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ABSTRACT

This PhD dissertation is concerned with an experimental study of

supported metal clusters and cluster-substrate interaction. The geometric

and electronic structures of platinum and cobalt clusters on graphite, the

effects of clusters on the graphite substrate, and the influences from the

substrate to clusters were investigated by scanning tunneling microscopy.

A topographic study of adatoms and small clusters of platinum and

cobalt on highly-oriented pyrolytic graphite was performed both in air and

in ultra-high vacuum. The samples were prepared by vapor deposition on

the graphite surface. Stable images of adatoms and small clusters on

graphite were obtained with atomic resolution showing their atomic

structures. Taking the graphite lattice as reference, the adsorption sites of

adatoms and clusters on the surface as well as the bond lengths and bond

angles of clusters were determined.

Various superstructures on graphite were found near the adsorbed

clusters, or generally near defects. The superstructures are localized in

small areas near the clusters and decay within a distance of 2 - 5 nm into

the graphite lattice. Detailed analyses show that they were due to periodic

charge-density modulations superimposed onto the graphite lattice. The

different periodic modulations have the same period of 1.5a (a =0.245 nm, is

the lattice constant of graphite) and exist in three possible directions, each

rotated 30° relative to the graphite lattice. They are generated by adsorbed

clusters which act as a scattering center and perturb the surface charge­

density.

Among many graphite substrates being studied, anomalous giant

lattices were observed on three of the samples. They exhibited hexagonal
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symmetry with lattice constants of 1.7 DIn, 2.8 DIn, 3.8 DIn and 6.6 nm.

Atomic resolution of graphite was obtained simultaneously. By introducing

small rotations of the top graphite layer relative to the underlying single

crystal, a complete description is developed to account for all the features

displayed by the STM images. In addition to the giant and atomic lattices, a

supergiant lattice was observed. Cobalt particles on the surface were also

imaged and were found on the top sites of the giant lattice.
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Chapter I

INTRODUCTION

Since the development of new cluster sources in the early 80's and

their combination with mass spectrometry and electron spectroscopy

techniques, cluster science has become a rapidly increasing and

fascinating research field. Clusters of atoms have been studied in beams,

on substrates, or isolated in inert matrices. Various new properties have

been found for such small atomic systems due to their unique structures

and the quantum confinement of the valence electrons.! - 4

Most of the work in recent years has been concentrated on free

clusters in molecular Leama. Clusters in beams do not interact with each

other or with other materials, and therefore their intrinsic properties can

be investigated. However, for most of the experiments the clusters have to

be ionized prior to their investigation and the properties of the electrically

neutral particles are hardly accessible. Also, most of the studies on free

clusters are accompanied by fragmentation events which often complicate

data interpretation.

From the surface and material sciences point of view, the

understanding of small atomic clusters adsorbed on solid substrates is of

fundamental importance. The static and dynamic behavior of supported

clusters form the basis for many applications, for example thin film

formation, microelectronics processing and so on. In particular,

nucleation and growth studies in the early stages can lead to new processes

for improved material characteristics.
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1.1 Specific Problems of the Dissertation

This dissertation deals with two specific problems: (I) to obtain the

atomic structure of small metal clusters deposited on solid supports; (2) to

observe the interaction of adsorbed clusters with the substrate.

To investigate the atomic structures of metal clusters deposited on

graphite, single clusters have to be imaged individually with atomic

resolution. Also, the atomic lattice of the substrate has to be obtained

simultaneously in order to determine how the clusters are arranged

relative to the atoms of the substrate.

The interaction of an adsorbed cluster with the substrate can have

two effects: the substrate determines the adsorption site and arrangement

of the cluster; and the cluster alters the local structure of the substrate.

For both problems of inte-rest, knowledge of the atom by atom

arrangement is of fundamental importance. However, such knowledge

can be very difficult to acquire from an experimental point of view, because

most surface structure techniques used today do not have the ability to study

individual surface atomic sites. The field ion microscopy (FIM) has been

applied to study the diffusion of single adatoms and the growth of clusters

containing a few atoms.f while the geometrical structures of larger

clusters have been determined by transmission electron microscopy

(TEM).6 Both microscopic techniques have several disadvantages for

cluster work: FIM is restricted to strongly interacting substrates, small

clusters and relatively small observation areas; TEM is restricted to large

clusters and it can heat up the clusters. Therefore, for our purpose of study

we must turn to other techniques.

2



1.2 Experimental Approach to the Problems

1.2.1 Scanning Tunneling Microscopy

The recently developed scanning tunneling microscope (STM) is a

unique and promising device for cluster research. It provides direct, real

space images of surface topography, both periodic and nonperiodic, on the

atomic scale. It can be operated in air, in liquids or under ultra-high

vacuum conditions. Metal clusters on weakly interacting substrates can

then be directly imaged. The STM can be applied within a broad size range

from single adatoms to particles with diameters of hundreds of

angstroms." It yields the morphologies of clusters and furthermore shows

how they are registered relative to the substrate lattice,"- 8

The principle of the STM is quite simple. A small metal tip is

brought near enough, typically a few angstroms, to a conducting surface

that the vacuum tunneling resistance between surface and tip is finite and

measurable (Figure 1.1). A small voltage is then applied between the tip

and sample, encouraging electrons to quantum mechanically tunnel

across the gap. An image can be formed by rastering the tip across the

surface (in the X and Y plane), while moving the tip in the Z direction

(perpendicular to the surface) to maintain a constant tunneling resistance.

As a result, the Z motion of the tip represents essentially a contour map of

the surface. This is called the height mode or constant current mode as

shown in Figure 1.2(a).

An alternative method of image formation is to raster the tip rapidly

across the surface at a constant average height, and changes in the

tunneling current constitute the image.f This is called the current mode or

3



constant height mode as shown in Figure 1.2(b). For a flat surface, this

imaging mode has the advantage of higher speed and lower noise.

The atomic resolution of the STM is due to the very strong

dependence of the tunneling current on the gap between tip and sample.

For electronic states at the Fermi level, the surface can be represented as a

potential barrier whose height is equal to the work function <1>. The

tunneling current varies exponentially with the vacuum gap distance. The

decay length is h(8m<1»-1I2/21t, where h is Plank constant and m is the mass

of electron. For typical metallic work functions, this length is - 0.04 nm.

Thus, in the constant current mode, the tip may be expected to follow the

surface height to 0.01 om or better.

To arrive at an explicit expression for the tunneling current, many

approximations have to be made. Tersoff and Hamann10 have developed a

theory of STM based on Bardeen's formalism-! for tunneling current. In

their work, the surface is treated exactly while the tip is modeled as a

locally spherical potential well where it approaches nearest the surface.

Realistically, the sharpest tip imaginable is a single atom supported on a.

cluster or small plateau. At room temperature and at small bias voltage,

the tunneling current is found to be

1= 641t4h-1e2V<1>2Dt(EF)R2K-4e2KR X 2, I </>v(ro) 12 3(Ev-EF) ,

where: e is the electric charge of electron; V is the bias voltage; Dt(EF) is the

density of states at the Fermi level per unit volume of the probe tip; R is the

local radius of curvature of the tip about the center located at ro ; K =

21t(2m<1»1/2/h is the inverse decay length for wave functions in vacuum; and

<pv(ro) is the surface wave function at position roo The summation on the

right side of the equation is simply the surface local density of states (LDOS)

at EF at the position of the tip.

4
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For arbitrarily localized metal tips, the density of states at the Fermi

level, Dt(EF), is constant. Thus, the tunneling current is proportional to the

local density of states of the surface at the position of the tip:

I a L I q>y(ro) 12 o(Ev-EF) .

Based on analogy with the one-dimensional tunneling problem,12

I<pv(ro) 12 is proportional to e-2K(R+d), where d is the separation between tip

and sample. Therefore we see that the tunneling current decays

exponentially with the tip-sample separation. This gives the remarkable

sensitivity of the STM to study the surface topography of any electrically

conducting sample.

Since the tunneling current is related to not only the tip-sample

separation but also the surface density of states at the Fermi level, the STM

images essentially display a mixture of the geometric and electronic

strucure of the surface. This complicates the interpretation of images that

one has to always take into accout both effects.

