The assumption, mentioned above, of tak
ing limpie equal to χ^„ in fact neglects this additional spring stage. Our results
show that this neglect does not disturb the validity of the model. However, one
should realize that the resonance frequency we obtained is a kind of effective reso
nance frequency including all neglected spring stages. Still, this resonance frequency
is a meaningful number, since it describes the STM in its working environment.
The difference in resonance frequency between the pencil and the UHV STM
is mainly caused by the difference in sample mounting and, connected to this, the
difference in tip-sample [/-connection. In the pencil STM this connection is clearly
more rigid than in the UHV design.
An interesting result showing a deviation of the simple model is shown in Fig.
3.11 Again the value of Яг is plotted against the frequency. This response was
measured for a UHV STM design with a modified sample stage. In this design the
sample was mounted on a stainless steel block that was supported by three hard
steel balls. The block could be pushed forward, rolling over the balls, by a differ-
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Figure 3.10 Response function R2 for three cases, the pencil STM on the
UHV chamber (position 2), the UHV STM in the same place and the UHV
STM in the UHV chamber (position 3).
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ential screw. The slope of the curve in Fig. 3.11 is higher than expected namely a
factor of 200 per decade. The reason is probably that in this case the sample stage
acts as an additional spring stage, either by the stiff spring action of the balls or by
an glide movement of the block.

τ
10

Figure 3.11
stage.

г
100
Frequency (Hz)

Response function for the UHV STM with a modified sample
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3.7

Conclusion

In this chapter we have discussed the problems arising from vibrations in STM operation and some solutions to these problems. The commonly used vibration isolation
systems have been discussed. The main sources of vibrations, the laboratory building vibrations, have been described in detail for the Nijmegen laboratory. A simple
model used to describe the STM and vibration isolation system is explained and
compared with quantitative vibration measurement. The validity of the model is
demonstrated, but also the constraints on the use of the model are discussed. Some
design criteria for STM are given and compared with two actual STM designs.
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4.1

Introduction

Transition metals, like Ni, are widely used in catalytic reactions. A detailed
knowledge of the surface properties (including the electronic properties) of transition
metals is important for an understanding of catalytic behaviour. Especially the
interaction of adsorbates with the surface is of interest. Steps on the surface have
a large influence on the surface properties and on the interaction with adsorbates.
Vicinal surfaces, or stepped surfaces, form an intermediate between the flat low
Miller index surfaces and rough surfaces, that are used in practice. In this chapter
we present our results of an STM study on a stepped Ni surface: Ni(7 9 11). We
tried to exploit the ability of STM to probe the sample locally to gain additional
information to other non local surface science techniques, which have been more and
more applied to stepped surfaces in the last years. For the data presented below we
scanned 1 μτπ? on the surface of our Ni sample.

4.2

Sample preparation and experimental details

The Ni(7 9 11) sample was a 5N pure Ni single crystal which was cut at an
inclination of 10° from the (111) face in the [1Ï0] direction. Afterwards the sample
was polished and etched. The orientation was checked by von Laue diffraction.
In UHV the sample was cleaned by repeated sputtering and annealing. Hereby
we followed two distinct recipes:
A Repeated cycles of sputtering with 0.5-1 keV Ar-ions for 30 minutes and annealing
at 600-800° С for 30 minutes.
В Repeated cycles of sputtering with 1 keV Ar-ions for 15 minutes and flash heating
to 800° C, ending with a last anneal at temperatures between 600 and 650" С
for 10 minutes.
The cleanness of the sample was checked by Auger electron spectroscopy
(AES), using a 2 keV incident beam and measuring the Auger electron emission
from 10 to 1000 eV. The surface structure was monitored by low energy electron
diffraction (LEED).
High purity gases, H2 and CO, could be introduced in the UHV chamber via
a leak valve. This could be done while tunneling, without retracting the sample.
The only precaution taken was to draw back the tip with the piezo tube. Atomic
hydrogen was produced by interaction of the H 2 gas with the hot tungsten filament
of the sputter-gun. The acceleration voltage of the gun was kept low, 10V, in or
der to exclude sputter damage to the sample surface. The exposure rate of atomic
hydrogen with this method is not exactly known, since it depends on the efficiency
of the cracking of the hydrogen gas and the probability of the atomic hydrogen to
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reach the surface. The adsorption of molecular H2 can not be excluded. In this case
the sample had to be positioned in front of the sputter-gun and hence we were not
able to scan the same sample area before and after atomic hydrogen adsorption.
For the STM measurements both etched tungsten and commercial [l] platinumiridium tips were used. No differences between these tips have been observed.

4.3

AES and LEED results

Two typical AES spectra are shown in Fig. 4.1. The upper curve is a spectrum
of the sample cleaned following recipe A, the lower curve results from recipe B.
Clearly recipe A leaves some contamination of S, CI and С on the surface. Recipe В
results in a clean surface, apart from some С contamination. We shall refer to this
result as the clean sample. The origin of the С contamination in both cases is most
probably the tungsten filament of the heater or the filament of the AES electron gun.
The S and CI contamination in case A result from diffusing of bulk contaminants
to the surface during the, relatively long, heating. To estimate the contamination
concentration on the surface we compared the peak-to-peak Auger amplitudes of the
contaminants with the peak-to-peak Auger amplitude of the Nickel. The amplitudes

AES intensity
(arb. units)

500

electron
energy

1000

Figure 4.1 Typical AES spectra obtained from the Ni (7 9 11) sample after
cleaning the sample following recipe A (upper curve) and following recipe В
(lower curve).
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element

re<:ipe
A
B

Ni
S
Cl
C

1

1

38
36
4

540
337

0

42

>340

22

Table 4.1 Relative Auger intensity amplitudes for different eiements as deduced from the spectra A and B shown in Fig. 4.1.

were corrected for the relative Auger sensitivity [2]. T he values are listed in the
Table 4.1.
T he cleaning o f a sample by alternate sputtering and annealing consists of
two com peting effects. T he sputtering removes the contam ination from the surface
but also damages the surface (sputter dam age). T h e annealing restores the sputter
damage but also allows bulk contaminants to segregate to the surface. Since in recipe
A relatively long anneal times are used, a considerable amount o f contaminants
diffuses to the surface. However the short flash heating used in recipe B does not
restore the surface structure completely, at least not the stepped structure, as judged
by LEED. T his is the reason we ended recipe B with a longer anneal at lower
tem perature, resulting in a better LEED pattern. T he repeated cycles o f flash
heating and sputtering obviously cleans up the surface region o f contam inants and
as a result the last longer anneal does not contam inate the surface severely.
T he LEE D patterns obtained gave basically similar results for b oth recipes.
T h e patterns show the fcc (111) pattern ( 6 -fold sym m etry) and additional spot
splitting due to the regular step structure on the surface. T he splitting was sharper
when the sample was at a high tem perature for a longer time, indicating more
ordering o f the steps. A s already m entioned this also resulted in poorer Auger
spectra.
W e analyzed the LEED pattern, obtained on the sample cleaned with recipe A,
somewhat m ore extensively. W e m onitored the alternate appearance o f single and
double spots as a function o f electron energy for b o th the ( 1 1 ) and ( 1 1 ) reflection.
T h e single spot corresponds to an in-phase-scattering o f all surface atom s, while
the split spot corresponds to antiphase-scattering o f adjacent terraces. W ithin a
simple kinem atical m odel [3 ] one can deduce a form ula describing the in- and outphase condition as follows. If a and b are the surface lattice unit vectors, c an
arbitrary vector norm al to the surface and a*, 6* and c* the corresponding vectors
in reciprocal space, than for the reflection (h k ), observed in the direction k , one can
write:
k = k 0 + ha* + kb* + Lc*,

(4-1)

where ko is the wave vector o f the incom ing beam. N ote that L is unam biguously
determined b y the elastic scattering condition |fc| = |feo|- T w o terraces separated by
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a step o f height d can be connected by a vector g from an atom in the upper terrace
to an atom in the lower terrace:
g = x a + y b + dc.

( 4 .2 )

T h e in- and out-phase condition can than be written as:
g ■(h a * + kb* + L c*) = S tt,

(4.3)

where an integer value for S corresponds to the in-phase condition and a half integer
value to the out-phase condition. If we express the incom ing beam energy in terms
o f the voltage V o f the electron gun using:

( 4 '4 )

Assum ing normal incidence (k Q || c ) we can evaluate an expression for the characteristic voltages Vhk'
Vhk -

150 , „
d2 {

,,
, >
{ha* + k b *)2d2
( x + k y ) + 4 7 r2 (5 _ ^
+ ^

l2

} ,

(4.5)

w ith d the step height in A, Vhk the characteristic voltage for the reflection {hk)\
with integer and half integer values o f S for single and split spots respectively. For
an fcc ( 1 1 1 ) face, assuming single steps with height d = |a\/3 (a is the lattice
constant) and choosing a* and b* with an angle o f 60° we find*:

iSO,.,,
hk ~ Ad? {

/lt

,IX

&{h2 + k2 + hk) \ 2

( ï / l + sfc) + 9 ( 5 - ( | / i + | f c ) ) } ■

(

)

For an fcc ( 1 1 1 ) face assuming double step o f height d = |a-\/3 we find*:

= ^ { s - ( i h+ §*o+

(4'7)

T h e measured characteristic voltages are listed in Table 4.2 together with the calculated values o f S using both the single and double step formula. It is clear from
this com parison that the double step m odel provides a better fit o f the data. From
this we conclude that the cleaning recipe A results in a regular stepped surface with
an average step height o f two layers (2d = | </a = 4 A ).
From the magnitude o f the splitting one can deduce the average terrace length
[4]. W e cou ld not determine this m agnitude very accurately, but our results indicate
an average terrace length o f 15-25 A. T he existence o f som e intensity between the
split spots indicate that terrace lengths up to 100 A exist.
‘ The single step formula derived in Ref. [3] contains two numerical errors.
^This double step formula is not derived in Ref. [3].
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V
103
119
120
129
152
186

(11) spot
spot Si
00
0
00
0
00
0

s2

6.5
7.0
7.5
4.0 8.0
8.5
9.0

V

(11) spot
spot Si

s2

119

oo

3.5 6.5

129
152
186

oo

7.5
4.0 8.0
4.5 8.5

0
00

Table 4.2 Values of voltages for single (o) and equally bright double spots
(o o) together with the calculated value of S using the single step (Si) and the
double step (S2) formula. A - indicates that no meaningful value for S could
be deduced.

Figure 4.2 STM image (200 χ 200 Â2) showing the (dis)appearing of steps.
The z-marker is 2 A.

4.4

STM results

We shall discuss the STM results in five parts. First the results on the sample
cleaned following recipe A, than the results of recipe B, followed by the results of
the H2 and atomic hydrogen adsorption and the CO adsorption and finally some
general results on the shape of the surface steps in the STM images.
Some general observation we mention here: all STM measurements show step
structures in one direction. This direction is in agreement with the LEED spot
splitting direction. Steps in another direction were only once observed. Disordered
regions (e.g. hilly structures) were only occasionally found. Areas with higher steps
showed quit frequently the (dis)appearance of steps. An example is shown in Fig. 4.2.
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Figure 4.3 Typical larger scale (1000 χ 1000 A2) STM image measured after
cleaning the sample with recipe A. The z-marker is 10 A.

