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Direct Observation of Band-Gap Closure in Mercury Clusters
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We have measured the photoelectron spectra of mass-selected negatively charged mercury c
Hg2

n in the size rangen  3 250. The spectra are characterized by gaps which shrink wi
increasingn. These gaps represent thes-p excitation band gaps of the corresponding neutral cluster
Extrapolation to higher cluster size indicates band gap closure at the size range ofn  400 6 30, a
considerably larger value than previously reportedsn  80 100d. This new evaluation indicates that
previous experimental criteria for the band closure are not appropriate and calls for a refined theor
formulation of the electronic structure of mercury clusters. [S0031-9007(98)07409-2]

PACS numbers: 36.40.Cg, 33.60.–q, 36.40.Wa, 71.24.+q
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The evolution of the metallic nature in metal-atom
clusters has been a subject of interest during the last t
decades [1,2]. The common wisdom is that in simp
monovalent metals (such as alkali or coinage elemen
the metallic nature results from the evolution of the hal
filled valence-electron band states [2]. In bivalent meta
however, of the IIA and IIB groups, valence electrons form
a fully occupieds2 band and a completely vacantp band.
It is plausible for such materials to be semiconductor
Several effects take place with increasing cluster size. T
bandwidths increase, and thes-p band gap decreases, with
corresponding increase in thes-p hybridization. At some
critical cluster size these effects lead tos-p band overlap
and the formation of a partially full band, an essentia
property for any metallic matter.

During the last decade, several experimental an
theoretical studies have focused on the size depend
properties of mercury clusters [3]. The first mass
selected spectroscopic studies on inner shell excitatio
of mercury clusters [4] revealed a transition region from
van der Waals binding to distinct covalent binding in th
size range ofn  13 20. This observation was further
supported by the plasmon excitation studies [5] and th
cohesive energy studies [6] of Haberland and co-worke
For n . 20 a gradual change of thes-p hybridization
was observed [7]. The ionization size dependence [6,
as well as the cohesive energy was reported to approa
the expected values of finite-size metallic particles. The
experimental studies were accompanied by theoretic
formulation of the change in the nature of the electron
states in mercury clusters, mainly by Bennemann an
co-workers [3,9]. All of the experimental as well as the
theoretical studies imply thats-p band merging occurs at
the size rangen , 80 100.

While the general physical picture is well accepted, an
the regime of the transition from van der Walls to covalen
nature is well bracketed, there is no clear knowledg
concerning the size dependence of the band closure
mercury clusters. The subject matter of this paper
to provide this lacking information. We report here on
the photoelectron spectroscopy (PES) of mass-selec
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negatively charged mercury clusters. We maintain th
the observed gap in the PES of these clusters is practic
the s-p excitation energy of the corresponding neutr
clusters. The basic assumption made here is that
equilibrium geometry of the negatively charged and t
corresponding neutral clusters is essentially identic
This assumption is most likely to be valid for the large
clusters in this study.

Our argument is that the excess electron in the ne
tively charged cluster Hg2n resides in the lowest unoc-
cupied molecular orbital (LUMO) of the correspondin
neutral cluster. Upon photoexcitation the LUMO electro
can be detached, leaving the resulting neutral cluster in
ground state. Alternatively, electrons are detached fro
the 2n states of the6s band of the mercury cluster, leav
ing the resulting neutral in an “electron-hole pair” excite
state. The lowest binding energy in the congestion of t
6s electrons belongs to the highest occupied molecular
bital (HOMO). It is thus the HOMO-LUMO gap in the
PES of the negatively charged cluster which provides t
excitation band gap for the corresponding neutral clus
[10]. We show that these studies provide a much high
cluster size value for thes-p band merging in mercury
clusters than previously anticipated values.

Clusters were generated by passing 2.5 bars of arg
through an internal heated reservoir of mercury (200
250±C) of a 15 Hz pulsed nozzle [11]. The expansio
was intersected by a pulsed electron beams,200 eVd
generating a wide distribution of negatively and positive
charged mercury clusters. The beam was skimmed int
second vacuum chamber, and Hg2

n clusters were mass
resolved with a 1400 eV reflecting time-of-flight mas
spectrometer (RTOFMS) [12], perpendicular to the bea
axis. To allow for high mass operation of the RTOFM
(up to the 50 000 dalton), we have modified the refle
tor to include adjustable tilting in order to compensa
for the transversal thermal kinetic energy of the clu
ters. Photoelectron spectra of the mass-resolved clus
were taken with 0.5 mJ fluorine laser (7.9 eV) using
“magnetic-bottle” time of flight PES spectrometer [13
Because of the high mass of the clusters and their l
© 1998 The American Physical Society
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velocity, Doppler broadening did not affect the PES res
lution. Therefore, it was unnecessary to decelerate
clusters prior to the photodetachment [13]. Spectra we
accumulated, typically with 25 000 double shots (with an
without clusters at the detachment zone) for backgrou
subtraction. Typical signal and background per laser sh
were 1–10 and 5 photoelectrons, respectively. The sp
trometer was calibrated daily with the PES of I2 ions [14]
with 4.66 and 7.9 eV photons.

