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elements and cobalt and comparison with solid-state
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By using laser ablation on mixtures of transition metal cobalt and group-14 elements, binary alloy
cluster anions were produced while no binary alloy cluster cations were detected, and the
homocluster cations of group-14 elements appeared at very low abundance. The differences between
clustering abilities of germanium, tin and lead with cobalt are described, and the chemical bonds in
the binary alloy cluster anions appear to indicate a transition from covalent to metal bonds. The
cluster anion [CoPb,g]  appears in very high abundance (magic number), and an endohedral
structure is proposed for this cluster. The cluster anion [CoPb;,], also representing a magic number,
probably has an icosahedral structure. Compared with solid-state Co/Ge binary alloys, the
compositions of most binary alloy cluster anions are germanium-rich, in which the covalent bonds
are predominant. Copyright © 2001 John Wiley & Sons, Ltd.

Alloy materials consisting of transition metal and group-14
elements have been widely investigated in materials science
because the elements of group 14 can form alloys with many
metal and non-metal elements. Transition metal silicides and
germanides are potential materials for solid-state electronic
devices. Binary T/Ge and ternary T/Ge/Si alloys (where T is
a transition metal) are currently receiving much attention as
promising candidates for low-resistivity interconnect lines
and contacts to silicon substrates in Si-based semiconductor
devices.! These binary and ternary germanides possess low
room-temperature resistivity, high thermal stability and
good adherence to silicon substrates. Tin alloys belong to
the class of fusible alloys, and lead is a raw material for lead-
based alloys. Because a small change in composition can lead
to special properties, many systems such as T/Sn, Au/T/Sn
and Sn/Pb?° have also been studied.

In recent years, the investigations of these systems have
focused on the stabilities of alloy compounds so as to obtain
reliable thermodynamic data, exact phase diagrams, crystal
compositions and crystal structures, as well as an under-
standing of factors affecting strengths of chemical bonds in
these compounds.®™"® However, the clustering behavior of
group-14 elements with transition metals produced by laser
ablation have not yet been reported to our knowledge. In
order to broaden our understanding of thermodynamic
stability and bonding trends in binary transition metal-
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metalloid (group-14 elements) alloy systems, a series of
binary alloy cluster anions, produced by laser ablation of
mixtures of Co/E (where E is Ge, Sn or Pb), were studied
with a tandem time-of-flight (TOF) mass spectrometer. The
stable compositions and the bonding trends in binary alloy
cluster ions are also discussed in this paper. The properties
of cluster anions [Co,Ge,]”, such as compositions and
chemical bonding, are compared with those of Co/Ge binary
alloys in the solid state.

EXPERIMENTAL

The binary alloy cluster ions of group-14 elements (E) and
the transition metal cobalt were generated and analyzed
under the following conditions. The samples were prepared
with E (germanium purity: 99.99%, tin purity: 99.9%, lead
purity: 99.8%) and cobalt (purity 99.9%) powders, mixed well
in different atomic ratios and pressed into tablets.

The experiments to produce and detect Co/E binary
cluster ions were performed using a vaporization laser
together with the first stage of a home-made tandem time-of-
flight mass spectrometer (T-TOF-MS). A detailed description
of the T-TOF-MS has been given elsewhere.! Briefly, the
second harmonic of a Q-switched Nd:YAG laser (532 nm,
10 mJ/pulse, 10 pulse/s) was focused on the surface of a
tablet sample held in the vacuum chamber (at 10~ ° Torr) of
the spectrometer to produce the cluster ions. The cluster ions
were extracted and accelerated with a pulse voltage of 0.1V
and 1.1kV, respectively, and then drifted in a field-free
region 3.5 m long. The cluster ions were detected by a dual
microchannel plate detector at the end of the field-free
region, and recorded to give the mass spectrum. The mass
resolution of the first stage of the T-TOF-MS is about 300.
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Figure 1. TOF mass spectra of [Ge,]” and [Co,Ge,]”
produced by laser ablation of pure Ge and mixed samples of
Co and Ge: (A) elemental Ge; (B) Ge/Co=1:2.

Typically, 1000-2000 laser shots were accumulated and
stored in a PC computer.

