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Transition to Plasmonlike Absorption in Small Hg Clusters
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Optical absorption spectra for mass-selected Hg„+ and Hg„++ clusters show an abrupt transition
to a collective, plasmonlike absorption as a function of increasing cluster size. The position of the
single observed plasmon maximum is independent of the charge state and nearly independent of
cluster size. The peak positions agree well with those of the classical Mie plasmon calculated from
the experimental dielectric function. The width of the plasmon resonance is discussed and a strong
temperature effect is conjectured.

PACS numbers: 71.45.Gm, 21.10.Re, 36.40.+d, 71.25.—s
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I'IG. 1. Electronic configurations of the Hg atom, cluster,
and bulk. A metal-to-nonmetal transition occurs as function
of the cluster size, when the 6s and 6p bands start to overlap.

The Hg atom is a fascinating object in cluster physics.
Because of its 5d 6s closed shell electronic structure
it is dominantly van der Waals bound for the diatomic
molecule and small clusters [1,2]. The widths of the occu-
pied 6s band [3] and the empty 6p band increase roughly
proportional to the number of nearest neighbors. Thus
the "band gap" 6 (compare Fig. 1) decreases for increas-
ing cluster size. In the bulk, the 6s and 6p bands overlap
giving bulk Hg its metallic character. The chemical bond-

ing changes from dominantly van der Waals, to covalent,
and then to metallic [1, 2]. One thus has a metal-to-
nonmetal (MNM) transition as a function of cluster size.

Little is known on the optical properties of Hg clusters.
The cluster size dependence of the 5diP6sz ~ 5ds6sz6p
autoionizing transition has been measured [4]. An ab-

sorption spectrum of a neutral, not-mass-selected Hg
cluster beam was published [5]. For the bulk, the op-
tical constants of Hg have been measured [6] and calcu-
lated [7]. The absorption spectrum of "expanded" mer-

cury has been studied in the context of the MNM tran-
sition [8].

The aim of this experiment was to study how the
changes in chemical bonding and the MNM transition
influence the optical properties of Hg clusters. The ap-
paratus is an improved version of the one used earlier to
measure optical spectra for Ar„+ and Xe„+ clusters [9,

10]. BrieHy, an Ar-seeded supersonic expansion generates
the clusters. They are ionized by electron impact, and
mass separated by a reHectron time-of-Hight (TOF) mass
spectrometer. Clusters of a single size are irradiated by
photons. The electronic excitation is rapidly converted
into vibrational energy, leading to ejection of atoms. A
second TOF measures the fragment spectrum. Standard
"depletion spectroscopy" is used to record the optical
spectra [11—17].

The cluster temperature can be estimated from the
Klots equation kgT —D+/24, where k~ is Boltzmann's
constant, and T and Dn+ are the temperature and disso-
ciation energy of the cluster ion, respectively [18]. The
D+ values have been determined experimentally up to
n = 25 [2]; they agree well with recent calculations [1].
For n = 10 one finds Di+p —0.2 eV. For n = 100, an
educated guess (from Fig. 9 of Ref. [2]) gives Dipp
0.58 6 0.02 eV. The estimated cluster temperatures t,hus
increase with cluster size from T(Hgip+) —100 K to
T(Hgipp+) ~ 280 K.

Figures 2 and 3 show selected data for singly charged
and all our data for doubly charged clusters, respectively.
These are the first absorption spectra for mass-selected
mercury clusters, and —to the best of our knowledg"
the erst optical data for multiply charged clusters. Sharp
lines can be seen for small n, which shift [19] to the red
with increasing cluster size. They are probably due to
6s ~ 6p transitions, as indicated in Fig. 1. The width of
both the 6s and 6p bands increases, and the band gap 6
decreases, as a function of the cluster size, which makes
the observed redshift plausible. A closer inspection shows

that there are actually one small and one large maximum,
the latter consisting sometimes of two or three peaks.
This will be discussed in more detail elsewhere [20]. This
Bne structure could possibly be the signature of highly
correlated electrons [21].

