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Character of tightly bound excitons in small argon clusters:
Insights from size-dependent energy shifts

T. Laarmanrt” K. von Haeften:" A. KanaeV? H. Wabnitz! and T. Mdler!
Hamburger Synchrotronstrahlungslabor HASYLAB at Deutsches Elektronen Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
2Laboratoire d'Ingaierie des Matdaux et des Hautes Pressions, C.N.R.S. Institut GaliléniversiteParis-Nord,
93430 Villetaneuse, France
(Received 21 May 2002; revised manuscript received 03 September 2002; published 15 Novemper 2002

The structure of the first electronically excited states of smaj}l Alusters (\Ws 100) embedded in large
Ney (ﬁ= 7500) clusters is investigated using fluorescence excitation spectroscopy. In the energy range of the
characteristic absorption of Ar clustet$1.5-12.9 eV, surface excitons of Ar clusters embedded in Ne
disappear, while additional absorption bands appear. They are assigned to excitons at the interface between the
Ar cluster and the Ne host cluster. The observed energy shift of all absorption bands is proportional to the
logarithm of the cluster radius. This can be understood in the Frenkel-exciton model, taking the resonant
excitation transfer into account.
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I. INTRODUCTION mental excitations in rare gas solids. Different models based
on the Wannier-Mott theory were applied, e.g., central cell

One important aspect of cluster science is the study otorrection'® or the quantum defect modéf but the results
electronic structure size dependence and its convergence taere discussed controversiaflyd key point of the contro-
ward that of the bulk. In this context rare gas clusters play awversy is whether the excitons are delocalized excitons which
important role as model systems for insulators. Recent stuczan move by resonant excitation transfer through the solid.
ies of the electronic structure of Ar, Kr, and Xe clusters haveMore recently, the influence of the coupling between free-
shown that the weakly bound electronic excitations can bexciton states with local lattice vibratichsand lattice
interpreted as Wannier excitons1%2,2’') confined in a defects on optical absorption was studied theoretically using
small volume and as cluster-specific excitatibon®n the  again different models.
other hand, the strongest absorption bands of clusters which Only very few articles have been published so far on the-
are due to Frenke' or intermediate_type excitons ShOW a Ver9retica| WOI‘k on the eleCtroniC structure Of the t|ght|y bound
complex and as-yet not well understood behavior. Even irflectronically excited statesi1, 1' excitong in rare gas
bulk solids the nature of these excitons is still underclusters. The first calculations performed by Last and

discussior?-*The main difference between Frenkel and Wan-G€0rge” used a semiempirical diatomics-in-ionic systems
nier excitons is as follow$.Wannier excitons are bound (DIIS) method to obtain th? eIectronlc_ structure QNMUS'.
states formed from a valence-band hole and an electron iff"s N=<13). Th.|s paper gives some interesting mfolrmatlon
the conduction band. In this sense they are equivalent to th@! the electronic properties, but the_ calc_ulated W'qth and
hydrogen atom and the radius of the exciton can be calc cnergy range .Of the cluster absorption differ con_S|derany
lated according to Bohr's formula by replacing the electron rom the experimental results. Further, the cluster size covers
and hole mass and the dielectric constant by the corresponanly thg range up@tcN=13, whﬂe ex'perm;entalg clusters
ing values in the solid. As a result, the radius of the Wannie€OMPrising up to 10atoms are investigated. In this context,
excitons is usually much larger than the lattice constanﬁhe energetic splitting and the Intensity ratio between surface
Wannier excitons form a series which converges toward thgnd _blljl.k components d.Of the g'rSt al?(sofrptlon balnPlS hare of
bottom of the conduction band and they are labeled in anafSPecial interest. Accor Ing to the work o Rgtrmra., the
ogy to the hydrogen atom by the principal quantum r]umbe§urface—exc:_|ton_ penetration dgpth plays an |mportant role in
n. If the exciton radius . is much smaller than the lattice € determination of electronic structure of excited states.
. n . .
constanta, the Wannier description fails, because the effeC_Embeddlng small Ar clusters inside large Ne clusters offers

tive mass as well as the dielectric constant approximatiof'® POssibility of manipulating the Ar cluster surface in a

breaks down. Here, the Frenkel-exciton model can be apv_vell-defmed way and to shed more light on the character of

plied. Frenkel excitons can be regarded as excitations df'€ Strong absorbing=1, 1" excitons. o

