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Abstract

The geometry of adsorbed C60 influences its collective properties. We report the
dynamical low-energy electron diffraction and scanning tunneling
stud√ microscopy
√
ies to determine the geometry of a C60 monolayer, Ag(111)-(2 3 × 2 3)30 ◦-C60
and related density functional theory calculations. The stable monolayer has C60
molecules in vacancies that result from the displacement of surface atoms. C60
bonds with hexagons down, with their mirror planes parallel to that of the substrate. The results indicate that vacancy structures are the rule rather than the
exception for C60 monolayers on close-packed metal surfaces and closely related to
the anneal.
Low-energy electron diffraction (LEED) indicates that the monolayer structure
of C60 on Pb(111) comprises two coexisting incommensurate structures with nonsymmetry epitaxial rotations near 20 ◦ relative to the Pb(111) lattice. These structures are observed in scanning tunneling microscopy (STM) as Moiré superstructures having periods of about 46Å and 34Å. The Moiré images and LEED patterns
are consistent with two higher-order commensurate (HOC) structures that were
identified using the hexagonal number sequence method. These structures are close
to predictions from the Novaco-McTague theory of epitaxial rotation, assuming a
weakly corrugated substrate potential. As a consequence of the fullerenes within
the Moiré structures having different local environments, the energetic alignment
of the molecular resonances is also modulated, with shifts measured by tunneling
spectroscopy of up to 20 meV.
LEED experiments and grand canonical Monte Carlo simulations were carried
out to study the adsorption of Xe on a substrate composed of a monolayer of
C60 molecules on a Ag(111) surface. LEED adsorption isobars indicated that the
adsorption occurs in steps, with the Xe initially adopting a structure having the
iii

same unit cell as the C60 . Isosteric heats corresponding to the first two steps were
measured to be 234 ± 8 and 204 ± 14 meV, respectively. For the simulations, the
interaction potential of Xe with the composite substrate was modeled as the sum of
two parts: the Xe-Ag part was computed using an ab initio van der Waals potential
that varies as an inverse-distance cubed and the Xe-C60 part was computed using
a spherically averaged C60 potential [E. S. Hernandez et al., J. Low Temp. Phys.
134, 309 (2004)]. The resulting adsorption potential is highly corrugated, with the
most attractive sites located in the threefold hollows between the C60 molecules,
forming a honeycomb array. The simulations (at temperatures ranging from 55 to
90K) show that these attractive sites are filled first, followed by adsorption in two
types of secondary sites, where a competition exists due to steric hindrance. The
thermodynamic properties of film growth obtained in the simulation are in good
agreement with the experiment.
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for both adsorption(a) and desorption(b). These intensities corresponds to the integrated intensity of the first-order diffraction spots
from the Ag(111) lattice (indicated on the inset). The red circles
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Family of adsorption isobars showing the intensity of the substrate
diffraction spot shown in Fig. 5.2 as a function of T for from right
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is in a natural log scale of pressure in Pa.(Refer to the derivation
in Sec. 2.3.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The schematic of the C60 /Ag(111) used in the Monte
√ Carlo
√ simulation. The C60 sits on top of a Ag atom with (2 3 × 2 3)R30 ◦ .
The vacancy described in Chapter 3 was ignored in this study
for simplicity. The screening of the C60 molecule might reduce the
contribution of the vacancy. . . . . . . . . . . . . . . . . . . . . . .
Simulation cell used in Monte Carlo calculation.(Not to scale) C60
locations indicate as red dots. Vertical configuration shows in the
bottom of figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
”hollow sites”(H), ”bridge sites”(B) and ”center bridge sites”(C)
are depicted as black triangles, red squares and blue circles, respectively. The hollow circles indicate the positions of the C60 molecules.
The adsorption potential for H, B and C sites are plotted with black
solid, red dashed and blue long dashed lines, respectively. x-axis is
referred to vertical distance from the base plane(C60 center plane)
of the simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Isotherms for T=60K, 65K, 77K and 90K show the first two steps of
Xe adsorption. The third steps show in lower temperature isotherms.
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5.15 Experimental(red, left y-axis) and simulated(blue, right y-axis) adsorption isobars at P = 1.7 × 10−7 mbar. Left y-axis refers to LEED
spot intensity. Right y-axis refers to the coverage N from the simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1

6.2

6.3

94

95

96

97
98

99

dz as a function of temperature in the calculations. The indices
of the dz represent the layer indices, for example, dz12 represents
the vertical distance between first layer and second layer and so on.
The vertical bars show in the graph indicate the error bars. . . . . . 104
Comparison between measured LEED I(E) curves and calculated
I(E) as a function of temperatures. Thick lines are experimental
data and thin lines are theoretical calculations. Pendry R-factors
are also indicated in each set of data. The typical LEED pattern is
shown in the inset with E = 267eV and T = 11K. The indices of
the beam used are shown in the bottom of each column. . . . . . . 106
|α
|
Absolute value of thermal expansion ratio |αsurf
plotted as a funcbulk |
tion of the first interlayer relaxation ∆d12 . (The lines connecting
data points are for providing the eye-guidance only.) The data for
the figure are from Table 6.2. Highest temperature studied for each
element is indicated as the portion of its melting temperature. . . . 107

xiv

A.1 Typical isobar curve for N2 on Pb(111) at pressure 2.4 ×10−5 mbar.
Three steps corresponding to formation of first three layers indicate
in the graph. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.2 ln(P ) vs. T1 plot for first and second layers. The isosteric heats of
adsorption are shown in the graph. . . . . . . . . . . . . . . . . . .
A.3 N2 -N2 distance versus temperature is shown in the graph. Data
come from two days measurement, the variation is relatively large
not only from day to day also among different pressures . . . . . . .
A.4 LEED pattern for monolayer N2 on Pb(111) surface at electron
energy 91eV. Six-fold brighter spots are Pb spots, the weaker spots
surrounding to the brighter spots are N2 spots. . . . . . . . . . . . .
A.5 For A.5a-A.5c, the black rods represent the axises of the N2 molecules.
Two different 2-out herringbone structures are different in the sticking out ends. The pinwheel structure has one N2 molecule standing
upright and six molecules laying down to the substrate. Depending
on the interactions, the angle between the wheel molecules can be
different from 60 ◦ showing in the A.5d. . . . . . . . . . . . . . . . .
A.6 LEED pattern for monolayer N2 on Pb(111) surface at electron
energy 50eV. Six-fold brighter spots are N2 1 × 1 spots. The weaker
spots between brighter six-fold spots are 2 × 2 spots with first order
spots missing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.7 A.7a shows the 1×1 N2 structure factor for comparison. A.7b shows
the pinwheel structure factor with second order 2 spots indicated
with ➜ symbol, but no first order 2 × 2 spots shown. . . . . . . . .
A.8 Intensity of 2 × 2 spots as a function of temperature. A kink observed at around 21K(mark with a dashed reference line) which
indicates the onset of the rotational melting at ≈ 21K. . . . . . . .
A.9 A.9a and A.9b shows the α-N2 crystal tilt view and along c-axis
. The β-N2 crystal has same N2 center of mass structure as α-N2
crystal. The only difference is the N2 molecules precess along the
diagonal axises({1 1 1} directions) of the unit cell with θ ≈ 54.7 ◦ .
Dashed line shown in the Fig. A.9a represents the precession axis.
Fig. A.9b shows the natural {111} structure is a pinwheel type
structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A.10 A.10a shows LEED pattern at electron energy at 73eV . The first
order 2 × 2 N2 spots can be seen(one of the 2 × 2 spots is indicated
by ➜. A.10b shows the second order 2 spots indicated with ➜. . . .

xv

116
117

118

119

120

121

121

122

122

123

B.1 LEED pattern of monolayer Ar adsorption on Pb(111) at electron
energy 91eV and temperature at ≈ 60K. The ring-shape Ar pattern
indicates incommensurate structure. . . . . . . . . . . . . . . . . .
B.2 Isobars of the substrate spots intensity as a function of T in the Ar
pressure range from 2.41 × 10−4 to 3.85 × 10−8 mbar. The isobars
indicate a layer-by-layer growth up to at least two layers of Ar.
The step drops are indicated as 1st , 2nd and 3rd for the pressure
2.41 × 10−4 curve. . . . . . . . . . . . . . . . . . . . . . . . . . . .
B.3 The heat of adsorption extraction for first and second layers from
cooling down isobars. The heat of adsorptions show in the figures.
B.4 ln(LAr−Ar ) as a function of temperature show the slope as constrained layer thermal expansion coefficient. . . . . . . . . . . . .
C.1 Standing wave formation in a crystal. E◦ (r) is incident wave and
Eh (r) is scattered wave. h is the lattice plane vector with Bragg
condition d = 2π|h|. (I A Vartanyants and M V Kovalchuk [2]) . .
C.2 a) Absorption curve at unity reflectivity. b) Absorption at substrate. c) absorption at adsorbate. . . . . . . . . . . . . . . . . . .
C.3 (From [3]) a) One layer of the quasicrystal slab, having a diameter of
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Chapter

1

Introduction
The discovery of C60 in 1985 by Robert Curl, Harold Kroto and Richard Smalley [11] opened up a new possibility for physicists and chemists to probe a system
between a macroscopic scale and a microscopic scale. Although the existence of
C60 molecules was proposed by the Japanese scientist Eiji Osawa in 1970 [12], it
did not attract too much attention from the science community until its discovery. Research on C60 did not significantly increase until the Hufmann-Krätschmer
method, a method to mass produce high purity C60 molecules, was introduced in
1991. During the past two decades, many efforts have been made by scientists
to understand C60 and its interaction with different materials of different forms.
Nowadays, C60 study is one of the most popular fields in modern physics and chemistry. The carbon family, including C60 , nanotube and newly found graphene(single
sheet of graphite at 2004[13]), has been at the focus of searching for new types of
switches to replace the silicon charge-based switch. The unique properties of the
C60 system can lead to many novel applications. Many possible commercializations
using adsorbing characteristics of the C60 molecules such as humidity sensors, gas
sensors, drug delivery and gas storage have been proposed and reviewed [14].

1.1

Structure of C60 molecule and solid

C60 is a highly symmetrical molecule with 60 carbon atoms forming a soccer balllike structure(Fig. 1.1). It has 12 pentagons and 20 hexagons as its patches as in a
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Figure 1.1: C60 structure.
soccer ball and carbon atoms located at each corner of the patches. Each carbon
atom has three sp2 configurational bonds connecting to three carbon atoms around
it. This bonding configuration is the same as for graphite, but the three bonds in
a C60 carbon atom do not lie in the same plane as the bonds of graphite do. This
non-planar configuration of bonding acquires some electronic properties found in
diamond, which do not exist in graphite. The carbon bonds in a C60 molecule
can be categorized into two types: bonds shared by two hexagons and bonds
shared by one hexagon and one pentagon. The double bond(a6 ) length between
two hexagons is 1.40Å, while the single bond(a5 ) length between a pentagon and
a hexagon is 1.46Å [15]. The bond length difference is rather small(only 0.06Å),
but it might be significant in some measurements such as electron energy loss
spectra(EELS) [16]. The C60 molecule itself is almost incompressible, but the solid
phase of C60 molecule is relatively soft because of the rather weak Van der Waals
interaction between C60 molecules. The volume thermal expansion coefficient for
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a solid phase C60 at room temperature is 6.1 × 10−5 /K [17] while diamond is
3.0 × 10−6 /K [18] at same temperature. C60 forms an fcc crystal with lattice

constant 14.17Å and C60 − C60 distance 10.02Å at room temperature [19, 20].
At T01 = 261K, C60 solid encounters an order-disorder phase transition, in which

two of its three rotational freedoms freeze out below 261K; only rotational axes
aligning to the {111} direction are active. Below T01 , the C60 solid transforms from
a fcc structure to a sc structure since the molecules in the fcc unit cell are no longer

equivalent. There is a second-order phase transition at lower temperature around
90K [21]. Below 90K almost all the C60 molecules are frozen and orientations of the
molecules are locked in two optimal configurations. The two major configurations
are the rotational axes of 98 ◦ and 38 ◦ to the {111} direction of the solid C60 with

ratio about 5 : 1 in population. The preference of the 98 ◦ orientation starts to
reduce and the molecules swing between the two angles when temperature is higher
than 90K. For multilayer film of C60 , the first-order order-disorder phase transition
temperature was found to be around 230K and the second order transition is in
a wide range from 80K to 150K [22, 23]. At high pressure, C60 solid transits to
a fcc phase from a sc phase at around 135 − 500MP a at room temperature, and
the C60 − C60 distance reduces from 10.02Å to 9.22Å [24, 25]. Studies found

that C60 reorientates itself and changes from fcc to sc at glass states with high
pressure. Some structure-related physical constants of C60 and C60 solid are listed
in Table 1.1.

1.2

C60 molecule on metal surfaces

C60 has many fascinating properties by itself and when interacting with other materials. Doping C60 solid with different levels of Alkali metals will greatly affect its
properties. M3 C60 is a superconductor while M4 C60 forms an insulator, where M =
K or Rb. Small atoms can even be doped inside the C60 cage to see the interaction
of atoms from inside of the C60 . Moreover, the study of the interaction between
the mesoscopic size C60 molecule and the substrate extends our knowledge beyond
microscopic quantum mechanics and macroscopic statistical mechanics limits. The
characteristics of the structures of C60 films and their interactions with substrates
also lead to many possibilities in chemical, biological and medical applications. The
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Table 1.1: Physical constants of C60 and C60 solid.
Pentagons

12

Hexagons

20

Double bond length

1.40± 0.015Å [26]

Single bond length

1.45± 0.015Å [26]

Vol. thermal expansion coeff.

6.1 × 10−5 /K [17]

Order-disorder transition T
High pressure structure transition
Fcc C60 − C60 distance
High pressure sc C60 − C60 distance
Triple point
Sublimation temperature

261K [27]
135-500MPa [24, 25]
10.0Å [28]
9.22Å [24, 25]
≈1500 ◦ C [29]
434 ◦C [30]

versatility of C60 surface properties has also caught the interests of surface physicists and chemists. [31, 32]. Many surface studies of C60 films have been done with
various techniques from the 1990s such as photoemission spectroscopy, scanning
tunneling microscopy, temperature programmed desorption, etc. [31] Currently,
possible applications using surface properties of C60 systems on medical, biological
and energy related fields are being developed, evaluated and reviewed [33, 34].
C60 interactions with metal surfaces have been studied intensively with different techniques in the past decade and half [35, 31]. It is usually considered that
the interaction between C60 and substrates are chemisorption instead of physisorption for noble metal and transition metal substrates. Studies of C60 adsorption on
noble metal and transition metal surfaces show that bonding between C60 and substrate is usually larger than C60 − C60 bonding because of the charge transfer to

C60 from metal substrates, which has been verified by inverse photoemission and
photoemission studies on noble metal systems [36, 37]. On normal metal surfaces,
the structures of C60 monolayers are usually hexagonal or quasi-hexagonal, with
a nearest-neighbor distance close to the natural spacing of C60 solid. However,
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the chemisorption bond causes a tendency for the formation of commensurate or
higher-order commensurate structures, and in some cases, the adsorption structures are accompanied by significant surface reconstructions [38, 39]. On noble
metal surfaces, such as Cu(111), Ag(111) and Au(111), C60 has been reported to
form hexagonal overlayers with the major phases on Ag(111) and on Au(111) being
√
√
√
√
3 × 2 3R30◦ [40] and on Cu(111) being 4 × 4 [37] structure. A 13 × 13R13.9◦

hexagonal structure with a substrate reconstruction where the C60 molecules occupy lattice vacancies has been proposed for Pt(111) surface [41]. Studies show
no preferred site for the adsorption of C60 on Si(111) 7 × 7 surface [42, 43, 44].
√
√
C60 on Al(111) shows either 6 × 6 or 2 3 × 2 3R30 ◦ depending on post depo-

sition anneal temperature [45]. Higher order commensurate(HOC) structures of

C60 molecules on Ag(111) also have been reported in a STM study [46]. An HOC
√
√
589 × 589R14.5◦ structure cell of C60 /Au(111) was also observed in a low temperature STM study [47].

However, little was known about the details of a C60 monolayer structure on a
metal substrate, such as the distance between overlayer and substrate, which sites
are occupied, which face of the C60 is sitting on substrate, and relative orientations
of the C60 . So far, studies only describe C60 molecule as a hard sphere, little information about the orientations of the C60 molecules and relative structure between
C60 and substrates is still disputable. LEED is a perfect technique for obtaining
information described above. In this work, we performed the dynamical analysis(Sec. 2.2.1.2) of the LEED IV data for a C60 monolayer on the Ag(111) surface.
The result is presented in Chapter. 3. This reveals detailed information for the
first time on how C60 molecules sit on the Ag(111) surface.
We also found out that there is a lack of information about the C60 monolayer
on Pb surfaces. We performed the LEED and STM studies of monolayer C60 on
Pb(111) surface. The stable phase turns out to be a fascinating HOC structure. We
developed a method combining LEED and STM techniques to identify the HOC
structure. The mathematical methods used are the Hexagonal Number Sequence
method, Novaco-McTague rotational epitaxy and moiré phenomena as presented
in Chapter. 4.
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1.3

Xenon adsorption on C60/Ag(111)

Another way to investigate C60 /metal interaction is to examine the interaction by
sending the probes from the top of the system, which could be realized by a gas
adsorption study. Adsorption of noble gases on carbon materials has been studied
intensively in the past. For example, Xe adsorption on the graphite forms a two
dimensional gas at very low coverage; at higher coverage, it forms incommensurate
√
√
islands [48, 49] or a 3 × 3R30 ◦ commensurate layer [50]. Adsorption on carbon
nanotube bundles shows behavior that transforms from one dimensional characteristics to a two dimensional monolayer, and then to a three dimensional multilayer
behavior [51]. Dimensionality plays a very important role in the microscopic behavior of gas adsorption. However, because of the geometrical complex of the
carbon substrate structure, the interaction between the gas and the carbon substrate is usually very complicated. Isobaric measurement of noble gas adsorption
on a C60 /metal system provides a good platform for testing the capability of the
spherically averaged C60 potential approximation [52]. This system also provides
an opportunity to examine the adsorption physics of a system between atomically
flat substrates and disordered porous substrates because of the mesoscopic size of
the C60 and usually well ordered C60 overlayer structure. An isobaric measurement
is carried out and the comparison between the experimental result and the grand
canonical Monte Carlo simulation with spherically averaged C60 potential approximation is done. The result of Xenon adsorption on C60 /Ag(111) can be found in
Chapter. 5

1.4

Thermal properties of the Pb(111) surface

The surface properties of a Pb crystal have been very interesting in many ways.
For example, its temperature properties is considered eccentric among many other
metal crystals. The surfaces of Pb encounter an anisotropic order-disorder transition before its melting [53], so-called premelting. A Pb(110) surface has a much
lower premelting temperature than a Pb(100) surface. The surface relaxation of
Pb crystal is larger than other fcc crystals. The thermal expansion is enhanced by
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a factor of 2 or larger [54] for Pb surface compared to other studied metals. The
multilayer relaxation of a Pb(111) surface occurs in a way that some interlayer
distances decrease while some interlayer distances increase.
Many interesting phenomena have been explored at scattered temperature conditions. However, there is a lack of systematically temperature dependent study. In
this work, we present a temperature dependent structure study of Pb(111) surface
ranging from 11K to 323K. The result can be found in Chapter. 6.

1.5

Uncompleted works

Appendices are the collection of interesting but uncompleted results. Appendix. A
describes results and issues of the N2 adsorption on Pb(111) surface. Appendix. B
describes the results of Ar adsorption on Pb(111) surface. Appendix. C shows the
experimental results of Normal Incidence Standing X-ray Wavefield(NISXW) for
monolayer Si adsorption on quasicrystal AlNiCo.

Chapter

2

Methods
2.1

Sample preparation and experimental conditions

The crystals used in this work were purchased either in slab or in ingot form and
cut them into proper shapes for the experiments. The Pb crystal was cut from
a diameter Ø≈ 1cm Pb{100} single crystal ingot with a stainless steel wire saw.
The crystal was polished with 0.25µm diamond slurry and etched by a solution of
CrO3 and H2 SO4 to remove surface damages caused by polishing. The Pb(111)
surface direction was measured to within 1 ◦ using Laue X-ray diffraction. The
crystals were directly mounted onto the sample holder with molybdenum foil holding the edges of crystals. The mounting of the Pb crystal is tricky because Pb
is soft compared to many other crystals. Uneven mounting of a Pb crystal can
cause recrystallization of the crystal surface after anneal treatment, forming an
unwanted polycrystalline surface.
The sample holder was directly connected to the manipulator with an open
cycle helium cryostat, which can cool the sample down to around 7K with liquid
helium and around 77K with liquid nitrogen. All the experiments were performed
in an Ultra High Vacuum(UHV) environment which has a base pressure below
1 × 10−10 mbar. Fig. 2.1 shows the schematic of the UHV system and manipulator.
Cycles of argon ion sputtering and anneal treatments were applied to the crystal
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leak valve
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Figure 2.1: Schematic of the VG UHV system, manipulator and LEED optics.
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surface before each run of experiments. The general sputtering condition is with
the chamber back filled with Ar at around 10−4 mbar, and 0.5kV Ar ions produced
by a PHI 04-162 ion source. The anneal was done by electron bombardment and
filament radiation up to 600C ◦ for the Ag crystal and a Heatwave Labs 1200 ◦C
UHV button heater up to 200C ◦ for the Pb crystal. Temperatures above 100K were
monitored by the K type chromel-alumel thermal couple calibrated with LakeShore
DT-470 Cryogenic Silicon Diode temperature sensors. Temperatures below 100K
were directly monitored with LakeShore diode sensors. The C60 molecules were
deposited onto the crystal surfaces by sublimating C60 powder from a Pyrex r tube
maintained at ≈ 260 ◦C.

