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ABSTRACT 

Atomic-scale investigation on the electronic properties of graphene 

using LT-STM 

 

Jung, Minbok 

School of Materials Science and Engineering 

Ulsan National Institute of Science and Technology (UNIST) 

 

Part 1: Spatially resolved scanning tunneling spectroscopy (STS) for a specific position implies an 

averaging electronic structure of surface and bulk state. As graphene has an electronic transparent 

property, the STS spectra on graphene/Cu(111) shows a shifted Shockley surface and bulk state 

scattering of Cu(111). Here we found that spectra acquired on single layer graphene (SLG) on Cu(111) 

exhibit complicated scattering traces including intravalley, intervalley, and interband scattering. By 

applying one-dimensional Fourier transforms to hundreds of STS spectra, we successfully 

deconvoluted multiple scatterings between graphene and Cu(111). Although SLG has no intravalley 

scattering due to the pseudospin, our results show singularities in the defect-induced intravalley 

response near the Γ point similar to theoretical calculations. In this study, we will discuss not only the 

individual scattering processes, but also what successive STS spectra imply about the STS line 

orientation.  

Part 2: A detailed understanding of interactions between molecules and graphene is one of the key 

issues for tailoring the properties of graphene-based molecular devices, because the electronic and 

structural properties of molecular layers on surfaces are determined by intermolecular and molecule–

substrate interactions. Here, we present the atomically resolved experimental measurements of the 

self-assembled fullerene molecules on single-layer graphene on Cu(111). Fullerene molecules form a 

(4 × 4) superstructure on graphene/Cu(111), revealing only single molecular orientation. We can 

resolve the exact adsorption site and the configuration of fullerene by means of low-temperature 

scanning tunneling microscopy (LT-STM) and density functional theory (DFT) calculations. The 

adsorption orientation can be explained in terms of the competition between intermolecular 

interactions and molecule–substrate interactions, where strong Coulomb interactions among the 
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fullerenes determine the in-plane orientation of the fullerene. Our results provide important 

implications for developing carbon-based organic devices using a graphene template in the future. 

Part 3: The C60 molecular ions are ideal candidates for analyzing Jahn-Teller effect because the 

large size of molecule (1 nm) makes it easily discernible through STM. High degeneracies in the 

electronic and vibrational states are changed by the Jahn-Teller distortion, producing splitting in the 

electronic states. In this chapter, we will consider the electric field-induced ionization of individual 

fullerene molecules by the resonance at the image-potential state. And then, we will try to take the 

JTE to explain how newly generated electronic high structural symmetries are closely linked to 

electronic degeneracies in electronic energy levels. Breaking the structural symmetry can result in 

breaking the electronic degeneracy. The C60 anion with degenerated orbitals can lower the energy of 

occupied electronic levels while raising the energy of empty states with structural distortion, reducing 

the total energy. Then, we will address why fullerene molecules can be modified, what is the 

mechanism, and how it is stable by means of fundamental physical theories related to image-potential 

state, ionization, and the Jahn-Teller effect.



1 

 

CHAPTER 1.  

THESIS OVERVIEW 

 

In chapters 1 and 2, we will briefly introduce the reasons why we research carbon-based materials, 

the principles of scanning tunneling microscope, and related peripheral equipment. In chapter 3, 

quasiparticle interference patterns on single layer graphene will be discussed. We investigated 

multiple interferences patterns between graphene and Cu(111). Using one-dimensional and two-

dimensional fast Fourier transform (FFT), we describe the origin of each elastic scattering 

phenomenon. In chapter 4, we will address the molecular orientation of fullerene when it adsorbs on 

graphene. We will discuss the reasons why fullerene molecules have only one orientational 

intramolecular structure by means of intermolecular interactions. Lastly, in chapter 5, we will 

consider the electric field-induced ionization of individual fullerene molecules. Through the image-

potential state, a single fullerene molecule’s structural shape change. We will address the stability of 

the fullerene anion by means of the Jahn-Teller effect. 

 

1.1 Carbon based materials 

 

Carbon based-materials have captured broad interest in materials science for several decades. As a 

member of group 14 on the periodic table, carbon is a main element in natural organic materials. It is 

an extremely light and versatile material which has four electrons available to form covalent chemical 

bonds. Using carbon-based materials, we can make various kinds of benefits such as plastics, drugs, 

electronics, fibers, artificial flavors and so on because carbon materials are abundant and cheap. With 

the aid of developed sciences and technologies, mankind is creating new types of carbon materials. In 

1985, Smalley generated ‘Buckminsterfullerene’ (generally called fullerene, C60) 
1
 and started 

nanometer-scaled carbon materials sciences. This was the first allotrope of the fullerene structural 

family, and was followed by the discovery of carbon nanotubes (CNT) in 1991 
2
, graphene in 2004 

3
, 

C2N crystal (similar to holey graphene) 
4
, and carbon nanothreads 

5
 in 2015. Like that, as a primitive 

building block, carbon materials related studies are infinite. 
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1.2 Graphene  

 

The distinctive electronic properties of graphene come from the π-band and result from the 

overlap of pz orbitals on neighboring carbon atoms. A simple tight-binding model of graphene shows 

that the energy dispersion relation of the π-band is described by E = ±ħνDk, where the Fermi velocity 

νD ≃ 10
6
 m/s 

6, 7
. Graphene is one of the fundamental building blocks for high speed electric devices 

like carbon nanotubes, fullerene, and graphite. The first isolated graphene device was reported in 2004 

by Geim and Novoselov 
3, 8

, and they won the Nobel Prize for this work in 2010. It was a common 

idea that a two-dimensional single atomic thickness material could not exist by itself. They used 3M 

Scotch® tape to separate a single layered graphite film. Silicon dioxide substrate makes graphene 

visible and the contrast is maximized at 300 nm thickness 
9
.  

As noted above, graphene has many unique properties. First, the electron mobility is over 200,000 

cm
2
/Vs at room temperature when it is suspended 

10
. Due to its high mobility, graphene is one of the 

most important new materials for faster devices despite many problems to overtake silicon-based 

devices. Furthermore, graphene is not only the thinnest flexible membrane but also very strong and 

nearly transparent. Accordingly, graphene can replace expensive electric materials like indium tin 

oxide (ITO). Also, graphene has high thermal conductivity, ballistic transport over micrometers, and 

so on.  

Graphene is only one atomic layer of graphite which is an array of carbon atoms arranged in a 

honeycomb lattice, as shown in Figure 1(a) 
3
. Figure 1(a) shows the Bravais lattice of graphene. The 

unit cell is indicated by the two vectors, 1a  and 2a , and contains two carbon atoms (dashed 

rhombus line). The basis vectors ( 1a , 2a ) have the same length, | 1a | = | 2a | = a = 3 b, and 

construct the unit cell of graphene containing two atoms marked as red and blue. The filled gray 

hexagon can be viewed as the Wigner-Seitz cell of the extended rhombus lattice. The real-space 

vectors 1a  and 2a  are 

 

1

3 1
,

2 2
a a a

 
   
 

, 2

3 1
,

2 2
a a a

 
   
 

, (1) 
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and have lengths equal to the lattice spacing, a =| 1a | = 3 aC–C = 2.46 Å, where aC–C is the C–C 

bond distance (1.42 Å). Correspondingly, the reciprocal lattice of graphene is shown in Figure 1(b). 

The reciprocal lattice vectors 1b  and 2b  are expressed by 

 
1

2 2
,

3
b

aa

  
  
 

, 2

2 2
,

3
b

aa

  
  
 

. (2) 

 

Filled gray hexagon is the Brillouin zone of graphene, which contains several identified corners 

labeled as K, K’ and M, as well as equivalent points in the lattice. 

Semiconductors have parabolic dispersion relation and bandgap. However, graphene has linear 

and gapless dispersion relation near the K point (Figure 2). In other words, electrons in graphene 

follow by means of a Dirac-like equation rather than the Schrödinger equation.  

In atomic orbitals, a single carbon atom having four valence electrons (2s, 2p
x
, 2p

y
, and 2pz) 

makes hybridization with other carbon atoms. They rearrange their electron configurations and form 

sp
2
 σ bond structures using three valence electrons (2s, 2p

x and 2p
y
), while the last electron (2pz) 

constructs the π band which is orientated perpendicular to the graphene plane. It contributes one spin-

degenerated orbital because the nodal plane of π orbitals is coincident with the plane of the graphene 

sheet. The π bonds of graphene are separated by symmetry from the σ bond, which leads to two 

distinguishing π electrons in the valence band, and π
*
 electrons in the conduction band. Only the π 

electrons near the Fermi level contribute to the electronic properties of graphene.  
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Figure 1. Graphene lattices. (a) Real space of graphene lattice (Bravais). (b) Reciprocal lattice of 

graphene. High symmetry point indicated as Γ, K, and M.  

 

Figure 2. Three- and two-dimensional electronic dispersion relationship of graphene honeycomb 

lattice. (a) Energy spectrum and (b) enlarged energy bands. (c) The simulated dispersion relation by 

the tight-binding method for σ and π bands 
8
.  



5 

 

1.3 Fullerene (C60)  

 

Fullerene, which is a spherical structure with pentagonal and hexagonal bases, can be considered a 

zero dimensional object which has attracted great attention due to its distinctive electronic and 

physical properties. The C60 molecule has the highest symmetry point group found in nature, the 

icosahedral hI  group (Figure 3). This high symmetry leads to degeneracies of both the electronic 

and vibrational energy levels. The electronic structure of fullerene has already been studied 

intensively by photoemission and inverse photoemission 
11-24

. Gaseous neutral fullerene and fullerene 

anion photoemission has shown a HOMO-LUMO gap of 4.9 eV for freestanding fullerene 
20-22

. As 

shown in Figure 4, its HOMO (highest occupied molecular orbital), LUMO (lowest unocuupied 

molecular orbital), and LUMO+1 (next lowest unoccupied molecular orbital) belong to the hu, t1u, and 

t1g representations, respectively 
25

. Due to high electron affinity (2.7 eV), fullerene is a strong electron 

acceptor when it adsorbs on metal surfaces 
1
. 

 

 

 

Figure 3. The hI  symmetry of the fullerene molecule. 
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Figure 4. Molecular orbitals of C60 
26

. 
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CHAPTER 2.  

EQUIPMENT AND EXPERIMENTAL METHODS 

 

Scanning tunneling microscopes (STM) working in ultra-high vacuum (UHV) and at low 

temperatures (LT) are powerful tools to investigate solid surfaces, thin adsorbed layers, and the 

electronic properties of numerous materials such as metals, semiconductors and even organic systems. 

From a technical point of view, imaging under cryogenic conditions has the advantage of smaller 

thermal drift and lower Johnson noise. From the scientific point of view, several phenomena are 

visible only at low temperatures where atomic diffusion processes and thermal fluctuations are small 

or absent. Interesting bulk and surface properties including structural phase transitions, charge density 

waves, plasmons, physisorption, and superconductivity have been investigated in this way. On the 

other hand, a large number of processes in the microelectronics and chemical industries depend on 

chemical reactions occurring on solid surfaces at elevated temperatures. These processes include 

molecular beam epitaxial growth of semiconductor materials and metal-based catalytic reactions. A 

UHV LT-STM provides an unparalleled opportunity to study these processes at the atomic level. 

This chapter will describe a short overview of equipment, procedures and experimental methods. 

We will frequently refer in future chapters. Although there are many important theories to know 

intuitively and quantitatively, specific theories related the experiment will be offered at the beginning 

of chapter. 

 

2.1 Scanning Tunneling Microscopy (STM) 

 

In 1981, Binnig and Rohrer built the first scanning tunneling microscope (STM) which 

successfully captured three-dimensional images at atomic resolution 
1, 2

. The STM has proven to be an 

extremely powerful tool for studying the electronic structures of solid-state systems, and it has made a 

huge impact on various fields such as physics, chemistry, and materials sciences. The topographic 

images, assisted by other surface analysis techniques for chemical species, lead to the structural 
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determination of clean and adsorbate-covered surfaces. The principle of a STM is based on the 

quantum mechanical phenomenon called tunneling. In classical mechanics, when a particle tunnels 

through a barrier, it needs higher kinetic energy than the potential wall. However, in quantum 

mechanics, the tunneling process is possible with a certain probability even though the kinetic energy 

is lower than the barrier energy. This quantum mechanical tunneling process is only possible at an 

extremely small scale, and it’s very sensitive to the distance between two conducting materials. Thus 

it has allowed the STM to have atomic spatial resolution. This tunneling process can be understood by 

the simplified formula.  

 

( , ) zI z V Ve   where, 
2m

   (3) 

Here 𝜅 is the decay constant of a sample state near the Fermi level in the barrier region. The z is 

the distance between the STM tip and the surface. If one inserts the work function of Cu(111) 𝜙= 4.9 

eV, it gives a value of the decay constant as 11.3 nm
-1

.  

Although we get an image of the surface, the quantitative and qualitative interpretation of the 

image often is difficult. To solve this problem, we have to understand the dependence of the 

experimental parameters such as tunneling current and applied voltage. These initially consider to the 

tunneling probability for a single electron. The one-dimensional tunneling phenomenon can be 

calculated exactly by E.O. Kane 
3
, and is shown in simplified form in Figure 5. In the metal, electrons 

are considered to be free electrons, and their kinetic energy E is smaller than the work function 𝜙 so 

that, in a vacuum, the potential V0 is greater than the electrons’ energy E (the wave function and the 

complex portion are not shown). First, we look at the simple quantum mechanics problem of a one-

dimensional potential barrier. A detailed introduction to scanning tunneling microscopy can be found 

in the books “Introduction to Scanning Tunneling Microscopy” by C. J. Chen 
4
 and “Scanning Probe 

Microscopy and Spectroscopy” by D. A. Bonnell 
5
. Here is just a brief overview of the operation of 

STM.  
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2.1.1 Concept of STM 

 

When a metallic tip is positioned several angstroms (Å) above the surface of a conductive sample 

and a bias is applied between the sample and the tip, a tunneling current can occur. STM is based on 

the measurement of the tunneling current between two electrodes via sample (or tip) bias. Figure 6 

depicts this concept for the operation of STM. The tungsten tip fixed in the x, y, z piezo scanner can 

move at femtometer scale when a bias voltage is applied. If the STM tip is approached to within a few 

angstrom by ‘coarse’ and ‘fine’ approach piezo, a feedback loop is operated by measuring the 

tunneling current. It controls constant height (z) as a function of tip location by a PID controller (PID: 

Proportional, Integrate, and Differential). This loop performs at extremely high frequencies and high 

resolution (up to 24 bit).  

 

2.1.2 Measuring Modes 

 

The potential barrier between the tip and the sample is greater than the energy of the electrons. 

