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Interband effect in the optical response of strontium clusters

C. Brechignac, Ph. Cahuzac, N. Kali, J. Leygnier, and H. Yoshida
Laboratoire AimeCotton CNRS I, Bament 505, Campus d’Orsay, 91405 Orsay Cedex, France
(Received 14 October 1999

Photoabsorption spectroscopy has been performed on singly charged strontium clystés 8re sizes
n=61, 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.

Group Il atoms have a closed-shgdlelectronic structure. lonized clusters first enter a field-free tube where they are
With two s electrons per atom, these materials should inmass selected by a pulsed electrostatic gate. Cluster ion
principle be insulators in the bulk. Their metallic characterbunches enter a decelerating-accelerating multiplate device
results from a hybridization, leading to a partially empty where they interact with a second pulsed laser. The elec-
conduction band. The neutral dimers of group Il atoms ardronic excitation due to the photon absorption relaxes very
weakly bound by van der Waals forces, leading to binding/apidly among the vibrational modes, providing heating of
energy less than a few tenths of an /13 eV for Sy (Ref.  the cluster. Evaporative cooling occurs during the residence
1)] so that as cluster size increases a nonmetal-to-metal trafime of the droplets within the interaction regiéa few mi-
sition should occur. As has been shown for mercury clusterssroseconds The ion products are mass analyzed by a second
such a transition is not sharp and the behavior of electronigme-of-flight mass spectrometer. However, the unimolecular
properties such as optical absorptfoionization potentiald, ~€vaporation time scale increases with cluster size, causing
and photoemission spectroscéWanges over a range of ten nondetectable dissociation during the observation time win-
to a few hundred atom clusters. This behavior differs comdow after one-photon absorption. For measuring the absorp-
pletely from that observed for alkali atom clusters, whichtion cross section of §f in the 60—200 atom cluster size
exhibit a monotonic trend of their electronic propertiesrange, multistep photon absorption is required, leading to a
against their size, making these species, havingsaadence Poisson distribution of the ionic fragments. The absorption
electron per atom, the prototype of metallic clusfers. cross sectionr®*is deduced from the maximum of the frag-

Little is known about alkaline-earth clusters. Most recentment distribution, assuming that it varies very little with the
studies deal with the atomic geométgnd the most striking number of absorbed photons. When only one evaporative
feature is an icosahedral close-packed structure for Mg, C&hannel is involved, corresponding to a dissociation energy
and Ba atom clusters® We present here results for Sr D, ", the number of evaporations at the maximum intensity
clusters, probing their electronic structure by photoevaporaof the distribution isP,, such that
tion spectroscopy?® This method has been successfully ap-
plied to alkali atom, silver atom, and mercury atom clusters abs
and has revealed the evolution of the collective excitation Prax=ato ¢5<Dn+>' @
with size. In the case of bulk strontium the absorption spec-
trum presents an extended “blue” wing superimposed on thavhere ¢, §, andhv are the photon flux, the laser pulse du-
collective excitation of the conduction electrons, which isration, and the photon energy, respectivel,*) is the
interpreted as an interband transition, implying a strohg average dissociation energy over the whole evaporative se-
electron effect and crystal structuf®So it is of fundamental quence, assumed to be a slowly varying function of the size.
interest to know if this electronic structure is also present fore is a small dimensionless quantity determined (i, ")
clusters and down to what cluster size such behavior can bend the time windows of the experimeht.
observed. Figure 1 shows a typical mass spectrum of singly charged

The principle of the measurements is based on a combstrontium clusters photoionized at 5 eV. One notices that
nation of photoevaporation and mass spectroscopy achievesinall size clusters display predominant ion peak intensities
by a tandem time-of-flight device. The method that we haveat n=11, 19, 23, 34, 43, 52, 61, and 81, which are also
developed previously for alkali atom clusters has been dedominant in doubly charged species. This sequence differs
scribed in detail in Ref. 9. It is especially appropriate forfrom that observed in other alkaline-earth clustérs par-
large-size clusters and leads to the determination of the alticular,n=13 and 55, characterizing the icosahedral compact
solute value of the absorption cross sectiéfi*as a function  structure, do not show large ion peak intensities. This is also
of the photon energy. in contradiction with recent calculations predicting icosahe-