At some small n (n & 6 for singly charged, and n & 13
for doubly charged clusters) the intensity of the 6s ~ 6p
lines decreases rapidly, and a broad unstructured maxi-

mum appears at hw & 5.0 eV. As discussed below, this
maximum is identified as a collective, "plasmon" type of
absorption. The spectrum could be measured only up
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FIG. 3. Ex crimep imental photoabsorption spectra of doubl
charged Hg clusters.
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FIG. 2. Exxperimental photoabsorption of the H a
(lowest panel note th

o e g atom
he small triplet absorption at 4.9 eV),

of Hg„+ clusters, and that calculated for a small c
sphere of liquid H itog ( op panel). The vertical scales are per 68
electron. The solid lines for n = 3 to 20o are a 6t to the data.

o e the change of scale between n = 5 and 7.

to 5.9 eV which
'

, which is the high-frequency limit of the BBO
frequency-doubling crystal used. No splittin f th 1i ingo ep as-

case [11—16].
aximum is observed, in contrast to the alkal'-o e a i-metal

The discussion b 1below will be concerned mainly with the
plasmon maximum. The bulk limit, or Mie plasmon can

i y. e p otoabsorption cross section o
for a classical, small sphere of radiu 8 '

ius is given by 22,

)
7r~ s (e((u) —1&

c (e(w) + 2p

Here Im stands fands for imaginary part and e(a) is the com-
plex dielectric function. Using th
tern eratemperature values [6] for ~(u) one obtains the spectrum

o ig. . ne broad maxi-shown in the upper panel of Fi . 2. On

part. This i
R = —,where Re stands for realmum occurs near Re e = —2

p rt. T is is the unambiguous sign of a di ol V'

A Drude-like dielectric function [22—24]
' E .] in q. (1) gives

I'
(~. .). + 12~.

Here cr„(max is th„( ~
'

e value of the cross section at the
maximum. Thehe resonance frequency ~0 and the width of

us er size n. is equationthe resonance hl' depend on clust

spherical alkali [11—16] and silver [17] clusters. T e H
a c cu atedfromEq. (1)

were also found to be well represented by E . (2).
In the Drude

e y q. 2.
e mo el of free-electron motion I' i I

'
n, is re ate

e mean time r between collisions b I' = 1y = r 22].

10 's
'

g the experimental value [6] for r(293 Kr 7 =4.54
s one obtains hl' (free electron) = 1.45 eV. One

calculates hl' (exp) = 1.33 eV from Eq. (1) using the ex-
perimental dielectric function. Th' d'ff

the inHuence ofe in uence of the 5d electrons which dampen the free-
electron Mie plasmon on the hi h-fre
leadin to a shift

e ig - equency side only,
ea ing to a shift of the resonance frequency f 6.12rom . to

e, a narrowing of the plasmon maximum and a
duction of the 68e s oscillator strength from 1 to 0.53 [20],

imum, an a re-

in qualitative agreement with thei e most recent calcula-

Figure 4 shows the location of the maxima of the pho-
toabsorption cross sections. The data are

c ion o n, a value proportional to the inverse
c uster radius. The maxima at hi h hot
nearl inde

a ig p oton energies are
near y in ependent of cluster size and equal to that ca-
culated for the Mie ase ie p asmon. Only a very weak redshift

arges c uster sizes (n = 60,is observed for the three larg t 1 t
, and 100). We therefore identi this m

p absorption. It is surprising that already H +a area y Hg5

&@me position as the Mie plasmon. In contrast, the alkali
clusters show a blueshift [19 h' h
b 0

', w ic can be explained as
eing partly due to a variation of electron s ill-out w'

or g t e ionization energies are much
larger, the spill-out thus reduced, and a smaller shift can
be expected. Note that singly and doubl h
clusters hav

ou y c arged Hg

so br
ave the same plasmon energ . Thy. e maxima are

road, however, that the sm Il h Ra s i seen for neutral
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FIG. 4. Positions of the observed maxima are plotted
against n '~ Ful.l (open) symbols refer to singly (doubly)
charged clusters. The plasmon peaks are nearly independent
of charge state and cluster size, and are equal to the value
calculated for the Mie plasmon. The one data point with the
horizontal error bar is the result of Ref. [5].

and positively charged alkali clusters [12] would not be
noticeable.