Due to the quantum mechanical tunneling effect a current of typically a few pA to several nA flows, 

which decays exponentially with the distance between the tip and the sample. The sample is scanned 

while the tip moves parallel and perpendicular to the surface so that the current remains constant. This 

gives an image of the sample surface in the following z-position as a function of lateral position on 

the sample. When STM images the sample surface, surface morphology and the local density of state 

(LDOS) of the sample directly affect the tunneling current. Generally STM has two different imaging 

modes, called “constant current (closed feedback loop)” and “constant height (opened feedback loop)” 

modes. These modes are depicted in Figure 7. 

Constant Current Mode: When the tip moves in the x, y, z directions, the tunneling current is 

adjusted constantly in a way that the tip moves identically with the surface contour. As the current is 

proportional to the local density of states, this kind of image reflects the vertical position of the tip. 

Constant Height Mode: In this mode, the vertical tip position is not changed. Because the 

feedback loop is opened intentionally, acquired current image implies the surface topography. This 

mode has the advantage of higher scanning frequencies (up to 10 kHz) than constant current mode, 
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whereas it has the disadvantage of being dangerous due to the opened feedback. Because thermal drift 

always affects tip position, this mode is only used under extremely stable conditions.  

 

 

 

 

Figure 5. A simple one-dimensional potential barrier 

  



13 

 

 

 

Figure 6. A schematic diagram of the STM feedback system. 

 

 

 

Figure 7. An illustration of two scanning mode: (a) constant current and (b) constant height mode. 

  



14 

 

2.2 Scanning Tunneling Spectroscopy (dI/dV) 

 

STM provides information of the local topographic structure and the images contain a large 

amount of data related to the local electronic structure. Binnig found evidence for voltage-dependent 

changes on Si(111)-(7 × 7) which is the origin of scanning tunneling spectroscopy (STS) 
6
. He noted 

that such effects might arise from tunneling through discrete electronic states of the sample. Clear 

different heights in the positive and negative sample bias STM image arise from the energy-dependent 

changes in the density of states of the sample.  

At lower sample bias voltages, the STS measured dI/dV curve is associated with the local density 

of states (LDOS) convoluting with the tunneling matrix element. Tunneling current data give us 

information about the integration of DOS of the sample surface from the Fermi energy to the applied 

bias voltage energy. For example, the tunneling current will increase abruptly when the applied bias 

energy passes a certain peak of the DOS. In other words, we can observe the energy states of the 

sample surface at a specific energy by the tunneling conductance, dI/dV  

 

0( ) ( , )s F

dI
G V E eV

dV


 
   
 

 r , (4) 

 

where r0 is the center of curvature of the tip.  

Equation (4) is the extension of the Tersoff-Hamann model to finite bias voltage. It represents a 

simple elementary model for scanning tunneling spectroscopy. The dynamic tunneling conductance at 

bias V is proportional to the local density of states of the sample at the center of curvature of the tip at 

energy EF + eV. This quantity is easily computed using first-principles numerical methods.  

Figure 8 shows a one-dimensional metal-vacuum-metal tunneling junction. Energy is along the 

vertical axis, and density of states of sample and tip are shown along the horizontal axis. Filled states 

are shown in blue. In this case, a negative bias voltage –V has been applied to the sample, which 

effectively raises its Fermi level by eV (EF, sample) with respect to the Fermi level of the tip (EF, tip). This 

allows for filled states on the sample to tunnel into empty states on the tip. 

When the applied DC bias VDC is higher than the work functions of sample and tip, the curve in 

dI/dV arises primarily from image potential states or barrier resonances. These states come from the 
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interaction between surface electrons and the polarization. These states are basically standing-wave 

states formed between the sample and the potential barrier (tip ~ sample). Their energy depends on 

the shape of the tunnel barrier, which reflects the work functions of sample and tip.  

In STS technique, a small high-frequency sinusoidal modulation voltage Vmod ωmod is 

superimposed on top of VDC between tip and sample. The alternating current (ac) component of the 

tunneling current is measured through a lock-in amplifier, with the in-phase component directly 

giving the first harmonic differential conductance, dI/dV|V=Vdc, simultaneously with the sample 

topography.  

 

 

 

 

Figure 8. Energy scheme of tip-sample tunneling for negative sample bias.  
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2.3 Gundlach Oscillation (dz/dV) 

 

Becker et al. first observed the electron standing waves formed in the vacuum gap between the 

probe and the sample of the STM 
7
. Such standing waves occur when the sample bias exceeds the 

work function (𝜙), and form oscillations caused by interference between incident and reflected 

electrons in the field emissions current via bias and/or gap distance. These oscillations were called as 

Gundlach oscillations, and individual states imply image-potential states (IPS) which were predicted 

theoretically by Gundlach 
8
 and emerged in semiconductor devices 

9, 10
, metal surfaces 

11, 12
, insulator 

13
, and graphene 

14
.  

IPS is a kind of electronic state which traps electrons in the perpendicular direction from the 

surface (Figure 9). As a consequence of interaction with polarization charge and the resonance of 

external energy, these electrons are laid on stable positions. If the bulk band structure projected onto 

the surface has a band gap near the vacuum level, the electron cannot enter into the surface and escape 

to the vacuum due to the Coulomb-like image potential barrier 
15, 16

,  

 2

0

( ) 4( )
16

im

e
V z z z

z
    , (5) 

 

thus electrons are just bound near a conducting surface. Quantum mechanically, IPS has discrete 

energy levels (n = 1, 2, 3…) and produces a hydrogen-like Rydberg series by solving Schrödinger’s 

equation 
17

, 

 

 
2

0.84eV
nE

n a





. (6) 

 

IPS generally can be measured by two-photon photoemission (2PPE) and scanning tunneling 

microscopy (STS). However, in STS, IPS is not measured exactly due to the Stark-shift 
11, 18

 which is 

the state shift of ~300 meV 
18

 due to the presence of an electric field effect between the tip and sample. 

Figure 10 shows the representative schematic energy diagram of the STM tip and metal surface. 

Due to the applied electric field, the IPS shifted to higher energies. On (111) noble metals such as Au, 
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Ag, and Cu, the surface state (n = 0) at the Γ point of the projected bulk band structure (Figure 10(a)) 

lies on E0 – EF = –505, –67, and –445 meV, and the measured binding energies are 0.80, 0.77, and 

0.83 eV by 2PPE, respectively 
19, 20

. The n = 1 state for Au(111) is located between Evacuum and the top 

of Egap, while Ag and Cu lie in the band gap due to the self-reconstruction influence of “herringbone” 

reconstruction structure 
21, 22

. 

In STM, the IPS position can be acquired by dz/dV measurement. This experimental method is 

similar to dI/dV (STS) measurement except a few differences. During acquirement of dz/dV spectrum, 

the closed feedback loop is kept, and tunneling current is fixed. The modulation bias applied to the 

sample bias, and demodulation is adjusted to tip height, z. According to the equation (3), if the sample 

bias (V) increases the tip height also consistently increases. However, when the sample bias reaches 

the energy of the first standing-wave resonant position (see Figure 10(b), n = 1), the tip height sharply 

increase in the tunneling current. Figure 11 shows an example of dz/dV spectra (see Chapter 4 and 5 

for sample preparation methods).  

 

 

Figure 9. Schematics of image-potential state for (a) 2D, and (b) 3D view. An electron in front of 

a surface moves in a Coulomb-like attractive image potential, which can be idealized as an Eq (5). 

When an electron is located at a distance z, the surface charge redistribution screens the bulk metal 

from the external field 
14

.  
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Figure 10. Schematic energy diagram of (a) projected bulk band structure and (b) an STM tip in 

tunnel contact with a Au(111) surface 
23, 24

. Due to the Stark-shift 
11, 18

 induced by the applied field 

effect, the IPSs shifted to higher energies  

 

 

Figure 11. (a) An STM image containing four difference sufaces. Vs = 2 V, It = 50 pA. (b) dz/dV 

line spectroscopy (200 points) along the black dashed line in (a), crossing Cu(111), C60/Cu(111), 

C60/SLG/Cu(111), and SLG/Cu(111) surfaces. It = 500 pA. (c) Respective dz/dV line spectra on four 

different surfaces. (d) Corresponding z-V spectra.  



19 

 

2.4 STM Equipment 

 

We used a commercial LT-STM (SPECS, Joule-Thomson STM). It is capable of cooling to ~1 K 

for measurements at ultra-low temperatures using both liquid and gaseous helium. In the STM 

chamber, a cryostat with STM head, two wobble sticks, leak valve, pre-cooling sample storage, and 

spare sample storage are equipped (Figure 12). 

 

2.4.1 Achieving UHV environment and cooling the system 

 

Surface science includes all types of interfaces such as gas/liquid, gas/solid, liquid/solid, and other 

interfaces. It mainly approaches interfaces at atomic/molecular scale in ultra-high vacuum (UHV). 

This requires a well-characterized interface of a known structure. A lot of techniques involving 

electron spectroscopy or electron beams are used to probe surfaces. Hence the ‘impingement rate’ and 

‘mean free path’ are crucial for research in a UHV environment directly depending pressure and 

temperature.  

 

2 B

p
I

mk T
  (7) 

 

Equation (7) is the molecular impingement rate, which is the rate of collision between gas 

molecules and the unit surface. At 300 K, for a gas with the mass of N2, and 1 × 10
15

 atoms/cm
2
 on an 

arbitrary surface, the impingement rate is  

 I = (3.8 × 10
5
 ML/sec) p. (8) 

 

Thus, at a pressure of 1 × 10
–6

 Torr, the number of molecules that hit the surface per ‘one’ second 

is equal to the number of molecules on a monolayer. In other words, one monolayer is attached on the 

surface every second from the gas phase. If the sticky probability of molecules is 1, which implies that 

every molecule is successfully adsorbed on the surface, a clean surface would be completely covered 
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by molecules in only 1 second. Therefore, if we want to increase the full-covering time, or keep the 

surface clean for at least 1 hour, the pressure has to be kept below 1 × 10
–6

 Torr / 3600 sec ≈ 3 × 10
–10

 

Torr.  

In order to create UHV in the chamber, we need to bake it out. Generally, the temperature of the 

STM head is restricted to 120 °C. Heating it above 120 °C might cause irreversible damage. The 

temperature versus time curves are exhibited in Figure 13a. 

The microscope head located below the JT-stage (see, Figure 14) consists of a liquid helium 

reservoir, impedance, counter flow cooler, heat exchanger and JT-pot. The Joule-Thomson effect is 

the temperature change of a gas as it undergoes adiabatic expansion. This expansion causes the gas to 

cool and it is used in the JT-pot of the cryostat to achieve a temperature of ~1 K. The central part of 

the cryostat system is the JT-pot (cooler). It is made out of Au plated Cu and is equipped with an 

electrical connection for experimental wiring. The JT-pot is mounted on the helium reservoir with 

stainless steel. Because of the low thermal conductivity of stainless steel, the thermal connection 

between the helium reservoir and the JT pot is not good. In order to cool the JT-pot, a thermal shortcut 

that we can move to create a thermal connection between the helium shield and the JT shield is used. 

The procedure for cooling down the cryostat system from room temperature to ~1 K is complex. 

The following describes the steps sequences of the method.  

1. Before the system can be cooled down, the cryostat has to be placed in a UHV environment.  

2. Test the function of the impedance by checking the pressure of the JT-pumping line. 

3. Cool down the system using liquid nitrogen for both LN2 and LHe vessels (Figure 13a). 

4. After achieving a temperature of 77 K, remove the liquid nitrogen from the LHe vessel. Blow 

out all liquid nitrogen with high purity gaseous helium until the temperature reaches above 80 

K. (Figure 13b) 

5. At above 80 K, it is implied that no liquid nitrogen is inside the vessel. Insert liquid helium 

using the LHe transfer line.  

As the system is thermally decoupled from the LHe system a thermal shortcut has to be 

established between the LHe shield and JT shield to cool the STM head down to liquid helium 

temperature. After the JT-pot and the impedance is cooled to liquid helium temperature, the JT-

pot can be pressurized and the cooling will start (The impedance is a long length of narrow tubing 

that slows the flow of helium through the JT-pot).  
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6. After the temperature of the JT-pot drops below 4 ~ 4.5 K, the thermal shortcut should be 

opened (release) 

7. Now we can achieve the temperature of 1.2 K. 

 

2.4.2 Tip Preparation  

 

Atomically very sharp tips are required for high lateral resolution. The most used tip materials are 

tungsten (W) and a platinum-iridium (PtIr) alloy. Tips are fabricated from metal wires, and are 

sharpened by grinding, cutting with a wire cutter, doing field emission, ion milling or electro-

chemical etching. For tungsten tip, electrochemical etching is a popular sharpening method. This is 

because the electro-chemical etching is a reproducible method, and it does not cause multiple image 

signals. As the etching system, we used a commercial STM tip etcher (Unisoku UTE-1001), a 

solution of 1.2 M KOH (aq). 

We made all STM tips by the following procedures: 

1. Polishing a piece of wire (~5 cm): To remove intrinsic surface oxide we polished tungsten 

wire with #4000 fine grit sandpaper using a Dremel
®
. 

2. Tip cleaning: The polished wire was placed into an ultrasonic bath filled with distilled water 

for several seconds, then into a second ultrasonic bath filled with ethanol for an additional 

several seconds. 

3. Attach the wire to a wire holder (Unisoku UTE-1001) 

4. Insert the tungsten wire vertically at the center of the Pt ring, and adjust the solution level to 

maximize the meniscus – the meniscus makes tip sharper (see Figure 15) 

5. Tip etching: Adjust power to 7 V DC with a stop current of 2 mA (~22 min) 

6. The reaction involves the oxidative dissolution of W to soluble tungstate (WO4
2–

) anions at 

the anode, and the reduction of water to form bubbles of hydrogen gas and OH
–
 ions at the 

cathode. 

7. Remove the NaOH solution on the tip: Insert the tip into hot distilled (~80 °C) water. The tip 

end is easy to bend (see Figure 16), and tip rinsing should be avoided by cold water which has 

a high surface tension.  

8. Carefully mount the tip onto the tip holder and make sure it is fixed in place. 
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Due to the high degree of oxidation of the tungsten tip end, it is advisable to transfer the freshly 

prepared tips into the load-lock chamber as soon as possible. After making a sharp tip, generally the 

tip has a rather ragged end and several aspirates. Tip cleaning, such as bias pulses on a clean sample 

and Ar
+
 ion sputtering processes, is required in a UHV environment 

25
. There are two general ways of 

sharpening the tip on the sample surface in vacuum.  

1. High bias pulse: A high voltage and high current is applied between the tip and a clean 

sample surface. When it is far enough from the surface it called field emitting.  

2. The other modifying method is by moving tip into a metal substrate, and then pulling it out. 

This process is called ‘tip shaper’ and it is contained in the Nanonis software. Using the tip 

shaper module, we can execute a sequence to configure some timing/value parameters to first 

ramp Z (approach the tip), then apply a bias voltage, and finally ramp Z again (withdraw the 

tip). This procedure is mostly used to shape an STM tip, dipping it into the sample and pulling 

it back slowly.  
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Figure 12. UHV chamber for LT-STM system. It is equipped with various sample instruments. 

