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ABSTRACT

In this study, we investigate the energetics of small aluminum clusters doped with a carbon atom using several computational methods,
including diffusion quantum Monte Carlo, Hartree-Fock (HF), and density functional theory. We calculate the lowest energy structure,
total ground-state energy, electron population distribution, binding energy, and dissociation energy as a function of the cluster size of the
carbon-doped aluminum clusters compared with the undoped ones. The obtained results show that carbon doping enhances the stability of
the clusters mainly due to the electrostatic and exchange interactions from the HF contribution gain. The calculations also indicate that the
dissociation energy required to remove the doped carbon atom is much larger than that required to remove an aluminum atom from the
doped clusters. In general, our results are consistent with available theoretical and experimental data.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156315

I. INTRODUCTION

In recent years, considerable efforts have been devoted to
searching for atomic clusters that could be candidates for build-
ing cluster-based materials that could give rise to new materials
with unique properties. These clusters must be stable enough to
retain their shape and properties when assembled into cluster-based
materials.' It is known that the stability of clusters is related to the
electronic and atomic structures and that there are some special clus-
ters called “magic clusters” that are suitable for such requirements.
Among the various metallic clusters studied, aluminum clusters and
doped aluminum clusters have received much attention because of
the role of the electronic properties of aluminum in semiconduc-
tor structures. The jellium model explains the high stability of some
pure aluminum clusters such as Al and Alj;, which contain 20
and 40 valence electrons, respectively.” Although these clusters are
very stable, they cannot be used to build new materials because they

are charged. To overcome this limitation, researchers have explored
doping aluminum clusters with different atoms, resulting in the sta-
bilization of certain clusters such as Al;; and Al;3, which can be
used to create cluster-based materials with distinct properties. These
materials have potential for various applications due to their unique
properties.

Among several types of atoms that can be used to dope the alu-
minum clusters, carbon has received considerable experimental®*
and theoretical”” "' attention. Carbon is a tetravalent atom found
in two solid forms in nature: diamond and graphite, where the
carbon forms covalent bonds and presents fourfold and threefold
coordination, respectively. However, in carbon-aluminum clusters,
the carbon exhibits different bonding behaviors, depending on the
size and charge state of the cluster. In such clusters, the carbon
can bond more than four aluminum atoms and have a coordina-
tion number different from the usual three- or fourfold coordination
number, as has been observed for Al;;C."” The carbon-aluminum
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clusters have interesting structures and properties depending on the
size of the clusters. The Al;C presents halogen characteristics with
a smaller electron affinity than the iodine atom.” Among the small
carbon-aluminum clusters, the Al4C and Al;>C have attracted spe-
cial attention since they are closed-shell systems with considerable
structural stability. They are sometimes called magic clusters.”""

In this paper, we have studied the structural and electronic
properties of small neutral carbon-aluminum clusters Al,—;C
(n=2,3,...,13) to better understand the influence of carbon on
the physical and chemical properties of this system. To this end,
we use the fixed-node diffusion quantum Monte Carlo (FN-DMC)
method to obtain a very accurate estimate of the ground-state energy
as a function of the cluster size n. We have determined the binding
energy and dissociation energy of these clusters. In order to make
the electronic correlation effects explicit, we have also performed the
calculations within the Hartree-Fock (HF) theory in the complete
basis set limit. Together with the ground-state energies obtained
from the FN-DMC calculations, we extract the correlation energies.

Il. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

We use density functional theory (DFT) and quantum Monte
Carlo (QMC) simulations to study the electronic properties of the
carbon-doped small aluminum clusters. The calculations were per-
formed in two parts. First, the atomic structure of the cluster is
studied within the density functional theory (DFT)'*'* using the
exchange-correlation potential of Becke'® and the nonlocal corre-
lation functional of Lee, Yang, and Parr (LYP)'° using the Gaussian
program'’ with 6-311++G(2d,2p) basis set.'® The Dirac-Fock aver-
age relativistic effective potential (AREP) is used to represent the
core electrons.'””’ Subsequently, the quantum Monte Carlo (QMC)
methods are used to study the electronic structure calculations with
the CASINO code.”’ We performed the QMC calculations in two
steps, first using the variational Monte Carlo (VMC) method to
obtain an optimized Slater-Jastrow type trial wave function defined
as follows:

yr(R) = Dt(¢:)D, (¢1)e”, (1)

where R is the electronic configuration, Dy and D, are the deter-
minants of the up- and down-spin orbitals, respectively, and ¢’ are
the single-particle orbitals extracted from a DFT calculation using
the Gaussian03 code.'” The Jastrow factor U in Eq. (1) is a sum of
homogeneous, isotropic electron-electron terms u(r;, ), isotropic
electron-core terms y(rir,3) centered on the core, and isotropic
electron-electron—core terms f(ris, 7ty y), where ryj=r;—rj,
rir = ri — 1y, ti is the position of electron i, and r7 is the position of the
core I. The electron-electron and the electron-core-electron terms
satisfy the Kato cusp condition at r;; = 0, and for the electron-core
term, the electron—core cusp condition is enforced. The parameters
a, f3, and y represent the variational parameters optimized for each
Al,C cluster using the variance minimization method.”>*
Diffusion Monte Carlo (DMC) simulations are then performed
to remove most of the remaining variational bias to obtain the total
ground-state energy. In this method, the optimized trial VMC wave
function obtained in the first stage is used as a guide wave function
for the importance sampling,”"*” and an operator e~ with ¢ = iz is
repeatedly used within the short-time approximation to propagate
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the trial wave function, y, in imaginary time at the long time limit
to project out the system ground state or equivalently y,. We have
used the fixed-node approximation, which assumes that the DMC
solution () has the same nodes of the trial wave function. For all-
electron calculations, the fixed-node error is the only uncontrollable
source of error in DMC, while calculations using pseudopotentials
can also suffer from errors due to the nonlocality characteristic of
angular momentum-dependent pseudopotentials.”® To enforce the
locality approximation due to the pseudopotentials in the calcula-
tions, we use the Casula’s t-move variational scheme.”” The core
polarization correction is added to the pseudopotential to account
for the core-electron correlation.”® We used a DMC time step of
0.001 a.u. and an ensemble of 10 000 walkers. For small time steps,
the bias of the DMC time step is linear to the time step, while the
bias of the number of walkers is inversely proportional to the pop-
ulation of walkers.”” Therefore, linear extrapolation of our DMC
energies to the zero time step simultaneously removes the time step
and walker population biases (when the population of walkers is
assumed to be inversely proportional to the time step), as in Refs. 29
and 30. Note that we used ten times the required number of popula-
tion walkers compared to the time step used. Checking the effect of
the time step size with a DMC time step of 0.0005 a.u. showed that
the energies within the statistical error bars remained unchanged.
Such a time step leads to calculations with a high acceptance rate,
e.g., greater than 99.99%. For the averages, we consider about 80 000
QMC moves.

For the Hartree-Fock (HF) calculations, we use the cc-pVQZ,
cc-pV5Z, and cc-pV6Z basis sets to extrapolate to the limit of the
infinitely large complete basis set (CBS). We use the two-point
scheme proposed by Halkier et al.,”’ whose extrapolated total energy
is given by Ecps = 715("1):?:153( ")
dinal numbers of the basis set. Most of the extrapolated values
are obtained using the cc-pV5Z and cc-pV6Z basis sets; the only
exception is Al;,C, where we use cc-pVQZ and cc-pV5Z.

, where n; and n, are the car-

lll. RESULTS AND DISCUSSION

To determine the atomic geometric structure of the
aluminum-carbon clusters, we combine first-principles molecular
dynamics simulations (MD) based on DFT, as implemented in
Vienna Ab initio Simulation Package (VASP)** to select the
clusters that appear most likely in the experiments. In general,
the choice of a DFT functional for the construction of the trial
wavefunction in quantum Monte Carlo (QMC) calculations should
be guided by its ability to accurately capture the relevant physics of
the system. In Refs. 34-36, several properties of the Al;C, Al4C, and
AlgC clusters that are very sensitive to the exchange and correlation
functionals used in the DFT calculations were investigated. The
calculations have shown that the hybrid functionals provide good
estimates for several properties compared to high-level calculations
and experimental measurements, as also suggested by the DFT
functional analysis for covalent and metallic clusters in Ref. 37.
Given these data, the three-parameter exchange functional of Becke
(B3) with the correlation functional of Lee, Yang, and Parr (LYP)
seems to be a reasonable choice for the functionals used in this
work. In addition, we performed calculations for the dimer (AIC)
to obtain accurate bond lengths and binding energy values with
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FIG. 1. The lowest energy structures of neutral Al, and Al,_1C clusters (n = 2-13)
determined with DFT/B3LYP using the Gaussian03 program. '’