single constituents of the material, which are modified by the In this _art|cle, we report on_fluorescence excitation spec-
interaction with surrounding atoms. The band structure id/0SCOPY in the vacuum-ultraviolé¥UV) spectral range of
formed due to the resonance transfer interaction. In the spéifw clusters M <100) embedded in large Ne clusters con-
cial case of the 1, "texcitons in rare gas solidshe prime  taining approximately 7500 atoms using a pickup technique.
denotes the spin orbit staje=1/2), e.g., Ar withr,=1.9 A Strong absorption due to tightly bound excitons is observed
anda=3.75 A, the description falls in between the two re- and assigned to bulk and interface excitations. The energy
gimes_ For more than 30 years and still Ongoing is a diSCUSShift of the absor@on bandS iS proportional to the |Ogarithm
sion about the correct theoretical treatment of these fundeof the cluster sizeM.
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The paper is organized in the following way. In Sec. Il we interaction zone L = 10 mm focal
describe the experimental setup for the investigation of O point
doped clusters. In Sec. Ill the experimental results are pre
sented. In this section we first compare the absorption of freg @"f
small Ar clusters with that of embedded Ar clusters inside « T
Ne. The second part focus on size-dependent shifts of thg :
transition energies in doped clusters. Here, a quantitative . . .~ é i
model describing the effect is presented. In the Appendix wWe 4 _ 50 ym, 4° ® o %o i
explain the method of the size determination of embeddeq T, =30k ® 0 ® o . S
clusters. Po = 200 mbar o o %  caplly "

N =7500 ° %% ‘fg :_2380“12“ :
Il. EXPERIMENT S0  po-0-90mbar |
U

The measurements were performed at the experimentg b P I I >
station CLULU at the synchrotron radiation laboratory : :

HASYLAB in Hamburg. The experimental setup is de- & I ! T |

scribed in detail elsewherd.1t has been modified to allow %,\‘f ’ 1 Py =20 b /

the doping of rare gas clusters with atoms from a cross-jeting% 6 | /' \ .

a pickup process. In brief, Neclusters are prepared in a E = - E

supersonic expansion through a conical nozzle (260 di- £ E 4ar / \ 1

ameter, 4° opening cone anglét a nozzle temperature of 3% . 7/ , , , , \- ]

30 K and a stagnation pressure of 200 mbar the averag: 0 2 nozzlg distance?( [mm] 8 10

cluster size was determined &k=7500 using well-known = _

scaling laws*!* The width [full width at half maximum gg 100 -

(FWHM)] AN of the size distribution is approximately. ‘E‘§ 80 | /°/

The cluster beam intersects Ar atoms from a cross-jet on E..g E 60 L e

length scale of 10 mm. The Ar atoms are picked up bytheNe o &, [ /-/

clusters and stick to the surface of the cluster. When severz @ 2 s0 | -

atoms are picked up the Ne clusters become liquid like since & i -

the collisions are warming up the cluster. Due to the in- €3 Ot > P P : : :
®© O 0 10 20 30 40 50 60 70 80 90

creased mobility of Ar atoms inside the Ne cluster, the Ar
atoms form small clusters inside N@A sketch of the inter-
action zone including the main parameters is shown in the FIG. 1. Upper part: sketch of the interaction zone including the
upper part of Fig. 1. The size determination of the embeddechain parameters. Middle part: Ar particle density distribution along
Ar clusters is based on theoretical and experimental workhe beam axis. Lower part: calibration curve for average embedded
published by Lewerenet al!® and is explained in the Ap- cluster size determination.

endix. According to their work, the average numbérof L —
P g 9 nfrgee Ar clusters comprisin@000 (a) and 60 atoms(c), re-

picked-up atoms depends mainly on the Ne cluster size a . " . ) . ]
the average particle density of Ar atoms, which is a functionSpPTCt'Vely: The transition energies of excitons in SO.I'd Ar are
ndicated in the figuré® The intensity ratios of the different

of the cross-jet pressure. In the middle part of Fig. 1, the Af"d/Cat€ ? .
particle density distributiom(x,y,) along the beam axis excitonic bands differ considerably from those of free clus-

