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Energy relaxation processes of photo-exciteggl€tusters covered with a shell of Ar atomigp to

40), which are embedded inside large &g clusters are investigated with energy resolved
fluorescence spectroscopy. In the energy range of the characteristic Ne cluster ab$bépfiet8

eV) a strong energy transfer to the embedded Kr cluster is observed, which results in the desorption
of electronically excited Kf atoms. K atoms move through the Ne cluster, desorb and emit
visible and near-infrared light in the vacuumg®5:5s). By coating the Kr clusters with Ar atoms,

the Kr lines disappear andx4- 4s transitions of Af become dominant. Additionally, new emission
bands occur, which are assigned to transitions of perturbed atomipisteies inside Ne clusters.

Due to the interaction of electronically excited*Katoms with neutral Ar atoms in the surrounding
shell, several excited Kr states namelg BL/2], and 5 [3/2], decay nonradiatively. This is in
agreement with the well-known “energy-gap law.” The results give experimental evidence that
clusters with a multishell structure can be prepared by a sequential pick-up technique. This allows
the preparation of Kr clusters embedded inside Ne clusters and coated with a shell of Ar atoms. Such
clusters cannot be prepared with conventional coexpansion technique200®American Institute

of Physics. [DOI: 10.1063/1.1536982

I. INTRODUCTION let diameter. The molecular rearrangement into the lowest
o energy configuration is suppressed, because of the low He
Clusters containing from a few to several thousands o, ster temperature(0.38 K) and the rapid cooling
atoms or molecules have been investigated intensively in thg,achanisnd. Therefore, doped clusters offer the possibility

past in order to study the evolution of the properties of bulk;, study spectroscopic properties of complexes, which are
matter from the properties of the single constituents. Herespecial in many respects

tTe te Iectrr]onlc tftruftlére anqd dyr;)allm!cts of texcn?d ISt"’I‘teS _IOf Upon electronic excitation a nonequilibrium configura-
clusters has atiracted considerably Interest particuiarly wi rfion of the electronic and nuclear structure occurs. The elec-
regard to optical and electronic properties. Investigations on o . N
. S . tron distribution in the excited site initiates nuclear rear-

doped clusters offer the opportunity to obtain information on S

; . -rangements around this site. These structural changes cause
the host cluster and the impurity atoms, molecules or rad|-n nradiative transitions to lower lving electronic stat
cals, since the excitation is usually localized on the onradiative transtlions to Iower ying €lectronic states.

impurity22 If large clusters are doped with several atoms orTherefore, structural changes and electronic transitions are

_16 .
molecules, embedded clusters of the doped material can k%ro_ngl_y coupled. Between th_e fas{vq.o s) electronic
formed inside large host clustets. excitation process and the radiative decay process that takes

In this context rare gas clusters are especially well suited!ace after 10° s or longer, an interesting cascade of non-
as host material, since they exhibit low chemical reactivityrad'at've electronic transitions and of structural changes take
and in addition rare gas clusters are transparent within thglace‘.3 In this context desorption processes of electronically
vacuum-ultraviolet(\VUV) spectral rangé.Supersonic free €xcited atoms or molecules play an important role in the
jets of rare gas clusters offer the possibility of probing iso-energy dissipation of doped rare-gas sofidimilar pro-
lated molecules and complexes at very low temperaturesesses were also observed in the relaxation cascade of pure
The results shed light on important issues such as ion solvade and Ne clusters as well as in small clusters of heavy rare
tion and structural metastability. As an example, recent studgases’ Here, surface excitons, respectively localized atomic
ies on polymers of strongly dipolar molecules, HCAhd  or molecular centers near the surface are of fundamental im-
HCCCN embedded in large helium droplets demonstrate thgortance. Modifying surface properties of embedded cluster
selective preparation of hydrogen-bounded linear chains, dewill certainly influence the desorption process and will pro-
spite the fact that for longer chains, cyclic or antiparallelvide new insight in the electronic energy dissipation of
chains are lower in energy. The size of the linear chain thatioped clusters. Thanks to recent progress in the preparation
can be formed, turns out to be precisely limited by the droptechniques of doped clusters, it is now possible to cover the

surface of embedded clusters with a well-defined number of
3Electronic mail: tim.laarmann@desy.de atoms of a third material. These atoms form a shell around
Ppresent address: Ruhr-UniveisiBochum, 4478 Bochum, Germany. the cluster on the inside of large host clusters. This allows
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the controlled modification of surface properties of embed-
ded clusters and gives information on hindered desorptior
processes and in particular on the movement of desorbec
electronically excited atoms in doped clusters with a shell-
like structure.