the experiments to ensure that the choice of the DFT functional
provided a reasonable atomic structure and orbital for the trial
wavefunction for the aluminum-carbon clusters. It was found that
the B3LYP functional was slightly better than PBE for the bond
length of the dimer (AIC) compared to the experiment. Then, within
the B3LYP framework as implemented in the Gaussian program,'”
a structural reoptimization of the selected isomers is performed
for consistency checking. Figure 1 shows the set of low-lying
energy structures of Al, and Al,_;C clusters (n=2,...,13). The
ground-state spin multiplicity (M;) of Al,C clusters is a singlet
or a doublet in most cases, except for AIC and Al,C, which are
quartets and triplets, respectively. The available experimental result
for the equilibrium bond length of the AIC cluster is 1.955 A.*® Our
calculation gives a value of 1.98 A with a difference of 0.025 A from
the experimental one. There are no experimental results available
for the bond lengths of the larger clusters. Nevertheless, our values
agree well with those of other theoretical approaches.'’"”

The atomic structures of the lowest energy carbon-doped alu-
minum clusters were analyzed in terms of average bond length (dav )
and effective coordination number (7), which is defined differently
from the conventional coordination number (CN) by assigning a
different weight to the bonds based on their length.””*’ Bond lengths
shorter than d,, contribute with a weight greater than one, so # does
not require a cutoff of the bond length. For structures with high sym-
metry, 7 has the same value as CN. Therefore, # is more useful in
analyzing possible structural trends and has been used with great
success to study the structure of various clusters,’"** in particular
for metallic clusters.”"’

To better understand the influence of carbon atoms on the
cluster structures, we plot in Figs. 2(a) and 2(b) the da,, and 7, respec-
tively, as a function of the cluster size. It is seen in Fig. 2(a) that
doping one carbon atom into the aluminum clusters reduces the
average bond length in comparison with the corresponding pure
aluminum clusters.” The average bond length da, reduces by more
than 26% for n < 5 due to the presence of the doped carbon atom in
the clusters. However, such an effect decreases almost monotonically
with increasing cluster size. Notice that the average bond length d,,,
of the Aly>C cluster approaches rapidly to that of the Al;3 because
the substitution of the central aluminum atom by a carbon atom
does not cause substantial structural changes. Yet it is an icosahedral
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dav (A)

FIG. 2. (a) The weighted average bond length and (b) the effective coordination
number of the Al,_1C and Al, clusters as a function of cluster size n. The inset
in (b) shows the effective coordination number of the carbon atom in Al,_4C. The
solid and dashed lines are a guide to the eye.

structure, as shown in Fig. 1. Figure 2(b) shows that 7 is sensitive
enough to pick up the atomic structure changes due to substitut-
ing one aluminum atom with a carbon in the clusters. The general
trend for the doped clusters follows the pure ones whose # increases
almost linearly with increasing cluster size. The # of the undoped
aluminum cluster shows that the aluminum neighbors increase in
an even—odd alternation pattern for cluster size n > 6. The substitu-
tion of an aluminum atom by a carbon atom reduces # except for
clusters with 2 and 13 atoms. It means that, for these two clusters,
substituting an aluminum atom with a carbon atom should not pro-
voke a structural change, corroborating the discussion in Fig. 2(a).
The inset in Fig. 2(b) shows # of the carbon atom as a function of the
cluster size. For clusters with #n = 2-7 and 13, it increases linearly,
as indicated by the dashed line. In these clusters, the carbon atom
is equidistant to the aluminum ones; in particular, the Al;>C cluster
differs considerably from the others, forming a perfect cage for the
carbon atom.