In order to obtain atomic resolution images of metal clusters on

surfaces, the STM has to operate under optimal conditions concerning

thermal drift, vibration isolation, and electronic performance. This is

because the surface atoms of metals are known to show very small height

corrugations.

1.2.2 Sample Preparation Method

For our studies of supported metal clusters, the samples have been

prepared by depositing the metal onto the (0001) surface of highly-oriented

pyrolytic graphite (HOPG). More specifically, a tungsten wire was used as

the heating element and a small strip of deposition material was wrapped

on it. Then it was placed about 10 cm away from the substrate and was

5



heated by applying a current through the filament. As soon as the

deposition material started evaporating, we turned off the current so that

only a small amount of material was deposited onto the substrate. Metal

clusters are formed after deposition with subsequent diffusion and growth

on the surface.Jf

Using graphite as the substrate is convenient for this study because:

it is easily cleaved to give atomically flat surfaces over relatively large

areas; it is chemically inert and can be imaged with atomic resolution to

serve as a reference.

A schematic drawing of the structure of graphite is illustrated in

Figure 1.3. It consists of planes of carbon atoms, each forming a

honeycomb structure, stacked in a manner such that half of the carbon

atoms (n atoms) are located directly above atoms in the adjacent plane,

while the other half </3 atoms) are located above the center of the honeycomb

in the adjacent plane.Jv The lattice constant of graphite, the distance

between two nearest /3 atoms, is 0.2456 nm. Carbon atoms within a layer

are strongly bonded while the interaction between layers are much weaker.

This allows the material to be easily cleaved.

1.2.3 Experimental Setup

The main instrument for our study is a scanning tunneling

microscope. It can be operated with two different scanning heads; one is

designed for operation in air15 and the other for operation in ultra-high

vacuum (UHV).16 The STM system, NanoScope II,15 contains three major

parts: microscope, control writ and computer workstation. Figure 1.4 is a

schematic of NanoScope II. The microscope consists of a tunneling tip

attached to a piezoelectric tube, a sample holder and a stepper motor. The

6



control unit is an analog/digital interface system acting as a gateway

between the computer workstation and the microscope. The computer

workstation consists of a 80386 PC/AT-compatible computer, a color

graphics monitor and a monochrome text monitor. The basic function of

the instrument is to move the tip in an X-Y raster scan across a conducting

sample while sensing the tunneling current between the tip and sample. A

feedback loop is used to control the height of the tip by applying a voltage to

the scanning piezo.

An ultra-high vacuum system has been built for accommodation of

the UHV-STM. Attached to it is a high vacuum (HV) sample preparation

system (-10-8 Torr). This allows us to keep the main chamber in the range

of 10-11 - 10-10 Torr while new substrates and deposition materials are

introduced into the preparation chamber. It also keeps the main chamber

clean during the deposition. Single crystals, especially layered materials

such as graphite, can be cleaved in vacuum to give clean surfaces for

cluster formation.

Figure 1.5 is a schematic drawing of the top view of our DHV-BV

system. The UHV and HV chambers are connected by a straight-through

valve. The DHV-STM is mounted on one of the flanges in the main

chamber. Samples are prepared in the HV chamber and then transferred

into the UHV chamber by a long feedthrough without breaking the vacuum.

A manipulator is also mounted to the main chamber to transport sample

between the STM and the sample holder attached to the long feedthrough.

Some of our samples were prepared in Prof. Pong's laboratory.l? The

same sample preparation method was applied under similar conditions as

those described in section 1.2.2.

7
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Figure 1.1: Principle of the STM. The tunneling current flows In

between two nearest atoms of the tip and the sample.
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Chapterll

SCANNING TUNNELING MICROSCOPY OF PLATINUM ADATOMS

AND SMAIL CLUSTERS ON GRAPmTE

2.1 Introduction

The formation of clusters on single crystal substrates plays an

important role in the nucleation and growth processes of thin films.

Surface and interface research often has to take into account the

microscopic features and morphology dynamics occurring in the early

stages of film formation. In the submonolayer regime, adatoms can

acquire various positions on top of the substrate lattice and the question of

commensurate or non-commensurate arrangements is of fundamental

importance. Clusters, containing just a few atoms can be the nuclei for

film growth and their initial structures can determine the final film

quality.

A few studies have been reported during recent years using STM for

clu.ster and granular film research. Small Si clusters were imaged on a

Au(OOl)-(5X20) reconstructed surface and current-voltage characteristics

were taken revealing the cluster energy band gap.! An STMISTS analysis

of Fe particles on GaAs showed a size dependent metal-insulator

transition.f Sb clusters on GaAs were formed for coverages in the range of

a few percent of a monolayer.f As the coverage was increased, the Sb

islands were growing in size while maintaining a height corresponding to

one monolayer. Then, for coverages close to one monolayer, the Sb islands

formed a continuous monolayer. Planar clusters have also been imaged for

14



Cr/GaAs(l10).4 Preferential clustering along step edges was observed in

this case. The mechanism for the formation of small clusters on GaAs(llO)

has been discussed in terms of the adatom-substrate interaction, in

particular, the pairing of Au-adatoms.f A metastable 3D cluster phase was

found for Ge on SHOOl) with clusters having a {l05} ordered structure.f

Cluster imaging with the STM for obtaining atomic structures is

mainly limited to two-dimensional structures because the STM is only

sensitive to the first atomic layer of the surface. Atoms in the center of a

cluster are hidden from view. However, for very small clusters containing

up to about 10 atoms, individual atoms can be imaged and bond lengths and

angles can be determined. For weakly interacting substrates, small

clusters of Cu, Ag, Au, and AI were analyzed on graphite with static and

dynamic behavior being observed." In this study, only a few small clusters

were found which did not allow one to establish a statistical analysis.

Many calculations on bond lengths, bond angles and binding

energies have been done for small free clusters.B,g However, only a few

experimental data are available for comparison. The experimental data for

nearest neighbor distances available so far were mostly obtained by

extended x-ray-adsorption fine-structure (EXAFS) studies of clusters

isolated in solid argon10, 11,12 or on amorphous carbon substrates.ls Even in

the most recent study the bond lengths for small clusters with more than

two atoms were put together under the notion of multimers,12 because they

were obtained from a distribution of cluster sizes.

In this chapter we present a topographic study of platinum clusters

on the surface of graphite. We show atomic resolution images of single

platinum adatoms and small clusters of up to 8 atoms in a cluster.

Different isomeric structures were found for clusters of one size. Taking
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the graphite lattice as reference we determine, on a statistical basis, the

adsorption sites of platinum single atoms as well as bond lengths for

platinum dimers and trimers.

2.2 Experiment

Most of the samples were prepared in a high vacuum (10-7 torr)

chamber by vapor deposition of platinum on freshly cleaved graphite

substrates. A small strip of platinum wrapped on a tungsten filament was

placed about 10 cm away from the substrate and a current of 45 A was

applied to the filament. A few seconds after the platinum started

evaporating we turned off the current so that only a small amount of

platinum was deposited onto the substrate. After deposition the sample

was analyzed by x-ray photoelectron spectroscopy (XPS), which showed a

coverage of 2-4% of a platinum monolayer on the graphite surface. The

samples were then transferred to a STM14 working in air at room

temperature. The STM images were taken within the first two days after

preparation although the samples were stable for at least a week. Both

constant current and constant height modes were used to obtain stable

images with atomic resolution. The tunneling current was kept in the

range of 1 - 21 nA and the tip bias voltage in the range of 3 -130 mV.

One of the samples was prepared in a similar way but in a different

vacuum system. The graphite substrate was cleaved in a high vacuum

(2X10-8 torr) chamber and a small amount of platinum was deposited onto

the surface by thermal evaporation, similar as for the other samples. Then

the sample was transferred to a STM,15 mounted in an ultra-high vacuum

(5X 10-10 torr) chamber, without breaking vacuum. The images were
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obtained in constant height mode in ultra-high vacuum at room

temperature using a Pt-Ir tip. The tunneling current was kept in the range

of 2 - 7 nA and the tip bias voltage in the range of 100 - 165 mV.