RESULTS

Figures 1(A) and 1(B) show the mass spectrum of anions
resulting from the pure germanium sample and the cluster
anion distribution resulting from the sample with atomic
ratio Ge/Co =1:2, respectively. It is clear, by comparing
these two figures, that the resulting cluster distribution is
mainly dominated by pure germanium clusters [Ge,]™ in the
lower mass region (m/z between 0 and 450), and by Co/Ge
binary alloy cluster anions in the higher mass region
(m/z > 450). The binary alloy cluster anions [CoGe,]™ show
a magic number at y =10, with a very deep abundance
minimum at y = 11. In our previous work'® a cage structure
of [CoGeqg]~ was predicted. Furthermore, the binary cluster
anions [Co,Ge,]™ (x >1; y >9) with more than one cobalt
atom were also detected in the higher mass region, but their
peaks are less intense than those of [CoGey]™ (y = 6-11). In
binary cluster anions [Co,Ge,]™ (x >1; y >9), the number of
germanium atoms is much larger than that of cobalt atoms.

A typical spectrum of tin cluster anions produced by laser
ablation of an elemental tin sample is shown in Fig. 2(A). The
largest detected ion is a 15-atom cluster. Figure 2(B) resulted

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 2. TOF mass spectra of [Sn,]” and [Co,Sn,]™ produced
by laser ablation of pure Sn and mixed samples of Co and Sn:
(A) elemental Sn; (B) Sn/Co=1:2.

from the sample with atomic ratio Sn/Co = 1:2; [Co,Sn, ]~ (x
>1; y >10) and CoSn, are all generated. In contrast to the
binary alloy cluster anions [CoGe,], the [CoSn,]™ binary
alloy anionic clusters with minimum size y = 1 are observed.
The homoatomic clusters [Sny]™ are found with increased
intensity in the lower mass region, again different from
[CoSny]™ clusters. When the number of tin atoms is 7, the
[CoSny] ™ binary anionic cluster has an abundance similar to
that of [Sn;]". In the higher mass region, the peaks due to
binary alloy cluster anions [CoGe,]™ (y >7) are predominant,
and the [CoSny]™ (y=8, 9, 10) clusters have similar
abundances.

The mass spectrum of pure [Pby]” cluster anions is
presented in Fig. 3(A). The size distributions for [Pby]™ and
[Gey]” anions are very similar, and the largest species
detected is a 12-atom anionic cluster [Pby]”. The mass
spectrum in Fig. 3(B) shows that Co/Pb binary alloy cluster
anions are obviously distinct from Co/Ge and Co/Sn binary
alloy anionic clusters. In the mass region detected, three
kinds of cluster anions were observed, namely, homocluster
anions [Pby]~, binary alloy cluster anions [CoPb,]™ (y =1-
12), and [Co,Pby]™ (y =1-10). The relative abundances of
[CosPby]™ (y = 1-10) anions are the lowest. When the number
of lead atoms y < 7, the [Pb,]™ clusters still dominate the
other two kinds of binary clusters. However, for larger y (y
>7), [CoPby]™ anions show higher abundances than [Pby]™
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Figure 3. TOF mass spectra of [Pb,]™ and [Co,Pb,]™ produced

by laser ablation of pure Pb and mixed samples of Co and Pb:
(A) elemental Pb; (B) Pb/Co =1:2.

anions. In addition, several oxide-containing ternary cluster
anions are observed: [CoPb,O]~, [CoPb,O,]~, [Co,Pb,O]",
[CosPbyO,]” (y=1-9), that probably arise from oxygen
impurities on the surface of the samples during sample
transfer to the mass spectrometer. It can be inferred that the
ability to form Co/Pb/O ternary cluster anions is also
strong.

In the laser ablation experiments on mixtures of cobalt and
group-14 elements, binary alloy cluster cations were barely
observable, and also the peaks of pure [Ey]" cluster cations
even decreased or disappeared.

DISCUSSION

In our experiments, larger metal cluster ions hardly formed
due to the poor cooling effect without carrier gas. However,
the experiments show that the transition metal cobalt can
easily cluster with group-14 elements to form binary alloy
cluster anions, indicating that the ability of clustering
between E and Co is strong, i.e. there are strong bonding
interactions between Co and E.