Having analyzed the atomic structure, we now proceed to the
electronic structure to evaluate the electron population around the
core ions as a function of cluster size using the well-known polyhe-
dral Voronoi scheme implemented in the code CASINO.”! Figure 3
shows the valence electron population around the C and Al ions
in the Al,_1C clusters as a function of cluster size. The horizon-
tal dashed lines in the figure for comparison indicate the valence
electron number of a single Al and C atom. It can be seen that the
substitution of an aluminum atom by carbon leads to a reduction
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FIG. 3. (a) The average electron population and (b) the derivative of the average
electron population in the Al,_1C cluster as a function of the cluster size n. The
red circles and blue triangles are the electron populations for carbon and aluminum
atoms, respectively.

in the average electron population around the aluminum ions and
an increase in that around carbon, as expected by the concept of
electronegativity. Note that in the dimer, the aluminum atom expe-
riences a loss, while the carbon atom experiences a gain of about
0.5 electron charge. However, as the cluster size increases, the aver-
age electron population of the aluminum atoms in the Al,_;C clus-
ters increases slowly and tends to be slightly smaller than that of the
single aluminum atom. In contrast, the electron population around
the carbon increases more rapidly but tends to be constant for larger
clusters, with about five valence electrons. Figure 3(b) shows the
derivative of the average electron population around the atoms in
the clusters. The red circles and blue triangles can be interpreted as
the rates of electron acceptance and donation by the carbon and alu-
minum atoms in the clusters, respectively. It can be seen that as the
number of atoms in the clusters increases, the electron acceptance
rate decreases for carbon, while it increases for aluminum up to
clusters with four atoms. For larger clusters, the electron acceptance
rate reaches almost zero, indicating a saturated valence electron
number for carbon. In contrast, the electron donation of aluminum
atoms decreases at different rates for n = 5-7 and for n = 8-13. This
indicates that the nature of bonding has changed from n =7-8,
which is related to the general order of increase in the strength of
interactions.

Although the correlation energy is a tiny fraction of the total
energy, it has a significant effect on the atomic and electronic struc-
ture of the clusters, as shown earlier.”’ """ Table I shows the total
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TABLE |I. Total correlation energy E; of the valence electrons in the Al, and Al,_41C
(n =2-13) clusters. The spin multiplicity Ms of the clusters and the correlation
energy difference AE; between the pure and doped ones are also given. All energies
are in eV units.

Al, Al,_,C

Cluster size,n M; E. M, E. AE,

2 3 —4.882(5) 4 —4.479(8) 0.40(2)
3 2 -828(1) 3 —8765(8) —0.49(2)
4 3 -1152(1) 2 —11.46(1) 0.06(2)
5 2 —14.58(3) 1 -14.75(2) -0.17(3)
6 1 —18.76(2) 2 —-18.26(2) 0.50(3)
7 2 -21.87(3) 1 -22.1002) —0.23(3)
8 1 -2545(2) 2 -2577(2) -0.32(3)
9 2 -28.37(2) 1 -28.97(2) -0.60(3)
10 1 -31.79(3) 2 —31.95(2) -0.16(3)
11 2 -3530(5) 1  -3677(2) —1.47(6)
12 1 -3878(2) 2 -39.49(2) -0.71(3)
13 2 -43.77(5) 1 —-43.63(1) 0.14(6)

