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Classical molecular dynamics simulation and ab initio mixed basis Car-Parrinello methods are discussed
and applied to the investigation of the results of a recently performed STM-based experiment involving
the adsorption of Cg, molecules on the dimerized Si surface. We show that these methods are capable
of providing the theoretical basis for this experiment and test the validity of the associated conjectures.

A mixed-basis all-electron formalism for the Car-Parrinello method is proposed to obtain the detailed
understanding of the electronic states and dynamics of surface structure. A band structure calculation
using this formalism is performed for the c(4 x 3) structure of Cq, adsorbed on Si (100) surface and
is compared with the experimental results.

KEY WORDS: Classical MD simulations, Car-Parrinello method, mixed-basis DFT, Cg, Buckyballs,
Si(100) c¢(2 x 1) surface, Tersoff potential

1 INTRODUCTION

Computer-based Molecular Dynamics (MD) simulations have now become standard
methodologies for investigating, at the atomistic and molecular levels, theoretical
and experimental problems in condensed matter physics and materials science.
Employing these methods, we are now able to understand the collective behaviour
and properties of complex systems and their emergent properties in condensed phase
in terms of motions of their individual constituents, and to predict their time evolu-
tions under controlled conditions. In materials science, MD simulations have been
employed over the past few years to provide insights into the processes that emerge
in stressed nano-volumes of solids in order to elucidate the atomistic mechanisms
underlying the macroscopic processes of plasticflow, adhesion, sintering, indenta-
tion, fracture, friction and dislocation nucleation in metals [1, 2, 3].

Recently, problems in surface physics of metals and semi-conductors have
provided the fertile grounds for further applications of MD simulations in materials
science. The adsorptions of monolayers and multilayers of molecules and micro-
and nano-clusters on metallic and semi-conducting surfaces can now be simulated
to provide insights into the corresponding STM-based, and other, experimental
investigations performed in this field.

A classical MD simulation proceeds by considering a finite nano-size cluster of
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atoms, the size of which depends on the computational power available, in a
primary computational cell that is periodically replicated in three dimensions. These
replicated image cells, containing the periodic images of the atoms in the central
cell, form the periodic boundary conditions that are introduced to minimise the
effects of the artificial surfaces that arise due to the finite size of the nano-clusters
considered. Methods are now available for constructing computational cells perti-
nent to atomic configurations with the BCC, FCC and HCP structures.

In an MD simulation, the energetics and dynamics of the system are derived from
inter-atomic potentials of pairwise-additive and, more recently, of many-body
types. These include Lennard-Jones potentials, appropriate for the description of
closed-shell materials, Stillinger-Weber Si potentials [4], Finnis-Sinclair many-body
pure metallic [5] and alloy [6] potentials, Embedded-Atom many-body metallic {7]
and Si [8] potentials and non-central many-body Tersoff potentials [9] for
covalently-bonded systems of C and Si atoms.

Each atom within the computational cell interacts with a set of neighbours
that lie within the cut-off radius of the potential. Powerful procedures now exist
[10] for constructing and updating atomic neighbour lists. The forces that are
experienced by the atoms are obtained from these potentials, and the numerical
integration of the resulting differential equations of motion via finite-difference
techniques, such the Verlet algorithms [11], the Gear Predictor-Corrector
algorithms [12], is employed to provide the atomic world lines within the com-
putational cell.

The classical MD simulation that will be reported in this paper is of the equilib-
rium type applied to a canonical ensemble in which the number of atoms and the
volume of the computational cell are both fixed, and the temperature of the system
is maintained at a constant preset value. We report in this paper the results of our
classical MD simulation of monolayer adsorption of Cg, Buckyballs on the Si(100)
c(2 x 1) reconstructed surface. Our simulation, performed on a relatively small
system, is capable of shedding light on the experimental results that have recently
been obtained for this system.