2.2

Low Energy Electron Diffraction(LEED)

Electron diffraction was the first technique using to verify the wave like property
of electrons [55, 56]. However, it took decades to convert the technique to a useful
tool for surface structure determination. The reason is that the strong interaction
between electrons and surfaces of matter. Most of the scattered electrons are either scattered inelastically or absorbed by the crystals. The number of diffracted
electrons is usually below 1% of incident electrons. Diffraction experiments require
very strict surface condition for diffraction to be observed. The surface preparation method widely used by surface scientists was developed in the middle 50s
by Harry Farnsworth and his group at Brown University [57]. After decades of
development and improvement of LEED instruments and scattering theory, the
conjunction of LEED experimental techniques and first-principles total energy calculations achieves the self consistency in electronic states and nuclear positions
of the surface layers [58]. This largely increases the ability of surface structure
determination with LEED. So far, LEED has been the most used technique for
surface structure determinations.
LEED instruments used in this work were built by Vacuum Generator and
OCI. The schematic of the LEED components are shown in Fig. 2.2. Monochromatic electrons are emitted from the cathode filament, accelerated, collimated and
focused by the lenses A1 to A4. A negative potential in the range -10 to -600V
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Figure 2.2: The VG LEED optics consists a thoriated tungsten cathode filament
for thermionic electron generation. Lenses A1 to A4 are to focus the electron
beam. A negative potential in the range -10 to -600V is applied to the cathode
with respect to the sample. The back diffracted electrons are displayed on the
phosphor coated semi-spherical screen due to electron induced fluorescent effect.
is applied to the cathode with respect to the sample. The back diffracted electrons can be displayed on the phosphor coated hemispherical or flat screen due to
the electron induced fluorescent effect. A micro channel plate with a high voltage
≈ 1KV was used in the flat screen OCI system to increase the intensity, allowing

the use of lower electron currents to avoid the current damage of the surface.

2.2.1

LEED theory

Incident electrons can scatter back elastically, be absorbed by the solid or scatter
more than once before they leave the solid. The electrons scattering of interest in
LEED are these elastically back scattered electrons that produce the LEED spots
seen on the screen. Usually the elastically scattered electrons are only 1% of the
back-scattered electrons.
The inelastic scattering in LEED theory can be described by the life time τ of
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the electrons. An imaginary term in the interaction potential in the Hamiltonian
can make the wave die away in time scale τ . The imaginary part of the potential
can be expressed as:
V◦i = −

1
2τ

(2.1)

This imaginary part of the potential also gives the lower limit of the width of the
LEED spots at T = 0K because of the uncertainty principle. The real part of
the potential V◦r accounts for the background potential between the crystal and
vacuum level. The sum of the real V◦r and the imaginary V◦i is called the optical
potential from the analogy of the light refraction when traveling through different
media, i.e.
Vop = V◦r + V◦i .

(2.2)

Besides the background constant potential and the die away potential, there is ioncore potential to account for the atomic interaction of the back-scattered electrons.
The incident electron interaction with atoms, especially their electrons, usually is
a very complicated many body problem because the interactions are not small
enough to be ignored in LEED energy range. By applying the muffin tin approximation(Fig. 2.3) and the Hartree-Fock approximation, the problem can be reduced
to a one electron problem and can be solved numerically. The ion-core interaction
is usually very complicated and difficult to deal with. Fortunately, the details inside the ion-core is not too important for the electron backscattering. The muffin
tin approximation sets a boundary condition for the scattered electron wavefunctions which can be calculated without dealing with the inside ion-core scattering.
The only thing that needs to be done is to find the phase shifts for every quantum
state of the scattered electrons. Deeper ion-core scattering requires more quantum
angular components or phase shifts to converge to an accurate result. The ion-core
potential is mainly affected by the inner core electrons and nuclear charges and less
affected by the conduction and valence electrons; the contribution from the electrons of atomic neighbors is very small. The LEED calculation can be started from
an ion-core partial wave analysis. The phase shifts can be obtained by comparing
the incident wavefunctions and the asymptotic scattered wavefunctions.
Since the interaction between electrons and matter is strong for LEED, this
makes the mathematical description of the scattering much more complicated than
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(a) Front view of muffin tin potential

(b) Tilt view of muffin tin potential

Figure 2.3: Muffin tin potential. z direction is normal to the surface of the lattice.
x-ray diffraction which can be approximated by assuming that photons only scatter
once. At the first order approximation, we can assume the electrons only scatter
once on their way out of the crystal. With this approximation we can obtain
some useful information such as the two dimensional structure of the surface.
However, more detailed information such as atomic distances between layers and
within layers needs a LEED dynamical calculation to compare with experimental
IV data.
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2.2.1.1

Kinematic Theory

The kinematic theory considers that the interactions between electrons and matter
ion-core are weak, and most of the electrons do not interact with ion-cores more
than once. This assumption is not true for most of the materials, but it provides
a qualitative and intuitive understanding of the LEED patterns. The kinematic
consideration is a first step before a more detailed structure determination. The
kinematic theory starts with solving Schrödinger equation of a plane wave scattering with an optical potential due to conduction and valence electrons which
is treated as a constant background potential. The optical potential V◦ contains
an imaginary term representing the absorption of the electrons in the solid. The
Schrödinger equation can be expressed as
1
− ∇2 φ + V◦ φ = Eφ
2

(2.3)

where V◦ is the optical potential, and the incident electron wavefunction can be
expressed as a plane wave form
φ(r) = B exp (ik◦ · r)

(2.4)

with kinetic energy E = 12 |k◦ |2 and where B is the amplitude of the plane wave.
Here we adapt atomic units. The transmitted wave will be
T + · B exp (ik · r)

(2.5)

where 12 |k|2 = E − V◦ . Now we treat equation 2.5 as the incident wave for the
ion-core potential in the lattice. Because of the lattice periodicity of a crystal, r

can be replaced by Rj + us where in the jth unit cell Rj = la + mb, where a and
b are lattice constants and us is the position of the atom in the unit cell. The
ion-core scattered wavefunction over the lattice can be written as
φscatt. =

X
js

T + (k) B exp [ik · (Rj + us )]χs (r − Rj − us )

(2.6)
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χs (r − Rj − us ) =

X

(2l + 1)Pl

l



k · (r − Rj − us )
kkkkr − Rj − us k



(2.7)

(1)

× sin(δl (s)) exp (iδl (s)) × il+1 hl (kkkkr − Rj − us k)
(1)

where Pl are Legendre polynomials, δl are phase shifts and hl

are the Hankel

functions of the first kind. χs is the spherical wave form of the plane wave in a
partial wave analysis. These are back-scattered waves from the ion-core and are a
function of the phase shift. The phase shifts are different from material to material
and can be obtained from a single atom calculation. Now φscatt. can be rewritten
in a beam representation as a summation of plane wave components because plane
wave beams are what we index in a LEED IV measurement.
φscatt =

X
k′

bk′ exp (ik′ · r)

(2.8)

From the orthogonality relationship
1
bk′ = 2
N A

Z

φscatt (r) · exp (−ik′′ · r)d2 rq

(2.9)

which we insert φscatt. from equation(2.6):


T +B h 1 X
′′
exp
i(k
−
k
)
·
R
b =
j
A N2 j
Z
i
X


′′
′
′′
′ 2 ′′
×
exp i(k − k ) · us
χs (r ) exp (−ik · r )d r q .
k′

(2.10)

s

′

where r = r − Rj − us , d2 r′′ q integrates over the two dimensional surface of the

unit cell, N 2 is the total number of the unit cells in the two dimensional lattice
and A is the area of the electron beam. Since the electron diffracts over the lattice,

P
the term N12 j exp i(k − k′′ ) · Rj can be recognized as a structure factor
S(g′′) =

 ′′

1 X
exp
i(g
)
·
R
.
j
N2 j

(2.11)

The structure factor dictates that the integral is zero except when k − k′′ is a

reciprocal vector g, and in this case S = 1. The integration term in equation 2.10
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can be done by expanding exp (−ik′′ · r′ ) into Legendre polynomials
Z

χs (r′ ) exp (−ik′′ · r′ )d2 r′ q =

2πi X
(2l + 1) sin (δl (s)) exp (iδl (s))
kkkkkz′′ k l


k · k′′
×Pl
.
(2.12)
kkkkk′′ k

then
bk′′ = M(k′′ , k)T + (k)B,

(2.13)

X
2πi
(2l + 1) sin (δl (s)) exp (iδl (s))
Akkkkkz′′ k ls




k · k′′
′′
exp
i(k
−
k
)
·
u
.
(2.14)
×Pl
s
kkkkk′′ k

M(k′′ , k) = S(k′′ q − kq )

Equation (2.13) is expressed in terms of the incident beam k and ion-core
scattered beam k′′ instead of spherical waves. This expression is compatible with
the LEED beam index representation.
Now, the diffraction of one layer of two dimensional lattice has been calculated, and next we consider the diffraction between layers. Summing over the
contributions from each layer gives us total electron diffraction of the crystal. The
summation is very similar to the summation of a converged infinite series. Assuming that the lattice constant between layers is c, the incident wave to nth layer can
be expressed as


exp (ink · c)T + (k)B exp ik · (r − nc)

(2.15)

and the back scattered wave is



M(k′′ , k) exp (ink · c)T + (k)B exp ik · (r − nc)


= T + (k)B exp in(k − k′ ) · c M(k′′ , k) exp (ik′ · r).

(2.16)

Summing over all layers to n → ∞, the total scattered wave is
T + (k)BM(k′′ , k)

exp (ik′ · r)

.
1 − exp in(k − k′ ) · c

(2.17)

Considering the total scattered wave emerging from crystal surface and the re-
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flection wave of the incident wave, the diffracted wave function can be rewritten
as
F B exp (ik′◦ · r)

(2.18)

where F is proportional to the wave amplitude,
F =

X
k′

B

n
Rδk′ q kq + T + (k)T − (k′ )

o
M(k′ , k)
× exp (ik′◦ · r). (2.19)
1 − exp [i(k − k′ ) · c]

If the M(k′ , k) matrix is a constant, this equation is characterized by the Laue
condition. Whenever (k − k′ ) · c = 2π × n is satisfied, (1 − exp [i(k − k′ ) · c])−1

in equation 2.19 goes to infinity and there will be a peak. The imaginary part
of (k − k′ ) affects the diffraction peak width caused by absorption and multi-

scattering of the scattered electrons. The imaginary term of the optical potential
makes (1−exp [i(k − k′ ) · c])−1 exponentially increase near (k−k′ )·c = 0. Here the
Laue condition is two dimension because of the surface diffraction and considers
only single scattering. The Ewald construction(Fig. 2.4) of the two dimensional
lattice should appear rods instead of points. The zeroth order approximation of
kinematic scattering can be treated as Bragg diffraction. From the peak positions
only, the relative lattice structure within the top surface layer can be determined in
some cases but detailed structure between layers needs dynamical considerations.
2.2.1.2

Structure determination with dynamical calculation

Dynamical theory considers not only electron multiple scattering between different
layers but also includes electron multiple scattering within the same layer. The
multiple scattering of the electrons between layers can be understood as a plane
wave traveling through a series of muffin tin like ion-core potentials. The absorption of the electron wave can be taken care of by a constant potential term V◦
similar to what we did in the kinematic case. In fact, the electron beams traveling
into the crystal can be represented as Bloch waves similar to electrons transport
in a band structure consideration of metal solids. There will be a real part of
dispersion relation for the electron scattering and an imaginary part of dispersion
relation for electron absorption. There are many methods involving different approximations in the calculation of the multiple scattering in the crystal layers and
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k0−4

k◦

Figure 2.4: The reciprocal lattice for the Ewald construction are rods instead
of points. The dents in the reciprocal lattice rods are caused by the multilayer
scattering of electrons. k◦ is incident wave vector. The interceptions of the Ewald
circle with reciprocal lattice rods define the scattered wave vectors. The index of
the scattered spots are labeled at the bottom of the reciprocal lattice. The vertical
dashed line indicated the axis normal to the lattice surface. Only back scattered
beams are drawn.
adatom overlayers. Temperature has important effect on the intensity of the LEED
spots because the lattice vibrations will attenuate diffraction intensity. Temperature effects are included in the calculations through a Debye-Waller factor in the
scattering matrix M. The result of the full treatment of electron scattering in the
dynamical theory are compared to experiment data for structure determination.
The typical procedure for LEED structure determination consists of iterations
of model calculations and data comparisons. A reference structure model needs
to be prepared and a dynamical calculation of the IV curves needs to be done
for the model. Comparison between the calculated and experimental data has to
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be assessed according to a reliability factor. The iteration procedure is repeated
until the best model is found. Before the calculation, the phase shifts for the
elements are calculated. Symmetry within the structure can reduce the size of
the dynamical calculation. An automatic search algorithm can be used to refine
the reference structure model to produce a better fit between the calculated and
experimental data.
The experimental and theoretical comparison involves many factors. The relative intensities of the LEED beams are affected by imperfection of the experiments
and accuracies of the calculations. For example, the spot intensity observed on the
phosphor screen might be affected by the efficiency of the phosphor fluorescence
and intensity in the calculation might be affected by approximations adapted. The
intensity comparison between calculation and experiment is not the only quality
criteria of the structure determination. Therefore, a systematic way to weigh
the features of the curves is essential. Several reliability factors or r-factors for
LEED calculation have been introduced. The r-factor used in this work is Pendry’s
r-factor. The Pendry r-factor emphasizes peak positions rather than peak intensities because in LEED, peak positions are more important than peak intensities.
It treats each peak as a Lorentzian peak at an energy equal to Ej and amplitude
equal to aj .
I(E) =

X
j

aj
(E − Ej )2 + Vi2

(2.20)

where Vi is the imaginary part of the optical potential V◦ in equation (2.3), and is
related to the absorption of the electron scattering which determines the width of
the diffraction peak. A logarithmic derivative function L(E) is introduced
L(E) =

dI/dE
I

(2.21)

The derivative is meant to pick up the zeros of the IV curves because zeros are very
important feature of the diffraction. When I(E) equals zero the L(E) function is
infinite. However, the intensity minimum is usually very difficult to calculate and
is associated with noise issues in the experiments. So the peak maxima of the
curve are to be at least same weight as zeros in the assessment. A function Y (E)
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has been introduced to put more weight on the peaks instead of valleys as
Y (E) =

L−1
.
L−2 + Vi2

(2.22)

Here the Y (E) is another Lorentzian function which becomes a maximum when
I(E) is a maximum. Then Pendry’s r-factor is defined as
R
(Ythe − Yexp )2 dE
R= R
.
(Ythe + Yexp )2 dE

(2.23)

The r-factor has been normalized to unity when two totally uncorrelated spectrum being compared, while two exact same spectra will give zero. In structure
determination, a smaller r-factor means a better structure fit and higher reliability.

2.3

Adsorption Experiments

Adsorption has been studied for very long time. It is usually described as the
phenomenon when gas phase atoms or molecules condense on a solid surface. According to the strength or energy of the interaction between the gas and interface,
it can be categorized as physisorption or chemisorption. Chemisorption usually
refers to the adsorption with strong interaction between adsorbate and the interface. In the chemisorption regime, there is either a covalent bond with charge
sharing between adsorbate and substrate or an ionic bond with charge transfer
between adsorbate and substrate. In the case of physisorption, usually only weak
van der Waals interactions are involved. However, there is no sharp boundary
between chemisorption and physisorption. In this work, the interaction between
the C60 molecules and the substrate metals is somewhere in between the two types
of adsorption. The C60 is an unusually large molecule and used as a substrate produces a large corrugation of the adsorption potential. We expect very interesting
physics for such a system.
The isosteric heat of adsorption per atom/molecule qads is an important parameter of adsorption phenomena, and it can be extracted from isobaric adsorption
curves obtained from LEED experiments. Isobaric measurements can also provide
very interesting information of the arrangement of the atom/molecule adsorbed on
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the highly corrugated periodic surface. With a simple thermodynamic analysis,
we can derive the heats of adsorption.
Below, we are going to derive isosteric heat of adsorption from a thermodynamic
consideration. The approach of the derivation is to derive dµ(chemical potential)
from the surface phase and from the gas phase of the adsorbate, and then to
compare the entropies of the two different phases. First we consider Kramers
grand potential Ω of the system at low substrate vapor pressure, which means we
can neglect the contribution of vapor pressure coming from substrate.
Ω ≡ F − G = −pg Vg + Ωs = −pg Vg + γA

(2.24)

where F = E − T S is Helmholtz free energy, G = F + pV = µN is Gibbs free
energy and γs is the surface excess free energy density of Ω or surface free energy,

a quantity describing the interface or surface contribution to Ω. Because there is
only one gas component in our experiment, the total number of the atoms can be
given by sum of gas phase atoms and surface phase atoms
Nt = Ng + Ns = Ng + ns A

(2.25)

where ns is the surface density of the gas. The surface term of Ω can be expressed
as
γA = Ωs = Fs − Gs .

(2.26)

For one component system,
Fs = µNs + γA ,

Gs = µNs ,

the differential form of Fs is
dFs = dEs − S dT − T dS.
But
dEs = T dS + µ dNs + γ dA,

(2.27)
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hence

 ∂F 
s

µ=

∂Ns

Then

T,A

.

i
∂ h ∂Fs  i
∂ h ∂Fs 
dµ =
dT =
dT = −S̄s dT.
∂T ∂Ns T,A
∂Ns ∂T A,Ns

(2.28)

(2.29)

Similarly, for the gas phase under isosteric conditions,
Gg = Fg + pV
µNg = Eg − T Sg + pV

(2.30)

We take the derivative of equation 2.30
Ng dµ = dEg − T dSg − Sg dT + p dV + V dp.

(2.31)

The internal energy is
dEg = T dSg − p dV.

(2.32)

Then equation 2.31 can be written as
dµ = −

V
Sg
dT +
dp.
Ng
Ng

(2.33)

Comparing equation 2.29 and 2.33 yields
 ∂p 
∂T

ns

=−

q̄ads
S̄s − S̄g
=−
.
V̄
T V̄

(2.34)

If the gas is ideal then V can be replaced by NkB T /p

 ∂ ln p 

=−

q̄das = −kB

 ∂ ln p 

∂T

ns

q̄das
kB T 2

∂ T1

ns

(2.35)

This isosteric heat of adsorption q̄das can then be extracted from LEED isobaric
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curves.

2.4

Theory of moiré phenomenon

The moiré effect has been known for very long time. It has been created on
cloth for its exotic patterns in ancient China. Moiré phenomena can be used to
measure small distortions, small angles and small displacements in the science of
metrology, but it is an undesirable effect in some fields, such as color printing or
computer visualization. Several approaches have been applied to describe moiré
phenomena, but the most important step is the introduction of Fourier theory to
moiré phenomena in 1960s.
Moiré patterns usually can be formed by a superposition of periodic structures
differing by small angles. Consider a reflection from single layer of a periodic
structure described by a reflectance function r(x, y), where the value of r(x, y) is
somewhere between 0 and 1. The value 0 represents zero reflectance of light(black)
and value 1 represents full reflectance of light(white). The superposition of n layers
of this periodic r(x, y) function can be expressed as products of the reflectance
functions of n layers.
r(x, y) = r1 (x, y) · r2 (x, y) · r3 (x, y) · · · · · rn (x, y)

(2.36)

The superposition rule used in this work is the multiplication rule. According
to the properties of different image superposition situations, different superposition
rules, such as addition, subtraction, inverse addition and inverse subtraction, can
be applied. They will generate somewhat different moiré patterns but the periodic
features will be kept.
The Fourier transform of r(x, y) can be expressed as R(u, v),
R(u, v) = R1 (u, v) ∗ R2 (u, v) ∗ R3 (u, v) ∗ · · · ∗ Rn (u, v)

(2.37)

where capital R is the Fourier transform of the individual reflectance function r
and ∗ is the convolution operator. The Fourier transform of rn (x, y) and inverse
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Figure 2.5: Fourier components for a set of periodic parallel lines normal to (2,3)
direction. f represents the period of the parallel lines. The peak at origin(f = 0)
represents the constant reflectance background of the image with frequency zero.
Fourier transform of Rn (u, v) can be expressed as
Rn (u, v) =

Z

∞

−∞

rn (x, y) =

Z

∞

rn (x, y) exp [−2πı(ux
−∞
Z ∞Z ∞

+ vy)] dxdy

;

Rn (u, v) exp [2πı(ux + vy)] dxdy

−∞

(2.38)

−∞

In the Fourier domain, strong peaks will appear whenever angle and frequency
correspond to the direction and the reciprocal frequency of the image layers. For
example, a set of periodic parallel lines can be expressed by peaks aligned with the
direction normal to the parallel lines, with a period having reciprocal frequency
in a Fourier domain. Fig. 2.5 shows Fourier components for a parallel line set
normal to (2, 3) direction. f represents the period of the parallel lines. The peak
at the origin(f = 0) represents the constant reflectance background of the image
with frequency zero. The two other peaks show in Fig. 2.5 represent Fourier
components of the r function. Since it is a perfect periodic function of x and y,
the Fourier transformation shows two distinct peaks in the periodic direction. The
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positions of the peaks determine the direction and frequency of the reflectance r.
If two different periods or different directions of image layers superpose then
there will be two more peaks due to the convolution of the two reflectance functions.
These new peaks locate at the position of the two vector sum of the original Fourier
peaks of the image layers. The newly generated frequency and direction represent
the moiré period and direction. For example, Fig. 2.6a and Fig. 2.6c show two
parallel line sets running at different directions. The Fourier transform of Fig. 2.6a
is shown in Fig. 2.6b with parallel lines normal to y-axis. Fig. 2.6d shows the
parallel line running at a direction off x-axis by 30 ◦ and its Fourier transform is
shown in Fig. 2.6d. For the Fourier transforms shown, there is no background
reflectance for the parallel lines because there are either black(0 reflectance) or
white(1 reflectance) thus there is no Fourier amplitude at f = 0. Fig. 2.6e shows
the multiplication operation of Fig. 2.6a and Fig. 2.6c. Fig. 2.6f shows the Fourier
transform of Fig. 2.6e. There are four more peaks generated by the sum of the
four combinations of the original Fourier components from Fig. 2.6b and Fig. 2.6d.
In Fig. 2.6e, we can see two extra periodicities indicated with green lines. These
periodicities correspond to the moiré patterns generated from the multiplication
operation of the two images. However, there is only one periodicity can be seen in
Fig. 2.6e, this is because the low pass filter characteristic of visibility circle of
human eyes. Human eyes can only detect up to some certain frequency. Visibility
circle is indicated by the red circle in Fig. 2.6f.
In atomic or molecular adsorption systems, we are dealing with two dimensional
arrays in general. Every dot array can be represented by two sets of parallel lines
superposed perpendicular to each other(Fig. 2.7). Superposition of two different
periodic dot arrays can be represented by four sets of parallel lines with two sets
of perpendicular parallel lines having different periods.
Fig. 2.7c shows the superposition of two dot arrays with same period but different orientations. The moiré pattern has the frequency of the vector sum of the
two dot array Fourier component vectors. In fact, there are an infinite number
of Fourier components in the (u, v) domain(because Fourier domain is periodic as
well), but those higher order moiré components can not be observed. As human
eyes can not distinguish details higher than a certain frequency, so moiré patterns
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−fa

(a) Parallel lines along x-axis.

fa

(b) Fourier transform of 2.6a.

fb
−fb

(c) Parallel lines 30 ◦ off x-axis.