A neutral distribution of clusters is generated by using adral strontium cluster growthMoreover, this ion intensity
gas-aggregation source and photoionized by a uv laser pulgmattern and especially the pronounced drop afte61 has
in the ionizing region of a time-of-flight mass spectrometer.been reported before for rare-earth clusteasd has not yet
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been understood. In contrast with Eu and Yb rare-earth atom i wy =% \JAmn.e%3m,. 3

clusters, beyond $* the intensities in the mass spectrum
present a smooth behavior.

Figure 2 displays typical dissociation spectra of thgSr
parent photoexcited div=3.50eV for two different laser
fluences. From the mass spectrum the maxiniymg, of the

Equation (3) leads tofw,,=4.08eV for strontium, to be
compared to the experimental quantity,=2.75 eV, which
then appears significantly redshifted for clusters in the size

range studied. Such a redshift has also been found for alkali

Lragmtehnt dlhst;lbutt;on '?. obtained. Ust".r;j%sE.#q‘) WE can tﬂe' atom clusters as compared to the Drude plasma frequéncy,
uce the photoabsorption cross sec I we Know the 4 to the crudeness of the free-electron model.

d'sfoc'?tlog energy.dForz t?lz_purp(_)ste_ we have_ peaﬁrformed U 1o go further in the comparison between the photoexcita-
molecular decay and photodissociation experm ron- ion of strontium clusters and the optical properties of the

. i o . . [
tium cluster dissociation proceeds via the evaporation OLqu, we synthesize the absorption cross section of a stron-

. o over)
neutral monomers, §T'H8rn,1+8r. The dissociation en- 4,1 macroscopic sphere from the measured optical con-
ergy varies little with size. In the range=7-100 we found  ¢iontg e(w),® by using the formul

an average dissociation energy; )~1.2+0.1eV.

Figure 3 shows absorption cross section measurements for
the cluster sizes=61, 127, and 200 in the 1.81-5.20 eV Sty
energy range. Photons are provided from the harmonics of a
pulsed Nd-YAG (Yttrium Aluminum Garnek laser associ-
ated with a hydrogen Raman shifter. The uncertainty of the
data is essentially due to the determination of the laser flu- P
ence. It can be estimated ta20%. The behavior of the three
cross sections is very similar, presenting a central core peak-
ing at 2.7 eV with an extended “blue” wing. The absolute
value of the absorption cross section at the maximum in-
creases linearly with the cluster size.

As a first step, the central core of the profile, which is in
the energy range of the plasma frequency, can be interpreted Prax.
in terms of collective excitation of a metallic sphere. For
spherical metallic particles, the radius of which is much

max.

.
Sria7

lon Signal

smaller than the wavelength, the absorption cross section is 80 -0 40 20 0
T.O.F. (usec)
w?’T? . o
o )= ™ 03 2 FIG. 2. Photodissociation spectra of the$f parent cluster.
(0= wp) + T The depletion hole in the parent ion peak results from the loss of

. . photoexcited clusters, which evaporate sequentiglljnonomers
wherel is the width of the resonance aag) the frequency  znq give rise to the broad pseudo-Gaussian fragment distribution.

at its maximum. Fitting the central part of the experimentalp _ is the number of monomers lost at the maximum intensity of
profiles with Eq.(2), one gets for all three sizésw;=2.75  the distribution. The excitation photon energyhis,=3.50 eV;
=0.1eV, andl'=1.3=0.2eV. From the Drude model, the the laser fluence is 87 mW/c&for the upper trace and 48 mw/ém
plasma frequencw,, of a metallic sphere is connected to its for the lower trace. The origin of the relative time scale is the parent
electron densityn,: cluster time of flight.
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FIG. 4. Continuous line: cross section profile of a macroscopic
0.0 sphere having the dielectric constant of the bulk. Short-dashed line:
) experimental cross section profile forgSr (guide to the eye from
measurement data, open cirglesong-dashed line: cross section
20.0 profile for spherical metallic particles of strontium in vac(ater
Ref. 17). The profiles are normalized at their maximum value. Ver-
tical arrows indicate the resonance transitions ofright) and Sg
10.0
(left).
99,7 20 20 6.0 constants and those observed for clusters. It is remarkable
hy (eV) that they can be superimposed provided only that a scaling