Band structure calculation is one of the most important methods for investigating
the electronic structure of materials. Local density approximation in density func-
tional theory together with pseudopotentials and plane wave expansions of wave
functions are convenient methods to calculate electromic states of materials.
Although recent advances in computational power have made it possible to increase
the number of basis 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 poten-
tial near the nuclei can hardly be removed from the pseudopotentials. Typically
32,000 ~ 45,000 plane waves [28] (about 35Ryd to 45Ryd in energy cutoff) are
required for simulating the correct bond lengths of small carbon clusters like Cy,
in a pseudopotential formalism. In such a case, the use of pseudopotentials does
not reduce the total amount of the 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 a more precise analysis.

In this paper, we introduce a new method for performing an ab-initio molecular
dynamics simulation for the full-potential and all-electron calculation in the mixed-
basis approach which uses both Plane Waves (PW) and the 1s core- and 2p valence-
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atomic orbitals (AOs). We will apply this method to the Cy molecule residing on
the Si(100) surface.

2 THE C/SI SYSTEM

Considerable scientific and technological interests have been generated during the
past few years over the study of C, Fullerenes (Buckyballs) as novel forms of
carbon in condensed phase laying in the range between the small carbon molecules
and the bulk phase. In particular, it has been established [13, 14] that the doping
of the Cg, crystals with alkali metal atoms leads to superconducting compounds
with transition temperatures in excess of 30K. Both experimental investigations
[15, 16] and theoretical studies [17-20] concerning the structure and properties of
this molecule have confirmed its truncated icosahedral soccer-ball geometry having
an unusual degree of stability. Moreover, it is now known that the solid Cq, crystal
is an FCC structure, with a centre-to-centre distance of 10.02 A, in which the
molecules undergo rotational diffusion under ambient conditions [15, 16}.

Another field of investigation involving the Cg Buckyballs has been the studies
of C, overlayer growth on metallic and semi-conductor surfaces using Scanning
Tunnelling Microscopy (STM). Employing the STM, it has been established [21, 22]
that the Cgqs deposited on the Au(111) surface display mobile hexagonal arrays
with an inter-molecular spacing of 11.0 A, while those adsorbed on the GaAs
surface [23, 24] reveal large locally-ordered first monolayer islands that are struc-
turally stable and commensurate with the underlying substrate.
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Figure 1 Schematic positions of the Cgy molecules on the Si(100) c(2 x 1) surface: (a) c(4 x 3)
forming the hexagonal arrays, and (b) c(4 x 4) forming the simple cubic arrays. (Open circles are
bulk positions of Si atoms, solid circles are dimerized surface Si atoms, and large open circles indicate
the positions of Cgy molecules). Figure reproduced from Ref. 25,
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Very recently the first field ion STM-based results [25}] of monolayer and
multilayer depositions of Cg molecules on Si(100) c(2 X 1) reconstructed surface
have been reported. In contrast to the Au and GaAs surfaces, the Si dimerized
substrate is an “active” surface with each Si atom contributing a dangling bond, and
hence it is expected that there would be a significant amount of charge transfer
to the deposited C,, molecules. On the basis of a large number of STM scans, the
following conjectures were proposed:

(a)
(b)

©)

@

The absorbed Cg molecules reside in the troughs of the dimer rows on the
surface and are distributed randomly with a minimum separation of 12 A.

The individual molecules occupy site A in Figure 1 with a high degree of
symmetry and are surrounded by eight dimer-forming Si atoms. This figure
was produced in Ref. [25] on the basis of an STM image of a coverage of
approximately 0.02 C, monolayer.

There appears to be no coalescence on the terraces or no segregation to the
steps or the defects at room temperature, unlike the case of Cg,s adsorbed
on GaAs(110) surface.