(d) Fourier transform of 2.6c.

−fa + fb
−fa
−fa − fb −fb

(e) Multiplication of 2.6a and Fig. 2.6c.

fb

fa + fb

fa
fa − fb

(f) Fourier transform of 2.6e.

Figure 2.6: Moiré phenomena analyze with Fourier transforms. Superpositions of
two sets parallel lines and its Fourier transform.
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(a) Dot array formed by lines(b) Dot array formed by parallel(c) Multiplication operation of
parallel to x-axis and y-axis.
lines normal to 30 ◦ and −60 ◦2.7a and 2.7a.
direction.

Figure 2.7: Perpendicular parallel line sets are used to construct dot arrays and
morié pattern can be formed by multiplication of dot arrays.
cannot be seen if the moiré frequency is large or too small to be shown in the image.
This is why we only see one moiré pattern in Fig. 2.6f and visibility circle is
indicated by red circle.
The moiré period is a function only of the periods of the constituent images,
because it is the vector sum of the superposition image layer Fourier components.
Fig. 2.8 shows this property. Different intensity profiles give different features of
the moiré patterns but the period is still the same. The periodicity of the moiré
pattern is not affected by the local function of the parallel lines. Even the widths
of the lines are different, the moiré period is not changed at all. Same period of the
moiré pattern is still hold on the green line in each widths in Fig. 2.8. Different
local functions might affect how difficult to distinguish a moiré pattern but the
basic periodicity kept.
In this work, we adapted the characteristics of the moiré for solving higher
order commensurate(HOC) structures.
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(a) Thickness=0.020

(b) Thickness=0.015

(c) Thickness=0.010

Figure 2.8: Parallel lines superposition with different line widths to emphasize the
periodicity of a moiré pattern is only a function of the periodicity of the member
images. Thickness ratio of high reflectance lines for 2.8a : 2.8b : 2.8c = 2 : 1.5 :
1.

Chapter

3

C60 on Ag(111)
The interactions between C60 and surfaces have been studied intensively over past
two decades, and the applications of the surface properties of the C60 have been
developed. For example, C60 on an Al substrate can be used as a gas sensor by
measuring the conductivity of the system, because its conductivity is a function
of the number of the gas molecules adsorbed[59]. Understanding the interaction
between C60 and metal substrates is essential to advance related nanotechnologies. It is known that the interaction strength between C60 and metal substrates
are stronger than C60 -C60 interactions, but weaker for semiconductors or oxide
substrates[60, 43]. The major phases of C60 on noble metals are usually commensurate structures with C60 -C60 distance about 10Å, which is the same as its solid
phase nearest neighbor distance(10.0Å). Table. 3.1 shows the major structures of
C60 on some of the metal surfaces.

3.1

LEED structure study of the C60 on Ag(111)

STM studies have confirmed that the major phase of C60 on Ag(111) is the
√
√
(2 3 × 2 3)R30 ◦ structure with a nearest neighbor distance 10.01Å, but minor
higher order commensurate(HOC) structures are observed as well [44]. One group
claimed that a C60 pentagon patch faces down on the Ag(111) surface according
to the STM images [61] but other group suggested that a hexagon patch faces
down in their DFT calculation [62]. This ab initio density functional theory(DFT)
calculation found that the ground state adsorption site is the hcp hollow site with
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Table 3.1: C60 monolayer structures on different substrates

Ag(111)
Pt(111)
Au(111)

√
√
(2 3 × 2 3)R30 ◦ [40]
√
√
( 13 × 13)R13.9 ◦ [41]
√
√
(2 3 × 2 3)R30 ◦ [40]

Al(111)
√

√

(6 × 6) HT [45]

(2 3 × 2 3)R30 ◦ LT [45]
Cu(111)

(4 × 4) [37]

the hexagon patch facing down. However, the STM study could not reveal the
information of the relative positions between the C60 and the substrate atoms.
An x-ray photoelectron diffraction(XPD) study implied that there is a mixture of
different rotations of C60 on Ag(111) at room temperature with one phase having
hexagons facing down and the other having C − C bonds facing down [63]. However, XPD cannot determine the relative positions of the substrate and C60 . Here
we report a complete structure analysis of monolayer of C60 on Ag(111) surface.
The Ag(111) crystal wafer was prepared using methods described in Chapter 2
and was mounted onto a sample holder in contact with a liquid He cryostat. The
C60 source was also described in Chapter 2. The sample was typically dosed at
RT to a multilayer coverage and then heated to ≈ 690K to desorb the multilay-

ers. Annealing to 690K was required for producing the high quality monolayer
and best LEED patterns, this was confirmed in our subsequent STM study. It
has been reported in an earlier STM study that annealing converts metastable
√
√
epitaxially rotated phases to the (2 3 × 2 3)R30 ◦ structure [64]. The improve-

ment of the quality of the LEED pattern is believed to also partially result from
a surface reconstruction to a more stable structure and a resulting reduction of
thermal motion. For the LEED experiments, the sample was cooled to 32K and
the LEED patterns were acquired as a function of beam energy. The I(V) curves
were extracted for each diffraction spot and the intensities of the symmetrically
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√
√
Figure 3.1: Typical LEED patterns for an Ag(111)-(2 3 × 2 3)R30 ◦ structure
with incident electron energy (a) 101eV, (b) 365eV, and (c) 504eV. The sample
temperature is ≈ 32K. The k-space unit cell vectors for Ag(111) lattice (long) and
C60 lattice (short) are indicated in (a).
equivalent spots were averaged, resulting in a dataset having an energy length of
4860eV, a total of 15 beams having a maximum range of 100eV to 600eV.
Low energy electron diffraction(LEED) is a highly structure sensitive technique.
This kind of diffraction techniques such as x-ray diffraction has been used to determine structures in biology, material science and chemistry for a long time. Usually
LEED probes surfaces down to only couple atomic layers because the penetration
depth is less than 20Å in the energy range used in LEED. This makes LEED a
perfect technique for surface structure study. By comparing the experimental spectra with dynamic electron diffraction calculations(2.2.1.2), surface structures can
be determined with very high accuracy. The calculation codes SATLEED[65] and
LEEDFIT[66] were used for the structures in this study. The scattering potential
was calculated with optimized muffin-tin radii for carbon and silver. Twelve sets
of scattering phase shifts are using for carbon atoms and two sets are for silver
atoms with one for top layer and one for other layers. Typical LEED patterns in
different electron energy are shown in Fig. 3.1 with k-space unit cells for C60 and
Ag(111) surface.
In the structure search, top, hcp hollow, fcc hollow, bridge and several different
vacancy sites that correspond to missing and displaced silver atoms were tested.
And for the rotation of the C60 , hexagon down, pentagon down, and C − C bond
down for different in-plane rotations of the C60 were tested with different sites. To-

tally, 50 possible structures to start with including 5 adsorption sites × 5 C60 facing
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down × 2 rotational directions. Averages over different domains were included in

the calculation. Mixtures of different rotations and adsorption sites were tested
as well. The R-factors for incoherent averages(intensity mixing) of the structures
were calculated using a Matlab code that takes the I(V)-curves from Tensor-LEED

as its input. The coherent averages(amplitude mixing) were calculated inside the
Tensor-LEED code. The R-factors for the preliminary structures were as high as
0.88. In the initial tests, all the structure combinations were ruled out except for
the top site and vacancy site with hexagon down for both cases and having the
C60 mirror plane aligned with Ag(111) mirror plane. The C60 molecule and the
substrate Ag(111) structures were relaxed to examine the deformation of structure.
The relaxation was made according to the symmetry of the C60 molecule and this
is a reasonable assumption because of the three fold symmetry of the system. The
Debye-Waller effect and the optical potential were also optimized in the step. The
total data length in energy is 4860eV and a total of 15 beams ranging from 100eV
to 600eV of LEED data were analyzed in this work. The best fit structure is C60
on a vacancy site (R = 0.36). The schematic of the proposed structure is shown
in Fig. 3.2. The R-factor difference for 0 ◦ rotation and 180 ◦ rotation is less than
6% in the test. The calculation could not well distinguish the rotations between
0 ◦ and 180 ◦ of the C60 molecules. A half and half mixture of the two orientations
gives the best fit. The comparison of experimental and calculated data for proposed structure is shown in Fig. 3.3.
Before this study, there was no report mentioning a surface reconstruction of
Ag(111) in C60 /Ag(111) system. However, vacancy induced reconstruction of the
substrate has been reported on C60 adsorption on Pt(111) surface, which has a
√
√
structure of ( 13 × 13)R13.9 ◦ [41]. The vacancy formations on the substrate

seems highly related to the annealing. C60 induced vacancy formation on both
Ag(111) and Pt(111) surfaces requires heating above 650K. Studies of C60 adsorption on the Al(111) surface shows that the high temperature annealing causes the
buckling of the C60 molecules in the monolayer, which forms a 6 × 6 structure with

much shorter C60 -C60 distance(9.91Å compared to 10.02Å) than the solid phase
of C60 [67]. According to our analysis, there is small deformation of the Ag(111)
surface when C60 molecules are sitting on the top. It is interesting to note that
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Figure 3.2: schematic of the proposed structure. (a) monolayer of C60 and three
layer of Ag(111) surface with vacancies are shown. The mirror plane of the structure is indicated by dashed line. One(case 0 ◦ ) of two orientations of the possible
structures is shown. The 180 ◦ rotation can be expressed by rotating the C60 ’s by
180 ◦ because the C60 has three fold symmetry under rotation. The hexagon is
facing down with six carbon atoms aligned with substrate lattices. (b) side view of
the structure with corresponding atoms shown in the box in (a). The parameters
in the figure are shown in Table. 3.2. The deformation is magnified and the size of
the atoms are reduced for clear vision.
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Figure 3.3: Experimental data
and calculated spectra(thin) for the pro√ (thick)
√
posed structure Ag(111)-(2 3 × 2 3)R30 ◦ are shown with overall R-factor 0.36.
R-factors are very close for the on top site model(R=0.42) and the on vacancy
site model(R=0.36). There is a slight deformation of the Ag atoms under the C60
hexagon patch, the parameters of the structure are shown in Table. 3.2.
The deformation of C60 itself is small too. The calculation shows only vertical
compression in the C60 . The hexagon patch of the C60 facing down on the Ag(111)
surface retains almost the shape and size of a gas-phase molecule. The maximum
relaxation lengths of C − C bonds in this calculation are 1.35Å and 1.51Å, only
small changes compared to the gas phase bonds 1.40Å and 1.46Å. Only the middle
part of the C60 experiences the compression according to the calculation.
A previous DFT study suggested that the lowest energy state is hcp hollow site
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unit(Å)

LEED vac

dz(Ag − C60 )

2.0± 0.1

2.29

1.88

2.36

2.5± 0.1

2.65

2.35

2.44

dz12

2.36± 0.03

2.32

2.29

2.31

dz23

2.33± 0.04

2.32

2.32

2.32

dz34

2.34± 0.04

2.33

2.32

2.33

dz45

2.34± 0.1

2.33

2.32

2.33

∆1

0.02± 0.03

0.29

0.04

0.06

∆2

0.03± 0.04

0.07

0.04

0.10

∆3

0.03± 0.05

0.04

0.01

0.01

∆4

0.02± 0.07

0.02

0.01

0.00

∆5

0.01± 0.2

···

···

···

d(Ag − C)

DFT top DFT vac

DFT hcp

Table 3.2: Structural parameters for C60 on Ag(111) from LEED and DFT calculations. [5]
with hexagon facing down [62]. But this evaluation did not consider a reconstructed
Ag surface. The latest calculation [5] for the vacancy site structure agrees with
our experimental result. The reconstruction of the Ag surface by moving the extra
atom into an interstitial site of C60 lattice has been evaluated in DFT. Table. 3.3
shows the DFT result for different adsorption sites and for Ag(111), Au(111) and
Al(111). The binding energies of Ag(111), Au(111) and Al(11) for vacancies are
larger than top and hcp site. To consider the formation energy of the vacancy
site, an extra Ag atom has been put back on to the unreconstructed Ag(111)
surface, and using unreconstructed Ag(111) surface as reference, this reconstructed
structure still has a larger adsorption energy than the hcp site. This indicates that
the vacancy site still favorable even including the energy of vacancy formation.
Table. 3.3 also shows that Au(111) and Al(111) are favorable for vacancy sites.
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Evac (eV)
top

Eads (eV)
hcp

rec

vac

C60 /Ag(111)

0.67

1.27

1.52

1.59 2.61

C60 /Al(111)

0.36

0.98

1.37

1.40 2.34

C60 /Au(111)

0.83

0.86

1.25

1.35 2.69

Table 3.3: Energy of vacancy formation Evac and adsorption energy Eads from
DFT for different sites on Ag(111), Al(111) and Au(111).

3.2

STM study of C60 on Ag(111)

This STM study was collaborated with the group of Julian Ledieu and Vincent
Fournée at Ecole des Mines de Nancy, France. The dosing tube and procedures
for C60 monolayer preparation are the same as previously described in 2. The
C60 powder was purchased from Alfa Aesar with 99.9+% purity. The STM was
an Omicron NanoTechnology VT STM/AFM variable temperature system. Silver
substrate preparation follows the procedures described in 2. The only difference in
the preparation is that the Ag substrate was prepared using cycles of a scanning
ion gun for Ar + energy 1.5keV for at least 20 minutes, then an anneal up to 580C ◦ ,
then dosing with C60 . The sputter energy was higher than in the LEED experiment.
Before moving the silver crystal to the dosing chamber, XPS was used to check
surface cleanliness to make sure no contamination on the crystal surface. Then the
Ag crystal was moved to the dosing chamber for C60 deposition. The dosing tube is
standing upright with a sample to dosing tube distance ≈ 5cm. The temperature

of the dosing tube was maintained at ≈ 245C ◦ during C60 dosing, at the same
time, the substrate temperature is maintained between room temperature(RT)

and 50 ◦ C. Two different procedures of C60 monolayer formation were used in the
study. The first method was deposition of C60 on the Ag(111) surface at around
RT until a monolayer is formed. The second method is to adsorb a multilayer
and then apply a 415 ◦C anneal in order to desorb all layers except the monolayer
before moving the sample to the STM chamber for observation. Table. 3.4 shows
the experiment conditions used in this study.
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conditions

coverage

film anneal T measured T

20%

40% 90% monolayer

300K

300K

353K

300K

X

423K

300K

X

688K

300K

X

688K

200K

X

688K

60K

X

X

X

X

multilayer
X

Table 3.4: STM experimental conditions for C60 on Ag(111) surface.

3.2.1

Room temperature deposition: Coverages of 20%,
40% and 90%

The observations described in this section are at the conditions given in the first
three rows of Table. 3.4(without 415 ◦C anneal). Fig. 3.4 shows the STM images
from a low coverage of C60 on the Ag(111) surface. C60 molecules grow along and
on both sides of the steps in quasi-hexagonal shape patches. There is a significant
amount of white blobs observed in certain islands, which were not reported by any
earlier STM studies. The white blobs are found at the domains with ≈ ±15 ◦ off the
R30 ◦ direction and the white blobs have at least 1.6Å higher STM profiles than
their C60 neighbors. The sizes of the white blobs are much larger than their C60
neighbors in STM measurements. It is not clear if the electronic effect or the height
difference dominates. There are two types of domains found in our measurements:
domains with ordered white blob and bare domains(without blobs). The bare
domains as shown in Fig. 3.4b have no white blobs on them. The bare domains
have a lattice orientation later found to be the R30 ◦ direction which is the main
√
√
(2 3 × 2 3)R30 ◦ structure described in many studies [61, 35]. Almost no random

white blobs to be described in Sec. 3.2.2 and Sec. 3.2.3 were found in RT samples.

Statistically, the areas of bare domains and ordered white-blob domains are about
the same. Bright-dim contrast of the molecules similar to what was described
in Sakurai [64] was observed in some bare domains but they are very rare. The

38

(a)

(b)

(c)

Figure 3.4: STM images for a low coverage of C60 on Ag(111). Fig. 3.4a) 200nm
× 200nm image shows that C60 grows along and across Ag steps. No clear sign of
direction preference of growth. Both bare and withe-blob domains found at C60
patches. White blobs present with ordered on C60 patches. Fig. 3.4b) an image of
50nm × 50nm focuses on C60 patches on steps. Different lattice orientations were
found at different patches. Fig. 3.4c) An image of 50nm × 60nm shows the details
of the white-blob patch.
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contrast between the bright and the dim of the molecules is much lower than those
found in random white blobs(as shown in 3.2.2 and 3.2.3).

3.2.2

Room temperature deposition: Coverage of 90% with
post deposition 80 ◦ C or 150 ◦ C anneal

Disordered white blob domains with bright-dim pattern are observed in addition to
mainly ordered and bare domains as seen in Fig. 3.6. This observation suggests
that heating of the C60 film generates disordered white blob domains.
No disordered white blob observed in RT deposition samples. These
√
√
disordered white blob domains have the C60 lattice direction of (2 3 × 2 3)R30 ◦
which is the structure as bare domains.

For RT deposition samples with no, 80 ◦ C and 150 ◦C anneal, the statistical lattice orientations from STM images were found to be ≈ ±15 ◦ about Ag(111) lattice,

which agree with previous studies([64, 68] and our LEED measurement(Fig. 3.5b).
Fig. 3.5a shows the statistical count of domain directions. The 45 ◦ to the Ag(111)
lattice in the figure is actually equivalent to −15 ◦ to the Ag(111) lattice because

of the hexagonal 60 ◦ fcc(111) lattice. The 13 ◦ bump as seen in Fig 3.5a is corresponding to HOC structure described in Sakurai [64].
Some bare domains also observed, but fewer than before. The 90% coverage
C60 has some bare Ag surface regions with sharp corners. The sharp corners of
boundaries appear to from intersections of different domains when they grow layer
by layer. The ordered white blobs can be found to be singlets, in pairs or in
triplets. The cause of the white blobs and their pairing or tripling are not clear.
Strain of the C60 monolayer might play important role for the white blob formation.
Evidence of movement of the ordered white blobs is observed in Fig 3.7. The
absence or presence of the partial white blobs at continuous scan trace shows that
the blobs are moving or popping up and down. The height difference between white
blob and a normal C60 is around 1.6Å, which is too small for a C60 on top of another
one. It’s more likely the buckling of a C60 molecule or some kind of electronic effect
from the interaction between the STM tip and the C60 molecule. Since STM scans
across single C60 might appear as very different sizes compared to a layer of C60 s,
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(a) Statistics of lattice orientations from STM.

(b) Lattice orientation from LEED

Figure 3.5:
a) Counts of domain orientations from STM images prepared
with
since the desorption method will convert all lattice to
√ RT √deposition,
◦
(2 3 × 2 √3)R30 √structure. The solid vertical line in 3.5a indicates the direc◦
◦
tion
√ of (2√ 3 × 2 ◦ 3)R30 lattice. The dashed vertical lines show ≈◦ 15 off
(2 3 × 2 3)R30 direction which agrees with previous studies of 14 and b)
LEED pattern at 47eV shows the inner extra spots with angle ≈ 15 ◦ to Ag(111)
lattice.
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Figure 3.6: A 200nm × 200nm image shows the major domains of ordered whiteblob patches and disordered white-blobs with small amount of bare patches. Bright
and dim contrast can be found in the disordered patches. Many ordered white blobs
are in pairs or in triples.
the size of the white blobs might be distorted by the interaction between C60
and STM tip. Disordered white blobs are immobile, no evidence of movement of
disordered white blobs was found at room temperature and low temperature. No
bright-dim contrast was observed in ordered white-blob domains and bare domains;
bright and dim contrast was only observed in disordered white-blob domains. Bare
domains have the same lattice orientation as disordered white-blob domains and
√
√
they are all in the (2 3 × 2 3)R30 ◦ direction.
The bright-dim patterns also change from time to time. It might be related

to rotational states of C60 . Fig. 3.8a and Fig. 3.8b show two consecutive scans
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Figure 3.7: A 30nm × 30nm image shows the evidence of motion of the ordered
whit blobs. Partial residual blobs show the evidence of the motion. White blobs
are present(absent) at first but absent(present) at the later scan trace.
of same region at the sample, where bright and dim molecules have changed, but
the scale of change is small only one or two molecules per 1000nm2 area. The
disordered white blobs did not change at all. The visibility of bright-dim patterns
is a function of applied bias, positive sample bias shows strong bright-dim contrast
while negative bias shows less contrast.

3.2.3

Monolayer of C60 on Ag(111) with desorption method

The measurement conditions are given in the last three rows in Table. 3.4(with
415 ◦C anneal). After RT C60 deposition, a 415 ◦ C anneal was applied for ≈ 2

minutes ,and the sample was cooled down to close to room temperature before
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(a)

(b)

Figure 3.8: The comparison of two consecutive STM scans at room temperature
show some of the bright-dim patterns are flipping or moving(see molecules on the
lines). No evidence of movement of white blobs in this disordered patch. The
biases used for these two scans are different. -1V was applied in (3.8a) and +1V
for (3.8b). The conclusions are independent of STM bias, applied bias only affect
the bright-dim contrast.
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transferring it to STM chamber.
The bare and disordered white-blob domains are the major structures, and
the ordered white blob domains are very rare(almost none). Bare domains have
√
the same lattice orientation as the disordered white-blob patches in the (2 3 ×
√
2 3)R30 ◦ structure. This suggests that 415 ◦ C anneal converts domains
√
√
with different orientations into the (2 3 × 2 3)R30 ◦ structure. Brightdim contrast molecules are only seen in disordered white-blob domains and bare
domains show no bright-dim contrast, which agrees with low coverage observations.
The bare Ag(111) surfaces were present in less than 10% of the total area(≈ 8%).
The bare Ag(111) areas observed here are rounded in the edge compared to the
C60 layer prepared without post deposition anneal where more sharp corners are
present in the bare Ag(111) areas(Fig. 3.6).
Fig. 3.9, Fig. 3.10 and Fig. 3.11 show the typical STM images for desorption
method prepared C60 monolayer taken at room temperature, 200K and 60K, respectively.

Fig. 3.12 show the bright-dim ratio as a function of temperature.

