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and JARA, D-52425 Jülich, Germany
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Abstract

The local dimerization and dedimerization of C60 molecules in a C60 thin film

using a scanning tunneling microscopy (STM) [M. Nakaya et al. Adv. Mater. 22,

1622 (2010)] are promising techniques for realizing ultradense data storages.

However, the detailed mechanism of the reversible topochemical reactions

has not been clarified yet. Based on the density functional theory we explain

the mechanism in terms of charging and electric-field effects on the molecules.

The total-energy calculations reveal that when the C60 molecules in the sur-

face layer are negatively charged, the dimerization is promoted and inter-

layer dimers composed of two C60 molecules in different layers are formed
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dominantly over in-plane dimers. When the thin-film surface is positively

charged or the inter-layer dimers are exposed to a strong electric field, a C60

monomer pair becomes more stable than a C60 dimer, and the dedimerization

is promoted. These results predict competition between the dimerization and

dedimerization of a negatively charged C60 binary system in a strong elec-

tric field, which is indeed confirmed by our STM experiments. In addition,

the dedimerization induced in the electric field is discussed from the view-

points of the intermolecular donor-acceptor interaction and the charge-dipole

relaxation of a C60 binary system.

1. Introduction1

A C60 molecule[1, 2] has a stable spherical-cage structure, and its unique2

geometry yields the characteristic electronic properties.[3] For instance, it3

is known that C60 molecules condensate to form a fcc-structured molecular4

crystal[4, 5] or a thin film[6] on a substrate through the van der Waals in-5

teraction. C60 molecular thin films grown on substrates are considered as a6

potential platform for building up electronic device elements on/in it, and7

therefore, have been strenuously investigated so far.[7–16]8

In 2010, Nakaya et al. experimentally reported that C60 molecular thin9

films can be used as an essential constituent for a topochemical ultradense10

data storage.[17–20] The most important finding is that one can selectively11

induce local C60 dimerization and dedimerization (decomposition of a C6012

dimer into two separate C60 monomers) in a C60 thin film using a scanning13

tunneling microscopy (STM). Both of the chemical reactions can be induced14

locally at a molecular level using a STM tip, and the resultant dimers are15
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confirmed to be nonvolatile at room temperature at least for one week. These16

facts indicate that the topochemical manipulation of C60 molecules can be17

suitable and applicable to an ultradense data storage. In Ref. [17], two18

C60 molecules are expected to be bound through a [2+2] cycloadditive four-19

membered ring and form a dumbbell-shaped C60 dimer with the D2h point20

symmetry, because the dumbell-shaped structure is thought to be the most21

probable one for a C60 dimer that two C60 monomers coalesce.[21–27] Some22

other geometries possible for a C60 dimer have been so far proposed, e.g.,23

a single-bonded C60 dimer and a peanut-shaped one. The former can be24

excluded, because it is reported to be unstable in charge-neutral condition[25]25

and to transform easily to a dumbell-shaped dimer.[26] The latter is also26

excluded, because some of the C–C bonds of C60 molecules have to be broken27

for forming a peanut-shaped C60 dimer, suggesting a large energy barrier for28

the dimerization. In addition, the inter-sphere distance of a peanut-shaped29

C60 dimer is too short, i.e., 8.5–8.7 Å,[27–29] therefore, the local dimerization30

in a C60 molecular crystal/thin film is expected to be obstructed by steric31

hindrance.32

So far, coalescence of C60 molecules and formation of a dumbell-shaped33

C60 dimer have been experimentally and theoretically studied,[30–36] while34

there are few studies that discuss the mechanisms of both dimerization and35

dedimerization processes together.[37–39] In 2007, Sheka theoretically in-36

vestigated both of the dimerization and dedimerization from the viewpoint37

of intermolecular donor-acceptor interaction.[38–40] Referring to a hetero-38

bimolecular system, i.e., a couple of donor and acceptor molecules, the author39

points out that the dimerization is promoted when C60 molecules are nega-40
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tively charged, and the dedimerization occurs when C60 dimers are positively41

charged. However, a C60 dimer is a homo-bimolecular system composed only42

of single molecular species. In addition, we cannot ignore the fact that the43

dedimerization can be induced also when C60 dimers are negatively charged,44

as seen in Figure 2b of Ref. [17]. To the best of our knowledge, the mecha-45

nisms of the local C60 dimerization and dedimerization reported in Ref. [17]46

have not been clearly interpreted yet.47

In this paper, aiming at providing a consistent interpretation of the local48

C60 dimerization and dedimerization experimentally observed in Ref. [17], we49

theoretically investigate the total energies of a pair of C60 monomers and a50

dumbell-shaped C60 dimer as well as the energy barrier for the dimerization51

and dedimerization processes within the framework of the density functional52

theory.[41–43] Since the couple of the chemical reactions occurs locally un-53

der a STM tip, we take into account finite external electric fields induced54

by the STM tip as well as negative/positive charge induced on C60 monomer55

pair/dimer. In addition, we take into account non-uniform distribution of the56

induced charge to C60 spheres, because the dimerization can occur between57

C60 molecules in different layers with different charging states. According to58

the total energy calculations including the van der Waals interactions,[44–49]59

we propose theoretical scenarios of the local C60 dimerization and dedimer-60

ization selectively induced in the STM experiment. We also discuss how the61

intermolecular donor-acceptor interaction contributes to the reversible chem-62

ical reactions based on the first ionization energy and electron affinity of a63

C60 molecule, and compare the contributions from the intermolecular donor-64

acceptor interaction and the charge-dipole relaxation to the dedimerization65
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when external electric fields are applied.66