In this article, we present results of Kr and Ar doped Ne
clusters, which were investigated with energy resolved
fluorescence spectroscopy in the visible and near infrarec
(VIS/IR) spectral range. In this context a number of ques-
tions arise:

(i) Is the desorption of electronically excited *Katoms
from the surface of the embedded cluster hindered
due to the influence of Ar atoms in the deposited
shell?

Are excited atoms caged inside Ne clusters?

Which are the main relaxation channels upon Ne clus-
ter excitation leading to energy transfer processes ta
the embedded Kr cluster and/or to the Ar shell?

(ii)
(iii)

The paper is organized in the following way. In Sec. Il we

describe the experimental set up for investigation of doped
clusters. Here, we focus on the preparation of shell-like
structures using a sequential pick-up technique. In Sec. IlI
the experimental results are presented. In this chapter we firs
discuss the case where Ne clusters are either doped with K
atoms or Ar atoms. The second part focus on embedded K
clusters, which are coated with a well-defined number of Ar
atoms at the surface. In the appendix we explain the methot
of size determination of embedded clusters in detail.

Il. EXPERIMENT

The measurements were performed at the experiment%

station CLULU at the synchrotron radiation laboratory
HASYLAB in Hamburg. The experimental setup which al-
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FIG. 1. Upper part: Geometry of the interaction zone including the main
parameters; middle part: Ar and Kr particle density distribution along the
pam axis; lower part: Calibration curve for average embedded cluster size
etermination.

lows the doping of rare gas clusters in a sequential pick-Uging impurity atoms is of fundamental importance. This tech-
process with atoms from two cross-jets is described in Refnique works only, if the binding energy of the cluster atoms
11. In brief, Ng clusters are prepared in a supersonic expanis significantly smaller than the interaction between the im-

sion through a conical nozzled&200um diameter, «
=4° opening cone angleAt a nozzle temperature of,
=30 K and a stagnation pressuremf= 200 mbar the aver-

purity and the cluster. In Table | we summarized the depth
of different homo- and heteronuclear Lennard-Jones pair
potentials’ The value e’ = e/ eye_ne iS @ Measure of the

age Ne cluster size was determined-aN=75001*"*The  strengths of different bindings relative to the Ne—Ne interac-
width [full width at half maximum(FWHM)] AN of the size  tion. According to the values in Table |, doped Ar atoms in
distribution is~N. In a first step Kr atoms from a cross-jet analogy to Kr atoms stick to the Ne cluster surface and pen-
(QY) are picked-up by the Ne cluster and stick to the surfaceetrate on the inside during the cluster melting. The size de-
of the cluster. When several atoms are picked-up, the Nelermination of the embedded clusters bases on theoretical
cluster becomes liquid-like since the sum of collision andand experimental work by Lewereet al!®and is explained
binding energy is warming up the cluster. Due to the in-
creased mobility of Kr atoms inside the Ne cluster, smaff Kr
clusters K=50) are formed on the inside of the host Ne
cluster’® In a second step the KjNessgrSystem is doped
with up to 40 Ar atoms(Q2). Since the flight time of the

TABLE |. Lennard-Jones potential depthof different homo- and hetero-
nuclear rare-gas moleculedRef. 17 and €' = e/ eye_ne describing the
strengths of different bindings relative to the Ne—Ne interaction.

clusters (-4-107° s) is long compared to the recombination Molecule €[meV] €' [ene-nd
time, which is of the order I’~10¢ s, we assume in the Ne_Ne 3.19 1
following that the formation of embedded clusters is finishedAr-Ar 10.34 3.24
before the clusters interact with the synchrotron radiatfon. Kr-Kr 14.22 4.46
The geometry of the interaction region and the main paramHZ:ﬁ: 2';3 ;'Eﬁ)
eters are shown in the upper part of Fig. 1. For the pick-ug,_x, 1213 3.80

process the interaction potential between host cluster atoms
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in the Appendix. According to their work, the average num-the VUV!® Whereas these emission bands are dominant in
ber of picked-up atoms depends mainly on the Ne clusteNe solids, time-resolved VUV emission spectra of Ne clus-
size and the average particle density of Kr, respectively, Aters show a significant contribution due to the radiative decay
atoms, which is a function of the cross-jet pressure. In thef desorbed excited ator$This can be understood taking
middle part of Fig. 1, Kr and Ar particle density distributions into account, that clusters exhibit a relatively high fraction of
n(x,yo) along the beam axisx(y,) are calculated for cross- surface atoms and therefore the probability of energy local-
jet pressureg, temperature§ o and capillary diameters ization near the cluster surface followed by desorption is
do of 20 mbar, 300 K, and 20@m, respectively® The cal-  significantly increased.