(X,¥o) is calculated for the cross-jet pressyg, tempera- Lersa In freg S",:a” Arf clusters_t t?e T)OSt mtensfe{[habsolrr{uor;
ure T, and caplary ameta, of 20 mbar, 300 K an_ D95 26 e (0 surace oxgfaton because of e eilhel
200 um, respectively’ The calculated average size of em- '9 ' u ’ u

bedded clusters is shown in the lower part of Fig. 1. We hav%)ands completely disappear, Which gives strong evidence
o point out that all numbers given below are mean values fo hat the Ar clusters are located inside the Ne clusters. We

the cluster sizes. Monochromatized synchrotron radiatiorg'Ote. that surface excitons in rare gas solids are also vanish-
) A 230 meV band ing |_f the surfacg_ is covered Wlth different rare gas Iaf@rs.
(11.5-12.9 eV at a resolution of 2.5 A €30 meV band- ,'Fijg. (1), additional absorption bands located at the high-

pas$ was focused 10 mm downstream from the nozzle orynerqy side of thell exciton are seen. The energy shift can
the beam. After photoexcitation the clusters emit fluorésyg nqerstood assuming that the excited orbital of Ar surface
cence light, which was detected spectrally undispersed by g ms is perturbed by the surrounding Ne cluster atoms. This

“solar-blind” photomultiplier (sensitivity 411 Y. The to-  jpsqrption band at 12.65 eV is interpreted as an excitation
tal VUV luminescence yield is taken as a measure of the Ar

| b - ) diative d h a:‘the Ar-Ne interface. In small clusters it is associated with
cluster absorption, since nonradiative decay to the groung,q correspondingS,— 1P, transition of single Ar atoms in
state is inefficient in rare gas clustéfs.

Ne matrice$! as indicated in Fig. ®). By comparing Fig.
2(a) with Fig. 2(b) we can assign the other two absorption
bands at~12.18 eV and~12.41 eV of embedded Ar clus-
In Fig. 2 the total VUV luminescence yield spectrum of ters to the longitudinal and transverse mode of tivel’
ArggNessgy clusters(b) is compared with excitation spectra of bulk exciton. The transition energy of thd’lexciton of

cross jet pressure [mbar]

IIl. RESULTS AND DISCUSSION
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FIG. 2. VUV-fluorescence excitation spectra (& ArgoNezsgo FIG. 3. VUV-fluorescence excitation spectra ofyfNessg clus-

clusters and free Ar clusters containifa) 2000 and(c) 60 atoms.  ters (46 M< 100).
Vertical lines indicate the=1, 1’ excitons of solid Ar, the atomic
Ar 1Sy—*P, transition in the Ne matrix, and th&S,—*Py and  tronically excited states of small rare gas clusters. We like to
'Sy—°P; transition, respectively, of free Ar atoms. point out that the small energy shifts of bulk and interface

) ) excitons (a few me\j could only be observed due to the
embedded Ag; clusters is slightly shifted by approximately syppression of the strong absorbing surface excitons by em-
~20 meV relative to the corresponding absorption energy ohedding the small Ar clusters inside Ne. In view of the the-
free Arg Clusters. This effect might be explained by the in- gretical model, the energy shifiv of bulk and Ar-Ne inter-
fluence of the surrounding Ne atoms, since the longitudinalface excitations is plotted as a function of the logarithmic

transverse Sp“?“"g O.f excitqns s m"?“”'y due to the l.ong'value of the average cluster siké and the number of sur-
range dipole-dipole interacticd?. We like to note that in — . , ,
contrast to free small Ar clusters the bulk exciton is not [@c€ atomsMs, respectively, in the case of the interface
observed in embedded clusters, which gives an indicatioffXCitation. In Fig. 4,6v is shown for different cluster sizes
that the oscillator strength of spin-orbit-split excitons is "€lative to the bulk absorption energies ofgNezsy clusters
modified in the matrix. and relative to the atomic AtS,— P, transition in the Ne
The absorption bandwidthéWHM) of excitons in rare Matrix at 12.74 eV in case of the interface excitaftbiThe
gas clusters depend sensitively on the cluster Sizgnis  number of surface atond s is calculated under the assump-
explains why the observed widths of the’lexciton tion that the clusters have polyicosahedral structure with
(~162 meV) and the Il exciton (~248 meV) in small em- fivefold symmetry’* M is derived from a continuous curve
bedded AgNessgy clusters and in free Ag clusters, respec- fitted between the “magic” cluster sizes corresponding to
tively are significantly larger compared to those in freeclosed-shell icosahedra. The spectral shifts can be under-
Arzgap clusters. Here, the absorption bandwidth of the transstood within the Frenkel-exciton model. In the Frenkel
verse mode is~116 meV and the width of the longitudinal model the transition energy from the ground to the excited

mode is~87 meV. state(f) is given by®
The bulk excitations as well as the Ar-Ne interface exci- R )
tation shift to lower energies as theyjcluster size increases Ei(k)=Ae+Ds+Ls(k), (2)

