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Interband effect in the optical response of strontium clusters
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Photoabsorption spectroscopy has been performed on singly charged strontium clusters Srn
1 for the sizes

n561, 127, and 200, in the 1.8 to 5.2 eV energy range. Superimposed on the giant resonance, related to the
Mie plasma resonance of a metallic sphere, the spectra reveal an extended wing in the high-energy range
attributed to interband transitions. Evidence of striking correspondence with the absorption spectrum of a
macroscopic sphere obtained from the measured real and imaginary parts of the bulk strontium dielectric
function is shown.
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Group II atoms have a closed-shells2 electronic structure.
With two s electrons per atom, these materials should
principle be insulators in the bulk. Their metallic charac
results from a hybridization, leading to a partially emp
conduction band. The neutral dimers of group II atoms
weakly bound by van der Waals forces, leading to bind
energy less than a few tenths of an eV@0.13 eV for Sr2 ~Ref.
1!# so that as cluster size increases a nonmetal-to-metal
sition should occur. As has been shown for mercury clust
such a transition is not sharp and the behavior of electro
properties such as optical absorption,2 ionization potentials,3

and photoemission spectroscopy4 changes over a range of te
to a few hundred atom clusters. This behavior differs co
pletely from that observed for alkali atom clusters, whi
exhibit a monotonic trend of their electronic properti
against their size, making these species, having ones valence
electron per atom, the prototype of metallic clusters.5

Little is known about alkaline-earth clusters. Most rece
studies deal with the atomic geometry6 and the most striking
feature is an icosahedral close-packed structure for Mg,
and Ba atom clusters.7,8 We present here results for Srn

1

clusters, probing their electronic structure by photoevapo
tion spectroscopy.5,9 This method has been successfully a
plied to alkali atom, silver atom, and mercury atom clust
and has revealed the evolution of the collective excitat
with size. In the case of bulk strontium the absorption sp
trum presents an extended ‘‘blue’’ wing superimposed on
collective excitation of the conduction electrons, which
interpreted as an interband transition, implying a strongd
electron effect and crystal structure.10 So it is of fundamental
interest to know if this electronic structure is also present
clusters and down to what cluster size such behavior ca
observed.

The principle of the measurements is based on a com
nation of photoevaporation and mass spectroscopy achi
by a tandem time-of-flight device. The method that we ha
developed previously for alkali atom clusters has been
scribed in detail in Ref. 9. It is especially appropriate f
large-size clusters and leads to the determination of the
solute value of the absorption cross sectionsabsas a function
of the photon energy.

A neutral distribution of clusters is generated by using
gas-aggregation source and photoionized by a uv laser p
in the ionizing region of a time-of-flight mass spectromet
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Ionized clusters first enter a field-free tube where they
mass selected by a pulsed electrostatic gate. Cluster
bunches enter a decelerating-accelerating multiplate de
where they interact with a second pulsed laser. The e
tronic excitation due to the photon absorption relaxes v
rapidly among the vibrational modes, providing heating
the cluster. Evaporative cooling occurs during the reside
time of the droplets within the interaction region~a few mi-
croseconds!. The ion products are mass analyzed by a sec
time-of-flight mass spectrometer. However, the unimolecu
evaporation time scale increases with cluster size, cau
nondetectable dissociation during the observation time w
dow after one-photon absorption. For measuring the abs
tion cross section of Srn

1 in the 60–200 atom cluster siz
range, multistep photon absorption is required, leading t
Poisson distribution of the ionic fragments. The absorpt
cross sectionsabs is deduced from the maximum of the frag
ment distribution, assuming that it varies very little with th
number of absorbed photons. When only one evapora
channel is involved, corresponding to a dissociation ene
Dn

1 , the number of evaporations at the maximum intens
of the distribution isPmax such that

Pmax5a1sabsfd
hn

^Dn
1&

, ~1!

wheref, d, andhn are the photon flux, the laser pulse d
ration, and the photon energy, respectively.^Dn

1& is the
average dissociation energy over the whole evaporative
quence, assumed to be a slowly varying function of the s
a is a small dimensionless quantity determined by^Dn

