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Abstract. A promising candidate to initiate dust formation in oxygen-rich AGB stars is alumina
(Al2O3) showing an emission feature around ∼13µm attributed to Al−O stretching and bending
modes (Posch et al. (1999), Sloan et al. (2003)). The counterpart to alumina in carbon-rich
AGB atmospheres is the highly refractory silicon carbide (SiC) showing a characteristic feature
around 11.3µm (Treffers & Cohen (1974)). Alumina and SiC grains are thought to represent
the first condensates to emerge in AGB stellar atmospheres. We follow a bottom-up approach,
starting with the smallest stoichiometric clusters (i.e. Al4O6, Si2C2), successively building up
larger-sized clusters. We present new results of the quantum-mechanical structure calculations of
(Al2O3)n, n =1−10 and (SiC)n clusters with n =1−16, including potential energies, rotational
constants, and structure-specific vibrational spectra. We demonstrate the energetic viability
of homogeneous nucleation scenarios where monomers (Al2O3 and SiC) or dimers (Al4O6 and
Si2C2) are successively added. We find significant differences between our quantum theory based
results and nanoparticle properties derived from (classical) nucleation theory.

Keywords. dust formation, molecular clusters, nucleation, alumina, silicon carbide, global op-
timisation, bottom-up, chemical-kinetics

1. Introduction

Cosmic dust is crucial for the evolution of galaxies. It impacts the synthesis of complex
organic molecules in molecular clouds, the wind-driving of evolved stars and the forma-
tion of celestial bodies (e.g. asteroids, planets) in protoplanetary discs (Henning (2010)).
Asymptotic Giant Branch (AGB) stars represent a major contributor to the global dust
budget in galaxies. The chemistry in the inner circumstellar envelopes of AGB stars
(i.e. dust formation zone, R =1−10 R∗) is primarily controlled by the carbon-to-oxygen
(C/O) ratio. The CO molecule is triple bonded and very stable (dissociation energy of
11.1 eV) (see e.g. Habing & Olofsson (2004)). As a consequence the lesser abundant el-
ement (C or O) is predominantly locked up in the CO molecule leaving little room to
form other molecules than CO. Many molecular abundances can be approximated to a
great extent with thermodynamic equilibrium calculations.
However, this simple picture is challenged as carbon-bearing molecules (HCN, CS, CO2)
have been observed in O-rich AGB stars (Lindqvist et al. (1988), Decin et al. (2010)A,
Justtanont et al. (1998)) and oxygen-bearing species (H2O, SiO) were found in C-rich
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AGB atmospheres (Decin et al. (2010)B, Neufeld et al. (2011), Johansson et al. (1984)).
Their presence can only be explained by processes deviating from chemical and ther-
mal equilibrium. CO might be dissociated by shock-induced collisions (Gobrecht et al.

