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The charge localization process in ecluster ions N=40-20000) is investigated with
fluorescence spectroscopy methods. New discrete and continuous luminescence bands in the visible
and near infrared spectral range are observed and are assigned to radiative transitions of ionic
dimers, trimers and tetramers inside Xe clusters. The bands are related topt®,5

—5p° 2Py, transition of electronically excited atomic Xe ions and the—66s transitions of
electronically excited Xe neutrals. The dependence of the size of the ionic centers on the Xe cluster
size is discussed. In large clusters discrete lines are due to embedded dimer emission and they are
identified as 2(1/2)—1(3/2), transitions between different vibrational levels. Line positions are
blue-shifted by 30 £1) meV with respect to free molecular dimer ions. The energy shift is due to

the interaction of the surrounding neutral Xe cluster atoms with the embedded ionic Xe
molecules. ©2002 American Institute of Physic§DOI: 10.1063/1.1463441

I. INTRODUCTION on the structure and stability of rare gas cluster ibrs.

. . ecently, the relaxation dynamics of photoionized Xe clus-
The geometrical and electronic structure of neutral an

. _ . ers and the role of radiative processes in the formation of
ionic rare gas clusters has attracted considerable interest fgfuster ions was studied As an extension of these studies
many years. Because of their relative simplicity, they can b . '

. Sve present results obtained by high-resolution fluorescence
regarded as model systems for m_sulat.ors. Neutral rare gas?)ectroscopy, which enabled us to analyze the previously
clusters are pouqd by weak, undlrec_t lonal van d er Wgal bserved features in more detail and to observe several new
forces. T.h's situation changes drama'tlcally after.'omzatlor?'emission bands. In this contribution, we discuss the evolu-
The posmve charge te_:nds to delocall_ze due to mt_era_toml on from tetramer to trimer ionic cores in small cluster ions
hopping. At the same time the charge induces polarization o

th di i Th W it N<100) and the merging into dimer centers in the bulk
€ surrounding atoms. 1n€se WO processes are COMpeltivg, iy tne radiative processes after photoexcitation and the
The interplay of the kinetic energy of the hole and the inter-

. . ) influence of the neutral cluster atoms on the electronic and
atomic Coulomb energy due to dipole—dipole and

. . ; _geometrical structure of Xgclusters is investigated. To our
monopole—dipole interactions depends on the cluster S|zg

dis of fund tal i ; for the ch distributi nowledge, these are the first experimental results covering a
and 1S ot fundamental Importance for the charge distrioution g, range up to 20 000 atoms, which allows us to follow the

Whether the charge Io'cahzes on a dlmgr, trimer, tetramer o harge localization process up to the final dimer core in the
even larger core is still under discussion, although sever ulk solid

detailed investigations have focused on this issti&ccord-

ing to theoretical work the charge delocalization favors the

formaFlon of large centers, Whlle_the polarlzat_|on of the SUr EXPERIMENT

rounding atoms becomes larger if the charge is concentrated.

Therefore, one can expect that dimer centers are formed in The measurements were performed at the experimental

very large clusters, if we recall that the polarization energystation CLULU at the synchrotron radiation laboratory HA-

increases with cluster size. For the smallest cluster, th&YLAB in Hamburg. A detailed description is given

dimer, charge localization takes obviously place on theelsewheré? In brief, Xe clusters were prepared in a super-

dimer, while in an intermediate size range trimer and tetsonic expansion through conical nozzid90 and 200um

ramer ions can be formed. An open question in this context isliam, 15° and 4° opening cone angle, respectivalyith a

how many atoms are needed, in order to allow a dimer coretagnation pressure of 300—2500 mbar and a nozzle tempera-

localization, which is the favored center in bulk rare gasture of 200—300 K the average cluster sizeNoftoms per

solids?® cluster varied between 40 and 20000. Cluster sizes were
Many theoretical and experimental results are availableletermined with the help of well-known scaling lafvs;*
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x 235 K. p-d%ss
N=33~(1000) with F*Zw. (1)

