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Photoionization dynamics and abundance patterns in laser vaporized tin and

lead clusters

K. LaiHing, R. G. Wheeler, W. L. Wilson, and M. A. Duncan
Department of Chemistry, School of Chemical Sciences, University of Georgia, Athens, Georgia 30602

(Received 24 April 1987; accepted 2 June 1987)

Tin and lead clusters are produced by laser vaporization in a pulsed nozzle source and studied
with laser photoionization mass spectroscopy. ‘““Magic numbers” are observed in both cluster
size distributions under a variety of laser wavelength and power conditions which can be
understood in terms of ionization thresholds, relative ionization cross sections, and
multiphoton-induced fragmentation. After investigation of the photoionization dynamics,
relative abundances of different sized clusters are estimated. Abundance patterns or tin and
lead clusters are compared to those reported previously for other group 1V elements (C, Si,

Ge) to investigate the role of periodicity in cluster growth and bonding properties. Especially

abundant 10-atom cluster species are observed for both tin and lead, as has been observed
previously for both silicon and germanium. Other features not observed for silicon and o/

germanium, such as abundance patterns characteristic of atom closepacking geometries, are ,
¢ erved to a limited degree for tin clusters and are more prominent in lead clusters.

INTRODUCTION

Since the development of new techniques producing gas
phase metal clusters,' mass spectroscopy has been one of
the primary tools used to probe size dependent cluster prop-
erties. Examples of mass spectroscopy cluster experiments
include measurements of size distributions,'® size depen-
dent chemical reactivity,”® and physical properties such as
ionization potentials'® and electron affinities.'' In measure-
ments of cluster abundances, local maxima or minima in
cluster sizes are frequently encountered and have been re-
ferred to as “‘magic numbers.” '* However, the origin of
these patterns is not well understood and has been the sub-
ject of some controversy.'*'"" Abundances may be in-
fluenced by a variety of factors, such as the mechanism of
metal vaporization, the kinetics of cluster nucleation and
growth,'* the thermodynamic stability of the clusters
formed, or fragmentation patterns in electron impact or pho-
toionization detection. Any conclusions drawn from mass

pectral data, therefore, must include a consideration of all
these factors.

In this report we describe laser photoionization mass
spectra of tin and lead clusters produced by laser vaporiza-
tion in a pulsed nozzle source. These same cluster systems
have been studied previously, formed by inert gas condensa-
tion in oven/beam sources and detected with electron im-
pact ionization.>** By comparison to these earlier experi-
ments, this study examincs magic number patterns in
clusters of the same elements produced and detected under
different conditions. As another motivation, recent pho-
toionization studies have shown strong similarities between
main group cluster elements having th. ~me valence elec-
tron shell structure.™'* In particular, this nas been observed
for antimony and bismuth'* as well as for silicon and germa-
nium.® This study of tin and lead completes the serics of
photoionization studies for the group IVA elements and pro-
vides one of the first views of periodic cluster properties.
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Surprisingly, these experiments using laser vaporization
and UV laser photoionization techniques reproduce the tin
and lead abundance patterns observed previously using
oven/beam technology and electron impact ionization.”**
However, not all the features observed in the electron impact
experiments are produced under the same set of laser pho-
toionization conditions. The dependence of photoionization
spectra on laser power and wavelength and the comparison
to electron impact spectra suggest that both laser vaporiza-
tion and oven/beam sources produce essentially the same
size distribution of neutral clusters. Moreover, the distribu-
tions produced for lead and tin clusters are very similar.
However, our results suggest that both electron impact and
laser photoionization may distort the distribution observed
mass spectrometrically depending or: the specific conditions
chosen, with contributions arising from either abundant
neutral clusters or cation fragments. When studied under
the same photoionization conditions, lead and tin exhibit
significant similarities to silicon and germanium clusters.®
The similarities in isoelectronic clusters and the fact that
these patterns arise when clusters are produced by different
techniques suggests that thermodynamic stability may play
an important role in cluster growth for these elements. The
abundance patterns observed can be rationalized in terms of
covalent-like bonding arrangements as well as atomic close-
packing structures. The importance of close-packing relative
to bonding patterns progresses toward and is most pro-
nounced for lead clusters, following a trend similar to that in
the solid state structures of these same elements.