culated average size of embedded clusters is shown in the On the other hand the energy relaxation pathways
lower part of Fig. 1. We have to point out that all numberschange dramatically, if Ne clusters are doped with impurity
given below are mean values for the cluster sizes. Monochroatoms. In Fig. 2 energy resolved VIS/IR-fluorescence spectra
matized synchrotron radiatiof16.5-18 eV at a resolution  of ArggNessy, (@) and KegNessg (b) are shown. Here only

of 2.5 A (bandpass=~60 meV) was focused 10 mm down- one of the two cross-jets was used to dope the Ne clusters.
stream from the nozzle on the beam. The photo-excitethe excitation energy was 17.64 eV, which corresponds to
doped clusters emit visible and near-infrared fluorescencg,e longitudinal branch of the=1'Ne bulk exciton. The
light (VIS/IR), which was recorded spectrally resolved with sharp lines in the emission spectra Fig&) 2nd 2b) can be

a Czerny—Turner type monochromator and a liquid ”itmgerhssigned to free atomic Ap,p’—4s,s’ and Kr5,p’
cooled CCD camera. The monochromator is equipped with , 55 s’ transitions?! The energy is transferred from the Ne
three grating(150 I/mm for overview spectra, 1200 I/mm 14t cluster to the embedded cluster and localized on excited
for high resolution. The spectral resolution with the 1200 4iomic centers near the surface of the embedded cluster. Due
/mm gratings is~1 meV and with the 150 I/mm grating 5 he repulsive interaction with surrounding neutral atoms,
~10 meV at 1.5 eV. The monochromator is coupled t0 theygctronically excited A, respectively Kt atoms move

experimental chamber with a lens system consisting of Wy 4,gh the Ne cluster and emit in the vacuum. This process
LiF/Suprasil-achromats in order to minimize chromatic andig gimilar to exciton induced desorption in pure rare-gas

spherical aberration. solids?? In the so-called “cavity-ejection mechanism” the
interaction(whether it is repulsive or attractiyés correlated
Il RESULTS AND DISCUSSION to the sign of theV, value (electron affinity of the respec-

It is well-known that pure Ne clusters excited in the tive solid. Detailed investigations show that the correlation
energy range of the tightly boungi=1,1" excitons do not not only holds for pure but also for doped materfals
emit VIS/IR photons(the prime denotes the spin orbit state analogy to pure rare-gas solids the electron affinity is de-
j=1/2). Since nonradiative decay to the ground state plays fined: Vo:=E;— E},.% Here, Ey is the impurity gap energy
minor role in condensed rare gases, the energy dissipaticand Ey, is the threshold energy of impurity-photoelectron
process leads mainly to the formation of atomic and molecuemission. A repulsive interaction between the excited atom
lar self-trapped exciton&-STE and m-STE which emitin  and the surrounding neutral atoms is expected for positive
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TABLE II. Correlation between th&/, values of pure and doped rare-gas 200
solids (Ref. 8 with the observation of desorption of electronically excited I
atoms(Ref. 9. 150
System Vq [eV] Desorption 100 [
Ne +1.3 yes 50
Ar—Ne +1.1 yes 0 [
Kr—Ne +1.1 yes — 200
(2]
Ar +0.4 yes S
Kr—Ar +0.3 yes ; 150
Kr -0.3 no -5;
2 100
2
£ 50 J )
Vy. In Table I,V is given for different combinations of rare 200 | ' ® S J
gas impurities and solids. In solid Ar desorbed excited atoms P e @
in metastable 4(3/2), and 4’ (3/2), states with kinetic en- 150 . LT
ergies of roughly 0.04 eV were obsen@dur results show 100 I o §' ]
that neon as a rather soft matrix is unable to suppress desorp- I ‘g E
tion and to cage excited Aratoms. Also in case of Kr doped 50 u é b o .
Ne clusters, the Ne cluster does not cage electronically ex- 0 . . ; < |
cited Kr* atoms. To our knowledge, there are no measure- 12 14 16 18 20 22
ments of the kinetic energy distribution of desorbed excited emission energy [eV]
Kr* atoms in small clusters, we could compare our data .
with. FIG. 3. VIS/IR fluorescence spectra of gghryNessg, clusters withM