2. Methods67

2.1. Geometrical optimization68

The geometries of the C60 binary systems were optimized for both of neg-69

atively and positively charged configurations as well as for neutral one using70

the VASP code,[50–53] a plane-wave-based implementation of the projector-71

augmented wave (PAW) pseudopotentials proposed by Blöchl.[54, 55] The72

exchange-correlation interactions were treated through the generalized gra-73

dient approximation proposed by Perdew, Burke, and Ernzerhof (GGA-74

PBE).[56, 57] The dimensions of the computing unit cell used in the geo-75

metrical optimization were Lx = 30 Å and Ly = Lz = 20 Å so as to keep76

the distance between two C atoms in different computing unit cells more77

than 13 Å. The geometrical optimization were performed until the forces78

acting on the C atoms become less than 0.01 eV/Å. The van der Waals in-79

teractions were taken into account during the geometrical optimization in80

a self-consistent manner by employing the nonlocal-correlation-energy func-81

tional vdW-DF2[44–46] with the exchange-energy functional developed by82

Hamada.[58, 59]83

2.2. Total energy calculation84

Employing the optimized geometries of neutral and charged C60 binary85

systems, the total energies were calculated under application of finite electric86

fields using the RSPACE code,[60–63] an implementation of the PAW pseu-87

dopotentials within the framework of the real-space finite-difference formalism.[64,88
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65] As far as using the VASP code, it is not enough reliable to compare89

the total energies between different charged systems due to artificial charge90

neutralization adopting a uniformly distributed background charge in com-91

putations. Since the RSPACE code is capable of adopting isolated boundary92

conditions, such artificial background charge is not necessary, and therefore,93

one can compare the total energies between different charged systems using94

the RSPACE code. To keep consistency of the calculation results obtained95

by the VASP and RSPACE codes, in the total-energy calculations we also96

employed GGA-PBE for treating the exchange-correlation interactions. The97

contribution of the van der Waals interactions to total energy were evalu-98

ated through the JuNoLo code,[66] a postprocessing code to calculate the99

nonlocal correlation energy based on vdW-DF.[47–49] The dimension of the100

computing unit cell employed in the total-energy calculation were Lx = 23.7101

Å and Ly = Lz = 15.6 Å, and isolated boundary conditions were imposed in102

all the x, y, and z directions so that external electric fields were able to be103

applied, as seen in Figs. 1c, 3a, 4b, and 6b.104

2.3. STM experiment105

All the experiments were carried out in an ultrahigh vacuum chamber106

with a base pressure of 1.0× 10−8 Pa, which houses a commercial STM unit107

(Omicron UHV-STM-1). The C60 film was formed on a Si(111)
√

3×
√

3R30◦-108

Ag [referred to as Si(111)
√

3-Ag hereafter] surface as a sample.[67] The109

Si(111)
√

3-Ag surface was prepared by depositing one monolayer (ML) of110

Ag atoms onto a Si(111)7×7 surface at 600◦C. The C60 film with a thickness111

of 5-6 molecular layer was grown by depositing 6 ML of C60 molecules onto112

the Si(111)
√

3-Ag surface at room temperature (RT). C60 molecules were113
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deposited by the thermal evaporation of C60 powder (99.95% purity) from a114

boron-nitride crucible while maintaining a deposition rate of 0.03 ML/min.115

All the experiments using the STM were carried out using an electrochemi-116

cally etched Pt-20%Ir tip at RT.117

3. Results and discussion118

In general, the intermolecular interaction between C60 molecules in a C60119

molecular crystal/thin film is dominated by the weak van der Waals inter-120

actions. However, between two C60 molecules involved in the formation and121

decomposition of a C60 dimer, a strong chemical interaction must act and122

be dominant in the intermolecular interactions. As suggested by the STM123

experiments,[17] only the two C60 molecules involved in the chemical reac-124

tions are essential, and therefore, we focused only on the two C60 molecules125

for simplicity (see Figs. 1c, 3a, 4b, and 6b). All the calculations on the C60126

binary systems, i.e., monomer pair, dimer, and intermediate states in the127

chemical reactions, to be presented in this study are performed within the128

framework of the density functional theory.[41–43]129

Before discussing the dimerization and dedimerization processes under130

the application of finite sample bias voltages, we should consider the energy131

diagram of a C60 three-layered thin film in a STM without applying any bias132

voltage, which is schematically drawn in Fig. 1a. Note that for simplicity133

we ignore the fcc stacking of C60 layers in the thin film, and assume a linear134

stacking of C60 molecules in the direction perpendicular to the substrate sur-135

face in this study. Since the electronic states of C60 molecules are known to136

form band structures with finite energy dispersion Edisp in a monolayer phase,137
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Figure 1: Schematic energy diagram a C60 three-layered thin film in a STM setup without

application of bias voltage and under application of a finite negative sample bias voltage,

and the calculation model of a negatively charged C60 binary system. In the panels a and

b, occupied states are colored, and EF represents the Fermi level of either sample and

STM-tip sides. The dashed line in the panel b denotes the electric field induced between

the STM tip and the surface layer of the thin film. In the panel c, n electrons are added

to the computing cell to charge the system negatively, and a m+ positive point charge is

placed outside it, which models a positively charged STM tip as drawn in the panel b.

dC–C denotes the distance between two nearest C atoms in different C60 spheres, and D

denotes the distance between the point charge and the center of the computing cell.
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e.g., Edisp ≈ 0.3 eV for the conduction and valence bands,[14] the electronic138

states are drawn not as discrete states but as bands with energy dispersion in139

the energy diagrams. The energy dispersion of the electronic states of the C60140

molecular layer attaching to the substrate (referred to as the third layer here-141

after) are broadened, because they attach on a metal substrate not only via142

van der Waals interactions but also via chemical interactions. Such broaden-143

ing does not occur for the surface and second layers. In addition, it is known144

that the lowest unoccupied molecular orbital (LUMO) of a C60 molecule hy-145

bridizes with surface states of a metal substrate and C60 molecules attract146

electrons from the metal due to the electronegativity of the molecules.[15, 16].147