4.4.1

STM results on the S, CI and С contaminated surface

After cleaning the sample with recipe A the Auger spectrum showed some S
and CI contamination on the surface (see Fig. 4.1). The LEED result showed the
characteristic spot splitting as analyzed before. Some typical STM images are shown
in Fig. 4.3. A quite regular step structure is clearly visible in all images. This step
structure extended over large areas, in fact no large distortions could be found with
the STM, meaning that the step structure extends at least over an area of 0.25
μτη2. Some smaller distortions were found. One example is shown in Fig. 4.4, which
shows two steps running in a different direction. The angle between the step edges
is about 60°. This indicates that the step edge runs in the [0Ϊ1] direction which is
a possible step edge direction on an fee (111) face. We also note that the 'normal'
step structure continues right over the other steps and that the steps tend to cross
perpendicular to each other. This image was the only example of 'abnormal' step
direction that we found. Another example of a distortion is also shown in Fig. 4.4.
A disordered region, a hilly structure, appears in an otherwise normal stepped area.
Again we note that the step structure extends undisturbed right to the slope of the
hill.
From the images we measured we determined the step height distribution. The
result is shown in Fig. 4.5. From this histogram we see that the step height dis
tribution is peaked at the double step height 2d =4 Â. Most common is the double
step followed by the single and triple step. Higher steps, up to 20 Â, appear but
considerably less frequent. These observations are in agreement with the LEED
data analysis mentioned before.
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Figure 4.4 STM images (1000 χ 1000 Â2). Left: two steps running at an
angle of 60° with the 'normal' step direction. The z-marker is 10 Â. Right:
A hilly structure appears in the midst of a stepped region. The z-marker is
10 A.
Recipe A

Recipe В

d 2d 3d

2d 3d

2 4 6 8

2 4 6 8

" Jl„

Slepheight [A]

Figure 4.5 Normalized histograms showing the step height distribution for
the Ni sample cleaned with recipe A and recipe B, the mono-atomic (d),
double-atomic (2d) and triple-atomic (3d) step heights axe indicated.
4.4.2

STM results on the clean sample

After cleaning the sample following recipe В the Auger spectrum revealed
that the sample was almost free of S and CI contamination (see Fig. 4.1). The
STM images show the same general features as described before. The step height
distribution however is remarkable different, as can be seen from the histogram in
Fig. 4.5. The maximum of the distribution clearly shifted to the single step height.
Also no steps higher than 10 Â were found. Another difference with the results
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Figure 4.β STM image (200 χ 200 A2) showing mono-atomic steps together
with one higher step. The z-marker is 10 Â.

Figure 4.7 STM image (100 x 100 A2) of the clean surface, showing the
ideal (7 9 11) structure with mono-atomic steps. The z-marker is 2 A.
on the contaminated surface was that structures like the one in Fig. 4.6, showing
mono-atomic steps in combination with one larger step, were regularly found. On
the contaminated surface such a structure was never observed. We also found areas
exhibiting an almost ideal (7 9 11) step structure with mono-atomic steps as shown
in Fig. 4.7. From these images we find that the step edges are not always exactly
parallel, as we mentioned before this leads sometimes to the merging of two steps.
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Figure 4.8 Two STM images (200x200 Â2) measured before (left) and after
(right) H2 adsorption (65 L). The images have slightly drifted with respect to
each other. The z-marker is 10 Â.
Another feature visible in Fig. 4.7 is the structure along the step edges indicating a
meandering of the step edges.
4.4.3

STM results on the H2 and H covered surface

The H2 gas could be introduced into the UHV system while the STM was tunneling. As a precaution, to avoid a tip crash, the tip was retracted. In this way we
were able to scan the same area on the surface before and after the H2 exposure. In
Fig. 4.8 two examples of scans before and after the H2 exposure are shown. Clearly
the images have only shifted a small distance, due to drift in the STM. We observed
no effects of the H2 exposure, even at high exposure rates (up to 65 L): no changes
in step height distribution and no additional (atomic) structure.
The results with the atomic H also showed some interesting effects. As mentioned before we were not able to scan the same area before and after the atomic
hydrogen adsorption because the sample had to be placed in front of the sputter gun.
Therefore we compared the images of the sample with hydrogen to the images of the
sample cleaned following recipe A (we did not study the effect of atomic hydrogen
on the sample cleaned with recipe B). In Fig. 4.9 the histogram of the step height
distribution on the hydrogen covered surface is shown. We should note that the
statistics for this histogram are worse than for the histograms in Fig. 4.5 because a
smaller number of measurements was used. Comparing the step height histograms
for the sample (cleaned with recipe A) with (Fig. 4.5) and without (Fig. 4.9) exposure to atomic hydrogen one finds a slight decrease in the relative number of steps of
mono-, double- and triple-atomic height and an increase in the number of steps with

STM results

57

Number
of sleps
(normalized)

Atomic H

d 2d 3d

"МТіЛПпп

2 4 6 8

Stepheight [A]

Figure 4.9 Normalized histogram showing the step height distribution after
atomic hydrogen adsorption on the Ni sample cleaned with recipe A.

Figure 4.10 STM images (200 χ 200Â2) showing large steps on Η covered
surface. The z-marker is 10 Â.
a height of 10-16 Â. In the STM images larger steps as shown in Fig. 4.10 were more
frequently found on the Η coverage surface. We may tentatively conclude that the
atomic hydrogen increases the number of higher steps. After high exposure rates
the surface even roughened as shown in Fig. 4.11; the step structure nearly disap
peared. Also the spot splitting in the LEED pattern turned into an elongated spot
shape, indicating a disordered step structure. An interesting image is also shown
in Fig. 4.11 where a rough part co-exists with a stepped part. A second effect of
the atomic hydrogen is shown in Fig. 4.12.
On terraces we observed an atomic
corrugation of about 1 Â. There was no long range ordering of this corrugation.
The images were taken at -0.7 V tip voltage. We attribute this corrugation to the
adsorbed hvdroeen.
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Figure 4.11 STM images showing the roughening of the surface after
atomic hydrogen adsorption. Left: the step structure has nearly disappeared
(450 χ 450 Â2), the z-marker is 5 Â. Right: co-existence of a roughened and
stepped part (1000 χ 1000 Â2), the z-marker is 10 Â.

Figure 4.12 STM image (50 χ 50 Â2) showing a terrace on the Ni surface
with an atomic corrugation (1 Â ) after atomic hydrogen adsorption. The
z-marker is 2 Â.
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Figure 4.13 STM image (100 χ 100Â2) measured after CO exposure (3 L),
left, and right a smaller image (10 χ 10Â2) clearly showing the additional noise
after CO adsorption. The z-marker is 2 Â.

4.4.4

STM results on the CO covered surface

After CO adsorption on the clean surface we found, qualitatively, no changes
in the step structure. Also no atomic corrugation could be detected, at low exposure
rates. At higher exposure rates, about 3 L, the STM images showed additional noise.
In Fig. 4.13 we compare two images measured before and after CO exposure. The
additional noise is clearly visible. The noise peaks are approximately 0.5 Â high and
quite insensitive to the tip voltage in the range of 0 to -300 mV.

4.4.5

The step shape in STM images

Some typical step shapes we found in our STM images are shown in Fig. 4.14.
We can observe here two things. Firstly the steps edges are broadened in the images
and secondly the step edge profile often shows a protrusion. The broadening of the
step edges is typically 10-30 Â , for mono- and double atomic steps. The step edge
profile shows a protrusion at the edge of the upper terrace and a dent in the lower
terrace. The protrusions on the step edge profiles are found both on the clean and on
the contaminated surface. These protrusions were sometimes absent in the images
taken both on the clean and the contaminated surface.

60

Chapter 4 •' N i(7 9 11)

F ig u re 4 .1 4 Step profiles of mono-atomic steps with (a) and without (b)
protrusion, both measured on the clean Ni with tip voltage V = -500mV.

4.5

Discussion

4.5.1

The step structure of N i(7 9 11).

High Miller index surfaces, like the N i(7 9 11 ) we studied, often are characterized by a stable atom ic structure consisting of periodic steps o f m ono-atom ic
height and terraces o f several atom s wide. T he steps and terraces generally have
low Miller index orientations. Despite their higher surface free energy high Miller
index surfaces have been shown to be stable in the m on o-atom ic step configuration
at tem peratures below the surface roughening or melting tem perature [5 ].
T he expected structure for the N i(7 9 1 1 ) is: [ 5 ( l l l ) x ( l Ï 0 ) ] , meaning a ( 1 1 1 )
terrace 5 atom s wide followed by a m ono-atom ic step in the (110) direction. This
would, o f course, be a very ideal structure, showing on ly m on o-atom ic steps and
terraces o f the constant width. In practice one can expect deviations like double
atom ic (or higher) steps and larger terraces. Little is known about the actual step
distribution on stepped surfaces. One o f the reasons for this is that stepped sur
faces have been studied especially with LEED. Since a LEE D pattern basically is
a Fourier transform o f the surface structure (strictly we should say: the first or
der diffraction intensity from a scattering system (the surface) involves finding the
Fourier transform o f the autocorrelation function for the structure o f the system)
the pattern emphasizes the periodic aspects o f the surface structure. Calculations
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F ig u re 4 .1 5 Calculated LEED intensities, from [6], showing the alternating
single and double spot appearing at different energies (a) for the step height
distribution shown in (b), with d the mono-atomic height.

[6 ] show that a rather broad distribution in terrace width (and hence in step height)
reveal a remarkably sharp spot splitting, see Fig. 4.15.
This is also shown by
com paring our L E E D measurements, which showed a sharp spot splitting, with the
actual step distribution as seen by ST M , see the histogram in Fig. 4.5 (this comparison was m ade for the contaminated surface). Our analysis o f the LEED data gave
a step structure with double atom ic steps. T he S T M results show a distribution o f
step heights w ith a maximum at the dou ble atom ic step height: 34 % o f the steps is
d ou ble atom ic and 37 % o f the steps is m ono- or triple-atom ic. This compares quite
well w ith the calculations [6 ] m entioned before.
A distribution around the m on o-atom ic step was also found on the clean sur
face. It is an open question what governs this distribution. In our case the remaining
contam ination, which is merely C, might play a role. As we will discuss in the next
section adsorbate can influence the step structure. T h e C surface concentration was
abou t 4 % . T his implies, when we assume that th e carbon is adsorbed at the steps,
that there is one C atom on 4 Ni atom s at the step edge. Since roughly half of
the steps are o f m on o-atom ic height we might even assume one C on 2 Ni atoms,
assuming th e C to be adsorbed at the higher steps. T his seems a reasonable number
if we want to explain the step height distribution b y the remaining C contamination.
T o prove this we would have to measure a clear dependence o f the step height, or
the ratio o f the num ber o f m on o-atom ic and dou ble atom ic steps, on the surface
C concentration. A lso other effects can play a role: the heating and cooling rates
m ight influence the resulting step height distribution; the mass transport on the
surface can be a lim iting factor in creating an ideal step structure.
O n th e clean surface we found beside the occurrence o f double atom ic steps
also other deviations from the ideal structure. T his can be seen from the images
presented in Fig. 4.7: the step edges are not exactly parallel and the edges meander.
In the ideal step structure the step edge runs in th e [112] direction and shows a
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Figure 4.16 Ball model of steps on ал fee (111) face showing a mono atomic
and a double atomic step. The step edges run in the (112) direction. Note the
small (100) facets at the double step.
meandering on an atomic scale, as can be seen from the model in Fig. 4.16. The
meandering we observed has a larger periodicity along the step edge, typically 10
to 20 Â. Since we observed the step edges not to be exactly parallel, deviations
from the [112] edge direction occur and this can cause the larger periodicity in the
meandering of the edges.
4.5.2

