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Field-emission spectrum of a nanometer-size supported gold cluster: Theory and experiment
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The electron-energy spectrum of a single 1-nm-diam Au cluster supported on a W substrate has been
studied by measuring the distribution of electrons field emitted from the cluster. A resonance-tunneling
theory is described that reproduces the salient features of the experimental spectrum and relates it to the

electronic structure of the supported cluster.

I. INTRODUCTION

It is now well established that the physical and chemi-
cal properties of small clusters with diameters between
~1 and ~ 10 nm can be entirely different from those of
the bulk.! Small metal clusters, for example, exhibit a
size-dependent electronic structure. In order to improve
our understanding of this behavior, it is important to de-
velop experimental techniques capable of resolving the
electronic structure of nanometer-size metal clusters. In
the case of free-space clusters, cluster beam measure-
ments can provide this information. In the case of both
alkali®>> and transition metals,* the mass spectra of ion-
ized free-space clusters show peaks at certain “magic”
mass numbers providing evidence for a shell-like organi-
zation of electron states. Photoionization studies of un-
supported potassium clusters also exhibit evidence of this
shell structure,’ as do photoelectron studies of copper
anion clusters. ® )

However, when a cluster is adsorbed onto a substrate,
the survival (and modification) of the cluster’s electronic
states becomes an important issue that has yet to be satis-
factorily addressed. This is a question of considerable in-
terest, since supported metal clusters are important in a
wide variety of electronic and chemical applications.
Samples of metal clusters deposited on flat substrates in
ultrahigh vacuum (UHYV) have been studied by photoelec-
tron spectroscopy.’ ~° These studies show a narrowing of
the valence band and a decrease in the core-electron bind-
ing energies as cluster size decreases. Unfortunately, this
technique does not have the sensitivity to explore the
properties of an individual cluster and the experimental
measurement is always a convolution over a large number
of clusters. Thus, there is the possibility that clusters of
different size and configuration contribute to the spectra.
In a previous paper,'? we described a way to overcome
this difficulty by measuring the energy distribution of
electrons field emitted from individual nanometer-size
clusters supported on a conducting substrate. These data
revealed important information on the electronic struc-
ture of supported metal clusters. In this paper we pro-
vide the details of the resonance-tunneling theory used to
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interpret the field-emission spectra from a supported clus-
ter.

The remainder of this paper is organized in the follow-
ing way. In Sec. II we briefly review the underlying prin-
ciples of field emission. Section III extends these results
and presents a resonance-tunneling theory of weakly ad-
sorbed metal clusters under the influence of an applied
electric field. Section IV presents data which show how
the discrete cluster electronic states of a 1-nm-diam Au
cluster can be probed using field-emission techniques.
The theory developed in Sec. III is used to interpret the
structure observed for this 1-nm-diam cluster. In Sec. V
the important conclusions obtained from this study are
summarized.

11. FIELD-EMISSION THEORY

The theory of field emission is concerned with the cal-
culation of j(E), the number of electrons of mass m emit-
ted per unit area per unit time with energy between E and
E +dE, while an electric field F is applied in the z direc-
tion.!! The details of this calculation are well described in
the literature and only the important results will be
presented here. This calculation requires an integration
over all possible wave vectors k=(k,,k" )y

, &%
(2m)

where N (k) is the number of electrons with wave vector
k incident on the barrier per unit time per unit area and
|T(k,,E)|? is the transmission probability through the
surface potential barrier. The appropriate barrier is usu-
ally a metal with a Fermi level E; and work function ¢.
The metal-vacuum interface is described in one dimen-
sion by an image-rounded barrier given by

JEME= [N W T ke, B

;oo

2
EF+¢—:—Z~—er for z >z,

Viz)= (2)

0 forz<z, ,

where z,_ is determined by ¥ (z.)=0. Using the WKB ap-
proximation to estimate T'(k,,E) and a free-electron ap-
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proximation to evaluate N (k), the standard result for the
distribution of emitted electrons is obtained,
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v(y),z(y) are slowly varying, tabulated!? functions of
y =(e*F)12/($) and f(E) is the Fermi-Dirac function.
The shape and location of the field-emission energy distri-
bution is shown schematically in Fig. 1(a). The shape of
JolE) is roughly governed by the temperature of the emit-
ter for E > Ep and the transmission probability through
the metal-vacuum interface for E < Ep. An experimental
measurement of this energy distribution involves further
convolution of Eq. (3) with a symmetric Gaussian win-
dow function that accounts for the finite-energy resolu-
tion of the energy analyzer. It is an experimental fact
that Eq. (3) describes well the overall shape of the distri-
bution of electrons emitted from field-emission tips fabri-
cated from a variety of refractory metals. !!

