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Recent scanning tunneling microscopy (STM) experiments have revealed that C60 and C70 adsorbed on
the Cu(111)-(1X 1) substrate show specific bias-voltage-dependent images that seem to reflect individual

cage structures. In order to understand this experimental observation, band structures and partial
charge-density distributions of C60 and C70 are calculated by means of an all-electron mixed-basis ap-
proach. In this paper we adopt two-dimensional molecular models without substrates and proper orien-
tational adsorption geometries of fullerenes. By comparing the calculated charge distributions of the
lowest-unoccupied-molecular-orbital bands and the highest-occupied-molecular-orbital bands with the
STM images, we find that the intramolecular patterns that change with the bias voltage strongly reflect
the positions of five-membered and six-membered rings.

I. INTRODUCTION

In the past decade, after the discovery of C6p by Kroto
et al. ' in 1985, fullerenes have attracted much interest
among various research fields. One of the current in-
terests is the mechanism of nucleation and growth'of ful-
lerene thin film and its adsorption structure on substrate.
Concerning the behaviors of fullerenes on the substrate, it
is very important to understand how fullerenes interact
with the substrate and with each other. So far, an anom-
alous amount of experimental efforts have been devoted
to this field. Among them the scanning tunneling micros-
copy (STM) is a powerful technique in the direct imaging
of fullerenes on an atomic scale. According to the STM
observations, fullerenes interact with substrates and align
commensurately on various substrates, such as HOPG,
GaAs, Si, ' Ag, Au, and Cu. ' On the Au(111) and
Cu(111) surfaces it is especially known that both C6o and

C7p form ideal triangular lattices in the first layer. Fur-
thermore, several experimental groups have reported the
observation of intramolecular patterns that seem to
reflect the cage structures composed of five-membered
and six-membered rings in C6p, C7p and C84. For exam-
ple, C6o's adsorbed on the Au(110) surface show images
of rings surrounded by six or five spots; C6p's adsorbed
on the Si(100) (Refs. 5 and 12) and Si(111)7X7 (Ref. 11)
surfaces show mainly four stripes running in parallel;
C7o's adsorbed on the Au(110) surface and Cs4's ad-
sorbed on the Si(100) (Ref. 5) both contain internal
patches that consist of several stripes and spots. The ob-
servation of the intramolecular patterns means that ful-
lerenes are frozen on the surfaces because of the interac-
tions with the substrate and with each other. This is in-
teresting because fullerenes are known to be rotating in
bulk crystals even at room temperature. More recently,
Hashizume et al. have succeeded in observing specific in-
tramolecular patterns, which depend on the bias voltage
in pure C6o (Refs. 8 and 9) and C6o-C7Q mixtures' ad-
sorbed on the Cu(111) surface by using STM. At a posi-

tive bias voltage (with respect to the Fermi level), the im-
ages of individual C6p molecules appear as a three-leaf-
clover shape. At a negative bias voltage, it changes to a
doughnut shape. In a monolayer film composed of a C6p-

C7p IMxtur e C7p is observed more brightly than C6p and
has two types of shapes; one is round with no intramolec-
ular pattern and the other has an intramolecular pattern,
which depends weakly upon the bias voltage: at positive
bias voltage, individual C7p shows two parallel spots or a
rectangular spot with an inscribed cross.

Although experimental studies have revealed many
specific images of fullerenes adsorbed on various surfaces,
only few theoretical attempts have been made to explain
these images. ' ' It is very important to consider the
specific internal patterns, especially in relation to both
the electronic structure and the adsorption configuration,
since the STM typically images a spatial distribution of
the local density of states near the Fermi level through
the tunneling current.