There is only a short-range local ordering of the Cgs the first deposited
layer. There are two types of structures observed: c(4 x 3) and c(4 x 4)
as seen in the STM image in Figure 2. The c(4 X 3) lattice forms the
FCC(111) plane as well as the HCP basal plane and the c(4 x 4) forms the
simple cubic(001) plane. The nearest-neighbour distances are 9.6 A and
10.9 A for the c(3 x 4) and c(4 x 4) respectively. With the completion of

~40A
40A

Figure 2 STM image of the surface with the Cgy coverage of approximately one monolayer, showing
both the c(3 x 4) and c(4 x 4) packings. The dark regions are still unfilled bare Si surface. Figure
reproduced from Ref. 25.
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20A

b

Figure 3 STM image of the first layer of the Cg, molecules. The image shows some internal structure
(three or four rows running in parallel) for the individual Cgy molecules. Similar internal structures were
also observed for the Cgq, adsorbed on the Si(111) ¢{7 x 7) surface. Figure reproduced from Ref. 25.

the first layer, the second layer of Ccs begins to form and island forma-
tion is also observed suggesting a Stranski-Krastanov growth mode.

(¢) There are STM images that show some structure on individual Cg mole-
cules. In Figure 3 three or four bright rows run in parallel on each molecule.
Since the orientations of these “stripes” are the same, this could indicate that
the Buckyballs are not rotating on the Si(100) surface at room temperature.
The origins of these stripes may be attributed to the transfer of charges from
the dangling bonds to the molecules.

To give a theoretical insight into the dynamics of single and collective interactions
of C, molecules with the Si(100) dimerized surface and examine the validity of the
above conclusions, we have performed an ab initio density-functional calculation
and a large-scale classical MD simulation modelling as closely as possible the
experimental procedure for monolayer deposition on a substrate. We have found
that our results are in close agreement with most of the above experimental findings.

3 CLASSICAL MOLECULAR DYNAMICS SIMULATIONS

The inter-atomic potentials that we have used to describe the interactions between
the Si atoms in the substrate and between the Si atoms and the C atoms on the
Buckyballs are Tersoff non-central many-body potentials [9]. These potentials
represent the current state of the art in describing the cohesive energies of
covalently-bonded Si and C solids. According to these potentials, the total energy
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of a system of atoms is modelled as a sum of pair interactions with the coefficient
of the attractive component in the pairwise potential (which plays the role of a bond
order) depending on the local atomic environment and hence giving rise to many-
body contributions. The energy FE, as a function of the atomic coordinates, is taken
to be:

1
E=2Ei=§ E Vi Vu=fc("ij) Lfetry) +biij(rij)];

i#j

fR("ij) =A,jeXp(*)\.j"ij)a fA(’ij) = —Bije’(p(—#ijry);

1, ri <Ry
fc(ru) =471+ %COS[T(’},‘ — Ry)/(§; — R:j)]» R; <r; <SSy,
0, r; > 8y;

bij = Xij(l + 37' i’}'i)_]/z"i, g-ij = Z ﬁ-(rik)wikg(oijk)’

k#ij

g(0,) =1+ clzd? — c¢2/[d? + (h; — cosfy ) |;
N = (N + )‘j)/zv By = (#i + F‘j)/Z’ Wy = exp[”’?k(rij - ’ik)sl’
Aij = (A.'Aj)l/z, Bij = (BiBj)my Rg = (RiRj)ms S;j = (SiSj)m,
where i, j, k label the atoms of the system, r; is the length of ij bond, and 6, is
the bond angle between i/ and ik. Singly subscripted parameters, such as A\; and n;,
depend only on the type of the atom (C, Si). The parameters of the potentials are
given in Table 1.

The Buckyballs were treated as rigid molecules, with their atoms interacting via
Lennard-Jones 12-6 potentials:

-3

where 7 and J denote two molecules, r{f is the distance between the atom i in

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 10° 4.7118 x 1
AATH 3.4879 2.4799
p(A7H 2.2119 1.7322
8 1.5724 x 1077 1.1000 x t0~°
n 7.275¢ x 107! 7.8734 x 107!
¢ 1.8049 x 10* 1.0039 x 10°
d 4.384 x 10° 1.6217 x 10!
ko —5.7058 x 107" ~5.9825 x 107"
R(A) 1.8 2.7
S(A) 2.1 3.0