 

 

 

Figure 13. Temperature of the JT tank during (a) baking, LN2 cooling (x axis  elapsed days), 

and (b) LHe cooling (x axis  elapsed time). 
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Figure 14. STM head and cryostat. 
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Figure 15. A schematic view of the tip making system by electrochemical etching 
26

. 

 

 

Figure 16. Pictures of the optical microscope (OM) and mini-SEM show (a) a tip which did not 

come in contact with any surface and (b) one that did.  



26 

 

 

Figure 17. The tip shaper module in Nanonis software. 

 

1. When switching off the Z-controller, we can use this parameter for a better reproducible 

position. When ‘switch off delay time’ is higher than 0 seconds and the Z-controller is 

switched off, it doesn’t switch off immediately, but continues to run for the specified time in 

order to averaging Z position. 

2. Defines the height. The tip is going to ramp from the current Z position (first ramping). 

3. Defines the given time to ramp Z in the first ramping 

4. This bias voltage is applied just after the first ramping and during the second ramping. When 

the second ramping finishes, the initial bias voltage is restored. 

5. Time to wait after applying the ‘lifting bias’, before ramping Z the second time. 

6. Defines the height. The tip is going to ramp to the ‘lift height’ value in the second position 

ramping.  

7. Defines the given time to ramp Z in the second ramping. 

8. Time to wait after restoring initial bias voltage which takes place just after finishing the 

second ramping. 

9. Start button 

10. Graph display 

11. If active, it restores the initial Z-controller status at the end of the tip shaping sequence.  
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2.5 Sample Preparation 

 

Preparing a substrate with flat and clean surfaces is important for investigation because surface 

impurities may affect the properties of the adsorbate on them. Thus, substrates are generally cleaned 

and kept in a UHV environment. Our preparation chamber is located between a load-lock chamber 

and STM chamber. The ultimate pressure of the preparation chamber is brought to less than 1 × 10
–10 

Torr by only using the ionization pump. The load-lock chamber is evacuated with a 300 L/s turbo 

molecular pump (Pfeiffer, HiPace 300). The minimum pressure attainable in the preparation chamber 

using only a molecular pump is 1 × 10
–9 

Torr. Then, the gate valve is opened in between the 

preparation chamber and the load-lock chamber. A linear manipulator which has an electron-beam 

heater, sputter-gun, two leak valves, and a Tantalum crucible for evaporating solid samples are 

equipped in the preparation chamber.  

All preparation methods follow the standard procedures, with cycling of Ar+ sputtering and 

annealing 
27

. The sputter gun makes Ar
+
 ions with a kinetic energy of ~3 keV. During the sputtering 

procedure, energetic Ar
+
 ions hit the sample surface and remove impurities from the surface. Then 

this is followed by the annealing procedure. By electron-beam bombardment (generally 1 keV), the 

temperature of the sample surface increases and maintains at a suitable temperature. Through this 

proceduress, the remnants are desorbed from the surface, and they achieve faster surface mobility, 

causing the surface to become smooth.  

After tip and sample cleaning, we can test the performance of the tip. Noble metals such as Au, 

Ag, and Cu are representative reference samples, and we can calibrate the vertical and lateral piezo by 

comparing them with atomic distance. The atomic step heights of Au(111), Ag(111), and Cu(111) are 

235.4, 235.8, and 208.7 pm, and the atomic distances between neighboring atoms are 288.3, 288.8, 

and 255.6 pm, respectively. We show atomic resolution STM images for Cu(111) and Au(111) 

surfaces in Figure 18 and Figure 19.  
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Figure 18. (a) Atomic resolution of Cu(111) clean surface and (b) line profile. The distance 

between neighboring copper atoms is 255 pm. (Vs = 2 mV, It = 8 nA) (c) Atomic resolution of Au(111) 

clean surface and (d) line profile. The distance between neighboring gold atoms is 288 pm. (Vs = 100 

mV, It = 1 nA) 
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Figure 19. The STM image of ‘Herringbone’ reconstruction on Au(111). (Vs = 300 mV, It = 1 nA) 

(see reference 
22

 more information in detail). 
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2.6 Graphene growth methods 

 

The first observation of graphene was during preparation of a platinum and ruthenium single 

crystal surface 
28-31

. During the usual preparation processes, carbon impurities segregated from the 

bulk and formed a hexagonal shape on the surface during high temperature annealing. After research, 

it was realized that the surface carbons was graphene 
30

. This method is named the segregation growth 

technique. The kinetic process of carbon atoms during segregation has various dynamic processes 

such as diffusion in bulk, bulk to surface, diffusion on surface, and nucleation & growth 
32

. A 

representative material for using the segregation method is silicon carbide, SiC(0001). It can make 

high quality graphene by sublimating silicon atoms at high temperature 
33

. The graphene circuits made 

by this technique have been demonstrated to exhibit high switching speeds of up to 100 GHz 
34

. 

However, the price of single crystals remains very expensive.  

Good quality graphene is obtained by mechanical cleavage of highly oriented pyrolytic graphite 

(HOPG). Using 3M scotch tape, we can easily separate graphene from HOPG at micrometer scale 
35

. 

Several strategies were pursued to achieve reproducible uniform graphene on different substrates 
36, 37

. 

Covalent 
38, 39

 and, non-covalent
40

 exfoliation in liquids can cause structural and electronic disorder 
41-

43
 in graphene.  

One of the most promising, inexpensive and readily accessible methods for making high quality 

graphene is chemical vapor deposition (CVD) onto transition metal substrates such Nickel 
44

, 

Palladium 
45

, Ruthenium 
46

, Iridium 
47

, and Copper 
37

. In particular, Li et al developed large area and 

uniform single layer graphene on copper foil 
37

. It is restricted to multilayer forms by its self-limiting 

catalytic property. CVD grown graphene also has high mobility up to 60,000 cm
2
 V

–1
 s

–1
 
48

. It is close 

to the mobility of exfoliated graphene but large area growth can be achieved up to 30 inches 
36

.  
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2.6.1 CVD growth method 

 

Recent results of growth on relatively inexpensive copper substrates have triggered interest in 

optimizing CVD conditions. We grew graphene on copper foil (25-μm thick; Alfa Aesar) at 

temperatures up to 1000 °C by the CVD method (see Figure 20). A typical growth process is (see 

Figure 21a): 

(A) Load the copper foil in a quartz tube, and evacuate to ~ 1.0 × 10
–3

 Torr, back fill with 

hydrogen to 2 sccm, heat to 1000 °C and maintain a pressure of 40 mTorr hydrogen. 

(B) Introduce methane gas as a carbon source for 5 minutes at a total pressure of 500 mTorr. 

(C) After exposure to methane, the furnace is cooled to room temperature.  

To confirm monolayer graphene by comparison with a reference (see Figure 22) 
49

, we transferred 

the graphene film onto SiO2/Si(100) substrate by the following procedure (see Figure 21b).  

(a) The surface of the graphene/copper foil is coated with poly-methyl methacrylate (PMMA).  

(b) Graphene films are removed from the copper foil by an etchant, iron (III) chloride (FeCl3) 

solution 
50

. Typically, 25-μm thick copper foil can be dissolved overnight.  

(c) After the copper is dissolved, the PMMA-graphene is lifted from the solution, and transferred 

onto SiO2/Si(100) substrate. We used 300 nm-thick SiO2 substrate because graphene is mostly 

visible as violet 
51

. 

(d) Then, the PMMA coating is removed by acetone and high temperature annealing of up to 

400 °C for 1 h. Other detailed transfer methods are referred on the reference 
52

.  

(e) Through Raman spectroscopy (see Figure 24), the grown graphene has monolayer features 
53

. 

The bright dots in the SEM image (Figure 25a), are common impurity particles, which were found 

to be mainly silicon and calcium since impurities segregate onto the surface as a form of cluster 
54, 55

. 

Despite the electro-polishing process, we could not perfectly eliminate the small particles because of a 

purity problem.  
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2.6.2 STM images of CVD graphene on copper foil 

 

After confirming that single layer graphene was grown with Raman spectroscopy (Figure 25b) we 

loaded the sample into a load-lock chamber. We explored graphene grown on copper foil after 

undergoing prolonged thermal annealing at 400 ˚C (~10 h) in UHV. The characterization of the 

graphene revealed stripe patterns (Figure 26a) which have a periodicity of 1.2 ± 0.3 nm between 

neighboring stripes. We also rarely found square Moiré patterns (Figure 26b) which can be mainly 

seen on vicinal or round surfaces. These patterns have a periodicity of ~ 0.7 × 0.7 nm
2
 and are 

attributed to a Cu(311) sublattice consisting of alternating (111) and (100) facets 
56

 (inset of Figure 

26a,b shows close-up views of the graphene honeycomb lattice). These Moiré patterns result from the 

mismatches of the graphene and underlying Cu lattice (Figure 26c). However, the square pattern 

mostly disappeared due to the annealing effect after treating the graphene at high temperature, 800 ˚C 

56, 57
.  

Our stripe Moiré pattern is embossed with a perpendicular direction of reference 
57

. The reason 

why our periodicity is discrepant is ascribed to annealing temperature and time. The dark dots in 

Figure 26a (indicated by inverted white triangles and the black dotted circle) are in fact defects of the 

sublayer, rather than defects of the graphene or adsorbates on the graphene, because they have nearly 

the same electronic structure except for a slight intensity difference when compared to their neighbor 

region 
58, 59

. We double checked these defect sites on epitaxial graphene using Cu(111) single crystal 

(Figure 26b). The topographic result represents a perfect graphene honeycomb structure regardless of 

sublayer defects (dim region) having almost the same topographic features (see Chapter 3). Figure 

26(d) exhibits a representative dI/dV spectrum of the local electronic structure on graphene, that was 

acquired on a monolayer graphene/Cu(100) facet corresponding to the Figure 26(a) region. In this 

spectrum the charge-neutral Dirac point was located at approximately –0.25 V, which shifted the 

Dirac cone due to the difference of work function between graphene and copper 
37, 56, 57, 60, 61

.  
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Figure 20. Chemical Vapor Deposition (CVD) system. 
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Figure 21. (a) Graphene growth method on Cu foil by chemical vapor deposition (CVD). (b) 

Graphene transfer method by PMMA coating and FeCl3 etchant. 
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Figure 22. Raman spectra from sp
2
 carbon based materials. (a) Defect free monolayer graphene, 

(b) highly oriented pyrolytic graphite (HOPG), (c) a bundle of single-wall carbon nanotube (SWNT), 

(d) damaged graphene, (e) single-wall carbon nanohorns (SWNH), and (f) hydrogenated amorphous 

carbon. The most intense Raman peaks are labeled in a few of the spectra 
49

. 

 

Figure 23. The origin of Raman spectral processes for monolayer graphene shown in Figure 22(a): 

(a) first-order process, (b) one-phonon second-order DR process, (c) intravalley process, (d) two-

phonon second-order resonance process for the double resonance, and (e) for the triple resonance 
62

.   
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Figure 24. (a) Optical microscopy (OM) images, and (b) Raman spectra from indicated crosses in 

(a). 
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Figure 25. (a) SEM image for graphene full-covered copper foil. (b) Raman spectrum result for 

same sample surface. Due to the scattered trace of copper foil, the main peaks are shown as a rough 

outline.  
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Figure 26. Atomic resolution STM topographic images and differential conductance of fully-

covered graphene on Cu foil: (a) large-scale image of predominately observed stripe Moire pattern (Vs 

= +1.0 V, It = 0.7nA), and (b) square Moire pattern (Vs= –0.6 V, It = 300 pA). Insets of (a) and (b) 

indicate clearly visible honeycomb graphene structure (Vs = –50 mV, It = 500 pA and Vs= –5 mV, It = 

1 nA respectively). (c) Simulation of the observed Moire patterns, (d) dI / dV spectrum recorded on 

graphene (V0 = + 0.5 V, I0 = 600 pA) 
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2.6.3 Argon-assisted growth method  

 

Ultra-high vacuum CVD (UHV-CVD) enables fundamental studies on graphene growth. It leads 

to a better understanding of the APCVD and LPCVD processes. Thus it helps to improve the quality 

of CVD grown graphene. However, graphene growth on copper in the UHV regime requires difficult 

processes, such as thermal cycling 
58, 63

 and ion irradiation 
64

. This is attributed to the low reactivity of 

the Cu surface towards methane gas. Graphene growth in a UHV environment has the advantages of 

clean process conditions and useful in-situ analytical equipment such as LEED, LEEM, SIMS, AES, 

XPS, UPS, and STM/STS. These tools cannot be directly accessible and operated at high pressure. 

Thus, better growth methods are required for UHV-CVD.  

After confirming the cleanness of the Cu(111) single crystal by STM, we used an argon-assisted 

graphene growth method for UHV environment 
65

. Ethylene gas (99.8%, Sigma-Aldrich) was leaked 

into the preparation chamber at a pressure of 1.5 × 10
-4

 Torr followed by the introduction of argon gas 

to a total pressure of 1.5 mTorr, and the temperature of the substrate was kept at 800°C for 20 min. 

We confirmed that single-layer graphene was successfully grown by STM. Figure 27a, b, and c show 

the graphene islands and graphene Moiré patterns. The other research will follow in the next chapters. 
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Figure 27. Successfully grown graphene single sheet on Cu(111): (a) topography, (b) 

corresponding current image (Vs = 1 V, It = 0.5 nA), and  (c) Graphene Moiré pattern (Vs = 100 mV, 

It = 1 nA). 
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CHAPTER 3.  

REAL-SPACE IMAGING OF THE MULTIPLE 

SCATTERINGS IN SINGLE LAYER GRAPHENE 

 

Spatially resolved scanning tunneling spectroscopy (STS) for a specific position implies an 

averaging electronic structure of surface and bulk state. As graphene has an electronic transparent 

property, the STS spectra on graphene/Cu(111) shows a shifted Shockley surface and bulk state 

scattering of Cu(111). Here we found that spectra acquired on single layer graphene (SLG) on Cu(111) 

exhibit complicated scattering traces including intravalley, intervalley, and interband scattering. By 

applying one-dimensional Fourier transforms to hundreds of STS spectra, we successfully 

deconvoluted multiple scatterings between graphene and Cu(111). Although SLG has no intravalley 

scattering due to the pseudospin, our results show singularities in the defect-induced intravalley 

response near the Γ point similar to theoretical calculations 
1
. In this study, we will discuss not only 

the individual scattering processes, but also what successive STS spectra imply about the STS line 

orientation.  