In this study, we focus on C6p and C7p adsorbed on the
Cu(111) surface and investigate the origin of specific STM
images and their bias-voltage dependence by performing
first-principle band calculations. X-ray photoemission
spectroscopy and high-resolution electron-energy-loss
spectroscopy experiments on C6p adsorbed on the Cu sub-
strate' have revealed that the Cu substrate plays a role
similar to that of K in K3C6p and donates electrons to fill
the lowest-unoccupied-molecular-orbital (LUMO) band.
Moreover, the amount of charge transfer from the Cu
substrate to C6p is about one electron per C6p molecule,
which is less than in the case of K3C6p. Here, we take for
granted that the amount of electron charge transfer from
the Cu substrate to the fullerenes does not affect the band
structure and only shifts the energy levels, i.e., we assume
that the so-called rigid-band picture holds. We checked
that this is a reasonable approximation in the present
case. Therefore, we adopt a simple model that the Cu
substrate aft'ects fullerenes through an adsorption struc-
ture only. In this model, we assume suitable adsorption
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geometries by taking account of the adsorption structures
and the intramolecular images observed in experiments.
This paper is organized as follows: In Sec. II the method
of the present calculation is given, Sec. III introduces the
model structure, in Sec. IV calculated results and discus-
sions are presented, and our conclusion is stated in Sec.
V.

II. METHOD OF CALCULA. TION

4,„(k,r)= —ge ' .f,„(r R —r;), —
0 R

(2)

where Ci is a reciprocal-lattice vector, R a primitive
vector, ~; a basis vector, p a label of the orbital on the ith
atom, and 0 the crystal volume. In the present formula-
tion, 1s and 2p Slater-type atomic orbitals are adopted as
localized functions f;„(r).The exponential damping fac-
tors in f;„(r)are chosen so as not to overlap with neigh-
boring localized functions.

The electron wave function is expressed by the sum of
Eqs. (1) and (2) as

gi (r) = —g 2 (k+Cx)e'"+ "+gB;„(k)@;„(k,r) .
1

G lp

(3)

Since the localized functions are not orthogonal with the
plane waves, a modified equation, which guarantees the
orthogonality, becomes

0+k =ekS+k, (4)

where S is the overlap matrix of the basis functions. This
generalized eigenvalue problem is solved here by using
a conventional Cholesky-decomposition-Householder
scheme.

The effective one-electron Hamiltonian expressed in
atomic units has the general form

When one treats a system that includes first-row ele-
ments, such as carbon, by the conventional plane-wave
expansion method, a huge number of basis functions is
required to represent accurately the behavior of the wave
functions in the core region. Therefore, in the present
study, we adopt a mixed-basis approach, which was origi-
nally introduced by Louie, Ho, and Cohen' in order to
treat localized d orbitals within the pseudopotential for-
malism. The present method, however, is not a straight
extension of their work and should be regarded as a fun-
darnentally different approach in the sense that we treat
all electrons including the 1s core state without using a
pseudopotential. It enables us to express efhciently the
spatial locality and asymmetry of the wave functions with
a limited number of basis functions. This method has al-
ready been described elsewhere, ' and here we briefly
show the main points of the method.

A basis set consists of plane waves,

1 i(k+G)-r
Q

and Bloch sums of localized functions,

I

V(r) = —g " + f dr', + V„,(r),„/r—R„f /r —r'/

where V„,(r) is the local exchange-correlation potential
that is evaluated in real space using the local-density ap-
proximation. In the present paper, V„,is approximated
by the Xa method;

1/3

V„,(r) = —3a p(r)
3

where a =0.9 is adopted for the exchange-correlation pa-
rameter.

III. MODEL STRUCTURE
AND CHARGE DISTRIBUTION

In this paper we investigate the relationship among the
specific internal patterns observed in fullerenes, the elec-
tronic structures, and the orientational adsorption
geometries. To this purpose, we compare the computed
charge-density distributions of fullerenes with the ob-
served STM im.ages.

First of all, we have to pay attention to the model
structure, since it is not clear what orientational
geometries should be chosen at the outset. C6p and C7Q
have several possible adsorption geometries, because of
their unique cage structures: C6Q has a spherical cage
structure with II, symmetry, which consists of 12 five-
membered rings and 20 six-membered rings, while C7Q
has an ellipsoidal cage structure with D» symmetry,
which consists of 12 five-membered rings and 25 six-
membered rings.