The width (FWHM) AN of the size distribution is approxi-
mately N. Monochromatic synchrotron radiation in the en-
ergy range between 8-14.5 eV was focused on the cluste
beam 5 mm downstream from the nozzle. The photoexcitec
Xe clusters emitted fluorescence light, which was detectec
spectrally undispersed by two different photomultipliers cov- —
ering the energy range from 8 to 30 eV and 2 to 6 eV. For >
spectrally resolved measurements in the visible and near.®,
infrared spectral range a commercial 0.275 m Czerny—2
Turner-type monochromator equipped with three gratings 2
(150 I/mm for overview spectra, 1200 I/mm for high resolu- PC.Z
tion) was used. The spectral resolution with the 1200 I/mm =
gratings is ~1meV and with the 150 I/mm grating
~10 meV at 1.5 eV. The monochromator was coupled to the
experimental chamber with a lens system consisting of two
LiF/Suprasil-achromats in order to minimize chromatic and
spherical aberration. A liquid nitrogen cooled CCD camera
attached to the monochromator was used to record the fluo
rescence spectra. This improved detection system allowed u
to record spectra with substantially better quality than in pre-
vious measurements.

1. RESULTS AND DISCUSSION L 1 e b L e b b
12 13 14 15 16 17 18 19 20 21 22

emission energy [eV]

Photoexcited Xg cluster ions emit broad luminescence
bands in the visible and near infrared spectral rangehe
main features in the fluorescence spectia € 13.48 eV)  FiG. 1. Fluorescence in the visible and near-infrared spectral range follow-
are two groups of cluster-specific bandsll) shown in Fig.  ing photoionization of Xg clusters(lower part: 46<N<280 and upper part:

1. Kanaevet al. interpreted these emission bands within thef’00<'§j'3220053t51§'548 teV- T_ft‘,e S"l:Ctur?;a'db'tC’ g 5)‘(”“_@ are fde's“?d tot
Frenkel exciton model assuming the charge to be delocalizeffe %° =50 "o tanston f e stomc Xelone and bl o
on small emitting centers inside the clustérShe bands are fyorescence spectrum of edoped Negsy Clusters is given in the upper
attributed to radiative transitions between spin—orbit splitinset. In the lower inset a sharp line of the vibrational structure ,oise
states related to theps 2P,,—5p® 2P, transitions of ex-  shown and the experimental resolution is indicated.

cited atomic Xe iongsee Fig. 3 With increasing cluster size

band | is red shifted. The observed variation of the center of

the band shows a logarithmic dependence on the cluster sizke seen in the lower inset of Fig. 1 by subtracting the con-
which is consistent with the Frenkel exciton modfelThe tribution of band (g) and averaging over a set of spectra.
intensity variation of band | and Il with the cluster size is Band (g) decreases in intensity with increasing cluster size.
explained by the change of the cluster temperattihecreas-  The energy positions of band ¢, ,eand @ show no signifi-
ing cluster size leads to a lower cluster temperature, since theant variation with cluster size.

energy released during the ionization process is distributed High-resolution spectra for large cluster ions excited at
over the entire clustét hw=13.48 eV are shown in Fig. 2. A vibrational structure of

