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Abstract. We present experimental results obtained by a novel cluster source, LUCAS, based on laser
ablation/evaporation of high cluster yield. Deposition rates of ≈ 10 nm/s can be achieved for a broad
field of materials. Experiments on three different examples of cluster-matter are presented. (1) Iron clus-
ters (2R = 20 nm) are embedded in fullerite and compared to silver clusters (2R = 2.6 nm) where previ-
ously static and dynamic charge transfer has been detected [1]. (2) The chemical reactions of Y clusters
(2R = 16 nm) with hydrogen and oxygen exhibit reversible and non-reversible structural and electronic
phase transitions. (3) Crystalline ITO clusters are produced in nanoporous optical films (thickness 190 nm)
with high conductivity and good stability.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions – 73.61.Tm Nanocrystalline
materials – 78.66.-w Optical properties of specific thin films, surfaces, and low-dimensional structures

1 Introduction

To produce cluster beams and cluster-matter systems con-
taining solid state clusters of materials with high melting
temperatures and low vapor pressures, we developed the
novel type of laser ablation and evaporation cluster source
LUCAS (Laser Universal Cluster Ablation/Evaporation
Source). It can be used for a broad field of metallic, semi-
conducting and dielectric, elemental and compound mate-
rials, depending on the choice of laser, applied. The main
purpose was to obtain high cluster yields. Details of the
apparatus will be described elsewhere. In the following we
present three application examples: metallic clusters in ful-
lerite (Sect. 2), Yttrium clusters (Sect. 3) and ITO cluster
films (Sect. 4). After producing and depositing the sys-
tems on a substrate under UHV conditions the optical
extinction was measured between 1 eV ≤ h̄ω ≤ 5 eV. The
cluster systems were characterized by transmission elec-
tron microscopy yielding the size distributions of the nano-
particles.

2 Interface effects in nanostructured matter:
static and dynamic charge transfer

We recently observed [1] that, by embedding metal clus-
ters into solid or liquid host media, both static and dynamic
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electron transfer can occur between the cluster and states
of the surrounding layer of matrix material. Often, the
host exhibits a broad distribution of interface influenced
electronic (adsorbate like) states in the cluster/matrix in-
terface region which depends on its chemical nature.

(1) The static charge transfer is caused to obtain equilibra-
tion of the chemical potential in the composite system
and fills all host levels up to the resulting cluster Fermi
level EFermi, forming an electric double layer in the in-
terface. Thus, the conduction electron density of the
clusters is influenced.
The optical absorption of many solid state metallic
clusters is dominated by the Mie cluster plasmon exci-
tation. Its peak energy h̄ωmax depends on the conduc-
tion electron density N [2]. Changes of N can, hence,
be determined directly from observed plasmon peak
shifts.

(2) The dynamic charge transfer concerns electrons above
EFermi which can pass over between cluster and inter-
face electronic levels or (if an interface barrier exists)
can tunnel through this barrier. After some residence
time these electrons return back, and such alternating
processes induce fluctuations in N proportional to the
inverse cluster radius, R−1.

We assume these latter processes to reduce the life-time of
Mie cluster plasmons.

Adopting the model of the plasmon relaxation to be
caused by sequences of statistical single electron events,
we assume the dynamic charge transfer processes to con-
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Fig. 1. (a) Optical extinction spectra of 2.6 nm Ag clusters in
fullerite (fullerite reference subtracted): 1 Mie theory, A = 0;
2 Mie theory (absorbing matrix), A = 1, ∆N = 0; 3 Mie the-
ory (absorbing matrix), A = 1, ∆N/N = −20%; 4 measured
extinction of the Ag clusters. (b) 20 nm Fe clusters in fullerite
(fullerite reference subtracted): 1 measured extinction of the
sample; 2 Mie theory (absorbing matrix); 3: Mie theory for free
Fe clusters.

tribute to the dephasing relaxation of the collective ex-
citation which is due to the energy quantized, coherent,
collective drift motion.

I.e., electrons, performing a charge transfer back and
forth through the interface, lose their phase of the col-
lective drift motion. Within this model, the dephas-
ing relaxation can be led back to single Drude electron
relaxation processes, the frequency of which is known
to follow the dependence γ(R) = γbulk + vFermiA/R [2]
where the second term includes cluster size and surface
effects.

The A-parameter, describing, beside contributions
of quantum size effects, the effectivity and frequency
of single electron relaxation events at the surface, is,
hence, a measure of the cluster plasmon dephasing re-
laxation and its changes due to the material surround-
ing the cluster. It contains information about electronic
cluster-matrix interface states. Since the plasmon band
width Γ follows Γexp−ΓMie

bulk ∝ (A/R) [2], the A pa-

rameter can be determined directly from measured band
widths.