EXPERIMENTAL

The laser vaporization cluster source used in these ex-
periments is similar to that reported in previous studies of
metal clusters."'® Our version of this source is shown in Fig.
1. It consists of a double solenoid pulsed nozzle (Newport
Corporation BV-100) operating with 6 atm backing pres-
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FIG. 1. Pulsed nozzle laser vaporization cluster source used for these ex-
periments.

sure of helium, a | mm orifice diameter, and a 200 us pulse
duration at a 10-20 Hz repetition rate. Vaporization is ac-
complished by a focused ( ~ ! mm spot) excimer laser (Lu-
monics 860) operating at either 193, 248, or 308 um. Sam-
ples are prepared by melting pellets of the pure metals into a
test-tube mold to produce a 0.5 in. diam rod. Vaporization
occurs within a housing attachied to the nozzle faceplate
where the pulsed helium flow is confined to a 2 mm diam
channel over the sample rod surface. After the vaporization
laser pulse. which produces a hot metal-containing plasma,
collisional energy transfer with excess helium cools the met-
al vapor 10 near room temperature and clusters grow in the
channel (also 2 mm diam) extending beyond the vaporiza-
tion point (section d! in Fig. 1). The length of the growth
region can be varied from 5 to 50 mm by addition of modular
channel segments. An additional section of channel (4 mm
diam x 10 mm long) is also added at the end of the growth
region (section d2 in Fig. 1). While some additional cluster
growth may occur here, the primary purpose of this section
is to spread the cluster packet (via turbulent flow) to lessen
the timing constraints on downstream detection.

The metal cluster/helium mixture expands freely out of
the pulsed source into a vacuum system described previous-
ly'* where it is collimated into a beam by a skimmer before
entering the differentially pumped detection chamber. Pho-
toionization is accomplished by a second excimer laser
crossing the molecular beam in the source region of a home-
made time-of-flight mass spectrometer. Positive ion mass
spectra are processed with a Camac-based 100 MHz tran-
sient digitizer connected o an averaging memory module
(Transiac 2101 system). The digitizer system is computer
controlled (DEC PRO-350 computer) via an IEEE-488 bus
and LeCroy 8901A Camac crate controller. Typical mass
spectra reported are accumulated for 500 laser shots to aver-
age out pulse-to-pulse fluctuations in laser power or nozzle
output.

Photoionization conditions

Ideally, mass spectral abundances should measure neu-
tral cluster concentration as a function of size without the
influences of varying ionization efficiency or fragmentation.

However, these conditions are rarely realized because of size
dependent ionization potentials, wavelength dependent
cross sections, and multiphoton-induced fragmentation. In
the case of tin and lead clusters, only limited information is
available on size dependent ionization potentials.'® And, by
comparison to other cluster systems, multiphoton absorp-
tion and fragmentation are expected to be efficient,”*?' mak-
ing spectral intensities extremely sensitive to ionization laser
conditions. Therefore, extensive power dependence studies
at a variety of wavelengths are necessary to understand
abundance patterns in these systems.

In the limit of low laser power it should be possible to
eliminate, or at least limit, multiphoton absorption pro-
cesses. Under the resulting single photon absorption condi-
tions, ion signal intensities should vary linearly with the laser
power. However, a linear power dependence does not neces-
sarily indicate a single photon process. Linear power depen-
dences may also result from multiphoton processes when
some transitions are saturated. In laser photoionization
mass spectroscopy, a more valid criterion for single photon
absorption is that relative peak intensities do not change
with further reduction in laser power. If these limiting low
power conditions can be established, wavelength dependent
studies can be used to probe cluster ionization potentials.
Once thresholds are established, single photon absorption
just above threshold will limit fragmentation (parent ion
production is dominant). However, ionization cross sec-
tions may vary significantly near threshold, providing an-
other unwanted influence on peak intensitics. This effect can
only be accounted for with wavelength dependent studies. If
threshold cross section effects and fragmentation can be
avoided, low power photoionization should provide a rea-
sonably accurate measure of size dependent neutral cluster
concentrations. We define these conditions as *'neutral sensi-
tive” photoionization conditions, which may or may not be
realized in any particular experiment.

In the other extreme, moderate to high laser powers,
especially at longer wavelengths, may cause extensive multi-
photon absorption and fragmentation. Under these condi-
tions only stable fragment ions survive further fragmenta-
tion and mass spectral abundances should favor stable
cluster cations. However, depending on the dissociation
mechanism, cluster cation stability toward fragmentation at
a particular wavelength may not be the same as globai ther-
modynamic stability. Therefore, highly fragmented cluster
distributions should be interpreted with some caution.

In experiments described here, photoionization laser
powers are varied over 2-3 orders of magimtude for the ex-
cimer laser wavelengths 248 (KrF), 193 (Arl),and 157 nm
(F,). High power conditions are typically 10 mJ/em” for
KrF or ArF lasers and 1 mJ/cm? for the F, laser. Low power
limits for lead and tin clusters, below whirh relative intensi-
ties do not change, were observed between 0.1 and 0.02
mJ/em’.