(40< M < 100). The size dependence of the transition ener- herek is th o is th o
gies is shown in Fig. 3. The different absorption bands ard'N€rek is the excitonic wave Veﬁtoﬂeﬂ Is the ex:ntﬂ;:t?_n
fitted with Gaussian curves. To reduce the number of fre@N€rgy of the free atom, arid is the environmental shift in

. — __Interaction energy of one excited atom due to all surrounding
parameters the bandwidths were kept almost constant (

~10%). atoms. The resonance interactiop(Kk) is expressed by

In the following we present a model giving a quantitative M
description of the energy shift. This model has recently been Lf(IZ)= 2 M exp{ilzo (A—m)] @)
used to explain the cluster size dependence of visible and nme1 ’
near-infrared luminescence of ionic centers in photoionized P ] o
Xe cluster® The variation of the transition energies gives whereM , is the matrix element of the excitation transfer

direct insight into the character of the strongly bound elechbetween atonm andm. In a simple model, the electronically
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0.05 First, we focus on the environmental shift: and study
004 O 1t the effect of increasing cluster size from 40 to 100. The
0.03 | above-mentioned polyicosahedral geometric structure of
1 small rare gas clusters exhibits closed shells with increased
0.02 |- stability for 13, 55, 147. .. atoms/clusterd’ Arz clusters
0.01 | are formed by 12 atoms around the central atoadius of
0.00 | the first shell:R;) and 27 atoms in the second laydR,].
) . . — Clusters comprising 100 atoms have closed second g@@lls
30 M 60 70 8090 atoms and further 45 atoms in the third layeRy). If we
= 010F o ArNe interface excitation assume that the central Ar atom is excited fro_m thg ground to
% 008 b o the excited state related to tH&,— P, transition in free
— 7 L'm Ar 'S->'P, in Ne matrix atoms, the key question is to what extend ground and elec-
!E 0.06 - tronically excited states are influenced by atoms from outer
n 0.04 shellsR,,=R,. This question will be answered in the follow-
2 002 | ing.
® 0.00 h In rare gas solids the interaction enemy is calculated
c - ettt from the molecular potentials for=a (interatomic distances
@ 1 Ms 20 40 60 rin Rg; , lattice constant of the bulk solid) and using the
0.05 L theoretical crystal potential of the polarization attraction tak-
004 & 1 ing the van der Waals terms into acco@iere, we have to
0.03 F keep in mind that in small Ar clusters the dominant contri-
002 F bution toD; comes from the 12 atoms in the first shell, since
1 the radius of the free atomsrbital (r)=6.2 A is not much
0.01 | larger than the average nearest-neighbor distangea
0.00 F . =3.75 A. Last and Geord® calculated the interaction en-

1 4 ——— ergy between the excited atom and the neighboring ground-
30 M 60 70 8090 state atoms for the Ag cluster with the excitation at the

FIG. 4. Energy shift of bulk excitongircles and trianglesand ~ central at.orrf.o According to their work, the energy of the
of the Ar-Ne interface excitatiofcubes as a function of the loga- Al -Ar, interaction is 0.464 eV. Since both grand Angg
rithmic value of, respectively, the cluster sizeand the number of ~ clusters exhibit closed first shell§D (M) is mostly deter-
surface atomsMs. mined by long-range dispersion interaction from atoms of

outer shells. To give an order-of-magnitude estimation for
excited atom can be treated as a positively charged hole withe corresponding influence on the transition energies in
an electron circulating around it. In this picture, the excita-Small Ar clusters we used the long-range potential for the
tion transfer is like a “hopping” of the hole between the €Xcited state of Ar, which is of the form(see, e.g., Ref. 28
cluster atoms due to the dipole-dipole interaction. Since thé&" 29
electron movement around the positive atomic core is sig-
nificantly faster than the movement of the hole, electron and Gy G
hole can be treated as a combined excitation changing lattice Vi(r)= FERFCE (5)
sites due to the resonant excitation tranéfdfor the matrix
elementM! . one obtains the following expressiéh: The C; coefficient is different from zero only if the excited
state on the separated atom is dipole allowed, since it de-
1 .. o o pends on the dipole matrix element connecting the ex-
M == [ (Andm) 1 3= 3(dnT ) (Al ) 1. (3)  cited atomic state to the ground state:

nm
C3~|Mz|2- (6)