Equation (3) can be further integrated to give the total
electrical current

J(F1=e [ jo(E)E
=A,er—(3'¢3/2/F) , (5)

where A' and B’ are known constants.'’ This result,
known as the Fowler-Nordheim (FN) equation, predicts a
plot of In[j(F)/F?] vs 1/F will give a straight line with a
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FIG. 1. (a) The standard triangular field-emission potential
barrier showing the location in energy of a typical fieid-emission
energy distribution from a metal tip. (b) The field-emission po-
tential barrier modified by the adsorption of an atom. Reso-
nance tunneling can produce an electron-emission spectrum
that mirrors the highest occupied states of the adsorbed atom.
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slope related to the work function ¢ of the emitting sur-
face. Use of this equation has provided much of the sys-
tematic information now available on the work function
of the various crystal faces of pure metals.

In the following section we will apply these basic ideas
of field emission to learn more about the electronic states
of a supported metal cluster. The major modification
that is required is to replace the free-electron supply
function N (k) in Eq. (1) with the quantized density of
states for a nanometer-size cluster absorbed at a metal-
vacuum interface.

IIl. ELECTRON EMISSION
FROM A SUPPORTED CLUSTER

In this section a resonance-~tunneling theory of electron
emission from a nanometer-size cluster in the presence of
a strong electric field when the cluster is weakly coupled
to a conducting substrate is described. When a cluster is
brought from infinity up to a metal surface, two impor-
tant issues must be addressed. The first concerns whether
the quantized electron states of the cluster are destroyed
upon deposition. The second is how the substrate
modifies the electron states of the cluster. Field-emission
experiments can answer both questions, but introduce a
further complication, i.e., the influence of the applied
electric field. For a gold cluster with a diameter less than
~1.2 nm, it can be estimated that the applied field
penetrates a shell consisting of ~50% of the cluster
volume. In this case, the applied field becomes an impor-
tant perturbation on the cluster states and influences the
energy distribution of the field-emitted electrons.

In the remainder of this section a model, based on a
resonance-tunneling theory developed for a single atom
adsorbed on a field-emission t1p by Gadzuk,'# is present-
ed. The utility of the model is that it allows an estimate
of the tunneling enhancement factor and the energy shifts
for a supported metal cluster in an applied electric field.

A. Resonance tunneling from an individual-supported cluster

Duke and Alferieff'> have emphasized the importance
of resonance-tunneling effects on field emission through
atoms adsorbed on an emitter. It is generally recognized
that emission from the discrete atomic levels is shifted,
broadened, and enhanced by interaction with the sub-
strate. A schematic illustration of field emission through
an atom supported on a metal substrate is shown in Fig.
1(b) where the additional feature in the energy spectrum
is due to electron emission from an atomic state. This ad-
ditional emission is often characterized by a current
enhancement factor R (E), defined experimentally by the
ratio

__L , .

R(E)= d E , (6)
where djo/dE is the energy distribution without the
atom and dj/dE is the distribution with the adsorbed
atom. Similar enhancements can be anticipated when
studying electron emission from supported nanometer-
size clusters.
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Following Gadzuk,'* a resonance-tunneling approach
is used to discuss how electrons will tunnel from a clus-
ter. In this approach the full Hamiltonian of the system
is divided into three parts, the first and second represent-
ing the unperturbed Hamiltonians of the substrate and
vacuum as if the cluster were not present. The third part
is the operator which connects the two sides and deter-
mines the enhanced rate of tunneling.

In the absence of the cluster [see Fig. 1(a)], the Hamil-
tonian for field emission can be written as

H=E +U,+Up=HI+U.=Hf{+U, , 7

where Ey is the kinetic-energy operator, U,,, the poten-
tial of the metal substrate, is given by

0 ifz <0
Un=\E,+¢, ifz>0, (8)

and Upg, the potential of the applied field, is equal to
—eFz for z=0. Using the Oppenheimer scheme
developed to discuss the field ionization of an isolated hy-
drogen atom, !¢ the tunneling mairix can be written as

To={flUzlm?) , ' )

where |f) and |m ) are the eigenstates of the Hamiltoni-
ans HY and HE, respectively.