This charge transfer causes partial occupation of the conduction band of the148

C60 molecules in the third layer. Consequently, the electronic structure of the149

C60 thin film lowers in energy until the conduction-band bottom of the third150

layer reaches the Fermi level of the substrate. Here, we assume that although151

the C60 molecules in the third layer are slightly charged negatively, those in152

the surface and second layers stay neutral, because the energy dispersion of153

the conduction bands of the surface and second layers is smaller than that154

of the third layer, as shown in Fig. 1a.155

3.1. Dimerization156

Now, let us discuss the mechanism of the local dimerization that exper-157

imentally occurs when a negative bias voltage is applied to the sample side158

of a STM (this condition is depicted in Figs. 1b and 6a, and is referred to as159

negative sample bias voltage hereafter). Firstly, we think about the energy160

diagram of a C60 three-layered thin film under application of negative sample161

bias voltage, which is schematically drawn in Fig. 1b. When negative bias162
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voltage is applied to the sample side, positive charge appears on the STM tip163

and negative charge appears on the C60 molecules in the surface layer. Since164

the conduction band of a C60 layer originates from triply degenerated LUMO165

of a molecule, it is reasonable to suppose that the conduction band is not166

fully occupied. Since the negative charge shields the electric field induced by167

the positively charged tip, the external electric field appears only between168

the surface layer and STM tip, and does not exist inside the C60 thin film, as169

drawn in Fig. 1b. As described in Ref. [17], a C60 dimer is formed by two C60170

molecules in different layers of a C60 three-layered thin film, i.e., one of which171

is in the surface layer and the other in the second layer. Consequently, it is172

reasonable to suppose that a negatively charged C60 molecule in the surface173

layer and a neutral one in the second layer form a dimer under application174

of negative sample bias voltage.175

Such nonlinear electric field and non-uniform negative-charge distribution176

to two C60 molecules can be reproduced by including an electric field caused177

by a positively charged STM tip in modeling a C60 binary system. More178

specifically, assuming a positive point charge corresponding to a positively179

charged STM tip outside the computing unit cell, we add the electrostatic180

potential induced by the point charge to effective Kohn-Sham potential inside181

the computing unit cell. Fig. 1c shows the schematic representation of a182

calculation model of a negatively charged C60 binary system used to model183

the dimerization process. The positive point charge is placed at the position184

17 Å away from the center of the computing unit cell along the dimer axis,185

i.e., D = 17 Å in Fig. 1c,2 and we examine the dimerization process for186

2We have evaluated the total energies of a C60 dimer and a monomer pair with (m,n) =
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the charge indices (m,n) = (0, 0), (1, 1), and (2, 2) (see Fig. 1c for m and187

n). Note that the optimized geometries of a C60 monomer pair and a C60188

dimer are determined as follows: A C60 monomer pair is optimized with189

keeping the distance between the molecular centers 10 Å. A C60 dimer is190

fully optimized without any restriction. To evaluate the height of the energy191

barrier for the dimerization/dedimerization process, the geometries of the192

C60 binary systems in the intermediate stages of the chemical reaction are193

also optimized with keeping the distance between the nearest neighboring194

C atoms in different C60 spheres, dC–C, to be 1.84, 2.09, 2.33, and 2.58 Å.195

Due to this restriction, we cannot exactly find the saddle point of a total-196

energy surface. Throughout this paper, we refer to the largest total energy197

among the C60 binary systems considered here as the energy-barrier height.198

Therefore, the barrier heights discussed in this paper may be underestimated.199

Fig. 2a shows the total-energy profiles of the negatively charged C60 bi-

nary systems as a function of dC–C, each of which is obtained from the cal-

culations including the external electrostatic potential caused by a counter

positive point charge. Note that the total energies ∆Etot are evaluated with

respect to that of a C60 monomer pair for each (m,n):

∆Etot(dC–C) = Etot(dC–C)− Etot(monomer pair). (1)

In the energy profiles here and later, the obtained data points are connected200

(1, 1) for different D. The total energy of the dimer with respect to that of the monomer

pair is −0.31, −0.27, and −0.25 eV for D = 15, 17, and 19 Å, respectively. Since the energy

variation is small, we conclude that small fluctuation of the STM-tip height around D = 17

Å does not affect the discussion in this part.

11



1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
C-C distance dC–C (Å)

monomer pairdimer

n=0, m=0
n=1, m=0
n=2, m=0

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

To
ta

l e
n

e
rg

y 
∆
E

to
t (

e
V

)

C-C distance dC–C (Å)

monomer pairdimer

n=0, m=0
n=1, m=1
n=2, m=2

a. with point charge (m=n) b. without point charge (m=0)

Figure 2: Total-energy profiles of negatively charged C60 binary systems as a function of

dC–C for different m and n (see Fig. 1c for m and n). The total energies are evaluated with

respect to that of a monomer pair for each (m,n). The panel a is for m = n corresponding

to the case taking into account a positively charged STM tip, and the panel b is for m = 0

corresponding to the case ignoring the effect of a positively charged STM tip.