The influence of adsorbates on the step structure

Our experiments have shown that the different cleaning recipes gave different
results for both the Auger spectroscopy and the step height distribution. Since the
last heat treatment in both recipes were at comparable temperatures we think the
differences in step height distribution can not be attributed to this heat treatment.
We propose that our measurements indicate that adsorbates on stepped surfaces
have an influence on the step structure. Other studies have shown that the stability of high Miller index surfaces in the mono-atomic step configuration is disturbed
by adsorbates: the surface reconstructs e.g. forms double atomic or higher steps
up to faceting. We mention here the work of Blakely and Somorjai [7] on vicinal
Platinum surfaces with С and О adsorption and the work of Comsa et al. [8] on
the О induced (step)reconstruction of the vicinal Pt(997) surface. Blakely and So
morjai showed that, interestingly, the effect of С or О adsorption are generally very
different. Note here that С is a donor impurity while О is an acceptor impurity.
Further they showed that the structural rearrangements occur at high temperatures
and at nearly monolayer coverages. We should keep in mind though that they used
only LEED measurements, so they were only sensitive for changes in the average
step height. Comsa et al. showed that the Pt(997) surface reconstructs from the
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mono-atomic step configuration into a double atomic step configuration (the terrace
width being twice as large) upon heating (600-900 K) in oxygen.
The origin of these kind of reconstructions is commonly assumed to be the
lowering of the surface free energy: the surface with higher steps has, in the pres
ence of adsorbates, a lower surface energy than the surface with mono-atomic steps.
However a detailed understanding of these phenomena is still lacking.
In our experiments we see a decrease in the contamination concentration on
the surface accompanied by a structural change towards the mono-atomic step con
figuration. The S, CI and О contamination decreases from a coverage of roughly 2.5
% (each) to less than 0.3 % . The С contamination decreases in coverage from 25
% to about 4 % . The adsorption of S, CI, О and С on Ni surfaces has been studied
quite extensively [9]. It has been shown that adsórbate induced reconstructions do
not differ when the species adsorb from the gas phase or diffuse from the bulk [10].
Part of the contamination in our case diffuses from the bulk. As a general result
adsórbate almost always choose the adsorption site of highest coordination. On
Ni(lll) this is a 3-fold site, whereas on our stepped Ni sample the (111) terraces
have again this 3-fold site but at the step there exists a 4-fold site. Higher steps in
fact have a small (100) facet, as can be seen in Fig. 4.16. So adsorption at the step
may be favoured above adsorption on the terraces. This might also be the reason for
the step reconstruction. A similar argument has recently be proposed by Somorjai
[11] in the context of the high reactivity in chemical bond breaking and for catalysis
of rough surfaces: strong chemisorption restructures the surface thereby creating
new sites for catalytic reactions.

4.5.3

H 2 and H adsorption on Ni(7 9 11)

The adsorption of hydrogen on Ni has been subject of many studies, both
theoretical and experimental. The picture which emerges from these studies can be
described as follows. The hydrogen molecule approaching the surface passes through
a physisorption state, crosses an activation barrier into a chemisorption (precursor)
state, followed by dissociation resulting in two chemisorbed hydrogen atoms [12].
On transition metals the d holes serve as sinks for the s electrons which results in
a reduction of the Pauli repulsion (the s electrons avoid interaction with the H2
1σ9 core) resulting in a reduction of the entrance-channel activation barrier [13].
Thus the hydrogen adsorbs on Ni dissociatively rather than as molecules. A mono
layer of hydrogen on Ni causes a (2x2) reconstruction below room temperature. At
room temperature the hydrogen overlayer is not ordered and at higher temperatures
(above 350 K) the hydrogen desorbes [14].
Molecular hydrogen adsorption has been observed on a stepped surface, Ni
[5(100)x(110)], where the hydrogen molecules were positioned at the steps. The
molecular adsorption on the steps occurred only when the dissociation channel was
blocked by a dense hydrogen monolayer [12].
An interesting study was recently performed by Namba and co-workers [15]
on the same Ni surface we studied: Ni (7 9 11). They found a striking effect in
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their LEED measurements after adsorption of atomic hydrogen, whereas no effect
was observed with molecular hydrogen! Upon atomic hydrogen adsorption the split
spots in the LEED pattern changed during the exposure via a diffuse and elongated
shape into triple-split spots and again via a diffuse shape into double-split spots
with half the splitting of the clean sample. Namba et al. explain this by a sequence
of disordering and ordering of the step structure induced by the atomic hydrogen.
The triple-split pattern is interpreted as an alternating terrace width of 3 and 7
atoms. The splitting with half spot separation indicates a step periodicity twice
that of the clean surface. The step height deduced from the LEED data was monoatomic, meaning that the macroscopic mismatch angle does not fit with the step
structure. Namba et al. assume the existence of disordered regions to account for
this discrepancy. From their EELS and UPS measurements they conclude that the
hydrogen atoms are either within the Ni surface plane or below the upper Ni layer.
Since molecular hydrogen adsorption does produce similar structural changes, the
step sites seem inactive for the dissociation of molecular hydrogen. This conclusion
does not agree with general expectations.
Let us first compare our results with the results of Namba et al. We can
not confirm the effect of the atomic hydrogen on the step structure of the clean
surface since we did not perform our hydrogen adsorption experiments on a clean
surface. However, a qualitative result from our measurements and from a compar
ison of the step height distributions in histograms in Fig. 4.5 and Fig. 4.9 is that
the atomic hydrogen stabilizes higher step structures. This effect is absent after
molecular hydrogen adsorption, in agreement with the observations of Namba et ai
Our observation of step roughening at high hydrogen exposure, again only observed
with atomic hydrogen, indicates that the hydrogen is capable of initiating struc
tural changes on the Ni surface. Since we used only small acceleration voltages in
the sputter-gun, where we created the atomic hydrogen, we think we can rule out the
possibility of sputter damage. This observed roughening might be the roughening
which Namba et al. assumed to explain their LEED pattern at high exposure. In
deed we found that roughened regions coexist with stepped regions, a nice example
of which is shown in Fig. 4.11. Only at very high exposure rates practically no step
structure was left. We were not able to follow the disorder to order sequence with
increasing exposure since we had to move the sample to the sputter-gun, to expose
it to the atomic hydrogen, and back to the STM. And further we do not know the
exact atomic hydrogen dose.
The different effects of molecular and atomic hydrogen on the stepped Ni in
dicates that the step sites are not active in cracking molecular hydrogen, a counter
intuitive conclusion. Even more complications arise if we realize that, as we stated
in the beginning of this discussion, a hydrogen molecule is adsorbed, finally, as two
hydrogen atoms. We expect this process not to be different for a (111) plane or a
(111) terrace 5-10 atoms wide. The dissociative adsorption has indeed been observed
on a N¡(510) exhibiting (100) terraces 5 atoms wide [12]. Now this atomic hydrogen
(from the chemisorbed hydrogen molecule) does not produce structural changes on
the Ni surface (Namba et al. did not mention this observation). We notice here that
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in the dissociative adsorption process the chemisorbed atomic hydrogen is formed
from an already chemisorbed hydrogen molecule. So it seems essential that the hydrogen approaches the surface already as an atom! Differences in Pauli repulsion,
the filling of d-holes by s-electrons and presence of an antibonding state thus have
a large influence on the adsorbates capability to restructure the surface. In this
context we may also see the inactivity of the steps, also at the steps the dissociation
might take place within a chemisorbed state.
The corrugation shown in Fig. 4.12 was observed on the Ni sample only after
adsorption of atomic hydrogen. Therefore we think this corrugation is connected
with the atomic hydrogen. Van de Walle et al. [16] have also reported a corrugation
on a Ni terrace. In this case the sample was exposed to residual content of the UHV
system for 36 hours. The corrugation was ascribed to the hydrogen (atomic) adsorbates and their influence on the local density of states of the Ni surface. In our case
we found no ordering, consistent with the general accepted idea that an hydrogen
overlayer orders (into a p(2x2)) only at temperatures below room temperature. Van
de Walle et al. argued that the ordering they observed was localized on small areas
and hence was not detectable by non-local surface probes (eg LEED). The atomic
positions we measured from the observed corrugation can be fitted on the Ni(lll)
assuming positions in the 3-fold hollow sites. The typical distances found resemble
a (4x4) reconstruction, though this ordering does not persist. The diameter of the
protrusions is, on average, 4 Â. This is large compared to the expected diameter of
an adsorbed hydrogen atom: £ 1.5 Â. However, the area where an adsorbed atom
has influence on the electronic properties can be larger: an adsorbed S atom on Ni
has an influence area of about 5 Â [17]. From photoemission [18] and inverse photoemission [19] experiments it is known that hydrogen adsorption on Ni(lll) induces
changes in the local density of states. No dramatic effects have been observed at 0.7
V above the Fermi level, but this does not exclude an electronic effect in the STM
topography. It should further be noted that the corrugation was not found on all
terraces. Also it seems to be in contradiction with the assumption of the subsurface
hydrogen. Another possible explanation for the observed corrugation are bumps
resulting from strain fields in the lattice caused by subsurface hydrogen bubbles.
The H atoms and especially the H + ions can penetrate to the subsurface region
and form hydrogen bubbles. A similar effect was recently reported by Michely and
Comsa [20]. They observed bumps on a P t ( l l l ) surface after sputtering with He +
ions which they ascribe to strain fields resulting from subeurface helium bubbles.
This speculative explanation certainly needs more experimental evidence, since the
behaviour of He dissolved in a metal is expected to be different from the behaviour
of hydrogen. But the idea offers a possible explanation for the different effects of
molecular and atomic hydrogen. If the atomic hydrogen can easily penetrate the
first Ni layer, either because of its small size or because of its higher kinetic energy,
whereas in contrast the molecular hydrogen adsorbs on the surface, the hydrogen
bubbles may be responsible for the structural changes observed.
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4.5.4

CO adsorption on Ni(7 9 11).

