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The electronic structures of carbon microclusters Cs, Cgo are simulated by means of ab-inttio molecular dy-
namics using mixed-basis which consists of both plane waves and atomic orbitals, incorporating all electrons (and
full-potential) into calculation. The present method powerfully supports the use of localized electron orbitals in-
cluding 1s core with considerably limited requirement of basis functions as compared with the standard approach

using only pseudopotentials.

1. Introduction

The Car-Parrinello (CP) method[1] and the re-
lated simulated annealing approach of ab-inttio
molecular dynamics simulations are powerful
tools to investigate the electronic and atomic
structures and vibrational modes of variety of sys-
tems. These approaches combined with the local
density approximation (LDA), the pseudopoten-
tials and the expansion in terms of plane waves
(PW'’s) of the electronic states have successfully
been applied to the covalent semiconductors such
as silicon.

However, it is pointed out that there are several
problems in these methods. The main problem
is in the case of treating localized elecltron or-
bitals; it would be necessary to use quite a large
number of PW’s to describe the localized orbitals
and much longer computational time to achieve
a good convergence of the expansion-coeflicients.
Sometimes, to preserve the Born-Oppenheimer
(BO) surface may not be so easy in the original
CP approach which uses only PW’s.

Recently, a ultrasoft pseudopotential, which
can reduce the number of PW’s to 1/5 — 3/10
as compared with the norm-conserving pseudopo-
tential, has been proposed by Vanderbilt.[2] To
overcome the problems mentioned above, this po-
tential has been applied to some systems includ-
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ing first-row and transition-metal elements.[3,4]
However, there still remain the sensitive problems
such as how to chose a cutoff radius r.. Especially,
in the case of light atoms which has strong cova-
lent bonds like carbon the molecular environment
is quite different from the atomic environment.
Therefore, it seems necessary to take account of
the influence from the core region, but it is very
hard to deal with the asymmetric region near nu-
cleus.

The main interest of our work is to treat the
system of light atoms like carbon correctly, and to
perform ab-initio molecular dynamics simulation,
and so we apply mized-basis approach to expand
wave functions. This scheme uses not only PW’s
but also atomic orbitals (AO’s), and then makes
it possible to handle strongly localized electorn
orbitals, even 1s core, without using any pseu-
dopotentials. The present work is the first at-
tempt to apply the mixed-basis to the ab-initio
full-potential molecular dynamics simulation of
carbon microclusters.

2. Mixed-basis approach in the Car-
Parrinello formalism

For the dynamics of electrons, we use the usual
steepest decent (SD) method having the first
derivative with respect to t so as to keep the elec-
tronic states near the BO surface at each time
step. In order to orthogonalize different electronic
levels, here we adopt the Gram-Schmidt orthog-
onalization and the Payne algorithm[5] for the
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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 simulations mentioned above.

Historically speaking, the mixed-basis ap-
proach in the band calculation was developed in
order to handle the spatial locality and asym-
metry of the d-orbitals correctly. In the present
work we use PW’s and Slater type atomic orbitals
(AO’s) to expand all kinds of the wave functions
including 1s core. In the mixed-basis formalism,
atomic bases are not orthogonal to the PW’s.
Therefore, we start from the modified CP equa-
tion which guarantees the orthogonality;

pSW¥; = —(H - U HY;S)¥;, (1)

where p denotes the fictitious “mass” for electron
wave functions, while M,, represents the real nu-
cleus mass of the mth atom, S denotes the overlap
matrix of the wave functions; H and E denote the
Hamiltonian of the electrons and the total energy
of the system, respectively.

The distinguishing feature of the present equa-
tions with the mixed-basis approach from those
with the earlier PW approach is the presence
of the overlap matrix S in Eq.(1), which is due
to the fact that the bases are not mutually or-
thogonal. Introducing the lower half triangular
matrix U which satisfies § = UU' and is con-
structed in the Choleski decomposition,[6] and
writing UtW, = &, and H' = U-1HUt-1
finally have:

= —(H' - ! H'®,),. (3)

Once we adopt this representation, the main al-
gorithm for updating the wave function ®; is the
same as the original PW approach. To evalu-
ate the charge density one needs to trace the
wave functions to those in the original nondiago-
nal frame via the relation ¥; = Ut-19,.

The effective one-electron Hamiltonian reads

1
H=T+V, T=_§v2,
Vec(r)’

r) = — Im , p(r')
Ve == TRt /dl ]
@)

where we use the atomic unit (a.u.), A = m, =
e = 1. In Eq.(5), Zm and R,, denote, respec-
tively, the atomic number and the position of the
mth atom, p(r) is the total electron density and
Vee(r) the exchange-correlation potential which
is evaluated in real space under the local density
approximation. In our formalism, we evaluate
p(r) directly in real space from the expansion-
coefficients determined at the previous step. In
this paper we neglect the freedom of spin.