by a spline interpolation. The difference between the peak value of a spline201

curve and the highest value of the data points is found not so large, therefore202

does not change our conclusion. Comparing the total energies of a C60 dimer203

and a C60 monomer pair, one can see that the dimer is more stable than the204

monomer pair by 0.14, 0.27, and 0.17 eV for n = 0, 1, and 2, respectively.205

In addition, the energy barrier for the dimerization decreases from 1.19 eV206

to 0.81 and 0.87 eV when the C60 binary system of n = 0 is charged to be207

n = 1 and 2, respectively. These results indicate that the C60 dimerization208

is promoted by charging C60 molecules negatively, though a C60 dimer is209

already favorable than a C60 monomer pair for n = 0.210

To elucidate the role of the positively charged STM tip, we calculate the211

total energies of the negatively charged C60 binary systems for n = 0, 1, and212

2 with keeping m = 0, where negative charge added in the computing unit213
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cell is equally shared by the two C60 molecules because of the absence of214

the external electric field induced by the positive point charge. The total-215

energies ∆Etot are evaluated according to Eq. 1, and plotted as a function216

of dC–C in Fig. 2b. Even excluding the effect from the positive point charge,217

it is still seen that the dimer is more stable than the monomer pair by 0.14,218

0.17, and 0.09 eV for n = 0, 1, and 2, respectively. The energy barrier for the219

dimerization also decreases from 1.19 eV to 0.88 and 0.92 eV when the C60220

binary system of n = 0 is charged to be n = 1 and 2, respectively. However,221

the decrease in the energy barrier in the case including the effect from the222

point charge is larger than that in the case excluding it. The total-energy223

difference between the dimer and the monomer pair in the former case is also224

larger than that in the latter case. These theoretical results can be explained225

from the fact that Coulomb repulsion between two negatively charged C60226

molecules is larger than that between a negatively charged C60 molecule227

and a neutral one. Therefore, we conclude that in addition to charging C60228

molecules, the presence of a positively charged STM tip further promotes the229

dimerization.230

In Ref. [17], the possibility of in-plane dimerization, i.e., dimerization of231

two negatively charged C60 molecules in the surface layer of a C60 thin film,232

is excluded based on the STM experiments. Here, we evaluate the energy233

barrier for the in-plane dimerization and theoretically investigate this possi-234

bility. The calculation model used for this examination under the presence235

of a positive point charge is drawn in Fig. 3a. The positive point charge rep-236

resenting a positively charged STM tip is placed at the position 12 Å away237

from the center of the computing unit cell in the y direction perpendicular to238
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Figure 3: Calculation model used for evaluating the energy barrier for the in-plane dimer-

ization, and the total-energy profiles of negatively charged C60 binary systems as a function

of dC–C for different m and n (see the model for m and n). In the panel a, n electrons

are added to the computing cell, and a m+ positive point charge modeling a positively

charged STM tip is placed outside it. dC–C represents the distance between the nearest

C atoms in different C60 spheres. In the panel b, the total energies are evaluated with

respect to that of a monomer pair for each (m,n).
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the dimer axis. The other computational conditions concerning geometrical239

optimization and total-energy calculation are the same as the aforementioned240

ones.241

The total energies of the negatively charged C60 binary systems in pres-242

ence of a STM tip modeled by a positive point charge are evaluated according243

to Eq. 1 for each charge index (m,n) (see Fig. 3a for m and n), and plotted244

as a function of dC–C in Fig. 3b. One can see that the energy barrier for245

the in-plane dimerization decreases from 1.19 eV to 0.93 and 1.00 eV when246

the C60 binary system of n = 0 is charged to be n = 1 and 2, respectively.247

However, the energy barrier for the in-plane C60 dimerization is still higher248

than that for the inter-layer C60 dimerization shown in Fig. 2a. From Fig. 3b,249

one can see ∆Etot(dimer) = −0.14, −0.08, and +0.10 eV for n = 0, 1, and250

2, respectively. By comparing them with those in Fig. 2a, an inter-layer C60251

dimer is found to be more stable than an in-plane C60 dimer, in particular in252

the case of n = 2 the in-plane dimer is even more unstable than the monomer253

pair. From these results, we conclude that the inter-layer C60 dimerization is254

preferable to the in-plane C60 dimerization under a positively charged STM255

tip.256

3.2. Dedimerization at positive sample bias voltage257

Here, we discuss the mechanism of the decomposition of a C60 dimer that258

is experimentally observed to occur when a positive bias voltage is applied259

to the sample side of a STM (this condition id depicted in Fig. 4a, and is260

referred to as positive sample bias voltage hereafter). As discussed in the261

preceding subsection as well as seen in Ref. [17], inter-layer C60 dimers are262

formed more dominantly than in-plane C60 dimers in a C60 thin film under263

15



E
z

su
b

st
ra

te

C60

EF

S
T

M
 tip

EEF

z

-

+ -

+

valence bands

conduction bands

dimerdimer
-+

a. energy diagram for positive sample bias voltage

b. calculation model ne-

me-

unit cell

17Å

x

y

dC–C

Figure 4: Schematic energy diagram of a C60 three-layered thin film under application of

finite positive sample bias voltage, and the calculation model of a positively charged C60

binary system. In the panel a, occupied states are colored, and EF in the left and right

represents the Fermi level of either sample and STM-tip sides. The dashed line denotes

the electric field induced between the STM tip and the surface layer of the thin film. In

the panel b, n electrons (ne−) are removed from the computing cell to charge the system

positively, and a m− negative point charge is placed outside it, which models a negatively

charged STM tip, as drawn in the panel a. dC–C denotes the bond length between two

nearest C atoms in different C60 spheres.

