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Constant temperature classical molecular dynamics(MD) simulation and ab-initio mixed-basis band calculation are carried
out to provide a theoretical understanding of for the results of the recent STM experiment concerning the epitaxial growth
of Cgp monolayer film deposited on the Si(100) surface. While performing the classical MD simulation, we often observe
c(4 x 3) and c(4 x 4) structures of Cgo molecules on the Si(100) substrate, and their rotational motions are suppressed by
the strong interaction between carbon and silicon atoms. The present theoretical results closely agree with the experimental
results of the STM observations of this system. An ab-initio band structure calculation using mixed-basis is also performed
for the same system. According to this band structure calculation, Fermi surface is concluded to be relatively small around
I' point suggesting electron conduction. The spacial distribution of the partial charge densities calculated for HOMO and
LUMO band agrees with the “stripes” observed by STM experiment with negative bias condition.
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1. Introduction

It is well known that Cgy molecule(Buckyball) is a
novel form of carbon microclusters having a truncated
icosahedron soccer-ball geometry which lies in between
smaller carbon clusters and bulk phases. It is also known
that this geometry has an unusual degree of stability as
a molecule, and in crystalline phase, the Cgy molecules
form the van der Waals molecular solids[l] having an
FCC lattice structure with a centre-to-centre distance
of 10.2Awith a rapid rotational motion at room temper-
ature.

Very recently a research throwing a light into the
mechanism of epitaxial growth and structural properties

of Cgo molecular thin film deposited on Si(100) c(2 x 1) .

reconstructed surface has been reported by using field
ion STM-based experiment[2]. The Si dimerized surface
is “active” since each topmost Si atom forms a dangling
bond, and hence it is expected that there would be a
significant amount of charge transfer from the dangling
bond to the deposited Cgo molecules. According to the
results of the STM experiment, the following conjectures
were proposed|[2]:

a): The adsorbed Cgo molecules reside in the troughs of
the dimer rows on the surface and are distributed ran-
domly with a minimum separation of 12A. In this first
monolayer film, the individual molecules are surrounded
by eight or six dimers of Si surface as depicted schemat-
ically in Fig.1.

b): The multilayer deposition of Cgo’s results in the for-
mation of an FCC crystalline film after the adsorption
of the 5th addlayer.

c): There is a short-range ordering of the Cgo’s in the
first monolayer film, and there are two types of molecular
alignments, c(4 x 3) and c(4 X 4), emerged on this sta-
ble film with the nearest-neighbour distances of 9.6Aand
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10.9A, respectively.
d): STM images often show internal structures of in-
dividual Cgp molecules. In Fig.2 three or four bright
rows run in parallel on each molecule. Since the orienta-
tions of these “stripes” are the same, this could indicate
that the Buckyballs are not rotating on the Si(100) sur-
face even at the room temperature, which is significantly
different from the FCC crystalline where the rapid ro-
tational motions(10°/sec) are observed. The origin of
these stripes may be attributed to the transfer of elec-
tron charge from the dangling bonds to the molecules.
To obtain a theoretical insight into the dynamics and
the interactions of Cgo molecules with the Si(100) dimer-
ized surface and to examine the validity of the above con-
clusions, we have performed an ab-initio full-potential
density-functional calculation and a large-scale classical
MD simulation modelling as acculately as possible the
experimental procedure for monolayer deposition on the
substrate. We have found that our results are in close
agreement with most of the above experimental findings.

2. Calculation Methods and Numerical Condi-
tions

2.1. Classical MD simulations

We have applied a classical molecular dynamics sim-
ulation to the adsorption of Cgy molecules onto the
Si(100) dimerized surface. The inter-atomic potentials
that we have used to describe the Si-Si interactions in
the substrate and Si-C interactions between substrate
and Buckyballs are Tersoff non-central many-body po-
tentials[3]. These potentials are known to describe well
the cohesive energy of covalently-bonded Si and C solids.
According to these potentials, the total energy of a sys-
tem of atoms is modelled as a sum of pairwise interac-
tions with the coefficient of the attractive component,
playing the role of a bond order, depending on the lo-
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Figure 1. Schematic positions of the Cgo molecules in
the first monolayer film on the Si(100) c(2 x 1) surface
showing c(4 x 4) and c(4 x 3) alignments. Open small
circles are bulk Si atoms, solid circles are dimerized Si
surface atoms, and large open circles are Cgo molecules.
This figure is reproduced from Ref.[2].