The Cg van der Waals coefficient is given by the so-called
130

Here,anz n—m is the internuclear distance between differ-
ent atomsn and m with transition dipole momentd, and | _ :
= . : Slater-Kirkwood relation
dm - In order to describe the cluster size dependence of the

transition energy shifév(M) quantitatively we analyzed the ara;

size dependence @; andL:(K) in Eq. (1) in detail, since Ce=K , (7
for cIus?ers it resultsfin () &0 (a1 /Ny)Y2+ (ap/Ny) Y2

_ _ L where«, and «, are the polarizabilities of the two interact-
ov(M)=6D¢(M)+ 6L¢(k,M). (4)  ing atomsN; andN, are approximately the number of outer
_ L shell electrons, anK takes the value of 15.7 to obta@®y in
Here,oD¢(M) and éL¢(k,M) are the changes in the enviro- [ey A%].3 The polarizability of the ground-state argon atom
mental shift and in the resonance interaction due to the ings well known3! whereas experimental and theoretical data
creasing cluster siz#l. on polarizabilities of electronically excited atoms are very
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. . - size dependence of the interaction ene&‘M(M) is not the

_ dominant effect, although as we have mentioned above, the
0.2 - ;":tged R, - absolute value oD; for a given cluster size is relatively
= large[e.g., ARs: D¢=464 meV(Ref. 10].
E 04 - 7 Therefore,6v(M) is mainly determined by the resonance
3 interaction termL¢(M). In the following we analyze its clus-
g 08 - T ter size dependence in detail. Because the raRjy®f the
embedded Ay clusters M =<100) is small compared to the
g T ] wavelength\ of the excitation radiationK, <1 nm), one
. | can replace the sum in EQR) by an integration of the dif-
9 10 11 12 ferent contributions oMLm. One obtain®
internuclear distance [A] )
FIG. 5. —Cg/r® contribution to the long-range van der Waals ov(M)=—a——=In(M). (8)
potential of ground(i) and excited(f) Ar, states relative to the €lo

Y 1 ; L i . i . . _
atomlc_ Sy and “P dissociation limit as a fungtlon of the internu Here, a=4.14 is a numerical constard, is the strength of
clear distance. The central cluster atom is exciRedandR; denote h L dipol dl=d —d/\/— is th

the radii of the second and third icosahedral shells, @i, de- (€ fransition dipole moment (=dm=d/\e), ro is the

scribe the gain in polarization energy due to each atom in the ref€arest-neighbor distance, amdis the dielectric constant.
spective layer. The theoretically predicted linear dependergae~In(M) is
in very good agreement with the experimental data points in

rare. SinceCg is approximately proportional to the atoms Fig. 4. This gives strong evidence that the electronically ex-
volume® we estimate its value from theoretical work on cited strongly bound first excited states in small Ar clusters
excited molecular states of Blepublished by Cohen and can be described in the Frenkel model taking the size-
Schneidef? We obtain Cg~58.3 eV & for Ar dimers in  dependent resonant excitation transfer into account. A de-
electronically excited molecular states correlated with thescription in the quantum defect model is not possible, since
atomic 1P, energy level. here the excitation transfer is not explicitly considered. On

In Fig. 5, we plotted the attractive C4/r® term of both  the other hand, one has to point out that our approximation is
ground- and excited-state potentials of,Aelative to the only valid in the molecular limit R;;<<\) where the ener-
asymptotic atomic'S, and P, states, respectively, as a getic positions of the bulk excitons in clusters do not con-
function of the internuclear distanceTheC;/r term is the  verge toward the bulk solid limit. This is somehow surprising
molecular analog of the resonant excitation trangfgﬁ) in since other energetic size effects, e.g., spectral shifts of large
bulk solids and will be discussed later. It is due to the delo-0rganic molecules embedded in rare gas clusteg) con-
calization of the excited electron. In order to make sure thaverge toward their bulk values in the molecular linfitwhile
we do not count the effect of delocalization and hopping ofélectrodynamic size effects, e.g., radiative lifetimes, con-
the excitation twice, we have to s€% to zero if the term  verge toward their bulk vg;ues only in the so-called electro-
5Lf(I2, I\W) is considered. er)amlc regime IRC|>.)\)'. Interg;tmgly, in the molecular