1&
and the time windows of the experiment.9

Figure 1 shows a typical mass spectrum of singly char
strontium clusters photoionized at 5 eV. One notices t
small size clusters display predominant ion peak intensi
at n511, 19, 23, 34, 43, 52, 61, and 81, which are a
dominant in doubly charged species. This sequence dif
from that observed in other alkaline-earth clusters.11 In par-
ticular,n513 and 55, characterizing the icosahedral comp
structure, do not show large ion peak intensities. This is a
in contradiction with recent calculations predicting icosah
dral strontium cluster growth.8 Moreover, this ion intensity
pattern and especially the pronounced drop aftern561 has
been reported before for rare-earth clusters12 and has not yet
7280 ©2000 The American Physical Society
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FIG. 1. Mass spectrum of Srn
1 clusters pho-

toionized at photon energyhn i55 eV.
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been understood. In contrast with Eu and Yb rare-earth a
clusters, beyond Sr61

1 the intensities in the mass spectru
present a smooth behavior.

Figure 2 displays typical dissociation spectra of the Sr127
1

parent photoexcited athn53.50 eV for two different laser
fluences. From the mass spectrum the maximumPmax of the
fragment distribution is obtained. Using Eq.~1! we can de-
duce the photoabsorption cross sectionsabs if we know the
dissociation energy. For this purpose we have performed
molecular decay and photodissociation experiments.13 Stron-
tium cluster dissociation proceeds via the evaporation
neutral monomers, Srn

1→Srn21
1 1Sr. The dissociation en

ergy varies little with size. In the rangen57 – 100 we found
an average dissociation energy^Dn,1

1 &'1.260.1 eV.
Figure 3 shows absorption cross section measurement

the cluster sizesn561, 127, and 200 in the 1.81–5.20 e
energy range. Photons are provided from the harmonics
pulsed Nd-YAG ~Yttrium Aluminum Garnet! laser associ-
ated with a hydrogen Raman shifter. The uncertainty of
data is essentially due to the determination of the laser
ence. It can be estimated to620%. The behavior of the thre
cross sections is very similar, presenting a central core p
ing at 2.7 eV with an extended ‘‘blue’’ wing. The absolu
value of the absorption cross section at the maximum
creases linearly with the cluster size.

As a first step, the central core of the profile, which is
the energy range of the plasma frequency, can be interpr
in terms of collective excitation of a metallic sphere. F
spherical metallic particles, the radius of which is mu
smaller than the wavelength, the absorption cross sectio

sabs~v!5smax
v2G2

~v22v0
2!21v2G2 , ~2!

whereG is the width of the resonance andv0 the frequency
at its maximum. Fitting the central part of the experimen
profiles with Eq.~2!, one gets for all three sizes\v052.75
60.1 eV, andG51.360.2 eV. From the Drude model, th
plasma frequencyvM of a metallic sphere is connected to i
electron densityne :
m

i-

f

for

a

e
-

k-

-

ed
r

is

l

\vM5\A4pnee
2/3me. ~3!

Equation ~3! leads to\vM54.08 eV for strontium, to be
compared to the experimental quantity\v052.75 eV, which
then appears significantly redshifted for clusters in the s
range studied. Such a redshift has also been found for a
atom clusters as compared to the Drude plasma frequen14

due to the crudeness of the free-electron model.
To go further in the comparison between the photoexc

tion of strontium clusters and the optical properties of t
bulk, we synthesize the absorption cross section of a st
tium macroscopic sphere from the measured optical c
stants,e(v),15 by using the formula16

FIG. 2. Photodissociation spectra of the Sr127
1 parent cluster.

The depletion hole in the parent ion peak results from the loss
photoexcited clusters, which evaporate sequentiallyp monomers
and give rise to the broad pseudo-Gaussian fragment distribu
Pmax is the number of monomers lost at the maximum intensity
the distribution. The excitation photon energy ishnexcit53.50 eV;
the laser fluence is 87 mW/cm2 for the upper trace and 48 mW/cm2

for the lower trace. The origin of the relative time scale is the par
cluster time of flight.
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s~v!5
4pv

c
R3 ImS e~v!21

e~v!12D
5

24p2R3

l

e2~v!