The CO sticking coefficient is almost 1 on flat Ni(lll) at low exposure rates
[21, 22]. On Ni(lll) with adsorbed CO (~ 1.5 L) a diffuse LEED pattern is observed
[23]. A stable LEED pattern is only observed at higher CO pressure or at lower
temperatures [23]. The CO is expected to adsorb in a molecular form at room
temperatures on the low index planes of Ni [24]. Thus, for our experiments at
room temperature we can expect the CO to be quit mobile on the (111) terraces.
Concerning CO adsorption on stepped Ni surfaces, a controversy appears in the
literature. Foley et al. [25] concluded from a study on CO on stepped N¡(7 9 11)
that the CO adsorbs on the step sites at lower temperatures (150 K) and that a
pronounced rearrangement of CO molecules over the terrace sites occurs at higher
temperatures. The general idea is that steps, having a dipole moment, increase the
binding energy and lower the intramolecular bond strength, by donating negative
charge into the π* orbital. This results in a lowering of the dissociation barrier and
the CO dissociates at stepped Ni surfaces at temperatures below the desorption
temperature [24]. Benndorf et al. [26] however found a CO desorption peak on
Ni(551) ([4(110)x(lll)]) at lower temperatures than on flat Ni(lll), indicating a
decrease in Ni-CO bond energy.
We do believe that our measurements show the pronounced mobility of the
CO molecules adsorbed on Ni(7 9 11). The noise peaks we observed can be caused
by CO molecules passing beneath the tip or by CO molecules jumping from sample
to tip (or vice versa). The absence of the noise peaks at lower exposure rates shows
that far fewer CO molecules move around on the terraces. This might indicate that
the CO molecules are adsorbed and trapped at the step sites. A comparative STM
study on CO on flat Ni(lll) could reveal interesting information on this issue.
4.5.5

Step shapes in STM images.

The broadening of the step edges that we observed is a tip effect. Since the tip
is not infinitely sharp, the shape of the tip will attribute to the image. The observed
broadening of the step edges therefore reflects the outermost radius of the tip. We
conclude from our images that the outermost tip radius is typically 5-15 Â and that
this radius does not dramatically change from tip to tip or from time to time.
The origin of the protrusion on the step profile and the reason we do not observe
this protrusion always on both the clean and the contaminated surface are not yet
clear. The edge atoms of a step on a metal surface show a small relaxation, with an
amplitude of less than 10 % of the inter layer distance, which is directed inwards (as
to smooth the surface) [27, 28]. This inward relaxation does not show up in the STM
images. Another well known effect of steps on metal surfaces is the dipole moment
associated with the step edges, which is oriented such that the upper edge atom has
a net positive charge and the lower terrace region has a net negative charge. This
electrostatic dipole moment causes a lowering of the workfunction of high Miller
index planes [29]. As judged from the resulting decrease in workfunction this effect
is smaller than the observed protrusions [30]. But the effect of small charges on
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Figure 4.17 Calculated contour of constant tunnel current for a step on
Ni(100) (a) and a measured step profile of a step on a clean Ni(7 9 11) (b).
the image barrier might result in protrusions of the order of 1 Â [31]. A last effect
which plays a role in explaining our observation is the marked enhancement of the
Friedel oscillations in the presence of geometrical irregularities, such as steps [32].
Doyen and Drakova [33] calculated the contours of constant tunnel current for a
step on Ni(100). Their result is shown in Fig. 4.17 together with a step profile
measured on the clean surface. We find a remarkable correspondence between the
two step profiles, indicating that the enhanced Friedel oscillation play an important
role in creating the step profile in STM images. Still we do not know why the
protrusions are not always observed. The cleanness of the sample eeems to play no
role. This is further supported by the fact that also in STM images of steps on Au
taken in air both the step profile with and without protrusion are found [34]. This
suggests that the tip or the electronic structure of the tip determines the ability
to resolve the protrusions on the step profile. However, the contamination on the
tip is expected to be quite different in air or in UHV. Additional measurement,
exploring also spectroscopy on the step edges, can provide a consistent picture for
these observations.

4.6

Conclusions and outlook

We have demonstrated the ability of STM to obtain detailed information on
the step height distribution on a stepped surface. This kind of information is not
readily available from other surface science techniques like LEED. We have shown
that surface contaminations have a clear influence on the step height distribution.
The mechanisms that govern this step height distribution on clean and contaminated
surfaces are not yet understood in detail. It is expected that changes in the surface
free energy, in the step energy and in the step-step interaction after adsorption are
important issues. Besides the variations in the step height distribution some other
deviations from the ideal step structure were found. The step edges were not straight
but tended to meander slightly on a 10-20 Â scale. Also deviations from the ideal
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step edge direction were found, causing the steps to be not exactly parallel.
We found a remarkable difference in the effect of the adsorbation of molecular
H2 and atomic H. The atomic H was found to be capable of initiating structural
changes on the surface: stabilizing higher step structures, followed by surface rough
ening at higher exposure rates. An atomic corrugation was found on some terraces
after the adsorption of atomic hydrogen. We ascribe this corrugation to the hy
drogen atoms, either as an electronic effect of the hydrogen or as a fingerprint of
subsurface hydrogen bubbles.
The adsorbation of CO resulted in characteristic noise peaks in the images.
Due to the high mobility of CO on the N i ( l l l ) terraces at room temperatures, CO
molecules frequently pass beneath the tip, thus causing the noise peaks in the im
ages.
The importance of the tip in imaging steps on surfaces was discussed. Besides
the broadening due to the tip radius we also proposed the importance of the tip in
imaging electronic effects. This was suggested by the observed protrusions on the
step profiles, where we think the enhanced Friedel oscillations play an important
role.
Some improvements on the experiments described in this chapter can reveal
more interesting results. For example a tungsten filament near the STM sample
stage, to produce atomic hydrogen near the sample, would give us a unique possi
bility to study the effects of atomic hydrogen in a more dynamic way. It would be
interesting to compare both the step structures and the adsorption effects on dif
ferent samples. A comparison between flat en stepped surfaces or between stepped
surfaces of different orientation (e.g. with close packed step edge) seems a first goal
to pursue. The atomic hydrogen adsorption experiment can be repeated on the clean
stepped surface.
The ability of adsorbates to initiate structural changes seems to be a key issue
in understanding the high reactivity of rough surfaces in chemical bond breaking
and for catalysis, the thermal activation of chemical bond breaking and the role of
co-adsorption in catalysis and triboligical changes, as has been pointed out recently
by Somorjai [11]. The experiments described in this chapter indicate that STM on
stepped surfaces is a promising tool for solving these puzzles of surface science.
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Chapter 5: Cu(410)

Introduction

A n S T M and a point contact experiment are literally separated by 10 A . W hile
in an S T M experim ent the tip floats just above the sample, in a point contact ex
perim ent a thin, sharp etched, wire is placed in gentle contact with the sample. T he
physics norm ally associated with these two experiments cover two quite different,
though related, areas: physics o f surfaces for STM and solid state physics for point
contacts. However, the two experimental techniques meet in an elegant way at the
surface, S T M probing the surface from the outside and a point contact experiment
(electron focusing) from the inside. T o see this let us first look at the principle o f
an transverse electron focusing (T E F ) experiment. In a T E F experiment two point
contacts are created on the sample with a lateral separation smaller than the elec
tron mean free path in the sample (typically 500 firn for a pure metal single crystal
at low tem perature). Electrons are injected through one o f the point contacts (the
em itter). A uniform m agnetic field bends the electron orbits into circles and, for a
suitable field, the electrons are focused on the other point contact (the collector),
where a voltage can be measured. T he injected electrons can follow a circular orbit
direct from the emitter to the collector or they reach the collector after one or more
reflections at the surface. Thus as a function of the m agnetic field voltage peaks
can be measured at the collector. E vidently the structure o f the surface influences
the reflectivity for the electrons and thus the T E F experiment can be compared
with S T M measurements on the same surface. A com parison o f T E F and STM by
Benistant et al. [1] on A g ( 1 0 0 ) and A g(110) clearly showed this.
C onducting electrons in a metal have a Fermi wavelength \F o f about 0.5 nm.
T h e w idth o f terraces on vicinal surfaces can well be chosen in the same order o f
m agnitude (the width depends on the angle between the vicinal surface and a low
index surface). As pointed out b y Hoevers et al. [2] such a vicinal surface acts as a
diffraction grating for the conduction electrons, quite analogous to the diffraction at
a grating in opties. Hoevers et al. [2] performed an interesting experiment exploring the diffraction o f conduction electrons from a stepped C u(410) surface. T hey
observed the diffraction o f conduction electrons from the stepped surface as higher
order diffraction peaks in their T E F spectra. A com parison with S T M measure
ments on the C u(410) surface was an obvious next step.
Besides our general interest in stepped surfaces, the com parison with the T E F
experiment was the direct m otive for our study on the C u(410) surface.

5.2

Sample preparation

W e used several Cu samples which were spark cut from a 5N single crystal
rod. T h e orientation was checked with von Laue diffraction. T he samples were
m echanically polished. For the T E F experiment a long electron mean free path is
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Figure 5.1 AES spectra obtained from the Cu(410) sample without any in
situ sample preparation (upper curve) and after several cycles of sputtering
and annealing(lower curve).
important, so the samples were annealed for five days at 1000°C at 10" 2 Pa O2.
Since we intended to compare our results with the TEF results we also annealed
the samples at 800°C for several days. The original recipe of the TEF experiment
created small purple crystals on our samples. Therefore we annealed the samples at
a lower temperature. Finally the samples were electrochemically etched in a solution
of phosphoric acid, ethanol and propanol.
After the samples had been transferred into the UHV system, in situ prepa
ration consisted of repeated cycles of sputtering and annealing. We used 500-1000
eV Ar ion bombardment for 10-15 minutes and annealing up to 500-600°C for 10-20
minutes.

5.3

AES and LEED results

Fig. 5.1 shows two AES spectra obtained from a Cu(410) sample.
The
upper spectrum was obtained directly after the transfer of the sample into the UHV
system, before any in situ preparations were performed. This curve thus reflects the
surface composition of the sample used in the TEF experiment. Clearly the surface
is heavily contaminated with S, CI, С and O. The LEED pattern obtained on this
unprepared surface showed a weak fcc(lOO) pattern. No splitting of the LEED
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Figure 5.2 Typical STM images (450 χ 450Â2) obtained on the unprepared
surface. The left image shows a 10 Â corrugation aligned with the expected
step edge direction. The right image shows a bubble like corrugation. The
z-marker is 10 Â.
spots, indicative of a regular step structure, could be found. The lower curve in
Fig. 5.1 shows the AES spectrum after several treatments with cycles of sputtering
and annealing. The surface is almost free of contaminations. This spectrum was
obtained after several days of cleaning (and measuring), where in the beginning the
spectra showed some traces of S and CI. Measurements were also performed on
these, slightly contaminated surfaces. The LEED pattern for these surfaces showed
the fcc(lOO) spot pattern and the spot splitting characteristic for stepped surfaces.
The orientation of the spot splitting was in agreement with the crystal orientation
as deduced from the von Laue diffraction.

