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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 clusters
Hg™, in the size rangen = 3-250. The spectra are characterized by gaps which shrink with
increasingn. These gaps represent the excitation band gaps of the corresponding neutral clusters.
Extrapolation to higher cluster size indicates band gap closure at the size range ¢00 * 30, a
considerably larger value than previously reported= 80—100). This new evaluation indicates that
previous experimental criteria for the band closure are not appropriate and calls for a refined theoretical
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

The evolution of the metallic nature in metal-atom negatively charged mercury clusters. We maintain that
clusters has been a subject of interest during the last twihe observed gap in the PES of these clusters is practically
decades [1,2]. The common wisdom is that in simplethe s-p excitation energy of the corresponding neutral
monovalent metals (such as alkali or coinage elementsjlusters. The basic assumption made here is that the
the metallic nature results from the evolution of the half-equilibrium geometry of the negatively charged and the
filled valence-electron band states [2]. In bivalent metalcorresponding neutral clusters is essentially identical.
however, of the IIA and 11B groups, valence electrons formThis assumption is most likely to be valid for the larger
a fully occupieds? band and a completely vacaptband.  clusters in this study.

It is plausible for such materials to be semiconductors. Our argument is that the excess electron in the nega-
Several effects take place with increasing cluster size. Thevely charged cluster Hg, resides in the lowest unoc-
bandwidths increase, and the band gap decreases, with cupied molecular orbital (LUMO) of the corresponding
corresponding increase in thep hybridization. At some neutral cluster. Upon photoexcitation the LUMO electron
critical cluster size these effects leadstp band overlap can be detached, leaving the resulting neutral cluster in its
and the formation of a partially full band, an essentialground state. Alternatively, electrons are detached from
property for any metallic matter. the 2n states of thess band of the mercury cluster, leav-

During the last decade, several experimental andhg the resulting neutral in an “electron-hole pair” excited
theoretical studies have focused on the size dependestate. The lowest binding energy in the congestion of the
properties of mercury clusters [3]. The first mass-6s electrons belongs to the highest occupied molecular or-
selected spectroscopic studies on inner shell excitationsital (HOMO). It is thus the HOMO-LUMO gap in the
of mercury clusters [4] revealed a transition region fromPES of the negatively charged cluster which provides the
van der Waals binding to distinct covalent binding in theexcitation band gap for the corresponding neutral cluster
size range of: = 13-20. This observation was further [10]. We show that these studies provide a much higher
supported by the plasmon excitation studies [5] and theluster size value for the-p band merging in mercury
cohesive energy studies [6] of Haberland and co-workerslusters than previously anticipated values.

For n > 20 a gradual change of the-p hybridization Clusters were generated by passing 2.5 bars of argon
was observed [7]. The ionization size dependence [6,8hrough an internal heated reservoir of mercury (200—
as well as the cohesive energy was reported to approa@db0°C) of a 15 Hz pulsed nozzle [11]. The expansion
the expected values of finite-size metallic particles. Theswas intersected by a pulsed electron bean200 eV)
experimental studies were accompanied by theoreticalenerating a wide distribution of negatively and positively
formulation of the change in the nature of the electroniccharged mercury clusters. The beam was skimmed into a
states in mercury clusters, mainly by Bennemann andecond vacuum chamber, and Hgclusters were mass
co-workers [3,9]. All of the experimental as well as theresolved with a 1400 eV reflecting time-of-flight mass
theoretical studies imply that p band merging occurs at spectrometer (RTOFMS) [12], perpendicular to the beam
the size range ~ 80-100. axis. To allow for high mass operation of the RTOFMS

While the general physical picture is well accepted, anqup to the 50000 dalton), we have modified the reflec-
the regime of the transition from van der Walls to covalenttor to include adjustable tilting in order to compensate
nature is well bracketed, there is no clear knowledgdor the transversal thermal kinetic energy of the clus-
concerning the size dependence of the band closure ters. Photoelectron spectra of the mass-resolved clusters
mercury clusters. The subject matter of this paper isvere taken with 0.5 mJ fluorine laser (7.9 eV) using a
to provide this lacking information. We report here on“magnetic-bottle” time of flight PES spectrometer [13].
the photoelectron spectroscopy (PES) of mass-selectd@ecause of the high mass of the clusters and their low
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velocity, Doppler broadening did not affect the PES reso- PES of Hg',, were recorded in the size range of=
lution. Therefore, it was unnecessary to decelerate thg-250. The smallest negatively charged mercury cluster
clusters prior to the photodetachment [13]. Spectra werdiscernible in the mass spectrum was Hg In the size
accumulated, typically with 25 000 double shots (with andrange of 3—70 individual mass peaks were well resolved
without clusters at the detachment zone) for backgrounth the mass spectrum. At larger cluster size, peaks were
subtraction. Typical signal and background per laser shagirogressively merged, due to the isotope distribution of
were 1-10 and 5 photoelectrons, respectively. The spec-
trometer was calibrated daily with the PES ofibns [14]