The bright and dim ratio is a linear function of temperature. The bright-dim patterns are related to the states of different C60 rotations according to a previous
study [69]. They are likely related to excitation of different rotational states at
different temperature, if bright patterns represent one group of rotational states
and dim patterns represent the other group.
3.2.3.1

Evidence of vacancy formation from STM perspective

There were no bare Ag(111) areas found in RT deposition of a multilayer (Fig. 3.15).
However, after a 415 ◦C anneal, around 8% of bare Ag(111) area was observed and
they are all in circular disks which may minimize the surface tension. This might
indicate that the bare Ag areas were formed when the 415 ◦C anneal was applied.
The bare Ag(111) areas might be coming from Ag atoms recongregating during the
anneal when Ag atoms are being kicked out as part of C60 induced reconstruction
of the Ag(111) surface. The bare Ag(111) domains are rounded in shape compared
to sharp cornered domains without the post-anneal. Because the RT deposition
of the C60 film is affected by the interaction from substrate atoms, the bare Ag
domains are most likely to form a hexagonal edge. The round-edged bare Ag areas
might be newly formed domains of kicked-out Ag atoms during 415 ◦ C anneal. In
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(a)

(b)

Figure 3.9: The major domains contain only disordered white-blob and bare
patches at room temperature with the desorption method. (3.9b) emphasizes the
same lattice orientations of bare domains and disordered white-blob domains.
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(a)

(b)

Figure 3.10: (3.10a) shows the major domains containing only disordered whiteblob and bare domains at 200K with desorption method. (3.10b) emphasizes the
same lattice orientations of bare domains and disordered white-blob domains.
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(a)

(b)

(c)

Figure 3.11: Three consecutive scans over same area show that both the white
blobs and bright-dim contrast molecules are immobile at 60K.
other words, the kicked-out Ag atoms diffuse to the new terrace and aggregate to
form a bare Ag domain. Because of the formation of new Ag domains during the
anneal, it is very difficult for C60 to grow on top of a non-equilibrium area. So C60
might just desorb and leave the area bare Ag.
√
√
Since the overlayer structure of C60 is (2 3 × 2 3)R30 ◦ structure, every 12

Ag atoms in the top of the Ag layer of a unit cell will have one being kicked out,
forming a vacancy. So 1 in every 12 will be the ratio between new kicked-out Ag
atoms and total surface Ag atoms. The silver vapor pressure is very low compared
to C60 , so during the desorption of C60 the Ag atoms remain on the surface and
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Figure 3.12: Bright-dim ratio extracted from STM images of surface prepared by
the desorption method.
diffuse to form islands. The recongregating bare Ag(111) area to total area ratio
with the images available is 7-10%. This ratio agrees with

1
(8.33%)
12

suggested

by the mechanism of vacancy generation induced by C60 . Additional evidence for
this is that the recongregating bare Ag surfaces usually have parts that cross the
step lines(Fig. 3.13). The step crossing might be caused by the new growth of the
kicked-out Ag atoms at the fronts of the step edges.
3.2.3.2

Domain rotation caught on live

C60 domains were observed to rotate after increasing the sample coverage to 90%
from a 40% pre-RT deposition which has been prepared for longer than 8 hrs. It’s
possible to reproduce the same phenomenon by RT deposition a low coverage C60
film, and maintain it at room temperature for a while (waiting for reaching equilibrium of the C60 film) and make the STM measurement immediately after dosing
more C60 . Or heat up the sample to 415 ◦C after a low coverage RT deposition to
√
√
form the (2 3 × 2 3)R30 ◦ structure and the wait until it is cooled down to about
room temperature before dosing with more C60 .

Fig. 3.14 shows four consecutive scans of the same area of the sample. On the
lower left side of the area, the domain rotation is observed. The C60 molecules
form a moiré like structure and gradually align to the right side domain from the
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Figure 3.13: The dashed line is drawn to guide the eye for the step crossing caused
by the recongregation of Ag atoms.
upper left part of the area to the lower left part of the area. Fig. 3.14d shows the
zoom-in image of the completion of the domain rotation.
3.2.3.3

Multilayers

No white blobs or bright-dim contrasts were found at multilayer surfaces. Fig. 3.15
shows the typical multilayer image of C60 on Ag(111). The top layers seem to align
to the first layer of the C60 . The domain boundaries are inherited into top layers
in many places. In other words, the domain boundaries and lattice directions are
the same for both first layer and second layer. No bare Ag surface was observed.

3.3

Conclusions and Discussions

RT deposition without any anneal produces no disordered white blob domains;
only ordered white blob and bare domains are observed, with the ordered white
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ր
➔

➔
ր
(a)

➔

(b)

➔

(c)

(d)

Figure 3.14: Four consecutive scans over same area show the domain merging of
two different lattice rotational domains.
blob domains having different orientations from the bare domains. Bare(without
√
√
white blobs) domains have same orientation as (2 3 × 2 3)R30 ◦ structure. For
a low temperature anneal (80 ◦ C and 150 ◦C), disordered white blob domains start
to show up having the same orientation as bare domains. A 415 ◦C anneal used
in the desorption method aligns almost all domains to the R30 ◦ direction, which
agrees with our LEED observations(Fig. 3.16).
The bright-dim ratio as a linear function of temperature suggests that heating
excites one C60 rotational state into another rotational state. An STM simulation
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(a)

(b)

Figure 3.15: (a) A typical STM image of multilayer of C60 . (b) The details showing
the lattice alignment and a domain boundary between the first layer and the other
layers.
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from Linlin Wang

1

shows that a 180 ◦ rotation C60 is slightly higher in distance

to Ag atoms than a 0 ◦ C60 . This difference is coming from arrangement of second
layer of Ag(111) lattice because of A-B-C stacking of an fcc (111) surface. The
configuration of 0 ◦ C60 on Ag(111) is shown in Fig. 3.2. The 180 ◦ C60 configuration
can be obtained by rotating the C60 180 ◦ about an axis normal to the Ag surface.
This agrees with our observation of higher temperature with higher population
of bright spots. However, the simulated distance difference is only 0.04Åbut our
measurement from STM images is about 3 − 4 times larger(≈ 0.1 − 0.2Å).

The cause of the white blobs is still a mystery. A study of 4 : 1 mixture of C60

and C70 shows similar STM with white blobs (Fig.5a of [70]).

1

Private communication
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(a)

(b)

(c)

(d)

Figure 3.16: (a) is the STM image for a RT deposition sample without anneal.
This shows that different domains have different lattice orientations but the bare
domains all have the same direction. (b) shows the LEED pattern at 47eV with
inner extra spots representing ≈ 15 ◦ off Ag(111) lattice. (c) shows the lattices are
all aligned to R30 ◦ direction with bright-dim contrasts for the sample prepared
with a 415 ◦C anneal. (d) shows no extra spot √in the √LEED pattern at 47eV
indicating that all domains transform into the (2 3 × 2 3)R30 ◦ structure(same
preparation as in (c)).

Chapter

4

C60 on Pb(111)
A combined low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) study of the monolayer of C60 molecules on Pb(111) was carried
out. The STM study was done by Katharina J. Franke and Jose I. Pascual in
Freie Universität Berlin, Berlin, Germany. LEED patterns suggest that there are
two coexisting major phases of C60 on the Pb(111) surface. The LEED patterns
identified that two phases of hexagonal C60 structure coexist with rotational angles of about ±18.48 and ±22.85 degrees relative to the Pb(111) lattice. They
√
√
√
√
are identified as ( 172 × 172)R7.59 ◦ and ( 403 × 403)R22.85 ◦ higher ordered

commensurate(HOC) structures with 172 and 403 Pb atoms and 21 and 49 C60

molecules in their unit cells, respectively. The superlattices relative to the C60
√
√
overlayer are 21 × 21 and 7 × 7 respectively, with unit cell sizes of 46Å and
70Å. The sample was prepared by RT C60 deposition anneal to 140C ◦ . It is sur-

prising to see the formation of two major coexisting structures. This means two
local energy minima are very close to each other for the structures. The calculation [6] of Novaco-McTague epitaxial theory by Bruch shows two epitaxial angles
having energy minima very close to what we measured in LEED. In this work, we
successfully identify these two HOC structures combining LEED and STM measurements. The hexagonal sequence number method developed by Tkatchenko [71]
was used for the search of HOC structures. The moiré patterns measured in STM
were used to identify the unit cells of the HOC structures.

55

4.1

Structure analysis of C60 on Pb(111)

The monolayer condition was obtained by looking for the maximum LEED intensity of C60 spots over different evaporation time. Since the multilayer C60 is a 2 × 2

structure of the fcc lattice of the solid phase of C60 at temperature below 230K,
the LEED pattern would be different from the monolayer HOC structure. The
maximum intensity of HOC C60 spots would correspond to the monolayer because
monolayer possesses best ordered condition for diffraction. This was verified in
a different chamber by Auger electron spectroscopy with a growth rate method
described in Argile and Rhead [72]. Fig. 4.1 shows a typical LEED pattern of C60
monolayer on Pb(111) surface at electron energy 34eV. No significant difference
has been found among LEED patterns with post-deposition anneal conditions between 100 ◦ C and 200 ◦C. The six-fold symmetry of LEED patterns suggests that
the C60 monolayer has hexagonal commensurate structures. Careful examination
of the LEED patterns found splitting in the high order (outer) LEED spots and
elongation of the low order (inner) spots(Fig. 4.1). The splitting suggests that two
different, but very close, phases coexist in the C60 /P b(111) system. With angular
profile analysis of the high order spots, the intensity and angle difference between
the pair of splitting spots can be extracted. Fig. 4.2a-c shows the typical angular
profiles. The intensity difference between the pair is less than 10% and the average
angle difference is 3.8 ◦ (Fig. 4.2c). The intensities of the splitting spots are close,
which suggests that the populations of the two stable phases are about the same.
From the angular profile(Fig. 4.2b), the average rotational angles ∆θ for the two
splitting C60 spots are 18.6 ± 0.7 ◦ and 22.4 ± 0.7 ◦ , respectively. The average angle

difference between the two splitting spots is 3.8±0.7 ◦ . The lattice constant for the
C60 overlayer can be extracted from the LEED patterns. The Pb-Pb to C60 -C60 ratio

1
R

is 0.35±0.01 which corresponds to a C60 overlayer lattice constant 10.0±0.1Å.

By applying the Hexagonal Number Sequence method introduced by Tkatchenko
[71], the two main HOC phases can be identified by LEED and STM experiments.
Considering an fcc (111) surface as the substrate, the lattice vectors can be described by a span of two primitive vectors a1 = (1, 0)a and a2 = ( 12 ,

√

3
)a
2

where a

is the lattice constant of the (111) surface. Any lattice point on the (111) surface
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Figure 4.1: LEED pattern at E=34eV at 77K. The spots in the picture are all from
the C60 monolayer. The Pb spot positions are indicated as white discs outside the
LEED pattern to show the relative positions. The reciprocal unit cells of substrate
Pb(long) and C60 (short) overlayers are drawn in the pattern with arrows. Pattern
shows the spots split in outer rings and elongated in the inner ring.
can be described as R = ma1 + na2 where m and n are integers. For a commensurate overlayer on the (111) surface, both overlayer and substrate possess hexagonal
lattice structures, with the only difference being the lattice constant and the orientation of the hexagonal lattice. (The above lattice vector formulation also can be
applied to a commensurate overlayer) The lattice vectors of the overlayer
can be
√ !
1
3
−2
√2
described by a span of overlayer primitive vectors A1 and A2 =
A1
3
1
2

2

with bases, where A1 and A2 satisfy m◦ A1 + n◦ A2 = ma1 + na2 , where m, n,
m◦ and n◦ are integers. There is a very important information being embedded
in the mathematical formulations: The total number of the atoms (molecules) in
either the substrate or the overlayer can be expressed with same mathematical
form as N = m2 + n2 + mn ((111) surface) and N◦ = m2◦ + n2◦ + m◦ n◦ (overlayer
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Figure 4.2: a) Intensity distribution along the contour of the inner ring. b)
Intensity distribution along the contour of the outer ring. c) Region magnified
along the split spots. The blue bars indicate the positions of Pb spots.
adsorbate). However, each different combination of m, n, m◦ and n◦ represents a
different commensurate structure of the system and possesses different overlayer
to substrate lattice constant ratio and a different rotational angle of the lattice
vectors for the overlayer and substrate. By listing all the possible m, n, m◦ and n◦
combining with moiré analysis from STM images, we can identify the major structures by comparing the angles and ratios with experimental data. In diffraction
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measurements, the lattice ratio and angle between overlayer lattice and substrate
lattice will be preserved in a LEED pattern. By measuring the angles and reciprocal vector ratios between Pb spots and C60 spots, we can obtain the relative
parameters for the HOC structures.
According to our LEED pattern analysis, the Pb-Pb to C60 -C60 ratio is 0.35 ±

0.01 and the rotation angles of the C60 overlayer to the Pb(111) lattice are 18.6 ±

0.7 ◦ and 22.4 ± 0.7 ◦ for the splitting pairs. The LEED measurement basically

sees average structures because the electron beam size is large compared to the
domain size. However, the LEED measurement does not provide much information on real space morphology of the surface, which can be examined in STM
images. On the other hand, STM usually sees local structures instead of domain
behavior. LEED and STM become complementary techniques for HOC structure
determination. Considering all the evidence - the lattice constant ratios, rotational
angles between overlayer and substrate lattices and the splitting angle from the
LEED patterns and the moiré periodicity from STM with the correct LEED pattern symmetry, the two main phases of the C60 monolayer on Pb(111) surface we
√
√
√
√
determined are ( 172 × 172)R7.59 ◦ and ( 403 × 403)R22.85◦(These angles

are moiré unit cell to Pb angles) HOC structures with 172 and 403 Pb atoms and
with 21 and 49 C60 molecules in their unit cells. Fig. 4.3 shows the matrices listing
all the structures with either

1
R

or ∆θ in the range of experimental errors corre-

sponding to moiré sizes of 46Å and 35Å. Blue background highlights the elements
with R in the range of experimental errors, and yellow background highlights the
elements with ∆θ in the range of experimental errors. The cross section between
the two colors are the proposed structures. The two proposed structures are the
only two parameter sets where both lattice constant ratio R and angle ∆θ satisfy
the measurements to within experimental errors while having the correct moiré
pattern sizes.
The period of the C60 overlayer unit cells found according to the LEED analysis and the mathematical formulation above are 45.9Å and 70.28Å with moiré
sizes 45.9Å and 35.1Å, which agrees with STM observations of the moiré periods
46Å(Fig. 4.4a) and 34Å(Fig. 4.4b). The angles between C60 and moiré from STM
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√
√
( 172 × 172)R7.59 ◦ ր

(a)

√
Figure
4.3:
The
matrix
show
the
searching
for
the
structures
of
(
172 ×
√
172)R7.59 ◦ phase within experimental errors of LEED measurement and correct moiré patterns of STM images. Blue highlights the R’s within experimental
errors, and yellow highlights the ∆θ within experimental errors. The two proposed
structures are the only two satisfy both R, ∆θ and correct STM moiré patterns.
images are 11 ◦ and 0 ◦ which fit well with proposed values 10.89 ◦ and 0 ◦ . The
important parameters of the proposed structure are listed in Table. 4.1. The rotational angles to the substrate Pb lattice for the two proposed phases are 18.48 ◦
and 22.85 ◦ which agree with the angles(18.6 ± 0.7 ◦ and 22.4 ± 0.7 ◦) extracted

from LEED patterns. And the lattice constant ratio from the LEED patterns is
0.35 ± 0.01 also very close to the value 0.349 from both proposed phases.
Fig. 4.5 and Fig. 4.6 show the proposed real space schematics of the unit cells for

the two phases. The numbers of Pb atoms in their unit cells are 172 and 403. The
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√
√
ր ( 403 × 403)R22.85◦

(b)

Figure
4.3:
The matrix show the searching for the structures of
√
√ (Continued)
◦
( 403 × 403)R22.85 phase) within experimental errors of LEED measurement
and correct moiré patterns of STM images. Blue highlights the R’s within experimental errors, and yellow highlights the ∆θ within experimental errors. The two
proposed structures are the only two satisfy both R, ∆θ and correct STM moiré
patterns.
number of the C60 molecules in their unit cells are 21 and 49 respectively. Fig. 4.7
and Fig. 4.8 show the same view field as Fig. 4.5 and Fig. 4.6 with manipulated
C60 to Pb contrast to stress the moiré periodicity. The moiré size in Fig. 4.7 is
46Å(same as unit cell) and in Fig. 4.8 is 35Å(quarter of unit cell).
The C60 overlayer might deviate from main structures from place to place due
to thermal fluctuation. However, the lattice constant ratios and rotational angles
should be very close to those of the main structures. Fig. 4.9 is an example of STM
image of C60 film on the edge of the C60 Pb(111) interface with moiré period(67Å)
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Figure 4.4: a) STM image of C60 /Pb(111) shows that the period of moiré pattern is
≈ 46Å. The angle between C60 and moiré is ≈ 11,◦ . b) STM image of C60 /Pb(111)
shows that the period of moiré pattern is ≈ 34Å. The C60 rows align with the
moiré rows.

√
√
Figure 4.5: Real space unit cell(blue rhombus) for the ( 172 × 172)R7.59 ◦
phase. The radii of C60 molecules and Pb atoms are not in scale. The parameters
m and n are also shown in the graph. θmn is the angle between substrate lattice
and unit cell base. θm◦ n◦ is the angle between overlayer lattice and unit cell base.
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Table 4.1: The parameters for the proposed structures.
m1
n
m◦
n◦
N
N◦
Lattice ratio
C60 -C60 dist.
Rotation

2
9
12
14
1
7
4
0
172
403
21
49
.349
.349
10.02Å
10.02Å
◦
18.48
22.85◦

 
2 −12
9 −14
Transfer Matrix
12 14
14 23

√
√
Figure 4.6: Real space unit cell(blue rhombus) for the ( 403 × 403)R22.85 ◦
phase. The radii of C60 molecules and Pb atoms are not in scale. The parameters
m and n are also shown in the graph.
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√
Figure 4.7: Calculated structure showing the moiré size of 46Å for ( 172 ×
√
172)R7.59 ◦ structure. The rhombus shows the unit cell size of 46Å same as the
moiré size.
larger than that of major structures.
The formation of a HOC structure usually is very complicated when it comes
to determine the ground state of an overlayer. However, by examining the geometry characteristics of the HOC system, some of the properties of the ground state
can be obtained. Doering [73] first considered the geometrical symmetry and its
effect on the structure of the ground state of a HOC system where he pointed out
how the rotational relation between overlayer and substrate lattices might evolve
during compression or expansion.
In our HOC analysis, each combination of {n, m, n◦ , m◦ } represents one specific

HOC structure. Larger n and m represent larger substrate unit cells, and the
same for the overlayer parameters n◦ and m◦ . From previous derivations, both
the overlayer lattice to unit cell and substrate lattice to unit cell, and the angle
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√
Figure 4.8: Calculated structure showing the moiré size of 35Å for the ( 403 ×
√
403)R22.85 ◦ structure. The rhombus shows the unit cell size of 70Å in this case
containing two moiré periods and the moiré is aligned with C60 lattice.
differences can be expressed in the same form as
θn,m = arctan[
and
θn◦ ,m◦ = arctan[

√

3n
]
n + 2m
√

3n◦
],
n◦ + 2m◦

(4.1)

(4.2)

where θn,m and θn◦ ,m◦ are the angle between substrate and the unit cell and
the angle between overlayer and unit cell respectively (Fig. 4.5).
The ratio between overlayer lattice constant and substrate lattice constant can
be expressed as
R=

r

n2◦ + m2◦ + n◦ m◦
.
n2 + m2 + nm

(4.3)

Fig. 4.10 shows ∆θ = θn,m −θn◦ ,m◦ versus R for any combination of {n, m, n◦ , m◦ }
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Figure 4.9: STM image shows overlayer structure different from major structure
at interface between C60 /P b(111) and P b(111). The period of the moiré pattern
is around 67Å.

√

7×

√

7ր

(a) Unit cell size smaller than ≈ 111Å

√

7×

√

7ր

(b) Unit cell size smaller than ≈ 70Å

Figure 4.10: ∆θ versus R graph for the hexagonal commensurate structures with
unit cell size smaller than ≈ 111Å for Fig. 4.10a and ≈ 70Å for Fig. 4.10b. The
choice of upper limit ≈ 111Å is for comparison of gaps around low order points
when the upper limit increases. The actual cell sizes found in STM are around
46Å and 70Å, which are near to the upper limit for Fig. 4.10b.
The
√ determined◦
√
172
×
172)R7.59
structures are marked with green
dots
in
the
figure.
The
(
√
√
◦
structure is located below the ( 403 × 403)R22.85 structure. The ∆θ in the
figure is only shown up to 35 ◦ and the R is shown from 1.5 to 3.5.
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up to some certain limit of unit cell size(≈ 111Å for Fig. 4.10a and ≈ 70Å Fig. 4.10b).
The ∆θ and R are the angle difference and lattice ratio between overlayer lattice

and substrate lattice, which can be identified by LEED measurement. Each dot in
the figures represents a commensurate structure with unit cell size no larger than
the upper limits. Fig. 4.10b shows the gaps building up around the low order(high
symmetry) structures. Our proposed structures are indicated by green dots. The
√
√
proposed structures are near the 7 × 7 gap when the unit cell size is limited to
√
√
≈ 70Å, which is the same as the unit cell size proposed for ( 403 × 403)R22.85 ◦
structure. The star-shape gaps around a low order point are where the commen-

surate structures having larger domains than the upper limits occur. As we can
see in the figures, the higher the upper limit the smaller the gap around the low
order points. The higher order commensurate structure gap around a low order
structure can be thought of as an energy barrier because of fewer registries compared to lower order ones [73]. In the C60 case, there is one more natural limit for
the lattice ratio set by the size of the C60 molecules. If we adapt the hard sphere
approximation for C60 in the condition of the high pressure fcc phase just before its
transition to the rh(rhombohedral structure), the C60 − C60 distance is 9.62Å with

lattice ratio 2.75. This is about the lowest n.n. C60 − C60 distance can be found for
an fcc configuration of the C60 . This casts a limit for the lattice ratio, the possible

structure will have a lattice ratio larger than 2.75. Our proposed structures have
lattice ratio ≈ 2.87 with C60 − C60 distance 10.0Å which is very close to the room
temperature solid phase C60 nearest neighbor distance.