RESULTS AND DISCUSSION
Cluster production

Mass spectra of tin and lead clusters under various con-
ditions are shown in Figs. 2-7 and 9-10. We have produced
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tin clusters up to 30-35 atoms and lead clusters up to 50-55
atoms. As might be expected, vaporization of these metals is
relatively easy at all vaporization wavelengths used (193,
248, and 308 nm). In fact, these metals form clusters under
milder laser and nozzle conditions than any of a variety of
transition metals studied previously in our laboratory. Clus-
ter size distributions depend on source parameters in much
the same way observed for transition metals' (i.e., longer
growth channels produce larger clusters). This behavior in-
dicates that growth occurs primarily by condensation of
atom and/or molecular species in the gas phase rather than
by direct vaporization of clusters. Growth processes are so
efficient that long growth channel lengths (df >4 cm) lead
to depletion of atomic and small cluster species at the ex-
pense of larger aggregates. Thus, growth processes at the
particular source conditions used are one important influ-
ence on mass spectra through cffects on size dependsnt den-
sities.

Small tin clusters: spectrometer focusing

Vaporization of a tin sample rod with a short cluster
growth region (d1 = 1.0 cm) only produces significant den-
sity for clusters up to 12-13 atoms. Figure 2 shows three
different mass spectra taken under these conditions using

Sn
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pd
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£1G 2 Tincluster mass spectra under different mass spectrometer fovusing
and laser tming synchromization conditions. Photoonizal: nsas accon
plshed at 193 nm (6.4 ¢V) with a Auence of 10 mJ/em’ . At this gh laser
power, the abundant species mdicated. which are mdependent of focusing.
are most hkely stable cations (ve., Sn,” and Sn,;)

high power ArF radiation (10 mJ/cm? ). These spectra were
taken under the same nozzle source and ionization laser con-
ditions but with different mass spectrometer focusing with
deflection plates oriented along the molecular beam flight
direction. As illustrated by these data, the deflection plates
have a significant effect on the appearance of size distribu-
tions obtained in pulsed cluster beam experiments, This is a
well-known phenomenon when the mass spectrometer flight
tube is oriented perpendicular to the pulsed beam flight di-
rection, as in our experiments. At the molecular beam veloc-
ity, different mass clusters have different kinetic energies
and the deflection plates must compensate for this effect as
cluster ions are turned into the flight tube. However, in spite
of this broad focusing effect, local abundance maxima at
N =8 and 11 are clearly evident in all three spectra. An
additional local minima at N = 5 is less pronounced, but
does appear in the top two spectra. These local effects, which
are properties of the cluster distribution rather than the mass
spectrometer conditions, are the interesting data in mass
spectral abundance patterns. To represent intensities in sub-
sequent spectra in this paper, we have used averages of spec-
tra under different focusing or selected spectra under repre-
sentative focusing conditions.

The N =8 and 11 maxima shown in Fig. 2 are only
observed at the ArF wavelength at high laser powers. This
data, together with the tonization potential information pre-
sented below, indicates that these features are caused by
cluster fragmentation. Sn,’ and Sn ', therefore, seem to be
produced preferentially in the fragmentation of clusters in
this size range and they are particularly resistant to further
fragmentation at this wavelength.

lonization thresholds and fragmentation

Figure 3 shows a power dependence study of tin clusters
at 193 nm (6.4 eV ). These data were obtained with a moder-
ate length growth region on the cluster source (dl = 2.0
cm}, producing larger clusters than those shown in Fig. 2.
Interestingly, the maxima at N = 8 is not observed in the
high power spectra at 193 nm when larger clusters are pres-
ent. Apparently, the fragmentation processes of these addi-
tional clusters obscure the preferential formation of N = 8
cations, suggesting that they are formed primarily by frag-
mentation of smaller clusters.

As shown in Fig. 3, reducing the laser power has a dra-
matic effect on the tin cluster mass spectrum at 193 nm.
Systematic power reduction causes the loss of cluster mass
peaks below N = Il and a relative increase in larger mass
features, clear'y indicating the effects of multiphoton ab-
sorption and fragmentation. After the power is reduced to
the 0.025 mJ/cm? level, further reduction causes no further
change in relative peak abundances and signals vary linearly
with the faser power. Therefore, the data in the fow power
limit show cluster species that are ionized by single photon
absorption and have ionization thresholds below the energy
of the 6.4 eV photon. For tin. this condition applies to clus-
ters containing 7 or more atoms. However, while cluster
peaks for V-7 are all observed in the low power limit, their
intensities vary with cluster size. In particular, the N = 7-10
peaks have very low intensities compared to those for N> 11.