Figures 1(a) and 1(b) show two model structures adopt-
ed in this study. As is discussed below, they correspond
to the pure C6p and the C6Q-C7Q mixture, respectively, ad-
sorbed on the Cu(111) surface. The areas which are en-
closed with solid lines represent unit cells. [Below,
charge-density distributions of C6Q will be shown only for
half of the unit cell as indicated in Fig. 1(a).]

In the case of pure C6Q's, we adopt the ideal triangular
lattice as the adsorption structure. The orientational ad-
sorption geometries were determined by taking into ac-
count the relationship between the adsorption structure
and the observed three-leaf-clover pattern as follows:

Case A. C6p forms the ideal triangular lattice with a
lattice constant 10.2 A. One of the six-membered rings in
C6p is at the topmost position and parallel to the crystal
plane. (Opposite six-membered ring is at the lowest posi-
tion. ) Three five-membered rings around the topmost
six-membered ring form a small regular triangle, whose
vertices face the neighboring C6Q.

In this orientation of C6Q, the lateral five-membered
ring faces the six-membered ring of the neighboring C6Q
and vice verse. Taking into account that five-membered
rings are charge-poor and six-membered rings are charge
rich, this orientation seems to be energetically favorable,
because of the minimum overlap of electronic clouds.

In the case of pure C7Q it is known that C7Q takes "a
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standing shape" (long-axis perpendicular to the sub-
strate), which shows the spherical pattern without inter-
nal structure and results in the ideal triangular lattice. '

In the case of C6Q-C7Q mixture, however, the neighboring
C6Q's play an important role in the orientation of C7p. C7Q
can take "a laying-down shape" (long-axis parallel to the
substrate) and shows the intramolecular pattern such as
the rectangular spot with an inscribed cross [see Fig. 3(a)
of Ref. 10]. This spot clearly depends on the
configurations of neighboring fullerenes. We have con-
sidered the two-dimensional (2D) crystal, which consists
of a pair of C6Q and C7Q represented periodically. The
orientation of C7Q was determined by taking account of
the images showing the rectangular spot with an in-
scribed cross and the configuration of neighboring C6Q.
In the STM picture, C7Q is observed more brightly than

(a)

C6Q. This is a curious aspect, because the laying-down
C7Q has almost the same diameter in the shorter equator
as C6Q. Below, in our model, we assume that the dis-
tances of C6Q and C7Q from the substrate are the same.

Case 8. (b) C70 and C60 are alternatively arranged in
one direction. Each C6Q is oriented as in case A, while
each C7Q is oriented as follows: one of the six-membered
rings in C7Q whose center is located on the shorter equa-
tor, is at the lowest position and parallel to the crysta1
plane corresponding to the substrate. In this orientation,
a 6/6 bond along the shorter equator comes to the top-
most position and the two six-membered rings sharing
this bond are along with the topmost longer equator; four
five-membered rings are located adjacent, i.e., at the four
corners in the topview of C7Q, and the long axis of C7Q
points to the neighboring C6p s. Every intermolecular

0
distance is 10.2 A.

As for intramolecular bond lengths, we adopt two C-C
lengths in both C6Q and C7Q cages, i.e., 1.46 A for all the

0
bond belonging to five-membered rings and 1.40 A for all
the 6/6 bonds.