Interestingly, no VIS/IR emission could be observed=40(a), M=10(b), andM=0 (c) Ar atoms on the kg cluster surface. As
upon surface excitation of Ne clusters. According to theory?" xample the Ar @'(1/2),—4s(3/2), and Kr 5p(3/2),—5s(3/2), tran-
. . X sitions are indicated with dotted lines. The excitation energy was 17.64 eV
the surface exciton penetration depth is of the order of on@e 11 exciton.
mono-layef* Therefore, our experimental results give evi-

dence that the embedded clusters are surrounded by more

than one mono-layer of Ne atoms because otherwise Wgji) additionally, new broad emission bands in the VIS/IR
should have observed exciton induced energy transfer fol- fl f N M=10 and
lowed by desorption, respectively, VIS/IR luminescence of uorescence spectra o #ArvNersgo ( . an

y ption, P Y, o 40) occur, which we interpret as Kr transitions of per-
free Kr* and Af atoms upon surface excitation. In another turbed até)mic B,p’ states inside Ne clusters
set of experiments we recorded VUV excitation spectra of ' '
embedded cIuster’Lf,Th.e total VUV luminescence yield as @ There are two possibilities to interpret the decreased line
function of the excitation energy is taken as a measure of thgyiensities (Kr), respectively, the increased line intensities
cluster absorption, since nonradiative decay to the groungAr):
state is inefficient in rare gas clustérsin these measure-
ments, we could verify the interpretation of complete solva-(1) The energy is mainly transferred to the deposited Ar
tion, since the characteristic surface absorption bands of em- shell;
bedded clusters disappear due to the influence of th&2) the desorption of electronically excitedKatoms is hin-
surrounding Ne cluster atoms and contribute to a new inter- ~ dered.
face absorption bart. _

The interesting question is now, whether one can slow the latter case, desorbed excited katoms are prevented

down the desorption by coating the embedded cluster with af{om reaching the Ne cluster surface due to inelastic colli-

additional material at the surface. To answer this questiors!ONS With Ar shell atoms. To get a deeper insight into the
we deposited up {0 = 40 Ar atoms on the surface of em- relevant processes it is necessary to analyze the underlying

bedded K, clusters. Energy resolved VIS/IR fluorescence.broad structure in more detail. In this context, one has to take

spectra of KeAryN clusters are shown in Figs(@— into account that recently similar structures were observed in
P MIT=7500 FIHSTETS o Kr and Ar doped Ne solid® Here, the emission bands of
3(c). The spectral resolution is given by the full width half

. T embedded Ar and Kr atoms inside the Ne matrix are signifi-
maximum (FWHM) of the sharp atomic lines. The spectra . . . .
o ; o cantly broadened and shifted relative to the line widths and
indicate, that the relaxation process is significantly dependfransition energies of free atoms towards higher enefjies
ing on the number of deposited Ar atoms. With forming an 9 9 X

Ar shell around the embedded Kr cluster, the following ef- To check, whe@her the seqqenhal pick-up technique
i allows the preparation of well-defined cluster shells, we also
fects are observed:

changed the order of doping. This means as described above,
(i) 5p,p’—b5s,s’ lines due to transitions of free des- host Ne clusters are first doped with Ar atoms, which form

orbed K¢ atoms disappear; small Ar clusters inside Ne and then interact with Kr atoms
(i)  radiative $,p’'—4s,s’ decays of free Ar atoms be- from the second cross-jet. In this configuration similar ef-
come dominant; fects to those in Figs.(8)—3(c) are observed. But in this case
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£ FIG. 5. High-resolution VIS/IR fluorescence of gjKrzgNessg, clusters
U upon excitation of the Ne llexciton (17.64 e\j. Vertical lines indicate
- : Dy radiative charge transfer transitionsA¢r— Arkr * +hv between different
"""""" . vibrational levels of the molecular iorisaken from Ref. 2¥.
EI 5p[1/2],->5s[3/2],
A - spla2lsssiare, _
1.7 eV in case of KgAragNesg clusters. The fact, that the
M Kr%Nem spectral distribution of the VIS/IR fluorescence in Fig&)3
L ! T and 3c) is different, if one changes the order of doping is of
1.2 1.4 1.6 1.8 2.0 2.2 fundamental importance for the interpretation of the data. It
emission energy [eV] is the experimental proof, that the sequential pick-up indeed