 

3.1 Introduction 

When the electron gas is incident and reflected by imperfections, standing wave patterns on both 

graphene 
2-5

 and noble metals 
6, 7

 appears. The elastic electron scattering in single- and bilayer-

graphene has been extensively studied since graphene were fabricated 
8-10

. Scatterings on graphene 

could be distinguished by intervalley and intravalley processes, which occur on non-equivalent Dirac 

cones as shown in Figure 28. Intervalley scattering is elastic electron scattering events between two 

non-equivalent Dirac cones at K– and K+ while intravalley scattering: is elastic electron scattering 

events between states located on the same Dirac cone. Interestingly, interferences associated with 

intravalley backscattering could not be found on single layer graphene. This is because the pseudospin 

of a backscattered wave is opposite to that of the incident wave so overlapping wave vectors should 

be zero 
3, 4

. Meanwhile the intravalley backscattering is easily seen on bilayer graphene, where it is 

attributed to quantum interference of wave vector 2kF due to the backscattering possible at the 
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pseudospin texture between 
Fk  and –

Fk  state 
2
. Bena theoretically predicted that an intravalley 

process is possible by inserting the localized delta-function impurity potential into single layer 

graphene, thus Friedel oscillations (FO) can be generated by intravalley scattering 
1
. However, 

experimentally this process was impossible on SiC(0001) due to isolation from substrate defects by 

the carbon-rich buffered layer 
9, 11, 12

. Buffered layers made high quality graphene by covalent bond to 

the substrate and by decoupling from upper graphene layer 
13

. We consider that although intravalley 

scattering traces cannot occur on SLG on SiC(0001) due to its high quality 
14

, intravalley scattering 

might be possible by the weakly interacting substrate between graphene and an impurities-abundant 

metal surface, such as Cu(111) or Au(111). However, scattering processes for graphene on noble 

metal sufaces have yet to be fully explored despite many studies. In this study, we grew graphene 

single layers on Cu(111) surfaces, and explored a lot of scattering processes. 

 

 

 

 

 

Figure 28. Mechanisms of intervalley ( eq ) and intravalley ( aq ) scattering 
15

.  
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3.2 Experimental details 

 

SLG was grown on a clean Cu(111) surface by Ar-assisted growth method 
16, 17

. The general 

feature of SLG on transition metals induces an electron-doped graphene system, with the Dirac point 

(ED) –300 meV below EF. Weak interaction between graphene and Cu(111) can give an opportunity to 

draw out a lot of quasiparticle interferences. All experiments were performed using ultrahigh-vacuum 

low-temperature scanning tunneling microscopy (SPECS, JT-STM). The base pressure of our system 

was less than 4.5 × 10
-11

 Torr. Conductance (dI/dV) measurements were performed by lock-in 

amplifier by applying 5~50 mVrms modulation at 727 Hz on sample bias voltage. All data were 

obtained at a sample temperature of 1.2 K. Assuming the side effect from the modulation voltage was 

adjusted to be negligible, an energy resolution for the individual dI/dV spectrum was acquired to 0.3 

meV 
18

. To increase the accuracy for long term spectroscopic mapping, we minimized the thermal 

drift error below 200 femtometer per hour by controlling the x, y, z drift compensation modules. 

 

3.3 Friedel oscillation 

 

The work function of materials depends on its surface properties. Its surface properties are 

regarded as the electron distribution at the surface (Figure 29a). The electron density does not end 

abruptly at the surface. Instead, it oscillates near the surface before decaying slowly into the vacuum 

(Friedel oscillations). This distribution of electrons creates an electrostatic dipole layer at the surface. 

The surface dipole contribution D is equal to the difference between the electrostatic potential energy 

far into the vacuum and the mean potential deep in the bulk,  

 D = V (∞) – V (–∞) (9) 

 

If we assume the electrostatic potential of vacuum with respect to the mean potential in the bulk, 

(V (–∞) = 0), then we can be rewrite 

 
Fe D E  . (10) 
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Therefore, Φ is determined by a surface (D) and a bulk (EF). With this definition of the work 

function, changes in D due to the surface structure and adsorbates are responsible for changes in Φ 

because the surface properties cannot affect EF. More commonly, the work function is given in units 

of eV and Eq. (10) is written as  

 
FE

e
e

     (11) 

 

where χ is the surface potential (the electrostatic potential step resulting from the inhomogeneous 

charge distribution at the surface). 

The electron density of occupied states obeys by Fermi-Dirac statistics. The energy of electrons in 

a solid depends on the temperature. At finite temperature, electrons are not confined to states at Fermi 

energy. At equilibrium they make a reservoir with energy equal to the chemical potential, µ. Thus, the 

probability at allowed energy of states rely on the following Fermi-Dirac distribution 

 1
( )

exp[( ) / ] 1B

f E
E k T


 

. (12) 

 

At zero temperature, chemical potential (µ) is equal to EF plus the potential energy per electron. This 

equation pictured in Figure 29(b) is only valid if the fermions in the system are plentiful so that 

adding one more fermion to the system has a negligible effect on µ, because the Fermi-Dirac 

distribution was derived from the Pauli exclusion principle. Therefore it allows at most one electron to 

occupy each possible state. 
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Figure 29. (a) Friedel oscillations near the surface and (b) Fermi-Dirac distribution for gold at 

three different temperatures. 
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3.4 Characterization of SLG on Cu(111)  

 

Standing wave patterns have been reported on close packed noble metal surfaces such as Cu(111) 
6, 

19
, Au(111) 

7, 20-22
, Ag(111) 

23
, and Ir(111) 

24, 25
. These come from the existence of surface state, which 

is the termination of a material with a surface. Weakened potential leads to a change of electronic 

band structure from the bulk material to the vacuum and makes a new electronic state localized only 

on the surface, which is called surface state. Electrons on surface state show nearly-free-electron like 

properties parallel to the surface only on noble metal surfaces (Cu, Ag, Au, Hg, Pt, Ru, Rh, Pd, Re, Os, 

and Ir). In the sense of Fermi-liquid theory, the standing waves are formed by scattering phenomena – 

that of constructive and destructive interference of moving electrons from the surface step edge and 

single atomic defects (Figure 31). These patterns are clearly visible in the spectroscopic image (dI/dV 

map) by superimposing an alternating current (ac) modulation onto the tunneling current (see Chapter 

2.2), because derived signals are directly proportional to the surface local density of state. From 

measured images, we can evaluate the wavelength between standing waves 
6, 7, 19

. As shown in Figure 

32(a), the wavelength depends on energy, and we can calculate the energy dispersion relation of 

SLG/Cu(111) 
6, 7, 19, 26, 27

. Also, we acquired the STS spectra over both Cu and SLG/Cu substrate, 

which showed peaks at 0.44 and 0.30 eV below the Fermi energy, respectively (Figure 33). By 

adsorbing the graphene sheet, the surface state of Cu(111) shifted to higher energy due to an influence 

on adsorbate-surface interaction. We have determined the energy dispersion relation curve for the 

SLG/Cu(111) surface from the dI/dV map. Our measurements are in good agreement with the 

previous ARPES study 
28

.  

The wave vectors, k, of standing waves for each sample bias were derived using  

 
0 /k   , (13) 

 

and the wave function was approximated by the following equation 

  0 0 0LDOS( , ) 1 (2 )E x J k x L  , (14) 
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where J0 is the zeroth order Bessel function, and 
* 2

0 / ( )L m   ( 0L  is the LDOS of a 2-D 

electron gas in the absence of any scattering). Figure 32(b) depicts the calculated result with 

experimental data. From the wave vector calculated by equation (13), we plotted wave vectors against 

the sample bias which is the dispersion relation curve (Figure 32(c)), and fitted by the following 

equation 

 2 2

0 *2

k
E E

m
  , (15) 

 

where E is the sample bias voltage, E0 is the surface state, ħ is Planck’s constant, and m
*
 is effective 

mass. Our results show effective masses of Cu(111) and SLG/Cu(111) of (0.41 ± 0.02)me and (0.40 ± 

0.02)me, respectively. For the Cu(111) surface, the effective mass is similar to previous STM 
6
, 

ARPES 
28-30

 studies, and calculations 
19

. However, we could not conclude whether both effective 

masses are the same or not, because the transmitted effective mass is directly related to the strength of 

the interaction between substrate and adsorbate. So, we designed a new experimental method to 

compare both effective masses exactly. This will be further discussed in the following subchapter (see 

Chapter 3.5.1). 

Figure 34(a) shows the bulk Brillouin zone as well as the bulk Fermi surface for fcc metal of Cu. It 

also shows the surface Brillouin zone and the projection of the Fermi surface in this direction. The 

necks in the bulk Fermi surface result in a ‘hole’ in the surface projection. This means that at the 

center of the surface Brillouin zone there are no states at the Fermi level or close to the Fermi level. 

Figure 34(b) shows the projected bulk gap together with the surface state dispersion relation. The 

black dots and the solid line are the experimental result, and the dashed line is a calculated result. 

Here, we are looking at this surface state. This state is confined in the direction perpendicular to the 

surface, but shows nearly-free-electron-like properties parallel to the surface. Scatterers at the surface 

induce variations in the local density of these states that can be readily imaged by STM. 
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Figure 30. (a) STM topographic image of [Left] graphene-covered Cu(111) and [Right] Cu(111) 

surface. (b) Differential conductance (STS) image was acquired simultaneously at tunneling condition 

of Vs = 0.1 V, It = 2 nA. 

 

 

Figure 31. (a) The standing wave patterns on Cu(111) clean surface (Vs = 100 mV, It = 0.5 nA). (b) 

Schematic figure of standing wave. Incident and reflected electrons wave interferences lead to make 

standing wave patterns.  
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Figure 32. (a) dI/dV map of SLG island from step edge at different sample bias. The tunneling 

parameter is It= 1 nA. (b) Solid red lines: The spatial dependence of the standing waves as a function 

of distance is shown for indicating sample biases. The wave length of the standing waves increase as 

the energy is lowered with respect to the Fermi level. Dotted black line: Calculated results from zero-

order Bessel function at each sample bias. (c) Experimental energy dispersion relation curves for 

intrinsic Cu(111) and graphene/Cu(111) derived from the line scans from the differential conductance 

(dI/dV) maps in (a). 
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Figure 33. dI/dV spectra on Cu(111) and SLG/Cu(111) surfaces. Surface state is located at –0.44 

and –0.3 eV for Cu(111) and SLG/Cu(111), respectively. The other peaks indicate confined electron 

state 
31

.  

 

 

Figure 34. (a) Brillouin zone of bulk copper with Fermi surface. (b) An illustration of the energy 

dispersion relation curve for Cu(111) derived from ARPES 
29

, which describes the momentum 

dependence of the energy of the surface-state electrons.  
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3.5 Results and Discussion 

3.5.1 Line spectroscopy (one-dimensional fast Fourier transform) 

 

Figure 36(a) and (b) are the STM image of clean Cu(111) and an SLG island on Cu(111). The red 

notations identify the orientation of Cu(111). Both images show clear static spatial oscillations caused 

by step edge and point defects 
6, 7

. In SLG on Cu(111)system, metallic Shockley surface state is 

visible in STM because graphene is electronically transparent. Its physical property on noble metal 

surfaces has been investigated in detail by several previous studies 
6, 32-34

. The inset in Figure 36(b) 

indicates the enlarged image for the defect of a substrate. It belongs to the underlying graphene layer 

because the regular hexagonal honeycomb structure is perfectly shown over the defect and there is no 

localized scattering patterns in the vicinity of the defect such as a point defect 
35-39

, grain boundary 
40, 

41
, or a the step edge 

5, 42
. These defects come from the copper bulk by segregating at a high 

temperature of ~800 ˚C. From this image, we can deduce that the edge structure of the island is zigzag 

and armchair combined structure. In order to extract the surface state characteristic we used ‘line 

spectroscopy’ which is successive dI/dV sweeps along the order of several tenths of a nanometer 

range while moving the same distance (Figure 36(a) and (b)). This range is the minimum distance to 

find up the unknown state in k-space resolution 
5
. The advantage of this technique is we can easily 

figure out unforeseen scatterings. Figure 36(c) and (d) are the corresponding dI/dV (r, V) maps as 

functions of distance (r) and energy (V) from one end of the terrace along the white lines in Figure 

36(a) and (b). These dI/dV (r, V) maps show the spatial variation of the electron density of states. 

Modulations are the energy-resolved FO distinguished as dim and bright positions. Here, we applied a 

one-dimensional fast Fourier transform (1D-FT) taken through the x-axis. This method is known to 

allow better understanding of the band characteristics in q-space 
43

. Figure 36(e) and (f) were 

successfully acquired images by applying the 1D-FT technique to Figure 36(c) and (d). This related to 

dispersion relation of the Shockley surface state, depending on the sample bias voltage and wave 

momentum around Γ point (0 nm
-1

) similar to angle-resolved photoemission spectroscopy (ARPES) 
28

. 

The vertical lines in the center of the images are due to line noise, which generates noise Fourier 

components.  

Using Eq (15) we delicately measured effective masses for both Cu(111) and SLG/Cu(111) from 

Figure 36(e) and (f). Accurate effective masses are m
*
Cu = (0.396 ± 0.004) me and m

*
G/Cu = (0.393 ± 

0.004) me. The effective masses show no significant change for either, and other states are complexly 
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convoluted around EF inside the parabolic shape. This is attributed to the unanticipated processes such 

as graphene’s intravalley scattering, interband scattering between graphene and Cu(111) 
33

, and bulk 

electron contribution 
44-46

.  

 

3.5.2 Determination of electronic structure for single layer graphene 

 

Line spectroscopy on noble metals is meaningful only when the line direction is perpendicular to 

the standing wave pattern, as in Figure 36(a) and (b). However, we could not disclose the electronic 

structure of graphene in the same way because graphene does not have any electronic structure near 

the Γ point of k-space at Fermi energy. If the shifted surface state and Dirac point energy are locate 

closely, it is impossible to distinguish both using the single dI/dV spectrum due to the entangled 

electronic structure near the Γ point. Thus, it is easy to mistakenly choose the dip as ED in STS. In 

order to deconvolute multiple scattering inside the Fermi contour, we have devised a new method. By 

changing the orientation of line spectroscopy, we found a subtle variation in the 1-D q-space image 

except the surface state curve. We applied the same technique with an atomically sharp tip through the 

white dashed line of 54 nm length in Figure 37(a) with successive 300 dI/dV spectra. The line 

direction in Figure 37(a) is parallel to crossing K+ and K– line (Figure 37(b)), which is acquired by 

implementing 2D-FT from the atomically high resolution dI/dV map of Figure 37(a). Figure 37(c) 

shows standing wave patterns combining multiple scatterings. Through taking a 1D-FT, we 

successfully produced an E-k map including energy-depending intravalley backscattering (Figure 

37(d)). The dispersion relation is linear, and a fit with 

 ( ) D DE k v k E   . (16) 

 

The Dirac point is located on ED = –305 meV below Fermi energy and yields a Dirac velocity of vD 

= (3.68 ± 0.12) × 10
5
 m/s. However, this speed is smaller than other recent results 

2, 4, 33
. In Figure 38, 

our result also shows that the Dirac velocity of intervalley process is (7.79 ± 0.93) × 10
5
 m/s which 

was acquired by 2D-FT from atomically resolved large area STM images. This shows that the Dirac 

velocity is twice larger than intravalley scattering. We speculated that why the Dirac velocity 

difference is nearly double. Although intravalley scattering process arises in k-space, it is mirrored 

onto the Γ point of q-space in STS 
2-4

. And its momentum has to be same as those acquired from the 
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intervalley process in 2-D FT result. However, in 1D-FT, the slope comes from the enlarged constant 

energy contours twice bigger (Figure 39). Therefore, wave vectors reduced by half result in the Dirac 

velocity of vD = (7.36 ± 0.24) × 10
5
 m/s increased by double, which is similar to the Dirac velocity by 

intervalley scattering process.  