(2016)), or by interstellar photons (Agúndez et al. (2010), Van de Sande et al. (2018))
where free C and O are released to form other unexpected molecular species. In contrast
to the above mentioned molecules, the dust condensates are carbonaceous in C/O>1
environments and oxygen-rich in oxygen-dominated (C/O<1) regimes.
In the latter case, metal oxides represent the majority of the solids as there are no stable,
pure oxygen compounds larger than ozone (O3). The main dust component in oxygen-rich
AGB stars are silicates. Silicates are composed of a least three elements (Si, O and Mg)
and are so called ternary oxides. Iron (Fe) might be incorporated in the Mg-rich silicate
grains at a later stage and act as a thermostat for the grain (Woitke (2006)). In this case,
the dust grains are quaternary oxides consisting of O, Si, Mg and Fe. Measurements on
the vapor pressure of Mg-rich silicate grains as well as on pure silicon oxide (SiO) resulted
in rather low condensation temperatures (800−1000 K) for pressures that prevail in the
circumstellar envelopes (Wetzel et al. (2013)). Recent ALMA observations have shown
that the silicate features around 10 µm and 18µm are absent for the low mass-loss rate
stars W Hydrae and R Doradus (Decin et al. (2017)), but they are present in the high
mass loss rate object IK Tau. Theses findings indicate that, albeit silicates represent the
main component of oxygen-rich dust grains, they are not the first condensates to emerge
in the outflows of M-type AGB stars. The first condensate, or seed particle, initiating
the nucleation process is supposed to have a high condensation temperature, made up
from available and abundant elements and molecules, and sufficiently fast growing rates
in circumstellar conditions. There are several metal oxides satisfying the above condi-
tions: Titania (TiO2), Magnesia (MgO), silicon monoxide (SiO) and alumina (Al2O3).
In crystalline form, titania, or TiO2, exist as anatase and rutile that are both highly
refractory. However, the solar titanium abundance is rather low. Silicon monoxide (SiO)
is fairly abundant in the envelopes of AGB stars, though its nucleation is rather unlikely
to occur in circumstellar media (Bromley et al. (2016)). On one hand, a homogeneous
nucleation is hampered by energetic barriers (Goumans & Bromley (2012)). On the other
hand, Si starts to segregate and to form islands inside the most stable clusters for small
cluster sizes (SiO)n, n > 10. The nucleation of MgO clusters was investigated by Köhler
et al. (1997). They found that the nucleation rate of MgO turns out to be too small to
form the seed nuclei for silicate dust formation. One reason are the “magic” cluster sizes
(2, 4, 6, 9, 12 and 15 MgO units) with enhanced stability that hamper the formation
of larger sized clusters. A promising candidate to initiate dust formation in oxygen-rich
AGB stars is alumina (stoichiometric formula Al2O3) as its nucleation is not constrained
by atomic segregation or energy barriers as we will show below. Circumstellar alumina
shows a spectral emission feature around ∼13 µm attributed to Al−O stretching and
bending modes (Posch et al. (1999), Sloan et al. (2003)). This feature has been seen
in several oxygen-rich AGB sources (S Ori, R Cnc, GX Mon, W Hya, R Dor) close to
the stellar surface at around 2−3 R∗ (Karovicova et al. (2013), Decin et al. (2017)). In
the case of carbon AGB stars, it is argued that the nucleation of pure or hydrogenated
(amorphous) carbon is sufficient to explain the observed mass loss rates (Höfner et al.

(2003)). However, silicon carbide (SiC) may also play an important role in the nucleation
of carbon dust owing to its high thermal stability and its presence in meteorites.
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Figure 1. Schematic sketch of the classical nucleation energy versus particle radius (size) in
blue. The bulk component is in green, and the interface component is in violet .

2. Global optimisation methods

Top-down chemical methods use a known macroscopic ensemble of atoms (e.g. a crys-
tal structure) and interpolate the unknown properties and characteristics of smaller-sized
systems like nanoparticles and molecular clusters. A prime example of a physio-chemical
top-down approach is Classical Nucleation Theory (CNT). In CNT, many generic prop-
erties of a particle with size N can be expressed as a sum of a bulk term and a surface
interface) term. This is also true for the potential and free energies of the particles, i.e.
Epot =Esurface+Ebulk. An illustrative example is shown in Figure 1.
The surface (interface) energy can be interpreted as a sort of surface tension. It is

repulsive and scales with the particle size (or radius) as r2. The volume (bulk) term
is attractive and scales with the grain radius as r3. The resulting curve considering
both, bulk and interface, has a maximum for r>0. The maximum is located at the so
called critical radius rcrit and has a value Ecrit corresponding to an energy barrier.
In the CNT regime, Ecrit represent the energetic bottleneck of the nucleation process.
Once this barrier is overcome (i.e. the dust particle has grown to a radius of rcrit),
the subsequent nucleation is energetically favourable. However, it has been shown that
the global minima structures of a variety of (sub-)nanosized clusters, including TiO2

(Lamiel-Garcia et al. (2017)), SiO (Bromley et al. (2016)), MgO (Chen et al. (2014)),
and Al2O3 (Li & Cheng (2012)), as well as SiC (Gobrecht et al. (2017)) do not exhibit
bulk-like geometries. In contrast, potential and free energies, bond lengths and angles,
atomic coordination, and formal charges deviate significantly from bulk-like analogues
(bulk cuts). We conclude that classical nucleation theory cannot be made to work for
small clusters representing the basic building blocks of (circumstellar) dust. We use a
bottom-up approach starting with molecules and molecular clusters, and successively
build up larger sized dust clusters and dust grains. We are convinced that the formation
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Table 1. The parameter ranges used in this study to compute the inter-atomic Buckingham

pair potential. Charges q and q are given in atomic units, A in eV, B in Å C in eV Å
−6