a positively charged STM tip. Therefore, we deal with the dedimerization264

only of the inter-layer dimers hereafter. Since the dedimerization occurs un-265

der application of positive sample bias voltage, it is reasonable to suppose266

that the dimers are positively charged when the dedimerization occurs. A267

schematic energy diagram of a C60 three-layered thin film in the dedimeriza-268

tion process is drawn in Fig. 4a. Since a negatively charged STM tip repels269

corresponding negative charge from the surface layer of a C60 thin film, the270
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C60 spheres in the surface layer are positively charged. Therefore, the pos-271

itively charged C60 spheres shield the electric field induced by a negatively272

charged STM tip, and an effective electric field appears only between the273

STM tip and C60 spheres in the surface layer, as drawn by the dashed line274

in Fig. 4a. Consequently, C60 spheres in the second layer are expected to275

remain neutral even when the dedimerization occurs under the application276

of positive sample bias voltage.277

Such nonlinear electric field and non-uniform positive-charge distribution278

in the two C60 spheres can be reproduced in the same way introduced in the279

preceding subsection, i.e., assuming a negative point charge corresponding to280

a negatively charged STM tip outside a computing unit cell, we add electro-281

static potential induced by the point charge to effective Kohn-Sham potential282

inside the computing unit cell. Fig. 4b shows the schematic representation283

of a calculation model of a positively charged C60 binary system used to ex-284

amine the dedimerization process. The negative point charge is placed at285

the position 17 Å away from the center of the computing unit cell along the286

dimer axis. We examine the dedimerization process of a positively charged287

C60 binary system with an external electric field induced by the negative288

point charge, i.e., (m,n) = (0, 0), (1, 1), and (2, 2), and without the external289

electric field, i.e., (m,n) = (0, 0), (0, 1), and (0, 2) The optimized geometries290

and total energies of the C60 monomer pair, dimer, and intermediate binary291

systems considered in this subsection are obtained in the same manner as292

mentioned in the preceding subsection.293

Figs. 5a and 5b show the total-energy profiles of the positively charged

C60 binary systems as a function of dC–C, which are obtained from the cal-
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Figure 5: Total-energy profiles of positively charged C60 binary systems as a function of

dC–C for different m and n (see Fig. 4b for m and n). The total energies are evaluated

with respect to that of a dimer for each (m,n). The panel a is for m = n corresponding to

the case taking into account a negatively charged STM tip, and the panel b is for m = 0

corresponding to the case excluding the effect of a negatively charged STM tip.

culations including and excluding external electrostatic potential caused by

a negatively charged STM tip modeled by a negative point charge, respec-

tively. Note that the total energies are evaluated with respect to that of a

C60 dimer for each (m,n):

∆E ′tot(dC–C) = Etot(dC–C)− Etot(dimer). (2)

One can clearly see in Fig. 5a that the C60 monomer pair has the total energy294

lower than a C60 dimer by 0.04 eV for n = 1 and 0.33 eV for n = 2, while295

the neutral C60 monomer pair has the total energy higher than a neutral C60296

dimer by 0.14 eV. On the other hand, in Fig. 5b a dimer is found to have the297

lowest energy in the total-energy profile for any n, i.e., ∆E ′tot(dC–C) > 0 for298

any dC–C in the right-hand side of the energy barrier. These results lead the299

following conclusion: Only in presence of a negatively charged STM tip, a300
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positively charged C60 monomer pair is more stable than a dimer, otherwise301

the dimer is preferable to the monomer pair. The energy barrier between the302

dimer and the monomer pair significantly decreases regardless of the presence303

of the negatively charged STM tip, i.e., when increasing n from 0 to 1 (2) it304

decreases from 1.33 eV to 0.99 (0.56) and 1.01 (0.59) eV in Figs. 5a and 5b,305

respectively. Consequently, we find that the dedimerization of an inter-layer306

C60 dimer is promoted by charging the dimer positively, and an external307

electric field caused by a negatively charged STM tip must be applied to the308

C60 binary system.309

3.3. Dedimerization at negative sample bias voltage310

In Figure 2b of Ref. [17], the dedimerization is observed to occur at a311

negative sample bias voltage as well as at a positive one, and its probability312

is non-negligible. Here, we discuss the mechanism of the dedimerization of313

inter-layer C60 dimers at negative sample bias voltage. Comparing Figure 2a314

and 2b of Ref. [17], one can see that the dedimerization occurs at a negative315

sample bias voltage smaller than that triggering the dimerization. Therefore,316

we suppose an energy diagram of a C60 three-layered thin film in a STM, as317

schematically drawn in Fig. 6a. Due to application of a negative sample bias318

voltage, the electronic structure of the C60 surface layer lowers in energy. The319

energy shift is, however, not as large as the case of the dimerization process,320

which is shown in Fig. 1b. The conduction band of the surface layer may321

remain unoccupied or be slightly occupied, because of the finite energy gap322
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Figure 6: Schematic energy diagram of a C60 three-layered thin film under the application

of small negative sample bias voltage, and the calculation model of a neutral/charged C60

binary system exposed to a uniform external electric field Efield. In the panel a, occupied

states are colored, and EF in the left and right represents the Fermi level of either sample

and STM-tip sides. The dashed line denotes the electric field induced between the STM

tip and the third layer of the thin film. In the panel b, n electrons are added/removed

to/from the computing cell to charge the system negatively/positively. dC–C denotes the

bond length between two nearest C atoms in different C60 spheres, and Efield is applied

along the dimer axis.
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between the valence and conduction bands.3 The induced negative charge is323

supposed too little to screen the C60 dimers from the electric field induced by324

a positively charged STM tip, as seen in Fig. 6a. Therefore, the dimers are325

exposed to an electric field and it has a charge polarization[68] as indicated326

by the thick arrow in Fig. 6a. To screen the substrate from the electric field,327

additional negative charge is supposed to be induced in the third layer, as328

drawn in Fig. 6a. When negative sample bias voltage increases to induce329

more negative charge on the surface of the C60 thin film, the charge dipole330

disappears and the electric field inside the thin film vanishes. Because of this,331