4.2

STS analysis of electronic properties of the
C60 film

STM is a tunneling technique, it relies on the exponential nature of the tunneling
current to achieve atomic resolution of the measurement. Scanning Tunneling
Spectroscopy(STS) is a useful tool for local electronic properties of sample. The
distances between the tips to the samples are usually very small, and STS can only
extract the local electronic information of the sample. It is very different from
photoemission or inverse photoemission techniques, which average the behavior
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over a significantly larger area (usual spot size is about tens to hundreds of microns
in diameter). Because of the tunneling between tip states and sample states, the
tunneling current is a function of electronic states of tip and sample (Following
discussion can be found in [74]). The tunneling current can be expressed as :
4πe
I=
~

Z

∞

−∞

[f (EF − eV + ǫ) − f (EF + ǫ)] × ρS (EF − eV + ǫ) × ρT (EF + ǫ) × |M|2 dǫ
(4.4)

where f is Fermi-Dirac distribution function, ρS and ρT are density of states of
sample and tip, respectively.
M is the tunneling matrix and can be expressed as:
Mµν

−~2
=
2m

Z

Σ

(χ∗ν ▽ψµ − ψµ ▽χ∗ν ) · dS

(4.5)

where χ and ψ are tip and sample wavefunction of electron. Because the distance
between tip and sample in a STM experiment can be as small as a couple of
Ås, the wavefunctions are coupled and the barrier height between them is smaller
than the usual vacuum barrier. So the tip quality has a very large effect on the
outcome of the STS spectrum. At low temperature, the Fermi-Dirac function can
be approximated as a step function, and the tunneling matrix is a constant through
the voltage range applied. The tunneling current can be simplified as
I = |M|

2 4πe

~

Z

0

eV

ρS (EF − eV + ǫ) × ρT (EF + ǫ)dǫ.

(4.6)

The tunneling current now is only a function of ρS and ρT . Since the tip is the
same in a certain STM scan, the relative sample local density of state can be
obtained by taking a derivative of equation 4.6.
dI
∝ ρS (EF − eV + ǫ)
dV

(4.7)

By analyzing the derivative of the tunneling current(differential conductance)
as a function of applied voltage, it is possible to extract the local electronic structure.
Most of the C60 ’s imaged in our STM experiment(Fig. 4.11) have a spherical
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Figure 4.11: STM shows that most of the C60 on Pb(111) are spherical symmetry
shape. Only a few C60 s imaged as three-fold or two-fold symmetries.
shape at positive sample bias (i.e., electron tunneling into unoccupied state of C60 ).
Only a few C60 ’s are imaged as having three-fold or two-fold symmetries. A previous study has shown that the different symmetries of C60 on metal STM images
correspond to the shapes of the lowest unoccupied molecular orbital(LUMO) [75].
These are C60 with their six-fold patch facing up for three-fold (c3 axes perpendicular to the substrate surface. See Fig. 1.1.) and with their C-C bond between
two six-fold patches facing up for two-fold (c2 axes perpendicular to the substrate
surface. See Fig. 1.1.).
This orientation difference does not affect moiré superstructure; however the
STS spectra reveal some interesting electronic structures within the moiré superstructure for the monolayer. It is found that the visibility of moiré pattern as a
function of the applied bias suggests that the origin of the moiré is not a geometric
effect alone. Electronic structure between C60 s and substrate play an important
role in the formation of the moiré pattern. In order to determine the electronic
structure of the moiré pattern, STS was applied to investigate a 34Å moiré area.
As shown in Fig. 4.4, the 34Å moiré can be seen at a sample bias 0.2V but is
almost invisible at sample bias 0.3V. With a differential conductance map, a more
profound moiré geometry is shown in Fig. 4.12b.
The visibility of the moiré pattern as a function of bias is more pronounced
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in the differential conductance maps(Fig. 4.13). The peak splitting for the C60
LUMO is caused by the symmetry broken from adsorption on the Pb(111) surface. The adsorption interaction induces the splitting of the 3-fold degeneracy
states of circular symmetry of the C60 . The peak height and the spectrum shape

Figure 4.12: a) STM image of the 34 Å superstructure and b) its differential
conductance map at sample bias 0.3 V. c) Differential conductance spectrum reflecting the LUMO derived resonance of one fullerene. d) Differential conductance
profile along the vertical (blue) line marked in b) of C60 molecules across the Moire
structure. The LUMO shifts by 20 meV with the periodicity of the superstructure,
while the overall line shape is preserved.
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remained unchanged along the line on Fig. 4.12a and b. This suggests that the
moiré patterns is not caused by changes of the chemical states or orientations of
fullerene molecules. Instead, the moiré patterns are coming from the relative position and environment of C60 in the HOC structure. The darker regions in the

dI
dV

map might be related to the parts of LUMO state higher than Fermi level, which
causes the resonance peak to move to higher energy state. According to a simple
model of screening of local charges in molecules by metal surfaces[75], the higher
the resonance peak in energy suggests higher the distance to the surface because
the coupling potential of image charges between the molecule and the substrate
is weaker in the case. In this system, darker regions can be explained by higher
regions which might be corresponded to those closer to the top sites and brighter
ones might be corresponded to those hollow sites of Pb(111) lattices.

(a) Vst =0.2V

(b) Vst =0.3V

(c) Vst =0.4V

(d) Vst =0.5V

(e) Vst =0.6V

(f) Vst =0.7V

Figure 4.13: Among six different biases at same area only first three images show
moiré pattern. This suggests that moiré pattern in C60 on Pb(111) is more than
just a geometric effect, somehow, the electronic structure changed as well.

71

(a) Vst =0.15V

(b) Vst =0.24V

(b)↑
(a)↑

(c) Spectra from where two peaks different in
20meV regions
dI
Figure 4.14: 4.14a and 4.14b show the dV
maps for the sample biases indicated
in 4.14c. The images show the contrast changing because of the conductance map
shifts from bias to bias. These images also show why there is no moiré pattern
beyond bias larger than 0.5V, where show no difference between the spectra beyond
0.5V.

Fig. 4.14 show the moiré contrast as a function of bias. This bias dependence
is causing by the peak shift of STS spectrum from place to place. The peak shift
is most likely caused by the difference of the heights of C60 s on Pb(111).
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4.3

Energy consideration of monolayer interaction

We first consider the C60 -C60 pair potential energy of Girifalco [76] and PachecoRamalho [77]. The Girifalco potential is widely use for C60 interaction calculations.
The Girifalco potential considers C60 as a spherically symmetric uniform potential,
which smears out the individual carbon on the C60 surfaces. It integrates of the
Lennard-Jones 6-12 interaction between two C60 surfaces. The Pacheco-Ramalho
potential is a first principle time-dependent density function theory(DFT) calculation. It considers not only pair interactions but also considers three-fullerene
interactions. It turns out that the three-body effect increases the solid C60 cohesive energy by about 6%. Table. 4.2 shows energy related parameters of the
triangular lattices of spherical C60 molecules using Girifalco and Pacheco-Ramalho
carried to the fourth shell of neighbors. E/N is the energy per molecule, Φ is the
dφ
2D spreading pressure, and B = −A dA
is the bulk modulus. The Pb nearest neigh-

bor distance used is 3.48Å which is the distance at liquid nitrogen temperature.

The calculation range is from Lnn = 10.45Å a misfit of 0.1% relative to the 3 × 3
commensurate lattice(Lnn = 10.44Å) to Lnn = 9.3Å a misfit of 1% relative to
√
√
the ( 7 × 7)R19.1 ◦ lattice(Lnn = 9.21Å). Lnn for the unconstrained monolayer
is Lu = 10.052Å for the Girifalco model and 10.013Å for the Pacheco-Ramalho

model. From the energy consideration of the C60 monolayer, the equilibrium lattice constant without constraining is around 10.0Å. If there is a strong interaction
between the substrate and the monolayer, the lattice constant can be as small as
9.7Å. Lattice constants and structures for C60 on other close-packed metal surfaces are shown in Table 4.3 for comparison. All C60 nearest neighbor distances
fall within the range of energy considered. In Section 4.1, we found that the lattice
constant is 10.0±0.1Å which is very close to the unconstrained monolayer distance
and is smaller than the 3 commensurate lattice(Lnn = 10.44Å). This indicates that
the interaction between substrate and C60 monolayer is not strong compared to
C60 -C60 interaction for this system. The weakness of the substrate-adlayer makes
it suitable for the Novaco-McTague analysis, in which the substrate-adlayer interaction is treated as a perturbation from the Hamiltonian of a normal mode of the
substrate-adlayer system(4.4).
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4.4

Novaco-McTague theory of film rotation

Novaco-McTague theory is a many-body quantum consideration of the monolayer
normal modes subjected to substrate lock-in. This method sometimes is referred to
as static distortion wave(SDW) or mass density wave(MDW) in order to make the
conceptual analogy to charge density waves in bulk solids. The Novaco-McTague
theory starts by considering the adatom-adatom interaction at zero K. Only the
lateral interaction is considered in this calculation, making the problem two dimensional. The following derivations are based on Novaco, McTague and Bruch’s
book [81, 82, 83, 49]. The two dimensional C60 -C60 Hamiltonian can be expressed
as
H◦ = EL +

X 1
X 1 αβ
pαj pαj +
Φij uαi uβj
2M
2
j,α
i,j,α,β

(4.8)

where EL is the ideal equilibrium lattice potential energy for the adlayer. pαj and
uαj are the α component of the momentum and position operator for the atom at
lattice site j. As we can see, this is a simple harmonic oscillation of the phonon
in the adlayer as uαj stretching out of the equilibrium position of the adlayer site.
Table 4.2: The parameters for C60 interactions. E/N is the energy per molecule,
dφ
Φ is the 2D spreading pressure, and B = −A dA
is the bulk modulus.
Lnn
(Å)

E/N
(meV)

Girifalco
Φ
B
(meV Å−2 ) (meV Å−2 )

Pacheco-Ramalho
E/N
Φ
B
(meV) (meV Å−2 ) (meV Å−2 )

10.45

-719

-26.1

246

-696

-23.8

59.8

Lu = 10.052

-850

0

896

-819

0

591

9.95

-831

24.1

1520

-814

8.27

730

9.90

-803

41.5

2360

-804

16.3

857

9.85

-758

64.1

2510

-7860

25.7

1000

9.80

-692

93.1

3210

-7596

36.7

1160

9.75

-598

130

4100

-7232

49.5

1340

9.70

-469

178

5240

-7838

64.4

1540

9.40

1827

939

24300

-38.0

213

3370

9.30

3835

1594

39500

370

295

4300
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Table 4.3: C60 nearest neighbor distances on different surfaces.
Substrate

Temperature
(K)

Structure

C60 n.n.
(Å)

Graphite[78]

50

Incommensurate

9.99± 0.01

Cu(111)[79]

300

4× 4(reconstructed)

10.2

Al(111)[80]

300

9.92

Ag(111)[61]

300

Au(111)[61]

300

Au(111)[47]

5

6× 6(buckled)
√
√
(2 3 × 2 3)R30 ◦
√
√
(2 3 × 2 3)R30 ◦

Pt(111)[41]

300

Pb(111)[This work]

80

HOC
√
( 13 × 13)R13.9 ◦
√

HOC

10.0
9.99
10.02
9.99
10.0± 0.1

Here uαj can be expressed in phonon creation and destruction operators â~q,l + â†−~q,l
as

uαj



~
1 X α
~ q~,l + â† ]
=√
ǫl (~q)
1/2 × exp[i~q · R][â
−~
q,l
N ~q,l
2Mωl (~q)

(4.9)

the sum over ~q is limited within first Brillouin zone, where ǫαl (~q) is the polarization
vector, ωl is the mode frequency, both of them are determined by the eigenequation
D αβ (~q)ǫβl (~q) = ωl2(~q)ǫαl (~q)

(4.10)

l sum over normal mode index 1,2 and 3. In this case, indices 1 and 2 are for x
P
and y mode and 3 for z mode. The adatom-substrate interaction j VG~ (zj ) can
be expressed in Fourier series as
H1 =

XX
j

G

~ ·R
~ j ] exp [iG
~ · ~uj ]
VG~ (zj ) exp [iG

(4.11)

~ is the reciprocal lattice vector of the substrate surface lattice and intewhere G
~ 6= 0. The exp [iG
~ · ~uj ] term then is expanded in power
grates over only when G
series relative to uαj . In the power series of the expansion, only linear term in uαj
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is retained in 4.11.
H1 = N

XX
τ

G

2
√ XX
√ X
VG (0)δG,τ +i N
(gq~,l âq~,l −gq~∗,l âq†~,l )+ N
(gq~,3 âq~,3 +g~q∗,3 â†~q,3 )
l=1

q~

q~

(4.12)

where l = 1, 2
gq,l =

XX
τ

Gα ǫαl (~q)VG~ (0)

G



~
2Mωl (~q)

and
gq,3 =

XX
τ

ǫ33 (~q)VG~′ (0)

G



~
2Mωl (~q)

1/2

1/2

∗
δ~τ ,G+~
~ q = −g−~
q,l

∗
δ~τ ,G+~
~ q = g−~
q ,3

(4.13)

(4.14)

Up to here it is just the Hamiltonian of the system expressed in creation and
destruction operators and adatom-substrate expanded in amplitudes of the phonon
oscillation. The total Hamiltonian(H = H◦ + H1 ) can be diagonalized in order to
find the normal modes of the approximated system. This diagonalized eigenvectors
have phonon equilibrium positions not located at original lattice site instead there
are position shifts off original lattice site for the equilibrium positions of the new
Hamiltonian. This is so called static density wave(SDW) referred previously. By
assuming the two dimensional lattice having an inversion symmetry about some
~ Because of the inversion symmetry, the Fourier transformation of
point ~r = ∆.
VG~ (z) can be expressed as
~ · ∆]
~
VG (z) = ṼG (z) exp [−iG

(4.15)

~ The amplitude shift off original
where ṼG (z) is a real function and symmetric to G.
lattice site of the adlayer atoms can be expressed for α = 1, 2 as
huαj i =

XX
τ

with
ũqα~

=

q~

2
X
l=1

~ j − ∆)]δ
~
ũqα~ sin [~q · (R
~ τ
q~,G−~

ǫαl (~q)ṼG~ (0)



Gβ ǫβl (~q)
Mωl2 (~q)



(4.16)

(4.17)
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and for α = 3
huα3 i =

XX
τ

q~

with
ũq3~

~ j − ∆)]δ
~
ũq~3 cos [~q · (R
~ τ
q~,G−~

(4.18)


 ˜′
V G (0)
=
.
Mω32 (~q)

(4.19)

Next, we consider the energy. The first term N

P P
τ

G

VG (0)δG,τ in Eq. 4.12 is

lock-in energy, which is zero for incommensurate lattice because the δ function is
~ 6= ~τ in an incommensurate structure without registry. Strain
always zero when G
energy of the monolayer in the system is
Es = N

X

~ωl (~q)ξq~∗,l ξq~,l

(4.20)

q~,l

where ξ is the new shift-off from original lattice amplitude or new normal coordinate for the H = H◦ + H1 . In this approximation, H1 in Eq. 4.11 is expanded
and kept only linear terms and higher terms are ignored. So the phonon frequency
and polarization vectors are not changed and only the equilibrium positions of the
adlayer lattices are changed. The newly changed lattices create the strain energy.
The new normal coordinates can be express as
for l = 1, 2
ξq~∗,l = −i
and for l = 3
ξq~∗,3 = −

gq~,l
= ξ−~q,l
~ωl (~q)

gq~,3
= ξ−~q,3
~ω3 (~q)

(4.21)

And rest is the adatom-substrate energy
Eas =

2
XX
j

α=1

iGα VG~ (0)huαji +

X

VG′ (0)hu3j i

(4.22)

The ground state energy can be given by
2

1X
1 XX
1 X ˜′
E = EL +
~ωl (~q) − N
ṼG~ (0)Gα uαG − N
V (0)u3G
2 q,l
2
2
G α=1
G

(4.23)
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The first term EL is the ideal equilibrium lattice potential energy for the adlayer.
The second term is the zero energy of the strain energy, which prefers the align~ − ~τ vector small,
ment of adlayer and the substrate lattices. This makes the ~q = G
and the second energy term is proportional to ~q. In low energy limit, this mode is

acoustic like. This term favors long wave length distortions, gradual change of the
distortions minimizes the energy. The last two term is the adatom-substrate term,
which is a function of the rotational angles between adlayer and substrate lattices.
The maximum of the last two terms is not when the adlayer lattice aligning to the
substrate lattice, instead it is maximum when adlayer lattice rotates away from
substrate lattice. The reason is that when they aligned, there is only longitudinal
mode contributing to the energy. If the lattices are not aligned, transverse modes
can contribute to the energy making the total energy even lower. In other word,
this is competition mostly between second term and third term. The last term is
smaller comparing to the others since vertical displacement is small comparing to
the lateral rotational displacement. This can be explained by the holding energy
on the lateral direction is usually larger than the vertical adatom-substrate energy
in an incommensurate lattice system. The rotational contribution is mostly coming from the strain energy (second term) and adatom-substrate energy of lateral
movement(third term).
In the Table. 4.4, we show the result of the Novaco-McTague calculation without z modulation(without last term of 4.23) with spherical C60 Girifalco and
Pacheco-Ramalho potentials. It is possible to estimate the lattice angle between
adlayer and substrate without knowing the real corrugation energy of the adatomsubstrate potential(discussed in [84]). It is necessary to know the interaction potential between C60 molecule and lead substrate if the numerical energy need to
be calculated. Table. 4.4 show the angles for the minimum energies for different
Lnn ’s. The angles displayed in first column is relative to the (3 × 3) superlattice
√
√
with (Lnn = 10.44Å) and in second column relative to the ( 7 × 7)R19.11 ◦ superlattice with (Lnn = 9.21Å), which has a 19.11 ◦ off Pb(111) lattice. These two

commensurate superlattices are assumed to have low energies, having one C60 per
unit cell, and 9 and 7 Pb atoms per unit cell respectively. The spreading pressure
shown in Table. 4.2 provides information for the energy as a function of C60 nearest
neighbor distance and gives the reference for stress under certain distances.
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Table 4.4: Novaco-McTague theory of C60 /Pb(111) monolayer film with Girifalco
and Pacheco-Ramalho C60 potentials. The angle near 0 ◦ are energically preferred
[shown in bold face] for Lnn > 9.82Å, whereas the angles near 19.11 ◦ are preferred
[shown in bold face] for Lnn < 9.82Å.([6])
Girifalco
Lnn
(Å)
10.45

θ
( relative to 0)
◦

Pacheco-Ramalho

θ
√
( relative to 7)
◦

<0.001

θ
( relative to 0)
◦

θ
√
( relative to 7)
◦

0.0134

Lu

1.36,16.56,22.43

-2.55,3.32

1.53,16.82,22.24

-2.29,3.32

9.95

1.83,16.89,22.01

-2.22,2.90

1.82,16.90,22.00

-2.21,2.89

9.90

2.09,16.98,21.80

-2.13,2.69

2.09,16.98,21.80

-2.13,2.69

9.85

2.38,17.08,21.59

-2.03,2.48

2.39,17.08,21.59

-2.03,2.48

9.80

2.72,17.19,21.39

-1.92,2.28

2.73,17.18,21.39

-1.93,2.28

9.75

3.22,17.31,21.18

-1.80,2.07

3.15,17.30,21.20

-1.81,2.09

9.40

18.40,19.83

-0.72,0.72

18.38,19.85

-0.74,0.74

The angles near 0 ◦ are energically preferred [shown in bold face] for Lnn >
9.82Å, whereas the angles near 19.11 ◦ are preferred [shown in bold face] for
Lnn < 9.82Å. The misfit vector of the mass density waves defined here is the
~ − ~τ . The misfit wave vectors that enter in the adlayer modulation are ex~q = G
~ = 2.085Å−1
pected to be based on the leading substrate reciprocal lattice vectors G
and multiples of the primitive reciprocal lattice vector of the adlayer ~τ =

√4π .
3L

The values of the misfit wave vector ~q for lattices corresponding to 3 × 3 and
√
√
√
√
~ − 3~τ and ~q( 7) = G
~ − 7~τ , re( 7 × 7)R19.11 ◦ superlattices are ~q(3) = G
spectively. There is a cross-over where their magnitudes are equal to each other,
√
√
i.e. |~q(3)| = |~q( 7)|, at Lc = 9.82Å. For L > Lc , |~q(3)| < |~q( 7)| and vice versa.

The two minimum angle differences are all around 4 ◦ for Lnn = 9.90 − 9.40 and
√
√
seems symmetrical to the ( 7 × 7)R19.11 ◦ superlattice. The splitting for the
LEED(4.1) is about 4 ◦ , which is close to the calculated splitting at Lnn = 9.8Å.

The agreement between the HOC structure identified and the Novaco-McTague
theory is remarkable. However, there is a small discrepancy concerning the lattice
constant at which these angles are observed. In the experiment, the lattice constant of C60 lattice was measured 10.0 ± 0.1Å, but the theory finds similar angles
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to be energetically preferred only for lattice constant less than 9.82Å. There are a
couple of issues that can be discussed in the discrepancy. First, the assumption of
a rigid substrate in the theory might affect the agreement of the calculation. No
evidence of reconstruction or deformation of substrate has been observed in the
experiment, but the resolution of the either LEED or STM is not enough to detect
a small deformation in the substrate. Especially in a HOC case, the mass density
wave has a low frequency and a collective behavior, which make the deformation
even smaller. The low bulk modulus of the substrate comparing to C60 lattice in
this system suggests deformation of substrate is likely to happen. Second, the calculation ignores the potential contribution of z-modulation. This is likely to have
some contribution to the total Hamiltonian in the system, because we observed the
moiré patterns in STM measurement. The moiré modulations either come from
z-modulation of the C60 ’s or because of the differences of the electronic states. In
both cases, the z potential contributions are different in different positions and
the effect is visible in STM measurement. Third, the C60 -C60 potentials used in
the calculation might be different from the reality. The potentials used in the
calculation are only two-body potentials or three-body potentials, but the HOC
structure looks like collective behavior in many way. The interactions between C60
and metal surfaces are usually found to be chemisorption rather than physisorption. The charge transfer between the metal substrate and C60 ’s can form image
charges at the metal surface, and further produce a dipole moment which might
further affect the C60 -C60 interaction and C60 -substrate interaction. The bonding
properties of C60 to Pb(111) surface are not yet clear. But our scanning tunneling
spectroscopy shows a small LUMO tail extending across the Fermi level, evidence
of charge transfer.