As mentioned above, the STM observes the tunneling
current, which strongly depends on both the electronic
structure and the atomic configuration. More precisely,
the tunneling current should be determined by the speci-
men and the tip of the STM. Detailed works on the corn-
parison between the calculated images and the STM im-
ages have already been performed. ' ' Although these
OA'er us some accurate information, instead, we simply as-
sume that the STM images are approximated by partial
charge distributions only. These charge distributions,
which should be compared with the STM images, are ob-
tained by adding up several levels around the highest-
occupied-molecular-orbital —(HOMO-) LUMO gap with
the same weight. In case 2, the charge distributions are
calculated in half the unit cell and the band structure is
calculated in the unit cell that contains two C6p s. In case
B, both the charge distribution and the band structure
are calculated in the unit cell, which contains C6Q and
C7Q Since the size of the Brillouin zone is small and the
system has predominantly a molecular character for ful-
lerenes, we calculate the potential and the charge density
by using the I point only.

IV. RKSUI.TS AND DISCUSSiON

FIG. 1. Model structures and the unit cells of (a) C«mono-
layer (case A), and {b) C«-C7o mixture monolayer (case B).

The present result of the band energy dispersion of
case A is shown in Fig. 2(a), which contains 100 levels
around the HOMO-LUMO gap. The value of the band
gap is calculated to be 1.2 eV, which is larger than the
previous result of 1.1 eV, for the case of the fcc (Fm3)
symmetry.

' Other basic features are almost similar to
the 3D crystal band structures. Globally, there are two
types of bands. One is an intramolecular o. band, which
has no dispersion. The other is an intermolecular band,
which has relatively strong dispersion. In either case, it
is found that the dispersion is not strong enough to mix
up energy levels over forbidden gaps of the isolated mole-
cule. This indicates that each band keeps its original
molecular character, such as h „(HOMO) and t,

„

(LUMO).
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(b)

FIG. 2. Band energy dispersions of (a) C6p monolayer (case
A) and (b) C6p-C7p mixture monolayer (case 8).

!
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The STM theory shows that bands that are located
near the Fermi level mainly contribute to the tunneling
current. However, it is impossible to determine the Fer-
mi level, which depends on the amount of charge transfer
from the Cu substrate to the C6O monolayer, within the
framework of the present model. We determined the
number of bands that should be added up so as to include
all of the bands that have the same symmetry character
in the molecule: (a) Three LUMO bands, (b) five HOMO
bands are added up, respectively.

The calculated partial charge distributions are shown
in Fig. 3. The isosurface of charge density at 0.005 A
is drawn in the figure. Figure 3(a) shows that the three

five-membered rings around the topmost six-membered
ring are highlighted just like a three-leaf clover. Figure
3(b) shows that the topmost six-membered ring is
highlighted with a center hole just like a doughnut. The
present calculations reproduce the main features of the
STM images observed in experiments. The specific STM
image observed at the positive bias voltage corresponds
to the charge distribution of the LUMO bands. The tun-
neling current Bows from the STM tip to the electronic
states of the LUMO bands, which are mainly located on
single bonds, and hence the five-membered rings, which
consist of single bonds, are highlighted. On the other
hand, the charge distribution of the HOMO bands is ob-
served when the bias voltage is negative. The tunneling
current Aows from the electronic states of the HOMO
bands, which are mainly located on double bonds to the
STM tip, therefore, the six-membered ring is highlighted.

The calculated band energy dispersion of case 8 is
shown in Fig. 2(b), which contains 100 levels around the
HOMO-LUMO gap. By comparing the band structures
of cases 3 and 8, it is found that many degeneracies
disappear in case 8, because of the lower symmetry of
C70 We find that- the levels in case 8, which occur in the
forbidden gaps in case 2, are mainly due to C70. The
HOMO-LUMO gap in case 8 is given by E —1.0 eV,
which is smaller than 1.2 eV for case 3, because (i) the
intrinsic band gap of C70 is narrower than C6O,

' ' and
(ii) the interatomic distance between C6O and C70 is sholf, -

er than that of pure C6O's.

Similar to case A, the dispersion is not strong enough
to mix up the bands that have di6'erent characters, and
forbidden gaps that exist in isolated molecules remain in
the crystalline phase. We use the same strategy to make
up the charge distributions. By taking account of the
above band structure, (a) six LUMO bands were added up
(half of them come from C70), (b) 15 HOMO bands were
added up (ten bands associated with C7O).