FIG. 1. Selected photoelectron spectra of negatively charg
Hg2

n clusters taken with 7.9 eV laser excitation. The arrow
mark the evaluated energies of the HOMO and LUMO bindin
energies.
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PES of Hg2n were recorded in the size range ofn 
3 250. The smallest negatively charged mercury clust
discernible in the mass spectrum was Hg2

3. In the size
range of 3–70 individual mass peaks were well resolv
in the mass spectrum. At larger cluster size, peaks w
progressively merged, due to the isotope distribution

FIG. 2. Photoelectron spectra of Hg2
n in the size range of

n  3 250 taken with 7.9 eV laser excitation. The spectra a
scaled and truncated to show a constant intensity of the sin
peak of the detached6p electron. The fine structure of the6p
peaks is due to statistical scatter of photoelectron counts.
3837



VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

ur
A

ns
the

al

lly
of
ef-

x-
ng
h
n-
ing,
he
a

mercury as well as to dissociation during the flight time
Consequently, the PES ofn . 70 represent size uncer-
tainty of 61. In Fig. 1 we present 5 representative PE
of Hg2

n. These spectra reveal the following characte
istics: A gap is discernible in all the spectra, shrinkin
monotonically with the increasing cluster size. The rat
between the isolated peak and the band structure in
band shrinks with the cluster size. This last phenomen
is consistent with our interpretation of the PES spectr
The isolated peak is assigned to the detachment of
single excess6p electron occupying the LUMO of the
corresponding neutral cluster, while the wide band stru
ture in the PES results from the detachment of the2n
electrons residing in the6s valence band. Therefore, un-
der the assumption of similar detachment cross sectio
for the s and thep electrons the relative weight of thep
peak should shrink asn21.

All of our PES data are presented in Fig. 2. They a
normalized and sectioned to present a constant intens
of the single 6p peak. This presentation emphasize
the gradual shrinking of the band gap with increasin
cluster size.

In Fig. 3 and Table I we summarize the binding ene
gies (BE) extracted from our PES spectra. They includ
the electron affinities (EA), the BE of the HOMO of the
6s band (namely, the smallest BE of the6s band) and the
band gap for thes-p excitation (namely, the energy dif-
ference of these two values). The BE of the LUMO wer
evaluated as the center of the isolated peaks in the P
while those of the HOMO by extrapolating from the stee
slope of the6s bands. The arrows in the PES of Fig. 1
mark the evaluated BEs.

FIG. 3. The size dependence of the BEs of the6s HOMO
(open circles) and the6p (full circles) electrons in the PES of
Hg2

n. The s-p band gap is the difference between these va
ues (open triangles). The linear fitting of the band gap, in th
size rangen  50 250, extrapolates to zero atn  400 6 30.
3838
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We note in passing that the EA extracted from o
PES spectra are by 0.4–0.8 eV higher than the E
of the recentab initio calculations by Dolg and Flad
[15]. It seems that their geometry optimized calculatio
overestimate the internuclear distances. By applying
bulk densities to Hg213 and to Hg215 their EA practically
coincide with our results (within the 0.1 eV experiment
uncertainty).

The following trends in the PES of Hg2
n should be em-

phasized: The EA of the clusters increase monotonica
with increasing cluster size, reflecting the combination
two complementing trends. The decreasing charging
fects of the excess electron, and the widening of the6p
band in the neutral cluster, combine to stabilize the e
cess electron occupying the LUMO of the correspondi
neutral cluster. The BE of HOMO hardly changes wit
cluster size. The HOMO energy in the neutral cluster i
creases with increasing cluster size, due to band widen
while the charging energy of the cluster decreases. T
compensation of these two opposing effects results in
practically constant BE.

TABLE I. The binding energies (BE) of6p excess elec-
tron and the HOMO electrons of the6s in negatively
charged mercury clusters Hg2

n in the size range of
n  3 250.

Be—p banda Be—s banda Band gapb

Hg2
n (eV) (eV) (eV)

3 0.59 4.02 3.43
4 0.74 3.9 3.16
5 1.01 3.92 2.91
6 1.17 3.92 2.75
7 1.44 4.05 2.61
8 1.57 4.08 2.51
9 1.78 4.1 2.32

10 1.88 4.17 2.29
11 1.9 4.17 2.27
12 1.96 4.13 2.17
13 1.95 4.08 2.13
14 2.01 4.15 2.14
15 2.02 4.08 2.06
20 2.32 4.12 1.8
25 2.61 4.24 1.63
30 2.66 4.18 1.52
35 2.8 4.17 1.37
45 3.08 4.2 1.12
55 3.18 4.2 1.02
65 3.28 4.22 0.94
80 3.36 4.08 0.72

100 3.46 4.07 0.61
120 3.59 4.12 0.53
140 3.64 4.04 0.4
180 3.68 4.05 0.37
250 3.83 4.02 0.19

aEstimated errorDsnd in eV are 0.2(3); 0.15(4–14);
0.10(15–100); 0.15(120–250).
bEstimated error is21y2D.
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Our main interest lies in the regular shrinking of th
band gap. The inspection of the PES of Hg2

250 reveals
that, even at this size, the6p peak does not merge
into the 6s band. The band gap values versusn21y3

were linearly fitted for the cluster size range ofn 
55 250, as shown in Fig. 3. Note that the well fitted
line of the s-p band gap deviates substantially from th
experimental data forn , 15 6 2. This deviation may
indicate a different nature in the electronic structure o
small neutral mercury clusters. This deviation coincide
with the van der Waals to covalent-binding transitio
identified in several previous experimental and theoretic
studies [3–5,7] at the same size range.

Extrapolation of the fitted function to higher cluster siz
indicates complete band-gap closure at the size range
n  400 6 30. This evaluation is based on the direc
measurement of thes-p band gap, and is considerably
higher than previously reported estimatessn  80 100d.
Our results indicate that previous experimental criter
for the band closure are not appropriate, and call for
refined theoretical formulation of the electronic structur
of mercury clusters.

The research was supported by the James Fran
German-Israeli Binational Program in Laser-Matter Inte
action, and by the U.S.-Israel Binational Foundation.

Note added in proof.—Unpublished results from Lan-
gosch [16] show that the ionization potentials of neutr
mercury clusters Hgn are higher than the classical extrapo
lation up ton  540 (approximately 0.5 eV) [17].
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