5.4

STM results

First we present our STM results on a Cu(410) sample prior to the UHV preparation. Before the sample was introduced into the UHV system it was polished and
etched as described before. Besides some rough and noisy areas we basically measured two types of images on this surface. Examples of these two types are shown
in Fig. 5.2. The left image in Fig. 5.2 shows some structure with a corrugation of
about 10 À. This structure tended to be aligned with the expected step edge direction. The other typical image, shown in Fig. 5.3, shows a bubble like corrugation.
On average the bubbles are 10 Â high and have a diameter of 30-60 Â.
Next we turn to the STM results on the clean surface, after in situ prepara-
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Figure 5.3 Typical STM images (100 χ 100 Â2) of step structures obtained
on the Cu(410) surface. The steps appear chaotic and noisy. The z-marker is
5Â.
tion. We note here a striking difference with the results on a stepped Ni sample*.
Whereas on the Ni sample, after in situ preparation, all images showed a more or
less ordered step structure, the images obtained on the Cu sample revealed a variety
of (step) structures.
Some typical examples of the step structures we found on the Cu samples
are shown in Fig. 5.3. All these images have in common that they show steps of
mono-atomic or double atomic height with the step edges running in a preferential direction. This step edge direction is, within the experimental error (5-10°), in
'The STM measurements on a stepped Ni(7 9 11) sample are described in chapter 4 of this
thesis.
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Figure 5.4 STM image (1500 χ 1500 Â2) showing a large step of 10 Â and
two terraces with different orientation. The z-marker is 10 Â.

agreement with the LEED spot splitting direction. Further striking features in the
images are the chaotic appearance of the step structures and the somewhat high
noise level. We found this higher noise level to be quite typical for the Cu samples.
These kind of step structures covered areas up to 500 χ 500 Â2 typically. Larger areas showing some kind of step structure without major disturbances were not found,
again in sharp contrast with the results on the Ni sample.
In Fig. 5.4 a large area containing only one large step is shown. The step is
10 Â high. Interesting in this image is the fact that the two terraces on either side
of the step have a slightly different orientation. The angle between the two planes
as determined from the image is 4°.
Among all the steps we imaged we found a few steps that seem to emerge
from a terrace. Two examples are shown in Fig. 5.5. The first image shows a
mono-atomic step emerging from a terrace, where the step height climbs up to the
mono-atomic value in approximately 50 Â. The second image shows a step emerging
from a terrace that does not reach the mono-atomic height within the image. Both
images resemble the classical representation of a screw dislocation crossing a surface.
Another step emerging from a terrace is shown in Fig. 5.6. In this case the step
suddenly appears in the terrace at its full height. Remarkably this full height is
about 0.6 A, so only one third of the mono-atomic step height.
On the cleanest surfaces the images of the steps tended to be somewhat diffuse; the step edge appears not very sharp. Also the step edges are not straight, as
can be seen from Fig. 5.7, but they appear to meander. Two images of the same
area do not resemble, but give the impression that the step edge are moving during
the measurements. From these images we determined the width of the terraces,
visible in the image, for every second scanline. The distribution of terrace widths
thus obtained is shown in the histogram in Fig. 5.8. The distances between adjacent
rows in the step edge direction, [001], is 1.8 Â, and thus the possible widths for a
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F ig u re 5.5 STM images (100 x 100 A 2) showing steps emerging from a
terrace. The z-marker is 5 A for the image left and 2 A for the image on the
right.

F igu re 5.6 STM image (100 x 100 A 2) showing a sub-mono-atomic step
emerging from a terrace. The z-marker is 2 A. The schematic drawing shows
the step form.

terrace are 1.8, 3.6....etc. A. These values are also indicated in Fig. 5.8.
From
this histogram we can draw two conclusions. First that the average terrace width
is 1 2 .6 A , corresponding to seven rows on a terrace, instead o f the expected four
rows. Secondly, the histogram peaks at the expected values for the terrace widths,
meaning that the step edges are positioned at ‘allow ed’ lattice positions.
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Figure 5.7 Two STM images (100 χ 100 Á2) of the same area showing steps
on the clean surface, the grayplot enhances the step edges. The left image was
scanned twice as fast as the image on the right.

Step width

Figure 5.8 Histogram of the observed terrace widths on the clean Cu(410)
surface. The expected terrace width for (100) terrace are indicated.
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Discussion

T he S T M measurements on the sample w ithout any sample preparations in
U H V , form the m ost direct com parison with the T E F experiment. In this case the
sam ple preparation was the same for b oth experiments. However it was a priori
expected that this com parison could hardly be successful. T h e main reason is that
while surface contam ination does not hinder the T E F experiment, it would surely
frustrate the ST M measurements. Our results on the unprepared surface confirm
this expectation. T h e structures we observed on this surface were larger than the
expected step structure, but tended to have the correct direction (see Fig. 5.2a).
T his indicates that the steps might be buried under a rather thick contam ination
layer, that does not follow the step structure. T h e origin of the observed bubble like
structure, see Fig. 5.2b, is not clear. T h e dimensions o f these bubbles are to o small
for these structures to b e an effect o f th e polishing. T he structures might result
from the etch treatment, in which case these images grant us an interesting view on
small scale effects o f etch procedures.
W e already m entioned the striking difference between our ST M results on the
stepped Cu samples and the results on a stepped Ni sample. Ni, a transition metal,
and Cu, a noble m etal, b oth have an fcc lattice structure. T h e N i(7 9 11) sam
ple has (111) close packed terraces, whereas the C u(410) has m ore open structured
(100) terraces. In b oth cases the step edges are not along a close packed direction,
so the edges have a high kink density. W e propose here two explanations for the
observed difference, first the deviations o f the (410) orientation on the Cu sample
and secondly the high m obility o f the Cu atom s on the Cu surface. W e will discus
these explanations below .
T h e first explanation was suggested by images like the one shown in Fig, 5.4,
where two terraces are shown having a small angle w ith respect to each other. Also
our observations o f step structures with deviating terrace widths supports this suggestion. T hese deviating facets might result from th e etching procedure. A fter this
etching small etch pitches exists on the sample surface. So the surface orientation
near these pitches can deviate from the overall (410) orientation. Since S T M probes
the surface very locally, we might have im aged these deviating facets.
The second explanation is based on the notion o f the high diffusivity at room
tem perature at the Cu surface. This results in a fast m otion o f kinks in the step
edge. T his has indeed been observed recently in S T M studies. M ono atom ic steps
on A g ( l l l ) and C u(100) appear in S T M images as frizzy, that is the position o f
th e step edge differs from scan line to scan line due to the m otion o f edge atom s or
kinks which is fast com pared to the scan time for one atom ic distance [3, 4]. On a
stepped C u(117) sam ple the kinks move less rapidly due to the repulsive interaction
between th e steps. T h e kink m ovement is now on ly fast in com parison to the scan
tim e for several scan lines [4]. Thus the S T M measures an image o f the surface with
to o large an exposure time. A s a result the image look s diffuse, the step edges move
around within one im age. A lso the images do not exactly reproduce. W e think this

79

Discussion

5.5

Discussion

The STM measurements on the sample without any sample preparations in
UHV, form the most direct comparison with the TEF experiment. In this case the
sample preparation was the same for both experiments. However it was a priori
expected that this comparison could hardly be successful. The main reason is that
while surface contamination does not hinder the TEF experiment, it would surely
frustrate the STM measurements. Our results on the unprepared surface confirm
this expectation. The structures we observed on this surface were larger than the
expected step structure, but tended to have the correct direction (see Fig. 5.2a).
This indicates that the steps might be buried under a rather thick contamination
layer, that does not follow the step structure. The origin of the observed bubble like
structure, see Fig. 5.2b, is not clear. The dimensions of these bubbles are too small
for these structures to be an effect of the polishing. The structures might result
from the etch treatment, in which case these images grant us an interesting view on
small scale effects of etch procedures.
We already mentioned the striking difference between our STM results on the
stepped Cu samples and the results on a stepped Ni eample. Ni, a transition metal,
and Cu, a noble metal, both have an fee lattice structure. The Ni(7 9 11) sam
ple has (111) close packed terraces, whereas the Cu(410) has more open structured
(100) terraces. In both cases the step edges are not along a close packed direction,
so the edges have a high kink density. We propose here two explanations for the
observed difference, first the deviations of the (410) orientation on the Cu sample
and secondly the high mobility of the Cu atoms on the Cu surface. We will discus
these explanations below.
The first explanation was suggested by images like the one shown in Fig. 5.4,
where two terraces are shown having a small angle with respect to each other. Also
our observations of step structures with deviating terrace widths supports this sug
gestion. These deviating facets might result from the etching procedure. After this
etching small etch pitches exists on the sample surface. So the surface orientation
near these pitches can deviate from the overall (410) orientation. Since STM probes
the surface very locally, we might have imaged these deviating facets.
The second explanation is based on the notion of the high diffusivity at room
temperature at the Cu surface. This results in a fast motion of kinks in the step
edge. This has indeed been observed recently in STM studies. Mono atomic steps
on Ag(lll) and Cu(100) appear in STM images as fnzzy, that is the position of
the step edge differs from scan line to scan line due to the motion of edge atoms or
kinks which is fast compared to the scan time for one atomic distance [3, 4]. On a
stepped Cu(117) sample the kinks move less rapidly due to the repulsive interaction
between the steps. The kink movement is now only fast in comparison to the scan
time for several scan lines [4]. Thus the STM measures an image of the surface with
too large an exposure time. As a result the image looks diffuse, the step edges move
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is what we observed on the clean surface. The number of step edges observed in
one image reproduces and scales correctly with the size of the image. The detailed
form of the step edges however reproduces less well from image to image and the
step edges appear a little diffuse, that is the edges meander around and smear out.
The observation that the terrace widths correspond to the expected values, in fact
meaning that the step edges are positioned at 'allowed' lattice sites, indicates that
in this case the kinks are moving along the step edge. From the scan times used to
record these images we can estimate that the step edge moves one atomic distance
on a time scale of 10-50 ms. We should note here a difference between the steps we
have investigated and the steps studied in Ref. [3, 4]. The latter steps are in a close
packed direction whereas our steps are not and thus exhibit a higher kink density.
It is thus not clear whether this high kink density or the repulsive step-step inter
action determine the (relative low) speed of edge motion. As was shown by other
authors [3, 4] a more detailed analysis of the appearance of the steps in the STM
images, especially with respect to the scan time, can reveal interesting information
on dynamic processes on surfaces. The data we have collected so far provide not
enough statistics for such a detailed analysis.
Next we discuss the images we measured showing steps emerging from a ter
race. As is well known an atomic step on a surface of a single crystal can only
end where a dislocation intersects the surface (where the Burgers vector of the dis
location is not parallel to the surface)[5]. Thus the two images shown in Fig. 5.5
must be connected with dislocations in the Cu lattice. The distance over which the
mono-atomic step height is attained is quite different for both cases. The 50 Â we
found in one case is almost exactly the same as found by Samsavar et al. [6] for a
dislocation emerging on a Cu(lll) face. For a dislocation emerging on a Ag(lll)
face a value of 150 Â was found [7]. Beside the difference in materials also the exact
form of the dislocation or the existence of more than one dislocation can explain
this spread. The second dislocation we observed does not reach the mono-atomic
step height within the image. The peculiar step we imaged, see Fig. 5.6, with a
sub-mono-atomic height might also be connected with a dislocation. It is known
that a dislocation can split into, typically two, partial dislocations [5]. A partial dislocation has a Burgers vector that is not equal to a lattice vector. As a consequence
a partial dislocation intersecting with a surface can yield sub-mono-atomic steps.
These kind of steps connected with partial dislocations have indeed been observed
with STM [6, 7]. In these cases however it was observed that the sub-mono-atomic
steps were not far apart, consistent with the notion that a large separation of partial
dislocations yields a high strain in the crystal. In view of this point our observation
is peculiar since we observe only one sub-mono-atomic step. During this particular
measurement we were not able, due to the experimental conditions, to search carefully for other steps in the direct neighbourhood. The sudden appearance of the
step in one direction (see the schematic drawing in Fig. 5.6) probably indicates that
the actual dislocation structure is quite complicated.
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Conclusion and outlook

