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Generation of Metal Clusters Containing from 2 to 500 Atoms
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The main problems underlying the experimental study of particles with sizes between
single atoms and the solid state have been solved: the formation of metal clusters, their
individual detection, and the separation of beams with uniform cluster size. By inert-
gas condensation of metal vapors the clusters Sby—Sbgy, Bij—Bisgy, and Pb;—Pbyy, have
been produced. The high intensity observed over the whole mass range henceforth allows
a systematic size-dependent investigation of metal clusters.

PACS numbers:

The aim of metal-cluster physics is to get in-
formation about the physical properties of agglom-
erates in the size range between single atoms
and the solid state. Formation mechanisms for
small particles (more than a few hundred atoms
per cluster) are known'; however, only broad
size distributions could be achieved. This may
be the reason why basic properties, like the quan-
tum size effect,? could not definitely be confirmed
by experiments.®

In the size range of metallic microclusters
(less than a few hundred atoms per cluster) in-
formation is even scarcer because no satisfying
preparation technique was available up to now,
which allowed systematic investigations. Though
clusters of metal atoms (Li,* Na,® K®°) have been
grown or sputtered,’ these particles however con-
tain only a small number of atoms (up to 16),
and with increasing cluster size the intensity de-
creases by several orders of magnitude. Theo-
retical predictions of the most probable crystallo-
graphic structures,® the energy distribution of
the electron states,® or even the stability of dif-
ferent cluster sizes depend strongly on the kind
of theory, the choice of parameters like inter-
atomic distances or the inclusion of refinements
like electron-electron correlations.'® In principle,
the existence of metal clusters cannot be con-
cluded from theoretical data and therefore was
open to question so far.

We report on the first successful generation of
metal clusters in the full size range between
single atoms and small particles with direct evi-
dence for the existence of the particles, which is
obtained by mass spectroscopy. The unexpected-
ly high total intensity of the cluster beam, which
is about 1000 times higher compared to the atom-
ic beam without inert-gas condensation, the sur-
prisingly weak decrease of the cluster intensity
with increasing size, and the ability of separating
particles of uniform mass by electronic time-of-
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flight (TOF) technique henceforth allow a sys-
tematic investigation of cluster properties.

The clusters are formed by nucleation from the
metal vapor in a He-gas atmosphere enclosed in
a liquid-nitrogen—cooled condensation cell (Fig.
1). They effuse from the cell by a little orifice
(0,, with diameter 1.5 mm), pass the differential-

" pumping section and enter the mass spectrometer

(orifice 0,). The intensity of the neutral cluster
beam is registered by a film thickness monitor.
The TOF spectrometer is equipped with a syn-
chronized electronic deflection system to sepa-
rate single masses from the whole cluster spec-
trum. A detailed description of the apparatus is
given elsewhere.!!

In a preliminary experiment Sb vapor directly
emitted from the surface (Langmuir evaporation)
was analyzed. At 7=800 K antimony emits pre-
dominantly Sb, (intensity ratio Sb,:Sb,:Sb,:Sb,
=717:6:8:9). Clusters with higher masses are not
observed (less than 107° compared to the Sb, in-
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FIG. 1. Cluster source:
chamber; Oy, O,, collimators; V, valve for vacuum
connection; G, gas inlet; TH, thermocouple.

ON, oven; C, condensation
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FIG. 2. TOF mass spectrum of antimony clusters, produced by condensation in He atmosphere. Only the re-
solved part of the spectrum is shown. Clusters have been detected up to 820 usec.

tensity). As soon as He gas is added to the con-
densation cell (residual gas pressure 1077 Torr),
the intensity of the antimony beam decreases
with increasing He pressure py. and gets zero at
pue=5x10"1' Torr. Most probably the metal vapor
is scattered in the He gas and is deposited on the
walls of the condensation cell. Only after p .
reaches 5 Torr, again an evaporation rate is
registered at the film-thickness monitor. Simul-
taneously, a large number of Sb-cluster peaks
appear in the TOF spectrum. At py =15 Torr,
the film thickness monitor shows an evaporation
rate which is about three orders of magnitude
higher compared to the rate without He gas added.
We suppose that the clusters can only be extract-
ed from the condensation cell if a suitable flow
characteristics has been formed'? immediately
above the oven orifice, and that this flow charac-
teristic also gives rise to the increase of the
evaporation rate, We have found that microclus-
ters cannot be formed if He is replaced by other
noble gases and that even a small admixture of
Ar or a slight temperature variation (~10%) of
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the He gas prevents their formation.

The TOF mass spectrum in Fig. 2 shows re-
solved clusters from Sb, to Sb,,, (12000 amu).
Up to Sb,, every cluster mass appears in the
spectrum followed by a sequence of Sb,, with
smaller peaks of Sb,, ., in between. Above Sb,,,
unresolved clusters up to Sb,,, (60000 amu) are
detected. The counting rate for a typical cluster
like Sb,, is 10 per second. This refers to a cur-
rent of 100 pA of the nonpulsed electron source
and a duty cycle of 2x107% The broadening of
the peaks with increasing cluster mass is due to
the gradient of the electrostatic potential in the
ionization zone of the ion lens.