cal atomic environment and simulating a many-body in-
teraction. The energy E, as a function of the atomic
coordinates, is taken to be:

E=ZE1'=%ZVH, (1)

i
Vij = fo(rij)[fr(ri;) + bij fa(rii)l, (2)
Fr(rij) = Aij exp(=Aijrij),

fa(rij) = —Bij exp(—pijrij),

1, rij < Rij
_RIJ

fe(rij) =
0, rij > Sij;

bij = xij(1+ R ¢y ) /2,
Gij = Z fo(rie)wijrg(Bije),
k#1,5

9(0is%) = 1+ &2 /d? — 2 /[d? + (hi — cosBije)*];

%-{- %COS[?(TT;;L_—IE)—)], Rij <7y < Sij, (30)

STM image of the first layer of the Cgp

The image shows some internal struc-
ture(three or four rows running in parallel) on individual
Ceo molecule. Figure reproduced from Ref.[2].

Figure 2.
molecules.

Aij = ()‘i + >‘J')/2s Hij = (:“‘i + /‘j)/27 (39)

wije = explpd(ri; — rix)’, (3h)

Aij = (A4i4;)Y?,  Bij = (BiBj)'/?, (32)

Rij = (RiBj)'?, Sy = (S:iS))?,  (34)
where i, j, k label the atoms of the system, r;; is the
length of 45 bond, and 6;; is the bond angle between
ij and ik. fc(rij) is a cut-off function and b;; expresses
a many-body coupling between the bond from atom ¢
to atom j and the local environment of atom 4. Singly
subscripted parameters, such as A; and n;, depend only
on the type of the atom (C, Si). The parameters in the
Tersoff potential are given in Table 1.

The C-C intramolecular interactions inside the Cgg are

described by the harmonic potential:

Vap(i,j) = aij(rij — mo)* + Bij(wije —wo)*, (4
where r;; denotes the distance between the atom ¢ and

atom j, wiji is the bond angle between bond ¢j and bond
ik, and the parameters are taken to be a;; = 3.5¢V,
Bij = 4.0eV, 7 = 1.45A, wy = 120°, respectively.

The intermolecular interactions are described with
their carbon atoms interacting via Lennard-Jones 12-6
potential:

Via(iyg) = 4€l(-2) = ()%, (5)

ij Tij
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Table 1. Parameters of Tersoff potentials for C and Si.

C Si
A(eV)  1.3936 x 10° 1.8308 x 10°
B(eV)  3.467 x 107 4.7118 x 102
(A7) 3.4879 2.4799
p(A~1)  2.2119 1.7322
Jéj 1.5724 x 10~7 1.1000 x 1078
n 72751 x 107t 7.8734x 107*
c 3.8049 x 10* 1.0039 x 10°
d 4.384 x 10° 1.6217 x 10!
h —~5.7058 x 107! ~5.9825 x 10"
R(A) 1.8 2.7
S(A) 2.1 3.0

Xc-c = Xsi-si = 1, Xc—si = 0.9776

where r;; denotes the distance between the atom ¢ and
atom j with parameters( e = 28K and o = 3.4A) taken
from Ref.[4]. The classical equations of motions are inte-
grated numerically via the velocity Verlet algorithm[5].

The temperature of the system in our simulation is
maintained at a fixed value by Nosé algorithm. The
energy relaxation during the equilibration stage is per-
formed via a quenched MD algorithm in which the veloc-
ities of atoms are quenched to zero at every time steps
where the total kinetic energy of the system reached its
maximum value.

Basic time step was set to be 2fs and 43,000 steps of
the simulation in total, reaching 86ps, is performed in
this simulation.

Figure 3. The initial configuration of the one Cgg
molecule separately located above the Si crystal with
(100) surface at ¢ = 0. Only the center position of Cgq
and the topmost dimer-forming Si atom are drawn in
this figure.