Due to our improved detection system we can now ob-e; containing many discrete lines is observed. Besides this
serve some fine structure in band | and Il. Five bands labeletholecular progression, two intense atomic transitions at
a, b, ¢, ¢, and e can be seen. In the spectral range of bandl.506 eV and 1.497 eV are also observed. They are assigned
I, we observe two overlapping bands. We labeled the band® the 6[ 3/2],— 6s[3/2], and & 1/2],— 6] 3/2], transi-
at 1.92-1.90 eV(a) and at 1.80-1.79 e\b). Recently per- tions of neutral Xe atom¥ These unshifted atomic lines
formed measurements on yeluster ions embedded in cold indicate that excited Xe atoms may desorb from the cluster
Ne clusters show the splitting of band | in great detail, whichsurface during the relaxation process. Direct excitation of Xe
is shown in the inset of Fig. 1 and which will be discussed inatoms intop-symmetric states is forbidden because of dipole
a forthcoming paper® Band Il contains a continuous band selection rules. Therefore, we can dismiss the possibility that
(c) at 1.62 eV, which decreases in intensity with increasinghe lines are due to excited atoms in the background gas,
cluster size and an additional band, )&t 1.49 eV, which which is always in the beam. The desorption of excited at-
becomes dominant for large clustetd>400). For small oms and molecules has recently been observed in light rare
clusters N<100) band (@ has a shoulder (& on the low  gas cluster§He, Ne and is obviously an important relax-
energy side located at 1.32 eV. Although, the count rate istion channel in these systetis® Xe clusters however,
rather low a sharp line of a vibrational structure of)(ean  show strong desorption and predissociation processes only
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FIG. 2. Fluorescence in the near-infrared spectral range following photoion-

ization of Xg, clusters(N=300, 2000, and 20 00Gat 13.48 eV measured FIG. 3. Schematic potential curves of Xdrom Ref. 11 including the rel-
with high spectral resolution. The progression is identified as 2(1/2) evant transitions.

—1(3/2), transitions of different vibrational levels. The line positions are

blueshifted by 30 meV with respect to free molecular Xe ions. The experi-

mental resolution is indicated in the figure. . . .
9 are no optical features in the bulk of solid rare gases because

the charged vacancies are neutralised too fast. Nevertheless,
if the temperature is low enough to prevent the release of the
for small clusters containing less than ten atdthBesorp-  electrons from their traps in the lattice, the self-trapped holes
tion occurs if the interaction between the electronically ex-are stable and can be spectroscopically investig&t&tSo
cited atom and the surrounding atoms is repulsive. Whethéfar, it has always been assumed that in the bulk solid local-
the interaction is attractive or repulsive depends on the eledzation takes place on a dimer ion. Our measurements can
tron affinity. If the electron affinity is negative, electrons andgive a deeper insight into charge localization processes in the
to some extend electronically excited atoms are repelled bgize range between 40 and 20 000 atoms per cluster. For the
their surrounding. As a result, cavities are formed and defargest clusters the development of bulk solid properties is
sorption takes place once the cavity approaches the Slfﬁaceexpected.
In this context it is important to mention that the electron ~ We now assign the emission bands a, b,;¢,ad g to
affinity of Xe clusters varies with size. According to calcu- dimers, trimers, and tetramers. For the dimer on the basis of
lations the electron affinity is negative for Xe clusters con-Xe, potential curves shown in Fig. 3 we can only expect two
taining less than~ 10 atoms?! For large clusters it is posi- transitions with considerably oscillator strength-at.3 eV
tive. Thus, desorption is expected to happen only in small X2 (1/2),—1(3/2)y) and~1.52 eV(2(1/2);—1(1/2),). For
clusters. Small excited Xgclusters N<10) may result the analysis we used the spectroscopic constants given in
from the strong fragmentation process following photoion-Table 12° If we assume the formation of larger ionic cores
ization. Another possible explanation is the recombination othan the dimer, potential surfaces have to be considered.
ions and electrons, which leads to highly excited neutral XeModel calculations by Amarouchet al. show that the most
atoms. stable structures of holes inside small Xelusters N
For the interpretation of the progression of discrete lines<19) are linear Xg¢ and Xe . Trimers have a binding en-
(e; and g) and the continuous emission barfds b, and &  ergy of 0.36 eV with respect to the Xe- Xe asymptote. The
one should keep in mind that it is now widely accepted, thaienergy gain due to hole-delocalization on the third atom is
after ionization trimer and tetramer centers are formed insid@.25 eV. Polarization forces due to charged induced dipoles
small clusters. Haberlandt al. measured photoabsorption lead to a gain of 0.11 eV. Tetramers are bound by 0.15 eV
cross sections of mass selectedX@usters, 3<N=<30, and  with respect to X¢+Xe. In case of Xg the calculations
found two distinct families of cluster ions, with either linear give 0.06 eV due to the delocalization energy and 0.09 eV
trimer or tetramer cores.In small Xg, clusters N due to the polarization enerdyn these calculations the ex-
=13, 19), the ground state charge distribution was expecte@tence of a stable Xecore is excluded because increasing
to be 0.25 : 0.5 : 0.25 for a trimer ionic core and 0.1 : 0.4 :the extent of delocalization is no longer more stabilizing than
0.4 : 0.1 for a tetramer ionic core, respectiveljhe neutral
adatoms are arranged in rings of 5 atdmighere is experi-
mental evidence that the clusters containing less than 30 atABLE I. Spectroscopic constants for the 2(1f2)2(1/2),, 1(3/2)y, and
oms fluctuate between the two structures on a time scal&(1/2), states taken from Ref. 25.
faster than 10—15 risHowever, later calculations by Garcia