correlation energy of valence electrons E. of the Al, and Al,_;C
clusters. The electron correlation energy E. is defined as the differ-
ence between the exact ground-state energy (considered as FN-DMC
energy) and the HF energy in a complete basis set limit. For the
clusters under investigation, the electron correlation lowers the total
ground-state energy by about 5% within the present calculations.
Let us first consider the trend of correlation energy of the pure
aluminum clusters Al, with increasing cluster size. From the table,
we can see that the correlation energy (E.) increases with increas-
ing cluster size. This is mostly due to the increase in the valence
electrons, which leads to a greater screening of the Coulomb inter-
action between the electrons and a stronger correlation energy.
Considering the doping effects of a carbon atom in the Al,_;C clus-
ters, we see that, in most clusters the presence of a carbon atom
leads to an increase in the correlation energy in comparison with
the corresponding pure aluminum one of the same size, especially
for n =9, 11, and 12, as shown in the last column in Table I for
the correlation-energy difference between the doped and undoped
clusters. However, carbon doping also leads to a decrease in the
correlation energy in some other clusters, such as for » = 2 and 6.
This indicates that the effect of carbon doping depends strongly on
the specific size and structure of the aluminum cluster, as shown in
Fig. 1. In addition, doping a C atom into aluminum clusters gener-
ally leads to an increase in the spin multiplicity compared to a pure
Al cluster of the same size. This is most pronounced for small clus-
ters (e.g., n =2 and 3). If the pure (doped) cluster has a low-spin
(high-spin) configuration, the doped (pure) cluster has a high-spin
(low-spin) configuration because the doped C atom offers one more
valence electron to the cluster, leading to changes in the electronic
and magnetic properties of the cluster. The above-mentioned calcu-
lation results demonstrate that the doping effects on the electronic
structure and correlation energy of a cluster are complex and depend
on several factors, including the size and structure of the cluster, and
the position of the dopant. In some cases, the dopant atom can cause
local distortions in the electronic structure of the cluster, leading to
an increase in the correlation energy. Overall, the effect of doping
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on the correlation energy of a cluster is a subtle balance between the
positive and negative contributions and requires careful analysis to
understand the underlying physics.

Now, we discuss the effects of the carbon atom on the atomic
binding energy of the Al,_;C clusters. We define the binding energy
per atom (BE) of the Al,—; C cluster as’’

Ey = [E(Al,iC) — (n - 1)Eq(Al) - Eo(C)]/n, @)

where E(Al,—1C), Eqs(Al), and E,(C) are the total energies of the
cluster and the aluminum and carbon atoms, respectively, and 7 is
the total number of atoms in the cluster.

The binding energies (E, ) of the carbon-doped aluminum clus-
ters Al,_;C for n =2-13 are shown in Table II. For comparison,
the results of undoped aluminum clusters are also given, which are
the improved results from Ref. 43. For pure aluminum clusters, Ej,
increases with increasing cluster size, which is consistent with pre-
vious results for other metal clusters.”* This is also the case for the
doped clusters but in the presence of alternation. The binding ener-
gies of the pure aluminum clusters obtained from our FN-DMC cal-
culations are very close to the experimental values'® with differences
less than 5%. Moreover, a comparison with available coupled-cluster
singles, doubles, and triples [CCSD(T)]*** values also shows good
agreement. The discrepancies between the FN-DMC and CCSD(T)
results could be attributed to the fixed node error in FN-DMC or a
basis set error and even to the lack of higher excitations in CCSD(T).
According to the FN-DMC results, substitution of an Al atom by a
carbon atom in the Al, cluster enhances the binding energy E,, of the
doped Al,—;C cluster. The difference between the binding energies
of the Al,_;C and Al, clusters quantifies the gain of the bind-
ing energy due to such a substitution. In Table II, we show AE, =
E,(Al,-1C) — E,(Al,) obtained from the FN-DMC and HF calcu-
lations, denoted as AE;N "M and AELF, respectively. The value of
AE,};N_DMC varies between —0.295 eV (for Al;;C) and —1.022 eV (for
Al;C) as shown in Table 11, accounting for 11%-41%, respectively, of
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the total E;, value of the clusters. In the absence of electron correla-
tion, AELT in Table 11 takes into account electrostatic and exchange
interactions as well as orbital relaxation (or the charge redistribu-
tion effects). The difference between AE;~ "M and AE}F is the
correlation contribution to AE,, of the clusters, denoted as AE;. We
can observe that the binding energy gain in the carbon-doped clus-
ter is primarily due to the HF contribution of the electrostatic and
exchange interactions, while the correlation contribution accounts
for only a small fraction. Moreover, the doping-induced correlation
gain is positive for most clusters, except for Al,C, AlgsC, Al;C, and
Al;1C, where correlation enhances cluster stability.