fe 4 E ved VISIR va of dogad allows us to prepare doped clusters with a well-defined shell
- 4. ENergy-resolve uorescence spectra ot dopad  gtrycture. If we had picked-up atoms from a dilute Ar—Kr gas
/;Liﬂ?ﬁbof)eggﬁﬁﬁm ,\(,2 ﬁ;iﬁrﬁqm’eghd (@) KreoNersm mixture, the spectra would have looked the same and chang-
ing the order of doping should not have influenced the ex-
perimental results.

The mismatch between 1.9 and 2.1 eV in case of
4p,p'—4s,s’ lines due to transitions of free desorbed*Ar  ArggKrzgNessgoin Fig. 4b) and those between 1.7 and 1.9 eV
atoms disappear, while radiativep®’ —5s,s’ decays of in case of KggArzgNessgy in Fig. 4(c) is of different origin,
free Kr* atoms become dominant. The experimental findingsiamely charge transfer transitions and nonradiative quench-
reinforce our interpretation, since the distribution of atomicing. This will be explained in the following section.
lines also carry the information whether Kr clusters are cov-  We have recorded high-resolution spectra in this energy
ered by Ar or the reverse. Additionally, new bands againrange in order to get additional information. The result is
occur, which we interpret as Ar transitions of perturbedshown in Fig. 5. A sharp vibrational structure is observed,
atomic 4p,p’ states inside Ne clusters. which can clearly be assigned to free atomic Ar,g’

In Figs. 4a)—4(d) typical fluorescence spectra of photo- charge transfer transitions between different vibrational en-
excited Agg and Krsg doped Ne clusters are compared with ergy levels of the Arkr molecular iorfs.It is not surprising
measurements, where the embedded clusters are coated ithat ionic relaxation channels are involved in the relaxation
second pick-up process with40 Kr atoms, respectively, 40 cascade, since the clusters are excited at 17.64 eV, which is
Ar atoms. Concerning the nomenclature, the element whichigher than the excited ionic AP, state(15.937 eV. In
is doped in the first step is named at first. The excitatiorthis sense, the observation of VIS/IR fluorescence of neutral
energy in all measurements was 17.64 eV. Referring to thér, respectively, Kr is somehow surprising, because the ion-
spectral distribution of nonperturbed Ar and Kr emissionization of Ar and Kr should be very effective under these
[Figs. 4a) and 4d)], both shifted AE=168 meV) and conditions. Therefore, we can conclude, that the excited Ar
broadened A FWHM= 106 meV) spectra are included. Per- 4p, p’ and Kr 5p, p’ centers are mainly populated due to
turbed Ar emission is indicated by the solid line, whereas inthe recombination of electrons and holes near the embedded
case of Kr a dotted line is used. Dotted arrows indicate theluster surface followed by desorption.
energy shift. In a crude approximation the polarization en-  This interpretation is in agreement with results published
ergy as well as the exchange interaction of x, " and Ar  recently by Belovet al?® They investigated energy relax-
4p, p’ electronic states with the surrounding neutral Ne at-ation and recombination processes involved in the population
oms are in the same order of magnitude, since the electronif 3p, p’ centers of Ne solids. They observed a significant
structure is quite similar. Therefore, it is reasonable to introincrease of the VIS/IR luminescence yield with sample tem-
duce an average energy shift and an average line broadenipgrature T (T=2-10K), which is explained by the in-
for both elements. The resulting specftsolid and dotted creased mobility of electrons in the solid leading to a more
line) reproduces qualitatively the shape of the underlyingeffective population of the recombination channel. The basic
structures for emission energies less than 1.9 eV in case afiechanism is called dissociative recombination of localized
ArssKrzgNessg, clusters and for emission energies less tharholes with electron&® The question to what extent their re-
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Here, W;;(0) is constant folT—0 and describes the elec-