2.3 Results and Discussion

2.3.1 Imaging of Platinum Adatoms and Small Clusters

All the images presented in this chapter were quite stable for at least

a few subsequent scans. This indicates that the diffusion of platinum

clusters on the graphite surface is unlikely at room temperature.

Figures 2.1 (a) - (d) show four STM images of single platinum atoms

on the surface of graphite. In (c) and (d), two atoms are shown in each

image. Since they are well separated we consider them as two single

atoms. The underlying graphite atomic lattice is imaged simultaneously

and defines the adsorption sites of platinum atoms. As can be seen from

the images, the atoms have a tendency to locate on top of 13-sites of the

graphite lattice, for example, (a) and (c). However, other adsorption sites

are also possible.

In Figures 2.2 (a) - (d) we show four images of different platinum

dimers on graphite. The bond distances of the dimers are very close to the

lattice constant of graphite, 0.245 nm. The dimer in (a) lies along one of the

graphite directions while the dimers in (h) - (d) are rotated up to 25° relative

to the graphite lattice.

Figures 2.3 (a) - (c) display three platinum trimers of different

structures. Schematic drawings of the structures of these trimers together

with the underlying graphite lattice are displayed in (d) - (f). The trimers in

(a) and (b) show a nearly equilateral structure and the trimer in (c) shows a
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nearly linear structure. In the case of two equilateral trimers, the graphite

surface in the nearby region is disturbed differently. In (a) the nearby

graphite shows a large triangular shadow, while in (b) a superstructure is

formed near the trimer. Such effects of clusters on the graphite substrate

will be discussed in the next chapter.

Figures 2.4 (a) - (c) show three structures of platinum tetramers.

Schematic drawings of the structures are displayed in (d) - (D, The

tetramer in (a) shows a Z pattern with each platinum atom on top of a ~­

site. In (b) and (c) the tetramers are formed by a linear chain of three

atoms along the graphite direction with the other atom attached to the side.

Figures 2.5 (a) - (c) display three structures of platinum hexamers

and their schematic drawings are shown in (d) - (f), The hexamer in (a) is

formed by a linear chain of four atoms along the graphite orientation with

the other two atoms attached to the sides. In (b) and (c) the hexamers show

more closed-packed structures. The alignment of atoms in these two

clusters, however, are quite different. In (b) the atoms are aligned along

directions which are rotated -300 relative to the graphite lattice, while in (c)

the atoms are aligned along the graphite orientation with each atom sitting

on top of ~-sites.

Figure 2.6 (a) shows an octamer with its structural model displayed

in (b). The octamer is formed by two parallel arrays of four atoms oriented

along the direction which is rotated _30 0 with respect to the graphite lattice.

The center four atoms show higher intensity and appear further apart than

those at corners. This indicates that the octamer may no longer be a planar

cluster. A suggested structure of the octamer is shown in (c), where a side

view of the cluster is given. In this case, only the four atoms at the corners

are bonded to the underlying graphite.
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2.3.2 Adsorption Site and Bond Length Distributions

Since we have obtained a large number of images of different

platinum single atoms, dimers and trimers, we are able to study their

adsorption sites and bond lengths statistically. For such analyses, the

underlying graphite lattice was used for calibration by choosing 30 - 40

points as reference for the lattice and calculating the lattice parameters by

a least square fit to these lattice points. This procedure compensates for

decalibration of the instrument and distortions caused by thermal drift is

compensated. The lattice was calculated in two different ways, one with the

hole-sites and the other with the ~-sites as reference points. The position of

a platinum atom was then determined by its peak in relation to the graphite

lattice. The width of the atomic peak at a height of 75% above the mean

height of the reference hole-sites was used as a measure for the uncertainty

of the peak location. The bond lengths were measured peak to peak.

A statistical study of adsorption sites for platinum single atoms on

graphite is performed by analyzing the positions of 70 platinum atoms

relative to underlying graphite. Figure 2.7 shows the adsorption site

distribution of the probability for a platinum atom adsorbed on the graphite

surface. A triangle which can represent every adsorption site on the

graphite lattice is used for the mapping of the probability distribution. As

shown in the figure, the adsorption probability near a ~-site, 36.2%, is about

twice the probability near a hole-site or an a-site. There is also a 26.4%

probability that an atom sits in between all three sites. Therefore a

platinum atom has a fairly high tendency to bind to a ~-site, but is quite free

to bind to somewhere else.
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In Figure 2.8 we show bond length distribution curves for platinum

dimers and trimers. Each measured bond length was broadened using

Gaussian function with the uncertainty as the width of the Gaussian

function and added for all dimers and trimers, respectively. Each point on

the curves gives the probability in percentage of the measured

corresponding bond length in an interval of 0.001 nm.

For dimers the average bond length is 0.246 nm with a standard

deviation of 0.026 nm. This value is very close to the lattice constant of

graphite, indicating that the graphite surface may interfere and influence

the bond distance of a dimer. However, this seems to be in contradiction to

the relatively free choice of the adsorption site of the monomers. Also the

broad distribution also suggests that the bond length may not be related to

the graphite lattice constant. There are no data available on the bond

distance of free platinum dimers so that no comparison can be made.

The average bond length for trimers is 0.261 nm with a standard

deviation of 0.032 nm. This bond length is larger than the graphite lattice

constant but smaller than the nearest neighbor distance, 0.277nm, of

platinum in bulk.l"

2.4 Conclusions

We have imaged platinum adatoms and very small clusters

containing up to eight atoms in a cluster with atomic resolution. Cluster

structures as well as their orientational and positional registry with the

graphite lattice are determined. Different structures have been found for

clusters of one size.
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In addition a statistical study has been performed to obtain

distributions of adsorption sites and bond lengths. We find that a platinum

single atom tends to bind to the 13-site of the graphite lattice, but has also a

high probability to bind to any other sites. For dimers the average bond

distance is 0.246 nm which is very close to the graphite lattice constant.

The trimer bond length is 0.261 nm, suggesting that the Pt-Pt interaction is

dominant.
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Figure 2.1: STM images of single platinum atoms on graphite.
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Figure 2.2: STM images of platinum dimers on graphite.

24



o 0 0 0 000

0000000

00000000

000 0 0 000
~

0000_.00
:::~~..

0000@0,,0:>00

o 0 0 0 0 0 ° 0

000 0 0 0 0 0

000 000 ° 0

000 0 0 0 0 0
(e) 0 0 0 0 0 0 0

00000000

000000 00

000 0 0 000

o 0 0 0 0 0 ° 0

0008 0000

o 0 __ 0 0 0 0

000 0 0 0 0 0

000 000 ° 0

000 0 0 0 0 0
(f) 0 0 0 0 0 ° 0

000 00000

00000000

O 0 0 00 tf:Th 0 0 0•0000_000

o 0 0 0 O~ 0 0
~

000 000 ° 0

0000 0000 I
000 000 0 0

000 0 0 0 0 0

Figure 2.3: STM images of platinum trimers on graphite, (a) - (c), and

schematic drawings of their structure, (d) - (f).
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Figure 2.4: STM images of platinum tetramers on graphite, (a) - (c), and

schematic drawings of their structure, (d) - (f),

26



(d) 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 I) I) 0 0~:::~::::

0 0 0 0 -- 0 0

0 0 0 0 8 0 0 0

0 0 0 -0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
(e) 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

00000000

~0008~'~;::_oo

° ° o.ft:° 0 0·~:::t· _
o 0 0 0 tlf 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
(f) 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 ,

0 0 0 0 0 0 0 0

0 0 0 I) 0 0 0 0

0 0 0 I) I) 0 0 0

0 0 --" 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

Figure 2.5: STM images of platinum hexamers on graphite, (a) . (c), and

schematic drawings of their structure, (d) - (f),
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Figure 2.6: (a) STM image of a platinum octamer on the surface of

graphite. (b) Schematic drawing of the platinum octamer. (c)

Side view of the platinum octamer.
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ChapterllI

PERIODIC CHARGE-DENSITY MODULATIONS

ON GRAPmTE NEARADSORBED CLUSTERS

3.1 Introduction

Recently superstructures on graphite near defects have been

reported. 1-5 The defects can be steps, holes in the graphite lattice or

adsorbed molecules. The superstructures have been found to have a

periodicity of C{3X{3)R30° and decay over a distance of a few nanometers.