J. Chem Phys Vol 87 No 6. 15 September 1987
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FIG. 3. Laﬁer power depend::nr study of tin clusters at 193 nm. The laser powers corresponding to each spectra are: (1) 10.0ml/em”: (b) 5.0 mbcm:: ()
20mi/em=: (d)0.5mi/em*; () 0.025 mb/em’; () 0.012mI/em” The effects of fragmentation at higher powers are clearly evident. In the low power limt

(e) and (f) relative intensities do not change with further power reduction.

Since fragmentation is not expected under these conditions,
these intensity variations must be caused by either the densi-
ties of different sized neutral clusters or by their relative
cross sections for ionization at this wavelength. Only wave-
length dependent photoionization can distinguish between
these two alternatives.

Figure 4 shows the tin cluster mass spectra in the low
power limit at 157 nm (7.9 eV) for comparison to the 193
nm data. Unfortunately, other photoionization wavelengths
in this region are not available, but these spectra do clarify
the effect of ionization cross sections. As shown, cluster
peaks for N> 11 appear with nearly similar relative intensi-
ties in both 193 and 157 nm spectra. This is especially evident
for peaks at &' = 11 and 12 relative to larger species. The
wavelength independence of this pattern suggests that inten-
sities in this size region are caused by cluster densities rather
than by ionization cross sections. However, cluster peaks in
the 7 to 10-atom range, which are very weak in 193 nm spec-
tra, have significantly greater intensity at 157 nm. The wave-
length dependence of these features indicates that their in-
tensities are affected by cross seciions. Using tunable UV
lasers, Kaldor and co-workers have shown that ionization
cross sections for iron clusters are in many cases slowly ris-
ing functions of energy at threshold." Thus, single photon
ionization on the leading edge of a broad threshold may ex-

plain the low intensities for Sn,—Sn ,, in the 193 nm spectra.
Interestingly, the mass peaks at N = 7 and .V = 10 are espe-
cially prominent in this spectrum. A similar pattern is ob-
served for lead clusters, as described below. These maxima
could result from either enhanced densities in the 7 and 10-
atom clusters or enhanced ionization cross sections for these
species. Without additional wavelength dependent data for
the 7-10-atom species, it is impossible to decide between
these alternatives. Arguments presented below, however, fa-
vor enhanced density to explain these intensities. In the 1 to
6-atom size range, mass peaks which are not detected at 193
nm are all present in the 157 nm data. However, without
photoionization at additional wavelengths for these species
it is not possible to comment on the sig. ticance of their
intensities.

In addition to the information provided about cross sec-
tions and abundance patterns, the data in Fig. 4 also makes it
possible to bracket vertical ionization potentials (IPs) for
tin clusters. Thus, for N 11, IP's are less than 6.4 ¢V: for
N = 7-10 they are very near, but just below 6.4 ¢V; and for
N = 1-6 they are between 6.4 and 7.9 eV (note: this ¥ = |
determination is consistent with the known value of 7.34
eV). This data suggests a gradual fallofl in IP with size, in
qualitative agreement with the predictions of the classical
metal droplet model.”> However, detailed comparisons to

J. Chem. Phys., Vol. 87, No. 6, 15 September 1987
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FIG. 4. Tin cluster mass spectra in the linvit of low laser power at 157 nm
(0.05 mJ/em” ¥ and 193 nm (0.025 mJ/cm* ). These spectra show the on-
sets for single photon omization at each wavelength and the relative cross
sections for photoionization.

this theory will require more accurate data from tunable la-
ser experiments.

Lead cluster mass spectra show qualitatively the same
fragmentation behavior observed for tin. At higher faser
powers (193 nm) mass distributions favor smaller clusters
and power reduction causes an increase in larger mass peaks.
The mass spectral patterns in the fimit of low laser powers
are different from those of tin, however, because of specific
1onization potentials and size dependent cross sections, Mass
spectra in the low power limit at 193 and 157 nm are shown
i Fig. 5. All clusters, but not the atom (IP - 7.42 V) are
observed at 193 nm and all clusters as well as the atom are
observed at 157 nm. As observed for tin, relative intensities
in the low power hmit are invariant with laser power reduc-
tion and absolute intensities vary linearly with the power.
Therefore. these data indicate that all lead clusters have ioni-
zation potentials below 6.4 eV. This upper limit is consistent
with IP values for Pb,-Pb. measured by electron impact of
lead species in equilibrium with the solid in an oven (Pb, : 6.2
eV:Pb,:5.8eV:Pb,:5.7¢V.:Ph.:5.7¢V:Pb,:548¢V: Ph,:
5.3eV)."

