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Observation of the Discrete Electron Energy States of an
Individual Nanometer-Size Supported Gold Cluster
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The electron energy distribution from a single 1-nm-diam Au cluster supported on a W(110) field-
emission tip has been studied using energy-resolved field-emission microscopy. The emitted electrons
provide information on the quantum electron energy states of the supported cluster and demonstrate that
these states survive after deposition onto a substrate. A model that accounts for the salient features in
the energy distribution is described.

PACS numbers: 79.70.+q, 03.65.—w, 36.40.+d, 61.16.Di

Cluster-beam studies have revealed anomalous features
in the abundance of clusters produced by condensation of
metal atoms in an inert-gas stream. For the cases of both
alkali [1,2] and transition metals [3], mass spectra of ion-
ized clusters show several large peaks at "magic" mass
numbers, providing evidence for an electronic shell organ-
ization of the electron states within a small metal cluster.
Photoionization studies of unsupported potassium clusters
[4] and copper anion clusters [5] exhibit evidence of this
shell structure.

These measurements on gas-phase or unsupported clus-
ters provide no information on the quantum electron
states of a metal cluster deposited onto a substrate. This
is a question of considerable interest, since supported
metal clusters are important in a wide variety of electron-
ic and chemical applications. Samples of metal clusters
deposited on tlat substrates in ultrahigh vacuum (UHV)
have been studied by photoelectron spectroscopy [6-8].
Unfortunately, this technique does not have the sensitivi-

ty to explore the properties of an individual cluster and
thus the experimental measurement is always a convolu-
tion over a distribution of cluster sizes. Recent scan-
ning-tunneling-spectroscopy studies of a single Si' clus-
ter have addressed this issue and have shown that infor-
mation about the energy gap of a supported silicon clus-
ter can be observed [9]. In this Letter, we show that a
measurement of the energy distribution of electrons field
emitted from an individual nanometer-size Au cluster re-
veals the quantized electronic structure of that cluster
while supported on a conducting substrate. Prior studies
on the size-dependent melting temperature of
nanometer-size clusters [10,11] laid the groundwork for
this research.

The nanometer-size Au clusters studied are produced
using a multiple-expansion cluster source [10-12]. This
source is capable of producing clusters with a controllable
mean size and a narrow size distribution as described pre-
viously [12]. In our experiment, the size distribution of
the cluster beam was determined from transmission-
electron micrographs which revealed a narrow size distri-
bution with a most probable diameter of 1.0~0.2 nm.
The results described below were obtained from one such

cluster deposited on a W(110) substrate.
The ability to resolve the electronic structure of an in-

dividual cluster results from the point-projection magni-
fication inherent in any field-emission experiment. By de-
positing nanometer-size clusters on the apex of a sharp
field emitter, magnifications of —10 are readily ob-
tained. In our experiments, a tungsten field-emission tip
was prepared and mounted in an UHV-compatible
transfer cell. The transfer cell, which has been described
elsewhere [10], can transport cluster samples from the
cluster-beam apparatus to a U H V field-emission ap-
paratus without exposure to ambient conditions.

The sample cluster was obtained as follows. A clean
W(110) tip was inserted into the cluster beam until the
deposition of an individual cluster was detected. By re-
ducing the voltage on the tip to about 2 to 3 of its origi-
nal value, the arrival of a single cluster on the field
emitter can be determined by the appearance of a bright
dot observed on a nearby fluorescent screen. This dot is
the result of electrons field emitted from an individual
cluster. After a single cluster was successfully captured
on the apex of the W tip, the tip and its cluster were
transferred to the energy-analyzer apparatus operating at
a pressure of —1.3 x 10 Pa (—1 x 10 ' Torr).

