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Energetics and fragmentation of single-doped tin and lead clusters
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The fragmentation behavior of the bimetallic cluster ions SnyPb* and PbySn* has been investigated by
tandem time-of-flight mass spectrometry in combination with density-functional theory. The low-energy
surface-induced dissociation patterns of SnyPb* and PbySn™ with N=6-11 are dominated by the subsequent
loss of atoms. For SnyPb* first the single lead atom is split off; in contrast the PbySn™ clusters dissociate
mainly in fragments retaining the single tin atom, which is in full accordance with the quantum chemical
results. For larger collision energies the complete set of smaller tin fragment ions Snj,_,, with M <N is found
for SnyPb*, whereas the PbySn* clusters decay into two series of Pby_,Sn* and Pby,_,, fragments with M

<N.
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In recent decades the properties of clusters became an
interesting field of research because clusters allow someone
to study the stepwise development of matter from the atom
to the bulk. The structural and electronic properties of the
group-14 clusters are of particular interest'® because these
systems permit someone to study whether the transition from
covalent to metallic bonding, which takes place within this
group in the bulk, manifests also in reduced dimensions. Ad-
ditionally the potential of these clusters for applications in
nanotechnology is particularly promising. However, not only
are the pure element clusters are of interest but also doped or
bimetallic cluster species’”'*> because the chemical and
physical properties of doped or alloyed clusters may be tuned
by varying the composition and the atomic ordering as well
as the size of the clusters.

For tin-lead nanoalloys it has been, for example, found
that the solubility and the thermal-expansion coefficient de-
pend sensitively on particle size.'"* This behavior has been
attributed to a size-dependent cohesive energy. In order to
better understand the influence of dopant atoms on the ener-
getics of nanoalloys, we have investigated single-doped tin
and lead clusters. In the present paper the surface-induced
dissociation of tin-rich SnyPb* and lead-rich PbySn* clusters
with N=6—-11 is analyzed to study the fragmentation behav-
ior of the doped clusters because the unimolecular dissocia-
tion of clusters is very sensitive to the binding energies.'?
The comparison of the experimental results with quantum
chemical calculations gives deeper insight into the energetics
of the single-doped group-14 clusters. After a presentation of
the experimental procedure, the results of our quantum
chemical calculations will be discussed, followed by a de-
tailed analysis of the experimental data in comparison with
the theoretical predictions.

An overview of the apparatus used for the present experi-
ments is already reported in the literature.'® Therefore, the
experiment will be described only briefly.

Bimetallic clusters are produced by a dual laser vaporiza-
tion cluster source. The cluster source consists of two sepa-
rate formation zones where homoatomic clusters are gene-
rated. These clusters were then transported with the carrier
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gas to a reaction zone, which allows the formation of alloyed
or bimetallic clusters. After that the alloyed cluster helium
mixture is expanded through a nozzle into the high-vacuum
apparatus, thus generating a molecular beam with isolated
clusters.

After passing a double skimmer, positive cluster ions in
the molecular beam were accelerated by a collinear
Wiley-McLaren-type!” time-of-flight mass spectrometer
(TOF-MS) and detected with a double microchannel plate.
Mass spectra'® were obtained in a linear TOF mode with a
90° electrostatic mirror and mass selection was performed by
applying a high-voltage pulse to the mirror.

For the surface-induced dissociation (SID) experiments,
the electrostatic mirror was rotated by 90° out of the first
position. The mass selected cluster ions were then deceler-
ated between a grounded mesh and the sample hold at an
electric potential. The clusters collide with a highly oriented
pyrolytic graphite (HOPG) surface if their kinetic energy is
high enough. Scattered positive ions were then extracted
back by the electric field, which has already decelerated the
impinging ions, and were then detected by the double micro-
channel plate. The collision energy was varied by changing
the bias voltage to the sample. In this paper an incident en-
ergy E; stands for the difference between the average kinetic
energy of the projectile ions and the potential energy. Since
the incident energy spread of the primary ion beam amounts
to approximately 150 eV [full width at half maximum
(FWHM)],'®!° fragmentation processes are already observed
also for negative values of E;.