In Table III, we list the dissociation energies required to
decompose an Al,C cluster through two distinct channels: Al,—;C
— Al,_1+ Cand Al,,_;C — Al,,_,C + Al, defined as

AW = E(Al,_1) + Ea(C) - E(Al,_1C) ®3)
and
A® _ E(AL,—;C) + E,(Al) — E(AL,-,C), (4)

where E is the total ground-state energy of the clusters and E,
is the ground-state energy of the atom. The FN-DMC dissocia-
tion energies for two different dissociation channels show that the
energy A" required to remove the C atom ranges from 2.85(1) to
7.71(3) eV, while the energy A® required to remove an aluminum
atom varies from 1.75(2) to 3.94(2) eV. For the same cluster size
(n>3), it is much easier to remove an aluminum atom than to
remove the doped carbon atom. We also give in Table III the HF
(Anur) and electron-correlation contribution (A.) to the dissocia-
tion energy of the Al,_;C cluster. This can help assess the extent
to which electron correlation affects the stability and reactivity of
the clusters, as observed in previous studies.” ' In particular, by

TABLE II. Binding energy per atom of the pure (Al,) and carbon-doped aluminum (Al,_1C) clusters. The binding energy gain (AEfN-0MCY and its HF (A} ) and correlation
contribution (AEg) are also shown. Available CCSD(T) and experimental values are given for comparison. Statistical errors in FN-DMC are given in parentheses. All energies

are in eV units.
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Al, Al,_,1C Gain in E,

Cluster size,n HF ~ FN-DMC CCSD(T)" Expt.® HF  FN-DMC CCSD(T)" ™  AENTMC  AgHF AE;

2 0226 —0.713(6) -0.828 -0.75 -1307 -1.427(6) —0.714(9)  -1.081 +0.367(9)
3 —0.521 —1.326(7) -1.392 130 -1.342 -2.200(5) e -0.874(9)  —0.821 —0.053(9)
4 —0.557 —1.482(6) -1.606 155 -1.677 —2.504(5) ~2.86 -1.022(8) -1.120 +0.098(8)
5 -0.732  —1.695(8) -1.795 176 -1763 -2.693(6) -2.91 —0.998(10) -1.031 +0.033(10)
6 -0.759 -1.932(7) -2.066 -194 -1.502 -2.536(5) e —0.604(9)  —0.743  +0.139(9)
7 -0.987 -2.157(7) -2.168 —2.12 -1418 -2.574(5) -2.20 —0.417(9)  —0.431 +0.014(9)
8 -0.954 —2.181(6) . —221 -1435 -2.661(6) e —0.480(8)  —0.481 +0.001(8)
9 -1.017 -2.216(6) —222 -1447 -2.676(6) —0.460(8)  —0.430 —0.030(8)
10 —1.047 -2.272(6) 228 -1412 -2.621(5) —0.349(8)  —0.365 +0.016(8)
11 -1.081 -2.337(7) 233  -1352 -2.711(5) -0.374(9)  -0.271 —0.103(9)
12 —1.131  —2.409(6) 238 -1414 -2.723(5) —0.314(8)  —0.283 —0.031(8)
13 ~1.110  -2.522(7) —249 -1.440 -2.817(5) —0.295(9)  —0.330 +0.035(9)
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TABLE III. Dissociation energies A" and A®@ of the Al,_{C cluster for two different
channels defined by Egs. (3) and (4), respectively. Also given are the HF and corre-
lation contributions to the dissociation energies. The DFT results in the literature are
shown for comparison.'" Statistical errors from the FN-DMC calculations are given in
parentheses. All energies are in €V units.

FN-DMC dissociation energies
Cluster DFT"

; 1) (1) (1) @ (2) (2) 1)
size, n A Ayg A; A App A; A

2 2.85(1) 2.61 0.24(1) 2.85(1) 2.61 024(1) ---
3 517(1) 3.58 1.59(1) 3.74(1) 141 2.33(1) 6.78
4 6.04(2) 515 0.89(2) 3.42(1) 2.68 0.74(1) 7.32
5 7.53(2) 6.59 0.94(2) 3.45(2) 2.11 1.34(2) 6.88
6 6.74(3) 535 1.39(3) 1.75(2) 0.19 1.56(2)  ---
7 6.42(3) 537 1.05(3) 2.80(2) 091 1.89(2)