) States Te (cm™h) D, e WeXe
et al. suggested a tetramer core for<IB<300 but with a
charge localization of 95% on one of the four atdhihese g(lg)g 187 ggo 5:722 <43096 o a5
calculations were in good agreement with measurements of 18’/2;“ 19672087 1822 55 36 0.484
the ionization potential of Xg clusters’?> Charge solvation 1(1,2)3 90 107 7923 123.41 0.486

has also been studied for liquid and solid rare gasesere
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T E— — T T T T —T In order to minimize the amount of free parameters, the en-
L j ergy positions for bancc), (d), (e;), and (g) were fixed for
all cluster sizes and a logarithmic energy shift of bafajs
and (b) was allowed as already discusséd:he FWHM of
the different bands were also kept constant for all cluster
sizes:(a, 0 145 meV,(b, d 140 meV, ande;, &,) 135 meV.
The theoretically estimated transition energies for the differ-
ent cores are marked with arrows. The discrepancy of the
measured energy positions to the estimated ones is less than
5%. As a result, we assume that bagl and (b) belong to
tetramer and trimer transitions related to 2(}/2)
—1(1/2),. Band(c) and (d) belong to tetramer and trimer
transitions related to 2(1/2)»1(3/2),. The question of
whether there is a contribution of dimer transitions 2(4/2)
—1(1/2), to the intensity of bandd) in large clusters and
why the dimer emission 2(1/g)»1(1/2), is missing in
small clusters will be discussed later. Band)(belongs to
dimer transitions related to 2(1/2)»1(3/2),. The increas-
ing bandwidth related to Xe, Xe; , and Xg can be ex-
plained by the increasing number of different structural iso-
mers with slightly different transition energies, which leads
to a broadening of bands. This is in agreement with results of
recent investigations on the photofragmentation process in
small Xg; clusters, where experimental evidence for linear
and T-shaped isomers was fouffdTheoretical studies have
revealed many different local minima on the associated po-
2.2 tential energy surfaces that correspond to a range of struc-
emission energy [eV] tural isomers. In cold Ne and He clusterd0 K and 0.4 K,
respectively structural changes of embedded molecules are
FIG. 4. Fluorescence in the visible and near-infrared spectral range followsuppressed, because of the low temperattir@herefore,
ing photoionization of Xg clusters(N=40 andN=1200 at 13.48 eV. The the number of Occurring isomers in doped clusters and the
structuresa, b, ¢, d, ¢, and g) are fitted with Gaussian curves. The theo- ., agnonding bandwidth in the fluorescence spectrum is re-
retically estimated dimer, trimer and tetramer transitions are indicated in the . . .
figure. To justify the introduction of the additional bafu the fluorescence  duced, which enables us to observe the splitting of bands in
spectrum of XgNesgyois sShown in the inset, where bard) is observed.  detail*®
Using high-resolution spectroscoflfig. 2), we can as-
sign the progression (kto dimer emissions of Xg embed-
polarizing appropriately positioned atoms around a smallefled inside neutral Xe clusters. Using the spectroscopic con-
core. The binding energy of a linear Xecenter is actually ~stants given in Table |, they are identified as 2(1/2)
0.02 eV above the lowest minimum of the tetrarhdihe —1(3/2), transitions of different vibrational levelsu(
effect of polarization is of similar strength for ground and =22, 23,24, 25,26,.-»0v"=0,1,...)%® Xenon has nine
excited states but only the ground state potential is stronglyaturally occurring isotopes with an abundance weighted av-
affected by the stabilization due to charge delocalizationerage mass of 131.3 arfult is well known that the shifts in
Therefore, we have to consider only delocalization effects insotopic vibrational energies will become significant at high
order to estimate the resulting six transition energies of theibrational level® Therefore, peaks with high quantum num-
different ionic subsystems. Corresponding to the dimer tranbers will be broadened and eventually be washed out. Con-
sitions at~1.3 eV and~1.52 eV and the energy gain due to sidering this effect, we have calculated the shifts of dtie
hole delocalization, we expect the trimer transitions at=26—v”=0 transition taking isotopes into account with a
roughly 1.3+0.25=1.55eV and 1.520.25=1.77 eV, re- natural abundance of more tharl % 28~*°We obtain a line
spectively. The estimated Xetransition energies are there- broadening of 0.16 meV, which is clearly smaller than the
fore 1.55+0.06=1.61 eV and 1.7#0.06=1.83 eV, respec- spectral resolution at 1.5 e meV). The line positions are
tively. blueshifted by 30 £1) meV with respect to free molecular
In Fig. 4, clusters of around 40 and 1200 atoms are preXe ions. The small energy shift is due to an attractive inter-
sented. We used six Gaussian-fitting curves to reproduce ttrection of surrounding matrix atoms on the embedded dimer
spectra. Although, in the fluorescence spectra of pure Xén. There is no difference in line position and shape on
clusters only five emission bands are clearly observ@qlb, = comparing spectra for Xeclusters containing 300—20 000
c, g, and @), the introduction of bandd) is justified by the atoms. Taking the icosahedral structure of rare gas clusters
above mentioned measurements on embedded Hesters  with closed shells foN=13, 55, 147, 309, ... etc. into ac-
in cold Ne clusters. The XgNes5q, Spectrum shown in the count, this is an indication that the interaction is restricted to
inset of Fig. 4 enables us to observe béddexperimentally.  the first two or three shells of matrix atoms around the ionic