For free jellium clusters the quantum size effect yields
A≈ 0.3 [10]. After embedding the clusters, additional con-
tributions arise from the dynamic charge transfer pro-
cesses, hence, A increases.

In the experiments presented here, we selected solid
fullerite as embedding medium for silver clusters (2.6±
0.3 nm) produced as described in [1] and for iron clusters
(20± 8 nm) produced by LUCAS. In Fig. 1a and 1b we
compare their optical extinction spectra with spectra cal-
culated from Mie’s theory (extended to absorbing host [11]
because C60 strongly absorbs in the VIS).

Ad (1) Static charge transfer : The shift between measured
and calculated Mie peak in the Ag/C60-system (Fig. 1a) in-
dicates a reduction of ∆N/N ≈ −20% [1]. Roughly, each
C60 molecule in direct contact with the silver surface takes
one electron. We interprete this effect as the formation of
a charge double layer in the interface region. In film sys-
tems similar results were found earlier from ESCA experi-
ments [3].

The complementary indication of the excess electrons
in the C60 interface layer was obtained from the Fe/C60− -
system which was produced by the novel laser cluster ma-
chine LUCAS.

It is expected that iron clusters act as donors like sil-
ver when embedded in fullerite. Since, in contrast to silver,
free iron clusters do not exhibit any spectrally selective
absorption features like a Mie plasmon resonance, in the
VIS, the observed selective changes in the optical transmis-
sion (Fig. 1b) compared to the calculated Mie-spectrum
(including host absorption [11]) are ascribed to occupation
of levels in the interface-C60 by transfer electrons from the
metal cluster and energy changes of these levels. A quanti-
tative analysis is still pending.

Summarizing, the static charge transfer was indicated,
both, by the lack of electrons in the metal clusters in the
system Ag/C60 and by excess electrons in the fullerite in-
terface in the system Fe/C60.

Ad (2) Dynamic charge transfer : Comparing the Mie band
widths measured and calculated for the Ag/C60-system,
we observe drastic increase in the experimental spectra.
We ascribe it to the dynamic charge transfer and the re-
sulting increase in dephasing relaxation of the plasmon
excitation. We find an A-parameter of A= 1 (Fig. 1a), in
good agreement with findings from various other embed-
ding media [1].

The width of the Mie plasmon band of silver clusters
results from complex interplay of damping and dispersion
of the polarization [1]. Modeling, roughly, the measured
Mie bands of same Ag-clusters in the free beam and in
the fullerite matrix by Lorentzians (neglecting polarization
dispersion effects and possible effects of inhomogeneous
line broadening), we derived the dephasing relaxation time
τd to amount to 7 fs for the clusters in the free beam (i.e.
with clean surface) and to be reduced to τd ≈ 3 fs in the
fullerite host [1]. Extrapolating to free 15 nm clusters we
obtain τd ≈ 20 fs, not in contradiction to recent results of
fs-spectroscopy [4, 5].
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Fig. 2. (a) Mie calculations of the extinction cross sections of Y and YH1.73 -clusters. (b) In-situ measurements of the extinction
of Y, YH≈2 and YH3−δ-clusters. (c) Consecutive in situ measurements of the extinction during the YH2→YH3−δ reaction. The
transition is completely reversible as can be recognized by the first (1) and the last (5) curve.

3 Reversible and non-reversible chemical
reactions of Yttrium clusters

3.1 The reversible reaction YH2 → YH3��

It is well known [6] that the hydrogenation of Y films fol-
lows the reaction sequence [7]

Y + 3H1→YH2 + H1↔YH3−δ + δH1

The most striking effect is that YH2 is metallic with fcc
structure while YH3−δ shows semiconducting behaviour
and hcp structure where the band gap is enlarged with de-
creasing δ. In experiments, the gap energy of 1.8 eV was
found for δ = 0.2 [6].

Hence, increasing the H1 gas pressure and/or the re-
action time, the film system performs a metal-insulator
transition combined with a structural phase transition.

The inverse reaction follows by reducing the H1 gas
pressure. This transition proved to be reversible. It affects
the optical properties of the films by a change from metallic
reflection to optical transparency.

We present, probably for the first time, the clear ob-
servation that this transition occurs reversibly in an Y-
cluster system, too, at room temperature. Yet, the result-
ing changes of the optical properties are different since
the Y clusters and also YH≈2 exhibit typical resonance
spectra which follow mainly Mie’s theory (see Fig. 2a for
theoretical spectra). For sufficiently thick cluster layers we
expect the transition from yellow-red color to optical trans-
parency.