Mizes and Foster4 have proposed an electronic perturbation model for such

structures near isolated adsorbed molecules. They suggest that the

adsorbed molecules perturb the charge density along the surface of

graphite giving periodic oscillations similar to Friedel oscillations. The

oscillations have a periodicity {3 times the graphite lattice constant, and

the symmetry of the oscillations reflects the nature of the defect. Nakagawa

et al.5 have observed similar structures near a step. Besides the

C{3X{3)R30° periodicity, they find that in a unit cell of the {3x{3 structure

the three ~-site atoms show different brightness. Close to the step they

observe an apparent horizontal displacement of graphite atoms and a so

called "triplet" structure. They ascribe the observed features to an

interference of electron waves scattered at the step. It successfully

explained the C{3X{3)R30° periodicity, the brightness difference and the

decay with distance but could not explain the apparent horizontal

displacement of the graphite atoms and the "triplet" structure.
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Although various STM images of clean graphite have been reported.f

the superstructures which have a periodicity of (-{3X-{3)R300 are completely

different and are found only near defects on graphite. This suggests that

they are induced by a perturbation caused by surface defects. However, it is

still unclear how the defects influence the nearby graphite lattice. The

electronic perturbation model by Mizes and Fosters and the electron wave

interference model by Nakagawa et al.5 explain only some of the features.

To fully understand the physics of these superstructures one needs more

experimental data and more theoretical analyses.

In this chapter we show a variety of superstructures of graphite

found near adsorbed clusters, namely, platinum and cobalt clusters. We

show that the observed features are mainly due to an electronic effect which

can be described by a superposition of the graphite lattice and a periodic

modulation of the surface charge density localized in the surrounding

regions of the adsorbed clusters. The effects of such modulations on the

cluster structure will also be discussed.

3.2 Experiment

The experiments were performed at room temperature using a

scanning tunneling microscope7 in air. All the images presented here

were taken in constant current mode where the tip-sample distance was

kept constant and the variation of the z-motion of the tip was recorded.

The platinum samples were the same samples used in the

discussion in Chapter II. The cobalt samples were prepared in a high

vacuum (10-7 Torr) chamber by vapor deposition of cobalt on freshly cleaved

graphite substrates. After evaporation, the samples were kept in the
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vacuum chamber overnight to allow slow oxidization before exposition to

air. This process has been found to be critical in forming stable and

conducting cobalt particles on the graphite surface. Evidence of metallic

cobalt was seen in XPS spectra for cluster size greater than 4 nm.f

Analysis by XPS also showed a typical -5% coverage of a cobalt monolayer

on the graphite surface.

The sample was then transferred to a STM operating at atmospheric

conditions. The STM images were taken at constant current mode with

positive tip bias-voltages of 3 - 160 mV and tunneling currents of 1.5 - 14.0

nA. At large scales (100 - 440 nm) we imaged platinum clusters of sizes 0.8

- 2.5 nm randomly distributed on the graphite surface. The average size of

cobalt clusters was found slightly larger than platinum clusters, ranging

from 1.0 - 6.0 nm. We have investigated five platinum samples and two

cobalt samples and various superstructures near clusters on graphite have

been found on all of the samples.

3.3 Results and Discussion

3.3.1 Superstructures on Graphite Near Platinum Clusters

All the images shown in this chapter were reproducible for at least

five scans (about 30 seconds). Occasionally the structures changed from

one type to another during the process of imaging and in some cases

disappeared after a period of time.

Figure 3.1 shows a typical grey-scale image of a small platinum

cluster adsorbed on graphite. It appears as the bright area in the center

and has a size of about 0.8 nm. Around the cluster the graphite lattice

appears to be distorted to form different superstructures as shown at the
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upper left (A), right (B) and lower left (C) of the cluster. The intensity of the

superstructures decays away from the cluster over a distance of 2 - 3 nm.

Similar images of superstructures were obtained quite often near different

platinum clusters.

In Figure 3.2 - Figure 3.11 we show ten different superstructures

found near different clusters, where (a) is the STM topview image and (b) is

the corresponding schematic model. In (b) the hollow circles represent the

positions of the carbon atoms in the undisturbed triangular or hexagonal

graphite Iattice.? The solid circles show the positions of the bright spots in

the STM images. For each of the images we performed a two-dimensional

Fourier analysis. The first-order Fourier components which correspond to

the superstructures are indicated as dashed lines in (b). From the Fourier

analysis we can divide the superstructures into three categories, each

contains one, two or three dominant Fourier components.

Figure 3.2 shows a superstructure where one of the Fourier

components is dominant and is oriented at an angle of 30° to the graphite

lattice. The period of the Fourier components is 1.5a, where a =0.245 nm is

the lattice constant of the graphite. Figure 3.3 - Figure 3.6 show four

superstructures where two of the Fourier components are dominant. Their

directions have an angle of 60° relative to each other and 30° to the graphite

lattice. The period of the Fourier components is again 1.5a. Figure 3.7 ­

Figure 3.10 show another four superstructures. Their Fourier components

reveal the same features in periodicity and orientation as the previous ones

except that all three Fourier components are comparable and each has an

angle of 60° to the other. Also for all the superstructures which we have

analyzed, each Fourier component has a phase relative to the graphite

lattice and these phases are independent from each other.
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Figure 3.11 shows a special superstructure where one of the two

dominant Fourier components has a period of 0.75a, which is half of the

period of the other Fourier components. But its orientation is still 30°

rotated relative to the graphite lattice.

3.3.2 Superstructures on Graphite Near Cobalt Clusters

For our cobalt samples, superstructures of graphite were also

imaged near small (1 - 3 nm) cobalt clusters. Although most of them are of

the same types as those observed near platinum clusters, new types of

superstructures were found.

In Figure 3.12 - 3.16 we show five additional structures on graphite

near cobalt clusters, where (a) is the STM image and (b) is the

corresponding schematic model. Similar to those found near platinum

clusters, the superstructures contain Fourier components with a period of

1.5a and rotated 30° relative to the graphite lattice. The superstructures in

Figure 3.12 and 3.13 contain only one dominant Fourier component, while

in Figure 3.14,3.15 and 3.16, they contain all three Fourier components.

The presence of superstructures near cobalt clusters as well

indicates that chemical identity of the clusters is irrelevant to the observed

features. For other metal clusters such as silver and gold adsorbed on

graphite, similar superstructures have also been observed previously both

in air and in ultra-high vacuum.U'

3.3.3 Periodic Charge-density Modulations (PCDM) on Graphite

The fifteen superstructures shown in Figure 3.2 - 3.16, although

different in appearance, have many characteristics in common. They are

localized in small areas near adsorbed clusters and decay within a distance

35



of 2 - 5 nm into the graphite lattice. The Fourier components of these

structures always have a period of 1.5a (except in one case 0.75a) and their

orientation is rotated by 300 with respect to the graphite lattice.

We exclude the possibility that the superstructures are due to

multiple tip effects because: (i) the superstructures have been found only

near the platinum particles but never on plain graphite, (ii) different

superstructures have been imaged using the same tip and even within the

same scan lines, as seen in Figure 3.1 where regions A and B are scanned

alternatively from right to left.

We also exclude the possibility that the superstructures are merely

due to an atomic reconstruction of the graphite lattice. Figure 3.17(a)

shows a STM image of a superstructure analogous to the one in Figure

3.2(a). Figure 3.17(b) shows a section taken along the line AB as indicated

in Figure 3.17(a). Going from right to left the section curve shows first the

atomic corrugation of the graphite atoms at B-sites and then the

corrugation of the superstructure. The arrow indicates the position where

the peaks of two graphite atoms begin to grow together and become one

peak, From there on every other peak is actually positioned over two

graphite atoms as indicated by the solid circles. Since the two carbon atoms

can not be that close, the bright spots which form the superlattice do not

represent the real positions of the graphite atoms. Therefore the observed

superstructures are not a real picture of a possible surface atomic

reconstruction of the graphite lattice, but are due to a periodic modulation

of the surface charge density.