/2], [172],
B B2 i, tronic transition matrix element as well as the coupling of the
B2, 02, U, (52, BRL [P, 02, [ electronic states to the lattice. The typical phonon energy is
134F s ] given by7-wy, and @ denotes an element specific factor
1321 A= 4p ] depending on the coupling. The term scheme in Fig. 6
13.0 -~ b shows, that excited Kr (1/2), and 5(3/2), states have a
12.8 ' 4p’ - strong electronic overlap with Ars{3/2),, energy levels.
126 ;E ] For example, the energy difference between the excited Kr
] ,’;' i 5p(1/2), state and the excited Arsf3/2), state is less than
122} e ,'," ] 43 meV, which is slightly above the Debye energy of rare-
2.120f ’,,,"’ 5 | i /':’/ ] gas solids* Therefore, the high probability of nonradiative
Z11.8 [ /17 f - L ] decay of these specific states can be understood qualitatively
T116L SR - —d D gy - 1 using the “energy-gap law.” Our picture neglects, that the
., t /i BT ] electronic structure of excited Kratoms, which are caged
n4r / i Y ] inside Ne clusters, as well as the electronic structure of de-
; L P 1 posited Ar shell atoms will be significantly changed due to
106 5 5‘3.'"_ ] the influence of neighboring atoms. Although this is a crude
104F i i ] approximation, the model explains why one specific band in
102F 4V 7 ] the VIS/IR fluorescence spectrum ofgghrzgNessg clusters
100 - - - is missing[Fig. 4(c)], where in AggKrzgNessg clusters it is
98| 5s - presen{Fig. 4(b)].
. . Since, the distributions of atomic lines in FigsaB-
Krypton Argon 3(c), respectively, in Figs. @) and 4c) also carry the infor-

_ mation whether a krypton cluster is covered by argon or the
FIG. 6. Term-schemes of electronic states of Kr and Ar atoms. Dotted ar_reverse we analvzed the fluorescence specira in more detail
rows indicate radiative transition®r 4p, p’—4s, s’ and Kr 5p, p’ ! _y o - ’ P ; :
—.5s, s'), whereas nonradiative decay processes efAtigNersp, clusters [N order to obtain additional information about the hindered
are marked with solid arrows. desorption process, we plotted the fraction of electronically

excited K atoms, reaching the Ne cluster surface and emit-
ting in the vacuum as a function of Ar atomigl | coating the

sults on pure Ne solids also holds for our measurements oembedded Kr cluster surfad&Therefore, we integrated the
Kr and Ar doped Ne clusters is not easy to answer, sincéine intensities of the free Kr s, p’—5s, s’ emission. The
most probably a variety of intermediate excited states argame analysis was also performed for the reverse order of
involved in the relaxation cascade and the structures of th@oping. The results, depending on the numigkenf coating
corresponding potential surfaces are complicated. Neverth%-\r atoms (closed circles respectivelyl? of Kr atoms(open
less, the results give a plausible explanation how neutral. a . )
fraaments miaht occur circles are presented in Fig. 7. Approximately, the shielded
9 : 9 o N surface of the embedded cluster, from which desorption is
Coming back to the mismatch in Fig(c} between the . . : .
. : hindered, is proportional to the average number of deposited
broadened and shifted spectrydotted ling and the mea- . .
atoms in the second pick-up phase. The general trend of the

sured VIS/IR fluorescence spectrum ofsifrzgNessg in the —
P Stz erso experimental data fits with the linear functiohg (M) and

energy range 1.7—-1.9 eV. By comparing Figc)dwith Fig. =l . .
4(d), one can identify the radiative transitions from perturbedf«:(K). From the extrapolation we derive the average num-

atomic Kr states, which are missing in Fig(ch namely ber of Ar atomsl\Wc=68, respectively, Kr atomgc=49
5p(1/2)o—5s(3/2), and $(3/2),—5s(3/2),. Why only  needed for a complete caging. In other words, ¥brM ¢
these electronically exc_|ted Kr states decay nonradlat_|vel)éndi>ic the desorbed electronically excited atoms do not
and n_ot th? correspoqdmg Ar states at about 1.8 eV will b‘?each the Ne cluster surface and the fraction of free atomic
explained in the following. Therefore, we have analyzed theemission in Fig. 7 is equal to zero. Since Ar atoms are
energetic.separe}tion o.f different electronically exciteq Kran maller and lighter compared to Kr atoms, the suppression of
Ar states in detail. Taking the term schemes of atomic Ar an he desorption process is less effective and more Ar atoms
Kr into account, which are shown in Fig. 6, one gains infor- — —

are needed to cover the surface completely-&Kc).