Inside the energy analyzer, electrons emitted from the
cluster are observed on a Iluorescent screen (see Fig. 1)
and steered into the entrance slit of an electron energy
analyzer using either electrostatic or magnetic deflection
techniques. The energy analyzer is composed of a retar-
dation analyzer and a 127 diA'erential analyzer as de-
scribed elsewhere [13,14] and has a resolution of —70
meV [15]. The energy analyzer is shielded by high-
permeability Mumetal to screen stray magnetic fields.
During a measurement of the energy distribution of elec-
trons from the cluster, the total emission current was lim-
ited to 0.5 nA or less. At these emission currents, no
single-electron charging effects were observed [16,17].
This implies that the RC time constant of the supported
cluster was less than the average time between electron
emission and indicates that the eA'ective resistance R be-
tween the cluster and substrate must be less than —6
x10
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FIG. 2. A potential barrier diagram showing the Fermi level
of the substrate, the quantized energy states of the cluster, and
the deformed potential barrier due to the applied electric field.
The distribution of electrons emitted from the cluster is also
shown schematically.

Entrance hole to
energy analyzer

FIG. l. Schematic diagram showing a cluster supported on a
tungsten field-emission tip. Because of the high radius of curva-
ture of the cluster with respect to the field-emission tip, elec-
trons field emitted from the cluster can be readily identified on
the fluorescent screen.

Generally, the field-emission energy spectrum is ex-
pected to exhibit two distinct distributions —one due to
the contribution of electrons emitted from the underlying
substrate and the other from the cluster itself (see Fig.
2). The relative height and position of the cluster contri-
bution is related to the degree of coupling of the cluster
to the substrate.

The energy distribution observed from the nominal 1-
nm-diam Au cluster supported on W(110) is shown in

Fig. 3(a). The data are plotted as a function of the ener-

gy of emitted electrons, with the zero of energy defined as
the Fermi level (EF) of the substrate. In this experiment,
EF was accurately determined by thermally desorbing the
cluster from the tip and measuring the energy distribu-
tion from the underlying W tip [see Fig. 3(b)]. The dis-
tribution from the substrate was analyzed by the estab-
lished theory of field emission [18] and used to determine
both EF and the work function of the substrate. This
procedure showed that the cluster states are shifted —2.5
eV below EF of the substrate.

A number of distinct peaks, which mirror the quan-
tized density of states of the supported cluster, are also
evident in Fig. 3(a). A characteristic of the measured
electron energy distribution is the sensitivity of these indi-
vidual peak heights to the applied electric field, indicating
a resonant enhancement of the tunneling current. The
applied field also controls the position in energy of the ob-
served peaks. By contrast, the electrons emitted from the
substrate [Fig. 3(b)] show no shift with field. Careful
studies also revealed no emission from states at energies
near EF of the substrate when the cluster was present,
even though counting intervals extending up to a 5-min

dwell time per channel were employed.
The structure in the energy distribution reported in

Fig. 3(a) was reproduced many times over a period of
a few weeks. However, other clusters studied with the
same nominal size did not necessarily show the same
structure, indicating the important role played by the
electronic coupling between the cluster and the substrate.
Similar variations in electronic structure have also been
reported for Si clusters supported on Au substrates [9].
A study of difIerent-size Au clusters supported on W tips
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FIG. 3. (a) The field-emission spectrum observed with an

applied voltage of 2550 V from a Au cluster of —1 nm diam.
The electron energy distribution is dominated by three prom-
inent peaks that are related to the electronic structure of the
gold cluster. The labels identify the tentative origin of the
peaks based on the electron shell-model calculation discussed in

the text. (b) The electron energy distribution from the clean
tungsten substrate after the cluster is removed by flashing the
tip to white heat. This distribution allows an identification of
the substrate EF which is taken as the zero of energy. The field
strength at the W substrate is related to the applied voltage by
F=PV. The parameter P and the substrate work function p,
can be determined from a Fowler-Nordheim analysis of field-
emission data.

478



VOLUME 67, NUMBER 4 PHYSICAL REVIEW LETTERS 22 JUL~ 1991

indicates that the cluster s energy distribution shifts to-
ward the substrate EF with increasing size, with all struc-
ture disappearing for clusters with diameters greater than
—3 nm [19].