intensity [a. u.]

20 22

W) N e

1.2 13 14 15 16 1.7 18 1.9 20 21
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dimer center. To our knowledge, this is the first example of a 1.0 —r——rrrq —— g :

discrete vibrational spectrum of an ionic dimer center. One L o S e0¢
should mention that there is an important difference in the g | ﬁ' o U{Q %Q i
origin of band (¢) and (g). Both are related to 2(1/2) | = z QJQ:O

—1(3/2), transitions of excited ionic dimers, but,)ebe-
longs to partially relaxed dimer ionmside the clusters,
while (&) is due tofree hot dimer ions. The weak structure
of (&) shown in the inset of Fig. 1 is due to transitions from
very high vibrational levels «'=57/58-v"=0
—n solid line). We have to point out, that it is not possible
to reproduce the transition energy of;ewith the spectro-
scopic constants of g without shifting the potential curves.
The matrix-shift is absolutely necessary and gives strong evi-
dence that the partially relaxed dimer ions are inside the
cluster.

We assume that the free dimer ions in 2 (1/2jates with
a high degree of internal energy result from fragmentation
processes following photoionization of small clusters. This is
in principal agreement with photofragmentation data recently
presented by Kirkwooet al, in which the kinetic energies
of fast neutrals ejected from photoexcited;Avas measured
and remaining dimer ions with a high degree of internal en-
ergy were observetf.One can expect that this observation is
also valid for small Xe clusters. For large Kelusters (\ 100 1000
>100) the intensity of band ¢g decreases because the
amount of small clusters in the beam is decreasing. The same
argument explains why band) for large clusters is mainly FiG. 5. Relative abundance of dimer, trimer and tetramer ionic centers as a
due to trimer core transitions and that the contribution offunction of cluster size.
dimers in 2(1/2) states is rather low. Ban@i) appears for
clusters larger than 100 atoms. In this size regime, the
amount of small clusters in the beam, which fragment inton
“hot” dimers is already low. Since the fluorescence spectrum,
of small clusters lN=40) shows no additional band related
to dimer transitions 2(1/2)-1(1/2),, we assume that the
energy redistribution during the fragmentation process lead