.

q(Al) q(O) A(Al-O) B(Al-O) C(Al-O) A(O-O) B(O-O) C(O-O)

+3 -2 2409.5 0.2649 0.0 25.410 0.6937 32.32

q(Si) q(C) A(Si-C) B(Si-C) C(Si-C) A(C-C) B(C-C) C(C-C)

+2 -2 592.34 0.3521 12.897 25.410 0.6937 32.32

of condensates are described more realistically using a bottom-up approach, as it mimics
the onset of dust formation in expanding circumstellar shells. In order to reduce the
enormous computational cost arising in quantum-chemical bottom-up approaches, we
generate a number (typically ∼100 for each size) of candidate cluster structures among
of millions of possible structural isomers. Therefore, we apply a couple of semi-classical
force-field global optimisation techniques that are presented in the following.

2.1. Exploration of the Buckingham potential energy landscape

Alumina (i.e. Al2O3)n) and silicon carbide (i.e. (SiC)n) candidate clusters structures are
found with the Monte Carlo - Basin Hopping (MC-BH) global optimization technique
(Wales et al. (1997)) with inter-atomic Buckingham pair potentials. The general form of
the inter-atomic Buckingham pair potential reads:

U(rij) =
qiqj

rij
+A exp(−

rij

B
)−

C

r6ij
(2.1)

where rij is the relative distance of two atoms, qi and qj the charges of atom i and j,
respectively and A, B and C the Buckingham pair parameters. The first term represents
the Coulomb law, the second term the short-range, steric repulsion term accounting for
the Pauli principle, and the last term describes the van-der-Waals interaction. The steric
repulsion term is motivated by the fact that atoms are not dot-like but occupy a certain
volume in space.
The Buckingham pair potential parameters for Al-O systems are widely studied and

the values are taken from Bush et al. (1994). In the case of silicon carbide, parameter sets
for the Si-C system are lacking in the literature for several reasons. As an integral part
the electrostatic Coulomb potential appears in Equation 2.1. It describes the repulsion
and attraction of charged particles, in this case of Al and O, and Si and C. As lightest
Group IV elements in the periodic table, Si and C form strong covalent bonds. However,
the Buckingham potential is more suitable for materials with an ionic character and as
for example metal oxides. Nonetheless, Watkins et al. (2009) have shown the similarity
of zincblende ZnO (a cubic crystal type with face-centred lattice points), and β-SiC,
despite the first is generally regarded as ionic II-VI system and the latter as covalent IV-
IV system. Moreover, they found that the Buckingham parameters for ZnO also describe
SiC clusters fairly well. Therefore, we performed MC-BH optimisations with a simplified
version of the parameter set for ZnO given by Whitmore et al. (2002).
The ZnO forcefield we employ has been shown to be able to stabilize a wide range

of different cluster isomers (Al-Sunaidi et al. (2008))) and bulk polymorphs (Demiroglu
et al. (2014)) which exhibit alternating cation-anion ordering.. However, to reduce the
probability to miss stable cluster isomers in our searches, we also ran some test calcula-
tions for several sizes with a forcefield parameterized for ZnS (Wright & Jackson (1995))
which potentially provides an additional source of cluster isomers not easily found with
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the ZnO forcefield. However, the few structures that we found exclusively with the ZnS
parameters had high energies (when converted to SiC clusters) and did not compete with
the ZnO cluster analogues. Although the use of force fields is an approximation, their use
enables us to perform tractable thorough searches. With our mixed-forcefield approach
we hope to have minimized the probability to miss a stable SiC isomer.