Xc-c= Xsi-si= s Xxe -5 = 0.9776
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molecule 7 and atom j in molecule J with parameters (¢ = 28K and o = 3.4 A)
taken from Ref. [26]. The classical equations of motions were integrated numeri-
cally via the velocity Verlet algorithm [27]. This procedure takes the form:

r(t+de) = r(e) +dt-v(t) + % (dt)*-a(t)

v(t + %dtj =v(t) + %dt-a(t)

1 1
v(t+dt) = v[t+5dtJ + 5dt-a(t+ dt)

and it is implemented in a simulation program by first calculating the positions of
all atoms at time ¢ + dt, and their velocities at mid-step ¢ + 1dt¢. The forces and
accelerations at time ¢ + dt are then computed and these are used to update the
velocities at ¢ + dt. At this point, the kinetic energy is available at time ¢ + dt. The
method uses 9N words of storage (N is the number of atoms) and is numerically
very stable.

The temperature of the system in our simulation was maintained at a fixed value
by rescaling the particles’ velocities at each time step. The energy relaxation during
the equilibration phase was performed via a quenched MD algorithm in which the
velocities of atoms were quenched to zero every time the total kinetic energy of
the system reached its maximum value.

4 CLASSICAL MOLECULAR DYNAMICS RESULTS

Our MD simulation was performed for a Si substrate having 9 atomic layers with
128 atoms per layer. With the exception of the atoms in the lowermost layer, all

Figure 4 The initial configuration showing the randomly distributed Buckyballs above the Si(100)
surface. Vertical direction is {001), horizontal direction is (111}, (110} direction is into the plane of
the paper.
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Figure 5 Final positions of the Buckyballs in the troughs of the dimer rows. Directions are the same
as Figure 4.

other atoms were treated dynamically. Periodic boundary conditions were applied
in all three directions. To mimic the experimental technique of film deposition,
our initial configuration of Buckyballs, consisting of 14 molecules, was randomly
distributed over the dimerized substrate in the direction of (001) normal to the
surface as shown in Figure 4. An equilibration run of 1000 time steps (d¢ = 10 f5s)
at constant temperature of 300 K and constant pressure was then performed to relax
the system. During this phase, we insured that there were no interactions between
the Buckyballs and the substrate. Following the equilibration, the Buckyballs were
released in the direction of the substrate with a kinetic energy corresponding to
that of the room temperature. The animation of the complete run using three-
dimensional computer-generated geometries shows that the Buckyballs continuously
interact with one another as well as with the surface before they come to be captured
by the substrate. Figure 5 shows that the Cgs do indeed end up and stay in the

Figure 6 The alignments of the Buckyballs on the surface of Si showing the formation of c(4 x 4)
structure. The horizontal direction is (100}, and the vertical direction is <010).
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dimer valleys and are surrounded by the eight dimer-forming Si atoms as predicted
experimentally and displayed in Figure 1. Furthermore, we observe from Figure 6
the formation of the c(4 X 4) structure where we have removed, for convenience,
those Buckyballs undergoing the periodic boundary conditions. This result is in
agreement with conjecture (d) stated above, but in this simulation we did not
observe the formation of ¢(4 X 3) structure. Furthermore, since the surface of the
substrate in our simulation did not have any steps, or other defects, we did not study
the question of segregation etc. We can summarize this part of our work by stating
that our large-scale constant temperature classical MD simulation based on the
interatomic potentials that were employed is capable of reproducing much of
the experimental results and therefore offers an insight into the dynamics of the
Buckyballs on the Si(100) surface.

We now turn to the ab-initio band structure calculations that we have carried out
for the Cg,c(4 X 3) thin film structure deposited on Si (100) surface.