Our initial goal, the comparison of a TEF and an STM experiment on a
Cu(410) surface, turned out to be difficult to reach due to the inherent different
experimental conditions and the different physics involved. However, we can con
clude that the results of the two experiments are not in contradiction with each
other. Both the TEF and the STM results showed the existence of steps with the
expected structure for a (410) surface. The deviations from this ideal structure found
with STM were explained by local surface orientations different from the (410) ori
entation. The diffuse appearance of the ideal steps can be understood assuming a
relative rapid motion of the kinks in the step edge at room temperature. This kind
of motion has recently also been observed by other authors. Though not related to
the TEF experiment the sensitivity of STM for these motions offers interesting new
possibilities.
The images showing the appearance of mono-atomic, and even sub-monoatomic, steps on a terrace are interpreted as fingerprints of dislocations in the lattice.
Further STM studies on this kind of dislocations are promising, especially if atomic
resolution can be obtained.
To overcome the difficulties we encountered in comparing our results with the
TEF results the experimental condition can be brought closer together. An obvious
way to do this is to perform the STM measurements at lower temperatures. Also
other samples, showing less surface mobility, are a possibility, though one should
keep in mind that the TEF experiment puts strong constraints on the sample prop
erties.
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6.1

Introduction

T h e techniques used in surface science that involve either the excitation by
or detection o f electrons, can be used to study surface m agnetic properties if spin
polarized electrons are used. All these techniques have a relatively low lateral reso
lution and a probing depth o f several lattice layers Thus these techniques measure
an average m agnetisation o f the surface layer. In order to study surface magnetic
structures on an atom ic scale one would like a more local probe technique. Scanning
Tunneling M icroscopy, a local probe, has not yet extensively been used on magnetic
systems, though the potential o f STM using spin-polarized electrons has been recognized already som e tim e ago. M agnetic contrast has been found using scanning
force m icroscopy with resolutions down to 10 nm [1]. T h e com bination o f atom ic
resolution and sensitivity to magnetism (e.g. spin resolution) would create new
and interesting applications o f STM in the field o f surface magnetism and magnetic
recording. R ecently the first experiments in this exciting field have been reported.
On a stepped Cr (100) surface the alternating magnetisation direction o f consecutive
terraces was observed using a ferrom agnetic Cr 0 2 -tip [2 ] and m agnetic contrast at
an atom ic level was reported on the (100) surface o f m agnetite by W iesendanger et
al. [3].
A n ST M can basically be described as a tunnel ju n ction . It is well known that
the electron spin polarization in the electrodes o f the tunnel ju n ction influences the
tunnel current. If we define a quantization axis we can write the magnitude o f the
spin polarization vector as the normalized difFerence between the number o f spins
up ( Nj ) and the num ber o f spins down (,/VJ, in formula:
i
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were P is the polarization vector. Next we can write down a form ula for the tunnel
conductance G:

G = G0( 1 + 7 P - P ' )

(6-2)

were Gó is the norm al conductance, P and P ' are the polarizations o f the two
electrodes respectively and 7 is a factor accounting for the exchange interaction
between the electrodes ( 7 < 1, 7 = 1 for no coupling) [4], From this we see that
that the inform ation on the polarization is contained in the tunnel conductance. If
we are able to control the polarization o f one electrode we can deduce inform ation
on the polarization o f the other electrode. For an S T M this implies that if we can
control the polarization o f the tip we can gather inform ation on the polarization
o f th e sample on an atom ic scale! A m odel experim ent in this context is shown
schem atically in Fig. 6.1. T he tip in this experiment is o f a ferrom agnetic material,
so its m agnetic m om ent can be aligned with an external m agnetic field H . The
sam ple has tw o spin sub-lattices which are anti-ferrom agnetically coupled. The
m om ents o f the spins on the sub-lattices are different so the sample exhibits a net
m agnetic mom ent and this moment will b e aligned b y the external field. T he goal
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F ig u re 6.1 Schematic representation of a model experiment for spin polarized tunneling. A ferromagnetic tip scans over two anti-ferromagnetically
coupled spin lattices. The external field H aligns the magnetic moments.

o f such an experim ent is to see whether a m agnetic contrast due to the sub-lattices
shows up in the S T M measurements.
To perform such an experiment we will have to fulfill certain conditions. First
o f all we will have to meet the criteria for obtaining spin-resolution. These criteria,
already included in form ula 6 . 1 , are: a high spin polarization, reversibility o f one
polarization direction and a negligible exchange coupling ( 7 = 1). Further we need
a ferrom agnetic tip w ith which we can obtain atom ic resolution (the tip is a crucial
part o f the S T M with respect to obtaining atom ic resolution). Ferromagnetic tips
o f Fe and C r 0 2 as well as anti-ferromagnetic tips o f Cr and NiM n have been used
successfully in S T M , im aging Si surfaces with atom ic resolution [5]. T he sample
should be o f a material having anti-ferromagnetically coupled spin sub-lattices and
a net m agnetic m om ent, or in other words it should be a ferrimagnet. In general
ferrim agnetic materials are p oor conductors. M agnetite however is a ferrimagnetic
material w ith a relative g o o d conductance. M agnetite fulfills also the condition
o f a high spin polarization since it is half-metallic. In a half-m etallic [6 ] material
the m inority-spin electrons are metallic, whereas the m ajority-spin electrons are
sem iconducting (w here the role o f the m ajority- and m inority-spins can, o f course,
be interchanged). This ensures a high (100 % ) spin polarization at the Fermi level.
M agnetite is therefore a g ood candidate for looking at spin polarization effects
in S T M . T h e surface o f magnetite crystals has attracted not much attention in
surface science due to the general expected difficulties in preparing clean surfaces.
M ost o f the previous studies essentially involve bulk properties. Since a precise
knowledge o f the surface properties o f magnetite is, in our view, a necessity if any
conclusive results on spin polarized experiments are to be gathered, we started
out investigating the (110) surface o f magnetite using AES, LEE D and STM with
nonm agnetic tips.
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6.2

Magnetite: a half-metallic ferrimagnet
The Steel will move to seek the Stone's embrace,
Or up or down, or t 'any other place
Which way soever lies the Empty Space.

Written by Lucretius Carus [7] in the 1st century B.C., the Stone he mentioned
is magnetite. Natural crystals of magnetite were the first magnets (lodestones) dis
covered by man around 1500 B.C. Since that time man has tried to understand the
magnetism of lodestones; the understanding making a slow evolution from myth and
occultism to science [8]. And though we have nowadays a fundamental understand
ing of the magnetic properties of magnetite, the metal-insulator (Verwey) transition
at low temperatures [9] and the surface structure of magnetite still puzzle scientists
today. Our interest here is the surface structure of the high temperature phase
of magnetite, that is at temperatures above the Verwey transition temperature of
119 K.
The structure of the magnetite lattice is the so called inverse spinel structure.
This structure is shown in Fig. 6.2. The О atoms form an fee lattice. Within this
lattice two types of interstitial positions occur: a tetrahedral position surrounded
by four О atoms and an octahedral position with six neighbouring О atoms. In
magnetite 8 tetrahedral sites are occupied by 8 Fe 3 + and 16 octahedral positions
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F ig u re 6.3 The structure of the two (110) planes of magnetite. Note that
in one plane both iron sites, thus both spin sublattices, occur.

are occupied by 8 Fe3+ and 8 Fe2+. T h e m agnetic moments o f the cations on the
tetrahedral sites are anti-ferromagnetically coupled to the mom ent o f the cations on
the octahedral sites, the interaction being super exchange via the oxygen ions. The
conductance in m agnetite is assumed to be through the m ixed valence octahedral
sites having m inority character conduction states.
Since we studied the (110) face o f m agnetite we show the structure o f the
two (110) planes in Fig. 6.3.
Some typical distances are indicated. However we
should b e careful since this stoichiom etry is not expected to be stable. T h e easy
cleaving plane for m agnetite is the ( 1 0 0 ) plane, but the ( 1 1 0 ) surface also has the
nice property that one o f the two ( 1 1 0 ) planes contains both the octahedral and the
tetrahedral iron sites, and thus contains two (surface) spin lattices.

6.3

Sample preparation

T h e single crystals o f magnetite were grown by prof. V . Braber [10]. From
these samples ( 1 1 0 ) faces were cut and polished. N o further sample preparation was
perform ed before the samples were introduced in to the UH V system. In situ the
samples were cleaned basically by heating. We used only a light A r sputtering, since
it has been shown that sputtering influences th e surface magnetism o f magnetite
[11]. W e used two anneal temperatures: a low tem perature around 600° C and a
high tem perature around 1000°C.
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Figure 6.4 STM image (1400 χ 1400 Â2) showing steps and terraces. The
z-marker is 10 Â.

6.4

STM and LEED results

After cleaning the sample the AES spectra showed the bulk ratio of Fe and О
and a contamination of carbon. The low temperature anneal left half a monolayer of
carbon on the surface. After the high temperature anneal the carbon contamination
diminished significantly to about 10 % . In contrast to the results of Wiesendanger
et al. we observed no traces of potassium after annealing at temperatures up to
1000 °C. We think this results from the lower trace impurity concentration in our
synthetic sample compared to natural crystals. The LEED and STM results of the
low and high temperature anneal showed a clear difference, indicating a surface
reconstruction after the high temperature anneal. We shall present these results
separately.

6.4.1

Results on the low temperature anneal

The LEED results in this case showed an fee (110) spot pattern. The STM
results showed flat terraces separated by steps, see Fig. 6.4. The step heights we
found were typically 6 or 8.5 Â and less frequently 2.5, 4 and 12 Â. On the terraces
we observed a corrugation of about 0.5 Â. In Fig. 6.5 the steps and the corrugation
on the terraces are clearly visible. Fig. 6.6 shows two examples of the corrugation
on the terraces. The size of the unit cell deduced from the images was on average
8.5 χ 10 Â2. We found this unit cell size to vary slightly, in the order of 10 %, for
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Figure 6.5 STM image (220 χ 220 Â2) showing steps ала a corrugation on
the terraces. The z-marker is 10 Â.

Figure 6.6 STM images (110 x 110 Â2) showing the corrugation on the
terraces. The z-marker is 2 Â.
6.4.2

Results on the high temperature anneal.

After the high temperature anneal the LEED showed a clear superstructure
spot pattern, as shown in Fig. 6.7. After prolonged heating this structure stabilized
and the unreconstructed (110) pattern could only be recovered by sputtering the
sample followed by a low temperature anneal. Analysis of this LEED pattern showed
that the surface structure consisted of a ID-reconstruction with rows separated by
18 Â and a periodicity of 6 Â along these rows. This row structure appeared also
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Figure 6.7

LEED pattern of the super structure.