The initial configuration consists of one Cgg molecule
settled above the dimerized Si(100) ¢(2 x 1) substrate in
the direction of (001) normal to the surface as shown in

9

Fig. 3. Note that only the center position of Cgp and
topmost dimer-forming Si atoms are drawn schemati-
cally in this figure. The substrate consists of 9 atomic
layers with 128 Si atoms per layer. With the excep-
tion of the Si atoms in the lowermost layer, all other
substrate atoms are treated dynamically. The system is
equilibrated for 1,000 time steps of At=2fs at 300K and
at constant pressure. During this stage, the Cgo is kept
sufficiently far from the substrate so that there are no
interactions between them.

After equilibration, ten molecules of Cg¢ in total are
launched in random directions with initial kinetic en-
ergy determined randomly corresponding to the room
temperature. Since the Cgy molecules and the surface
interact with each other, the molecules move downward,
until they reach the surface.

2.2. Ab-initio band structure calculation

Band structure calculation is one of the most impor-
tant methods for investigating the electronic structure of
bulk materials. In general, local density approximation
in density functional theory together with pseudopoten-
tials and plane wave expansions of wave functions are the
presently standard methods to calculate electronic states
of materials. Although recent advances in computational
power has made it possible to increase the number of ba-
sis sets in the expansion of wave functions, resulting in
more precise electronic structure calculations, it is rather
difficult to deal with light elements such as carbon, boron
and nitrogen because the strong Coulomb potential near
the nuclei can hardly be removed from the pseudopo-
tentials. Typically 32,000~45,000 plane waves[6] (about
35Ryd to 45Ryd in energy cutoff) are required for simu-
lating the correct bond lengths of small carbon clusters
like Cyy in a pseudopotential formalism. In such a case,
the use of pseudopotentials does not reduce the total
amount of calculation. Hence for light atoms, the full-
potential calculation in dealing with all core electrons
as well as all valence electrons is the next desired step
towards more precise analysis.

In this paper, we perform an ab-initio full-potential
band calculation based on the mized-basis approach
which uses both Plane Waves(PW’s) and the 1s core-
and 2p valence-atomic orbitals (AO’s). We will apply
this method to the Cgo molecules residing on the Si(100)
surface[7, 8].

Historically the mixed-basis approach in the band
structure calculation was first introduced by Friedli and
Ashcroft[9] in the case of hydrogen molecular crystals,
and a similar approach was applied to the case of transi-
tion metals by Louie, Ho and Cohen[10] in order to han-
dle the spatial locality and asymmetry of the d-orbitals
correctly. The present work is the first attempt to apply
the mixed-basis to the two dimensional band structure
calculation.

In the mixed-basis formalism, the basis |I) denotes ei-
ther PW or AO. Suppose that we are using Npw plane
waves and 4N, atomic orbitals(ls and 2p,, 2py, 2p,
orbitals per atom) accompanying the Ny atoms. For
=1, .-, Npw the basis denoting the ith PW is
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1 _1: l'
PPV (x) = (r]l) = —=eiGIT.

V5o

For | = Npw + 1,---, Npw + N4 it denotes the 1s

(6a)

atomic wave function (spin is neglected) centered at the
m(=1— Npw)th atom, i.e.

3
P () = (elt) = ¢/ Sem e T,

and forl = Npw + Na+1,---, Npw + 4Ny it denotes

(60)

one of the 2p,, 2py, 2p. atomic functions:

F @) = (et = o = e P Tl ()

o) = (el = 1 22y = Yoot

2(6) = 1) = |/ s = Ze e m Rl (60

The effective one-electron Hamiltonian reads

r-Rel  (6d)

H=T+V, (7a)

T = —%vz, (7)

r)—=— _Z_m__‘_ I‘I p(r') ecr ¢
Vi) =X o+ @ Ve (1)

where we have used the atomic unit (a.u.), b = m, =

e = 1. In Eq.(7c), Z,, and Ry, denote, respectively, the
atomic number and the position of the mth atom, p(r)
is the total electron density and V*¢(r) the exchange-
correlation potential which is evaluated in real space un-
der the local density approximation[11]. In the present
formalism, we evaluate p(r) directly in real space from
the expansion-coefficients determined at the previous
step. We also utilize the fast Fourier transform(FFT)
for many times in the present algorithm. To calculate
the electron-atom and electron-electron Coulomb poten-
tials, i.e the first two terms in Eq.(7c), it is much more
efficient to evaluate their sum in the Fourier space as,