5 MIXED-BASIS METHOD WITH CAR-PARINNELLO FORMALISM

The Car-Parrinelio (CP) method {29] and the related simulated annealing approach
of ab-initio molecular dynamics simulations, have been successfully applied to the
investigation of electronic and atomic structures and vibrational modes of variety
of systems. These approaches avoid any conventional matrix diagonalizations
and deal with the updating of atomic positions and the calculation of electronic
states simultaneously within the adiabatic approximation. The advantage of these
approaches is that they require relatively small memory size and computational
time. Besides the original CP method that begins with a classical Lagrangian, several
variations have been proposed that treat the electronic dynamics differently; the
steepest descent (SD) method, the conjugate gradient method and so forth, for
rapid convergence of the electronic states [30, 31]. These approaches combined with
the local density approximation [32], the pseudopotentials [33, 34] and the expan-
sion in terms of plane waves (PWs) of the electronic states have been successfully
applied to the covalent electron orbitals such as those in simple semiconductors
like silicon [29].

Recently, however, several problems associated with these methods have been
discussed in the literature [35]. The first problem occurs in the choice of pseudo-
potentials themselves. In the course of using the standard separable type of pseudo-
potentials [34], it has been pointed out that one should pay more attention to the
unphysical features, e.g. the so-called ghost states. The use of more reliable
pseudopotentials would require more PWs and hence more computational time. The
second problem occurs in the treatment of the localized electron orbitals, (here
as an another problem, the self-interaction correction [36] also becomes important
in the density functional formalism {32]). In this case, again it would be necessary
to use quite a large number of PWs to describe the localized orbitals and much
longer computational time to achieve a good convergence of the expansion coeffi-
cients. Sometimes, to preserve the Born-Oppenheimer (BO) surface may be not so
easy in the original CP approach which uses only PWs.

In the present paper we have extended the formalism, relying only upon the
pseudopotentials and the PW expansion. Here, we concentrate our main interest
on treating light atoms such as carbon, boron and nitrogen.
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Historically the mixed-basis approach in the band structure calculation was first
introduced by Friedli and Ashcroft [37] in the case of hydrogen molecular crystals,
and a similar approach was applied to the case of transition metals by Louie,
Ho and Cohen [38] in order to handle the spatial locality and asymmetry of the
d-orbitals correctly. The present work is the first attempt to apply the mixed-basis
to the ab-initio full-potential molecular dynamics simulation of a carbon micro-
cluster [40, 41].

For the dynamics of electrons, we use the usual SD method having the first
derivative with respect to ¢ so as to keep the electronic states near the BO surface
at each time step. In order to orthogonalize the different electronic levels, here we
adopt the Gram-Schmidt orthogonalization and the Payne algorithm [30] for the
choice of the Lagrange multiplier associated with the orthogonal condition. On the
other hand, we treat the atomic motion by the classical Newton equation as in
the original CP formalism. Such choices, however, should not be regarded as any
specific feature of the mixed-basis approach; the reader should note that the mixed-
basis approach is basically applicable to any other algorithms of ab-initio simula-
tions mentioned above [40].

In the mixed-basis formalism,the basis |/) denotes either PW or AO. Suppose
that we are using N,y plane waves and 4N, atomic orbitals accompanying the N,

atoms. Then for / =1, - -, Npy the basis denoting the /th PW is
1 .
et (r) =(rll) = J—ﬁe"‘c"'- (12)
For I = Npy, + 1, * - -, Ny + N, it denotes the 1s atomic wave function (spin is

neglected) centered on the m( =/ — Np,)th atom, i.e.

3
en(r) =<r|h) = J% e amlr = Ral, (1)

and for / = Npy + N, + 1, - - -, Npy + 4N, it denotes one of the 2p,, 2p,, 2p,
atomic functions:

5

eie(r) = x|y = Jé (x = Xp) eonlr =, (19
BS

2 (r) = x|y = \/; (3 — Yo bnlr =Bl (1)
BS

ee(r) = (rll) = |2 (z = Z,)eonir e, (1

Because these atomic bases are not orthogonal to the PWs, we start from the
modified CP equation which guarantees the orthogonality;

uS¥, = — (H - VI HY,S)Y,, @
vi&,, = —9E/da,,, v¥B, = —0E/3B,, 3
MR, = —3E/3R,,, @

where p and v, denote the fictitious “masses” for electron wave functions
¥, = ((¥,|1), (¥,]2), (¥;]3), -- ) and other time-dependent variables a,,,
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while M,, represents the real nucleus mass of the mth atom; H(= {/|H|k)) and
E denote the Hamiltonian of the electrons and the total energy of the system, respec-
tively. Hereafter we use subscripts ij for electronic levels, /k for basis functions, and
mn for the atoms.