In order to prove whether the conditions for Sb
nucleation are generally applicable to metal clus-
ter formation we have also investigated bismuth
and lead. The TOF spectra are shown in Figs. 3
and 4, respectively.

Bi clusters have been observed up to Bi,g,
(58000 amu), with resolved cluster peaks up to
Bi,, (Fig. 3). The Bi spectrum does not show the
tetramer sequence like for antimony. This is
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FIG. 3. TOF mass spectrum of bismuth clusters.
The original spectrum ranges up to 800 usec.

consistent with the probability for tetramer forma-
tion of the pnictides which is known to decrease
from phosphorous to bismuth. The Bi, spectrum
is characterized by increasing intensity up to Bi,
and decreasing intensity for clusters larger than
Bi,. Rather low intensities are found for the se-
quence Big, Bi,, Bi;,, and Bi.

Figure 4 shows the TOF spectrum of lead clus-
ters. The highest cluster masses observed are
about Pb,,, (83000 amu), while resolved clusters
appear up to Pb,,. Between Pb; and Pb,, the clus-
ter Pb, occurs with the highest intensity.

In the case of small particles, the supersatura-
tion obtained by inert-gas condensation is as-
sumed to be so high that growth occurs by coales-
cence of clusters rather than by successive nu-
cleation, and a statistic theory which involves
only the coalescence process but not information
about element specific cluster properties de-
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FIG. 4. TOF mass spectrum of lead clusters. The

original spectrum ranges up to 950 usec.

scribes the shape of the size distribution.®

We find for antimony a weak decrease of the
cluster density with increasing mass: related to
Sb,, e.g., 1(Sb,,) =84%, I(Sb,,)=32%, and I(Sb,,)
=9%. In the case of bismuth, the clusters Bi,
and Bi, appear with even higher intensities than
the “parent particles” Bi, and Bi,. Thus we con-
clude, that coalescence cannot be neglected in a
growth mechanism of microclusters, so that theo-
ries based upon successive nucleation®® are not
applicable. ;

The characteristics of the cluster spectra Sb,,
Bi,, and Pb, are different for » =20, indicating
that in this range the size distribution cannot be
explained by a growth statistic alone, but depends
also on the stability of the clusters. In a first
approximation, the ionization cross section as
well as the detector efficiency can be regarded
to be constant for neighbored clusters. Thus,
the lower abundance of Big, Bi,, Bi,,, and Bi;,
might be caused by weaker binding energies of
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these clusters. For » = 20 the mass distribution
strongly depends on the formation conditions and
is mainly determined by the growth statistics.
This is confirmed by the fact that the high-mass
end of the distribution shifts to smaller masses
with decreasing evaporation temperature but
leaving the relative intensities for » = 20 nearly

unchanged.
In summary, the essential preconditions neces-

sary for systematic investigations of physical
properties of particles in the size range between
single atoms and the solid state is fulfilled, name-
ly the production of metal clusters, their indivi-
dual detection and the separation of beams with
uniform cluster size. Thus, besides a further
detailed investigation of the production process,
the development of the collective phenomena,
characteristic for the solid, can be studied as a
function of particle size.

We acknowledge the help of O. Echt, P. Pfau,
and A. Reyes Flotte. This work was partly sup-
ported by the Deutsche Forschungsgemeinschaft.
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Adatom Configurations of H(2x6) and H(2x1) on Ni(110) Analyzed Using He Diffraction
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(Received 25 January 1980)

The first determination of two -dimensional adsorbate-induced corrugation functions
from He-diffraction data is reported. Local maxima in the corrugations of both H(2X 6)
and H(2X 1) on Ni(110) directly reflect adatom positions due to the localized charge distri-
bution of the chemisorbed H atoms. Hence, genuine information on the adsorption sites
is obtained leading to novel insight into coverage and adsorbate-adsorbate interactions.
The transition to the reconstructed (1X2) saturation phase is discussed.

PACS numbers: 68.20.+t, 82.65.Nz

Although H adsorption on metal surfaces is of
high current interest both theoretically (e.g.,
chemisorption-model system)''® and for technical
reasons (surface chemistry, H uptake in metals),?
only one low-energy electron-diffraction (LEED)
study concerning the surface location of H has
been published.* LEED is of limited use here as
H atoms scatter electrons very weakly, and addi-
tional diffraction features are extremely faint un-
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less the H adsorption is accompanied by a recon-
struction of the substrate.’’® On the other hand,
the corrugation function obtained from He diffrac-
tion is a replica of the surface charge density,’
and undergoes severe changes upon adsorption of
any substance.® In our previous He-diffraction
study of H(1X2) on Ni(110),° the surface structure
remained unsolved, as several models were con-
sistent with the one-dimensional corrugation ob-
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