@e1~v!12#21e2
2 , ~4!

wheree1(v) ande2(v) are the real and imaginary parts
the bulk dielectric function. From reflectrometry measu
ments described in Ref. 10 one obtains the absorption c
section profile of a ‘‘macroscopic’’ metallic sphere~Fig. 4!.
It presents two peaks. The dominant one, peaking at 3.4
is associated with the collective excitation of valence el
trons. The structure peaking around 7 eV has been in
preted as interband transitions, implying strongd electron
effects.10 In the same figure the measured absorption cr
section of colloidal metallic spherical particles of strontiu
having dimensions typically in the 3–20 nm range~i.e., 2000
to 106 atoms!, described in Ref. 17, is represented by t
long-dashed line, as well as our measurements for Sr61

1 .
The two arrows mark the positions of the 5s2(1S0)
→5s5p(1P1) resonance line of Sr,18 and of the correspond
ing A 1Su

1→X 1Sg
1 transition of Sr2,

19 which should develop
the collective excitation ofs electrons as cluster size in
creases. It has to be noted that the absorption cross secti
large particles15 closely approaches the profile of a ‘‘macr
scopic’’ strontium sphere, whereas the central part of
absorption profile of Sr61

1 peaks near the resonance line
Sr.

What is probably the most interesting aspect is the st
ing similarity between the profile deduced from bulk optic

FIG. 3. Cross section profiles for the sizen561, 127, and 200.
Continuous line: fit from Eq.~4! taking the bulk dielectric function
~cf. curve of Fig. 4! and including an energy scaling factor30.8.
Dashed line free-electron contribution, Eq.~2!.
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constants and those observed for clusters. It is remark
that they can be superimposed provided only that a sca
energy factor is applied~Fig. 3, continuous curves!. The best
agreement, i.e., the minimum of the standard deviation
obtained by setting this fitting parameter to the value
60.2. This leads to\v052.760.1 eV for the free-electron
part of the profile, a value already obtained by a direct fitti
with Eq. ~2!. The experimental value ofsabs, normalized to
the valence electron number, is comparable to that obta
for the ‘‘macroscopic’’ sphere. It has been mentioned in R
10 that there is a correlation between the optical constan
materials sharing a common crystal structure. So the us
bulk values fore(v) and of a spherical symmetry in Eq.~4!
raises the question of the role of the crystal structure in
s(v) profile. Actually, under our experimental condition
strontium clusters are hot and in a molten phase.20 For such
floppy objects the atomic structure is compact, close t
sphere, whatever is the crystal structure of the correspon
bulk material. It is reasonable to conclude that the corresp
dence between experimentals(v) profiles and those de
duced from Eq.~4! disentangle the role of electrons, esp
cially in the higher-energy domain of Fig. 3, from that of th
shape or crystal structure. Moreover, this correspondence
dicates also that a ‘‘nonmetal-to-metal transition’’
achieved for strontium clusters having more than 61 ato
and that hybridization betweens, p, andd states21 is already
present for such small sizes. Although the phenomenolo
scaling factor cannot be explained yet, one must keep
mind that a redshift in the observed resonance frequency
alkali atom clusters has been attributed to electron-ion in
action and to a size-dependent spill-out effect.14 In the case
of the alkaline-earth clusters, these contributions may pla
role. Since both the collective excitation and interband tr
sition are shifted as a whole, these two effects are stron
correlated.

In conclusion, the results reported here show that str
tium clusters with only sixty atoms present optical propert
very similar to those of the bulk material. These similariti

FIG. 4. Continuous line: cross section profile of a macrosco
sphere having the dielectric constant of the bulk. Short-dashed
experimental cross section profile for Sr61

1 ~guide to the eye from
measurement data, open circles!. Long-dashed line: cross sectio
profile for spherical metallic particles of strontium in vacuo~after
Ref. 17!. The profiles are normalized at their maximum value. V
tical arrows indicate the resonance transitions of Sr~right! and Sr2
~left!.
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to bulk properties are present not only for collective exci
tion but also through the interband contribution to the a
sorption spectrum profiles. More extended measurement
ward small sizes should determine the domain of size wh
5

y

d

-
-
to-
re

a metal-to-nonmetal transition is expected to occur. Th
measurements are possible using another experime
method based on the laser fluence dependence of the
evaporated ion peak fragment.22
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