The distinguishing feature of the present equations with the mixed-basis from
those of the earlier PW approaches is the presence of the overlap matrix S(={/|k))
in Equation (2), which is due to the fact that the bases are not mutually orthogonal.
Introducing the lower half triangular matrix U which satisfies S = UU' and is
constructed in the Choleski decomposition [38], and writing U'V¥;, = &, and
H' = U'HU'"', we finally have:

I“bi =—(H - QlTqu)i)Qi' 5)

Once we adopt this representation, the main algorithm for updating the wave
function ¥, is the same as the original PW approach. In evaluating the charge
density one needs to trace the wave functions to those in the original nondiagonal
frame via the relation ¥, = U'~!®,. If the atomic wave function has extra para-
meters like exponential damping rates «,, and (,,, these parameters can also be
treated as time dependent variables as in Equation (3).

The effective one-electron Hamiltonian reads

H=T+V, T=—%V2, (60)
B z, , plr’) w
V(r) = %} = + [ar oy Ve, (6b)

where we have used the atomic units (a.u.), # = m, = e = 1. In Equation (6b), Z,
and R, denote, respectively, the atomic number and the position of the mth atom,
o(r) is the total electron demsity and V*(r}) the exchange-correlation potential
which is evaluated in real space under the local density approximation [32]. In our
formalism, we evaluate p(r) directly in real space from the expansion-coefficients
determined at the previous step. We also utilize the fast Fourier transformation
(FFT) for many times in the present algorithm. To calculate the electron-atom and
electron-electron Coulomb potentials, i.e the first two terms in Equation (6b), it is
much more efficient to evaluate their sum in the Fourier space as,

5(G) = >, Z,e "*/Q
G2

provided that the charge density 5(G) in the Fourier space is known (in Equa-
tion (7) Q@ denotes the volume of the unit cell). As a more elaborate matter, in order
to perform a high precision integration of potential matrix elements in real space
around each atom, meshes on which we evaluate the real space potential are chosen
sO as to contain the atomic sites at their centers. Therefore we evaluate the real
space charge density p,(r) and potential V,(r) both centered on the mth atom
for m =1 ~ N,, 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 (/|H|k) = {/|T|k) + (/| V]k). In the calculation

V(G) = 4x %)
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of potential 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. Especially, as in the original CP method, all these
PW-PW matrix elements have not to be stored in the computer-memory, because
the PW-PW block is not altered after the diagonal transformation H' = U~!
HU'~!. On the other hand, 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 Is and 2p AOs presently chosen are well localized around
each of nuclei sites. (For such choices of AOs, one may neglect all overlaps between
different atomic orbitals located at different nuclei positions as a good approxi-
mation.) Moreover, we separate the real-space potential ¥, (r) centered on each
atom into two parts; one is the spherically-symmetric and analytic part V4, (r) =
—6e'"/r and the other is the numerical part V% (r) = V,,(r) — V%(r). All the
relevant integrals involving V% (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
(| TVk) = 50,25,,(, for 1</, k=< Npy Ba)

2
4. |mos, G;

(/| T|Npy + m) = 2 (G +a)

e G Rm, (8)

for 1<I<Npy, 1<=sm=<N,,

16‘/7#3’ GG,  _ic.
{|T|Npw + Ny + m) = — o (G,ZLLBf,,)3e Gi R (8¢)

for 1</<Npy, l<m=N,,

respectively, while, for 1s-1s and 2p, 2px, one may expect the hydrogen-like
analytic result, {Npy + n|T|Npy + m) = +a24,,, and 325,