As shown in Fig. S, there are significant similarities in
the lead abundance patterns at the two different wave-
lengths. Both mass spectra have an overall contour peaked in
the general region of ¥ = 6-10, while the ¥ - 2-5 mass fea-
tures have relatively low intensities. Additionally. borh mass
spectra have a local maxima at NV = 7. The wavelength inde-
pendence of the ¥ — 7 fegture and the overall contours of the
two spectra suggest thal“wsc intensities are caused by refa-
tnve cluster densities rather than by 10n1zation cross sections.

1893 mm

INTVENSITY

INTENSITY

Lr&i,-,ﬁ_ﬁ%ﬁ_kﬂ“ﬂgq i
1 5 0
oh CLUSTER SI7E

FIG S, Lead cluster mass spectra m the imat of low laser power at 137 nm
1005 mlzem™ yand 193 nm (0.025 mlsem” ). Allclusters are single photon
tonized at hoth wanelengths

The V' = 10 mass peak. which Is a relative maxima in the 157
nm spectrum but not in the 193 nm spectrum, is an exception
to this general statement. The wavelength dependence of this
teature makes it impossible to separate the influences of clus-
ter density and relative 1onization cross sections.

One important caveat in all the lead cluster mass spectra
is the dependency of mass spectra on the nozzle geometry.
Forexample, Fig. 6 shows a lead cluster spectrum, using low
power ionization at 193 nm. with a growth channel length 1
cm longer than that used for the data in Fig. S In the longer
growth region, condensation has proceeded to the point that
smaller clusters (N = 2-6) are virtually absent from the
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FIG 6 T ead cluster mass spectrumeat 19%85am cbml) cme power ) the nos
e source growth region i etended Smaller cusers are absent becaose
thes have condensed 1o form linger species
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molecular beam. Consequently, the relative maxima at
N = 7 observed in Fig. 5 is not seen under these conditions,
and it is replaced by a relative maxima at vV = 13. Without
complete studies of growth channel conditions, data such as
these would completely confuse estimates of ionization po-
tentials, etc. Both tin and lead clusters were studied under a
variety of nozzle conditions, at both ionization wavelengths,
to account for these effects.

Abundance patterns under limiting conditions

With information about ionization thresholds, cross
sections, and fragmentation, it should be possible to choose
photoionization conditions which probe the relative densi-
ties of neutral clusters in the molecular beam. Our power
dependent mass spectral data at 193 and 157 nm provide
good estimates of ionization potentials and the effects of
fragmentation. However, Figs. 4 and 5 show that both tin
and lead spectra are influenced by wavelength dependent
ionization cross sections. While some features in these spec-
tra are wavelength independent (e.g., the Pb; maximum), it
is clear that detailed conclusicons about relative cluster con-
centrations cannot be reactied with photoionization at only
two wavelengths. Even without full wavelength dependent
photoionization studies, however, some qualitative insights
into relative cluster densities are possible with the existing
data. With the exception of small tin clusters (.V = 2-6). all
the species studied here have ionization potentials less than
orequal to 6.4 eV. The 7.9 eV ionization (at 157 nm) there-
fore must be at least 1.5 eV above threshold for all these
clusters. Ionization cross sections for more conventional
small molecules vary most near threshold and become
smoother functions toward higher energy.”” If metal clus-
ters follow this same behavior, then ionization at 7.9 eV
would be expected to provide spectra less affected by cross
section variations and more nearly reflecting cluster densi-
ties. Of the ionization conditions available here, then, low
power radiation at 157 nm provides the best opportunity to
probe neutral cluster densities.

Figure 7 shows a comparison of tin and lead clusters
under our best approximation to “neutral sensitive™ condi-
tions (157 nm; 0.1 mJ/cm’ ). The two spectra are qualita-
tively similar in several respects. Both exhibit broad maxima
for cluster peaks in approximately the 6 to 15-atom range.
Both also exhibit clear local maxima at & = 7 and 10.
Neither distribution contains significant intensities for larg-
er clusters (N .-20). While these common features may be
caused by local 1onization cross sections, such effects 1.5 eV
above threshold causing tin and lead distributions to look so
similar seems to be an unlikely coincidence. 1t is more likely
that these spectra reflect true similarities in tin and lead rela-
tive cluster densities. More noticeable differences are ob-
served when peak intensities are considered in more detail.
The lead distribution. for example, exhibits a slight but re-
producible maxima at ¥ —~ 13 which is not observed for tin
but is also observed in lead spectra at 193 nm (Fig. 6). In
fact,Sn,,.Sn,,.Sn,-. Pb,, Pb,,. Ph, , and Pb,, mass peaks
are all local minima. Thus, there seem to be both similarities
and distinct differences between the mass distributions for
neutral tin and lead clusters.