energy factor is applie@Fig. 3, continuous curvesThe best
FIG. 3. Cross section profiles for the sime=61, 127, and 200. agreement, i.e., the minimum of the standard deviation, is
Continuous line: fit from Eq(4) taking the bulk dielectric function Obtained by setting this fitting parameter to the value 0.8
(cf. curve of Fig. 4 and including an energy scaling factst0.8. +0.2. This leads tdiwy=2.7-0.1 eV for the free-electron
Dashed line free-electron contribution, E8g). part of the profile, a value already obtained by a direct fitting
with Eq. (2). The experimental value af?*S normalized to

Ao e(w)—1 the valence electron number, is comparable to that obtained
o(w)=—; R® Im( () +2 for the “macroscopic” sphere. It has been mentioned in Ref.
10 that there is a correlation between the optical constant of
247°R3 é(w) materials sharing a common crystal structure. So the use of
Y [e1(w)+2]%+ eg, (4) bulk values fore(w) and of a spherical symmetry in EG)

raises the question of the role of the crystal structure in the

wheree,(») and e,(w) are the real and imaginary parts of o(w) _pr0f|le. Actually, under our experimental conditions,
the bulk dielectric function. From reflectrometry measure-Strontium clusters are hot and in a molten phidsor such
ments described in Ref. 10 one obtains the absorption crod©PPYy objects the atomic structure is compact, close to a
section profile of a “macroscopic” metallic sphe(Eig. 4). sphere, whatever is the crystal structure of the corresponding
It presents two peaks. The dominant one, peaking at 3.4 eWoulk material. It is reasonable to conclude that the correspon-
is associated with the collective excitation of valence elecdence between experimentaiw) profiles and those de-
trons. The structure peaking around 7 eV has been inteduced from Eq.(4) disentangle the role of electrons, espe-
preted as interband transitions, implying stromglectron  cially in the higher-energy domain of Fig. 3, from that of the
effects® In the same figure the measured absorption crosshape or crystal structure. Moreover, this correspondence in-
section of colloidal metallic spherical particles of strontiumdicates also that a “nonmetal-to-metal transition” is
having dimensions typically in the 3—20 nm rar{@e., 2000  achieved for strontium clusters having more than 61 atoms
to 10° atoms, described in Ref. 17, is represented by theand that hybridization betwees) p, andd state is already
long-dashed line, as well as our measurements fg{'Sr  present for such small sizes. Although the phenomenologic
The two arrows mark the positions of thes%1S;)  scaling factor cannot be explained yet, one must keep in
—5s5p(1P;) resonance line of S£ and of the correspond- mind that a redshift in the observed resonance frequency for
ingAls " —X 129+ transition of S, '® which should develop  alkali atom clusters has been attributed to electron-ion inter-
the collective excitation of electrons as cluster size in- action and to a size-dependent spill-out effédn the case
creases. It has to be noted that the absorption cross sectionaffthe alkaline-earth clusters, these contributions may play a
large particle¥ closely approaches the profile of a “macro- role. Since both the collective excitation and interband tran-
scopic” strontium sphere, whereas the central part of thesition are shifted as a whole, these two effects are strongly
absorption profile of 35 peaks near the resonance line of correlated.
Sr. In conclusion, the results reported here show that stron-
What is probably the most interesting aspect is the striktium clusters with only sixty atoms present optical properties
ing similarity between the profile deduced from bulk optical very similar to those of the bulk material. These similarities
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to bulk properties are present not only for collective excita-a metal-to-nonmetal transition is expected to occur. These
tion but also through the interband contribution to the ab-measurements are possible using another experimental
sorption spectrum profiles. More extended measurements torethod based on the laser fluence dependence of the first
ward small sizes should determine the domain of size wherevaporated ion peak fragmefit.
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