In the present formalism of the atomic dynamlcs, the spatial derivatives of the
total energy basically read

a( er,TTqr,}
o ML TY) o

v
3R, aR_ R H
d ZzZ Z d dar
_— ——rm 4+ 7 -_—
3R, = TR, -R,| nfo(r) 3R, |R, —1]

®

The first two terms represent the variational forces involving all the derivatives of
AO’s which depend explicitly on R,, via Equation (7), while the sum of the last
two terms represents the Hellman-Feynman force which already exists in the original
CP method using only PWs. Although the core orbitals do not affect the interatomic
forces significantly, we may not neglect the first two terms (variational forces) in
Equation (9) when the electronic states deviate from the BO surface. In order to
keep the electronic states as close fo the BO surface as possible, our simulation
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performs at each time step one extra loop for the electronic SD calculation without
updating the atomic positions. We have checked that the variational force is
negligibly small and that the sum of forces acting on all atoms vanishes term by
term in Equation (9) with negligible error. In our simulation, we renormalize Z,
by subtracting the partial charge density from the 1s-1s part of the mth atom and
use in Equation (9) the renormalized charge p’ (r) which is obtained from p(r) also
by subtracting the 1s-1s part. Finally, we evaluate the last term in Equation (9)
analytically in the region near the center of the mth atom and numerically elsewhere.

6 BAND STRUCTURE CALCULATION OF ALIGNED Cg ON SI(100)
SURFACE

There are several works concerning the calculation of electronic states of Cg,.
Saito and Oshiyama [19] calculated the band structure of a fcc Cg, crystal for the
first time, and concluded that it is a semiconductor with energy gap of 1.5eV at
X point, and alkali-metal impurity induces a shallow donor state in the gap.
Hamada etal. [39] calculated the electronic structure of alkali-metal-doped C,
crystal, and obtained the Fermi surface with a peculiar shape. Although there have
been considerable advances in theoretical treatments, all of these researches have
been restricted to three dimensional Cg, crystal structures, and no calculations
concerning two dimensional band structure have been done before.

The recent STM study [25] indicates that the single C,, microcluster is tightly
bound to the Si(100) surface to form a triangular c(4 X 3) structure with a charge
transfer from Si danghng bonds. The nearest neighbour distance of Cq molecules
in this structure is 9.6 A which is somewhat shorter than that in the bulk fcc Cg,
(about 10.6 A), although the Cg, packing density is a little bit lower. They also
observed black and while patterns, Figure 3, on C,, images which have three or
four “stripes”.

A mixed-basis full-potential band calculation is carried out to analyze the two
dimensional band structure of the triangular-lattice C,, molecules. As the first step
to incorporate the effect of the substrate, we model the charge transfer from Si
dimers by assuming the charge neutrality with a uniform positive background. There
are two distinct sites of in the c(4 X 3) structure with four or eight dangling bonds
existing nearby. The possible maximum amount of the charge transfer is therefore
six per one Cg, when we assume that every C, site is geometrically equivalent and
all the dangling bonds loose all of their electrons. However, somewhat less amount
of charge transfer, say, for example, C¢;, seems to have been realized in the
experiments.

In our calculation, lengths of double and single bonds between two carbons in
C,, are fixed to be 1.40 and 1.46 A, respectively, while two double bonds locating
on opposite sides of Cg, are fixed at the lowermost and topmost locations. We
assume a rhombohedral unit cell determined experimentally [25] having a 73.74°
vertexanda = b = 9.6 A (la.u. = 0.52918 A ) lattice constants in the basal plane,
in which the direction of dimer sequences are paraliel to the shorter diagonal of
the rhombohedron. With this unit cell, the two distinct C,, molecules are approxi-
mated to be the same in the c(4 X 3) structure. On the other hand, we use a
supercell approximation to treat the vertical direction such that C, repeats in a
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(a) (b)

Figure 7 The unit cell and the Brillouin zone. A rhombohedral unit cell having a 73.74° vertex, the
lattice constants @ = b = 9.6 A in the basal plane, and ¢ = 11.9 A in the perpendicular direction are
used.

period of ¢ = 11.9 A, which is somewhat larger than a and b. Figure 7 shows the
unit cell and the Brillouin zone.