When a cluster is deposited on the field-emission tip, a
third part must be added to the Hamiltonian given by Eq.
(7). The new Hamiltonian, which includes information
about the cluster and field penetration into the cluster,
can be written

H=Ey+U, +(U,+Up+Up, (10)

where U, is the potential of the free-space cluster. Up,
which accounts for the shielding effect of the cluster on
the applied field, is expressed as

0, z<0
, +eFz, 0<z <d
Ur= | 4eFz+eV,, d<z<d+2R (1)

+eF(d +2R), z>d +2R .

In Eq. (11), d is the distance between the surface of the
metal substrate and the surface of the cluster, R is the ra-
dius of the cluster [see Fig. 2(a)], and Vy, is a term to be
calculated later that measures the extent of field penetra-
tion into the cluster.

For clusters, Gadzuk’s definition!! of an atomic state
l@,) must be replaced with the appropriate cluster state
lco?. The energy shift of a discrete cluster state (]cgy))
then becomes

AE={co|lU,, +Uglcy) . (12)

There are a few approximations in this model that should
be mentioned. First, the work function and the Fermi
level of the cluster have been taken to be equal to that of
the metal substrate. If there is a difference between the
work function of the cluster and that of the substrate,
then Up should be modified by simply adding the

M. E. LIN, R. REIFENBERGER, AND R. P. ANDRES 46

@

Vacuum Level

4, 2R,
(b) >, Uni
oF eF(d+2R)
Im>, Um
> k(z)
Ee
z=0 z=d+2R

FIG. 2. (a) The change in energy states as a free-space clus-
ter is deposited onto a metal substrate. The discrete energy
states are shifted down and broadened by the applied field and
by interaction with the substrate. The potential barrier between
substrate and cluster is assumed to be flat in order to simplify
the calculations. (b) The modified substrate potential (U,,).
The horizontal dotted line represents the potential U,,. The
wave vector k (z) of the tunneling electron is also shown.

difference between the two work functions. Second, only
the lowest-order perturbation has been considered. For
small clusters weakly coupled to the substrate, it seems
reasonable to approximate the energy shift using the
field-modified potential given by Ug. Other interactions
are neglected.

If the wave function of each cluster state is localized
inside the cluster and an infinite harmonic well is as-
sumed to adequately describe the free-space cluster,? Eq.
(12) can be further simplified. The only contribution to
the energy shift comes from the region d <z <d +2R.
In this region, the term containing the applied field
({cyleFz|cy)) can be readily evaluated as

R pw p2m % .
{cpleFzlcy ) = fo fo fo S(r)Y% cos(0)sin(8)
XY,,d¢d0dr=0. (13)
Using this result, the energy shift simplifies to
AE={coleVyleq) . (14)

Thus, the only nonzero, first-order perturbation to the
energy levels of the cluster is caused by field penetration.

To facilitate an estimate of lifetime broadening and res-
onance effects, a new modified substrate potential U,, is
defined as

0, z<0
U,=1U, +eFz, 0<z <d+2R (15)

U, +eF(d +2R), z>d+2R
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[see Fig. 2(b)]. Note that using this definition for U,,, we
have U, +eVy=U, +U. Following Gadzuk,'' the
tunneling matrix element can be written as

{flUglc ) c|Uplm")

T=~{flUglm’)+ E—E.—iT . 16)

Within the Oppenheimer scheme, the emission current is
proportional to |T] 2. Thus, from Eq. {6), the resonance-
enhancement factor, R (E)=|T|*/|T,|?, will be given by

R(E)=|BJ? |1+ Te(E)
- (E —E_)*+T2
2AE —E )| TAE)|
+ , (17)
(E—E,.*+T1?
where
<f|UF|m')
B=—e—— 18
(f[UFim> (18)
and
U U
T.(E)= {f1Urle ) SelUr|m ) (19)

<f|UF|m)

The term |B|? acts as a scaling factor between the metal
potential and the field-modified model potential. Without
the field or cluster, the value of R (E) should be unity,
which is the first term in the parentheses of Eq. (17). The
second term in the parentheses represents resonance-
tunneling effects. The last term represents the interaction
between direct tunneling and resonance tunneling. These
matrix elements can be further evaluated by WKB
methods as discussed below.