relative abundance

0.0 i‘...-.l L 1 i.....l

cluster size [N]

aevet al, ' we have summed up the intensities of the upper
(1/2)4- and lower 2(1/2)-state belonging to each core. We
observe, that in small Xg clusters N<40) the charge is
mainly localized on tetramers. The relative abundance is
I%lrger than 50%. In clusters containing more than 40 atoms

lmalnl)t/ tcl) frtee ylblrlatlonglgyde;cijad :n?lecg_lar_l lons in Fhe the relative abundance of tetramer cores continuously de-
owest electronically excited 2(1/g)state. Similar experi- creases, while the charge localization on trimer cores be-

ments detecting neutral photofragments were carried out fo(gOmes more likely. For an average cluster size of 200 atoms
Ary, Ky, and Xg cluster ions (2N<19).3? For all three

the relative abundance of trimers is at a maximum. In clus-

rare gas Sy$te'.””s the resullts s_how thgt the primary.respon.g,eers containing more than 200 atoms the relative abundance
to photoexcitation, is the ejection of single atoms with hlghof trimer cores decreases, while the charge localization on

kinet.ic energy on a time scale that is short cqmpared with the; o1 cores becomes more likely. For large cluster ioNs (
rotational period of a cluste0-50 p$ and with the obser- >400), we observe a merging into bulk properties with the

vation time in our experiment1 us),** charge localization on mainly dimer cores $0%).

Rgy, +hv—Rg,_,+Ry(fast. ) The cluster size dependence of the different ionic cores

can be explained in the following way. The charge distribu-

The fast neutral atoms carry with them up to 50% of thetion process depends on the interplay between the inter-
excess internal enerd.In all cases the remaining internal atomic hopping of the holécharge delocalizationand the
energy is dissipated by the loss of further neutral fragmentgolarization of surrounding neutral atoms. The two effects
with low relative kinetic energies. However, the present ex-are competitive, since the larger the hole delocalization, the
periments show that partially relaxed ionic diménside  smaller the polarization energy. The equilibrium condition
large clusters still exist within the ns-lifetime regime of the depends on the cluster size, since at least the polarization
excited ionic molecular states. energy increases with cluster sizé-or a quantitative analy-

We now discuss the intensity variation of the differentsis of both effects in Xe clusters the knowledge of the exact
bands with cluster size. In Fig. 5 the measured relative aburatomic structure and the dipole density distribution around
dance of ionic X¢ , Xe; , and Xg cores is displayed as a the ionic core in the ground and excited states is essential.
function of cluster size. The intensities of the bands are nor- In our fluorescence spectra, we can identify five bands
malized to the total fluorescence. In order to neglect the temand therefore we have the possibility of distinguishing be-
perature effect on the intensity variation as discussed by Katween different cores over a large range of cluster sizes. As
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mentioned above, there is strong evidence that in large Xedissociation energies of the ionic cores. The dimer emission
clusters (\>400) the polarization of the surrounding atoms is identified as the 2(1/2)- 1(3/2), transitions of different
overcomes the hole delocalization and can cause a compagdbrational levels. The blue shift of line positions is 30
ionized dimer core to be energetically more favourable. In(+1) meV compared to those of free molecular Xe ions.
the following, we try to describe the charge distribution pro-This is due to the interaction of the surrounding neutral clus-
cess in a very simple picture, which gives an order of magter atoms acting on the embedded ionic Xe molecule.
nitude estimation of these effects. The kinetic energy of the
hole is set constant. It is known that the energy of the neutrehCKNOWLEDGMENT
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