To further understand the physics of the superstructures one has to

take into account all the detailed features of the observed structures. We

ascribe these structures to a superposition of the graphite lattice and a
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localized periodic charge-density modulation (PCDM). This model explains

all the features we have observed. As shown in Figure 3.2 -3.16 (b), the

dashed lines which were used to represent the Fourier components of the

superstructures can now be used to represent the maxima of the PCDM.

They have a period of 1.5a and are oriented in the three symmetry

directions, each rotated 30° to the graphite lattice.

Due to the periodic charge-density modulation the underlying

graphite atoms appear to be either highlighted if the maxima sit right on

the atoms or otherwise shifted toward the maxima. For example, the

superstructure in Figure 3.2 is formed by the modulation in only one

direction. Therefore the graphite atoms appear to form a line-pattern

structure. Similar arguments are also applicable to the superstructures in

Figure 3.3 - 3.11 where the periodic charge-density modulations exist in two

or three directions.

The five additional superstructures found near cobalt clusters can

also be explained in terms of the PCDM model. The structures in Figure

3.12 and 3.13 are formed by superimposing a PCDM component on the

graphite triangular and honeycomb lattice, respectively. In Figure 3.14,

the superstructure shows a large honeycomb pattern similar to that of

Figure 3.8. It is modulated by three sets of PCDM components with

graphite showing a honeycomb lattice. Also, the superstructure in Figure

3.15 is similar to that of Figure 3.9 except that the graphite shows a

honeycomb lattice in Figure 3.15.

A more complicated structure combining two superstructures is

displayed in Figure 3.16. A large triangular lattice is formed from the

bright spots at the bonds between an a-site and a neighboring 13-site. In

between are less bright chains of connected hexagons. With the PCDM
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model, this structure can be produced by superimposing three sets of

PCDM components on the honeycomb graphite lattice. As illustrated in (b),

two sets of the PCDMs have their vertices on the highlighted bonds forming

the large triangular lattice. The third set of the PCDMs shown as

horizontal dashed lines has a smaller intensity and therefore highlights

the less bright hexagon chains.

Therefore, the fifteen different superstructures are formed by the

combination of the underlying graphite lattice, either triangular or

hexagonal, and the PCDMs with up to three sets of components. The three

PCDM components act rather independently and can have different

intensities and different phases relative to graphite lattice.

The difference in the intensities of the PCDM components sometimes

gives rise to small apparent rotations of the unit cells of the superstructure.

Figure 3.18 (a) shows a STM image where the superstructure is similar to

that of Figure 3.3. It is formed by two PCDMs with their vertices sitting on

the bridge sites of the graphite lattice. Therefore the atoms next to the

vertices are highlighted and appear as dimers. Along the line indicated in

Figure 3.18 (a) the orientation of the dimers gradually changes from the

lower part to the upper part of the image. At the lower part of the image the

dimers are aligned along the graphite orientation. But when going to the

upper part the dimers rotate gradually relative to the graphite lattice up to a

maximum rotation of 15°. This gradual dimer rotation can be explained by

the different intensities and different decay rates of the PCDMs in the two

directions. As shown in Fig.18 (b), when the modulation in one direction is

stronger than in the other the position of the atoms seems to be shifted

toward the stronger modulation so that the dimers appear to be rotated.

This rotation also decays gradually with the distance from the particle.
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In Figure 3.8(a) the superstructure shows a regular brightness

difference of the white spots in a unit cell of the superlattice. The same

"brightness difference" was also observed by Nakagawa et al ..5 With our

PCDM model it can be easily produced by a small phase shift of the

modulation in all three directions as shown in the inset of Fig.8 (b).

Therefore, in a hexagon of the superlattice, three of the outer atoms are

highlighted most, the other three are highlighted less but are still more

highlighted than the center atom.

Because of the many possibilities of superimposing the underlying

graphite lattice with the PCDMs of various intensities and phases, we

expect to see more types of superstructures in the future.

Although the PCDM model explains almost all the observed features,

it is still a phenomenological description. The physical origin of the

PCDMs is not well understood. It may be explained in the framework of

charge-density waves (CDW) in conjunction with periodic lattice distortions

(PLD), phenomena observed for various quasi-two-dimensional layered

materials. CDW's are caused by the instability of the Fermi surface and

have been studied by STM for transition metal dichalcogenides.U Recently,

various CDW vertex structures were found for TaSe2, and could be

explained by a phase-shift procedure.lf similar to the one used in this work.

It involves different lock-in positions for periodic charge-density lattices

relative to the underlying atomic lattice. However, such metastability of a

CDW, as well as its periodicity and orientation, has not yet been explained

theoretically.

Surface stress may be another possible explanation. The stress

exerted by the adsorbed clusters may induce a distortion of the Fermi

surface and, as a consequence, a charge-density redistribution. Also, the
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occasional changes in the superstructures may be due to slight variations

in the bond lengths and orientations of the atoms in the clusters.P which

could affect the strain on the substrate and lead to different surface

electronic arrangements.

The period of 1.5a, as well as the rotation of 30°, corresponds to the

second-nearest neighbor of the graphite lattice of f3-sites. For a monolayer

of graphite, the corresponding Brillouin. zone is a regular hexagon and the

Fermi surface collapses to points at the corners of the Brillouin zone.l4 In a

tight-binding calculation performed by Mizes and F'oster.s two wave

functions concentrated on f3 atoms were expressed as a symmetric and

antisymmetric linear combination of the wave vectors oriented toward the

corners of the hexagonal Brillouin zone. The magnitude and orientation of

these wave vectors give rise to a wavelength of 1.5a and a rotation of 30°

relative to the graphite lattice. This may explain the preferred periodicity

and orientation of the PCDM. In addition, it also indicates that the PCDM

is related to the graphite itself and is induced by the defects on the graphite

surface.

3.3.4 PCDM Feedback on Atomic Structures of Clusters

The cluster-induced superstructures may have a decisive effect on

the atomic arrangements in the clusters. For example, in Figure 3.17, the

platinum clusters has induced a PCDM yielding a periodic line pattern

rotated 30° with respect to the graphite lattice. Then, as a response, the

atoms in the cluster moved to adsorption sites with maximum PCDM

intensity and form a rectangular net. Such effects of the PCDMs on the

structure of clusters are not significant for large particles. Small clusters,

however, have a tendency to arrange themselves accordingly to the maxima
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of the PCDMs. As another example, the dimer in the lower left corner of

Figure 3.16 is oriented along one the PCDM directions.

3.4 Conclusions

We have imaged fifteen different superstructures on highly-oriented

pyrolytic graphite near adsorbed clusters using a scanning tunneling

microscope. Independent of the chemical identity of the clusters, these

superstructures were found in small areas near the clusters and decayed

within a distance of 2 - 5 nm. into the graphite lattice. They can be explained

by the superposition of the periodic charge-density modulations with the

graphite atomic lattice. The PCDMs are localized in small areas near

adsorbed clusters, or generally near defects, on graphite and decay with

distance from the clusters. They have a period of 1.5a and exist in three

possible directions, each rotated 30° relative to the graphite lattice. The

overall image of the superstructures depends on the dominant PCDMs and

their intensities and phases relative to graphite atomic lattice.

The PCDMs induced by adsorbed clusters may have a decisive effect

on the atomic arrangements in the clusters. Atoms in clusters tend to bind

to the sites with maximum intensity of the modulation.
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Figure 3.1:

STM image of a platinun' particle adsorbed on grapbit
e.

The

particle appears as the bright area in the center and has a

size of about 0.8 nm. Around the particle there are regions of

graphite forming s1'perstructures as indicated by A, B, c.
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Figure 3.2: (a) STM image of a superstructure with one dominant set of

the PCDMs superimposed on the hexagonal graphite lattice.

(b) Corresponding schematic model.

Figure 3.3: (a) STM image of a superstructure with two dominant sets of

the PCDMs superimposed on the hexagonal graphite lattice.