The calculated partial charge distributions are shown
in Fig. 4, where the isosurface of charge density at 0.005
A is drawn. In (a) the charge distribution of the

FICx. 3. Calculated charge distributions of C«monolayer
(case A); (a) LUMO bands and (b) HOMO bands.

?

FIG. 4. Calculated charge distributions of C6p-C7p mixture
monolayer (case B); (a) LUMO bands and (b) HOMO bands.
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LUMO bands, three five-membered rings around the six-
membered ring in C6Q are highlighted like in case A, and
four five-membered rings in C7Q are highlighted with two
mirror surfaces just like the observed STM image. In (b)
the charge distribution of the HOMO bands, the topmost
six-membered ring of C60, and the topmost 6/6 bond and
upper six-membered rings in C7Q are highlighted.

We find a good agreement between the STM image ob-
served at positive bias voltage and the charge distribution
of the LUMO bands. The charge distribution of the
HOMO bands is compared with the STM image that was
observed at negative bias voltage [see Fig. 3(b) of Ref.
10]. The calculated charge distribution Fig. 4(b) and the
observed STM image have basically similar shapes and
the agreement is very good. However, one may addition-
ally find an asymmetry along the long axis of C7Q in the
STM image observed at the negative bias voltage, which
was absent at the positive bias voltage. We cannot find
such an asymmetry in our Fig. 4(b), which is obtained by
adding the 15 HOMO bands. When we change the num-
ber of levels from 1 to 14, which are added to make the
HOMO-charge distributions, we do have an asymmetric
charge distribution, but with asymmetries along the short
axis of C7Q which are different from the STM image.
Even if some doubts remain about the detailed patterns,
it is clear that the assumed orientational adsorption
geometry reproduces the main features observed experi-
mentally.

Finally, we

briefly

comment on the difference in
brightnesses observed in C6Q and in C7Q. One possibility
to explain the difference is that the LDOS is higher in C7Q
than C6Q. However, we could not recognize a distinct
difference in the charge distribution between C6Q and C7Q.
In the present geometry, C6Q faces the Cu surface with
the six-membered ring neighboring to three five-
membered rings, and C7Q faces the surface with the six-
membered ring neighboring to two five-membered rings.
This difference of the number of the neighboring five-
membered rings might cause a difference in the adsorp-
tion interaction, and in turn a difference in the distance
from the substrate. To reproduce this difference and the
detailed feature mentioned above, the STM tip interac-
tion and the effect of the substrate must be explicitly tak-
en into account.

V. CONCLUSION

In this study, we have performed band-structure calcu-
lations of C6Q and C6Q-C7Q mixture monolayers in order to
understand the bias-voltage-dependent intramolecular
patterns observed in C6Q and C7Q adsorbed on the
Cu(111)-(1X 1) surface. We adopted simple models,
which assumed the 2D crystal structure and the proper
onentational adsorption geometry. The computed
energy-band dispersions represent the specific symmetric
features of the molecular C6Q and C7Q, because the inter-

0
molecular distance of fullerenes (10.2 A) is large enough
to separate the adsorbed fullerenes, and hence their origi-
nal levels remain.

By comparing the calculated charge distributions with
the observed STM images, we have found that the
highlighted regions of the STM images at the positive
and negative bias voltages are, respectively, described by
the LUMO and HOMO bands and correspond to the po-
sitions of five- and six-membered rings. That is, the pat-
terns strongly depend on the orientation of the fullerenes.
The three-leaf-clover shape observed on C6Q, at the posi-
tive bias voltage, corresponds to the three five-membered
rings around the topmost six-membered ring of C6p. The
doughnut shape observed at the negative bias voltage cor-
responds to the topmost six-membered ring. The rec-
tangular spot with an inscribed cross in C7o observed at
the positive bias voltage corresponds to the four five-
membered rings.
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