All calculations were carried out using the plane-wave-
based pseudopotential approach as implemented in the Vi-
enna Ab initio Simulation Package (VASP).2>-2? The electron
ion interaction energy and the exchange-correlation func-
tional were described using the projector augmented wave
(PAW) (Refs. 23 and 24) and Perdew-Burke-Ernzerhof
(PBE) (Ref. 25) schemes, respectively. A large simple-cubic
unit cell of side up to 20 A and the I point for the Brillouin-
zone integrations has been used. In order to account for the
large spin-orbit (SO) coupling effect observed for Pby
clusters,?¢ all the calculations in this work were carried out
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TABLE I. Binding energies per atom for SnyPb and PbySn
(N=1-11).
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TABLE II. Comparison between the experimental and the theo-
retical results for SnyPb* and PbySn*™ (N=6-11). Shown are the
dominant dissociation channels.

N SnN+1 SHNPb PbN+1 PbNSn

SnyPb SnyPb* PbpySn PbySn*
! 118 0.89 0.66 0.89 N Theor. Expt. Theor. Expt.
2 1.71 1.48 1.06 1.24
3 2.15 1.96 1.33 1.54 6 Sng+Pb Sng*+Pb PbsSn+Pb PbsSn*+Pb
4 231 2.18 1.33 1.52 Sn;+Pb Sn;*+Pb PbgSn+Pb PbeSn*+Pb
5 2.50 2.35 1.56 1.73 8 Sng+Pb Sng*+Pb Pb,Sn+Pb Pb,;Sn*+Pb
6 2.62 2.49 1.68 1.83 PbgSn™ +Pb,
7 2.55 2.44 1.64 1.78 9 Sng+Pb Sng*+Pb PbgSn+Pb PbgSn*+Pb
8 2.63 2.55 1.71 1.84 10 Sn;y+Pb Snjot+Pb PbgSn+Pb PbySn*+Pb
9 2.69 2.60 1.74 1.83 11 Sng+SnsPb  Sn;;*+Pb  Pb;Sn+Pb  Pb;Sn*+Pb
10 2.63 2.56 1.72 1.83 PbsSn*+Pbg
11 2.64 2.57 1.74 1.84

including the SO effect in the total-energy calculation. A
large number of initial structures based on addition (exohe-
dral or endohedral) or substitution by the dopant atom have
been generated for each of the PbySn and Sn,Pb clusters to
explore the lowest-energy structures.'8

The binding energies per atom of the lowest-energy iso-
mers of homoatomic and heteroatomic clusters are shown in
Table I. It becomes clear from this table that the incorpora-
tion of Pb into the Sny, host cluster reduces the average bind-
ing energy per atom compared to Sny,;. On the other hand
substitution of a Pb atom by a Sn atom increases the binding
strength.

In order to estimate dissociation energies quantum chemi-
cally, we have considered the fragmentation process to occur
along the lowest-energy pathways with no additional activa-
tion barrier and also entropic effects have been omitted.
However, it is expected from statistical rate theory that the
lowest-energy pathways dominate the fragmentation behav-
ior because the microcanonical unimolecular rate constants
depend sensitively on the dissociation energies.!> Therefore,
we calculated the fragmentation energy for the SnyPb and
PbySn clusters with N=6—11 only by looking at the total
energy of the neutral parents and daughters. Within this ap-
proach, it is predicted that the PbySn clusters with N=11
prefer a monomer evaporation of the Pb atom from the
doped cluster. It is also expected that the removal of the Pb
atom from SnyPb clusters tends to be the most favorable path
of fragmentation for N<<11 while Sn;;Pb prefers fission into
two large daughter products. It looks as if the evaporation of
the Pb atoms seems to be a common lowest-energy fragmen-
tation pathway for both the PbySn and SnyPb clusters. How-
ever, one has to take into account that experimentally
charged clusters have been investigated. Therefore, the ion-
ization potentials of the metal clusters have to be considered
for a comparison between theoretical calculations and the
experiment. The results predicted theoretically for neutral
clusters are summarized together with the experimental ob-
servations of charged clusters in Table II.