(b) Schematic model.
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Figure 3.4: (a) STM image of a superstructure with two dominant sets of

the PCDMs superimposed on the hexagonal graphite lattice.

(b) Schematic model.

Figure 3.5: (a) STM image of a superstructure with two dominant sets of

the PCDMs superimposed on the honeycomb graphite lattice.

(b) Schematic model.
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Figure 3.6:
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(a) STM image of a superstructure with two dominant sets of

the PCDMs superimposed on the honeycomb graphite lattice.

(b) Schematic model.
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Figure 3.7: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the hexagonal graphite

lattice. (b) Schematic model.
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Figure 3.8: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the hexagonal graphite

lattice. (b) Schematic model. The inset shows the model of

the brightness difference observed in (a).

o o o o o

Figure 3.9: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the hexagonal graphite

lattice. (b) Schematic model.
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Figure 3.10: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the honeycomb graphite

lattice. (b) Schematic model.

Figure 3.11: (a) STM image of a superstructure with two dominant sets of

the PCDMs superimposed on the hexagonal graphite lattice.

One of the sets has a period ofO.75a. (b) Schematic model.

48



Figure 3.12: (a) STM image of a superstructure with one dominant set of

the PCDMs superimposed on the hexagonal graphite lattice.

(b) Schematic model.
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Figure 3.13: (a) STM image of a superstructure with one dominant set of

the PCDMs superimposed on the honeycomb graphite lattice.

(b) Schematic model.
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Figure 3.14: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the honeycomb graphite

lattice. (b) Schematic model.

Figure 3.15: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the honeycomb graphite

lattice. (b) Schematic model.
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Figure 3.16: (a) STM image of a superstructure with three dominant sets

of the PCDMs superimposed on the honeycomb graphite

lattice. (b) Schematic model.
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Figure 3.17: (a) STM image of a superstructure similar to that in Fig. 2.

(b) A section taken along the line AB as indicated in (a). The

solid circles represent the positions of the graphite ~ atoms.

The arrow indicates the position where the peaks of two

graphite atoms begin to grow together.
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Figure 3.18: (a) STM image of a superstructure similar to that in Fig. 3.

The orientation of the dimers along the line changes

gradually from bottom to top. (b) Schematic model of the

superstructure in (a) showing the gradual rotation of the

dimers. The dashed lines represent the maxima of the

PCDM's and their thickness is proportional to the intensity of

the PCDMs.
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ChapterW

GIANT LATTICES ON GRAPIITTE

4.1 Introduction

As a popular substrate, graphite has been imaged extensively using

the scanning tunneling microscope. STM images of graphite often reveal

unusual features such as large atomic corrugation,l,2 asymmetry in the

apparent heights of neighboring carbon sites," and superstructures near

defects as discussed in the last chapter.s More recently, anomalous large­

scale periodic patterns have been observed on graphite in addition to its

atomic structure.5-lO They had hexagonal symmetry with periodicities up

to 44 nm and occurred in regions with observable boundaries. Kuwabara et

al. 5 suggested that these superperiodicities may be rotational Moire

patterns resulting from the overlap between a misoriented top layer of

graphite and the underlying graphite single crystal. Since the STM can

only image the top layer, the relative rotation of this layer to the underlying

graphite can not be directly shown in the STM images. Therefore the

suggestion of Moire patterns remained a speculation.

In this chapter we report similar superperiodic patterns, which we

call "giant lattices," observed from four separate graphite samples. On one

of the samples we have observed, for the first time, a misorientation of

graphite which results in the observed giant lattice. We also show that,

although the STM can only see the top layer, the effects from deeper layers

on a rotated top layer can lead to giant lattices in the STM images. We
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develop a complete description to account for the detailed features of giant

lattices observed with STM.

We also report the first observation of a third periodic pattern, a

"supergiant lattice," superimposed on the giant and atomic lattices. In

addition, the anomalous giant lattices may be a unique system for

adsorption of clusters because their lattice constants are comparable with

the size of clusters. On one of our samples, cobalt was deposited and cobalt

clusters were imaged together with the giant lattice. This allows us to

determine the adsorption sites of clusters on the giant lattice.

4.2 Experiment

The four graphite samples which we used were prepared

independently. The first sample was cleaved in a high vacuum (2XIO-8

torr) chamber. A small amount of cobalt was evaporated onto the surface

leading to the formation of cobalt particles. These particles were of size 1

nm - 5 nm and were randomly distributed on the surface, Then the sample

was transferred to a STM,ll mounted in an ultra-high vacuum (5XIO-IO

torr) chamber, without breaking vacuum. The images were obtained in

ultra-high vacuum at room temperature using a Pt-Ir tip. The tunneling

current was kept at 4.5 nA and the bias voltage was varied from -500 mV to

200 mV.

The second sample was cleaved in air and then transferred to a

STM12 operating at ambient condition. The images were obtained with a

silicon tip at positive tip bias voltage of 2.5 V and tunneling current of 4.6

nA.
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The third sample was prepared in a high vacuum (2XIO-7 torr)

chamber by vapor deposition of cobalt on a freshly cleaved graphite

substrate, similar as for the first sample. After deposition it was analyzed

by x-ray photoelectron spectroscopy (XPS), which showed a coverage of less

than 5% of a cobalt monolayer on the graphite surface. The STM images

were taken in air at room temperature with a Pt-Ir tip at positive tip bias

voltage of 54 mV and tunneling current of 1.8 nA.

The fourth sample was also prepared in a similar way as for the first

sample except that, instead of cobalt, a small amount of carbon was

deposited onto the surface. The STM images were taken in ultra-high

vacuum at room temperature with a Pt-Ir tip. The bias voltage and

tunneling current were maintained around 120 mV and 2 nA respectively.

For all four samples, the STMs were operated at constant height

mode where the tip was maintained at a constant separation from the

surface, and the variation of the tunneling current was recorded. The

STM images presented in this paper were all taken from the first sample

except that Figure 4.4 was taken from the fourth sample.

4.3 Results and Discussion

4.3.1 Giant Lattice

Figure 4.1 shows a large-scale STM image taken from the first

sample. A sharp boundary which appears as a straight array of

highlighted bright spots divides the image into two parts. The region on

the right side of the boundary exhibits a hexagonal giant lattice with lattice

constant of 3.8 nm.. On the left side of the boundary, images at atomic scale

were taken. They showed a regular graphite atomic structure. The giant
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lattice extended over an area of at least 500 nm. X 500 nm. and was very

stable. The variation in the bias voltage from -500 mV to 200 mV did not

cause any significant change in the images.

A closer view of the giant lattice in Figure 4.1 is displayed in Figure

4.2(a). In a unit cell shown as the hexagon in the figure, there are three

different sites which appear similar to the sites in the atomic image of

graphite. The white spots at three corners of the hexagon resemble the 13-

sites in the atomic lattice and the gray areas at the other three corners

resemble the a-sites. The dark area at the center of the hexagon resembles

the hole-site. This can be seen in Figure 4.2(b) where a section is taken

along the line AB indicated in Figure 4.2(a). We use g-h-site, g-ee-site and

g-l3-site as notations for the "hole-site," "a-site" and "13-site" in the giant

lattice respectively, to distinguish them from those in the atomic lattice.

The giant corrugation is 1.2 - 1.4 nm. and the atomic corrugation is 0.2 - 0.3

nm, both in respect to their hole-sites.

An even closer view, with atomic resolution, is shown in Figure 4.3.

The angle between the giant and atomic lattices is - 28°. The atomic rows

in the lattice appear twisted, especially along the direction which has the

smallest angle to the scan line (horizontally from left to right). This

twisting can be reduced significantly by changing the scan parameters

such as increasing the scan rate and scan size or decreasing the feedback

gains. Therefore the enhanced twisting along that direction is most likely

a scan effect due to the high corrugation amplitude of the giant lattice.

The giant lattices observed on the other samples were also of

hexagonal symmetry but with different lattice constant of 6.6 nm, 1.7 nm

and 2.8 nm. They were rotated about 27° - 28° relative to the atomic

orientation and extended over a region of up to a few hundred nanometers.
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The corrugation was typically 4 - 5 times stronger compared to the atomic

corrugation. The sharp boundaries which were observed in all cases

suggest that grain boundaries or steps on the graphite surface may have

existed, separating giant from regular lattices.