B. Field penetration into a supported Au cluster

As discussed above, supported clusters will be affected
by both the substrate and the applied field. In what fol-
lows, we assume the 6s electrons of the gold atoms in the
cluster to be decoupled and free to move under the
influence of the infinite harmonic-well potential specified
by

Ur)=—Uy+1imao?r?, (20)

where U is the sum of the Fermi energy and work func-
tion of Au. The energy spectrum of these electrons is
discrete and the eigenstates are defined by!”

leo) = Aymr'e ™22 F (=03l + 3000 Y, (6,6)
(21)
where A=mw/#, and |F| is a hypergeometric series that
is a function of the principal quantum number # and the

angular momentum /. Here, the Hamiltonian is defined
as

H=Ex+U,+U,+Up+eVy, . (22)

If the potential barrier in the region 0 <z <d is flat as
drawn in Fig. 2(a), the energy shift is given by
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AE=(cyleVg,le) +¢._. » (23)

where ¢,_ . is the work-function difference between the
substrate and the Au cluster. This quantity can be es-
timated by (i) measuring the work function of the W sub-
strate using standard Fowler-Nordheim techniques!! and
(ii) relying on estimates of the size-dependent work func-
tion of supported Au clusters determined by Castro
et al.'® The induced potential due to field penetration
was discussed previously'® and is given by
_C;‘% 2r

prz-T-— Zcosh(r/kb)—ZSinh(r/lb) , (24

where A, the Debye wavelength, determines the penetra-
tion of the electric field into the cluster.

IV. RESULTS FOR A 1-nm-diam Au CLUSTER

In this section we discuss in more detail the structure
obtained in the energy spectrum obtained from a 1-nm-
diam Au cluster supported on W(110).1° We demon-
strate using the analysis scheme discussed above that the
observed spectrum can be related to the discrete energy
levels of the free cluster. The experimental energy distri-
bution, which was published previously, is shown in Fig.
3. The data are plotted as electron flux versus electron
energy, with the zero of energy defined as the Fermi level
(Ey) of the substrate. In this experiment, E; was accu-
rately determined by thermally desorbing the cluster
from the tip and measuring the energy distribution from
the underlying W tip.!° The energy distribution from the
substrate was analyzed by the established theory of field
emission outlined in Sec. II. Both E and the work func-
tion of the substrate were obtained in this way. These
data clearly show that the cluster states are shifted ~2.5
eV below Ep of the substrate and indicate that the elec-
tronic states of a 1-nm-diam Au cluster need not be
pinned to the substrate’s Fermi level.

3500

3000|- 1d+2s

2p
2500}

2000}

Total Counts

1500}

1000

500}

L 1 ]
R S

Electron Energy (eV)

FIG. 3. The field-emission spectrum observed with an ap-
plied voltage of 2550 V from a Au cluster of ~ 1-nm diam. The
electron-energy distribution is dominated by three prominent
peaks that are related to the electronic structure of the gold
cluster. The labels identify the origin of the peaks based on the
electron-shell model calculation discussed in the text. Repro-

duced from Ref. 10.
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A number of distinct features or peaks, which mirror
the quantized electron states of the supported cluster, are
evident in Fig. 3. A characteristic of the measured
electron-energy distribution is the sensitivity of the indi-
vidual peak heights to the applied electric field, indicat-
ing resonant enhancement of the tunneling current. The
applied field also controls the position in energy of the
observed peaks. By contrast, the electrons emitted from
the substrate show no shift with field. Careful study also
reveals no emission from states at energies near the Ep of
the substrate when the cluster is present, even though
counting intervals extending up to a 5-min dwell time per
channel were employed.

A. Estimate of energy shifts

It remains to identify the electronic states responsible
for the observed structure in the field-emission spectrum.
From Sec. III, the modified theory of resonance tunnel-
ing can be employed and the expected cluster states can
be calculated from Egs. (23) and (24). For a 40-atom clus-
ter (diameter =1.08 nm), the filled electronic shells are
1s, 1p, 2s, 1d, 1f, and 2p for an infinite harmonic-well po-
tential. In the field-emission energy spectrum, only the
highest two degenerate states (2s,1d and 1f,2p) are ob-
servable due to the rapid fall-off of the transmission prob-
abilities for the other states. The wave functions of these
four shells are, respectively,

Proo=c,e "M A1—2Ar2/3)Y , @5)
Yoam =Cae "M 122Y,, (26)
Yozm =Cye A3 27)
Y1im =cpe M HL—24r% /5N Y, (28)

where A is the radial decay constant of the wave function.
The normalization constants are equal to