Surface-induced dissociation has been investigated for
SnyPb* and PbySn* (N=6-11) clusters on a HOPG surface
with collision energies E; ranging from nominal —-300 to

700 eV.'® In Figs. 1 and 2 the SID patterns of SngPb* and
PbgSn* in dependence of the incident energy are exemplified.

In both cases only the parent ions are visible for incident
energies E; up to —20.0 eV/atom. Fragmentation processes
occur for E;>-20.0 eV/atom because a part of the cluster
pulse is already impinging the surface due to the incident
energy spread of approximately 150 eV (FWHM). At low
incident energies (E;<<—5.0 eV/atom) the subsequent loss
of lead and tin atoms is predominately observed, which has
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FIG. 1. The incident energy dependence of SID patterns of
SngPb*. The intensity is plotted against the flight time. On the top
the cluster fragment size is assigned.
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FIG. 2. The incident energy dependence of SID patterns of
PbgSn*. The intensity is plotted against the flight time. On the top
the cluster fragment size is assigned.

often been reported in the unimolecular decay of metal
clusters.>!%?7 Increasing the collision energy the fragmenta-
tion pattern is shifted toward smaller fragment sizes. At in-
cident energies of (E;>20.0 eV/atom) the fragment size
distribution does not continue to change, but the intensities
of the different fragment ions decrease with increasing colli-
sion energies due to the importance of implantation pro-
cesses. For (E;>70.0 eV/atom) most of the original cluster
intensity is vanished.

Comparing the SID spectra of SngPb* and PbgSn™, it is
evident that they behave quite differently. SngPb* first splits
off the single lead atom, followed by the fragmentation of
the remaining Sng* fragment. The dissociation of Sng™ takes
place by a subsequent loss of tin atoms, which was already
described in the literature.> Cluster fragments containing the
single lead atom as a result of a first loss of tin atoms could
not be detected. Within the context of microcanonical uni-
molecular theories, this indicates that the dissociation energy
of the lead atom evaporation is smaller than the fragmenta-
tion energies for the loss of tin atoms, i.e., the binding energy
of the lead atom is much smaller than the binding energy of
the tin atoms, which is in full accordance with the theoretical
results.

In contrast the fragmentation patterns of PbgSn* consist of
two series of signals: one is caused by the loss of the single
tin atom resulting in a Pbg* fragment, which further dissoci-
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ates by the loss of lead atoms.'® The second observed series
results from the first loss of a lead atom, followed by the
dissociation of the remaining Pb,Sn* fragment, which itself
is the starting ion for two fragment series: one consisting of
pure lead cluster fragments and one still containing the single
tin atom. Comparing the intensities of these two series, tak-
ing the statistical rates of the two fragmentation pathways
into account, it is again found that particularly for low inci-
dent energies the loss of a lead atom is favored compared to
the loss of the single tin atom, indicating that the lead atom
evaporation is also for Pb,Sn* the fragmentation channel
with the lowest energy.

The low incident energy SID spectra for SnyPb* with
N=6-11 are also measured.'® All clusters for N=6—11 dem-
onstrate the same fragmentation pattern such as for N=38, i.e.,
the clusters at first split off the single lead atom followed by
an evaporation of tin atoms. Therefore, it can be definitely
deduced that the lead atom in the tin-rich clusters SnyPb*
with N=6-11 is less strongly bounded compared to the tin
atoms.