4.4.1

Structure difference on sample temperature at deposition

There were different LEED patterns observed for dosing at different sample temperatures. Fig. 4.15 shows the LEED obtained with the same standard procedure
as described in Chapter 2 except at lower sample temperature(≈ −80 ◦ C) when
dosing C60 . However, the 140 ◦ C anneal was also applied to the sample. Intuitively,
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we expect that the high temperature anneal will bring the system to a more stable
structure. The LEED pattern tells otherwise. The cause is still unclear. The
LEED pattern shows equal angle difference between neighbors at about 20 ◦ and
√
√
the intensity are pretty even along the circles. It looks close to the 7 × 7R19 ◦

structure with equivalent rotational domains. Further study needs to be done in
order to obtain detail information.

Figure 4.15: LEED pattern at E=35eV for low sample temperature(≈ −80 ◦ C) at
deposition. This shows different structure from Fig. 4.1.

4.5

Conclusions and discussions

We have observed and identified two coexisting phases for C60 on the Pb(111)
surface. The two phases are very close in lattice parameter and direction. As
√
√
superstructure phases of C60 , they are 21 × 21 and 7 × 7 with 21 and 49 C60

per unit cells and the lattice constants are almost the same. The lattice constant
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of C60 close to its solid phase might imply larger C60 − C60 interactions than C60 -

Pb(111) interactions and explain why a low-order commensurate structure is not
formed. The ground state energies for the two phases should be very close to each
other such that two phases can coexist at a nonzero temperature. The NovacoMcTague calculation provides the clues about the interaction between C60 -C60 and
C60 -substrate and how they compete with each other. The populations of the two
phases might be different at lower temperature. The effect of substrate temperatures during deposition might have something to do with the formation of the
two phases. From geometrical consideration, both of our proposed structures are
√ √
located close to 7× 7 structure, which tend to posses lower ground state energy
with the limit from C60 -C60 distance. Pure geometry consideration gives us some
√
√
clues about why they prefer close to 7 × 7 structure. However, the reason

why they prefer to separate into two difference phases might need further calculation incorporate more accurate adsorbate-substrate and adsorbate-adsorbate
interactions.

Chapter

5

Xe adsorption on C60/Ag(111)
A film of the mesoscopic scale of the C60 molecule provides a intermediate step between the adsorption on the well-studied atomically flat substrates and on porous
materials. The C60 on metal system also provides a good test bed for the spherical
approximation of the C60 potential. Xenon was used as the probe to test the C60
on Ag(111) system and compared the result to the simulation with spherical approximation of C60 interaction potential. LEED experiments and Grand Canonical
Monte Carlo(GCMC) simulations of Xe adsorption on C60 /Ag(111) system have
been carried out. The preparation of monolayer C60 on Ag(111) has been described in Sec. 2.1. The isobaric measurement of Xe adsorption was accomplished
by a variable leak valve to regulate the pressure of Xe in a UHV chamber. The
equilibrium mass flow between the 3D Xe gas and 2D Xe gas on the C60 /Ag(111)
surface was maintained during the isobar measurement. By sweeping the sample
temperature, the isobar curves can be obtained. The temperature was swept at
a rate about 5K/min to keep the quasi-equilibrium for a reasonable experiment
time to avoid contamination of the surface. According to the theory described
in Sec. 2.3, the relationship between pressures and temperatures of the transition
points can be used to extract isosteric heat of adsorption q̄ads . The C60 ’s form a
√
√
(2 3 × 2 3)R30 ◦ commensurate structure(Chapter 3) with a vacancy under each

C60 molecule. The LEED data collection consisted of recording the LEED pattern

at a primary beam energy of 391 eV using a CCD camera interfaced to a PC via
Data Translation frame grabber and processor boards. This energy was chosen to
maximize the intensity of the first-order Ag(111) diffraction spots, thus providing
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a greater dynamic range for the measurements of intensity attenuation as Xe is
adsorbed. The integrated intensities of the diffraction spots were obtained by integrating the pixels inside a circular window centered on the diffraction spot and
subtracting a planar background fit to the pixels on the window perimeter. The
pressure was measured with an ion gauge calibrated to N2 with a gas correction
factor of 0.326 for 3D Xe gas. The pressure of the 2D gas was further corrected
for the different temperatures between the 3D gas and the gas at the surface using
Psurf ace = Pgauge



Tsurf ace
Tgauge

1/2

(5.1)

where we assume the flux is the same for the 3D gas and 2D gas. The vertical
distance between the lowest carbon atom of the C60 to the top Ag atom(nonconstructed Ag(111) surface) is about 2.0Å (Table 3.2). The interaction between
Xe and C60 /Ag(111) surface can be categorized into two parts: interaction with
C60 molecules and interaction with Ag atoms. The simulation of the Xe-C60 interaction was done by a potential described in Hernandez et al. [85, 86], in which
they considered the Lennard-Jones(LJ) interaction with each point of the spherical
surface of the C60 and integrated over the spherical surface to obtain
Na ǫ
V (r, R) =
Rr



 

σ 12
σ 12
σ6
σ6
−
−
−
(5.2)
5(r − R)10 5(r + R)10
2(r − R)4 2(r + R)4

where Na = 60 is number of atoms on the spherical surface, ǫ and σ are LJ potential
parameters dependent on elements of the system. And the Xe-Ag interaction was
computed with an ab initio van der Waals potential, varying as 1/d3 where d is
the distance to the image plane edge of the surface([7]).

5.1

Experimental results

Fig. 5.1 show the typical LEED patterns of the Xe on C60 /Ag(111). They are at
pre-monolayer(a), monolayer(b) and sub-monolayer(c) coverages. LEED isobars
were carried out at different pressures for both cooling and heating(adsorption
and desorption). Fig. 5.2 shows two curves measured at a Xe surface pressure of
1.7 × 10−7 mbar. The isobars are corrected for the Debye-Waller factor by fitting
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(a)

(b)

(c)

Figure 5.1: Fig. 5.1a,Fig. ch5fig:leed:b and Fig. 5.1c show the consecutive LEED
patterns on the isobar show in Fig. 5.2. There are in pre-monolayer, monolayer and
sub-monolayer respectively. The intensity of the C60 spots are weak comparing to
the Ag spots. The intensity is extracted from Ag spots in this study.
the curve trend to exp(−αT ) and then dividing the curve by the exponent to get
rid of the intensity attenuation from the Debye-Waller effect.
The resulting curves indicate layer by layer growth of the Xe on C60 /Ag(111)
surface. However, the steps in the isobars are not as distinct(rounding on the
top of the steps) as steps for Xe adsorption on plain metals, for example Xe on
Pb(111)([87]) or Xe on Ag(111)([88] surfaces. This signals a more complicated
adsorption mechanism for this system. Two steps can be identified clearly in the
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↑

↑

sub

pre
mono

Figure 5.2: Isobars taken at P = 10−6 mbar for Xe adsorption on C60 /Ag(111)
for both adsorption(a) and desorption(b). These intensities corresponds to the
integrated intensity of the first-order diffraction spots from the Ag(111) lattice
(indicated on the inset). The red circles highlight the specific spots to take average
for the intensity measurement. Data were taken at 391eV.
figure. There is also a third step that can be seen in the desorption curve. (The
third step in the adsorption curve is caused by the pressure fluctuation during
the cooling process, mostly happening at low temperature process.) The first step
occurred at around 76K for both curves, and there is very little hysteresis between
cooling and heating process. The Ag(111) spot intensity is affected not only by
C60 but also by Xe in this case. We observed that the adsorption of a C60 monolayer decreases the intensity of the Ag spots. When Xe adsorbed on the surface,
there was further attenuation of Ag spots observed. No extra spots were observed
when Xe was adsorbed, meaning no observable unit cell change in the system.
This might suggest that Xe atoms form a commensurate structure at first, with
Xe contributing to the intensities of the Ag(111) spots. But the interaction between these three different objects complicates the situation, it is very difficult to
determine which part and how much attenuation coming from whom(Ag, C60 or
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Xe) and which mechanism(Debye-Waller or diffraction). It makes quantifying Xe
from diffraction spot intensity unlikely unless we figure out the interaction between
them first. The Monte Carlo simulation can provide some important insight for
this.
Because of the stepwise isobars, we can extract also the isosteric heat of adsorption from series isobars with different pressures (Fig. 5.3). Fig. 5.4 shows the
extraction of the isosteric heat of adsorption q̄ads . The isosteric heat of adsorption
q̄ads can be expressed
q̄das = −kB

d ln P
d(1/T )

.

(5.3)

N

For the derivation of this equation see Sec. 2.3.
The q̄ads values we obtained are 234 ± 8 meV and 204 ± 14 meV for the first

and second steps, respectively. Based on the Monte Carlo simulations described

below, we interpret these steps to correspond to adsorption in the three-fold hollows
between C60 molecules for the first step and to adsorption in a mixture of bridge
sites between C60 molecules for the second step. The third steps in the isobars,
which are well defined only in the desorption spectra, occur very close to the bulk
vapor pressure values for Xe.

5.2

Monte Carlo simulation of the adsorption

The C60 /Ag(111) structure used in the modeling is shown in Fig. 5.5. The vertical
distance between the Ag(111) surface and the bottom hexagonal patch is 2.31Å.
This distance is about 0.3Å larger than that from the LEED study in Chapter. 3.
And the C60 -C60 nearest neighbor distance is 10.01Å. There are two interactions
addressed in the simulation. The Xe-C60 interaction is larger than Xe-Ag interaction because their proximity.
The Xe-Ag(111) interaction is modeled in the continuum approximation by the
rigorous asymptotic form of the van der Waals interaction including many-body
corrections as
VAg (d) = −

C
d3

(5.4)

where C is the van der Waals coefficient, 2.34eVÅ3 ([7]), d is the distance to the
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Figure 5.3: Family of adsorption isobars showing the intensity of the substrate
diffraction spot shown in Fig. 5.2 as a function of T for from right to left 5.2×10−7 ,
1.7 × 10−7 , 8.5 × 10−8 , and 1.4 × 10−8 mbar. Two horizontal lines indicate the
portions of the isobars used to extract the isosteric heat of adsorptions.
Ag(111) surface image edge. The interaction of Xe-C60 was summed over the
C60 ’s in the simulation cell and first nearest neighbor cells. For the single C60
interaction VC60 (r), the spherical, symmetric and analytical form of Eq. 5.2 [85]
was used with parameters shown Table. 5.1. The Na in Eq. 5.2 can be expressed
as Na = 4πRθ where θ is the surface density of carbon. This approximation treats
the C60 as carbon uniformly distributed over the sphere surface with the size of
the C60 . The single C60 potential has a minimum at r=7.3Å where the potential
energy is −790K(-68.1meV). This value is about 40% of the potential of Xe on
flat graphite([7]). The interaction between Xe atoms was described by the normal

88

234 8 meV

First Layer
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204 14 meV
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Figure 5.4: The isosteric heat of adsorption extractions for the first and the second
steps from the slopes are indicated in the figure. The y-axis is in a natural log
scale of pressure in Pa.(Refer to the derivation in Sec. 2.3.)
Lennard-Jones potential as
 12  6 
σ
σ
VXe (r) = 4ǫ
−
r
r

(5.5)

The parameters ǫ, σ are listed in Table. 5.1. Fig. 5.6 shows the simulation cell
with a base 20 × 17.3Å containing a hexagonal lattice of C60 as indicated. The x
and y boundary conditions of the simulation cell are periodic, and for the z-axis
at top edge of the simulation cell are reflective.
There are three most likely adsorption sites according to the simulations. The
most attractive sites are those located at the threefold hollows between C60 molecules
at a distance ≈ rmin = 5.83Å to nearest neighbor Xe atoms and to C60 molecules.
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Figure 5.5: The schematic of the C60 /Ag(111)
√ used
√ in the Monte Carlo simulation.
The C60 sits on top of a Ag atom with (2 3 × 2 3)R30 ◦. The vacancy described
in Chapter 3 was ignored in this study for simplicity. The screening of the C60
molecule might reduce the contribution of the vacancy.

Table 5.1: Xe-C60 and Xe-Xe parameters used in the Monte Carlo simulation.([7,
8])

ǫ
σ
R
θ

Xe-C60
78.7K
3.75Å
3.55Å
0.38Å−2

Xe-Xe
221K
4.1Å
-

Figure 5.6: Simulation cell used in Monte Carlo calculation.(Not to scale) C60
locations indicate as red dots. Vertical configuration shows in the bottom of figure.
We refer to these as ”hollow sites” (H) indicated as triangles in Fig. 5.7. The other
two sites are located on the lines between C60 molecules. One we refer to as ”center
bridge sites”(C) locating at center of the line between two C60 ’s. The other one we
refer as ”bridge sites”(B) locating at the center between a C60 and a center bridge
site. The vertical positions of H, B and C sites are all above center of the C60 by
4.4Å, 7Å and 5.2Å, respectively.
The potential energy of the sites as a function of vertical distance from the
base of the cell(plane connecting C60 ’s) is shown in Fig. 5.8. The contribution
of the Ag atom to H site potential is only −12K compared to the depth of the
H site well of ≈ −2400K. The H sites with lowest potential energy are the most
attractive sites. The GCMC computed the equilibrium energy, coverage per area

and density for temperatures 55K to 90K for a wide range of pressure. In Gatica
et. al. [89], the simulation method is described in detail. In this simulation, a
total of 4 × 106 moves were computed for each value of pressure and temperature.

The first 3 × 106 moves were dropped to make sure the equilibrium state was
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Figure 5.7: ”hollow sites”(H), ”bridge sites”(B) and ”center bridge sites”(C) are
depicted as black triangles, red squares and blue circles, respectively. The hollow
circles indicate the positions of the C60 molecules.

Figure 5.8: The adsorption potential for H, B and C sites are plotted with black
solid, red dashed and blue long dashed lines, respectively. x-axis is referred to
vertical distance from the base plane(C60 center plane) of the simulation.
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Figure 5.9: Isotherms for T=60K, 65K, 77K and 90K show the first two steps of
Xe adsorption. The third steps show in lower temperature isotherms.
achieved. In the last 106 moves, 104 moves were used to perform the averages of
the variables. Fig. 5.9 shows the GCMC simulation of the isotherms coverage(N)
as a function of pressure for temperatures equal to 60K, 65K, 77K and 90K. Two
distinct steps observed in the isotherms at all temperatures described above. A
third step occurred at lower temperature which is not seen here. The first step
occurred at around N = 0.023Å−2 corresponding to the adsorption on the most
attractive sites H. The plateau of the first step is flat compared to the others.
However, for second and third steps, there are not as flat as first step. The second
step occurred at around N = 0.065Å−2 corresponding to the adsorption of the B
and C sites.
Fig. 5.10 shows the Xe area density distribution of the adsorption sites. The
area density n2 (x, y) is defined as
n2 (x, y) =

Z

ρ(x, y, z)dz

(5.6)

where ρ(x, y, z) is atomic density. We observed that not all B sites are filled. This
is because the size of the Xe atoms are too large to fill in all of six B sites around
C60 , causing them to fill in alternative sites. The potentials for different sites in
5.8 show that the C sites have deeper potentials than the B sites. However, we
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observed that B sites will be filled before C sites. This is because the presence of
the Xe atoms on H sites will affect the effective potentials of the B and C sites.
When the H sites are filled, they create a steric repulsive force to the C sites.
Fig. 5.11 shows the effective potentials of B and C sites when the H sites are
filled. The simulation shows that the presence of the Xe atoms on H sites will form
repulsive forces for C sites and attractive forces for B sites. The potential for B
sites is now more attractive than C sites, causing the Xe fill B sites first. In fact,
the adsorption height for the C site Xe atoms is higher than in Fig. 5.8, increasing
to z = 8Å.
In order to study third steps in the isotherms, a relative coverage was defined
as
v(z) =

1
vmono

Z

ρ(r)dxdy,

(5.7)

where vmono is the monolayer coverage. For Xe adsorption, vmono = 0.0613Å−2 is
the atoms per area found in 2D solid Xe. Fig. 5.12 shows the histogram plot for
v(z) at T = 60K with pressures at 1.4 × 10−6 , 2.4 × 10−5 and 5.8 × 10−5mbar,

corresponding to H , BC and the third step phases, respectively. The coverage of
phase H is equivalent to 37% of a Xe monolayer and the Xe atoms are distributed
within a narrow range in z of about 0.5Å. The Xe atoms in the BC positions are
2.6Åabove the atoms in the H sites and extend over a z range of approximately

2Å. These atoms contribute 73% of a monolayer, making the total coverage of 1.1
ML(monolayer) at this pressure. The distribution of the adsorption height z also
explains the rounding of the steps in experimental isobars. In the third step, the
atoms populate a third layer that is approximately 4Åabove the atoms in the B
sites and is distributed over a z range of about 4Å. Its partial coverage is about
0.8 ML, giving total coverage at this pressure that is equivalent to almost 2 ML.
Fig. 5.13 shows the high pressure(bulk film) phase relative coverage as a function
of vertical distance z for T = 60K at P = 7.2 × 10−4 mbar. The equal z distance
of the peaks beyond second step suggests that bulk Xe solid starts to form.

Table. 5.2 shows the simulated pressures at different temperatures and different
phases.
Fig. 5.14 shows the calculated isosteric heat of adsorptions q̄ads for coverages
N = 0.01Å−2 and N = 0.05Å−2, corresponding to half-filled H phase and B phase,
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Figure 5.10: Contour plots of 2D area density n2 (x, y) as described in 5.6. a)
density for phase when H sites filled b) for phase when B and C sites filled. Contours correspond to N = 0.5Å−2 (black, outer), 1Å−2 (red, middle) and 2Å−2 (blue,
inner).([1])
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Figure 5.11: The effective potentials for the B sites and C sites are evaluated
by substrate potential + filled H site potential. a) C site potential(solid) b) B
site potential(solid). The B site and C site potential without H site filled are also
shown in dashed lines for comparison.([1])
respectively. The isosteric heat of adsorption was done by extracting the slopes of
the ln P vs 1/T curves at certain coverages. The isosteric heat of adsorption for
the H sites is 213 meV and 153 meV for the B sites. These are 5.3% less and 15%
less than the experimental values, respectively.
Fig. 5.15 shows the comparison of an experimental isobar and a simulated
isobar at P = 1.7 × 10−7 mbar. The left y-axis is the average intensity of the LEED

spots. The right y-axis is the coverage N from the simulation. The first step of
the experimental isobar is about 76K and 63K for the second step. The simulated
first step is around 74K which is very close to the experimental value. The second
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step is 55K.

Figure 5.12: Relative coverage of the Xe atoms as a function of vertical distance
z at T = 60K for P= a) 1.4 × 10−6 mbar(H phase) b) 2.4 × 10−5 mbar(BC phase)
and c) 5.8 × 10−5 mbar(third step).([1])
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Figure 5.13: ”hollow sites”(H), ”bridge sites”(B) and ”center bridge sites”(C) are
depicted as black triangles, red squares and blue circles, respectively. The hollow
circles indicate the positions of the C60 molecules.([1])

5.3

Discussions and Conclusions

The structure of the isobars from experiments or isotherms from simulations confirmed that the Xe on C60 /Ag(111) is layer by layer growth for the first few layers.
The agreement for thermodynamic state(P, T) of the first step and the isosteric
heat of adsorption(q̄ads ) suggest that the hollow site model is valid. The spherical
assumption made in the simulation seems to work well at least for the first layer.
The second layer is much more difficult to predict because the available states will
be affected by the present of the neighbors.
We have found that the steps in the isobars or isotherms correspond to certain
sites on the C60 monolayer film. The first step corresponds to the adsorption
sites H at threefold hollows between three C60 molecules, which have the strongest
attractive potential for Xe atoms. We note that a similar preference for the hollow
sites H has been observed in Au clusters adsorbed on a C60 monolayer film([90]).
When the H sites are occupied by Xe atoms(two Xe atoms per unit cell), the Xe
layer has the same unit cell as the substrate structure. Therefore, no superstructure
spots will appear on the LEED pattern. The second step corresponds to adsorption
in the B and C sites, which are located on the bridges that join C60 molecules.
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Table 5.2: Pressures(in mbar) when different phases of H, CB, third step and bulk
film occurred at different temperatures.
T
(K)
55
60
65
70
74
77
83
86
90

H

BC

3rd

Bulk

2.2 × 10−12
8.0 × 10−11
3.0 × 10−9
3.4 × 10−8
3.8 × 10−7
1.3 × 10−6
8.6 × 10−6
2.6 × 10−5
1.0 × 10−4

1.9 × 10−7
2.2 × 10−6
1.7 × 10−5
1.1 × 10−4
8.5 × 10−4
1.3 × 10−3
8.5 × 10−3
1.7 × 10−2
5.0 × 10−2

1.1 × 10−5
6.0 × 10−5
6.5 × 10−4
2.9 × 10−3
9.7 × 10−3
2.2 × 10−2
9.7 × 10−2
1.9 × 10−1
Not observed.