6)\-3/2 172
c.= |——— s
s 7,_1/2
16272 |
“T |52 |
; 2
g0 |17 29)
7 o2 |
10252 |'”
I YV

Equations (23) and (24) can be used to estimate the field-
dependent energy shift for the various shell states (n,/) of
the cluster. For example, if 1,4, is considered,

ez BN PR a2 02 a2
AEin=—CA} | = J e -t 3)
X —Z—rcosh(r/kp) dr .
A'D
(30)
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In order to simplify the integration, the upper limit of R
is set to infinity rather than the radius of the cluster. For
a 1-nm-diam cluster, the error is less than 5% if this ap-
proximation is made. Thus, Eq. (30) can be rewritten as

AE g0=K, (I, /Ap—4AI3/3\p +4A L5 /9 —1,

+4AT,/3—4N2,/9) , 31)
where
,=—Cxhe?, (32)
and
Lo =7sz [ e ¥ cosh(r /hp)dr , (33
L,=2f 0°°e —Arp2nginh(r /Ap )dr (34)

with » =0,1,2,... . The shift in energy of the other
states can likewise be written as

AE g, =Ky(Is/Ap—1,), (35)
AEgs, =K (I;/Ap—I) , 36)
and
AE,,, =K,(I3/Ap—4AIs/5hp +4A2T; /25h
—I,+4Al, /5—4\2 ¢ /25) . (37

The functions I,, ;; and I,, can be evaluated as follows:

2
Loy +1=T(2n +2)(2A)2e /D)

X[D 2y 2(—=X)FTD 2,2 (X)], (38)

2
I, =T(2n +1)(21)~ 2 +172, 1/(832%))

X[D _pp 1 (=X)—D 5, 1 (X)], (39)

where y=(2A)"'2/A, and D_,(x) is the parabolic
cylinder function.!’® A general conclusion reached from
this analysis is that the cluster states shift to lower ener-
gies as the applied electric field increases.

The two parameters, Ap and A, control the penetration
of the electric field into the cluster and the radial decay of
the wave function, respectively. These parameters can be
iteratively adjusted until the energy shifts of the various
shell states are in agreement with the observed peak posi-
tions in the emission spectra for a given external electric
field such as the data for an applied voltage of 2550 V
shown in Fig. 3. The results of this procedure were
presented in Fig. 4 of Ref. 10. Reasonable agreement be-
tween the position of the peaks predicted theoretically
and measured experimentally are found. This allows a
tentative identification of the electronic states responsible
for the structure observed (see labels in Fig. 3).

B. Lifetime-broadening and resonance-tunneling effects

In addition to an energy shift, a lifetime-broadening
and a resonance-tunneling factor is also required to fully
explain each peak. These factors control the width of the
peaks as well as the relative height of the peaks observed.
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FIG. 4. {a) The parameters required to estimate the tunnel-
ing matrix element through a simple square-well potential. (b)
The same parameters for the potential barrier of interest.

Although it is difficult to obtain quantitative values for
the resonance tunneling factors [see Eq. (17)], it is
worthwhile to estimate these factors in order to check the
consistency of our theoretical model. First, we estimate
the resonance-tunneling factor B using Eq. (17). The en-
ergy dependence in B is roughly proportional to

B me—(kz-!—kz)z]z:d ) (40)
where
(Ep+¢—E)'/?
k!=V2m/# —
(Ep+¢—E+eFR)'\?
r¥é @1)
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FIG. 6. Evidence for variation in resonance-tunneling effects
for a 1-nm-diam cluster can be obtained by measuring the field-
emission energy distribution as a function of time. For the data
shown, the applied electric field is the same. In (a), the energy
distribution measured initially, (b) 2 h later, and (c) 4 h later.

k,=V2m /#(Ep+$é—E)N"*], (42)

and R is the radius of the cluster.

Next, the other factors in Eq. (17) can be conveniently
estimated using Harrison’s WKB method.?® This
method estimates the tunneling matrix element for an
electron through a barrier with classical turning points
described by z, and z, [see Fig. 4(a)] by

2 ks —2
My =TT TL T e KT
2m

where L, and L, measure the extent of the classically ac-
cessible region on either side of the barrier. The average
wave vector k' of the electron inside the tunnel barrier is
given, for the case considered here, by

k'=i(2m /BN Eg+¢—E)]'/* .