In the case of homoclusters of E atoms formed by laser
ablation, clusters [Ey]+ with maximum size of y =12, 10 and
10 are found for E=Ge, Sn, Pb, respectively, while [E,|™
anion species with maximum size up to y = 15 are observed
([Gess]™, [Snys]~, [Pbya] 7). For laser ablation of the mixtures

Copyright © 2001 John Wiley & Sons, Ltd.
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of group-14 elements and cobalt, binary alloy cluster anions
of larger size are observed, but no binary alloy cluster
cations. This fact shows that the numbers of valence
electrons in the binary alloy clusters, i.e. their electronic
structures, are the key to the stability of the binary alloy
clusters.

In the higher mass region, germanium, tin and cobalt can
form larger binary alloy cluster anions that contain more
than two cobalt atoms. However, there is a trend in that the
number of cobalt atoms in binary alloy cluster anions is less
than that of germanium or tin atoms. For example, the lead
plus cobalt binary cluster anions contain only one or two
cobalt atoms. Although the three group-14 elements can all
form anions with Co in the lower mass region, the minimum
sizes and the relative abundances of [CoE,|” are very
different. The number of E atoms in [CoE,]™ is y = 6-11 for
Ge, and y = 1-10 for Pb and Sn. The relative abundances of
the cluster anions [CoGe,]™ steadily increase as the number
of Ge atoms increases from y=6-10, with a sudden
minimum in abundance for the cluster anion with y=11
(Fig. 1(B)). The [CoGeyo] cluster anion is considered to
correspond to a magic number, and its reasonably predicted
endohedral structure is a bicapped tetragonal antiprism.' In
the cases of [CoSny]™ and [CoPby]~, a similar pattern of
abundances of the binary cluster anions was not found,
indicating that Ge, Sn and Pb have different bonding
characteristics with Co.

It is known that the group-14 elements Ge, Sn and Pb can
be self-bonding, but the ability of self-bonding decreases in
the order Ge, Sn and Pb.'® During the formation of binary
alloy cluster anions [Co.Ey]~, two kinds of clustering process
occur in the plasma, namely, homoclustering (group-14
element self-bonding) and heteroclustering (the bonding
between a group-14 element and Co). Due to the decrease of
self-bonding ability in the order Ge, Sn, Pb, the hetero-
clustering ability between cobalt and E elements increases
from Ge to Pb. The analysis proposed above can explain the
experimental observations that, in the lower mass region,
cobalt atoms hardly cluster with germanium atoms and no
binary cluster anions were generated, but cluster series
[CoSny]™ (y =1-10) and [Co,Pby]™ (x=1-2; y =1-12) were
formed. The atomic radius of group-14 elements increases in
the order Ge, Sn, Pb (Ge: 122.5 pm, Sn: 140.5 pm, Pb: 175.0
pm'?). It is obvious that the Co atomic radius (125.3 pm') is
similar to that of germanium but is very different from that
of lead. Therefore, in the clustering process, a cobalt atom
might act as a gap-filling atom and insert into a cluster of
lead atoms to participate in bonding with Pb. Smaller
HOMO-LUMO gaps for clusters of the heavier elements
E' also account for the fact that cobalt atoms easily bond
with lead atoms. It has been reported that the transition from
covalent to normal metal cluster growth in the group-14
elements occurs between tin and lead." During the forma-
tion of binary alloy cluster anions [Co.E,]", this kind of
transition may still exist, so that some differences are
observed between Co/Sn and Co/Pb binary alloy cluster
anions.