2.5 × 10−5
1.0 × 10−4
1.5 × 10−3
6.6 × 10−3
3.3 × 10−2
7.4 × 10−2
2.2 × 10−1
4.3 × 10−1
6.0 × 10−1

Figure 5.14: Calculated q̄ads for N = 0.01Å−2 (H sites) and N = 0.05Å−2 (B sites)
were extracted from the ln P vs 1/T plots.
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Figure 5.15: Experimental(red, left y-axis) and simulated(blue, right y-axis) adsorption isobars at P = 1.7 × 10−7 mbar. Left y-axis refers to LEED spot intensity.
Right y-axis refers to the coverage N from the simulation.
Although the C sites see Fig. 5.7 are stronger binding sites for Xe on the bare
C60 film, the B sites become more favorable when the H sites are occupied, due to
steric factors. The second step results from adsorption in both B and C sites, with
the B sites being occupied (3 Xe atoms per unit cell) slightly before the C sites (1
Xe atom per unit cell).
In order to compare the adsorption properties between a corrugated carbon
surface(C60 /Ag(111)) and a flat carbon surface(graphite), the heat of adsorption
of the Xe on C60 /Ag(111) is compared to a graphite surface. The heat of adsorption
extracted from experiments is 234±8 meV and 213 meV from simulation, which are
very close to the heat of adsorption obtained from Xe adsorption on flat graphite
surface(239 meV [91]). On flat graphite the Xe-Xe interaction contributes about
25%(≈ −70 meV) of the total heat of adsorption and the Xe-Xe interaction for Xe

on C60 /Ag(111) is very small(< 4.3−2 meV). The Xe-Xe distance in C60 /Ag(111)
system is much farther than that on a flat graphite, the interaction between Xe’s
is much smaller in this system. This suggests a 25% higher binding force for Xe on
C60 /Ag(111) than that of Xe-graphite interaction([92]). This result seems a little
bit surprising because Xe atoms sitting on the hollow sites between C60 molecules
having a higher average adatom-substrate distance than Xe on flat graphite. But
there are only three C60 ’s around a Xe atom in a hollow site compared to six Xe’s
on flat graphite. This configuration brings the carbon atoms on the side patches
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of a C60 even closer to the Xe atom and causes a stronger binding force.
In this work, we demonstrated that for the first layer of Xe on C60 /Ag(111) the
experiments and simulations are statistically consistent. There is a large deviation
for the second step with about 15% difference between experiment and simulation.
Also the simulated heat of adsorption of second step is lower than that of the
latent heat of sublimation for bulk Xe(161meV) [93]. This agrees with the isobar
simulated in Fig. 5.15, which is also lower than experimental data, with a larger
deviation from linear found for second steps at different pressures on a ln P vs 1/T
plot. Since we would expect that in the limit of bulk adsorption the measured heat
of adsorption should correspond to the bulk heat of sublimation, we also calculated
the value for the highest accessible coverage in the simulation, N = 0.15A−2 ,
producing 132meV. All of these results are consistent with a slight inaccuracy in
the Xe-Xe potential and, indeed, such a discrepancy has been noted before for the
Xe potential used [94].
In spite of this slight discrepancy, the qualitative characteristics of the adsorption appear to be well described in the simulations presented here. There is also
reasonable quantitative agreement for the adsorption of the first step Xe atoms in
the threefold hollows of the C60 molecules, which suggests that the Xe-C60 interaction potential is valid. This potential is based on quite simple, but plausible,
assumptions. The most drastic assumption is the use of a pairwise additive Xe-C60
potential, ignoring the atomic structure of C60 . Such an assumption has produced
reasonable consistency with experimental data for the case of gas adsorption on
carbon nanotubes. In that case, however, the Xe atoms are not commensurate
with the underlying carbon structure, whereas in this case, they are. This approximation could be one of the reasons of having found a lower isosteric heat in the
simulations compared to the experiment.

Chapter

6

Temperature effect of Pb(111)
surface
Metal surfaces have very different behaviors as bulk regions. The termination of
the lattice at the surface creates asymmetry along the surface normal. Surface
atoms have different interactions from bulk symmetric environment. In order to
reach equilibrium at the semi-infinite surface, first property can be anticipated is
the surface relaxations. First couple layers lattice need to adjust their positions
to reach the equilibrium. In general, the first few layer of the crystal surfaces are
relaxed in a damped oscillatory manner [54]. It has been reported that smaller relaxations are observed at close-packed surfaces such as fcc(111), fcc(100), bcc(110)
and hcp(0001) surfaces and larger relaxations are found in open low-index faces of
metals. The thermal vibrations of the surfaces are expected to be different from
the bulk property.
The surface behavior of lead crystals is very interesting in many ways. Such as
surface melting, that occurs in the surface below the bulk melting temperature. It
has been reported for many different metal surfaces such as lead and copper [95, 96,
97]. For lead surfaces, different crystal facets experience different surface melting
properties. For example, the Pb(111) surface experiences surface melting at around
575K well below it melting temperature (Tm = 600.7K). And study found that
less than one monolayer of the liquid layer is present upto Tm for Pb(111), where as
Pb(110) experiences a similar surface melting (< Tm ) but more layers of liquid are
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found near Tm [96]. An order-disorder transition was reported [98, 54] at around
480K, which is much lower than surface melting observed. The difference between
disordered surfaces and liquid layers is that liquid layers are lack of registry at the
surface region with respect to bulk crystal lattice. This indicates that the lead
surface starts to vibrate dramatically beyond harmonic oscillation much earlier
than liquid formed.
Abnormally large(upto 4%) thermal expansion and thermal amplitude of the
lead surfaces were reported [54, 99]. This is a clue why surface happened early at
lead surface. According to the Lindemann criterion, a solid starts to melt when
the thermal vibration amplitudes of the atoms are comparable to the lattice constant [100]. The current understanding of the thermal expansion of metal surfaces
is that thermal expansion behavior is heavily dependent on the surface relaxation
and that it is material dependent. At low temperature, the lattice vibrations can
be neglected when theoretically treating the relaxations because the equilibrium
positions of the atoms are not changing. However, if the vibrations of the lattice are large, the anharmonic oscillation needs to be included in order to treat
the thermal expansion. The thermal expansions are closely related to the normal
modes of the anharmonic oscillations. At high temperature, the positions of the
equilibrium positions will change due to the anharmonic effect and the moving of
the atoms is the thermal expansion. In other words, an increase of the anharmonic
terms of the oscillations distort the lattice at thermal expansion. The study of the
large relaxation on the lead surface can provide valuable information of physics
of surface melting. The surface relaxation can change the potential and the force
constrains between the layers and further affect the thermal behavior. Although
thermal ”expansion” is proportional to the temperature of the crystal, within top
surface layers, some might experience contraction between the layers rather expansion(eg. Al(111) [101],Be(1010) [102]).
This study intends to provide more detailed thermal information of the Pb(111)
surface. In this study, the structural information of Pb(111) surface was studied
with low energy electron diffraction(LEED) in a temperature range from 11K to
323K. The interlayer thermal expansion has a same rate as the bulk Pb crystal at
T < 12 Tm , after that the expansion increases dramatically. Although the relaxation
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for the Pb(111) is large comparing to other fcc (111) surfaces, the thermal expansion behavior of the Pb(111) surface still falls in the same line as other surfaces,
and is consistent with a harmonic interplanar potential.

6.1

Experiment

The experiment procedures were followed as described in 2.1. The data consisted
eight sets of data for T = 11K, 55K, 80K, 110K, 173K, 288K and 323K as shown
in Fig. 6.1. There are five inequivalent beams collected for temperatures from 11K
to 173K. Only two beams were able to collect for temperatures 288K and 323K
because the Debye-Waller effect greatly reduced the LEED beam intensities. This
directly connects to high uncertainties of high temperature results.

6.2

Calculation

We used the SATLEED code by van Hove et al. [103] to carry out the dynamical calculations 2.2.1.2. The agreement between experiment and calculation was
measured using the Pendry R-factor, and the statistical errors were estimated with
the Pendry RR-function [9]. The scattering potential of the lead atoms uses one
scattering potential for the top layer and a different scattering potential for the
rest. The scattering phase shifts calculated by the phase shift code SATLEED
package. The relaxation parameters for the top five layers, inner potential (both
imaginary and real parts) and top layer Debye temperature were optimized during
the structure search. The initial lattice constants were adapted from an X-ray
diffraction study [18]. The thermal expansion coefficients(αij ) were defined as
dij (T )
= 1 + αij ∆T,
dij (0)

(6.1)

where dij (T ) is the temperature dependent interlayer spacing. dij (0) was extracted
by extrapolating the temperature dependent data to T = 0K.
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Figure 6.1: dz as a function of temperature in the calculations. The indices of the
dz represent the layer indices, for example, dz12 represents the vertical distance
between first layer and second layer and so on. The vertical bars show in the graph
indicate the error bars.

6.3

Result and Discussion

Table. 6.1 shows the important parameters for the thermal properties of the Pb(111)
surface as a function of the temperature. The corresponding intensity versus electron energy curves are shown in Fig. 6.2. Because of intensity attenuation caused
by the Debye-Waller effect, the LEED spot intensity for higher temperatures is
weaker which causes weak peaks invisible and limited amount of I(V) data measurable. This causes higher errors for higher temperatures in the table. Fig. 6.1
shows the interlayer spacing as function of temperature. From Fig. 6.1, we can
see the Pb(111) surface at low temperature has a contraction in first interlayer

Table 6.1: Structural and non-structural parameters for the eight temperatures investigated.
Σ(dij )
3

∆dij
d◦

refers to the change

stands for the average value for the three top most
in the interlayer spacing in % (positive means expansion).
interlayer spacings. d◦ refers to interlayer spacing calculated from the X-ray lattice constant. αij ’s have been calculated
by fitting to a straight line to the interlayer spacings vs. temperature data. Debye temperatures are converted into
isotropic root-mean-square displacements huisurf and huibulk for the surface and bulk respectively. The surface Debye
temperatures are optimized but the bulk Debye temperature is set to a fixed value of 105K. RP stands for the Pendry
R-factor [9], δE is the total energy range of the data and Vi is the imaginary part of inner potential.
 
T
11K
55K
80K
110K
173K
230K
288K
323K
αij K1
∆d12
[%]
d◦

−3.5 ± 0.7

−3.9 ± 0.7

∆d23
[%]
d◦

2.1 ± 0.7

1.8 ± 1.1

1.8 ± 1.1

1.4 ± 1.1

1.1 ± 1.1

2±2

2±2

6±2

120 × 10−6

∆d34
[%]
d◦

0.0 ± 1.1

−0.4 ± 1.1

0.0 ± 1.1

0.7 ± 1.4

1±2

1±3

1±7

0±7

45 × 10−6

−0.7 ± 0.8

−0.7 ± 0.9

0±2

0±4

1±4

70 × 10−6

d◦ [Å]

2.835

2.835

2.841

2.841

2.846

2.852

2.858

2.858

28.9 × 10−6
(αbulk )

huisurf [Å]

0.10

0.13

0.14

0.18

0.18

0.23

0.26

0.28

huibulk [Å]

0.05

0.10

0.12

0.14

0.18

0.21

0.23

0.25

Rp

0.21

0.33

0.31

0.27

0.37

0.25

0.32

0.25

∆E[eV ]

1435

1415

1528

1478

1473

580

484

320

−5

−4

−5

−5

−4

−3

−4

−4

Σ(dij )
3
d◦

[%]

−0.7 ± 1.1 −0.4 ± 1.2 −0.4 ± 1.4

−4 ± 2 −3 ± 3

45 × 10−6

105

Vi [eV ]

−3.5 ± 1.1 −3.1 ± 1.1 −2.8 ± 1.4 −3 ± 2

106

Figure 6.2: Comparison between measured LEED I(E) curves and calculated
I(E) as a function of temperatures. Thick lines are experimental data and thin
lines are theoretical calculations. Pendry R-factors are also indicated in each set
of data. The typical LEED pattern is shown in the inset with E = 267eV and
T = 11K. The indices of the beam used are shown in the bottom of each column.
distance and expansion in second interlayer with respect to the bulk interlayer
distance. This agrees with previous LEED studies [104, 105]. At low temperature
damped oscillation of the interlayer spacing still follows.
Lead surface relaxation is very large comparing to other metal fcc surfaces.
Table. 6.2 shows the comparison of the first interlayer contraction or expansion
for different metal surfaces. The interlayer distances of the first interlayer are
always smaller than the bulk value, and the second interlayer distances are always
larger than the bulk value, while third interlayer stays around the bulk value. This
indicates that most of the relaxations of the Pb(111) surface happens at first two
layer of atoms.
In Fig. 6.1, the first interlayer distance increases slowly until T > 12 Tm . This agrees
with general understanding of behavior of metal surfaces [54, 106, 107, 108, 109,
110, 111, 112]. The thermal expansion coefficients for each layer are extracted from
the data by fitting to a straight line on the interlayer spacings versus temperature
curve. Equation 6.1 was used in the extraction process. All the thermal expansion
coefficients extracted for each layer are listed in Table. 6.1.
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|α

|

Figure 6.3: Absolute value of thermal expansion ratio |αsurf
plotted as a function
bulk |
of the first interlayer relaxation ∆d12 . (The lines connecting data points are for
providing the eye-guidance only.) The data for the figure are from Table 6.2.
Highest temperature studied for each element is indicated as the portion of its
melting temperature.
Table. 6.2 lists the thermal expansion behaviors (bulk and surface) for eight
different metal surface with five different surface directions. The relaxation can
affect the stiffness of the spring if we treat the lattice vibration as normal mode
simple harmonic oscillation. Because the distance between the atoms can affect
the forces between them, this will further affect the thermal expansion properties
of the surface. Fig. 6.3 shows the surface thermal expansion coefficients versus
outmost interlayer distances. The figure gives general trend of the metal surface
thermal expansion. Most of the thermal expansion coefficients fall with in twice of
the bulk value. In the figure, we can also see, in general, higher the first interlayer
distance comes with a higher thermal expansion, witch is consistent with [102].
We also extracted the surface vibration amplitudes from our LEED data. In the
analysis, the surface Debye temperature is fitted to each temperature and bulk
Debye temperature 105K is used. These Debye temperatures are then converted
into isotropic mean-square displacements hu2 isurf and hu2 ibulk for surface and bulk,

respectively [113]. The Debye temperature extracted was by assuming a harmonic
oscillation of the surface lattices without the anharmonic terms involved. The
vibration amplitudes from this study are given in Table 6.1, and are found to
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grow almost linearly with temperature. This indicates that anharmonic effects are
small in this temperature range, in agreement with our previous assumption and
surface thermal expansion does not necessarily require anharmonic terms in the
interplanar potential [102].

6.4

Conclusions

This study shows that the thermal expansion behavior of the Pb(111) surface is
consistent with observations of other fcc metal surfaces we can find. The first and
second interlayer spacings are proportional to temperature with thermal expansion
coefficients near or slightly above the bulk values, up to a temperature of about
0.5Tm , and when T > 0.5Tm second interlayer spacing expands rapidly. While
the interlayer spacings d12 and d34 increase linearly over the temperature range
studied, d23 increases faster at the highest temperature, indicating an increase in
its thermal expansion coefficient. Such increases in thermal expansion coefficient
with T have been observed before, primarily for d12 , e.g. for Ag(111) [110] and
Pb(110) [95] , although multilayer involvement may be present in other cases, such
as Ni100 [106]. The reason why the large increase only observed at d23 for Pb(111)
is not clear at this point, but is presumably related to the changes in the force
constants in the relaxed surface. For the calculation of the thermal expansion
coefficient for this interlayer spacing, we have omitted the highest-T data. By
doing this, the thermal expansion coefficients for all three layers are equal and
about 60% larger than the bulk value up to around 0.5Tm , where α23 increases by
a factor of 3 by T = 323K (0.54Tm ). The overall thermal expansion coefficient for
the top three surface layers, calculated over the temperature range 0.02 − 0.54Tm ,
is 2.4 times the bulk value. This is comparable to many other surfaces with similar

surface relaxations, as shown in Fig. 6.3, consistent with the analysis of surface
thermal expansion by Ismail et al.[102].

Table 6.2: Bulk and surface thermal expansion coefficients for selected metal surfaces. Bulk values for thermal expansion
are taken from the CRC Handbook of Chemistry and Physic [10]. αsurf is defined as the average of the α’s for the
first, second and third layer. The αij values are calculated by fitting a straight line to the interlayer spacings vs.
temperature data and using the equation 6.1. The values of interlayer spacings are taken from the references. Bulk
melting temperatures (Tm ) are taken from www.webelements.com. Third and fourth columns show the relaxation of the
first interlayer spacing at room temperature in Åand in % of the first interlayer spacing, respectively. ∗ Only two (first
and last) data points were given in the reference.
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Conclusions and outlooks
In this thesis, we investigated the structures of C60 on metal surfaces with LEED
and STM. We were able to identify the structure of monolayer C60 on Ag(111)
surface with reasonable reliability. This is first time using LEED to determine
the structure of macromolecule/metal system and demonstrates ability of solving
complex structures with LEED. In C60 /Pb(111), we demonstrate a method which
can be used to solve HOC structures with combination of LEED and STM and has
been verified by another system [119]. It is important to note that the C60 digs
a hole on silver surface before it sitting on. And combining STM with LEED, we
were able to identify the coexisting surface structures of monolayer C60 on Pb(111)
surface. However, there is no evidence of vacancy formation on Pb(111) surface
and the structures are HOC structures. The C60 induced vacancy formation on the
metals is not exceptional on silver surface. C60 induced vacancy has been found on
Pt(111) [41], Pd(110) [120, 121], Ag(110) [122], Au(110) [39] surfaces. It is interesting that all the metals found vacancy to date are noble metals. The interactions
between C60 and noble metals are larger than the C60 -C60 interaction. According
to photoemission [37], inverse photoemission [36] and theoretical calculations [37],
there are electrons transfer from substrate to C60 and forming anions. The interaction between C60 and noble metal surfaces is more on the chemisorption side
than the physisorption. This also can be verified by that C60 starts to sublimate
at around 300 ◦C but C60 on noble metals usually desorbs at temperature higher
than 400 ◦ C. The interaction could be weaker on lead surface than noble metals
which might explain the formation of the HOC structures for C60 /Pb(111). There
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is an interesting observation: All the noble metals forming vacancy have nearest
neighbor distance 2.7Å˜2.9Åbut nearest neighbor distance for Pb(111) surface is
3.5Å. The corrugation of the surface would be very different for noble metals and
lead surface. The size of the lattice might play some role in the C60 layer formation.
There are still issues left unclear in our STM study of C60 /Ag(111). The reason
of the white blobs appearing on some domains of the sample is still unknown. No
other study mentioned any similar object except a C60 /C70 mixture study [123]
but we have clear out the C70 possibility from the C60 vender. The ordered white
√
√
blobs on the 14 ◦ off (2 3 × 2 3)R30 ◦ domains might indicate that the C60 films

on the domains are highly stressed. It could come from impurities on the substrate

or slight deformation of the substrate surface. To clarify this issue, switching of
silver crystal might be needed in order to test for the consistence.
Even we have some issues with STM measurements, we still have fruitful results. The observation of the rotations of domains can be extended to study the
morphology of the C60 films and the mechanism of C60 film growth. Recently reported imaging the growth of protein-studded mineral surfaces with Atomic Force
Microscopy(AFM) [124] reveals the detail interaction of biological system with
inorganic system. In this study, they filmed the soft macromolecules(peptide)
on top of hard crystal surface(calcium oxalate monohydrate) while the crystal is
growing and interaction between soft macromolecules and the growing surface was
examined. Our STM study of rotations of C60 domains could provide film growth
dynamics of C60 in motion similar to the AFM study.

Appendix

A

Nitrogen molecule adsorption on
Pb(111) surface
A.1

Introduction

We report Low Energy Electron Diffraction(LEED) study of nitrogen molecule adsorption on Pb(111) surface and discuss the effects of LEED measurement in adsorption study at low temperature regime. The study shows that nitrogen growth
mechanism on Pb(111) surface is layer by layer growth. Nitrogen monolayer on
Pb(111) experiences rotational melting at around 21K. The vanishing spots from
N2 center of mass structure suggests pinwheel structure below rotational melting
temperature. The isosteric heat of N2 adsorption on Pb(111) is ≈ 77 meV/molecule

for first layer and ≈ 75 meV/molecule for second layer1 . The constrained thermal

expansion coefficient of the N2 monolayer on Pb(111) is 3.3 × 10−4 K −1 which is
an order smaller than N2 on Ag(111) and 3 times smaller than Xe on Pb(111).

Studies of liquid and solid structures and phase transitions of nitrogen started
way back to more than 100 years ago. Frenkel[125] first introduced rotational
melting to describe the phenomenon of molecule rotational order to disorder during
heating up a molecular solid. The rotational motion of nitrogen molecules freezes
at 35.61K at P = 0 in a solid phase nitrogen. This rotational ordered phase also
found in nitrogen molecule adsorption on many metal and graphite systems[126,
1

unreliable data

113
127, 128, 129]. Due to adsorbate-substrate interactions, the rotational melting
temperatures and overlayer structures might be very different from that of solid
phase.
The physics of nitrogen adsorption on a metal surface is very rich. Because the
symmetry of the molecule nitrogen, the adsorption properties are quite different
from that of CO. There are four different adsorption states observed, there are
listed in the following.
1. α-state: chemisorbed π-bonded N2 with molecular axis parallel to the surface.
2. β-state: dissociated atomic nitrogen N.
3. γ-state: chemisorbed σ-bonded N2 with molecular axis vertical to the surface.
4. δ-state: physisorbed N2 .
All states shown above have been identified on Fe(111) surface [130, 131, 132,
133, 134, 135]. Nitrogen on Fe has been studied intensively because it related to
catalytic process of NH3 production. Depending on the interaction among N2 film
and the interaction between N2 and substrate lattice, the structure of N2 physisorption on metal surface can be herringbone or pinwheel structures. Many N2 on
metal systems have been studied intensively. However, less information is known
about the N2 /P b(111) system. Reports from Krim’s group on abrupt friction
change across superconductivity critical temperature of the Pb make this system
more interesting[136, 137]. In this study, we report low energy electron diffraction(LEED) study of the physical adsorption of nitrogen molecules on P b(111)
surface.

A.2

Issues on the experiment

The sample preparation procedure is described in 2.1. After clean surface is
achieved, crystal was first cooled down by an open cycle helium refrigerator to
around 50K. On the way the crystal keeping cooling down it final temperature
≈ 7.5K, the leak valve was used to effuse scientific grade nitrogen gas in order

to perform either isobar measurement or monolayer/multilayer structure measure-

ment. The monolayer condition can be verified by the LEED pattern from isobar

114
data by identifying the first step temperature. Once the monolayer condition was
obtained, LEED structure study of N2 monolayer on Pb(111) surface can be performed. The temperature measurement was done by a silicon diode placed right
next to the Pb crystal. The lowest temperature we can obtain in the system
is ≈ 7K. However, the temperature measurement seems an issue in this series

of studies. many possible issues affect the measurement can be thought such as
nonequilibrium condition between Pb surface and diode, electron current heating
effect, electron desorption effect(less likely), n2 dissociation(less likely) and failure
of surface pressure correction(less effect on slope) or new physics.