The suggestion of rotational Moire patterns.f in principle, is a

reasonable approach because: (1) it provides a good explanation for the

observed various superperiodicities; (2) the weak coupling between

graphite layers could facilitate such small rotations of the top layer.

However, direct observation of a rotated top layer relative to the underlying

graphite has not been obtained in any of the STM studies of giant lattices.

This is because electron tunneling with the STM occurs only between the

tip and the first layer of graphite, and the atoms in deeper layers can not be

observed.

Near a boundary, however, it is possible for the STM to image atomic

lattices of graphite on both sides of the boundary simultaneously. The

orientation of the two lattices can be compared to find out whether there

exists a misorientation, and if so, whether the misorientational angle is

related to the observed giant lattice. Figure 4.4 shows such an image taken

from the fourth sample. The boundary is shown as indicated by the arrows

on top and bottom of the image. The region on the left side of the boundary

shows a giant lattice with lattice constant of 2.8 nm, while on the right side

is the regular graphite lattice. In order to image the atomic lattices, we

increased the bias voltage relatively. As a result, the giant lattice on the

left is not clear in this image. Also, it is not clear if the boundary is

associated with an atomic step or a grain boundary because

superstructures of graphite are dominant at the boundary and extend to a

few nanometers next to the boundary. Such superstructures are frequently
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found on graphite near steps, grain boundaries, or any defects on the

surface. They are attributed to periodic charge-density modulations

induced by defects on the graphite surface.s as discussed in the previous

chapter. Despite the superstructures of graphite, the atomic lattices on

both sides of the boundary are clearly seen and are misoriented by - 5° as

indicated in Figure 4.4. For two lattices of spacing d misoriented by an

angle S, the period D of the produced Moire pattern is given by an

expression D =d/[2sin(S/2)].5 Substituting d =0.245 nm and S = 5° into the

above equation, we get D ::::: 2.8 nm. This value is in good agreement with

the measured lattice constant, 2.8 nm, of the giant lattice. Therefore it

provides a strong evidence that the observed giant lattices are due to

misorientations of the graphite top layer.

However, since the STM sees only the top layer and is unable to

reveal a pattern which is formed by two overlaid lattices,13 the giant lattices

observed with STM do not directly correspond to Moire patterns. In the

following text we show that, although the atoms in deeper layers are not

imaged, they may influence the apparent structure of the surface in the

STM images. We concentrate on three structural aspects to account for

such influences.

A. Symmetry of the Giant Lattices

Graphite is a layered material and carbon atoms in each layer form

a honeycomb structure. The single crystal of graphite is formed by a

ABAB... stacking of these layers, where every other layer is laterally

shifted by one nearest neighbor distance. Figure 4.5(a) shows a schematic

drawing of the surface of graphite. The structure of the surface is

composed of two hexagonal lattices: an ex sublattice consisting of atoms
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with neighbors directly below in the next layer; and a ~ sublattice

consisting of atoms without such neighbors. A side view cut along the

direction indicated by the arrow is shown in the inset.

If the top layer is slightly rotated, the regular ABAB... stacking of

graphite layers becomes CABAB... , where C is used as notation for the

rotated top layer. A Moire pattern can be produced by overlapping the C­

layer onto the next A-layer. Since the distinction between a and ~ sites is

due to the ABAB... stacking, the C-Iayer is considered to be a honeycomb

lattice without such a distinction. The resulting Moire pattern with C­

layer rotated - 3.5 0 is shown in Figure 4.5(b). It di.splays a giant

honeycomb structure, as indicated by the six large circles. The regions in

the large solid circles are different from those in the large dashed circles.

In the large solid circles, each a atom in the A-layer is covered or partially

covered by an atom in the C-Iayer. In the large dashed circles, each ~ atom

in the A-layer is covered or partially covered by an atom in the C-Iayer.

Therefore the difference comes from the distinction between the a and ~

sites in the A-layer. Similar to the atomic structure of the graphite

surface, the large honeycomb structure of the Moire pattern is composed of

two hexagonal lattices: a sublattice represented by the large dashed circles;

and another sublattice represented by the large solid circles. The giant

honeycomb forms a unit cell of the Moire pattern. We call the center of the

large dashed circles "M-a-sites," the center of the large solid circles "M-P-

sites" and the center of the giant honeycomb "Mvh-site". Therefore, the

Moire pattern in Figure 4.5(b) displays a hexagonal symmetry with three

different sites in a unit cell. Such a symmetry comes from the distinction

between a and ~ sites of the second layer and is consistent with the

symmetry of the observed giant lattices in STM images. For example, in
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Figure 4.2(a), there are three different sites with different intensities in a

unit cell of the giant lattice. In the next part, we will show how the M-ex.,

M-/3 and M-h sites in a Moire pattern correspond to the g-ee, g-/3 and g-h

sites in a giant lattice respectively.

B. Atomic Sublattice in the Presence of the Giant Lattice

Although a and /3 atoms are geometrically identical at a regular

graphite surface, /3 atoms appear at a higher intensity than ex. atoms in

STM images. The asymmetry in the apparent intensity of the ex. and /3

atoms is due to their distinction resulting from the ABAB... stacking of

graphite layers. Each a atom in the top layer sits directly above an a-site in

the second layer, while each /3 atom sits above a hole-site. This leads to the

difference in their electronic states. The /3 atoms have a higher density of

states in the energy range scanned by the STM and therefore appear

brighter in STM images.f

In the case where the top layer is rotated, the situation becomes

much more complicated. As is shown in Figure 4.5(b), an atom in the top

layer can find itself above any site in the second layer. For example, it can

be above a hole-site, an a-site, a /3-site, or anywhere in between these sites.

For an atom above a hole-site, it would show maximum intensity in the

STM images just like /3 atoms in a regular graphite lattice. Similarly an

atom above an a-site would show less intensity and an atom above a /3-site

would show the least intensity.

With such an order of intensity in mind, we are now able to look

closely at the M-h-sites, M-a-sites and M-/3-sites in the Moire pattern. In a

region at the M-h-site, atoms of the top layer are either above a-sites of the

next layer or above /3-sites. Those above the a-sites give higher intensity in
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the STM images and form a hexagonal lattice. In a region at the M-a-site

(M-f3-site), atoms of the top layer are either. above hole-sites of the next

layer or above f3-sites (a-sites). The atoms above the hole-sites give higher

intensity in the STM images and also form a hexagonal lattice. Therefore

a hexagonal atomic lattice is expected throughout all three regions in the

Moire pattern. This is in good agreement with the observed atomic

structure in actual STM images. In Figure 4.3, for example, a hexagonal

atomic lattice is seen allover the image despite the presence of the giant

lattice.

In addition to the atomic lattice, the regions at M-13-sites of the Moire

pattern should give the highest average intensity than other regions. They

correspond to g-f3-sites of a giant lattice in STM images as, for example,

Figure 4.2. Similarly the regions at M-a-sites give the next high intensity

on average and the regions at M-h-sites give the minimum average

intensity. They correspond to g-ee-sites and g-h-sites of a giant lattice in

STM images respectively.

c. Orientation of the Giant Lattice Relative to the Atomic Lattice

The orientation of the giant lattice relative to the atomic lattice

provides additional information as to whether a misoriented top layer

would be the cause of the giant lattice. If the observed giant lattices are due

to small misorientations of the top layer, their orientation relative to the

atomic lattice should be consistent with that predicted by the rotational

Moire patterns. For a giant lattice with lattice constant in the range of 1.7 ­

6.6 nm, the corresponding misorientational angle e should be 3° - 6°. The

orientation of the giant lattice relative to the atomic lattice is then 30°-8/2,
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i.e. 27° - 28.5°. This is also in perfect agreement with the observed

orientation of giant lattices relative to the atomic lattice.

From the discussion on the three structural aspects, we have shown

that all the features of giant lattices observed with STM can be explained by

small misorientations of the top layer relative to the underlying graphite.