One can assume that intravalley process should be found on a 2D-FFT image. However, the shifted 

surface state and Dirac point at the same position, interband scattering process between graphene and 

Cu(111) (see Figure 40) and other effects such as bulk electron scattering and indelible noise 

contribution prevented us from concluding the existence of intravalley scattering. Our new analytical 

method successfully found an unrevealed scattering process by minimizing the thermal drift, and 

defects – step edge, point defects below the graphene sheet, and intrinsic point defects– inducing the 

modified pseudospin texture for SLG 
1
. 

If the line direction is not matched exactly with crossing line between two-unequivalent K points 

(Figure 37(b)), the linear relation transforms to a hyperbolic feature 
47

. We intentionally applied 

misoriented line spectroscopy for confirmation. Figure 41(a) shows an STM topographic image and 

denoted graphene lattice. Figure 41(b) is the 2D-FFT image result from the black dotted box region in 

Figure 41(a). The outer hexagon and inner hexagon indicate the reciprocal lattice and first Brillouin 

zone of SLG, respectively. The black dashed arrow in Figure 41(a) is parallel to a tilted orientation of 

3.0 ± 0.5° with the crossing line in Figure 41(b). As a result, we got the dI/dV (r, V) map (Figure 

41(c)), and acquired E-k map by applying 1D-FFT (Figure 41(d)). In this figure, we easily distinguish 

a hyperbolic dispersion relation (white line). This feature results from cutting the Dirac cone vertically 

(Figure 41(e)), has an intercept at –100 meV, and follows the equation by below. 
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where, the intercept of DE  is located at –0.3 eV, and 
2 21/ Dv = 0.0587 V

2
nm

2
 (here, 

53.68 10 m/sDv   ) is the square of slope of the Dirac cone. Momentums xk  and 
yk  are the 

primitive wave vectors of the graphene π-band (see, Eq. (2) in Chapter 1.2). k  is the length of K  

vector, and has the value of 17.0 nm
–1

 (Figure 41(f)). Equation (18) is the rotation factor of the 

reference line as angle as   (see, Figure 41(f)). By inserting this equation into Eq. (17), with 

' 0yk   of which the cutting plane correspond to the line spectroscopy in the Dirac cones, we can get 

following equation, 

  
2

2' 2 '

2 2
2 cosD

x x

D

E E
k k k k

v



   , (19) 

and the calculated intersection of hyperbolic dispersion relation becomes –84.6 ± 35.9 meV. This 

implies that our experimental result and simple calculation are identical, thus one can know how the 

angle-adjusted line spectroscopies affect cutting line by the direction in the reciprocal lattice.  

Here, we were able to find another interesting feature with changing line direction. The slope of the 

Shockley surface state (related to effective mass) changes due to the mismatch of perpendicular 

direction via standing wave patterns. The red line in Figure 41(d) is not the reference curve having the 

effective mass of 0.4me (see, Figure 36(f)), but it also little deviates from the experimentally fitted 

curve to that of black line in Figure 41(d) which has the effective mass of (0.515 ± 0.014) me. 

Therefore, a line spectroscopy doesn’t always reflect that of the electronic structure at the Γ position 

but acts as cutting lines at the K position.  

Additionally we distinguished other scattering processes on the SLG/Cu(111) system. Figure 42(a) 

and (b) show STM topographic and dI/dV images on both SLG and Cu(111). The corresponding 2D-

FT in Fig 4(c) clearly reveals the presence of two concentric contours. This is well known as a bulk 

electron scattering contribution due to the bulk impurities 
44-46

. Petersen et al. reported on the 

observation at low temperature of an additional concentric ring in the FT image for both Au(111) and 

Cu(111) surfaces. This ring comes from scattering of bulk state electrons with k vector around the 

‘neck’ of the bulk Fermi surface. Before growth of graphene on an impurities-free clean Cu(111) 

surface, we could not find an additional ring in the 2D-FT image. Thus, it can be inferred that surface 

and subsurface impurities caused the additional concentric ring. Figure 42(d) clearly visualizes these 
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contributions using inverse-FT. It supports the idea that standing waves of bulk electron scattering 

originate from individual impurities.  

Figure 42(e) shows abnormal dispersion relations for both SLG/Cu(111) and Cu(111). Bulk state 

electron scattering curves abruptly change when they cross surface state curves. We can summarize 

that when electrons, which come from the surface state and bulk state, pass through the Shockley 

surface state hole, intra and interband scattering between the Shockley surface and bulk states induce 

an increased decay rate 
48, 49

. This occurs for positive sample bias. Suddenly increased decay rate for 

surface electron states with increasing energy above the intersecting point depends on the coupling 

between surface state and bulk states. At the intersection point, the decay rate becomes comparable to 

the tunneling rate, the contour becomes more of a broadened or blurred circle with minimum radius 

value of 
||k 29, 45

. Because the surface paralleled electrons momentum (
||k ) only related to the sp band 

gap in the bulk density of states, a three-dimensional feature corresponding to k  ( ||k k k  ) starts 

to increase when the energy increases above the crossing point near Fermi energy 
45

. Unfortunately, 

using STM/STS, the perpendicular part of k  is not measureable.  
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Figure 35. An example of two-dimensional fast Fourier Transform (FFT). (a) A large size STM 

image for graphene/Cu(111). Vs = 0.5 V, It = 0.5 nA. (b) Atomically resolved STM image (Vs = –50 

mV, It = 1 nA.) and (c) corresponding 2D-FFT image. (d)-(f) Inverse FFT images generated by 

filtering indicated positions. Figure (b) is successively divided by three different patterns, (d) 

graphene honeycomb structure as a topmost surface, (e) Moiré pattern as an interface, and (f) 

quasiparticle interferences of Cu(111) as a subsurface.  
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Figure 36. (a) STM image of clean Cu(111) surface (20 × 20 nm
2
) Vs = 0.1 V, It = 0.5 nA. (b) 

SLG on Cu(111) (Vs = 0.1 V, It = 1 nA). Inset: 2 × 2 nm
2
, Vs = 0.05 V, It = 2 nA. (c) dI/dV (r, V) 

spectra map of Cu(111) (100 points) and (d) SLG on Cu(111) (50 points) recorded along the white 

dashed lines in (a) and (b). (e, f) The results of one-dimensional Fourier-transform of the conductance 

maps in (c) and (d). 
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Figure 37. (a) Large scale (50 × 50 nm
2
) atomic resolution STM image (Vs = 0.1 V, It = 5 nA) and 

(b) dI/dV map. (c) Corresponding 2D-FT image of (b). Outer and inner hexagons indicate graphene 

reciprocal lattice and first Brillouin zone, respectively. Each corner of the Brillouin zone has 

asymmetric concentric rings, which is the evidence of intervalley scattering of SLG. (d) dI/dV spectra 

map along the white dashed line in (b) (300 mV, 1 nA; 300 points). This line is parallel to the white 

line in (c) which passes the contour of constant energy circles at K± and the Γ point. (e) The results of 

1D-FT of the conductance map in (d). 
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Figure 38.(a)-(f) 2D-FT images from STM images of Figure 37(a) region. (g) Intervalley 

scattering traces indicated at K point by averaging the radius of the circles.   
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Figure 39. Determining of the wave vector qa. As a result of intravalley process, the scattered 

wave vector indicates not the Dirac cone but double sized constant energy circle. 
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Figure 40. (a) Atomically resolved STM image and (b) dI/dV map at Vs = 100 mV, It = 5 nA. (c) 

2-D FFT image from (b). (d) Enlarged image at the Γ point (large dashed white line), and (e) K point 

(small dashed white line).  
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As noted in Figure 43, there are two circles in (d) corresponding to surface state and bulk electron 

contribution. We can also find two circles in (d). As previously reported 
33

, the outer circle is 

interband scattering between graphene and Cu(111). We depict the interband scattering process in (f). 

Interband scattering is also shown to be energy dependent. We averaged the radius of the outer circles 

and plotted in (g), then fitted with  

  
22 *

0 Cu G / 2E E k k m   . (20) 

 

This equation follows a parabolic dispersion relation, and is made by the linear dispersion 

relationship of graphene (Eq. 16) and parabolic dispersion relationship of SLG/Cu (Eq. 15). This 

equation is depicted in (h). 
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Figure 41. (a) Atomic resolution STM image (20 × 18.5 nm
2
; Vs = 50 meV, It = 1 nA). (b) 

Corresponding 2D-FT image of black dotted region in (a). (c) dI/dV spectra map along the black 

dashed line in (a) and (b) (700 mV, 1 nA; 50 points; 10.5 nm distance). (d)-(f) The cutting lines in the 

vicinity of the energy-momentum contours for the K point. 
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Figure 42. (a) STM image and (b) dI/dV map on both SLG/Cu(111) and Cu(111). (50 × 50 nm
2
). 

Vs = 100 mV, It = 2 nA. (c) Corresponding 2D-FT map (7 × 7 nm
–1

) comes from the SLG region in (b) 

[black dashed box]. The graph inside (c) is the averaged intensity of the ring. Black and red arrows 

indicate surface state scattering and bulk electron scattering, respectively. (d) Inverse FT images of 

the outer and inner rings. (e) Dispersion relation behavior of the surface and bulk state on both 

SLG/Cu(111) and Cu(111). Detailed images are exhibited in Figure 43.  
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Figure 43. Detailed (a) dI/dV images (It = 2 nA.), (b) 2D-FT images, and (c) averaged line profiles. 
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3.6 Conclusion  

 

Analyzing spectroscopic data in this chapter has provided a wealth of information of electronic 

scatterings for the graphene monolayer and the subsurface of graphene. Spatially resolved scanning 

tunneling spectroscopy (STS) for a specific position implies an averaging electronic structure of 

surface and bulk state. Graphene-veiled copper surface influenced the electronic structure of Cu(111) 

surface state. As graphene has an electronic transparent property, the STS spectra on graphene/Cu(111) 

shows a shifted Shockley surface and bulk state scattering of Cu(111). Here we found that spectra 

acquired on single layer graphene (SLG) on Cu(111) exhibit complicated scattering traces including 

intravalley, intervalley, and interband scattering. From the consecutive dI/dV spectra through a 

straight line from the step edge, the exact dispersion relationship was derived. From the STM/STS 

images, we could extract dispersion relations of graphene using 1- and 2-Dimensional fast Fourier 

Transform (FFT) methods. The 1-D FFT for the line spectroscopy which was perfectly parallel to 

crossing line between K± points in 2-D FFT for the large scale image reflected the intravalley 

scattering on monolayer graphene. It was expected in theoretical calculations, but experimentally this 

process was impossible on SiC(0001). By means of combination of 1- and 2-D FFT, we finally draw 

the linear shape of intravalley scattering in 1-D FFT. Furthermore, 1-D FFT image through the 

intentionally tilted angle of ~3.0 ± 0.5° showed a clear hyperbolic dispersion relation. This implied 

that the orientation of line spectroscopy acts as a slicing direction for the Dirac cone vertically.  

In this study, we discussed not only the individual scattering processes, but also what successive 

STS spectra imply about the STS line orientation. We were able to determine the existence of 

intravalley scattering, which was submerged into multiple scatterings. We confirmed the linear 

dispersion relation as intravalley scattering. Our new experimental approaches for the electronic 

scattering are expected to unveil new physical phenomena in condensed matter. Taking advantage of 

the line spectroscopy can allow us to take a journey to the other materials’ electronic structure such as 

topological insulators and advanced materials.  
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CHAPTER 4.  

COMPETITION BETWEEN INTERMOLECULAR 

AND SUBSTRATE-ADSORBATE INTERACTIONS IN 

SUPERSTRUCTURE FORMATION OF C60 ON 

GRAPHENE ON COPPER (111) SURFACE 

Because the structural and electronic properties of adsorbed clusters on surfaces are determined 

by molecule–substrate interactions and intermolecular interactions, a detailed understanding of self–

assembled island interactions between molecules and graphene is one of the most important issues for 

tailoring graphene-based molecular devices. Here we show the atomically resolved measurements of 

the self-assembled fullerene (C60) islands on monolayer graphene on a Cu(111) surface. By adsorbing 

on graphene/Cu(111) at room temperature, the fullerene molecules assemble a (4 × 4) superstructure, 

single orientation only. In this study, we resolved the configuration and exact adsorption site of 

fullerene by means of low-temperature scanning tunneling microscopy (LT-STM) and density 

functional theory (DFT) calculations. We explained the reason why fullerene molecules had only 

single adsorption orientation in terms of the competition between molecule-substrate interaction (van 

der Waals interaction) and intermolecular interactions (strong Coulomb interactions), where the 

neighboring fullerenes determine the in-plane orientation of the fullerene. Our results will provide 

important information for developing graphene-based organic devices in the future.  

 

4.1 Introduction 

 

Since the discovery of graphene, a monoatomic layer of graphite, carbon-based materials 

including other types of carbon allotropes such as fullerene (C60) and one-dimensional carbon 

nanotubes (CNTs) have attracted much attention due to their distinctive chemical, physical, and 

electronic properties as well as their potential use as building blocks for molecular electronic devices 

1-4
. The scale of electronic devices such as memory and CPUs continues to shrink to the point that it is 
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now on the scale of a few tens of nanometers. We predict that electronic devices on such a scale can 

be realized with molecular components and this encourages research leading to a greater 

understanding of the fundamentals of molecular systems. In particular, fullerene and its derivatives 

have been considered as promising organic materials in many applications such as organic light 

emitting diodes 
5
, organic solar cells 

6
, field effect transistors 

7
, and data storage 

8
. Due to its 

applicable potential in various applications, a considerable effort has been made to understand the 

chemical properties and fundamental physics of the fullerene molecule. Given that most applications 

of C60 have been assessed in the form of a molecular layer on a supporting substrate, much of this 

effort has thus far been focused on gaining precise information about the behavior of fullerene on 

various surfaces. To realize graphene-based organic electronic devices, it is of significance to 

understand the equilibrium configurations of molecules on graphene and the interaction between 

certain molecules and graphene. 