INTENSITY

INTENSITY

o — e — -

—

P s T R e

1 5 10 15 20 25 30
CLUSTER SIZE

FIG. 7. A comparison of tin and lead clusters under conditions €157 nm: 0 1
ml/em’) selected to ionize neutrals without substantial fragmentation
("neutral sensitive conditions™ ). Maxima shown in both distributions are
AN = Tand V= 10,

Although mass spectra clearly do not measure cluster
structure, it is always interesting to speculate on the struc-
tures of special clusters suggested by these data. As discussed
below, the lead cluster mass spectrum described here closely
resembles that produced in previous experiments under dif-
ferent conditions.”* In particular, the pattern of a maximum
at .V =13 and 19, and minima at .V = 14, 18, and 2015 a
familiar one and has been observed previously in mass spec-
tra of rare gas atom van der Waals clusters.”™ An additional
maximum at N = 17 has been observed in previous lead ex-
periments.* Maxima at N = 17 and 19 are not clearly evi-
dent in Fig. 7, but do become prominent under other pho-
toionization conditions described below. This overall pat-
tern has been explained by a simple atom close-packing mod-
el built on stable 13-atom icosahedral and 19-atom double
icosahedral structures. Minima in abundances are then ex-
pected for structures one atom beyond or one atom short ot a
stable unit. The 7-atom unit is related to this structural
scheme and can be rationalized as a half-completed wcosahe-
dron in the form of a pentagonal bipyramid.'” Nerther the
17-atom structure nor the 10-atom unit in these clusters are
predicted by sphe,e packing models.* Phillips'” has used an
analogy with calculated silicon structures to predict an ada-
mantane cage structure (a fragment of the solid diamond
lattice) for Ge,,,. and this reasoning could be extended to
Sn,, and Pb,,. King, on the other hand. has used graph
theory and topology arguments, as well as comparisons to
condensed phase clusters of tin or lead with known struc-
tures. to consider the N 7 and 10 features imour data.”™ He
suggests a capped octahedron for the 7-atom species (C
symmetry) and a 3,44 41ctracapped trigonal prism for the
10-atom species. King's suggestions are supported to some
degree by recent ab initio calculations of stheon clusters by
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Tomanek and Schliiter*® which suggest the tetracapped tri-
gonal prism to be substantially more stable than the dia-
mond-lattice fragment. The two proposed structures for the
10 atom cluster are shown in Fig. 8. The most significant
difference in these structures is that the diamond-lattice
fragment necessarily has “dangling™ unused orbitals while
the capped trigonal prisin uses more bonding capacity in
covalent interactions.

For comparison to the mass spectra at low laser power,
Fig. 9 shows a comparison of tin and lead clusters under high
power photoiomization conditions (193 nm; 10 m¥/cm®).
Based on the results of power dependences, these spectra are
known to be the result of severe multiphoton absorption and
fragmentation. Thus, abundances favor stable cations which
are formed preferentially in fragmentation or which are re-
sistant to further fragmentation. Both cluster distributions
differ markedly from those under neutral sensitive condi-
tions. For example, the maxima at .V = 7 and 10 are essen-
tially gone, confirming their assignment to neutral cluster
species. Additionally. both metals have enhancements at
lower mass peaks, as expected from fragmentation. At high-
er masses, however, the tin cluster distribution drops off ab-
ruptly in intensity near .V = 10-12, while the overall lead
distribution falls off slowly out to beyond .¥ = 30-40. The
presence of such large lead clusters under these conditions is
surprising, since low power spectra at either 193 nm or 157
nm do not extend to these higher masses. lonization poten-
tials of these larger lead clusters should certainly be lower
than those in the 2 to 10-atom range. Thus, lead clusters in
the 2040 atom size range must have a lower ionization cross
section than smaller clusters for single photon absorption,
but can be detected under high fluence multiphoton absorp-
tion conditions. Under these high fluence conditions, the
ionization of smaller clusters has probably saturated, resuit-
Ing in an apparent increase in intensity of the larger clusters.
The tin distribution. however, does not include these larger
clusters under any laser fluence conditions. In addition to
these broad effects, both cluster distributions also have local
maxima and minima under these conditions. Patterns in the
tin distribution in the region of N = 12-20 are very similar to
the corresponding “neutral” spectrum except that ¥V = 14is
slightly more depleted. However. the lead pattern associated