the dedimerization is expected not to occur any more at large negative sample332

bias voltage. Consequently, we expect that the dedimerization observed at333

negative sample bias voltage is driven by an external electric field imposed334

on neutral or slightly charged dimers.335

To evaluate the energy barrier for the dedimerization of such C60 dimer336

exposed to external electric fields, we employ the calculation model drawn in337

Fig. 6b, and calculate the total energies of the C60 binary systems for different338

dC–C. Since we assume to apply a uniform electric field Efield in the direction339

of the dimer axis (the x direction), electrostatic potential Vfield(r) = −Efieldx340

is added to an effective Kohn-Sham potential, where r = (x, y, z). Note that341

the origin of the x coordinate is set at the center of the computing unit cell342

in this study.343

As discussed in the last two subsections, a neutral C60 dimer is more344

3Our calculation reveals that an isolated C60 dimer has the HOMO-LUMO gap of ≈ 1.4

eV. Therefore, we assume that a molecular layer composed of C60 dimers also has a finite

energy gap between the valence and conduction bands around 1.4 eV.
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Figure 7: Total-energy profiles of neutral, negatively, and positively charged C60 monomer

pairs as a function of Efield. The total energies are evaluated with respect to that of the

corresponding dimer for each charged state.

stable than a neutral C60 monomer pair without taking into account finite345

external electric fields. Therefore, before examining the energy barrier for346

the dedimerization, we firstly examine and compare the total energies of347

the C60 monomer pair and dimer for each of different external electric fields348

Efield. Fig. 7 shows the total energy of a neutral/charged C60 monomer pair349

with respect to that of the corresponding dimer as a function of Efield, which350

is evaluated using Eq. 2. It is seen that when the C60 binary system is351

neutral, ∆E ′tot is positive up to Efield = 3.5 V/nm and becomes negative for352

E > 3.5 V/nm. This indicates that a neutral C60 monomer pair is favorable353

as compared to a neutral C60 dimer for E > 3.5 V/nm, though the dimer354

is more stable than the monomer pair for the smaller electric fields. The355

threshold electric field is ≈ 2.7 V/nm for a negatively charged C60 binary356

system and is ≈ 3.0 V/nm for a positively charged one. These values are357

apparently smaller than that for a neutral C60 binary system. Consequently,358

the dedimerization is found to be promoted when a C60 dimer is charged359
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The total energies are evaluated with respect to that of a dimer for each Efield. The panels

b and c show the second-highest occupied molecular orbital (HOMO-2) and the highest

occupied molecular orbital (HOMO) of a dimer in Efield = 0.0 and 5.0 V/nm, respectively.

either negatively or positively, as far as an electric field inside the C60 thin360

film is not completely shielded. Moreover, the calculations also indicate that361

the dedimerization of a positively charged C60 dimer needs stronger electric362

field than that of a negatively charged one.363

Now let us examine the energy barrier for the dedimerization of a neu-364

tral C60 dimer under application of uniform external electric fields. Fig. 8a365

shows the total-energy profiles of the C60 binary systems as a function of366

dC–C for Efield = 0.0, 2.0, 3.5, and 5.0 V/nm. Note that the total energies are367

evaluated using Eq. 2 for each Efield. One can see that by increasing Efield368

the barrier height for the dedimerization of the neutral C60 dimer decreases,369

i.e., the barrier heights for Efield = 0.0, 2.0, 3.5, and 5.0 V/nm are 1.33, 1.19,370

0.93, and 0.73 eV, respectively. Interestingly, when Efield is increased from 0.0371

V/nm to 2.0 V/nm, ∆E ′tot hardly changes, but the barrier height nevertheless372
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changes by 0.14 eV. As increasing Efield, the energy barrier keeps decreasing.373

This reduction of the energy barrier can be understood from the spatial dis-374

tributions of electronic states: The electronic state with a bonding character375

between the two C60 spheres in a dimer is found to delocalize over the whole376

dimer for Efield = 0.0 V/nm as seen in Fig. 8b, however, it localizes at one377

of the spheres for Efield = 5.0 V/nm as seen in Fig. 8c. This localization is378

obviously caused by the application of the external electric field. Because of379

the localization of the bonding state, the two spheres in Efield = 5.0 V/nm380

are not bound to each other as strong as those in Efield = 0.0 V/nm. Conse-381

quently, we conclude from our calculations that the dedimerization of a C60382

dimer is promoted under the application of a strong external electric field.383

The preceding discussion can be applied also to the case of a small positive384

sample bias voltage. Under the application of a small positive sample bias385

voltage, C60 dimers are remain neutral or positively charged slightly. Anal-386

ogous to the preceding discussion, it is expected that the positive charge387

induced is not much enough to completely shield the electric field induced388

by a negatively charged STM tip. Therefore, the dimers can be exposed to a389

finite electric field under the application of a small positive sample bias volt-390

age. In Figure 2a of Ref. [17], the threshold bias voltage for the dimerization391

reads -2.0 V and the dimerization is suddenly triggered off. On the other392

hand, according to the STM experiments shown in Figure 2b of Ref. [17],393

although the threshold bias voltage for the dedimerization is read to be +3.0394

V, the dedimerization slightly occurs at positive bias voltage smaller than395

the threshold value. We suppose that this dedimerization observed at the396

small positive bias voltage is also driven by the application of an external397
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electric field to neutral or slightly positively charged C60 dimers. The exper-398

imental observation that the dedimerization probability for positive sample399

bias is smaller than that for negative sample bias voltage (see Figure 2b of400

Ref. [17]) can be understood as follows: According to Fig. 7, the threshold401

electric field where a C60 monomer pair becomes more stable than a C60 dimer402

is ∼ 2.7 V/nm for a negatively charged binary system and ∼ 3.0 V/nm for a403

positively charged one. This indicates that the dedimerization driven by the404

external electric fields is more probable for a negative sample bias voltage405

than for a positive sample bias voltage.406

3.4. Hinderance of dimerization by external field407

Fig. 7 can be also used to explain the experimental result that the dimer-408

ization process is suppressed under application of a strong electric field. Fig. 9409