‘ - -iGR..
7(G) = 4rPL8) = 2um Z’Ze 2 )

provided that the charge density p(G) in the Fourier

space is known (in Eq.(8) £ denotes the volume of the
unit cell). As a more elaborate matter, in order to
perform a high precision integration of potential ma-
trix elements in real space around each atom, meshes
on which we evaluate the real space potential are chosen

so0 as to contain the atomic sites at their centers. There-
fore we evaluate the real space charge density p,(r) and
the potential V,,,(r) both centered on the mth atom for
m = 1 ~ Ny, which is the most time-consuming part in
the present computer program.

Once the potential function is determined, we then
proceed to evaluate the Hamiltonian matrix elements
(1 H|k) = {{|T|k) + (I|V]k). In the calculation of po-
tential matrix elements ({|V'|k), there are three types of
combinations: PW-PW, PW-AQO, and AO-AO. For PW-
PW the standard calculation in the Fourier space works
well. The other combinations PW-AO and AO-AO are
more easily calculated in the real space (in the small area
around each atomic nucleus), since the 1s and 2p AO’s
presently chosen are well localized around each of nu-
cleus site. (For such choices of AQ’s, one may neglect all
overlaps between different atomic orbitals located at dif-
ferent nuclei positions as a good approximation.) More-
over, we separate the real-space potential V;,(r) centered
on each atom into two parts; one is the spherically-
symmetric and analytic part V,2(r) = —6e™%"/7 and
the other is the numerical part V5, (r) = Via(r) — ViE(7).
All the relevant integrals involving V,2(r) are carried out
analytically.

For the matrix elements of the kinetic energy (k|T'|k),
one has three analogous combinations; for PW-PW,
PW-1s and PW-2p, i.e.

1
Tk =—G26lk, for 1 <1,k < Npw,
9 1

(9a)

4/7ad G? G, R
IIT|N. = = ’ T (9h
([ | PW+m) Q (Glz_}_agn)ze 1(9)
for 1 <1< Npw, 1<m< Ny,

16\/7BT,  GIG,

- e—iG;-Rm’
Q (G} +BR)

(9¢)

(UT|Npw+Natm) = —

for 1Sl§pr,

respectively, while, for 1s-1s and 2p-2p, one may expect

lsmSNAa

the hydrogen-like analytic result, (Npw +n|T|Npw +m)
= %aﬁénm and %ﬂi(?nm.

Using this mized-basis scheme, a full-potential band
calculation is carried out to analyze the two dimensional
band structure of the triangular-lattice Cqp molecules.
As the first step to incorporate the effect of the sub-
strate, we model the charge transfer from Si dimers by
assuming the charge neutrality with a uniform positive
background. There are two distinct sites of Cgg in the
c(4 x 3) structure with six or eight dangling bonds ex-
isting nearby. The possible maximum amount of the
charge transfer is therefore six per one Cgo, when we as-
sume that every Cgg site is geometrically equivalent and
all the dangling bonds loose all their electrons. However,
less amount of charge transfer seems to be realized in the
experiments.

In our calculation, lengths of double and single bonds
between two carbons in Cgo are fixed to be 1.40 and
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(b)

Figure 4. The unit cell and the Brillouin zone. A rhom-
bohedral unit cell having a 73.74° vertex, the lattice con-
stants @ = b = 9.6A in the basal plane, and ¢ = 11.94
in the perpendicular direction are used.

1.46A, respectively, while two double bonds locating on
opposite sides of Cgg are fixed at the lowermost and top-
most locations. We assume a rhombohedral unit cell de-
termined experimentally[2] having a 73.74° vertex and
a = b= 9.6A(1a.u.=0.52918A4) lattice constants in the
basal plane, in which the direction of dimer sequences
are parallel to the shorter diagonal of the rhombohedron.
With this unit cell, the two distinct Cgg molecules are
approximated to be the same in the ¢(4 x 3) structure.
On the other hand, we use a supercell approximation to
treat the vertical direction such that Cg¢ repeats in a
period of ¢ = 11.9A, which is somewhat larger than a
and b. Figure 4 shows the unit cell and the Brillouin
zone.