8 6.19(4) 4.57 1.62(4) 3.27(3) 156 1.71(3)

9 6.63(4) 540 123(4) 2.79(3) 155 1.24(3)

10 6.27(3) 4.97 1.30(3) 2.13(3) 1.10 1.03(3) ---
11 7.10(3) 441 2.693) 3.61(3) 0.75 2.86(3) 6.07
12 6.97(6) 5.07 1.90(6) 2.86(2) 2.09 0.77(2) 7.40
13 7713) 515 2.56(3) 3.94(2) 176 2.18(2) 5.84

comparing the obtained HF dissociation energies and the corre-
sponding electron-correlation contributions, we may observe that
the chemical bonding between the doped C atom and the host Al
atoms in the Al,_; C cluster is predominantly determined by the HF
interactions of the nuclei and electrons, while the electron correla-
tion relatively plays a more important role in the bonding of an Al
atom with the rest ones in the cluster.

When we compare the dissociation energies of the carbon-
doped aluminum clusters with those of the undoped ones, some
interesting features appear. Figure 4 shows the difference in the dis-
sociation energies to remove an Al atom from the carbon-doped
aluminum cluster Al,—;C and from the undoped pure aluminum
cluster Al, of the same size. The dissociation energy required to
remove an Al atom from the Al,_; C cluster is given by A%, and that
for the Al, cluster is defined as Ay, = E(Aly,—1) + Eo(Al) — E(Al,).

It is seen that the difference A® — A a1, oscillates between positive
and negative values as a function of cluster size # for n > 5. For larger

L1d
2 13

Y Y T
2 3 4 5 6 7 8 9 10 111

FIG. 4. The energy difference for the dissociation of an Al atom from the Al, and
Al,_1C clusters as a function of cluster size n.
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cluster sizes, such a difference tends to zero, as expected. However,
for small n, substitution of an Al atom by the doped C atom sig-
nificantly affects the dissociation energy required to remove an Al
atom from the systems. From such a point of view, the carbon dop-
ing enhances significantly the dissociation energy A® for n = 2-5, 8,
and 11 with positive values of A — A al, being larger than 0.6 eV.
However, on the opposite, the carbon doping can also significantly
reduce the dissociation energy for n = 6, 7, and 10 with negative val-
ues of A®) — Ay, of a modulus larger than 0.6 eV. For n = 6, the
obtained result calls attention with A — Api, = -1.37(4) eV. This
indicates that the doping strongly affects the atomic structure of the
cluster (as shown in Fig. 1) and it is much easier to remove an Al
atom from a doped cluster at n = 6.

IV. CONCLUSIONS

In this study, we have used QMC, DFT, and HF calculations
to investigate the structural and electronic properties of carbon-
doped aluminum clusters. We obtained the lowest energy structures
using DFT, which also provided the single-particle orbitals for the
VMC trial wavefunction. Based on the optimized VMC trial wave-
function, we performed FN-DMC calculations to investigate the
influence of carbon doping on the atomic and electronic structure of
aluminum clusters. Our analysis showed that the obtained electron
distributions and bond lengths are in agreement with the available
experimental and theoretical results.

We calculated the ground-state energies of the carbon-doped
clusters and estimated their atomic binding energies and dissocia-
tion energies. We found that the atomic binding energy gain due
to doping is mainly from the HF contribution, while electron cor-
relation accounts for only a small fraction of the binding energy
gain. For AIC clusters, the HF contribution accounts for 151% of the
total binding energy gain, while for larger clusters, such as Al;(C, it
decreases to 72%.

Our study showed that the dissociation energy required to
remove the carbon atom from the carbon-doped aluminum clusters
ranges from 2.85(1) to 7.71(3) eV, while the dissociation energy
to remove an aluminum atom varies from 1.75(2) to 3.94(2) eV.
Much less energy is needed to remove an aluminum atom than to
remove the carbon in these doped clusters. We also found agree-
ment in comparing the values of the dissociation energy obtained
from FN-DMC calculations to available theoretical results using
different approaches in the literature. Overall, our study provides
valuable insight into the properties of carbon-doped aluminum clus-
ters that could be useful for developing new materials with desirable
properties.
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