Moreover we take the spin doublet in each level for granted. Sixty 1s atomic
orbitals of Cg and 1865 plane waves were adopted as a basis set. The real space
is divided into 64 x 64 x 64 meshes, where 3.175 meshes correspond approximately
t0 0.529 A . The exponential damping factors « and (3 for the 1s and 2p atomic wave
functions are chosen as a = 1/0.106 and 8 = 1/0.133 A~!, respectively. For the
computation, we have used NEC SX-2N supercomputer, with which we have
achieved more than 98.5% vector operation ratio.

Figure 8 The spatial distribution of total charge density of Cgo_ including 1s core electrons. The
charge is localized in the intermolecular region.
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6.1 Results of the Ab-Initio Calculations

Here, the results of the two-dimensional band structure calculations are presented
and compared with the experimental results. Figure 8 shows the spatial distribution
of total charge density of C{;' including Is core electrons. It is evident that there
is a net charge density around the intermolecular region, which has not been
observed in the fcc Cg. It is confirmed that there are remarkable sharp peaks in
the vicinity of C atoms, indicating that 1s core electrons are well described in our
method.

Figure 9 shows the calculated band structure of the C§; case. We dropped from
this figure the sixty 1s bands all locating at —22 Ry. without dispertion, while we
depicted the first 140 valence levels. Because of the existence of strong dispersion,
there are band overlaps everywhere, and the overall feature is quite different from
that obtained,for the fcc Cg [19], although the density of state is rather similar.
This feature originates from both the existence of excess electrons transferred from
the substrate, and the decrease of nearest-neighbor distance between molecules
(about 1 A smaller than that for the fcc). The lower 121 levels are completely
occupied and the 122nd and 123rd levels are partly occupied, where the

>
[F]
> 10
2
53]
Z
o ]
-15
-20
M r M

Figure 9 The calculated band structure of the Cgo" case. Sixty 1s bands are dropped from the figure.
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(b)

Figure 10 The spatial distribution of the partiz%l charge density of the 122nd level (a), and the 123rd
level (b) at the T' point corresponding to the Cgy .

Fermi level exists (dotted horizontal line in Figure 9). The top of the 122nd band
is located around the T" point, while the bottom of the 123rd level is located at
the M point which is lower in energy than the I" point of the 122nd band. The
band structure of C§; was also calculated and similar result was obtained. From
Figure 8 we see that the Fermi surface around I' point is very small, indicating the
existence of small number of surface free carriers.

Figure 10 shows the spatial distribution of the partial charge density of the 122nd
level (a), and the 123rd level (b) at the T' point corresponding to the Cg; . It is
easily seen that there is a set of “stripes” in the contour map of the 123rd level
parallel to the direction of the topmost double bond of Cg. The number of
“stripes” depends not only on the direction of cutting surface of the contour but
also in the band level. Three “stripes” in xy-plane parallel to the substrate, and four
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“stripes” in xz- and yz-planes normal to the substrate are present. This feature
corresponds to the STM image [25] mentioned before, and suggests good 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 determine the orientation of C from the STM pattern image by
identifying the direction of stripes.

We can conclude from our ab-initio calculations that the all-electron calculations
using the mixed-basis Car-Parrinello formalism reproduce the density of states and
the 1s binding energy for the carbon system correctly. The results of our band struc-
ture calculations explain accurately the experimental finding concerning the charge
transfer from silicon substrate to the Buckyballs, and give a theoretical insight into
the nature of the “stripes” observed on the C, molecules. We can ascertain that
these “stripes” must arise as a result of charge transfer.
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