Moreover we take the spin doublet in each level for
granted. Sixty 1s atomic orbitals of Cgg and 1,865 plane
waves are adopted as a basis set. The real space is
divided into 64 x 64 x 64 meshes, where 3.175 meshes
correspond approximately to 0.52918A. The exponential
damping factors a(= am) and (= Bm) for the 1s and
2p atomic wave functions are chosen as o = 1/0.101 and
B =1/0.116A~", respectively.

3. Results and Discussions

3.1. Classical MD simulation

During the equilibration stage, a rotational motion of
the Cgg molecule is initiated from the beginning of this
stage. At the end of the equilibration stage, the kinetic
energy of the rotational motion reaches the amount cor-
responding to the room temperature.

Following equilibration, the first Cgo molecule is
launched in a random direction with initial kinetic en-
ergy determined randomly corresponding to the room
temperature. Since the first Cgp molecule and the sur-
face interact with each other, the molecule moves down-
ward , until it reaches the surface. After reaching the
surface, Cgo bounces several times giving the kinetic en-
ergy to the surface, and finally settle on the surface at
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Figure 5. The snapshot of the simulation. Five Cgo’s
form the c(4 x 4) structure at this stage. Sixth Cg is
approaching from upper-left direction at ¢ = 42ps.

the stable point: i.e. it stays at the on-top site of the
dimer valley and is surrounded by six dimers as predicted
experimentally. At this position, rotational motion of
Cego is suppressed by the the strong interaction between
dimer-forming Si atoms and C atoms of the molecule.
This result is in good agreement with conjecture (a) and
(d) stated in the Introduction.

Figure 6. The snapshot of the simulation. The fifth Cgo
hits one of the first layer Cgp to cause phase transition
of ¢(4 x 4) structure to c(4 x 3) at ¢t = 49ps.

After the first Cgq has settled at stable position, the
second Cgg is launched in a same manner as before. Ten
Ceo’s in total are launched in this simulation. The sec-
ond molecule goes down interacting with the substrate
and with the first Cgo simultaneously, and is adsorbes
onto the surface near the on-top site of the dimer valley
next to the first molecule. At this stage, the position
of two molecules are slightly distorted because of the
intermolecular interaction.

Figure 5 shows a snapshot of the simulation when five
Céeo’s have already been adsorbed on the Si(100) surface
and sixth Cgo is just launched from the top position. It



12 Sci. Rep. RITU A39 (1993) No. 1

The last
Cgo settle onto the first layer to form the close-packed
structure at ¢ = 82ps.

Figure 7. The snapshot of the simulation.

is clear that five Cgo’s form the c(4 x 4) structure which
is coherent with the Si{100) dimerized surface, suggest-
ing that c(4 x 4) is one of the most stable structure for
this system. It should be noted that the sixth molecule
interacts with the substrate and with five Cgo’s already
settled on the surface. Just after this Cgo reaches the
substrate, it repels one of the Cgo’s on the surface and
causes a significant distortion of c(4 x 4) structure to
transform to the c(4 x 3) structure(Fig. 6). This result
is in agreement with conjecture (c) in Section 1. Fur-
thermore, it should be noted that these structures can
be easily distorted by weak perturbations and transform
to the other structure.

Figure 7 shows a snapshot when the tenth Cgo
molecule has just settled onto the first monolayer to form
the second layer. The position of this molecule is almost
the center of a triangle consisted of three molecules at
the first layer. A remarkable finding for this molecule is
that rotational motions are not suppressed anymore if
Ceo is adsorbed onto the second layer since the strong
interaction originated from Tersoff potential does not
reach the second layer. While all of the nine molecules
at the first layer do not rotate because of the strong
interaction between C atom and the dimer-forming Si
atom. For all nine molecules, C; rotational symmetry
axis oriented normal to the surface. The double bonds,
vertical to the Cy symmetry axis, were parallel to the
direction of dimer row, for three molecules, while the
double bonds of the other six molecules oriented vertical
to the dimer row.