mation on the competition of radiative and nonradiative de- </
cay. Since the late sixties, it is well-known that the transitionTherefore, the slope of the experimental data and theM)
rate of nonradiative decay procesﬁﬁ in the limit of low function in F|g 7 is smaller. We would like to nOte, that the
temperaturesxg)o) shows an exponentia| dependence onnumber of atoms is Significantly smaller than a Complete
the energy differencAE;; of statesi andf involved in the — cover layer for clusters containing50 atoms. It is well
relaxation process. This dependence is called in general tHgown, that small Ar and Kr clusters have polyicosahedral
“energy-gap law"2°%° structures with fivefold symmetrj. The clusters (Rg) ex-
increased stability folN

hibit closed shells with
Wif=Wif(T—>0)-exp{ . AEis ) (1)  =13,55,147,... atoms/clust¢imagic numbers?,** meaning
fo- wpn that 92 atoms are necessary for a complete coverage of the
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1oFe— T T T sponding fluorescence is significantly suppressed for caged
2 & AriieEe R G _Kr*.atoms. Something similar happc_an;, if the order of dop_—
g o8k i 50 | ing is chqnged except for the nonradiative Qecay of elce_qtronl—
5] Ar ] cally excited Ar states. Here, the quenching of specific Ar
é - i energy levels is not observed, since the electronic overlap
% ’ with excited states of Kr shell atoms is small. In particular
S o4l ) the difference in the broad underlying structure of Figé) 4
= and 4c) shows, that indeed an energy transfer to the embed-
=S ded cluster for each configuration is observed. Concerning
g " fi(K) ©-.. 71 the branching ration we cannot make a precise statement,
3 because of the variety of intermediate states which take prob-
=oe0F, ., ., .0 o o] ably part in the relaxation cascade and their complicated po-

0 10 20 30 40 o0 tential surfaces. On the other hand excited atoms either Ar
number of atoms in the coating shell, M resp. K respectively, Kf, which desorb from the coated shell reach
the Ne cluster surface and emit in the vacuum, since Ne is a

rather “soft cage.”

Last but not least, we would like to mention that depos-
iting an Ar shell around the embedded Kr cluster is interest-
ing for different reasons. First of all, this is a unique geomet-
ric structure, which cannot be prepared using other
techniques, like supersonic coexpansion of a dilute Ar—Kr
gas mixture through a nozzle or doping free Kr clusters with
Ar atoms from a cross-jet. In the former case, single Kr
FIG. 7. Fraction of free Kr{solid circleg and Ar-(open circle transitions atoms penetrate inside Ar clugters orserve as a gondensgtlon
(5p, p'—5s, s' and 4p, p’—4s, s') after photoinduced desorptigRef. ~ Nucleus for Ar clusters. The idea to use gas mixture with
32). The figure includes linear fitk,, andf, of the experimental dat@olid large Kr concentration does not work out, since here the
and dotted lines preparation of pure Kr clusters is favored. This can be un-

derstood taking the interaction potentials of Table | into ac-

count. For energetic reasons Ar atoms do not stick to the
surface of Rgs The experimental results in Fig. 7 show that surfaqe of Kr.clusters and this also explain_s why the pick-up

Echmque using free Kr clusters as a host is not possible. On

less atoms than in the simple picture of closed icosahedrd ther hand d trate th inility t
shells are necessary to suppress the desorption of underlyiltl ¢ other hand, we demonstrale the possibiiity 1o prepare

atoms. A possible explanation could be the following. In thes.rukcturatl ":’]Omers,, in dd?pedh cluite.rs V;':h a .tshe?luentlal
built-up process of small embedded clusters inside large colfick-up technique: and to characterize them wi uores-
Ne clusters~10 K)% the molecular rearrangement into the cence sp_ectroscoplc m(_ethods. Secondly, the rec_ent progress
lowest energy configuration is suppressed. As mentionelf! ex_penmentgl tec_:hn_|ques allows the mvestl_gatlon 9f
above, similar effects were observed in doped He dropfets. chemical reactions inside large clusters by adding a third

Therefore, it could be possible, that in case of embeddegateriaﬁe The large cluster, which serves as a reaction me-
L 1 i