The synthesis of graphene on Cu by the chemical vapor deposition (CVD) method is one of the 

most popular ways used to obtain large-sized graphene 
9
. However, there has been no investigation of 

C60 molecules on graphene/Cu regarding the precise adsorption sites, adsorption structure, and the 

detailed relationships between graphene–substrate and fullerene–graphene. In this paper, we report a 

low-temperature scanning tunneling microscopy (STM) study of self-assembled fullerene molecules 

on graphene/Cu(111) combined with first-principles density functional theory (DFT) calculations. By 

preparing sub-monolayer C60 molecules on graphene/Cu(111), we can successfully resolve the exact 

adsorption site and orientation of individual fullerenes by means of STM. Interestingly, all of the 

fullerenes are shown to be arranged in a single orientation. We find that the C60–graphene interaction 

and the C60–C60 Coulomb interaction play important roles in determining the configuration of self-

assembled fullerenes. 

 

4.2 Adsorption structures of fullerene (C60) 

 

Considering the symmetry of C60, there are five possible orientations with respect to the top of its 

cage (Figure 44(a)). Assigning a method is simple. The location of lobes in positive sample bias 

images correspond to the locations of pentagon rings in the fullerene cage structure, while the 

localized high-density regions observed in the monolayer HOMO band can be identified with carbon 

double bonds. For example, this figure is imaged at positive sample bias, so in this case, pentagon 
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rings are displayed as protrusions. In Figure 44(b), molecule 1 exhibits a C–C bond between a 

pentagon and a hexagon at the top, molecule 2 shows a C–C bond between two adjacent carbon 

hexagons, molecules 3 and 4 expose a pentagon and a hexagon at the top, each molecules correspond 

to: 1  heart shape, 2  twofold shape, 3  donut shape, 4  threefold shape, and 5  asymmetric 

twofold shape. 

 

  

Figure 44. (a) STM image of a C60 adsorbed on Cu(100).  

(b) Molecule orientations 1 – 5 indicated as dashed circles 
10

. 
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4.3 Experimental details 

The experiments were performed using a commercial UHV LT-STM (SPECS, JT-STM). The 

base pressure was less than 4.5 × 10
−11

 Torr. The Cu(111) single crystal was cleaned by several cycles 

of Ar
+
 sputtering and annealing. After the sample cleaning process, single-layer graphene was 

synthesized by an Ar-assisted growth method (see Chapter 2.2). Ethylene gas (99.8%, Sigma-Aldrich) 

was leaked into the preparation chamber at a pressure of 1.0 × 10
−4

 Torr followed by the introduction 

of Ar gas to a total pressure of 1.0 mTorr. The temperature of the substrate was kept at 800 °C. After 

confirming single-layer graphene by STM, we deposited C60 molecules (Alfa Aesar, 99.9%) onto the 

graphene-covered Cu(111) substrate at room temperature by thermal evaporation. All STM and STS 

experiments were carried out at a sample temperature of 1.2 K. Differential conductance was obtained 

by a lock-in technique with an AC modulation voltage of 50 meV (rms) at 727 kHz to the sample bias. 

 

4.4 Calculation details 

We used the Vienna Ab initio Simulation Package (VASP) to calculate the ground state of a many 

electrons system in the frame work of DFT 
11-14

. The plane-wave basis set with an energy cut-off of 

400 eV and the PBE-type gradient-corrected exchange–correlation potential were used 
15

. The van der 

Waals interaction was implemented using the scheme of DFT-D2 
16

. The ions were described by the 

projector augmented wave (PAW) potentials. To model the graphene/Cu template, we used a (4 × 4) 

supercell of graphene on the three layers of Cu(111). The stacked layers of C60/graphene/Cu were 

separated from their replica along the perpendicular direction by more than 10 Å. In the self-

consistent-field total energy calculations, the k-points were sampled over the uniform 3 × 3 grid in the 

Brillouin zone of the (4 × 4) two-dimensional graphene superlattice. All of the atomic positions were 

relaxed within residual forces smaller than 0.01 eV Å
−1

. To simulate the STM images of the occupied 

and unoccupied states, we integrated the Kohn–Sham charge density in the energy window of 1.7 eV 

below or above the Fermi level, respectively 
17

. 
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4.5 Results and Discussion 

 

Figure 45(a) shows an STM topography image of a single-layer graphene island on a Cu(111) 

single crystal. We could easily observe graphene islands, the sizes of which were smaller than ~100 

nm. When we evaporated C60 molecules onto graphene/Cu(111) at room temperature, the fullerenes 

formed a superstructure of close-packed hexagonal structures on both graphene and Cu surfaces 

(Figure 45(b)). The height of the C60 island on graphene is 8.5 ± 0.5 Å, higher than that on Cu(111) 

(6.3 ± 0.2 Å) in the STM images (Figure 45(c)). The intermolecular distance between the fullerenes is 

9.9 ± 0.2 Å on graphene and 10.3 ± 0.2 Å on Cu(111). Typically, C60 molecules tend to form a 

hexagonal arrangement on the surface due to their lateral interaction. The different intermolecular 

distances originate from the different lattice constants of the underlying surfaces. The Cu–Cu bond 

length is 2.56 Å and the lattice constant of graphene is 2.46 Å. The van der Waals diameter of C60 is 

approximately 1.1 nm, which corresponds closely to nearly four unit cells of the underlying surfaces, 

i.e., 10.2 Å for Cu(111) and 9.8 Å for graphene, indicating that the monolayer of C60 molecules on 

graphene and Cu(111) is arranged in a (4 × 4) superstructure.  

 

4.5.1 Electronic structures of C60 on graphene/Cu(111) 

 

The electronic structures of fullerene on graphene were measured by scanning tunneling 

spectroscopy (STS). It should be noted that the Dirac point (ED) of graphene is located at −300 meV; 

that is, the Fermi level is shifted toward the unoccupied states (see Figure 45(d), and Chapter 3). It is 

well known that the Dirac point shift of graphene is strongly influenced by the underlying substrate 
18-

21
. The charge transfer due to the work function (𝜙) difference between graphene and the substrate 

results in the electron or hole doping of graphene. In our STS result, the Fermi level shift toward the 

unoccupied states indicates the n-type doping of graphene by the electron transfer from Cu to 

graphene. The STS of the fullerene on graphene shows well-defined peaks at −2.7, 0.7, and 2.1 V, 

which correspond to the highest occupied molecular orbital (HOMO), the lowest unoccupied 

molecular orbital (LUMO), and the LUMO+1 states of fullerene, respectively.  

All peak positions are directly related to the alignment of the molecular resonances of the C60 

molecules. The measured HOMO–LUMO gap is ~3.4 eV, which is larger than that of fullerene on a 
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metal surface 
22-24

. Free standing fullerene molecules have a high electron affinity of 2.7 eV 
25

 and a 

bandgap energy of 4.9 eV 
26-28

. When most molecules with high bandgap energy form an island on a 

metal surface, the HOMO–LUMO gap is reduced. Fullerene also diminishes its gap on a metal surface 

compared to that of free C60 owing to the charge screening by neighboring molecules and the metal 

surface 
23, 29, 30

. On graphene, however, C60 molecules are electronically decoupled from the substrate. 

Therefore, the screening effect of the substrate is ignorable. In recent experimental results, the authors 

have studied C60 molecules on graphene synthesized on different substrates 
31-36

. A similar decoupling 

effect of graphene was reported by Cho et al. 
32

. On graphene on a silicon carbide (0001) surface, C60 

has a large HOMO–LUMO energy gap ~3.5 eV, which is somewhat larger than our result. On the 

other hand, when adsorbed C60 molecules commensurate with the Moiré structure of graphene on 

ruthenium (0001), the LUMO states shift toward a lower energy level because of the large amount of 

trapping energy 
34

. However, we could not find any influence by graphene Moiré patterns on the 

adsorbed C60 molecules. This implies that self-assembled superstructure molecules on graphene 

exhibit different electronic structures and behaviors, depending on the supporting subsurface of the 

graphene layer.  

 

4.5.2 Adsorption site  

 

To confirm the exact adsorption site of fullerene on graphene, we obtained an atomic-resolution 

STM image of graphene near the edge of a C60 island (Figure 46(a)). Evidently, C60 molecules are 

arranged in a (4 × 4) superstructure, with the center of each fullerene molecule located at the center-

point of a Carbon–Carbon (C–C) bond of graphene. Interestingly, all of the C60 molecules have the 

same intramolecular configuration on graphene; the brightest region is shifted from the C–C center 

position and from the adsorption site at a positive bias (Figure 46(b)). At a negative bias, fullerenes 

are imaged as having a three-lobed shape (Figure 46(c)). In our result, nearly every fullerene inside an 

island has the same intramolecular configuration regardless of the island size (Figure 47), which 

suggests that all of the fullerenes on graphene are equally oriented. During STM experiments, we 

always confirmed the cleanliness of the tip by measuring the STS on Cu(111) or graphene/Cu(111) 

surfaces before imaging the STM topography, since the molecular orbital of fullerenes could be 

imaged differently by the adsorption of C60 on the tip apex 
33

. 
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In the STM topography, the intramolecular configuration is shown to be related to the electronic 

structure of the fullerenes 
22, 37

. The hexagon:pentagon (6:5) single bonds in fullerene, which have 

relatively low electron density, are shown to be brighter at the LUMO states (a positive sample bias), 

whereas the hexagon:hexagon (6:6) double bonds are imaged as protrusions at the HOMO states (a 

negative sample bias). In order to confirm the precise intramolecular structure of fullerene, we 

performed the DFT calculations on our system. Considering the symmetry of C60, there are five 

possible orientations with respect to the top view of its cage: a hexagon (H), a pentagon (P), a carbon 

atom (CA), a 6:6 bond (H:H), and a 6:5 bond (H:P). Among these orientations, CA presents the best 

agreement with the experimental results. Figure 46(d) shows the equilibrium configuration of C60, 

where a carbon atom of fullerene is located at the center-point of a C–C bond of graphene. For this 

orientation, the calculated HOMO and LUMO images are analogous to the experimental results 

(Figure 46(e) and (f). 

 

4.5.3 Determination of the adsorbed configuration for C60 on graphene 

 

In previous studies for C60 molecules on surfaces, fullerenes in general showed H, P, H:H and H:P 

orientations in self-assembled islands 
30, 32, 33, 38

. Unlike those on graphene, we observed that the 

orientation of C60 molecules on Cu(111) was not uniform. Figure 48(a) shows the calculated total 

binding energy of C60 islands on graphene for the H:P, P, and CA orientations. The CA orientation 

shows the lowest energy of −1.787 eV, which means that the configuration of C60 molecules in our 

result is the most stable in terms of binding energy. The major interactions determining the 

equilibrium superstructures of self-assembled adsorbates are the following, first, the interaction 

between the substrate and molecules and second, the interaction with neighboring molecules. We 

calculated the binding energy of C60 island without supporting layers to observe the effect of the 

substrate. In this case, the CA orientation showed the lowest binding energy as well, while the H:P 

orientation showed a lower binding energy than the P orientation. The binding energy difference 

between Figure 48(a) and (b) represents the adsorption energy of C60 on graphene/Cu(111). The 

adsorption energies of C60 in the CA, P. and H:P orientations are −0.991, −1.047, and −0.977 eV, 

respectively. This implies that the C60–graphene interaction is the strongest for the P orientation. As 

noted above, a pentagon ring of C60 is an electron-poor region, and the graphene on Cu(111) is doped 

by electrons due to the charge transfer. Thus, the electrostatic interaction between C60 and 
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graphene/Cu(111) is the strongest for the intramolecular configuration with a pentagon ring of 

fullerene facing a graphene surface. 

Our experimental and theoretical results show that the C60–C60 intermolecular interaction plays a 

more important role in determining the equilibrium configuration of each molecule than the C60–

graphene interaction. Why does the CA orientation have strong intermolecular interactions? Figure 

49(a) shows a side view and a Schlegel diagram of fullerene in the CA orientation, which illustrates 

the distribution of C–C and C=C bonds in the circumference of a fullerene. There are eight electron-

poor (e-poor) single bonds (C–C) and two electron-rich (e-rich) double bonds (C=C). The strong 

attractive Coulomb interaction may favor the arrangement of e-poor and e-rich bonds. Additionally, 

the repulsive force between e-poor bonds also affects the azimuthal orientations of fullerenes. 

Considering the molecular symmetry, we can verify that the Coulomb interaction among molecules 

becomes stronger when the fullerenes are arranged in the same way as our experimental result (Figure 

49(b)). On the other hand, all of the bonds in the circumference are e-rich double bonds (C=C) in the 

P orientation (Figure 49(c) and (d)), which induces repulsive force only among the molecules 

regardless of the azimuthal orientation. We suppose that the isolated C60 molecules may have lower 

energy for the P orientation upon adsorption. When they are assembled into an island to form a (4 × 4) 

structure, a 20.3° tilt of C60 molecules from the P orientation to the CA orientation can diminish the 

intermolecular Coulomb energy. 

Although most C60 molecules in islands have the same configuration, we could incidentally find a 

disarrayed fullerene in a C60 island (Figure 50). Interestingly, it changes its configuration during 

successive scanning processes, which means that the rotations of this unstable fullerene are induced 

by the STM tip. After the 11th scan, it finds a stable configuration of CA, at which point it no longer 

changes its orientation. It is difficult to evaluate the energy barrier related with the rotation of the 

fullerene inside islands, but it appears that the strong electric field would be sufficient to overcome the 

rotational energy barrier. In summary, we recognize that the CA orientation is the most stable 

orientation and the main origin is a strong intermolecular interaction. Both interactions determine the 

individual orientations of fullerenes on graphene/Cu(111). 
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Figure 45. Self-assembled C60 molecules on SLG/Cu(111): STM images of (a) a SLG island on 

Cu(111) (100 × 100 nm
2
, Vs = 0.1 V, It = 0.5 nA) and (b) C60 molecules on Cu and SLG (100 × 100 

nm
2
, Vs = −0.2 V, It = 0.1 nA). (c) The line profiles of the C60 self-assembly on Cu(111) (top) and on 

graphene (bottom) taken along the white and red lines in (b). dI/dV spectra measured from (d) 

graphene and (e) fullerene. The inset in (a) is a high-resolution STM image showing the graphene 

lattice (2.4 × 2.4 nm
2
, Vs = −0.01 V, It = 3.0 nA). The red arrow indicated in (d) reveals the position of 

the Dirac point (see Chapter 3). 
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Figure 46. Adsorption orientation of C60 island on SLG/Cu(111): (a) STM image of C60 molecules 

on SLG/Cu(111) (9.0 × 5.8 nm
2
, upper region: Vs = 0.9 V and It = 100 pA, lower region: Vs = 3 mV 

and It = 2.0 nA). STM images of C60 molecules depending on sample bias acquired at (b) Vs = 0.9 V, It 

= 0.1 nA, and (c) −2.7 V. (d) Optimized configuration of C60 on SLG/Cu as calculated by DFT 

calculations. The simulated STM images of C60 molecules in a (4 × 4) superstructure for the (e) 

LUMO states and (f) for the HOMO state. The red lines in (a) are drawn along the center of carbon 

rings. The white rhombus in (a) indicates a (4 × 4) unit cell of graphene. 
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Figure 47. Self-assembled fullerene islands of various sizes. (a) Vs = 1.5 V and It = 30 pA, (b) Vs = 

2.0 V, and It = 30 pA, and (c) Vs = 1.5 V and It = 30 pA. The bottom images are magnified images of 

the upper ones. 
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Figure 48. Binding energy per C60 for various orientations, i.e., H:P, P, and CA: (a) C60 molecules 

on SLG/Cu(111) and (b) free-standing C60 molecules. 
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Figure 49. Intermolecular interaction among self-assembled C60 molecules on SLG/Cu(111). (a) 

and (c): side view and Schlegel diagram of C60 in each orientation. (b) and (d): The distribution of e-

poor and e-rich C–C bonds in the circumference of self-assembled C60 molecules in each orientation. 