2.2. Tersoff potential simulated annealing

Albeit the Buckingham pair potential including the Coulomb terms describes the force-
field of ionic materials like metal oxides fairly well, it may fail to describe stable cluster
configurations that are characterised by rather covalent than ionic bonds.
A simple two-body interaction is thus not sufficient to properly describe the Si-C

system. In addition, a three-body potential is needed to describe the covalent character
of bond bending and stretching (Stillinger & Weber (1985), Vishishta et al. (2007)). In
order to properly describe internal interactions of the most stable SiC clusters, empirical
bond-order potentials are favourable, in particular for small clusters (Erhart & Albe
(2005)). This class of inter-atomic potentials include the Tersoff- type (Tersoff (1989)),
the Brenner (Brenner (1990)), or, ReaxFF (Van Duin et al. (2001)), which take into
account the bonding environment, namely bond lengths, bond angles and the number of
bonds. As a consequence of geometry, the bonding angle in a tetrahedrally coordinated
system like SiC is Θ = arccos(-1/3) = 109.47◦. The general form of a bond-order potential
reads:

V (rij) = fc(rij) [Vrep(rij) + bijVatt(rij)] (2.2)

where Vrep(rij) = Aij exp (−λijrij) is the repulsive part of the bond-order potential and
Vatt(rij)=Bij exp (−µijrij) the attractive effective potential. bij modifies the strength of
the bond, depending on the environmental parameter (the bonding angles Θ) as reported
in Tersoff (1989). In the Tersoff parametrisation of inter-atomic Si-C molecular system,
which is chosen in our approach, the potential is modified by a taper function fc. fc is
1 for inter-atomic distances rij smaller or equal of typical bonding distances and falls
quickly to 0 for distances larger than S and thus restricts the interaction to the first
neighbouring atoms within a distance S.

fc(rij) =







1, rij < R

0.5 + 0.5 cos(
π(rij−R)

S−R
), R < rij < S

0, rij > S

. (2.3)

We use the programme GULP (General Utility Lattice Programme, Gale (1997)) which
is taylored for the semi-classic parametrisation by Tersoff (1989).
Some SiC cluster structures have been reported in the literature (Pradhan & Ray (2004),
Hou & Bin (2008), Duan et al. (2013). We tested their stability against (small) distortions
in molecular dynamics runs with GULP. Furthermore, we applied the Tersoff potential
to these structures. In the majority of the cases, this potential suffices to stabilise the
structures. In some cases, however, the Tersoff potential fails to stabilize the clusters,
and hand-constructed structures were taken instead for the subsequent computation. In
some of these failure cases new, unreported clusters appeared.

2.3. Quantum-mechanical refinement

Once pre-optimised, the clusters are refined using quantum-mechanical DFT (Density
Functional Theory) calculations to obtain structure-specific infrared spectra (i.e. vi-
brational frequencies) rotational constants, and zero-point-energies. By comparing the
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obtained infrared spectra with observational data, the specific isomers present in cir-
cumstellar envelopes can be identified. The (Al2O3)n and (SiC)n cluster structures, so
far reported in the literature, rely on various theoretical quantum chemistry methods.
They include DFT methods using generalized gradient approximation (GGA), local den-
sity approximation (LDA), hybrid functionals (e.g B3LYP, PBE0, M11), respectively,
and post-Hartree Fock methods using Møller-Plesset (MP2, MBPT) and coupled-cluster
(LCCD, CCSD) techniques.
For DFT methods the computational cost scales with the system size as between

the order O(N3) and O(N4), where N is the number of electrons in the cluster. This
means that they can be readily applied to systems containing 10s of atoms. However,
many DFT methods can suffer from artificial electron self-interaction that results in
overly strong electron delocalisation and too low potential energies. In contrast, Post-
HartreeFock methods do not suffer from these effects. However, the computational cost of
these latter methods is very high and scales with the system size as O(N5)-O(N7). They
are thus prohibitive for systems of more than approximately 10 atoms. Functionals such
as B3LYP, M11 or PBE0 attempt to compensate for the above mentioned shortcomings
of typical GGA/LDA functionals. The recent extensive benchmark study by Byrd et al.

(2016) confirms that the M11 functional is able to correctly identify all investigated
(SiC)n ground states. Although B3LYP Becke (1993) was found to be less accurate than
M11 for SiC clusters, we also include data calculated with this widely used functional for
comparison.We conclude that, for our purposes and for SiC, the M11 functional method is
the best compromise between a reasonable computational cost and the required accuracy.
Owing to its high computational costs, DFT calculations are performed on supercom-