Rgss each atom deposited in the second pick-up phase loca um, has many degrees of freedom and can, therefore, be
izes on the center of the 60 triangular faces, which is a Ioca(fons'dered as a good thermostat as long as the reactants stay
minimum on the associated potential curv,e If we further” contact with the cluster. The use of different host cluster
assume, thabneatom in the cover layer hinders the desorp-mate.rials allows the study of condensa'tion and quepching
tion of up to three underlying atoms, we can explain the reactions at different temperatures, ranging fre.4 K in

reduced number of coated atoms needed to built a shell-likEe’ ~10K in Ne and~32 K in Ar clu_sters, respe<_:t|_v_e'r§7.'37
structure. On the other hand, we cannot exclude that the d urther advantages are of course first the_ possibility of con-
sorption rate of electronically excited atoms decreases, bé[olled surface or bulk Ioc_a_hzatl_on of & finite nu mber O.f re-
cause the excitation “gets stuck” in the cover layer, respec-aCtants and second the finite size of the reaction medium.
tively, the branching ratio between energy localization—
relaxation within the cover layer and energy transfer to theIV' CONCLUSION
embedded cluster changes with increasing thickness of the The energy dissipation of photo-excited Kr and Ar doped
surrounding shell. Ne clusters is investigated with energy-resolved VIS/IR-
To sum up, we can describe our experimental results ifluorescence spectroscopy using monochromatized synchro-
the following picture. Electronically excited Kratoms des- tron radiation. The study of desorption processes of excited
orb from the surface of embedded Kr clusters. Due to inelasatoms and in particular the cage effect and quenching pro-
tic collisions with deposited Ar atoms in a shell around thecesses in clusters with a shell-like geometric structure were
Kr cluster, Ki* are hindered to reach the Ne cluster surfaceof special interest.
and emit VIS/IR light from perturbed atomicp5 p’ states The measurements show, that in the case of Kr doped Ne
inside Ne. Because Krp{1/2), and 5(3/2), states are de- clusters the energy transfer leads to the desorption of elec-
populated very efficientlnonradiative decay the corre- tronically excited Kf atoms. The atoms move through the
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Ne cluster, desorb and emit VIS/IR-light in the vacuum. Theperiments on the scattering and capture cross section of He
results indicate that Ne is a rather soft matrix which is unableclusters show that the effective geometric cross-seetiy

to suppress desorption by caging the excited Ktoms. for light atoms(e.g., Ap or large Hg clusters (N\>3000) is
By coating the embedded Kr cluster in a second pick-ugn good agreement with the measured capture cross-section

process with up te-40 Ar atoms, the Kr lines disappear and Ucap_16]38 In the case of Ar doped Hgy, clusters Lewerenz
atomic Ar transitions become dominant. Additionally, new et al. obtained for the so-called “sticking coefficient” a value

bands occur, which are assigned to transitions of perturbegf s= Ucap/gge0%0.94_16v38 In this approximation we get
atomic Kr states inside Ne clusters. In this picture, desorbed
excited K atoms are prevented from reaching the Ne clus-
ter surface by inelastic collisions with the Ar shell atoms.
The interpretation of the experimental results is confirmed by ~ Tcag™~ 7" ( (
changing the order of dopingirst Ar then Kr). Additionally, ) o )
we observed nonradiative decay of several electronically ext1eré;Rq is the cluster radius; is the radius of the embedded
cited Kr stateg5p(1/2), and 5(3/2),], when the embed- atom andp is the particle density in Ne solids.
ded Kr cluster is coated with Ar atoms at the surface. This ~ While small clusters are formed inside large Ne clusters,
can be understood taking the strong electronic overlap withle atoms are evaporated from the Ne cluster surfacel-
Ar 4s(3/2), , energy levels into account. ing mechamsm and the cluster cross section decreases, re-
Using the stepwise pick-up technique we Successfu"yspecnvely, the capture cross section. In a simple model the
formed a shell of Ar atoms around Kr clusters, which is notdeposited condensation energy inside Ne clusters as well as
possible using other techniques, e.g., coexpansion of a diluf§€ energy due to the evaporation of Ne atoms is proportional
Ar—Kr gas mixture. The host Ne cluster is important to sta-{0 the binding energy per atoB, of the respective solid. In

Ocap~0Ogeo T (Rei+ r)2, (A4)
1/3
+r

3 2

d7-p (AS)

bilize this special geometric structure. this picture, Nesg clusters doped with 100 Kr atoms evapo-
rate ~465 Ne atomsE(Kr)/E,(Ne)~4.65) and the cluster
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