shows a couple of STM images taken at the sample bias voltage Vs = +1.0 V410

and current set point It = 25 pA after dimerization experiments on a multi-411

layered (> 5) C60 thin film. The dimerization is carried out by scanning the412

square areas enclosed by the dashed lines with Vs = −2.5 V and It = 0.08 nA413

for Fig. 9a, and It = 40 nA for Fig. 9b. According to the It values, one can414

see that the tip–sample distance for the latter is much shorter than that for415

the former, and hence, the tip-induced electric field for the latter is stronger416

than that for the former. Therefore, it is seen that when a weak electric field417

is applied for the dimerization process, coalesced C60 molecules are formed418

in the scanned area. On the other hand, when a strong electric field is ap-419

plied, they are mainly formed in the surroundings of the scanned area and420

C60 monomers remain to be in the majority inside the scanned area. At a421

weak electric-field regime, dot-like features, ultimately single-molecule-level422
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a b

Figure 9: STM images of a multi-layered (> 5) C60 thin film after dimerization exper-

iments. The experiments are carried out by scanning the square areas enclosed by the

dashed lines with a sample bias voltage Vs = −2.5 V. The current set points during the

experiment are It = 0.08 nA and 40 nA for the panels a and b, respectively. Both images

are taken at Vs = +1.0 V and It = 25 pA.

features, appear as previously reported in Ref. [17]. However, increasing the423

applied electric field always results in the enlargement of the dot size and424

finally in the formation of ring patterns as shown in Fig. 9. The voltage or425

current setting to induce such a ring-pattern formation depends on a condi-426

tion of the STM tip such as curvature and local density of states (LDOS) of427

the tip apex because such a condition readily changes the spatial distribution428

and the strength of the electric field around the tip. We suppose that the429

difference in the dimerization is attributed to poor electronic screening[69–430

71] at the surface of the C60 thin film, which often occurs at the surface of a431

semiconducting/insulating substrate underneath a STM tip. Because of the432

poor electronic screening, the strong electric field induced by a STM tip is433

not completely shielded and C60 molecules in the thin film are exposed to a434

stronger electric field. Fig. 7 shows that when a C60 binary system is exposed435

to a strong electric field it prefers to form a monomer pair instead of a dimer.436
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Therefore, inside the scanned area shown in Fig. 9b the unshielded electric437

field hinders C60 monomers from coalescing, while in the surroundings the438

coalescence occurs because the unshielded electric field is not strong enough439

to suppress it. In the same way, the formation of coalesced C60 molecules440

inside the scanned area shown in Fig. 9a can be also understood.441

3.5. Donor-acceptor interaction & charge-dipole relaxation442

As one can intuitively expect, a neutral C60 binary system under appli-443

cation of finite electric fields (see Fig. 6a) has a charge dipole, in which one444

C60 sphere is negatively charged, and the other positively, i.e., the former445

works as an electron acceptor and the latter as an electron donor. Sheka446

theoretically studied the C60 dimerization and dedimerization from the view-447

point of the intermolecular donor-acceptor interaction.[38–40] On the other448

hand, one can also suppose that the charge dipole may be relaxed when the449

oppositely charged two C60 spheres are separated from each other along the450

direction of Efield. In the rest of this section, we examine the role of the451

intermolecular donor-acceptor interaction in the local C60 dimerization and452

dedimerization induced by a STM tip, and discuss about the degree of the453

contribution of the intermolecular donor-acceptor interaction to the chemical454

reactions in comparison to that of the charge-dipole relaxation. According455

to the Sheka’s study, the only essential parameter dominating the energy di-456

agrams of the reversible chemical reactions is the energy difference between457

the first ionization energy (Eie) and electron affinity (Eea) of a neutral C60458

molecule, i.e., Eie − Eea. In this study, Eie and Eea are evaluated from the459
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Figure 10: The first ionization energy (Eie) and electron affinity (Eea) of an isolated C60

molecule as a function of Efield.

total energies, Etot, of charged and neutral C60 molecules, as460

Eie = Etot(C
1+
60 )− Etot(C60) (3)

Eea = Etot(C60)− Etot(C
1−
60 ), (4)

respectively. In Fig. 10, Eie and Eea are plotted as a function of Efield. It461

is confirmed that Eie and Eea for Efield = 0.0 V/nm are in good agreement462

with previous experimental works[72–74] and theoretical ones.[75–78] Each463

of Eie and Eea monotonically decreases with a uniform gradient as increasing464

Efield. Since the gradients of Eie and Eea profiles are almost identical to each465

other, Eie−Eea is nearly constant in the range of Efield considered here. More466

exactly, Eie−Eea slightly decreases only by 0.06 eV when Efield increases from467

0.0 V/nm to 5.0 V/nm. This change in Eie −Eea is too small to explain the468

change in ∆Etot from E = 0.0 V/nm to 5.0 V/nm, i.e., −0.40 eV as seen in469

Fig. 7.470

The dipole-relaxation energy is evaluated through the difference in the

dipole energies of a C60 monomer pair and a C60 dimer in an external electric
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field, ∆Edip, which is plotted in Fig. 11 as a function of Efield. In this study,