(43)

(44)

The factors needed to evaluate T, [Eq. (19)] can be ap-
proximated using the same approach [see Fig. 4(b)]:
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FIG. 5. The resonance-tunneling enhancement factors for the
energy levels of the infinite oscillator well model for a nominal

1-nm cluster. (a) 2s, (b} 2p, (c) 14, (d) 1f.
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FIG. 7. The theoretical fit to the field-emission energy distri-
bution from ~ l-nm-diam cluster as a function of the applied
electric field. The approximate value of the electric field F is re-
lated to the applied voltage V by F =BV, where B~3.2X10*
cm™! for the cluster studied here. The lifetime-broadening
constants used in this fit are given in Table L.
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TABLE I. The lifetime-broadening constants required for different applied voltages. The approxi-
mate value of the electric field F is related to the applied volitage ¥ by F =gV, where f~3.2X10* cm ™!
for the cluster studied here. =~ e e e e
Cluster state Peak position 2450 V. 2500 V . 250V B
1f —2.2 eV 0.19 0.19 0.19
2p —2.5 eV 0.09 0.08 0.11
1d —2.8 eV 0.002 0.01 0.019
2s o _—28¢eV_ - 0.003 . L0003 . . . 0003
W o ——— —K,(W —d—2Rr)
(flVFlc):Esz/zR |z=R Kz/Lfreelz=W—d—2Re 2 (45)
#H o ———— —K,d
(cIVF|m>=7n71/K,/2R e VK, /L |, ——y_re , (46)
A — S kw
<f|VF|m)2E‘/Kz/Lmetlz=i—d—R‘/Kz/Lfreclz=W—d—2Re . (47)

Thus, from Eq. (19), the tunneling matrix T, is

ﬁZ — 2K R
T.~3 ~VE. /IR |,cx VK, /2R |,=_ge” =" . 48)

The resonance-tunneling enhancement for each cluster
state can now be estimated and the results are plotted in
Fig. 5.

The lifetime-broadening constant I" is more difficult to
estimate because a knowledge of the shape of the poten-
tial barrier between the cluster and substrate as well as
the electronic wave functions outside the cluster bound-
ary are required. In addition, experimental evidence indi-
cates that the resonance-tunneling factors vary with time
(see Fig. 6). From these data, one notices that, while peak
positions are essentially constant for a given external
electric field, the relative heights of the peaks change con-
siderably. This indicates that the coupling between the
cluster and the substrate is not constant. We therefore
treat the lifetime-broadening constants as a set of adjust-
able parameters.

After approximating the current enhancement as de-
scribed above, a set of lifetime-broadening constants in
Eq. (17) was chosen to fit the data. Figure 7 shows the re-
sulting comparison between the data and theory. The
lifetime-broadening constants, required to give reasonable
fits to the data, are tabulated in Table I. These results
show a trend which indicates that the highest occupied
states are broadened the most, while the states more
tightly bound exhibit little broadening. Furthermore,
while the 1£, 2p, and 2s levels do not exhibit strong field-
dependent lifetime broadening, the 1d state seems very
sensitive to the applied field.

V. SUMMARY AND CONCLUSIONS

Experiments that measure the energy spectrum of elec-
trons field emitted from Au clusters supported on a
tungsten substrate have been performed. The data show
that the quantum states of a nanometer-size cluster can
survive after deposition and need not be pinned to the
Fermi level of the substrate. The emission spectrum ob-
served for a Au cluster with a diameter of ~1 nm was
compared to predictions of a resonance-tunneling model
that assumes a shell model for the quantum electron lev-
els of the cluster and reasonable agreement was obtained.

Although field emission from a single cluster provides
important information about the cluster’s electronic
properties, the measurements are not yet refined enough
to provide a detailed understanding of electronic struc-
ture as a function of cluster size. The reason a more
quantitative understanding is not yet possible is twofold.
First, it is difficult to determine experimentally the pre-
cise size and atomic configuration of the cluster under
study. Second, the coupling of the cluster states to those
of the underlying substrate cannot yet be controlled ex-
perimentally.

In spite of these shortcomings, valuable information
about the electronic properties of individual, supported
metal clusters can be obtained. For an ~ 1-nm-diam gold
cluster, quantitative information can be extracted from
the field-emission spectrum that allows identification of
the energy levels.
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