A.3

Results and Discussion

Nitrogen grows on Pb(111) layer by layer. The layer by layer growth characteristics
can be easily identified in isobar curves A.1. N2 on Pb(111) has lower isosteric heat
of adsorption Comparing to N2 adsorption on other metals or graphite. Table. A.1
shows the important structure parameters for N2 system. Our measured nearest
Table A.1: Important N2 structure related parameters.
Parameter
monolayer on Pb(111)
N2 -N2 distance
N-N bond length
α − N2 to β − N2 transition temperature
α − N2 solid nearest neighbor distance
N2 length (density distribution)
N2 width (density distribution)

Value/unit
4.16± 0.04Å(This work)
1.0977Å
35.61K
3.994Å
4.34Å [138]
3.39Å [138]

neighbor N2 -N2 distance is 4.16Åwhich is in between the length and width of a
molecular N2 . Since our experiments show that N2 on Pb(111) is a physisorption
and the bonding between two nitrogen atoms is stronger than the van der Waals
interaction to the substrate, the N2 molecules can be arranged in a way to minimize
their energy. The molecular arrangement of the δ-state described in Section. A.1
can be in many more possibilities, such as both ends of a N2 molecule on the
substrate(e.g. 2-in herringbone structure), one end of N2 lift off the substrate
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while the other end on the substrate(e.g. 2-out herringbone structure) or some
with one end lift off some laid down on both ends(e.g. pinwheel structure).
Table. A.2 shows the structures of N2 on different substrates.
Table A.2: Structures of physical adsorbed N2 on different surfaces.
Substrate
(T measured)
Graphite
(50K, 70K)
Ag(111)
(42K)

qmonolayer
q2ndlayer
Expan. Coeff Structure
(meV/N2 ) (meV/N2 ) (×10−3 K −1 )
110± 9

78

-

103± 4

106± 6

4.7± .4

Ag(110)
(15K)

2-out HB [139]
[127]
HB-1,PW-2

Pt(111)
(30K)

150

-

-

PW [129]

Pt(111)
(20K, 40K-4)

158± 5

-

-

HB [128]

Cu(110)
(29K)
a

88± 4

HOC



4 1
1 3



a

a distorted PW HOC by Marmier [140]

A.3.1

Film Growth Properties

Fig. A.1 shows typical isobar curve at P ≈ 2.4 × 10−5 mbar. The first three steps
can be identified in the isobar curves. However, the surface of the crystal might

have a temperature difference from the diode measured, due to local heating of
the electron beam (no direct evidence). From previous LEED studies on different
systems [141, 142], the third layer isosteric heats are very close to the cohesive
heats of bulk adsorbates, because presentness of the first two layers can screen out
most of the interaction from substrate. The isosteric heat qad can be expressed by:
qad = −kB

∂ ln P
∂ T1

(A.1)
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By fitting the third layer slope of the ln(P ) vs.

1
T

to the bulk evaporation pressure

curve, we can obtain rough ideas of the first two layer isosteric heats of the N2
adsorption on Pb(111) surface. Fig. A.2 shows the calibrated ln(P ) vs.

1
T

curves for

the first two layers. The isosteric heats for the first two layers are 77 meV/molecule
and 76 meV/molecule respectively. If we adopted the same temperature correction,
the constrained thermal expansion coefficient can be obtained (Fig. A.3). The
thermal expansion coefficient extracted from sets of data is 3.3 × 10−4 K −1 .

Figure A.1: Typical isobar curve for N2 on Pb(111) at pressure 2.4 × 10−5 mbar.
Three steps corresponding to formation of first three layers indicate in the graph.

A.3.2

Monolayer Structure

Nitrogen monolayer on Pb(111) forms incommensurate hexagonal structure with
N2 -N2 distance 4.16Å very close to N2 solid phase N2 -N2 distance 3.99Å. Fig. A.4
shows the monolayer LEED pattern at electron energy 91eV and temperature
≈ 25K. The six-fold hexagonal brighter spots are from Pb, the weaker spots sur-

rounding the brighter ones are N2 center of mass spots. The center of mass N2 forms
incommensurate hexagonal structure with lattice constant 4.16Å. However, there
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are 2 × 2 with some missing spots shown in the LEED pattern. The missing spots

provide important information for identifying monolayer structure below rotational
melting temperature. Nitrogen molecules on hexagonal metal surface or graphite
surface tend to form either pin-wheel structures such as adsorption on Pt(111)
surface [129] or herringbone structures such as adsorption on (ref); depending on
compressibility causing by competition between adsorbate-substrate interactions
and adsorbate-adsorbate interactions. For herringbone structures, there are 2-in
herringbone structures and two kinds of 2-out herringbone structures each with
different glide plane symmetry. 2-in herringbone structure describes a herringbone
arrangement of N2 molecules with their axises parallel to the substrate surface.
2-out herringbone structures have their N2 axises non-parallel to substrate surface

Figure A.2: ln(P ) vs. T1 plot for first and second layers. The isosteric heats of
adsorption are shown in the graph.
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with one end sticking out(Fig. A.5). Since LEED spots will disappear along the
glide planes when electron beam is normal incident. The glide planes possessed by
the two 2-out herringbone structures are in different directions, the missing 2 × 2
spots for the two kinds of 2-out herringbone structures will be different. Fig. A.5
also shows the missing first order spots on a 2 × 2 k-space lattice and their corresponding directions of glide planes for the two 2-out herringbone structures. Since
the LEED spots correspond to k-space lattice in kinematic theory, the missing
spots because of glide planes should never show up in LEED patterns. LEED
pattern(Fig. A.6) shows the 1 × 1 N2 spots and 2 × 2 N2 with first order spots

missing. Because first order 2 × 2 spots are missing in our experiment, we can rule

out 2-in herringbone and 2-out herringbone with vertical glide planes ①. So the
structure is either pin-wheel or 2-out herringbone with horizontal glide planes ②.

Figure A.3: N2 -N2 distance versus temperature is shown in the graph. Data come
from two days measurement, the variation is relatively large not only from day to
day also among different pressures
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The structure factor simulation(Fig. A.7) for the pinwheel structure agrees with
the conclusion described above.
The rotational melting temperature can be extracted from LEED pattern at
energy lower than 50eV at which second order 2 × 2 spots can be observed. The
disappearing of the 2 × 2 spots signaled the starting of the rotational melting.

Fig. A.8 shows the intensity of the 2 × 2 spots versus temperature at electron

energy 37eV. The slope changed at around 21K which represented the on set of
the rotational melting.2

A.3.3

Multilayer properties

The rotational melting temperature from α-N2 to β-N2 solid phase is 35.6K.
Fig. A.9 shows the structure of α-N2 crystal with 2 × 2 unit cell block. The
unit cell is indicated by the bound box. Eight corners of the unit cell of α-N2

have same molecular direction aligned to {111} direction, structure possesses P a3
2

again T measurement might be a problem

Figure A.4: LEED pattern for monolayer N2 on Pb(111) surface at electron energy
91eV. Six-fold brighter spots are Pb spots, the weaker spots surrounding to the
brighter spots are N2 spots.
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space group symmetry. β-N2 crystal has a space group P 63/mmc. The molecules
are precessing about the diagonal axises(c-axis of {111} hexagonal lattice) with a
θ ≈ 54.7 ◦ . In the figure, the θ has been exaggerated to illustrate the precession

of the molecule, however, θ should be zero for the α-N2 crystal. α-N2 structure
viewed along diagonal direction shows pinwheel structure. This suggests that pinwheel structure might be the natural structure when N2 grows into multilayer.

side view

real space

side view

k-space

(a) 2-in herringbone.

real space

k-space

(b) 2-out herringbone with vertical glide
line ①.

side view

real space

k-space

(c) 2-out herringbone with horizontal glide
line ②.

real space

k-space

(d) pinwheel.

Figure A.5: For A.5a-A.5c, the black rods represent the axises of the N2 molecules.
Two different 2-out herringbone structures are different in the sticking out ends.
The pinwheel structure has one N2 molecule standing upright and six molecules
laying down to the substrate. Depending on the interactions, the angle between
the wheel molecules can be different from 60 ◦ showing in the A.5d.
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Figure A.6: LEED pattern for monolayer N2 on Pb(111) surface at electron energy
50eV. Six-fold brighter spots are N2 1×1 spots. The weaker spots between brighter
six-fold spots are 2 × 2 spots with first order spots missing.

➜

➜

➜

➜
➜

➜

(a) Structure factor for 1 × 1 N2 lattice. (b) Structure factor for pinwheel N2 structure.

Figure A.7: A.7a shows the 1 × 1 N2 structure factor for comparison. A.7b shows
the pinwheel structure factor with second order 2 spots indicated with ➜ symbol,
but no first order 2 × 2 spots shown.
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Fig. A.10a and Fig. A.10b show the LEED patterns at 73eV and 91eV at ≈ 10K.

Figure A.8: Intensity of 2 × 2 spots as a function of temperature. A kink observed
at around 21K(mark with a dashed reference line) which indicates the onset of the
rotational melting at ≈ 21K.

xθ

(a) tilt view of α-N2 structure

(b) view along unit cell diagonal of α-N2 .

Figure A.9: A.9a and A.9b shows the α-N2 crystal tilt view and along c-axis .
The β-N2 crystal has same N2 center of mass structure as α-N2 crystal. The only
difference is the N2 molecules precess along the diagonal axises({1 1 1} directions)
of the unit cell with θ ≈ 54.7 ◦. Dashed line shown in the Fig. A.9a represents the
precession axis. Fig. A.9b shows the natural {111} structure is a pinwheel type
structure.
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The 2 × 2 N2 spots suggest that rotational melting of N2 solid was observed. The

sublimation pressure of nitrogen at the temperature is so large(order of 10−3torr),
before we can measure the transition it is desorbed(see A.1). In our experiment
setup, it is difficult to extract this information. The intensity ratio of the steps is

➜
➜

(a) 73eV for > 2 layers of N2 on Pb(111).

(b) 91eV for > 2 layers of N2 on Pb(111).

Figure A.10: A.10a shows LEED pattern at electron energy at 73eV . The first
order 2 × 2 N2 spots can be seen(one of the 2 × 2 spots is indicated by ➜. A.10b
shows the second order 2 spots indicated with ➜.
1st : 2nd : 3rd ≈ 4 : 2 : 1. The intensity drop might tell us something about the
mechanism and the structure of growth of N2 films.

Appendix

B

Ar adsorption on Pb(111)
B.1

Introduction

Nobel gases adsorption on metal surfaces have been studied considerably in the
past three decades. The van der Waals interaction between the gases and the metal
surfaces falls in the category of physisorption. This weak van der Waals interaction
can be disrupted easily during the measurement. LEED isobaric measurement
proves one of the successful techniques used to examine the system. From isobaric
curves extracted from LEED diffraction spots, many structure and thermodynamic
parameters can be obtained such us lattice constant, constrained compressibility
and isosteric heat of adsorption. This study describes a LEED experiments and
results of Ar adsorption on Pb(111) surface. The experimental method is described
in chapter 2.

B.2

Results and discussions

Fig. B.1 shows the typical LEED pattern of monolayer Ar adsorption on Pb(111)
surface. The six brighter spots inside the ring-shape patterns are from Pb substrate. The ring-shape patterns are from Ar. This indicates that the Ar monolayer
on Pb(111) surface is incommensurate to the substrate. The lattice constant of the
Ar monolayer can be extracted from the ratio of the two spot distances to the (0,0)
spot. The lattice constant of Ar overlayer in this case is 3.85 ± 0.04Å. Fig. B.2
shows isobaric measurements of the substrate diffraction intensity as a function
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of T in the Ar pressure range from 2.41 × 10−4 to 3.85 × 10−8 mbar. The isobars
indicate a layer-by-layer growth up to at least two layers of Ar. These isobars were
recorded during cooling down process. Debye-Waller corrections have been applied
by exponential temperature factors to level off the bare substrate intensities. As we
can see, the first drop of the intensity corresponds to formation of the first layer
Ar, and second drop corresponds to formation of the second layer. Third layer
drops can obtained for higher pressure isobars but not for lower pressure curves.
The first step drops about 65 ± 5% and the second step drops about 25 ± 5%.

Fig. B.3 shows isosteric heat of adsorption q̄das for first and second layers ex-

tracted for the series of isobars. The isosteric heat of adsorption procedure follows
the theory described in chapter. 2 Section. 2.3. The isosteric heat of adsorption
for some noble gases on Pb and Ag surfaces show in Table. B.1 for comparison.

Figure B.1: LEED pattern of monolayer Ar adsorption on Pb(111) at electron
energy 91eV and temperature at ≈ 60K. The ring-shape Ar pattern indicates
incommensurate structure.
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1st

2nd
3rd

Figure B.2: Isobars of the substrate spots intensity as a function of T in the
Ar pressure range from 2.41 × 10−4 to 3.85 × 10−8 mbar. The isobars indicate a
layer-by-layer growth up to at least two layers of Ar. The step drops are indicated
as 1st , 2nd and 3rd for the pressure 2.41 × 10−4 curve.
Table B.1: Heat of adsorption for related systems.
system
Xe/Pb(111) [87]
Xe/Ag(111) [93]
Xe/Graphite
Xe
Ar/Pb(111)[This work]
Ar/Ag(111) [146]
Ar/Graphite
Ar
Kr/Ag(111) [146]
Kr/Graphite
Kr

1st layer
(meV/atom)

2nd layer
(meV/atom)

191 ± 10

158 ± 20

239 ± 4 [143]

≈ 165 [144]

130 ± 8

121 ± 8

119 ± 2 [147]

≈ 85 [147]

151 ± 5

118 ± 4

225 ± 5

99 ± 7

172 ± 2 [148]

bulk
(meV/atom)

173 ± 5

161 [145]

89 ± 4

≈ 120 [144]

82 [145]

115 [145]
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Fig. B.4 shows constrained thermal expansion coefficient of monolayer Ar on
Pb(111) surface.
The comparison of constrained thermal expansion coefficients for different system is shown in Table. B.2.

(a) First layer heat of adsorption

(b) Second layer heat of adsorption

Figure B.3: The heat of adsorption extraction for first and second layers from
cooling down isobars. The heat of adsorptions show in the figures.
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Figure B.4: ln(LAr−Ar ) as a function of temperature show the slope as constrained
layer thermal expansion coefficient.

Table B.2: Constrained thermal expansion coefficients for related systems.
α
system
Xe/Pb(111) [87]
Xe/Ag(111) [93]
Ar/Pb(111)[This work]
Ar/Ag(111) [146]
Kr/Ag(111) [146]

−4

(×10 K −1 )
9±1

20 ± 2
10 ± 1
51 ± 7
30 ± 5

Appendix

C

Normal incident standing x-ray
wavefield study of monolayer Si
adsorption on AlNiCo quasicrystal
C.1

Introduction

The discovery of the quasicrystal changed the long time conceptual consensus on
synonymous of ”periodicity” and ”order” in a crystal [149]. The International
Union of Crystallography clarified crystal as ”any solid having an essentially discrete diffraction diagram” and categorized aperiodic crystal ”as any crystal in
which three-dimensional lattice periodicity can be considered to be absent” [150].
It means as long as there is discrete diffraction diagram the solid can be considered as crystal. However, it is interesting to see if standing wave can be formed
since lattice periodicity has been absent in aperiodic crystal. Jach et. al. [151]
has reported strong standing wave observed in icosahedral Al-Pd-Mn quasicrystal which has no periodicity in all three dimensions. In this study, we examined
decagonal Al-Ni-Co quasicrystal(with one dimension of periodicity) with Normal
incident standing x-ray wavefield(NISXW) and examined Si monolayer adsorption
on the quasicrystal.
The experiment was completed with synchrotron radiation beam line at station
4.2 Near edge X-ray Absorption Fine Structure, Daresbury Laboratory, UK. It is
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collaboration of University of Nottingham, University of Liverpool and Pennsylvania State University.

C.2

Physics of Normal incident standing x-ray
wavefield

The principle of the x-ray standing wave method utilizes the periodic intensity
of the waves over crystal lattice space to determine adsorbate positions. The
disadvantage of a LEED and other diffraction techniques is the strict requirement
of long range order on the surface, but NISXW is less sensitive to order of the
adsorbate surface as long as the relative positions of the adsorbates staying the
same. Another advantage of NISXW is the element sensitive, so NISXW can be
used to study very complex chemical or biological system at an atomic level.
The underlying principles of standing x-ray wave are quite simple. The incident
x-ray traveling in the Bragg lattice will have reflective wave with same amplitude
and same wavelength as the incident waves. The combination of the incident and
reflective waves form the standing waves. The periodicity of the x-ray standing
waves is identical to that of the scatterer planes associated with the Bragg reflection(Fig. C.1). The standing wave will have the periodicity as the crystal but
with a phase to the crystal atoms. The is a result of dynamical theory of x-ray
diffraction involving multiple scattering of the photons. If we only consider the
kinematical theory of x-ray diffraction, we will face a difficult when the Bragg condition is satisfied the total intensity of the interference goes to infinite because no
adsorption and only diffract once of the photon. This violates the conservation of
energy, and it is not adequate to describe the physics of the x-ray standing waves.
When the adsorption and forward scattering are introduced, the x-ray can only
penetrates a finite depth and energy flux of the standing waves can be treated self
consistently.
If the nodal points of the standing waves are located at the positions of the
lattice atoms then the absorption of the standing wave will be minimum, on the
other hand, If the anti-nodes are located at the atom positions then the absorption of the wave will be maximum. When the energy of the x-ray standing wave
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sweeps through the range of unity reflectivity at the positions of the atoms, the
x-ray absorption curve can be seen as Fig. C.2. The flat part of the curve is
corresponding to the unity reflectivity range of the scattering close to the Bragg
conditions(Fig. C.2 a). If the energy of the x-ray waves sweeps away from Bragg
conditions starting at some certain absorption of the x-ray wave then will first
going through zero adsorption when the nodal points of the standing waves aligns
with the atoms in the lattice. Later the waves will encounter the maximum absorption when the anti-nodal points meet the atoms in the lattice(curve as shown

Figure C.1: Standing wave formation in a crystal. E◦ (r) is incident wave and Eh (r)
is scattered wave. h is the lattice plane vector with Bragg condition d = 2π|h|. (I
A Vartanyants and M V Kovalchuk [2])

Figure C.2: a) Absorption curve at unity reflectivity. b) Absorption at substrate.
c) absorption at adsorbate.
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in Fig. C.2 b). If there are adsorbate located in the positions between the lattice
planes, the absorption curve should look like FIg. C.2 c. By looking at the absorption spectrum of the element of the atom, the curve will be reversed because now
the atoms are at the anti-nodal points to start with and end at nodal points of the
standing waves.
The measured curves can be fit to dynamical theory in order to determine the
adsorbate distance to the substrate lattice. And by repeating the same experiment
with lattice planes in different directions, the exact positions of the adsorbate can
be determined.

C.3

Surface structure of AlNiCo quasicrystal

Figure C.3: (From [3]) a) One layer of the quasicrystal slab, having a diameter of
about 90Å. The different shades of colors correspond to the sublayer groups listed
in Table C.1. The atoms are, in order of color: TM-2 (black), Al-2 (blue),TM-1
(red), Al-1 (green), Al-3 (cyan), and Al-4 (yellow). b) Side view [white box in a)
from the left] showing the surface relaxations and rumpling for the top four layers.
The rumpling is exaggerated for clarity - maximum amplitude is 0.1Å.
The Al73 Ni10 Co17 quasicrystal used in this study was grown at Ames Laboratory using the melt decantation method [152]. According to the phase diagram for
Al-Ni-Co, this composition lies in the basic Co-rich phase. The sample, a 2-mmthick disk, was prepared in ultrahigh vacuum by many cycles of Ar ion bombardment at 0.5 keV alternated with annealing for six to eight hours at temperatures
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up to 1060 K, measured by a K-type thermocouple and an optical pyrometer.
The structure of bulk decagonal Al-Ni-Co quasicrystal has been studied intensively in the past two decades, and the basic structure consists of a stack of
identical or nearly identical fivefold symmetric planes, each related to its neighboring planes by a π/5 rotation, thus producing a structure having ABAB stacking
and a tenfold screw axis.
The surface structure of the decagonal Al-Ni-Co quasicrystal has been reported
in many studies [3, 153, 154, 155, 156]. Fig. C.3 shows the top view of the Nirich decagonal Al-Ni-Co quasicrystal (00001) surface. However, the main difference
between the Co-rich and Ni-rich structures is believed to mainly reside in differences
in the layer stacking and/or intralayer rumpling. Fig. C.4 shows the recently
reported surface model of Co-rich decagonal Al-Ni-Co quasicrystal decorated with
Penrose tiling[4]. Both show the same top layer surface structure.

Figure C.4: (From [4]) Top view of recently reported Co-rich decagonal Al-Ni-Co
quasicrystal surface which is the same as Ni-rich sample.
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C.4

Experimental results

Fig. C.5 shows the absorption curves of AlNiCo quasicrystal surface at the incident vector normal to (00001) plane(AlNiCo five-fold surface). Fig. C.6 shows the
absorption curves of Si monolayer on AlNiCo quasicrystal at two different incident
directions((00001) and (01101)).

Group

TM-1
TM-2
Al-1
Al-2
Al-3
Al-4

Coordination NN distance Å No. atoms % atoms

3
4 or 5
1
2
3
4 or 5

2.43
2.43
2.24
2.43
2.43
2.43

110
140
165
300
145
85

12
15
17
32
15
9

Table C.1: [3] Separation of quasicrystal planes into subplanes. TM-1 can be
identified with Co and TM-2 with Ni.
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(a) Absorption of Al 1s.

(b) Absorption of Ni 2p3/2 .

(c) Absorption of Co 2p3/2 .

Figure C.5: Absorption curves for AlNiCo quasicrystal at incident photon normal
to (00001) plane. a) Al absorption b) Ni absorption c) Co absorption.
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(a) Absorption of Si 1s at (00001).

(b) Absorption of Si 1s at (01101).

Figure C.6: Absorption curves for Si on AlNiCo surface at incident photon normal
to (00001) and (01101) planes. a) (00001) b) (01101).

Appendix

D

Data list
C60 /Ag(111)
Rb/C60 /Ag(111)
K/C60 /Ag(111)
C60 /Pb(111)
Xe/C60 /Ag(111)
Pb(111) v.s. T
Ar/Pb(111)
N2/Pb(111)
Xe/Pb(111)
NISXW Si/AlNiCo
STM C60 /Ag(111)

http://xenon.phys.psu.edu/Data_files/C60Ag.zip
http://xenon.phys.psu.edu/Data_files/RbC60Ag.zip
http://xenon.phys.psu.edu/Data_files/KC60Ag.zip
http://xenon.phys.psu.edu/Data_files/C60Pb.zip
http://xenon.phys.psu.edu/Data_files/XeC60Ag.zip
http://xenon.phys.psu.edu/Data_files/PbT.zip
http://xenon.phys.psu.edu/Data_files/ArPb.zip
http://xenon.phys.psu.edu/Data_files/N2Pb.zip
http://xenon.phys.psu.edu/Data_files/XePb.zip
http://xenon.phys.psu.edu/Data_files/SiAlNiCo.zip
http://xenon.phys.psu.edu/Data_files/STMC60AG.zip
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