It remains to identify the electronic states responsible
for the observed structure in the cluster field-emission
spectrum. In this context, it is useful to apply a modified
resonance-tunneling theory developed for a single atom
adsorbed on a field-emission tip by Gadzuk [20]. If the
6s electrons of the gold atoms comprising the cluster are
decoupled from their atoms and free to move under the
infiuence of a spherical harmonic potential [21] specified
by

~co) =A„t„,r e ' )F(( n;l+ ——', ;Xr )I t (B,y), (2)

where A, =M, co/6, and ~F~ is a hypergeometric series that
is a function of the principal quantum number n and the
angular momentum I. The energy shift is given by

t3.E= (cole Vtp leo&+ p.-. . (3)

where Vfz describes the field penetration of the electric
field into the cluster and p, , is the work-function
diff'erence between the substrate and the Au cluster. This
latter quantity can be estimated by (i) measuring the
work function of the W substrate using standard Fowler-
Nordheim techniques [18] and (ii) relying on estimates of
the size-dependent work function of supported Au clus-
ters determined by Castro et al. [23].

In order to evaluate Eq. (3), the effects of field pene-
tration were estimated in the following way. If a metal
sphere is placed in a uniform external electric field (Ep

Epz), the magnitude of the field on the spherical
surface with radius R is given classically by

E(R) = —3EpcosO.

Under steady-state conditions, the induced charge density
on the cluster can be related to the electric field by [24]

Vp(r) =(o/D)E(r), (5)

where o. is the conductivity and D is a diffusion constant
for charge in the cluster. Using Gauss's law and the
boundary condition specified by Eq. (4), p(r) can be
eliminated from Eq. (5), yielding the electric field within
the cluster:

C COSH
[ r/XD —r/l&]

with C = 3REp/[e —e ]. In this model XD, the
Debye wavelength, equals eD/cr and is equivalent to the
Thomas-Fermi screening length in a free-electron approx-
imation. For bulk Au, XD-0.06 nm. Since E(r) is

Vo+ 2 M, to~rz

then the energy spectrum of these electrons is discrete
and the eigenstates for the harmonic part of the potential
are defined by [22]
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FIG. 4. The shift in the position of the energy levels of the
shell model as a function of (a) A. and (b) XD. The position of
the experimental features measured from Fig. 3(a) are shown.
The parameters used in this calculation are cluster radius r,
=0.54 nm, p(cluster) =5.7 eV, p(substrate) =4.68 eV, distance
between substrate and cluster =0.5 nm. The best values for the
two parameters are A, =20 nm and kg =0.128 nm.

parallel to z inside the cluster, the induced potential due
to field penetration is given by

Vfp =—C iD 2r
cosh(r/A D ) —2 sinh (r/).D)

p' XD
(7)

This result can be used in Eq. (3) to estimate the field-
dependent energy shift for the various shell states (n, l) of
the cluster. The two parameters, X and A, D, were itera-
tively adjusted until the shift of the shell states were in
alignment with the observed peak positions in the mea-
sured energy distribution shown in Fig. 3(a). The results
of this procedure are summarized in Fig. 4 for diA'erent
shell levels of the cluster. Good enough agreement be-
tween the position of the peaks and the estimates of this
model are found to allow a tentative identification of the
electronic states responsible for the structure observed
[see labels in Fig. 3(a)]. In addition to the energy shift, a
lifetime broadening and a resonance-tunneling factor can
also be estimated for each feature. These factors control
the width of the structure as well as the relative height of
the peaks observed but are difficult to calculate exactly.

In summary, the field-emission energy distribution
from a single supported nanometer-size Au cluster has
been measured and found to contain significant structure,
providing good evidence of quantized electronic states in
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an individual 1-nm-diam Au cluster that survive when the
cluster is supported on a W(110) surface. Using the elec-
tron shell model, a reasonable account for the experimen-
tal observations is obtained and a tentative identification
of the shell levels responsible for the observed structure is

proposed.
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