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In this work, we investigate the collision of a Cgo fullerene with graphite using large-scale
molecular dynamics simulations, where the interatomic forces are computed “on-the-fly” by
means of self-consistent tight-binding calculations. This method is based on an exact decom-
position of the grand-canonical potential for independent fermions suitable for linear-scaling
electronic structure calculations. We observe that at lower collision velocities, the buckyball is
rebound from the graphite surface, but that starting from 50 km/s chemisorption processes are
occurring that causes the buckyball to stick to the topmost graphene layer.

1 Introduction

Ab initio molecular dynamics (AIMD) is a very powerful computational method for sim-
ulating the complex interplay between electrons and protons at finite temperature, which
makes up atoms'=. To that extend, the real-time evolution of the atoms is computed by
solving Newton’s equations of motion, whereas the intermolecular forces are calculated
“on-the-fly” by parameter-free electronic structure calculations. At variance to conven-
tional MD simulations based on empirical interaction potentials, the increased accuracy
and in particular its transferability and therefore predictive power of this approach are
among the key advantages of AIMD. As a consequence, its application ranges from chem-
istry and physics over material sciences and nanotechnology to biophysics and biology,
just to name a few*.

However, even the ab initio approach is not without problems: the significant compu-
tational cost has to be carefully balanced against system size and sampling requirements.
For this reason, effective single-particle theories such as Hartree-Fock, density functional
theory and semi-empirical tight-binding are still the most commonly employed electronic
structure methods within AIMD?#. All of these techniques share the same computational
requirement to diagonalise a very large Hamilton matrix in every time step to compute
the total energy and particularly the nuclear forces. The associated computational effort
scales as O(N 3 ), where N denotes the number of atoms. Hence, the development of al-
ternative methods that scales only linearly with respect to N would be very desirable, thus
making a large variety of systems accessible to AIMD that previously were thought to be
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not feasible. In fact, several so-called linear-scaling techniques have been proposed to cir-
cumvent the conventionally cubic scaling matrix diagonalisation®'!. But in spite of recent
progress!>~13 | the critical system sizes after which these schemes become favourable is still
rather large, in particular for metallic systems and/or if high accuracy is required.

For this purpose, recently an improved field-theoretic approach has been proposed!®,
which is based on an exact decomposition of the grand-canonical potential (GCP) for in-
dependent fermions and does neither rely on the ability to localise the orbitals, nor that
Hamilton matrix is well-conditioned!”- 8. Instead, the finite-temperature density matrix, or
Fermi matrix, is obtained by an hybrid approach that combines Chebyshev polynomial ex-
pansion and iterative inversion techniques'®!°, and therefore allows for linear system size
scaling even for metallic systems'®. The inherent energy drift of AIMD simulations, arising
from truncation errors and incomplete convergence of the self-consistent field (SCF) cycle,
is compensated by means of a properly modified Langevin equation®2"22, In order to rec-
oncile the resilience of Cg( fullerene-graphite collisions, a more accurate self-consistent
tight-binding scheme (SCTB) that permits to realistically simulate reactive processes, such
as breaking and making of chemical bonds, is employed here?3.

In this work, we demonstrate the predictive power of this approach using the example
of buckyball collisions with graphite. Previously, using the Takai-Lee-Halicioglu-Tiller
(TLHT) model potential®*, Man et al. demonstrated that for collision velocities between
38 and 69.5 km/ s, the Cgg fullerene is severely deformed, but regains its initial shape after
scattering>~?7. On the other hand, in a more recent non-self-consistent tight-binding study
it was shown that Cg( buckyballs and graphite are able to withstand impact velocities of up
to 44 km/ s, but also that from 54 km /s on covalent bonds of the buckyball are irreversible
broken. At even higher velocities of 57 km/s, also the topmost graphene layer exhibits
defects, while beginning from 59 km /s individual bonds with the substrate are emerging?®.

2 Linear Scaling Hybrid Approach to the Grand-Canonical Potential

We start with the generic expression for the total energy E of an effective single-particle
theory

N./2
E=2) &+ Va, @)
i=1

where NV, is the number of electrons. The sum of the lowest V.. /2 doubly occupied eigen-
values ¢; of the Hamilton matrix H is referred to as band-structure energy, whereas V.
accounts for double counting correction terms and the nuclear Coulomb repulsion. While
it is well known how to compute V. with linear scaling computational effort, the complex-
ity of determining all occupied orbitals by diagonalising H is O(N?2). Fortunately, Eq. 1
can be equivalently written as