FiG < Two proposed structures for the 1o-atom cluster observed for sili-
con, germamum, tn, and lead ayos the adamantane-hike dramond lathice

fragment ¢

s the Ld 4 dotetracapped trigonal prism
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FI1G. 9. A compartson of tn and lead cluster mass spectra under conditions
(193 nm; 10.0 mJ/cm’ ) chosen to induce fragmentation by multiphoton
absorption (“cation sensitive conditions™)

with close-packed structures is dramatically more pro-
nounced than in the neutral data. Enhancement in this pat-
tern at high laser powers 1s understandable because the mini-
ma in these patterns are associated with clusters containing
one more atom than stable structures at V = i3, 17, or 19.*
Under multiphoton absorption, clusters experience internal
heating, and fragmentation resembles thermal evaporation.
The most external atoms. such as those bound to an other-
wise closed structure, evaporate most easily, thus depleting
the corresponding mass channels. This heating effect should
be essentially wavelength independent. Figure 10 shows a
similar lead cluster distribution under high power radiation

INTENS ™ TY
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FIG. 10, Lead clustr mass spectrum at 248 nm (KrF radiation, 18
mJ/sem” ). By comparison to the lead spectraain Fig. 7. this data i lustrates
the wavelength independence of cation forming condiions and the en-
hancements in the mass spectral pattern associated with ¢lose-packed strue-
tures
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at 248 nm (KrF excimer laser; 4.99 ¢V; 18 mJ/cm” ) which
confirms this idea. At this longer wavelength and higher
power, the distribution is more highly fragmented than that
shownin Fig. 9 and the pattern of minima at ¥ = 14, 18, and
20 1s even more pronounced. The increased importance for
this close-packing pattern for lead under these conditions
suggests that tin and lead cations produced by MPI fragmen-
tation may not be as similar as the corresponding neutrals
produced initially in laser vaporization. Another possible
explanation is that the heating caused by multiphoton ab-
sorption “‘anneals™ the clusters and they reform into more
stable structures than those formed initially. If this is true,
then close-packed structures built around icosahedral units
may be more stable than covalently bonded species like the
recurring 10-atom unit.

It is interesting to compare these data to previous tin
and lead experiments. where both neutral and cation clusters
were pr duced and detected by different methods. In the
case of lead. Sattler and co-workers produced clusters using
inert gas condensation in an oven source and detected them
with electron impact ionization (35 eV).”* Surprisingly,
their mass spectral data contain local maxima at 7, 10, and
13 as well as minima at 14, 18, and 20. in agreement with our
photoionization data in Fig. 7. Although the close-packing
pattern is more pronounced in the Sattler data. itis otherwise
the same as that taken under our neutral favoring condi-
tions. Martin and Schaber have studied tin clusters up to
N = 16 using a similar oven/beam source at higher electron
impact energies (70 eV)." These data do no. produce the
N =7and .V = 10 maxima in our Fig. 7 data, but instead
resemble our data under high power laser conditions in Fig.
9. High energy electron beam ionization would be expected
to cause extensive fragmentation just like high power laser
radiation. The Sattler data show. however, that lower energy
electron impact ionization can produce the same results ob-
tained with low power photoionization. Allowing for the un-
derstandable detection differences. then, this comparison
suggests that laser vaporization and inert gas condensation
methods both produce essentially the same relative size dis-
tributions of tin and lead clusters. Both sources grow clusters
primarily by single atom addition. but other conditions such
as buffer gas temperature and the possible involvement of
ions (only in the laser vaporization source) are very differ-
ent. This insensitivity to source conditions suggests that
abundance patterns must be strongly influeaced by the rela-
tive thermodynamic stability of the clusters formed within
the framework of growth by single atom addition. It is con-
ceivable, however, that more stable species might be pre-
ferred if there were enough energy for internal reorganiza-
tion following each atom addition.

It is also useful to compare tin and lead systems to clus-
ters of other group IVA elements (C. Si. Ge). Because of
higher ionization potentials relative to avatlable lasers, car-
bon and silicon clusters have not been studied with single
photon ionization."'**' However, higher laser powers un-
der fragmented conditions produce maxima for C, and
C,.."* and for Si,. Si-. Si,,. and Si,,.""" Smalley and co-
workers have noted the strong similarities between silicon
and germanium cations.” espectally with respect to the

maxima at N = 6 and 10. Our tin data in Fig. 9 also shows
some evidence for this pattern. The germanium cation data
of Bloomfield, Freeman, and co-workers,”” under slightly
different conditions than those presented by Smalley, show
minima at N = 13, 17, and 20 which are also reflected to
some extent in our tin data. This germanium cation pattern
is also produced in Ge cluster mass spectra with 70 eV elec-
tron impact ionization.” Low power radiation at 157 nm
{neutral conditions) produces maxima for Ge,, and Gef, for
comparison to our lead and tin maxima at ¥ = 7 and 10.
Therefore, special cation or neutral species with 6, 7 or 10
atoms seem to be general characteristics of Group IVA clus-
ters. Interestingly, 10-atom germanium or silicon clusters
are observed when anion or cation clusters are sampled
directly from the laser vaporization source™ (i.e., Ge,,.
Ge,, ), as well as from photoionization or electron impact
ionization of neutrals. In other work in our laboratory we
have also observed an enhanced abundance for the cluster
In, Bis which also has ten atoms and is isoelectronic to the
group IVA neutral 10-atom species.™