To estimate the change of the transition energy with cluslimit (N_$1OOO)’ the lifetime modificatiod 7, of _embedded
ter size due to long-range dispersion forces from outer-sheffromatic molecules deg)ends on the Cluster.5|z_e anod_can be
atoms, we assume that the central atom of the cluster is e@PProximated byAr /7. ~In(N), where the lifetimer;" is
cited. In this picture the change of the interaction energythat of the free moleculg’

5D¢(M) can be approximated by the sum of the contribu-
tions of different atomslV, ; in outer shells. The polarization IV. CONCLUSION
energy results in a decrease of both ground stgtend

excited statef(). The second and third icosahedral shell radii — o
of rare gas clusterR;,R;) are approximately 2 and 3 times, small embedded Ay clusters (1=<100) inside large Ngm

respectively, the average nearest-neighbor distanci, clusters. The absorption bands in the energy range 11.5-12.9

<75 A andRy=1125 A For the exced siate of s 1% S550ned 0 e enolucnaland rnsverse moces o
clusters, we obtain a decrease of the potential energy %t\ﬁ]veen the embedded Ar cluster and the Ne host cluster. The
about 6.21 meV relative to that of 4y clusters. In case of '

the ground-state potential, the energy is decreased by 4. served energy shift with cluster size is proportional to the
meV. logarithm of the cluster sizé1 and the number of surface

In conclusion, taking only the van der Waals polarizationatomsMg, resectively, in case of the Ar-Ne interface exci-
into account, the transition energy of Ar clusters containingtation. This is in agreement with the Frenkel-exciton model
100 atoms is lowered by approximately 1.85 meV with re-and points out that the resonant excitation transfer plays an
spect to clusters containing 40 atoms. This value is morémportant role and has to be considered in theoretical models
than one order of magnitude smaller compared with the exdescribing intermediate excitons in rare gas clusters and the
perimentally observed energy shift 620 meV. The cluster bulk solid.

We have recorded VUV-fluorescence excitation spectra of
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APPENDIX

The probabilityP for a Ne cluster(capture cross section
0cap) Passing through the interaction zoflength L and
average particle densitys) and picking upk atoms is de-
scribed by Poisson statisti¢$:

_ (‘%apFSL)k

exfl — Teapnsk 1. (A1)

PHYSICAL REVIEW B 66, 205407 (2002

In a crude approximation, we assume that the sum of thg Ne

cluster cross section and the atomic cross section is equal to

the capture cross section. Monte Carlo simulations and ex-

Eeriments on the scattering and capture cross section of He
Tusters show that the effective geometric cross seatipn

for light atoms(e.qg., Ap or large Hey clusters N\>3000) is

in good agreement with the measured capture cross section

Ocap- 2% In the case of Ar-doped Hgy, clusters Lewerenz

et al. obtained for the so-called “sticking coefficient” a value

of S= 0¢ap/ Tgeq~0.94%% In this approximation we get

Ocap™~O0geo™ 71'(RCI'H‘)Z: (A4)

3 1/3
—N| +
4mp ) '
Here,R., is the cluster radiug, is the radius of the embed-

2
Ocap™~T

(A5)

The cross-jet particle density along the cluster beam axi§€d atom, ang is the particle density in Ne solids.

, temperature¥,, and cap-

(x,yo) for cross-jet pressure%
b 7

illary diametersdg is given

N(X,Yo) =C; cog(C,)co (A2)

7 C
20 2]
with
Zpd2
Cl=Z—QpQ and C2=arcta76
YokeTo

In this equatiorZp=0.157 andd =1.365 are numerical con-
stants for rare gas¥sandkg is the Boltzmann constant. The

average particle densitys is simply

X— L/Z)

Yo

_ 1L
nS:EJ' n(X,yq)dx. (A3)

0

While small clusters are formed inside large Ne clusters,
Ne atoms are evaporated from the Ne cluster surfaoel-
ing mechanismand the cluster cross section decreases, re-
spectively, the capture cross section. In a simple model the
deposited condensation energy inside Ne clusters as well as
the energy due to the evaporation of Ne atoms is proportional
to the binding energy per atorg,,, of the respective solid.
In this picture, Nesy clusters doped with 100 Ar atoms
evaporate approximately 335 Ne atorng,(Kr)/Ey(Ne)
~3.35] and the cluster cross section is therefore reduced by
roughly 3%. Since this is a rather small effect, we treat the
capture cross section as constant and calculate the average

sizeM of the embedded Ar cluster as a function of the cross
jet pressurgq using Egs(A1)—(A5):

M(pQ)=fkpk(L)dk. (A6)
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