E = Tr[PH] + Vj,, )

where P is the so-called one-particle density matrix. This is to say that the cubic scaling
conventional matrix diagonalisation can be circumvented by directly calculating P instead
of all the ¢;’s.
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For that purpose, we follow Alavi and coworkers and consider the following
(Helmholtz) free energy functional®

f:Q+/~LNe+Vdca (3)

where p is the chemical potential and €2 the GCP for non-interacting fermions

2
0=~ In det (I + eﬁ(ﬂs—m) . @)

Here, 3~ ! = kpT. defines the finite electron temperature, whereas S is the overlap ma-
trix that is equal to the identity matrix I if and only if the orbitals are expanded in an
orthonormal basis set. In the low-temperature limit

N
Iim Q=2 . — uNN,
Jim ZEZ pNe, )

i=1

the band-structure energy is recovered and limg_, ., F = E holds.
As shown by Krajewski and Parrinello it is possible to factorise the operator of Eq. 4
into P terms!’. Without any loss of generality we are assuming that P is even, so that

P
I+ PWS—H) _ H (I _ e%(ﬂfl)e%(#SfH))
1=1
P P/2
=™ = [ MM, 6)
1=1 =1
where the matrices M;, [ = 1,..., P are defined as
M; =1- e%(Zl_l)e%(“s_H), (7

while * denotes complex conjugation. From this it follows that the GCP can be expressed
as

P P/2
2
Q=—-—=In detHMl =—= Zln det (M[M);)
2 =1 i
P/2

4 _1
=3 ;ln (det(M;M;)) " 2. (®)

As a consequence, all physical relevant observables can be directly obtained as func-
tional derivatives of the GCP with respect to a suitable external parameter, e.g.

N./2
s B _ 9B 0N
E = Blggof =2 ;:1 g+ Vg = ~o u—au + Vie, )
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where —0€Q/Ou = N,. In particular, the Fermi matrix, which in the low-temperature limit
is identical to P, can be written as

3
v

00 /

P=om

(1 (vinn) ™)

N o
3
~
[

(I-ReM; '), (10)
1

ol
X

where S = —0H/0pu. Therefore,
Q=Tr[P(H— uS)] (11)

and similarly all physical observables can be expressed as the trace of a matrix product
with P.

The notion underlying this method is that P, which at low temperature corresponds to
the square of the wave function, can be decomposed into a sum of Mfl matrices, each
at higher effective temperature 3/P. Thus, not only Mfl is throughout much sparser
than P'%1° but moreover the Maxwell-Boltzmann distribution becomes eventually valid.
Exploiting the latter, it is much more convenient to invert P/2 matrices that except for
very few are all very sparse, instead of diagonalising a single matrix H, which typically
is rather dense. Specifically, just a handful of M, matrices, where [ is close to P/2, are
ill-conditioned and only for them the calculation of Mfl is computational significant. All
other M; matrices are very well-conditioned and can be efficiently inverted by a Cheby-
chev expansion at inessential computational cost'®!°. These complementary properties
immediately suggest the following hybrid approach: At first, an optimal [ is chosen and
all M; matrices with [ < [ are inverted by a Chebyshev polynomial expansion, while for
I > [ the inversion is performed by a Newton-Schulz iteration. The optimal value of [
can be found by minimising an a priori estimate of the total number of matrix multipli-
cations'® 1%, In general, P/2 — [ is relatively small and depends only weakly on 3, so
that just a few IM; matrices are inverted using the Newton-Schulz iteration, regardless of
the electronic temperature. As said, the Chebychev polynomial expansion is essentially
independent of P and computational negligible.

3 Computational Details

For our simulations we have employed the SCTB model for hydrocarbons by Horsfield et
al.®®, as implemented in the CMPTool code 2. All of the calculation have been performed
in the canonical NVT ensemble by means of the modified Langevin equation using a dis-
cretised time step of 0.5 fs. The convergence threshold of the SCF loop to enforce LCN
was set to Agmax = 0.05. The decomposition of Eq. 10 was realised using P = 10000. The
minimisation of the required matrix multiplications with respect to [ yields | = P/2 — 2.
This is to say that except for two, all matrices can be inverted by a Chebyshev polynomial
expansion with an estimated length, which corresponds to the degree of the polynomial, of
me(l) < 61. As the optimisation with respect to [ is only an approximation, we increase
the overall efficiency by choosing | = P/2 — 4 which entails m¢ (1) =~ 30.

4See https://cmsportal.caspur.it/index.php/CMPTool for further information.
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Figure 1. Buckyball colliding with the graphite surface at v = 30 km/s. Although the Cgg fullerene is severely
deformed, no covalent bonds are broken.

We have considered graphite made up of four graphene layers in a simulation cell of
size 34.43 x 34.08 x 100 A? with periodic boundary conditions. From above the topmost
graphene layer, an initially 15.0 A distanced Cg fullerene is shot onto the graphite surface.
In total five simulations each consisting of 1852 carbon atoms are conducted, where the
impact velocities of the buckyball were initialised to 30, 40, 50 and 60 km/s, respectively.