In Table II the experimental results are compared to the-
oretical predictions. Although only the fragmentation pat-
terns of neutral SnyPb clusters (N=6—11) are calculated, the
experimental results show good agreement with the theoret-
ical results. For all cluster sizes with the exception of
N=11, the fragmentation channel with the loss of the single
lead atom is the one with the lowest dissociation energy.
Only for Sn;;Pb, theory favors the dissociation in SnsPb and
Sng. However, this discrepancy between experiment and
theory can easily be resolved by taking the ionization poten-
tials of the fragments into account. For the neutral clusters
the difference of the dissociation energies for the two frag-
mentation channels, i.e., formation of SnsPb and Sng with
respect to the generation of Sn;; and Pb, amounts to 0.17 eV.
If the ionization potential of Sng or SnsPb compared to Sny;
is larger than 0.17 eV, then the Pb atom evaporation channel
becomes energetically more favorable for the charged mother
ion Sn;Pb*. Experimentally it is found that the ionization
potential of Sny; is at least 0.89 eV smaller than that of Sng,
resolving the observed discrepancy.® However, the low-
energy SID spectra also show for SnyPb* clusters with
N>8 that subunits with four to six tin atoms are rather
stable.'® This is in accordance with the SID behavior of the
corresponding pure tin clusters’ and gives a hint that, for
larger tin clusters and probably also for larger SnyPb* clus-
ters, the fragmentation into stable subunits might be energeti-
cally more favorable than the atom loss process. However, in
order to clarify this, more experimental and theoretical work
is needed.

The low incident energy SID spectra for PbySn* with
N=6-11 are also measured.'® All clusters with N=6-11
demonstrate the same fragmentation pattern. The lead-rich
clusters preferentially split off one of the lead atoms instead
of the single tin atom. For the low collision energy region,
almost no fragments without the single tin atom could be
detected. This is in explicit contrast to the tin-rich clusters,
which at first eliminate the foreign lead atom.

In Table II the experimental results are opposed with the
theoretical predictions. Although only the fragmentation pat-
terns for neutral clusters are calculated, the experimental re-
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sults show good agreement with the theoretical results. For
all of the investigated species PbySn*™ with N=6-11 the
atom loss process plays an important role. This is true even if
for some clusters the fragment ions Pby_;Sn* are hardly re-
solved in the tail of the mother ion peak. However, for some
cluster sizes also fragmentation channels with increased dis-
sociation energy are rather prominent.

For PbgSn*, the loss of a Pb, dimer and, for Pb;;Sn*, the
decay in cluster fragments of similar sizes, PbsSn* and Pb,
takes place beside the atom loss process with considerable
intensity. Both fragmentation channels are the ones with the
next lowest predicted dissociation energy. The gap for the
decay of PbgSn* in PbsSn™ and Pb, amounts to only 0.11 eV,
and for Pb;;Sn*, the formation of PbsSn* and Pbg is in-
creased by 0.39 eV compared to the atom split-off channel.
In contrast to the tin-rich clusters the importance of these
next lowest dissociation energy channels could not be attrib-
uted to the fact that experimentally charged clusters have
been investigated. Probably the difference in temperature be-
tween experiment and theory could be responsible. While
during experiment the clusters are produced at finite tem-
perature, theoretically the total-energy calculation under the
density-functional theory (DFT) method is done at zero tem-
perature. Moreover, one has to take also into account that the
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differences of the binding energies are only lower bound for
the dissociation energy. Even if one could not exclude that
the atom loss process for PbgSn* and Pb;;Sn* might require
a larger dissociation energy than predicted, it is not clear why
this should take place for only these two cluster sizes.

From a comparison of the SID spectra of the bimetallic
species with the pure cluster of the same size,>!? it becomes
clear that the substitution of a lead atom by a tin atom and
vice versa does not alter the fragmentation behavior strongly.
The most striking feature observed for the bimetallic species
is the loss of the single lead atom in the tin-rich clusters,
which dominates the SID spectra of SnyPb* with N=6-11.
Interestingly, the influence of the substitutional atom seems
to be strongest for Pb;;Sn* and Sn;,Pb*. Here, the exchange
of one of the lead atoms of the homoatomic Pb;,* cluster by
a tin atom increases the formation of rather stable subunits
with comparable size, whereas the substitution of a tin atom
by a lead atom in the homoatomic Sn;,* cluster enhances the
atom loss process considerably.
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