∆Edip is defined as

∆Edip = Edip(monomer pair)− Edip(dimer), (5)

where the first and second terms in the right-hand side represent the dipole

energies of a monomer pair and a dimer, respectively. They are evaluated as

Edip =

∫
Vfield(r)ρ(r)dr −

∑
i

Vfield(ri)Zi, (6)

where Vfield(r) and Zi represent the electrostatic potential generated by an471

external electric field at a position r and the positive charge of ith ion core472

at ri, respectively. One can see from Fig. 11 that ∆Edip is negligibly small473

up to Efield = 2.5 V/nm, and it decreases to -1.13 eV when increasing Efield474

from 2.0 V/nm to 5.0 V/nm. This energy variation is more significant than475

that of Eie−Eea, and the behavior of ∆Edip is consistent with that of ∆E ′tot476

shown in Fig. 7. Therefore, we conclude that the relaxation of a charge477

dipole in a neutral C60 binary system under an external electric field plays478

a more important role in the dedimerization process than the intermolecular479

donor-acceptor interaction.480

As seen in Fig. 11, the dipole-energy relaxation on the dedimerization481

mainly occurs for Efield > 2.5 V/nm. This behavior of ∆Edip can be ex-482

plained based on the dipole charge δn. In Fig. 11, δn of a C60 monomer pair483

and of a C60 dimer are also drawn as a function of Efield. For Efield < 2.5484

V/nm, δn of a C60 monomer pair is smaller than that of a C60 dimer, indi-485

cating that when two C60 spheres of a dimer separate from each other along486

the electric field, a part of negative charge moves against the electric field487
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Figure 11: Dipole-energy of a neutral C60 monomer pair with respect to that a C60

dimer for different Efield, and dipole charge induced in the monomer pair and dimer under

application of different Efield.

to reduce δn. Therefore, the energy relaxation on the dedimerization is neg-488

ligible for Efield < 2.5 V/nm. On the other hand, for Efield > 2.5 V/nm,489

additional negative charge moves along the electric field to increase δn dur-490

ing the dedimerization process. This increase in δn increases in electrostatic491

energy for a C60 monomer pair, and therefore, a C60 monomer pair becomes492

more stable than a C60 dimer under application of a large external electric493

field.494

4. Conclusion495

Aiming at theoretically understanding the mechanisms of the local C60496

dimerization and dedimerization induced in a C60 three-layered thin film us-497

ing STM, we compared the total energies of a C60 monomer pair and a C60498

dimer, and discussed the energy barriers for the dimerization and dedimer-499

ization processes based on the first-principles calculations including the van500

der Waals interactions within the framework of the density functional the-501
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ory. As a result of the total-energy calculations, it was found that when C60502

molecules in the surface layer of a C60 thin film is negatively charged and the503

tip-induced electric field is completely shielded, the inter-layer dimerization is504

promoted. On the other hand, when the C60 molecules are positively charged505

and the tip-induced electric field is completely shielded, the dedimerization506

of the inter-layer dimers is present. We studied not only the charging effect507

mentioned above but also the the electric-field effect in the reversible chemi-508

cal reactions, which emerges when a tip-induced electric field is incompletely509

shielded. The total-energy calculations of a C60 binary system under external510

electric fields revealed that the C60 binary system prefers being a dimer for511

weak electric fields, while it prefers to be a monomer pair for strong electric512

fields. Note that the electric-field effect does not depend on the polarity of513

sample bias voltage.514

According to the calculation results, we developed scenarios to interpret515

the reversible chemical reactions observed in Ref. [17]. When a very small516

negative sample bias, e.g., |Vs| < 1 V in Figure 2 of Ref. [17], is applied, C60517

molecules in the surface layer would remain neutral and the C60 thin film518

is exposed to a weak electric field. According to Fig. 8, the energy barrier519

for the dimerization of a neutral C60 monomer pair under a weak electric520

field is still as high as that for the in-plane dimerization (see Fig. 3b), and521

the energy barrier for the dedimerization of a neutral C60 dimer is even522

higher. Consequently, none of the dimerization and dedimerization occurs523

when a very small negative sample bias is applied, as well as the case of524

no electric field. When the negative sample bias voltage is increased so far525

as the poor electronic screening occurs, a C60 monomer pair becomes more526
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stable than a C60 dimer as discussed in Fig. 7 and the energy barrier for527

the dedimerization decreases as shown in Fig. 8, resulting in promoting the528

dedimerization. As increasing the negative sample bias voltage further, C60529

molecules in the surface layer is negatively charged enough to shielded the530

electric field inside the C60 thin film. Then, the charging effect takes over531

the tip-induced electric-field one, and the dimerization occurs.532

In the case of application of positive sample bias voltage, the dedimer-533

ization shown in Figure 2 of Ref. [17] is supposed to be caused by both534

electric-field and charging effects. When a small positive sample bias voltage535

is applied, C60 dimers in a C60 thin film are not or slightly charged. Due to536

poor electronic screening, the C60 dimers are exposed to an external electric537

field and the dedimerization is promoted when the electric field penetrating538

into the C60 thin film becomes strong. However, since a positively charged539

C60 dimer requires stronger electric field for dedimerization than a negatively540

charged one, as shown in Fig. 7, the dedimerization probability observed in541

Figure 2 of Ref. [17] is very small. As increasing the positive sample bias542

voltage further, C60 dimers formed in a C60 thin film are positively charged543

enough to shielded the electric field inside the thin film. Then, the charg-544

ing effect becomes dominant over the electric-field one in the dedimerization545

process under a positively charged STM tip.546

Additionally, we revealed that the dimerization occurs to form mainly a547

inter-layer C60 dimer made of two C60 monomers in surface and second layers.548

Based on the poor electronic screening of a tip-induced electric field, we gave549

a plausible interpretation to the experimental observation that the dimeriza-550

tion is hindered by application of a strong tip-induced electric field. More-551
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over, we discussed the contributions of the intermolecular donor-acceptor552

interaction and charge-dipole relaxation to the reversible chemical reactions,553

and revealed that the charge-dipole relaxation contributes more than the554

intermolecular donor-acceptor interaction.555
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