 

 

Figure 50. Recovering orientation of a disordered C60 molecule during consecutive scans. Top: a 

series of STM images (3 × 3 nm
2
, Vsample = 1.5 V, and It = 50 pA). The disordered fullerenes are 

marked by the white dotted circles. Bottom: the top view orientation of C60s as marked in the images. 
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4.6 Conclusions 

 

In conclusion, we present the atomically resolved experimental measurements of the self-

assembled fullerene molecules on single-layer graphene on Cu(111). Fullerene molecules form a (4 × 

4) superstructure on graphene/Cu(111), revealing only single molecular orientation. We have 

successfully resolved the most stable configuration of self-assembled fullerene molecules on 

graphene/Cu(111) by means of low-temperature scanning tunneling microscopy (LT-STM) and 

density functional theory (DFT) calculations. Fullerene molecules absorb at the center-point of C–C 

bonds of graphene with the homogeneous arrangement of C60 molecules inside islands on graphene. 

The n-doped graphene on Cu(111) prefers the P orientation of a fullerene energetically; however, the 

Coulomb interaction among neighboring fullerenes molecules is strong enough to align the C60 

molecules in a final orientation of CA. The adsorption orientation can be explained in terms of the 

competition between intermolecular interactions and molecule–substrate interactions, where strong 

Coulomb interactions among the fullerenes determine the in-plane orientation of the fullerene. We 

believe that our findings have demonstrated the importance of molecule–substrate and intermolecular 

interactions in determining equilibrium alignment for weakly adsorbed molecular systems like van der 

Waals interaction, thus also providing a useful fundamental for developing graphene-based organic 

electronic devices in the future. 
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CHAPTER 5.  

ELECTRIC FIELD-INDUCED IONIZATION OF C60 

SINGLE-MOLECULE ON GRAPHENE 

 

The C60 molecular ions are ideal candidates for analyzing Jahn-Teller effect because the large size 

of molecule (1 nm) makes it easily discernible through STM. High degeneracies in the electronic and 

vibrational states are changed by the Jahn-Teller distortion, producing splitting in the electronic states. 

In this chapter, we will consider the electric field-induced ionization of individual fullerene molecules 

by the resonance at the image-potential state. And then, we will try to take the JTE to explain how 

newly generated electronic high structural symmetries are closely linked to electronic degeneracies in 

electronic energy levels. Breaking the structural symmetry can result in breaking the electronic 

degeneracy. The C60 anion with degenerated orbitals can lower the energy of occupied electronic 

levels while raising the energy of empty states with structural distortion, reducing the total energy. 

Then, we will address why fullerene molecules can be modified, what is the mechanism, and how it is 

stable by means of fundamental physical theories related to image-potential state, ionization, and the 

Jahn-Teller effect. 

 

5.1 Introduction 

STM has enabled visualization of single-molecular science by revealing the basic properties of 

molecules and their interactions with surroundings (see Chapter 4). Combining topological imaging 

with spectroscopic characterization, STM can provide the characterization of individual molecules as 

a real-space. Today, researchers achieved the quantitative studies of molecular science such as atomic 

switch 
1
, single molecule reaction–excited by electronic 

2
, vibrational 

3, 4
, and tip-catalytic 

5
, lateral 

hopping 
6, 7

, desorption 
7
, rotation 

8, 9
, dissociation 

10
, bond formation 

11
, and polymerization 

12
.  

These observations on surfaces constitute the basic steps for several surface chemical reactions 

and provide the fundamental information of mechanisms of surface chemistry. A detailed introduction 
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to the experiments and theories can be found in the review paper “Action spectroscopy for single-

molecule reactions” by Kim et al. 
13

.  

 

5.2 Jahn-Teller effect 

In 1937, H. A. Jahn and E. Teller demonstrated the formation of stable configurations of nonlinear 

and degenerated molecules by electronic effect. This is the Jahn–Teller effect (JTE) which is 

associated with modified electronic configuration due to the structural distortion for unstable 

molecules or ions. It describes the fundamental understanding in a local feature of any polyatomic and 

high-symmetry systems 
14, 15

. Through JTE, a high symmetry unstable molecule removes the 

degeneracy with nuclear displacement (generally 0.2 to 1.0 Å), the overall energy of system lowers 

than unstable status. Figure 51 shows an example of JTE – an octahedral complex elongated by 

reconstruction of d orbitals, so that two bonds (axial) are different lengths from the remaining four 

(equatorial). Degenerated d orbitals are split into several different energy levels.  

We can recognize this phenomenon in the UV-VIS absorbance spectrum by identifying a band split 

16
, and in the low-temperature electron spin resonance spectra / electron paramagnetic resonance 

(ESR/EPR) 
17

. Also, this distortion can be directly distinguished by STM in picometer scale 
18

. 

 

 

Figure 51. An example of Jahn-Teller effect (JTE) which is one part of the Crystal-Field Theory 

(CFM). (a) Energy splitting diagrams for core metal ions of an octahedral molecule. (b) 

Corresponding change of geometric structure.  
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5.3 Results and Discussion 

 

Chemical modification of graphene is one of the hot issues and has yet to be fully explored. 

Graphene is known to be quite inert, but recent reports have revealed the feasibility of chemical 

modification of graphene. We planned to focus on the chemical modification of graphene and/or 

adsorbate on the basis of the previous results (Figure 52) 
19-23

. By applying high bias voltage (over +4 

eV) related to image-potential on the top of fullerene on graphene, we expected graphene 

modification. However, a strange phenomenon was detected. First, the protrusion, ~2.3 Å higher than 

the C60 molecule (Vs = –1.5 V), was imaged only at negative sample bias. Second, protrusions easily 

move to a neighboring position by the tip, and recover the original C60 molecule shape. In this study, 

we investigated C60 molecules on graphene films prepared on a Cu(111) single crystal by means of 

STM at low temperature. 

 

 

Figure 52. Exemplary graphene modifications by chemical routes. 
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5.3.1. Jahn–Teller effect of C60 anion 

 

Fullerene is one of the most intriguing model systems for the JTE due to its high-symmetry. In 

general, geometric and electronic fullerene molecules are influenced by molecular dynamics and the 

crystal field theory, thus these two theories interplay with each other. The LUMO state (t1u) can 

especially receive additional electrons with a proper electron donor such as an alkali metal because 

fullerene molecules have the high electron affinity (EA) of 2.7 eV 
24-26

. Since the neutral fullerene’s 

structure is equitably rigid and added electrons dispersed over 60 carbon atoms, it is not surprising 

that electronic structure of all the anions is found to be very similar. The gross geometries are also no 

significant difference that the length of the short bonds (C=C) connecting pentagon rings increases 

only 2.3% for 6

60C   
27

. By the equivalence of electron donors, the t1u state filled partially or 

completely is modified by the process of JT distortion. A C60 molecular ion spontaneously forms a 

suitable electronic and geometric structure with a splitting degenerated electron state, i.e. a2u and e1u. 

in order to decrease the overall energy. Figure 53 shows the representative JT distorted C60 anion by 

changing energy degeneracy and its symmetric point group 
17, 27

. Fullerene anion can split the t1u 

(LUMO+1) and hu (HOMO–1) molecular orbitals into two ways. This was already anticipated by the 

theoretical calculations 
28, 29

 and the near-infrared spectroscopy (NIR) results 
30, 31

. Arithmetically, 

fullerene molecule can accept six electrons in its triply degenerated t1u orbital. An additional electron 

more than six is difficult to receive in the t1g (LUMO+2) molecular orbital because t1u and t1g orbitals 

are about 1 eV apart 
32

 (see Figure 4). Figure 54 shows the calculated result which is the most stable 

JTD of 60Cn  ( 6n  ) when electrons are filled only into the first outmost shell of C60. This is the best 

reference to evaluate our STS results what is the orbital filling order. 

Recent theoretical and experimental evidences indicate that the C60-based bulk solids can be tuned 

between metallic
33

, insulating
34, 35

, and superconducting
36

 states by changing the charge state and/or 

local environment of the constituent molecules. Despite this interesting topic, research on Jahn-Teller 

effect for C60 anions has been carried out using only bulk-scale
37

, theory
38

, alkali metal doped-C60 

molecules
25

 and impuritie-induced C60 complexes 
39

. In this study, we will address the evidence of the 

JTE and visualized distortion of undoped-C60 single anions on SLG/Cu(111).  
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5.3.2 Making C60 protrusion by the electric field 

 

The neutral fullerene molecules can be easily polymerized or depolymerized with the neighboring 

fullerene molecules by resonant its electronic structure such as the HOMO or LUMO states, 

respectively 
12, 40, 41

. In other words, STM-induced ionization of neutral C60 molecules induces lateral 

40, 41
 and perpendicular 

12
 chemical reactions, by creating or annihilating intermolecular [2+2] bonds at 

designated single molecules. The same results can be found on electron-irradiated C60 thin films 

surface 
42

. An electron irradiation with an energy of 100 ~ 2000 eV creates C60 polymer clusters. 

However, the ionized C60 molecules were not visualized by the STM/STS due to its fast radical 

reaction or losing the charge by substrate, except alkali metal-induced C60 anion 
26

. In this subchapter, 

we will describe how to make stable C60 anion and confirm the electric condition. 

Pristine C60 molecules were grown on single layer graphene (SLG) on Cu(111) (method see chapter 

2.6.3, 3.2, and 4.3). The weak interaction between C60 molecules and SLG/Cu(111) enables the 

uniform formation of C60 islands with a carbon apex (CA) molecular orientation due to the 

competition of the strong Coulomb intermolecular and weak van der Waals interaction with SLG 
43

. 

Figure 55(a) shows an STM image of a C60 monolayer island taken under proper imaging conditions 

of a sample bias of –2.5 V (Vs) and a tunneling current (It) of 50 pA after intentionally removed single 

C60 molecule on the edge of image (top-left position) as a marker. The C60 molecules have a triangular 

shape orientation at this sample bias voltage as mentioned previous chapter. The ionization was 

induced during I-V sweep on the marked position (Figure 55(b) and (d)) when electrons energy reach 

to 3.91 V. In the swept position, the internal structure exhibits a protrusion as compared with the third 

neighboring C60 molecules away from the red position (Figure 55(c)). The first neighboring C60 

molecules near a protrusion also show a brighter image contrast. Figure 56(a)-(c) show snapshots of 

STM images taken before and after modifying C60 molecules one by one through direct pulse on 

C60/SLG/Cu(111). All protrusion was made by 4.4 V bias pulse and 80 nA tunneling current for below 

10 seconds. Although the protrusion creating probability is very small about 10
–13

 per electron, 

additional protrusions was consistently created by this method. We always checked the tip cleanliness 

before and after bias pulse by measuring dI/dV on Cu(111) or SLG/Cu(111) in order to remove the 

doubt about whether C60-modified tip catalytic reaction or not. As a result we confirmed that the 

change of the image contrast by bias pulse is only electric-field effect. This method enabled us to 

control single molecular modification by high electric field.  
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Although the protrusion in the STM image may be caused by an increase in the electronic density 

of state (DOS), spectroscopic results on local position show that the LDOS of C60 molecules has 

several split resonance peaks between the HOMO and LUMO states (and (b)). Figure 57(a) is the 

most frequently appeared protrusion and its electronic structure in Figure 57(b) exhibits the additional 

peaks at –1.5, –0.79, +0.15, and +0.75 eV with suppression of the LUMO peak and disappearance of 

the HOMO-LUMO gap. We can observe that these states are appeared all over the first neighboring 

molecules (Figure 57(c)). From these results, we strongly suggest that structural change and 

appearance of new states which were not observable on neutral C60 (Figure 57(d) and (e)) are the 

evidence of JTE.  

 

 

 

 

 

Figure 53. The JT distortion requires a splitting of the t1u and hu degenerated state for C60 anion, 

and this process could occur in either of two ways 
17, 27

.  
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Figure 54. Schematic representation of the splitting of the t1u orbitals of 
60Cn  as a function of the 

C60 charge induced by JT distortions. These representative configurations are the most stable position 

44
. 

 

Figure 55. STM images of C60 molecules on a graphene substrate. (a) Before applying bias on the 

mark; (b) applying bias (I-V curve); and (c) after applying bias. (d) The current trace measured by I-V 

curve. The sharp drop in current at 3.91 V corresponds to the moment of ionization of the C60 

molecules. (e) The height of C60 anion taken along the dashed line in (c) at Vs = –2.5 V and It = 50 pA. 

All STM images were taken at Vs = –2.5 V and It = 50 pA.  
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Figure 56. STM images of C60 island on SLG/Cu(111). (a)-(c) The consecutive 4.4 V bias pulses 

on a different position of same C60 island. (d) The time via current spectrum during a 4.4 V bias pulse 

over a C60 neutral molecule. The current drop indicates the momentum of ionization, and the inverse 

value of a total charge of current area during 1.7 s indicates the ionization probability per one electron. 