with 4.66 and 7.9 eV photons.
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FIG. 2. Photoelectron spectra of Hg in the size range of
FIG. 1. Selected photoelectron spectra of negatively charged = 3-250 taken with 7.9 eV laser excitation. The spectra are
Hg™, clusters taken with 7.9 eV laser excitation. The arrowsscaled and truncated to show a constant intensity of the single
mark the evaluated energies of the HOMO and LUMO bindingpeak of the detache@p electron. The fine structure of thg
energies. peaks is due to statistical scatter of photoelectron counts.
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mercury as well as to dissociation during the flight time. We note in passing that the EA extracted from our
Consequently, the PES af > 70 represent size uncer- PES spectra are by 0.4-0.8 eV higher than the EA
tainty of £1. In Fig. 1 we present 5 representative PESof the recentab initio calculations by Dolg and Flad
of Hg™,. These spectra reveal the following character{15]. It seems that their geometry optimized calculations
istics: A gap is discernible in all the spectra, shrinkingoverestimate the internuclear distances. By applying the
monotonically with the increasing cluster size. The ratiobulk densities to Hg;; and to Hg ;5 their EA practically
between the isolated peak and the band structure in thepincide with our results (within the 0.1 eV experimental
band shrinks with the cluster size. This last phenomenonncertainty).
is consistent with our interpretation of the PES spectra. The following trends in the PES of Hg should be em-
The isolated peak is assigned to the detachment of thghasized: The EA of the clusters increase monotonically
single exces®p electron occupying the LUMO of the with increasing cluster size, reflecting the combination of
corresponding neutral cluster, while the wide band structwo complementing trends. The decreasing charging ef-
ture in the PES results from the detachment of 2lhe fects of the excess electron, and the widening of@pe
electrons residing in thés valence band. Therefore, un- band in the neutral cluster, combine to stabilize the ex-
der the assumption of similar detachment cross sectionsess electron occupying the LUMO of the corresponding
for the s and thep electrons the relative weight of the  neutral cluster. The BE of HOMO hardly changes with
peak should shrink as!. cluster size. The HOMO energy in the neutral cluster in-

All of our PES data are presented in Fig. 2. They arecreases with increasing cluster size, due to band widening,
normalized and sectioned to present a constant intensityhile the charging energy of the cluster decreases. The
of the single6p peak. This presentation emphasizescompensation of these two opposing effects results in a
the gradual shrinking of the band gap with increasingpractically constant BE.
cluster size.

In Fig. 3 and Table | we summarize the binding ener-
gies (BE) extracted from our PES spectra. They include’ABLE I. The binding energies (BE) obp excess elec-
the electron affinities (EA), the BE of the HOMO of the tron and the HOMO electrons of thés in negatively
6s band (namely, the smallest BE of the band) and the charged mercury clusters Hg in the size range of
band gap for the-p excitation (namely, the energy dif- 2= 3-250.

ference of these two values). The BE of the LUMO were Be—p band" Be—s band® Band gaj
evaluated as the center of the isolated peaks in the PES!Y » (ev) (ev) (eV)
while those of the HOMO by extrapolating from the steep 3 0.59 4.02 3.43
slope of the6s bands. The arrows in the PES of Fig. 1 4 0.74 3.9 3.16
mark the evaluated BESs. 5 1.01 3.92 291
6 1.17 3.92 2.75
7 1.44 4.05 2.61
n 8 1.57 4.08 2.51
2 9 1.78 41 2.32
5 1050 20 10 5 3 10 1.88 4.17 2.29
band 11 1.9 417 2.27
l S 12 1.96 413 2.17
4 g@magﬁ 55 5 O 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
n-1/3 140 3.64 4.04 0.4
180 3.68 4.05 0.37
FIG. 3. The size dependence of the BEs of theHOMO 250 3.83 4.02 0.19

(open circles) and thép (full circles) electrons in the PES of - -
Hg ,. Thes-p band gap is the difference between these val-"Estimated erro(») in eV are 0.2(3); 0.15(4-14);
ues (open triangles). The linear fitting of the band gap, in thed-10(15-100); 0.15(120—-250).

size ranger = 50-250, extrapolates to zero at = 400 = 30. PEstimated error ig'/?A.
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