The required atomic H1 was produced for our samples
from the added H2 gas by depositing the Y clusters on
a compact Pd film. Typical cluster sizes were 16±7 nm.

Special results from our experiments are:

– The high surface to volume ratio of the clusters and
their direct contact to the H1 producing Pd surface gave

rise to large reaction velocities towards YH3−δ (δ� 1),
even at low H2 pressures between 10−2 and 50 mbar.

– The inverse transition towards YH2 is easily obtained
by reducing the H2 content. We succeeded to switch the
transition of one sample (Fig. 2c) at room temperature
for more than 20 times.

– In opposition to film systems, the volume expansion
(≈ 13%) connected with the transition does not deteri-
orate the stability of the cluster system because of the
loose packing of the clusters.

Fig. 3. Extinction measurement and Mie calculation of Y-
clusters (solid and dashed curve) and of Y2O3-clusters (dotted
and dash-dotted curve).
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– The distinct features of our optical spectra change dras-
tically from the two-resonance spectrum of YH2 to-
wards a typical band edge spectrum of YH3−δ (δ� 1).
This is shown in Fig. 2b. Hence, the different phases can
be easily identified by optical means.

– The gap energy, which we extracted from the slope
of the interband edge, amounts to ∆YH3−δ (δ� 1) =
2.9 eV.

3.2 The irreversible reactions Y→ YH2 and
Y → Y2O3

In contrast to the reversible transition YH2→YH3−δ the
Y→YH2 reaction in the cluster system proved to be irre-
versible at room temperature. It induces drastic changes of
the optical spectra as shown in Figs. 2a and 2b.

Fig. 4. (a) TEM bright-field image of ITO cluster needles.
(b) Diffraction pattern of the ITO clusters. The crystallinity of
the prepared cluster needles is obvious.

Fig. 5. Measured extinction of the ITO cluster layer is pre-
sented in comparison with calculations according to Mie´s the-
ory for spherical clusters.

Another reaction which also proved to be irreversible is
the oxidation of the Y clusters. Again, it can be monitored
by the changes of the optical absorption spectra: while Y
exhibits a typical metal cluster resonance peak, spread over
essential parts of the visible spectrum, the oxide is char-
acterized by an interband transition edge in the near UV.
From Fig. 3 we see how the metal cluster peak, which is
probably due to a plasmon excitation, vanishes, leaving the
oxide almost transparent. At 5.9 eV we resolved a tiny ex-
tra peak superimposed to the edge which is predicted by
the Mie calculations.

4 Nanoporous ITO cluster layers

The high power laser source LUCAS enables us to pro-
duce crystalline Indium-Tin-Oxide (ITO) clusters from
a solid target without additional annealing under oxygen.
By depositing such clusters on a quartz glass substrate we
produced loosely packed nanoporous cluster films. Layer
thicknesses amounted up to ≈ 200 nm. Such samples are
promising to incorporate additional foreign substances
into the pores in order to form special kinds of composite
materials.

4.1 Electron microscopical characterization

TEM analysis including bright field (Fig. 4a), dark field,
diffraction (Fig. 4b) and EDX showed :

– the clusters are crystalline with preferably rod struc-
ture without any need of annealing in oxygen atmo-
sphere,

– the cluster needles form a loose network with topo-
logical percolation,
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– EDX indicated the composition of 88% In and 12% Sn
(atom percent).

– typical rod thicknesses are 10 nm with their lengths
varying up to ≈ 200 nm.

4.2 Optical absorption measurements

The in-situ measured optical extinction of one ITO-cluster
sample is shown in Fig. 5. The sample proved to be al-
most transparent in VIS, the slight extinction increasing
towards UV. This trend approaches fairly well the spec-
trum calculated from Mie’s theory for (spherical!) crys-
talline ITO clusters. The experimental spectrum differs
strongly from the theoretical spectrum of amorphous ITO
clusters also shown in Fig. 5. (The according optical mate-
rial constants were measured by Maass [9]).

The samples exhibited clearly perceptible light scat-
tering. Additionally ex-situ measured spectra differ only
slightly from the in-situ spectra, hence the subsequent con-
tact with oxygen (at room temperature) does not alter the
films essentially.

4.3 Electrical measurements

The resistivity of a 190 nm thick ITO cluster film was de-
termined by the van der Pauw method, contacting the sam-
ples directly by tips.

We found the resistivity to amount to ρ= 9×10−3 Ω cm
at room temperature. (For comparison: 100 nm compact

sputtered films exhibited ρ≥ 7×10−4 Ω cm.) This low re-
sistivity is promising for technical applications. It indicates
the formation of good interface contacts between neigh-
boring clusters forming a random network with stable
electrical percolation.
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