4 Results and Discussion

As can be seen in Figs. 1 and 2, if the Cgp fullerene hits the graphite surface with
v = 30 km/h, which is the smallest collision velocity we have considered, the buckyball
is severely deformed, but regains its original shape while bouncing back from the graphene
layers. The topmost graphene layers are also deformed and compressed, but no breaking of
bonds is observed. The rather strong flexibility of the graphene layers is due to the rather
weak London dispersion interactions between the layers and the strong sp>-bonding in-
plane that permits to absorb the rather high kinetic energy of the Cg( fullerene unharmed.
At v = 40 km/s, however, the impact causes that individual bonds of the buckyball and
the topmost graphene layer are broken. Yet, as soon as the Cgq fullerene bounces back, the
fleetingly broken bonds of the topmost graphene layer immediately recover. As is visible
in Fig. 3, the buckyball itself is compressed to such an extend that the truncated icosahe-
dron structure is destroyed. Upon repulsion, the buckyball mostly restores itself, though a
few defects, which can be recognised in Fig. 4, remain.

In contrast to the lower shooting velocities, at v = 50 km/s, we not only observe cova-
lent bond breaking within the Cg fullerene, as well as the topmost graphene layer, but also
the formation of new bonds that are strong enough to prevent the detachment of the Cgg
fullerene. This is a manifestation of the fact that the kinetic energy scale is tiny in compar-
ison to that of covalent bonding. In any case, due to the covalent bonding of the buckyball
to the topmost graphene layer, the latter can no longer recover and irreversible defects are
emerging, as is shown in Fig. 5. While the upper half of the Cgq fullerene is able to re-
cover keeping the five-and-six-membered ring-structure intact, the lower part forms bonds
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Figure 2. After the collision with v = 30 km/s, the buckyball bounces back from the graphite surface and
regains its original shape.

Figure 3. Detailed picture of the Cgo fullerene when it hits the graphite surface at v = 40 km/s. Even though
no carbon atom is knocked out of the buckyball, its truncated icosahedron structure is temporarily destroyed.

with the destroyed graphene layer, making it a reactive collision process. This is in stark
contrast with previous studies based on the classical TLHT?+?7, but in excellent agree-
ment with more recent non-self-consistent tight-binding simulations®®. This demonstrates
the importance of explicitly incorporating bond breaking and making processes within the
simulations.
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the Cgo fullerene rebounds from the graphite surface. Even

>

Figure 4. After the collision with v = 40 km/s

though the topmost graphene layer and the buckyball mostly recovers itself, individual defects are remaining.

Figure 5. During the collision process with v = 50 km/s, chemisorption processes are taking place that even-

tually causes the buckyball to sticks to the graphite surface.

Similar to the case with v = 50 km/s, at v = 60 km/s, covalent bond breaking can

be observed at the graphite surface, as well as within the buckyball, which is destroyed

As displayed in Fig. 6, these chemisorption

and forms new bonds with the graphene layer.
processes entails that the Cgq fullerene sticks to the graphite surface. As before, only the
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Figure 6. Detailed picture of the Cgo fullerene after the collision at v = 60 km/s with the graphite surface.
Only in the upper half the general hexagon/pentagon structure remains intact, while the lower part is bonded to
the topmost graphene layer.

upper half of the buckyball made of hexagons and pentagons is still intact, the lower part
is bonded to the graphene sheet. Even though all of this is very good agreement with
experimental measurements, the latter indicates that the Cgo fullerenes are stable up to
collision energies of 250 eV, which corresponds to v = 70 km/s3%3!. Similarly, at this
impact velocity, transient chemisorption processes that eventually causes the buckyballs to
sticks to the graphite surface have been observed??.

5 Conclusion

To summarise, using the recently proposed improved field-theoretic approach to the GCP
for independent fermions!® 81 we have conducted large-scale SCTB-MD calculations
to investigated the behaviour of a Cg fullerene colliding with graphite at different impact
velocities. At variance to previous works, the main advantage of the present scheme is
that bond breaking and making processes are explicitly taken in to account by means of
linear-scaling electronic structure calculations.

Employing this technique, we found that till v = 40 km/s, the buckyball and the
graphite surface are both rather heavily deformed, but able to regain their original struc-
ture. Yet, starting at v = 50 km/s, we observe chemisorption processes causing the Cg
fullerene to stick on the graphite surface. During that process the distortions of the buck-
yball and the graphite surface are so severe that covalent bonds are irreversible broken.
Even though this is in stark contrast with classical MD studies>~?’, it is in qualitatively
good agreement with non-self-consistent tight-binding simulations?®, as well as experi-
mental measurements®0—32,
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