In Fig. 3(B), [CoPby]™ cluster anions show relatively
intense peaks at y =5, 10, and 12, the magic numbers. The
abundance profiles of [Pby]* clusters obtained by oven

Rapid Commun. Mass Spectrom. 2001; 15: 2399-2403



2402 X. Zhang et al.

(A)

(B)

Figure 4. Possible structures of the [CoPb,o]~ and [CoPb,] ™ cluster
anions. (A) bi-capped tetragonal antiprism structure of [CoPb+,]~; (B)

icosahedral structure of [CoPb4,] .

evaporation and ionization by 35 eV electrons® show magic
numbers at y=7, 10, 13, 17, and 19, with a very deep
minimum at y =14 which is probably due to single-atom
evaporation®! to yield the y=13 cluster. The features at
y =13, 14 and 19 are similar to those seen?! with [Xey]+. Itis
known that crystalline Pb is closely packed, like the inert
gases, and the interatomic interactions can be described in
terms of soft-sphere atoms. The result is a pentagonal layer
packing sequence 1,5,1,5,- - -1, that produces magic numbers
at y=7, 13 (icosahedron), 19 (bi-icosahedron), and so on.*
Removal by evaporation of the tip atoms from y =19 gives
y=17, and y=10 is probably a 1,4,4,1 bi-capped square
antiprism.” Therefore, we suggest that the [CoPbyo] ~ binary
cluster anion may be a 1,4,1,4,1 bi-capped square antiprism
(1 represents a cobalt atom, the numbers without an
underline represent lead atoms; Fig. 4(A)). The [CoPby,]™
binary cluster anion probably has an icosahedral structure
with a small cobalt atom in the center of the cage, which is
a pentagonal layer packing sequence 1,5,1,5,1 (Fig. 4(B)).
Because a cobalt atom has seven 3d electrons, it can easily
coordinate with lead atoms around it and make this
icosahedral structure stable. This approach can explain
why no Pby;~ was observed, but the [CoPby,]” binary
cluster anion represents a magic number.

Comparison with solid-state phase alloys

A number of transition metal germanides, represented by
formulas such as T5Ge, ToGe, T5Ges, T11Geg, TGe, TGe, and
TGe,_ (T =transition metal), are known to exist in the
binary transition metal-germanium systems.?* Generally, in
the binary equilibrium phase diagram, most germanium-
rich phases are digermanides (TGe,) or defect-digermanides
(TGe,_,).” Exceptions are the Mn-Ge and Ni-Ge systems, in
which no intermetallic phases containing more than 50 at.-%
Ge exist in the phase diagram. However, in the gas phase, the
corresponding Co/Ge binary alloy cluster ions are not
detected by the T-TOF-MS. Co/Ge binary alloy cluster
anions mostly rich in germanium are easily produced. It can
be inferred that the clustering behavior in the gas-phase
anions is completely distinct from that for bulk solid-state

Copyright © 2001 John Wiley & Sons, Ltd.

phase alloys. This difference is related to the mode of
bonding between germanium and cobalt. The Pauling
electronegativities (the values are 1.8 for both germanium
and cobalt?) reveal that their abilities to bind electrons are
equivalent. Therefore, in solid-state Co/Ge alloys, metal
bonds between Co and Ge atoms provide the fundamental
way of bonding. However, in the gas phase, the electron
affinity is an important factor in the formation of cluster
anions. The electron affinity of a germanium atom
(1.233 eV)? is larger than that of a cobalt atom (0.662 eV),*
so in the gas phase germanium atoms easily cluster with one
another due to self-bonding. The experiments reveal that
intense peaks due to pure [Ge,]” are still observed even
though the atomic ratio of Co to Ge is 8:1. The covalent bonds
between germanium atoms are predominant, the primary
mode of bonding is covalent, and the compositions are
germanium-rich binary alloy anionic clusters.

CONCLUSIONS

Abundant binary alloy cluster anions were produced by
laser ablation of mixtures of the transition metal cobalt plus
group-14 elements (E). The heteroclustering ability between
cobalt and E elements increases from Ge to Pb, and the
chemical bonds in the corresponding binary alloy cluster
anions might indicate a transition from covalent to metal
bonds. An endohedral structure was predicted for the
cluster anion [CoPbyg]~ (magic number). The cluster anion
[CoPby,] ™ probably has an icosahedral structure, in which
cobalt provides valence electrons and coordinates with the
lead atoms around it. Compared with solid-phase Co/Ge
binary alloys, the compositions of most binary alloy cluster
anions are germanium-rich, in which covalent bonds are
predominant.
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