Figure 6.8 STM image (220 χ 220 Â2) showing the row structure. The
z-marker is 10 Â.
very clear in the STM images as can be seen in Fig. 6.8. The distance between the
rows as measured from the images is 19 Â. Along the rows we found non-periodic
protrusions with typical distances ranging from 20 to 40 Â. In some images we
found also a small periodic corrugation along the rows, see Fig. 6.9. The period
was found to be 12 Â. On this surface we measured I-V tunneling spectroscopy. We
found no spatial variations in the tunneling spectroscopy. The result is showed in
Fig. 6.10. Clearly the spectra show a gap of 1.5 to 2 eV indicating that the surface
is semiconducting.
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F ig u re 6.9 STM image (110 x 110 A 2) showing the row structure and the
12 A period corrugation along the row. The z-marker is 5 A.

dl/dV
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1
Voltage (V)

F ig u re 6.10 Spectroscopy measurement on the reconstructed surface.
Shown are the I- and dl/dV-curves versus V. The gap o f 1.5-2 eV is clearly
visible.

6.5

Discussion and conclusions

T h e step heights we found are in reasonable agreement with the expected
heights for (110) oriented planes. T h e observed lateral dimensions, both for the
low and the high tem perature anneal, are difficult to match with the bulk ( 1 1 0 )
structure. For such a com pound crystal, as m agnetite, we do not expect to resolve
easily all atom s within the unit cell but th e lattice periodicity should be evident.
T he observed periodicity of 8.5 x 10 A 2 differs from the ( 1 1 0 ) lattice periodicity o f

92

Chapter 6: Magnetite

8.5 χ 12 Â2. In Fig. 6.6 we compare two images showing the lattice corrugation.
Two differences are evident: the lattice periodicity and the shape of the unit cell.
The latter can be caused by differences in the shape of the tip. This effect is well
known in imaging graphite [12]. The variations in the size of the experimentally
found unit cell are not yet understood. We might see differences in imaging the
two distinct (110) planes. But also a small drift of the STM can have played a
role. Still, our measurements suggest a change in the stoichiometry of the surface.
The Auger result of a bulk ratio of Fe and О need not to be in contradiction with
this conclusion since the Auger experiments probes several layers into the bulk. Of
course the carbon contamination (half a monolayer) can play an important role in
the stoichiometry change. More measurements are needed in order to deduce a co
herent picture for our results.
The relation between the reconstructed row structure and the bulk (110) planes
is also not clear. The agreement between the LEED and STM data is good. The
inter-row distance of 19 Â agrees within the experimental error with the 18 Â as
deduced from the LEED result. The STM seems not to resolve the 6 À period but
sees the double 12 Â period. By a further reduction of the noise level this 6 À period
might be observed with STM. Our measurements indicate that the high temperature
anneal reconstructed surface is stable. We expect the lower carbon contamination
to be less important in this case. Our spectroscopy data clearly show a gap from
which we conclude that the reconstructed surface is semiconducting.
It is worthwhile to mention here the work of Wiesendanger, Shvets and coworkers who recently studied the (100) surface of magnetite [3]. They cleaned the
surface in situ by annealing (700° C), resulting in a clean surface, almost free of
carbon (< 2 %). The (100) surface shows two (100) planes, one containing only the
tetrahedral Fe sites and one containing, besides the О sites, both the tetrahedral
and octahedral Fe sites. Both planes were observed by STM but the latter, though
less frequently observed, gave the more interesting results. The STM images of this
plane show rows separated by 6 Â. Arguing that the tunneling will be preferentially
via the Fe 3d states these rows were ascribed to the Fe rows. The noise level in the
tunnel current increased dramatically for tunnel voltages below 1 V, which was explained by the decrease in density of unoccupied states at low voltages as is observed
in inverse photoemission experiments [13]. Using a W tip no corrugation along the
rows was found, in contrast to the results with a Fe tip, where a corrugation with
a periodicity of 12 Â along the rows was observed. This periodicity was found
only on a local scale. Wiesendanger et al. describe this corrugation to a periodic
arrangement of the Fe 2+ and Fe 3+ ions. This arrangement is proposed in a model
for the low temperature phase of magnetite. Thus their interpretation assumes an
increased Verwey transition temperature at the surface or, at least, an intermediate
state with medium-range order at room temperature. The origin of the corrugation
is proposed to be the spin polarized tunneling between the ferromagnetic Fe tip and
the different spin configurations for the Fe 2+ and Fe 3+ ions, which means that they
observed a magnetic contrast at an atomic level.
Since we measured on a different surface of magnetite we can not straightfor-
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wardly com pare our results (on the ( 1 1 0 ) surface) with the results o f W iessndanger
et al. (on the (100) surface). However som e remarks can be made. First o f all there
is agreement on the cleaning recipe for m agnetite surfaces. Annealing in U H V at
higher tem peratures results in clean, that is (m ore or less) carbon free, surfaces. At
high tem peratures potassium diffuses from the bulk in the natural crystals, whereas
synthetic crystals can be annealed at tem peratures up to 1000°C. Clear LEED patterns can b e observed on these surfaces. L attice resolved images can be obtained
with S T M , atom ic resolution has not yet been achieved. T h e (100) surface seems
to retain the bulk structure whereas the (110) surface reconstructs. This can be
related to the som ew hat m ore com p lex structure o f the (110) surface. In both cases
a stable tunnel current is only realized at higher tip voltages. W e clearly found a
gap in the I-V curves on the (110) surface. W iesendanger et al. refer to the low
density o f 3d states at lower voltages. Here we should note that our spectroscopy
measurement is m ore surface sensitive than the inverse photoem ission experiment
[13] that W iesendanger et al. refer to. T h e details o f the surface electronic structure
o f m agnetite remain unknown.
Our measurements were perform ed with non-m agnetic tips only, so we cannot
confirm the m agnetic contrast found by W iesendanger et al.
In conclusion we have found that th e (110) surface o f m agnetite undergoes a
reconstruction after a high tem perature anneal. B oth ST M and LEE D indicate a
1-D superstructure. T h e relation o f this reconstruction with the bulk lattice is not
clear. T his stable reconstructed surface is sem iconducting. Our measurements indi
cate that the observed structure is not th e (high tem perature phase) o f magnetite.
Therefore we think that a detailed surface study should clear up the nature o f the
surface structure before any conclusions from spin-polarized measurements can be
drawn.
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synthetic crystals can be annealed at temperatures up to 1000° C. Clear LEED pat
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gap in the I-V curves on the (110) surface. Wiesendanger et al. refer to the low
density of 3d states at lower voltages. Here we should note that our spectroscopy
measurement is more surface sensitive than the inverse photoemission experiment
[13] that Wiesendanger et al. refer to. The details of the surface electronic structure
of magnetite remain unknown.
Our measurements were performed with non-magnetic tips only, so we cannot
confirm the magnetic contrast found by Wiesendanger et al.
In conclusion we have found that the (110) surface of magnetite undergoes a
reconstruction after a high temperature anneal. Both STM and LEED indicate a
1-D superstructure. The relation of this reconstruction with the bulk lattice is not
clear. This stable reconstructed surface is semiconducting. Our measurements indi
cate that the observed structure is not the (high temperature phase) of magnetite
Therefore we think that a detailed surface study should clear up the nature of the
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Summary
T h e main subject o f this thesis is Scanning Tunneling M icroscopy (S T M ) and
its applications in surface science. T h e experim ents described concentrate on two
subjects: stepped surfaces and magnetite.
C hapter 1 describes the principle o f the Scanning Tunneling M icroscope. T he
principle o f this m icroscope is based on the quantum mechanical tunnel effect: an
electron can ‘ju m p ’ (tunnel) from one to another electrode even if the electrodes are
separated, provided this separation is small enough, in the order o f 10 A. The resulting current (tunnel current) is very sensitive to changes in the distance between
the electrodes. This effect is exploited in an ST M : a sharp needle (the tip ) scans at
a small distance ( 2 -1 0 A ) over a sample surface, probing this surface by the tunnel
current between the tip and the sample.
In Chapter 2 the Ultra-High V acuum ST M we developed is described. T he
main cham ber o f this U H V system has a base pressure o f 6.10 -11 mbar and contains
the surface tools S T M , LEED and Auger, a gas inlet system and sample heating
and sputtering facilities. T he S T M consists o f a piezo tu be scanner, which moves
the tip, and a piezo walker, the louse, for sam ple approach. T h e STM has routinely
operated with vertical resolution up to 0.1 A. A tom ic resolution has been obtained
on graphite and on flat and stepped Si surfaces.
Chapter 3 is concerned with the vibration problem s in S T M research: the ob 
tained resolution depends crucially on the stability o f the position o f the tip relative
to the sample. External vibrations influence this stability and hence can limitate the
resolution. T h e main sources o f vibrations stem from the laboratory building. In
the Nijm egen laboratory the air circulation system causes the most im portant disturbances. In order to minimize the influence o f external vibrations an STM set-up
is in general isolated from its surroundings. T he com m only employed m ethods are
magnetic levitation, spring suspension and the use o f a stack (a stack o f metal plates
separated by pieces o f viton). A sim ple m odel describes the S T M and the vibration
isolation system as tw o coupled harm onie oscillators. A com parison o f this m odel
with quantitative vibration measurements dem onstrates the validity o f the model.
Som e constraints on the use o f the m odel are discussed. A last topic in Chapter 3
is the design o f the S T M itself. Som e design criteria, minimizing the sensitivity to
external vibrations, are given and com pared w ith two actual S T M designs.
In Chapter 4 the measurements on a stepped N i(7 9 11) surface are presented.
T h e ability o f ST M to obtain detailed inform ation on the step height distribution is
dem onstrated. It is shown that surface contam inations have a clear influence on this
step height distribution: while the clean surface shows a m ono-atom ic step configuration, the contam inated surface shows predom inantly double-atom ic steps. T he
measured m on o-atom ic step configuration showed som e deviations from the ideal
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structure: meandering of the step edges and small deviations from the ideal step
edge direction.
After the adsorption of molecular hydrogen on the surface no different structures were found. This in contrast with the atomic hydrogen adsorption. In this
case higher steps were more frequently observed. At higher exposure rates a roughening of the surface was observed, causing the step structure almost to disappear.
Also an additional atomic corrugation was found on some terraces after the atomic
hydrogen adsorption. This corrugation was ascribed to the atomic hydrogen, either
as an electronic effect of the hydrogen or as a fingerprint of subsurface hydrogen
bubbles.
The adsorption of CO resulted in characteristic noise peaks in the images.
Due to the high mobility of CO on the Ni(lll) terraces at room temperature CO
molecules frequently pass beneath the tip, thus causing the noise peaks in the images.
The importance of the tip in imaging steps on surfaces was discussed. Besides
the broadening due to the tip radius, the importance of the tip in imaging electronic
effects was recognised. This was suggested by the observed protrusions on the step
profiles, where we think the enhanced Friedel oscillations play an important role.
Chapter 5 describes the STM measurements on stepped Cu(410) surfaces. On
these surfaces deviations from the ideal (410) step structure were frequently found.
Partly this was due to the sample preparation. Large scale images showed the existence of 'facets' with deviating surface orientations, probably resulting from the
etching procedure. The step structure that were observed differed from the images
obtained on the Ni surface: the step edges showed very diffuse and the edge positions did not reproduce from image to image. These observations were explained by
the rapid movements of kinks along the step edge, causing the step to move around.
The time scale of this process is fast compared to the scan time for several scan
lines.
In Chapter 6 the measurements on the (110) face of magnetite are presented.
Two different surface structures were found, depending on the anneal temperature.
After a low temperature anneal (600eC) lattice resolved images were measured,
showing a surface unit cell, slightly deviating from the corresponding bulk unit cell.
After a high temperature anneal (1000°C) a reconstruction was found, both with
LEED and with STM. The ID-reconstruction consists of rows with an inter-row
distance of 18 A. Along the rows STM images showed a corrugation with a period
of 12 Â, while the LEED data indicated a periodicity along the rows of 6 A. Spectroscopy measurements indicated that the reconstructed surface is semi-conducting.
Our measurements show that the application of magnetite as a model system for
spin polarized tunneling is not straightforward.
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Samenvatting
Het onderwerp van dit proefschrift is Raster Tunnel M icroscopie (R T M ) en
de toepassingen van deze techniek in de oppervlaktefysica. D e beschreven experi
menten concentreren zich op twee them a’s: gestapte oppervlakken en magnetiet.
H oofdstuk 1 beschrijft het principe van de Raster Tunnel M icroscoop. Het
principe van de m icroscoop is gebaseerd op het quantummechanisch tunneleffect:
een electron kan van de ene naar de andere electrode springen (tunnelen), zelfs als
de electroden gescheiden zijn, mits de afstand tussen beide electroden klein genoeg
is, in de orde van 10 A. The resulterende stroom (tunnelstroom ) is zeer gevoelig
voor veranderingen in de afstand tussen de twee electroden. Dit tunneleffect wordt
gebruikt in een R T M : een scherpe naald (de tip ) beweegt op kleine afstand (2-10 A )
boven het oppervlak van een preparaat, terwijl de tunnelstroom tussen het preparaat
en de tip het oppervlak aftast.
In H oofdstuk 2 wordt de U ltra-H oog V acuum R T M opstelling beschreven. De
hoofdkam er van dit UH V-systeem heeft een basisdruk van 6.10 -11 m bar en bevat de
oppervlaktetechnieken R T M , LEED en Auger, een gasinlaatsysteem en sputter- en
annealfaciliteiten. D e R T M bestaat uit een piezotubè-scanner, die de tip beweegt,
en een piezomechaniek, de luis, om het preparaat richting naald te bewegen. De
R T M werkt routinem atig met een resolutie tot 0.1 A . Atom aire resolutie werd be
haald op grafiet en op vlak en gestapt silicium.
H oofdstuk 3 beschrijft de trillingsproblemen in R T M onderzoek: de verkregen
resolutie hangt essentieel af van de stabiliteit van de positie van de tip ten opzichte
van het preparaat. Externe trillingen beïnvloeden deze stabiliteit en kunnen de
resolutie beperken. Het laboratorium gebouw is de voornaam ste trillingsbron. Het
luchtcirculatiesysteem van het Nijmeegse laboratorium veroorzaakt de belangrijk
ste verstoringen. O m de invloed van externe trillingen te minimaliseren, wordt de
R T M opstelling doorgaans geïsoleerd van zijn om geving. De meest gangbare metho
den hiervoor zijn: magnetische levitatie, veerophangingen en het gebruik van stacks
(opeengestapelde metalen platen gescheiden d oor stukjes viton). Een simpel model
beschrijft de R T M en het trillingsisolatiesysteem als twee gekoppelde harmonische
oscillatoren. Een vergelijking van dit m odel m et kwantitatieve trillingsmetingen
toont de validiteit van het model. Tevens worden enkele beperkingen van het ge
bruik van dit m odel besproken. Een laatste onderwerp in H oofdstuk 3 is het ontwerp
van de R T M zelf. Enkele ontwerpcriteria, die de gevoeligheid voor externe trillingen
verminderen, worden gegeven en vergeleken met twee bestaande R T M ’s.
In H oofdstuk 4 worden de resultaten van m etingen aan een gestapt N i(7 9 11)
oppervlak gepresenteerd. Deze metingen laten zien dat met een R T M gedetailleerde
inform atie over de verdeling van staphoogten verkregen kan worden. Het blijkt dat
onzuiverheden aan het oppervlak een duidelijke invloed heeft op deze staphoogtever-
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deling: terwijl het schone oppervlak een mono-atomaire stapconfiguratie laat zien,
toont het vervuilde oppervlak voornamelijk dubbel-atomaire stappen. De gemeten
mono-atomaire stappen vertoonden een aantal afwijkingen van de ideale struktuur:
kronkelende stapranden en kleine afwijkingen van de ideale richting van de stapranden.
Na de adsorptie van moleculair waterstof op het oppervlak werden geen afwijkende strukturen gevonden. Dit in tegenstelling tot de resultaten met atomair
waterstof. In dit geval werden meer hogere stappen gevonden. Bij grotere adsorptiedoses trad zelfs een verruwing van het oppervlak op zodat de stapstruktuur
bijna verdween. Eveneens werd een extra atomaire corrugatie gevonden op sommige
terassen. Deze corrugatie werd toegeschreven aan het atomaire waterstof, hetzij als
een elektronisch effect van het waterstof of als een vingerafdruk van waterstofbellen
onder het oppervlak.
De adsorptie van CO leidde tot karakteristieke ruispieken in de RTM-metingen.
Door de hoge mobiliteit van CO op Ni(lll) terassen bij kamertemperatuur bewegen
de CO-moleculen regelmatig onder de tip door, waardoor de ruispieken ontstaan.
De tip speelt een belangrijke rol bij het afbeelden van stappen op een oppervlak. Naast de verbreding van de staprand als gevolg van de straal van de
tip, speelt de tip ook een rol in het meten van elektronische effecten. Dit werd
gesuggereerd door de waargenomen extra structuur op het stapprofiel, waarvoor de
vergrote Friedel-oscillaties waarschijnlijk verantwoordelijk zijn.
Hoofdstuk 5 behandelt de RTM-metingen aan gestapte Cu(410)-oppervlakken.
Op deze oppervlakken werden regelmatig afwijkingen gevonden van de ideale (410)stapstruktuur. Dit kwam gedeeltelijk door de preparatie van de oppervlakken. RTM
opnamen op grote schaal toonden facetten met afwijkende oppervlakte-oriëntaties,
waarschijnlijk veroorzaakt door het etsproces. De waargenomen stapstrukturen verschilden van de strukturen gevonden op het Ni-oppervlak: De afbeeldingen van de
stapranden waren diffuus en de posities van de randen reproduceerden niet van meting tot meting. Deze waarnemingen werden verklaard door de snelle beweging van
kinks langs de stapranden, waardoor de stap zich verplaatst. De tijdsschaal van dit
proces is snel vergeleken met de benodigde tijd voor het meten van enkele scanlijnen.
In Hoofdstuk 6 beschrijft de metingen aan het (HO)-oppervlak van magnetiet.
Er werden twee verschillende oppervlaktestrukturen gevonden, afhankelijk van de
annealtemperatuur. Na de lage temperatuur anneal (600° С) werd een oppervlakte
structuur gevonden met een oppervlakte-eenheidscel die enigszins afweek van de
corresponderende bulk eenheidscel. Na de hoge temperatuur anneal (1000°C) werd
een reconstructie gevonden zowel met LEED als met RTM. De lD-reconstructie
bestaat uit rijen met een onderlinge afstand van 18 Â. Langs de rijen toonden de
RTM-plaatjes een corrugatie met een periode van 12 À, terwijl de LEED-data een
periodiciteit aangaven van 6 Â. Spectroscopiemetingen tonen aan dat het gereconstrueerde oppervlak halfgeleidend is. De toepassing van magnetiet als een modelsysteem voor spingepolariseerd tunnelen is daarom niet vanzelfsprekend.
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Stellingen behorende bij het proefschrift
SCANNING TUNNELING MICROSCOPY:
APPLICATION TO S T E P P E D SURFACES AND M A G N E T I T E