We can summarize this part by stating that our
large-scale constant temperature classical MD simula-
tion based on the inter-atomic potentials is capable of
reproducing most of the experimental results and there-
fore offer an insight into the dynamics of the Buckyballs
on the Si(100) surface.

We now turn to an ab-initio band structure calcula-
tions that we have carried out for the Cgp c(4 x 3) thin
film structure deposited on Si (100) surface.

Figure 8. The spatial distribution of total charge density
of Cgp monolayer thin film including ls core electrons.
The charge is localized in the intermolecular region.

3.2. Ab-initio band structure calculations

Here, the results of the two-dimensional band struc-
ture calculations are presented and compared with the
experimental results. Figure 8 shows the spatial distri-
bution of total charge density of Cgp including 1s core
electrons. It is evident that there is a net charge density
around the intermolecular region, which has not been ob-
served in the FCC Cgo[12]. By plotting a contour map
near C atom, we have confirmed that there are remark-
able concentration of electron charge in the vicinity of
C atoms, indicating that 1s core electrons are well de-
scribed in the present method.

Figure 9 shows the calculated band structure of the
Ceo monolayer thin film. We dropped out from this fig-
ure the sixty 1s bands all locating at -22Ryd. with-
out dispersion, while we depicted the first 30 valence
levels. Because of the existence of strong dispersion,
there are band overlaps everywhere, and the overall fea-
ture is quite different from that obtained for the FCC
Ceo[12], although the density of state is rather similar.
This feature originates from both the existence of two-
dimensional crystal field, and the decrease of nearest-
neighbor distance between molecules (about 1A smaller
than that for the FCC). When there is some amount
of charge transfer from Si substrate, the lower 121 lev-
els are completely occupied and the 122nd and 123rd
levels are partly occupied, where the Fermi level exists
(denoted E=0 in Fig.9) It should be noted that HOMO
band in the present calculation is not degenerate at I’
point, which is quite different from that in FCC Cgo-[12]
The band structure of Ci; and Cgy are also calculated
and similar results are obtained. From Fig.8 we see that
the Fermi surface around T point is very small, indicat-
ing the existence of small number of surface free carriers.

Figure 10 shows the spatial distribution of the partial
charge density of the HOMO band at the I' point. This
band is made of top three levels below the band gap. On
the other hand, Fig. 11 shows the spatial distribution of
the partial charge density of the lowest level belonging
to the LUMO band at the " point. It is easily seen that
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Energy (eV)
v

Figure 9. The calculated band structure of the Cgg
monolayer thin film. Sixty 1s bands are dropped out
from the figure.

there is a set of “stripes” in the isosurface of Figs. 10 and
11 parallel to the direction of the topmost double bond
of Ceo. This feature corresponds to the STM image[2]
in good agreement with the conjecture (d) mentioned
before, and suggests the agreement between the theory
and experiment. We have confirmed that the direction
of stripes always coincides with the direction of topmost
double bond. This result suggests that one can deter-
mine the orientation of Cgg from the STM pattern image
by identifying the direction of stripes.

We can summarize this part by stating that ab-initio
all-electron calculations using the mized-basis can repro-
duce the density of states and the 1s binding energy
for the carbon system correctly. The results of our
band structure calculations explain accurately the ex-
perimental findings concerning the charge transfer from
silicon substrate to the Cgp, and give a theoretical in-
sight into the nature of the “stripes” observed on the
Cgo molecules. We ascertain that these “stripes” must
arise as a result of the charge transfer.

4. Concluding Remarks

We have performed a Classical Molecular Dynamics
simulation and an ab-initio full-potential band struc-
ture calculation simultaneously, and applied them to Cgg
monolayer thin film adsorbed on the Si(100) dimerlized
surface. We have found that our results are in close
agreement with the experimental findings. All the re-
sults are summarized in the last part of Sections 3.1 and
3.2, for the Classical MD and ab-initio studies, respec-
tively. These two approaches and results are mutually
complementary, and simultaneous studies enable us to
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Figure 10. The spatial distribution of the partial charge
density of the HOMO band at the I" point.

Figure 11. The spatial distribution of the partial charge
density of the lowest level belonging to the LUMO band
at the ' point.

give a theoretical insight into the dynamics and the me-
chanics(details of the interactions) of this system.
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