Metals and metal clusters show a plasmonlike ab-
sorption. This had led to the widespread, but erro-
neous conviction that plasmonlike behavior is confined
to metallic systems. Indeed bulk insulators like the
alkali halides [25], silicon [26], Csp [27, 28], and even
xenon [29—31] show both single electron and a plasmon
type of absorption. This double-faced behavior follows
directly from the linear response theory of the nonlocal
susceptibility of a medium due to electronic excitations,
which has two contributions, one giving a superposition
of single particle transitions, the other a collective plas-
mon resonance [21, 32].

The width of the plasmon resonances will be discussed
now. The relation

r =r, +A vF/a,

where I p is some intrinsic width, A is a dimensionless
constant, and vF is the Fermi velocity (1.58x10s m/s
for bulk Hg), is usually used to explain the width I' of
cluster plasmon resonances [33]. A fit of Eq. (3) to the
experimental data is given by the solid line in Fig. 5,
giving I'p ——0.49 + 0.05 eV. The value of A depends on
whether the van der Waals (A = 0.41 6 0.03) or metal-
lic (A = 0.37 + 0.02) internuclear distance [1] is used
to calculate the cluster radius R. The cluster tempera-
ture varies by a factor of about 3 between n = 10 and
100, as discussed above, and a strong temperature de-
pendence of Fo is conjectured below. Both effects, taken
together, will lead to an enhancement of A for clusters
having the same temperature. The earliest [34] random-
phase-approximation jellium calculation gives A = 0.2,
while the newest theory [35] gives A = 0.534 for the
case of Hg. A relation similar to Eq. (3) was derived for

FIG. 5. Full width at half maximum of the plasmon peaks.
The one data point with the horizontal error bar is the result
of Ref. [5].

thermally excited clusters [36, 37]; a Gaussian line shape
was predicted for this case, but not observed experimen-
tally. A Gaussian fitted to the data of Hgzp+ (compare
Fig. 2) is 30 times lower than the experimental data at
3.6 eV [20].

The relaxation time ~ is inversely proportional to the
electric resistivity, which thus becomes proportional to
the width I' [24]. A good conductor has a narrow Mie
plasmon. The large Hg Mie plasmon linewidth is thus
due to the poor electric conductivity of bulk Hg at 300
K. The resistivity decreases by a factor of 16.5 from room
temperature to 77 K, and Hg becomes superconducting
at 4.2 K [24]. The bulk and large cluster plasmon width
can thus be expected to decrease dramatically with tem-
perature.

Note that the solid line in Fig. 5 extrapolates to the
"wrong" bulk value. Also all our measured widths are
smaller than that of the bulk Mie plasmon. %e tenta-
tively explain our extrapolated value of Fo = 0.5 eV as
being due to a bulk electric conductivity of Hg at a re-
duced temperature. If this would be true, the plasmon
linewidth could serve as the long sought thermometer for
free clusters, at least in the case of Hg.

The width of the plasmon maximum from Ref. [5] is

larger by 0.45 eV than the calculated bulk value and 0.?5
eV larger than our results in this size range. This is
surprising at first, as we see no difference in the width
of the singly and doubly charged maxima, so the neutral
clusters of Ref. [5] could be expected to be similar. We
speculate that this difference is at least partially due to
a temperature effect. In the experiment of Ref. [5] the
photon beam intersects the cluster beam directly behind
the nozzle, where the clusters have had little time to cool.
The higher temperature would lead to a larger 1 0.

In summary, the optical absorption in small Hg clusters
shows an abrupt transition to a collective, plasmonlike
behavior. The Gs ~ 6J) transition is no longer visible
for n & 10 for singly charged clusters. The n value of
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this transition is doubled for doubly charged ones. The
plasmon energy is nearly independent of cluster size and
charge, while the 6s -+ 6p lines depend strongly on both
parameters. The plasmon position is given by the bulk
Mie plasmon. The plasmon linewidth is a sum. of two
terms, a value independent of cluster size I'0, for which
a strong temperature dependence is conjectured, plus a
contribution proportional to the inverse cluster radius.
The experimental proportionality constant is bracketed
by values from two RPA calculations.
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