Underlying the common traits in Group IVA clusters,
there seems to be a gradual trend in bonding properties pro-
ceeding down the periodic table. Carbon clusters are signifi-
cantly different in their abundance patterns from silicon
clusters. Silicon and germanium cation distributions are al-
most identical.® Germanium cluster distributions under
neutral conditions have maxima at Ge, and Ge,, which
have switched over to maxima at .V = 7 and 10 for tin. Ger-
manium and tin cations, however, both have maxima at
N =6 and 10 as well as minima at v = 13, 17, and 20. Tin
clusters have an additional minima at .V = 14 not observed
for germanium, but which is one of the main features in the
close-packing pattern observed for lead. Neutral lead and tin
clusters both have the same 7 and 10 pattern but lead has the
more pronounced features associated with close packing.
This close-packing pattern is completely dominant in lead
cations. but there is only a hint of this tendency for tin (shight
minimum at .V = 14). A variety of factors could contribute
to these trends. Similarities, of course. are casiest to attribute
to the common number of valence electrons. Atomic size
arguments, which may be important in torming optimum
polyhedral networks, would group carbon by itself. silicon
and germanium more nearly together, and tin and lead to-
gether. lonization potentials decrease down the group with
greater breaks between carbon and sihicon and between ger-
manmium and tin. Electron affinities also decrease more
smoothly down the group with the greatest break between
tin and lead. Rel~tivistic effects. which would weaken cova-
lent bonding tendencies,'” are expected to a limited degree
for tin and should become most important for lead. The im-
portance of close-packing structures for [ead is consistent
with this latter idea. since close-packing structures should
become more important when covalent bonding interactions
are weakened. Interestingly, sinilar trends are observed in
the bulk solids of these materials. ' Graphitic carbon is very
different in structure from silicon or germantum, but both
silicon and germanium have the diamond lattice sohd struc-
ture. Solid tin has properties intermediate to those of germa-
nium and lead. «-Sn. which 1s stable as a gray semimetal.
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crystallizes at low temperature in the same diamond lattice
observed for germanium. At high temperature, tin exists in
the white metallic form (5-Sn) in which atoms are more
densely packed. In lead, covalent interactions are at a mini-
mum and the solid exists in the cubic close-packed structure.

Unfortunately. the observations and conclusions about
cluster structure based on our mass spectral data must re-
main very tentative. However, in the immediate future, no
direct measures of cluster structure appear to be available.
Optical spectroscopy experiments have still not been demon-
strated for any cluster larger than three atoms. Recent devel-
opments have made photoelectron spectroscopy feasible in
cluster beam experiments,™*’ but this technique provides a
better probe of electronic structure than it does of geometry.
Quantum chemistry calculations testing cluster stability
show some promise. These calculations have already been
extended to 10-15-atom species of carbon and silicon, ™' *
and they are not far out of reach for germanium, tin, and
lead. For example. Hiickel molecular orbital calculations
have been performed for 9-atom tin and lead cluster an-
ions, '™ and ab initio methods using relativistic effective
core potentials have been demonstrated for smaller tin and
lead species.”” Until more refined optical spectroscopy
and/or theory techniques become available, continued mass
spectroscopy experiments with careful attention to pho-
toionization dynamics seems to be the most productive ap-
proach to the study of larger clusters.

CONCLUSION

We have described UV laser photoionization experi-
ments on tin and lead cluster species produced by laser va-
porization. Through laser wavelength and power depen-
dence studies of mass spectra. it is possible to elucidate the
effects of lonization potentials, fragmentation, and, to a lim-
ited degree, relative 1onization cross sections. Considering
these effects, conditions can be adjusted to probe neutral
cluster abundances and fragmented cluster cation abun-
dances. The comparisons to other Group I[VA clusters sug-
gest similarities in cluster properties that are common to
several group members and systematic variations in proper-
ties through the group. To our knowledge, this data and the
comparison to previous related data provides the first sys-
tematic view of periodic cluster properties. The trends ap-
parent in these data suggest that both cxperimental and theo-
retical cluster research could benefit from further systematic
studies of isoelectronic clusters of the main group elements.
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