In the present formalism of the atomic dynam-
ics, the spatial derivatives of the total energy ba-
sically reads

0E (%, WITY,) 8p
R, oR. T / 6Rder
E Z / dr
aR,,, |R Rm| 6Rm R — 1|

n(#m)

(5)
The first two terms represent the variational
forces involving all the derivatives of AO’s which
depend explicitly on R,,, while the sum of the
last two terms represents the Hellmann-Feynman
force which already exists in the original CP
method using only PW’s. Although the core or-
bitals do not affect the interatomic forces signif-
icantly, we may not neglect the first two terms
(variational forces) in Eq.(5) when the electronic
states deviate from the BO surface. In order to
keep the electronic states as close to the BO sur-
{face as possible, our simulation performs at each
time step one extra-loop for the electronic SD cal-
culation without updating the atomic positions.

3. Simulation Results

3.1. C;

For the simulation of C3 we use three 1s and
nine 2p AO’s neglecting the spin, with four AO’s
locating on each atomic site, and 485 PW’s. For



all computation, we use a RISC workstation, IBM
RS6000/530 with 32MB main memory, where one
basic loop takes about 64 seconds in CPU time.
The cutoff energy of the PW’s corresponds to
about 4.3 a.u.= 8.7 Ryd. We assume the follow-
ing two initial atomic positions; [a] linear with
the same bond length of 2.55 a.u.=1.35A and
[b] triangular with the same bond length of 2.84
a.1.=1.50A. To integrate temporal sequences, we
use Verlet's algorithm in the second derivatives
in Eq.(2). The basic time step At we adopt here
is 4.0 a.u. (= 9.6 x 107 7sec), while we assume
1=50 a.u.

Figure 1 shows the time sweep of the three
interatomic distances obtained on condition [b).
From this figure, we observe a damping oscilla-
tion towards the optimal linear structure with the
same bond lengths, 1.31A, which should be com-
pared with 1.29& determined by localized orbital
approach by Terakura et al.[7] The experimen-
tal value of the bond length deduced by equating
k% /4md? with 0.4244cm™! is 1.287A.[8] We may
see that the final stable structure is not the tri-
angular structure but the optimal linear structure
obtained in both conditions and this result also
agrees with the experiment.

The existence of this damping in the oscilla-
tion is due to the SD algorithm in Eq.(1) or (3)
Therefore, strictly speaking, it is hard to say that
the frequencies of these oscillations are only due
to Hellmann-Feynman force. These oscillations
are expected to correspond to the physical vi-
brational motions, since these should be origi-
nated from characteristic vibrational mode. As
reference data, we show the presently calculated
data below. The initial vibration wavenumber
around triangular structure which can be esti-
mated from Figure 1 is 2.9 x 103cm™!. The vibra-
tion wavenumbers around the linear structure are
1.2 x 10%cm~! and 2.1 x 103cm~?! and these cor-
respond to a symmetric and asymmetric stretch
mode, respectively. The present results agree well
with experimental values[9,10] of 1225cm~! and
2040cm™?,

3.2. CGO
In the case of Cgg, the size of system and the
computation become much bigger than that of
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Figure 1. Atomic motion starting from the trian-

gular Cs.

C3. Therefore, we confine ourselves to optimizing
the structure of Cgp and to checking its structural
stability around the experimentally known values.

For Cgg, we use 60 1s, 60 2s and 180 2p AO’s lo-
cating on each atomic site, and 2969 PW’s. This
number of PW'’s corresponds to the energy cutoff
of 7 Ryd. This energy cutoff is much smaller than
that of the conventional plane wave pseudopoten-
tial (PP)scheme. (The conventional pp scheme
requires about 30000 PW’s; 30 Ryd in this sys-
tem.) For the computation, we have used NEC
SX-2A supercomputer ( at Sumitomo Metal In-
dustry, Ltd. ), with which we achieved 99% vector
operation ratio, where one basic loop takes about
660 seconds in CPU time.

We assume the initial atomic distances in two
ways;1.45A for the single bond length and 1.534
for the double bond length. Experimental values
are 1.40A and 1.46A, respectively, and these ini-
tial bond lengths correspond to about 4% longer
ones. The basic time step At we adopt here is 8.0
a.u. (= 1.92x 10~ 18sec), while we assume p=200
a.u.

First, we show the estimated electron-charge
density on a plane cutted at the center of Ceo
in Fig.2 in logarithmic scale. One may see the
strongly localized 1s core electrons in the vicin-
ity of atomic positions and covalent bonds with
directional qualities. This figure indicates the ef-
fectiveness of the present approach.
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Second, we show the distribution of obtained
90 bond lengths between the nearest neighbour
atoms in 100 steps in Figure 3. There are two
broad bands which correspond to single and dou-
ble bond lengths. This means that kinetic energy
of nuclear system is still so high at this time that
the system have not yet converged to the final
stable structure. In this simulation we calculated
150 steps to check the stability of Cgo. We con-
firmed that the assumed structure of Cgy have
been very stable during the opimization process.
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Figure 2. Electron density distribution of Cgg at
the central plane.
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Figure 3. Histogram of the C-C bond lengths of
Ceo
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4. Conclusion

The present mixed-basis approch for the ai-
tnitto molecular dynamics makes it possible to
calculate the system which has localized electron
orbitals, We have shown a good agreement with
experiments for a small system of C3. For Cgg,
we have comfirmed the structual stability.

Although the present scheme takes longer com-
putational time than PP scheme in calculating
Hamiltonian matrix elements, when the system
size becomes much bigger, it would have an ad-
vantage of the computation because of its limited
requirement of basis functions.
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