puters using the well-established and parallelised code Gaussian 09. These calculations
approximate the wave functions and the energy of a quantum many-body system in a
stationary state. Gaussian 09 optimises cluster structures at a pressure of 0 bar and
temperature of 0 K. We account for circumstellar conditions (temperatures and pres-
sures) by applying thermodynamic potential functions (enthalpy, entropy, Gibbs energy)
that are evaluated with the help of partition functions. These functions and their deriva-
tives are calculated from the electronic energies, moments of inertia and vibrational fre-
quencies within the rigid-rotor harmonic oscillator approximation (McQuarrie & Simon
(1999), Goumans & Bromley (2012)).
As a consequence, the relative energy spacings of the individual clusters shift and may

cross. This implies that the initial lowest energy isomer may not be the most favourable
structure in circumstellar conditions and a different cluster structure is preferred. It is
thus necessary to study a range of the energetically lowest-lying structures for each cluster
size. The use of partition functions relies on the validity of thermodynamic equilibrium.
We note, however, that AGB atmospheres may depart from equilibrium as they are
periodically crossed by pulsational shock waves. The resulting Gibbs Free energies thus
have limited validity. Nonetheless, they provide a good approximation for the individual
cluster stability in circumstellar conditions.

3. Results

3.1. Alumina clusters

In Figure 2, the (Al2O3)n, n =1−10 isomers with the lowest potential energies are shown.
For n=8, 9, and 10 we found new global minima candidates that are in part reported
in Gobrecht et al. (2018). The minima isomers exhibit a variety of different structural
features, and no attribute, apart from alternating Al-O bonds, is common to all these
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Figure 2. The global minima (Al2O3)n, n =1−10, candidate isomers and their potential energies
(in purple), nucleation energies (by monomers in green, by dimers in blue), and related first (in
red) and second order (in black) fits. Oxygen atoms are in red, Aluminum atoms in green.

minima clusters. For this reason, a fit function f(n)=a+bn−
1

3 to the normalised poten-
tial energy oversimplifies the size dependence in energy. Including a second-order term
cn−

2

3 in the fit function describes the size-dependence of the potential energy E(n) bet-
ter, though not perfectly. Moreover, we show that the nucleation energies by monomer
addition, Enuc(n)=E(n)-E(n-1)- E(1), as well as by dimer addition Enuc(n)=E(n)-E(n-
2)-E(2), have negative energies and thus a nucleation is viable. There are no energetic
barriers in homogeneous nucleation scenarios, but the initial steps (dimerisation and
dimer coalescense) are expected to be the fastest steps, as they are the most exothermic
processes. The vibrational IR spectra is shown in Figure 3. The most intense vibrations
of the clusters are located in a wavelength range between 10 and 12 µm. Around 13 µm,
where is the alumina dust feature is located, the overall intensity is rather low. Along
with other characteristics (bond length, coordination), we conclude that, at the size of
the decamers (n=10), the bulk limit for alumina clusters is not yet reached.

3.2. Silicon carbide clusters

The silicon carbide clusters have been extensively discussed in Gobrecht et al. (2017). The
most stable isomers are dominated by two structural families: void cage geometries with
strict cation-anion ordering (“bucky”-like) and segregated clusters exhibiting chains and
rings of carbon. The binding energy ∆Eb of the lowest-energy SinCn clusters as well as
the HOMO (Highest Occupied Molecular Orbital)−LUMO (Lowest Unccupied Molecular
Orbital) energy gap ∆EMO are presented in Figure 4.
The binding energies ∆Eb of the global minima clusters generally increase with cluster

size. However, some cluster sizes (n =9,12) appear to be more stable than the next
larger cluster of size n + 1 =10,13. In the HOMO-LUMO energies, no clear trend with
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cluster size n is observed. The “bucky”-like clusters show strong vibrational IR signatures,
compared with their segregated counterparts. This fact is illustrated in Figure 5, where
the structure-specific opacity, derived from the IR intensity, is displayed as a function of
wavelength.
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Figure 5. The energetically most favourable (SiC)n clusters of each structural family (alternat-
ing and segregated) and their relative potential energies in kJ/mole Silicon atoms are in pink,
carbon atoms in green .
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Discussion

DeBeck: Where in the spectrum do you expect the vibrational modes of the alumina
clusters?

Gobrecht: The most intense vibration bands are located in a wavelength range between
∼ 10− 11µm, but I also find less intense IR modes at ∼ 13µm (where the observed Al-O
stretching modes are found).