I
In tegenstelling tot wat soms wordt aangenomen is de toepassing van magnetitict als
een modclsystccm voor spingcpolarisccrd tunnelen niet vanzelfsprekend en vereist
een beter inzicht in de oppervlaktestructuur van magnctict.
R. Wiesendanger, I. V. Svets, D. Bürgler, G. Tarrach, ¡i.-J. Güntherodt and
J.M.D. Coey, Z. Phys. В 86, 1 (1992);
Hoofdstuk 6 van dit proefschrift

II
In tegenstelling tot berekeningen aan См kristallen, stemmen harmonische roosterdynamica-bcrekeningen aan de lage temperatuur fase van C70 kristallen goed overeen
met de experimenteel gevonden kristalstructuur en Raman-spcctra zonder dat Cou
lomb interacties tussen (partiële) ladingen op de bindingen tussen koolstofatomcn
worden meegenomen.
B.J. Nelissen, P.Ü.M, van Loosdrecht, M.A. Verkeijen, A. van der Avoird and
G. Meijer, accepted for publication in Chem. Phys. Lett.

Ill
De snelle bewegingen van kinks in stapranden op metaaloppervlakken veroorzaken
een karakteristieke vorm van ruwheid van de staprand in Raster Tunnel Microscoop
metingen. Een kwantitatieve analyse van deze ruwheid levert een unieke mogelijkheid op om oppcrvlaktedynamica-paramclcrs (zoals kinkenergie, details van de
kinkbewcgingen en stap-stap interactie) te bepalen.
M. Poensgen, J.F. Wolf, J. FYohn, M. Giesen and II. Ibach, Surf. Sc. 274, 430
(1992).

IV
In tegenstelling tot veel andere sporten is de mechanica van rotsklimmcn eenvoudig
omdat klimmen in essentie een statische sport is. Het gebruik van voorbeelden uit
de klimsport als illustraties bij het onderwijzen van de statische mechanica is dan
ook aan te bevolen, zeker nu de klimsport zich verheugt in een toenemende belangstelling onder de jeugd.

ν
Het verdient aanbeveling de trillingsspecificaties van een trillingsvrije opstelling te
meten op cen moment dat het omringende gebouw daadwerkelijk in gebruik is.
VI
De reportages van het NOS-journaal over een aantal recente rampen tonen aan dat
de commercialisering van de Nederlandse televisie een negatieve invloed heeft op de
integriteit van de verslaggeving.

VII
De commissie van advies dient zich te onthouden van het fingeren van belangstelling
voor de tekstverwerker die werd gebruikt bij het schrijven van de toelichting bij het
beroep op de wet gewetensbezwaren militaire dienst.

Vili
Zolang de vermeende 'Nieuwe Wereld Orde' de mensenrechten van individuen niet
kan waarborgen, kan ze onmogelijk gebruikt worden als moreel-juridisch kader ter
rechtvaardiging van militair ingrijpen in (intcr)nationalc conflicten.

IX
Tegenwoordig maken klimmers vaker opmerkingen in de trant van Ldeze greep zit
verkeerd, dit typeert een mentaliteitsverandering waarin de (rots)route als te over
winnen uitdaging vervangen is door de (indoor)route als instrument voor de eigen
prestatie.

X
Rotsklimmen is een creatieve manier van omgaan met de Vaste Stof.
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