The causes of such misorientations of the top layer are not known and may

come from various processes such as cleavage or some peculiarity in the

growing process of graphite. In addition, the superperiodicity introduced

by a misoriented the top layer may also induce an electronic redistribution,

which leads to the very high corrugation of the giant lattice compared to

the atomic corrugation. A theoretical calculation of such an electronic

redistribution is needed to be compared with the experimental results.

4.3.2 Supergiant Lattice

In addition to the giant and atomic lattices, a supergiant lattice was

also observed on the first sample. Figure 4.6 is a contour STM image

showing such a supergiant lattice. It appears on the right side of a

boundary similar to that of Figure 4.1 and is superimposed on the giant

lattice, Itexhibits distorted hexagonal pattern with a periodicity of - 14

nm, The corrugation amplitude is - 0.1 nm, much less than the

corrugation amplitude of the giant lattice. The supergiant pattern

appeared in a number of images and scaled with various scan sizes. It

was found only in the region where the giant lattice was observed, for

example, only on the right side of the boundary in Figure 4.6.
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The physical mechanism of such a supergiant lattice is not

understood. It could be a result of the strain produced by the small rotation

of the top layer.14

4.3.3 Adsorption Sites of Cobalt clusters

Since cobalt was also deposited on the first sample, small cobalt

clusters were found occasionally on the surface together with the giant

lattice. Figure 4.7(a) shows an image of a single cobalt particle of size 1 run

- 1.5 nm, It appears as the bright spot at the center of the image. Figure

4.7(b) is an image of two cobalt particles of similar size. In both images the

cobalt particles were found on the top sites (g-l3-sites) of the giant lattice.

This is very similar to the observation of single atoms and atomic dimers of

noble metals on the surface of graphite. They were mostly found at the top

sites (l3-sites) of the graphite atomic lattice.15, 16 Single atoms and atomic

dimers prefer l3-sites in the atomic lattice because the l3-sites have a higher

local density of states at the Fermi level than the other sites. For cobalt

particles, their much larger size makes it impossible to be bonded to any

atomic site. But the presence of the giant lattice provides a similar

environment as that of the atomic lattice to single atoms and dimers. For

the same reason, the cobalt particles locate themselves on g-l3-sites. This

suggests that high local density of states at the Fermi level may determine

the adsorption sites for both atoms and clusters.

4.4 Conclusions

Anomalous giant lattices have been observed on four graphite

samples with scanning tunneling microscopy. They exhibit hexagonal
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symmetry with lattice constants of 1.7 nm, 3.8 nm and 6.6 nm. Atomic

resolution of graphite was obtained simultaneously. The various giant

lattices are due to small misorientations of the top layer relative to the

u.rnderlying graphite single crystal and their detailed features displayed in

the STM images can be explained accordingly.

In addition, a supergiant lattice superimposed on the giant and

atomic lattices has also been observed. It showed a distorted hexagonal

pattern with a periodicity of - 15 nm. The causes of the supergiant lattice

is not clear and may be due to the strain produced by the small rotation of

the top layer.

Cobalt clusters adsorbed on the surface were also imaged together

with the giant lattice. They were found to prefer top sites of the giant

lattice, suggesting that high local density of states at the Fermi level may

determine the adsorption sites.
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Figure 4.1: A STM image (160 nm X 160 nm) showing a sharp boundary

which separates the giant lattice from regular graphite. The

giant lattice on the right side of the boundary exhibits a

hexagonal symmetry with lattice constant of 3.8 nm.
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Figure 4.2: (a) A closer view (17 nm X 17 nm) of the giant lattice in

Figure 4.1. The hexagon shows a unit cell of the giant lattice,

(b) A height plot along the line AB indicated in (a).
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Figure 4.3: A STM image (10 nm X 10 nm) showing both the giant and

atomic lattices.
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Figure 4.4: A STM image (11 nm X 11 nm) taken near a boundary of the

giant lattice Cleft) with lattice constant of 2.8 nm. The atomic

lattices on both sides of the boundary are clearly seen and are

misoriented relatively to each other by - 5°. The bias voltage

was kept relatively high in order to image the atomic lattices.

As a result, the giant lattice on the left is not clear in this

image. The superstructures near the boundary are due to

periodic charge-density modulations discussed in Chapter 3.
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Figure 4.5(a): Schematic drawing of the surface structure of graphite.

The inset shows a side view cut along the arrow.
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Figure 4.5(b): A Moire pattern produced by overlapping two lattices. One of

them (C-layer) has a honeycomb structure and the other (A­

layer) has the structure shown in (a). The two lattices are

rotated relatively to each other by 3.50.
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Figure 4.6: A contour STM image (160 nm X 160 nm) similar to Figure

4.1. The region at the right side of the boundary shows a

supergiant lattice superimposed on the giant lattice. The

corrugation of the super lattice is extremely small, - 1/10 of

the corrugation of the giant lattice. In order to bring out the

effect, high contrast contour scale is used, which also leads to

the bright bands at the boundary.
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Figure 4.7: (a) STM image (38 nm X 38 nm) showing a single cobalt

particle adsorbed on the giant lattice with lattice constant of

3.8 nm. (b) STM image (38 nm X 38 nm) showing two cobalt

particles adsorbed on the giant lattice.
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Chapter V

CONCLUDING REMARKS

This PhD research is inspired by the need of understanding the

physics of supported clusters and is directed toward obtaining local

structural information of the clusters and the substrates using scanning

tunneling microscope.

First, we performed a topographic study of adatoms and small

clusters of platinum on highly-oriented pyrolytic graphite both in air and in

ultra-high vacuum. Taking the graphite lattice as reference, we

determined cluster structures as well as their orientational and positional

registry with the graphite lattice. In addition a statistical study has been

performed to obtain distributions of adsorption sites and bond lengths. We

find that a platinum single atom tends to bind to the J3-site of the graphite

lattice, but has also a high probability to bind at any other sites. For dimers

the average bond distance is -0.246 nm which is very close to the graphite

lattice constant. The trimer bond length is 0.261 nm, suggesting that the

Pt-Pt interaction is dominant.

For many adsorbed clusters (platinum and cobalt) on graphite,

various superstructures of graphite were found in the nearby regions. The

superstructures were localized in small areas near defects and decayed

within a distance of 2 - 5 nm into the graphite lattice. They can be

explained by periodic charge-density modulation superimposed onto the

graphite lattice. These periodic modulations have a period of 1.5a (a = 0.245

nm, is the lattice constant of graphite) and exist in three possible

directions, each rotated 30° relative to the graphite lattice. They are
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generated by adsorbed clusters which perturb the surface charge-density.

Images of the superstructures depend on the dominant periodic charge

density modulations and their relative intensities and phases with respect

to underlying graphite lattice. The cluster-induced modulations may have

an effect on the atomic arrangements in the clusters. Atoms in clusters

tend to bind to those sites which have maximum intensity of the

modulation.

Among many samples of graphite substrate being studied,

anomalous giant lattices were observed on four of the samples. They

exhibit hexagonal symmetry with lattice constants of 1.7 nm, 2.8 nm, 3.8

nm and 6.6 nm. Atomic resolution of graphite was obtained

simultaneously. By introducing small rotations of the top graphite layer

relative to the underlying single crystal, a complete description is

developed to account for all the features displayed by the STM images. In

addition, a supergiant lattice superimposed on the giant and atomic

lattices has also been observed. It showed a distorted hexagonal pattern

with a periodicity of - 15 nm. The causes of the supergiant lattice is not

clear and may be due to the strain produced by the small rotation of the top

layer. Cobalt clusters on the surface were also imaged together with the

giant lattice. They were found to prefer top sites of the giant lattice,

suggesting that high local density of states at the Fermi level may

determine the adsorption sites.

The study of clusters and their interaction with the substrate is of

fundamental importance in future technologies such as catalysis,

microelectronics and material science. The investigation of small clusters

can lead to advanced engineering technology for novel industrial devices,

for example, in the miniaturization of electronic components and their
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fabrication. The development of new processes based on cluster research

can give new materials with improved properties such as super-strength

and ultra-light weight.
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