Tunneling condition: (a) Vs = –1.5 V, It = 50 pA, (b)-(c) Vs = –2.5 V, It = 50 pA.  
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Figure 57. (a) A protrusion frequently appeared protrusion by applying a high bias pulse of ~4.4 

eV. Vs = –1.5 V, It = 50 pA. (b) dI/dV spectra in both forward and backward sweeping directions at 

the indicated red circle in (a). (c) Line spectroscopy (see the method in Chapter 3.5.1) along the white 

dashed line in (a). (d) dI/dV in spectra both forward and backward sweeping directions for the neutral 

C60 molecule at the indicated blue circle in (a). (e) Enlarged spectra of (f) as a same range as in (b).  
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Figure 58. Series of STM images depending on sample bias (4.8 × 4.7 nm
2
). Green arrows 

indicate the position of protrusion which was created by high bias pulse. It = 50 pA.  
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5.3.3 Determination of charge state whether anion, cation, or neutral 

 

Figure 59 shows STS spectra, taken on the C60 protrusion and its neighboring C60 molecules The 

spectra shown in Figure 59(c) are deliberately multiplied by the intensity in Figure 59(b) in order to 

compare the peak positions of the LUMO state. According to Torrente et al. 
45

, the LUMO state can 

be shifted to higher energy with 400 meV displacement when the six neighboring C60 were removed 

(for an isolated C60). In case of the neighbor down to four, the expected yield becomes 80 meV and 

observed amount is only 30 meV. Because C60 has a large polarizability due to its 60 π electrons, the 

aggregated C60 molecules decrease the charging energies. We also found same result on C60 molecule 

having five neighbors that the LUMO state were located at higher energy of 100 meV than the neutral 

C60 of +0.67 eV. Whereas the LUMO state of the protrusion and the first neighboring C60 were located 

at lower energy level than the neutral C60.  

Pradhan and Nazin et al.
39, 46

 successfully visualized the ionized Cs(C60)3 and Ag(C60)3 complex on 

an Al2O3/NiAl(110) insulating film by imaging the spatial distribution of the dI/dV. Also Brar and 

Wang et al.
47, 48

 succeeded observing ionized Co adatoms on graphene by changing back-gate and 

sample bias. The most surprising features are the screening cloud which is the ring-like features 

around ionized atoms/molecules. Its intuitive feature is also found such as dopants in semiconductor 

systems 
49-51

. We also observed the ring-like features around C60 protrusions (Figure 60). These 

features are known as the evidence of anion. Thus we can conclude that the protrusions are regarded 

as an electron staying in the C60 cage stably due to the very small amount of charge transfer ~0.03 

e/C60 
52

 between SLG and C60 molecules. Besides, the strong Coulomb intermolecular interaction is 

ascribed to dispersion of charge to neighboring molecules. Especially, the STM image in Figure 57(a) 

at a glance, the four neighbors indicated by green arrows have higher image contrast than the two 

neighbors. This implies that the higher LDOS at the indicated positions due to the charge transfer 

from the central anion to facing e-poor region, because the C60 molecules are adsorbed in twofold 

symmetry (CA) and/or central-ion induces the rotation of neighboring molecules. Since we don’t have 

any calculation result above suggestions are difficult to prove.  
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Figure 59. (a) An STM image of C60 protrusion. In order to comparison, we intentionally removed 

a C60 molecule (left bottom position). Vs = –2.5 V, It = 50 pA. (b) dI/dV spectra result on the marked 

position in (a). (c) In order to comparison the peak position, we deliberately multiplied the intensity in 

(b). These dI/dV characteristics result in a different peak position. 

  



105 

 

 

Figure 60. dI/dV maps on C60 protrusion/SLG/Cu(111). All images emerge the ring-like around 

the protrusions. The last image (bottom-right) shows the diameter of ring via energies. It = 300 pA. 
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5.3.4 Mechanism 

 

Bobrov et al. firstly observed atomic resolution of diamond single crystal (100) surface 
53

 with 

assistance of IPS. Generally, diamond surface is insulator, so tunneling current cannot flow both at 

negative and positive sample bias lower than +4.0 V. However, atomically resolved STM images 

were recorded at very high sample bias (+5.9 V). They used the lowest standing wave resonance 

between tip and diamond surface which the energy is higher than the work function of diamond (5.3 

V). This intrigue phenomenon attributes to the resonance at image-potential state (IPS) (see Chapter 

2.3).  

We examined that where the IPS located on Cu(111), SLG/Cu(111), and C60/SLG/Cu(111) surface 

using dz/dV spectra. dz/dV curve is known as the Gundlach oscillation (see Chapter 2.3) which can be 

acquired with the standing-wave resonance states and associated to the work function difference. 

Figure 11 shows dz/dV curves on the four different surface such as Cu(111), C60/Cu(111), 

SLG/Cu(111), and C60/SLG/Cu(111), respectively. The features of the first resonant IPS shows that 

the SLG/Cu(111) surface has the lowest IPS of 3.8 V, and C60/SLG/Cu(111), C60/Cu(111), and 

Cu(111) have 4.2, 4.7 and 4.4 V. According to Shiraishi et al., the work function of C60 film (~140 nm 

thick) is known as 4.6 eV by an SKPM in air 
54

, which is similar to the work function of graphene. 

However, the theoretical calculation results show that Cu(111) contacted graphene receive enough 

electrons from substrate, thus the work function of SLG/Cu(111) has ~4.4 eV which is smaller than 

C60 molecules of 4.6 eV 
55

. These results are well agreement with the difference of first IPS states for 

C60/SLG/Cu(111) of 4.2 V and SLG/Cu(111) of 3.8 V.  

Now we consider the mechanisms of ionization of C60 molecules. Applying high bias of 4.4 eV on 

C60/SLG/Cu(111), we observed the topographical and electronic structural changes. When the sample 

bias pulse matches the first resonance energy on C60/SLG/Cu(111) (Figure 61), the C60 molecule traps 

the additional electron, then progress to the JT distortion. This process has significantly low 

probability of ~10
–13

 per electron rather than other action spectroscopic probability of 10
–9

~10
–10

 

through inelastic tunneling spectroscopic methods (refer to Chapter 5.1 and its references). We 

speculated that reasons why this mechanism has extremely low probability: (1) ionization for single 

C60 molecule is significantly difficult itself, (2) distortion energy barrier from Ih C60 anion to D5d C60 

anion or other symmetric anion is high/low, and (3) the strong Coulomb interactions disturb JT 

distortion process.  
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Firstly, ionization induced chemical reaction is the main theme in organic chemistry, but isolated 

anion is highly reactive. Because it has very unstable state and it cannot be observed without the help 

of cations such as alkali metals or high-affinity ligands, the reaction occurs below the femtosecond 

time scale. As a special case, only simple chemical reaction (covalent bond formation) which has a 

long reaction time could be observed using noncontact atomic force microscopy in UHV environment 

56
. According to Park et al.

57
, single molecular ionization for C60 was indirectly demonstrated with the 

help of the back gate voltage. Due to the poor reproducibility of devices it couldn’t find out the clear 

threshold energy, but the peaks indicated the quantized excitations in which an electron hops from 

60Cn  to ( 1)

60C n   ( 0n  ) and from ( 1)

60C n   to 
60Cn . The same phenomenon appeared only on 

graphene substrate due to the small amount of charge transfer ~0.03 e/C60 
52

 which is similar to the 

insulator films 
39, 46

. These surfaces may enhance the lifetime of tunneling electrons during inelastic 

tunneling process (Figure 62), thus increasing the probability which the additional electron(s) are 

trapped in a neutral C60 molecule even when it has higher potential energy. Once C60 contains 

additional electron(s), it modifies its topographical and electronic structure by the JTE so as to reduce 

its potential energy. Although reduced energy height is unknown, it should work as an inverse 

reaction barrier and make a stable ionized C60 molecule (Figure 63).  

We tried same experiments for C60 molecules on Cu(111) substrate. However, there were no 

change when we applied sample bias pulse up to Vs = +7.0 eV, It = 90 nA for 100 seconds. This is 

because the C60 molecules were strongly bound on Cu(111) surface 
58

, and also the lifetime of the 

Cu(111) surface is very short, lasting just few femto-seconds 
59

. Therefore, C60 molecules on Cu(111) 

surface could not have a chance to change its shape by JTE (Figure 62).  

Secondly, we considered that the distortion energy barrier is closely related the internal vibrational 

modes of the C60 molecules. The extensive theoretical and experimental researches show the lowest 

energy of 33 meV which implies the low distortion energy of C60 from a sphere to an ellipsoid 
60, 61

. 

Also, energy barrier for distorted C60 molecule to another distorted state is significantly low, so the 

molecule can easily move to a distorted state 
29

.  

Thirdly, in previous chapter, we calculated that the most energetically favorable energy (CA) was 

796 meV (133 mV per C60–C60) (see Figure 48(b) in Chapter 4). Thus, in order to deform the neutral 

C60 molecule, one has to overcome the portion of equilibrium C60–C60 binding energy or rotation 

energy as much as –0.796 eV. Néel et al. support our suggestion that the rotation of single C60 

molecules bound on Cu(100) required few µA with 300 mV bias during the tip contact with C60 
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molecules 
62

. We considered that this energy also affects ionized C60 molecules to anchor tightly 

because of the low electron hopping energy from distorted structure to another deformation structure 

63
. This results in a visualization enabled by STM. Figure 64 shows that the yield probability rapidly 

increases when the pulse energy exceeds the first IPS of 4.2 V. It implies the additional energy larger 

than 4.2 V affect to unbinding the neighboring C60 molecules.  

Besides, same phenomena were found by applying the lower bias pulse on SLG/Cu(111) 5, 10, and 

30 nm apart from the C60 island (Figure 65~Figure 67). This was found accidently after recording the 

dz/dV spectrum on SLG/Cu(111) near the C60 island. It is recognized that electron resonances affect to 

a large area depending the tip apex radius. Especially, the edges and boundary of hexagonal C60 island 

are more easily changed by weak bias pulse of ~3.8 eV because they have just three and four 

neighboring molecules. These readily overcome the Coulomb intermolecular interactions (Figure 65(b) 

and Figure 66). Also, IPS-induced ionization is applicable for all of C60 molecules in same island, 

which Figure 67 shows highly dense protrusions. Reverse reaction, deionization, is also possible by 

applying negative sample bias of –4.0 V on SLG/Cu(111) surface (not shown), however protrusions 

could not be removed perfectly. It was not completely solved what is the mechanism and why 

protrusions cannot be annihilated. Therefore, additional researches are needed.  

We observed lots of C60 anions which have different geometric and electronic structures (Figure 68, 

Figure 69). It is estimated that these are differently charged anions because newly created states do 

not matched each other in neither Figure 57 nor Figure 68. Although we can calculate the charge state 

by comparing reaction order (N) on tunneling current (I), 
NR I , where R is the reaction rate 

7, 64
, it 

was impossible to measure the reaction order due to the low probability of 10
–13

/electron and random 

reactions among over six different state. We can just intermittently perceive the different reactions by 

monitoring the time versus current curves (Figure 70).  
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Figure 61. Potential well for the electron resonance on the C60/SLG/Cu(111) surface.  
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Figure 62. Double Barrier Tunnel Junction (DBTJ) for C60 on graphene/Cu(111). This junction 

may increase the lifetime of tunneling electrons during IET process. Whereas C60 molecules on 

Cu(111) strongly coupled with substrate. This system should have shorter electron lifetime than the 

former case.  

 

Figure 63. Possible mechanisms of C60 ionization for (a) free-standing, and (b) CA oriented island.  
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Figure 64. The IPS-induced ionization probability of close packed C60 molecules by (a) pulse on 

top of C60 molecules and (b) on top of graphene surface apart 5 nm from C60 island. 

 

 

Figure 65. (a)-(b)Applied bias pulse of +3.8 V on SLG/Cu(111) surface in 5 nm away from the 

C60 island. (c) Applied bias pulse of +4.0 V at the same position. Vs = –1.5 V, It = 50 pA.  
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Figure 66. (a)-(d) Consecutive bias pulse of +4.0 V on SLG/Cu(111) surface in 10 nm away from 

the C60 island. Vs = –1.5 V, It = 50 pA. 

 

 

Figure 67. Repeated bias pulse on SLG/Cu(111) up to +7.0 V in 30 nm away from the C60 island. 

Vs = –1.5 V, It = 50 pA.  
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Figure 68. Various kinds of C60 anion which have different electronic structures. Vs = –1.5 V, It = 

30 pA. 

 

 

Figure 69. Tip-induced shape changes. By touching the protrusions, these shapes are easily 

modified to the other JT distortion states. Vs = –1.5 V, It = 30 pA.  
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Figure 70. Differently measured time-current spectra  
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5.4 Conclusions 

 

The first goal of this chapter was the chemical modification of graphene on the basis of the 

previous result (Figure 52) 
19-23

. With a state-of-the-art STM technology and precision experiments, 

we expected the covalent bond formation between C60 and monolayer graphene by injecting high 

energy electrons into the individual C60 molecules. However, we observed unusual changes in the 

geometric and electronic structures of C60 molecules during bias pulse matching the IPS. First, it 

showed higher and lower height at negative and positive sample bias images than surrounding 

inherent C60 molecules, respectively. This implies that the electronic structure changed and additional 

electronic states were generated in the HOMO-LUMO gap. Second, after high bias pulse, C60 

molecules presented ring like features in the differential conductance map. According to previous 

results, this was the clear evidence of C60 anion. The difference with literatures is that ionization 

process occurred without any aid of external catalytic effects such as Cs, Ag, and alkali metal atoms, 

or back-gate electric effect. Third, we observed many kinds of geometric and electronic structures for 

C60 anion and differential conductance map showed little different ring-like features. Although we 

strongly speculated that this delicate difference may be due to the charge state of C60 anion, it was not 

verified due to the limitations of experimental conditions. Considering overall analyses, we concluded 

that the protrusions at negative sample bias image are structurally distorted C60 molecules. These 

molecules are energetically stable which is imageable by STM. This is because electron-added C60 

molecules voluntarily modified its structural configuration by the Jahn-Teller effect. Also, distortion 

energy and Coulomb interactions with CA orientation (see Chapter 4) acted as an inverse reaction 

barrier, we thought inverse reaction is possible, and in many cases it had been observed. 

Unfortunately, quantitative experimental results were not enough to report, and more researches were 

needed.  

The C60 molecular ions are ideal candidates for analyzing JTE because the large size of molecule 

(1 nm) makes it easily discernible through STM. High degeneracies in the electronic and vibrational 

states are changed by the JT distortion, producing splitting in the electronic states. Using first 

resonance of IPS on both SLG/Cu(111) and C60/SLG/Cu(111), we have successfully demonstrated 

how a C60 anion, a key factor in formation, can be experimentally controlled. In this chapter, we 

considered the electric field-induced ionization of individual fullerene molecules by the resonance at 

the image-potential state. And then, we tried to take the JTE to explain how newly generated 



116 

 

electronic high structural symmetries are closely linked to electronic degeneracies in electronic energy 

levels. Breaking the structural symmetry can result in breaking the electronic degeneracy. The C60 

anion with degenerated orbitals can lower the energy of occupied electronic levels while raising the 

energy of empty states with structural distortion, reducing the total energy. We addressed why 

fullerene molecules can be modified, what is the mechanism, and how it is stable by means of 

fundamental physical theories related to image-potential state, ionization, and the Jahn-Teller effect. 

Our results support the tuning molecular electronic configuration by JTE and will open new routes 

towards individual ionization of high-symmetrical molecules on the small charge transfer substrate. 
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