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In this article we explore the structural, dynamic, and spectroscopic implications of large local
configurational changes in electronically excited Xey (N=12,54,146,199) heteroclusters, where

the X&' [=Xe(®P,)] atom is excited to the lowest dipole-allowed extravalence Rydberg excitation.
The ultrafast femtosecond and picosecond dynamics driven by the short-range repulsive interaction
between the vertically excited XeRydberg and the cluster Ar atoms was studied by molecular
dynamics simulations. From the analysis of the time dependence of the structural parameters for
site-specific Xe excitations in medium-sized=€ 54) and larggN=146,199) clusters, two general
configurational relaxation phenomena were established: a “bubble” formdiien a large
configurational dilation around Xe for Xe interior sites and a “spring” formatiorii.e., the
stretching of X& outside the clusterfor Xe surface sites. General Xe site-specific features of both
bubble and spring formation involve ultrasho(Gaussianp energy transfer to the cluster
(~50-100 fs characteristic timesz7) inducing configurational relaxation, which manifests a
multimodal time solution. The initialGaussiajptemporal modé~ 150—300 fs characteristic times

70> 7e7) IS followed by an exponential mod@s lifetime 7;), with subsequent impact induced,
damped vibrational coherence effects with frequencies,3), and exponential decayps
lifetimes 7,,73). The bubble formation for the central site of %45 or Xe*Ars, is induced by
energy transfer ofz;=60 fs followed by subsequent multimodal dilation withg=170 fs andr;

=2ps, and a subsequent expansion with coherent motion of vibrational wave packets with
w,,w3=20, 40 cm ! and 7,,73=2, 6 ps. The bubble reaches an equilibrium configuration after
~10 ps with asymptotic spatial expansion AR} =0.7-0.8 A. The spring formation for an
exterior surface site of XeArq,6is 7e7=80 fs and7;=210 fs, which is followed by a substantial
(=1.2 A) Xe* stretching and a subsequent contraction accompanied by vibrational coherence
effects with w,=10cm* and 7,=20 ps, with the asymptotic spring spatial extensibR¥

=0.6 A, being accomplished after30 ps. Regarding dynamic cluster size effects we established
that following vertical excitation at initial temperaturés= 10— 30 K, the following phenomena are
manifested(i) Large X& Ar,5and Xe Arqgq Clusters exhibit short-timél0—20 p$ configurational
relaxation in rigid clusters(ii) The central site in a medium-sized &5, cluster undergoes a
rigid—nonrigid (“melting” ) transition induced by the electronic excitation, with the *Xe
manifesting long-timg100-200 psmass transport from the interior bubble to the surface spring.
(iii) Small Xe&Ary, clusters exhibit stepwise reactive dissociation on the ps time scale. The
spectroscopic implications of large configurational relaxation ihA¢g (N=54,146) clusters were
interrogated by the simulations of the Xe site-specific time-dependent spectral shifts in emission,
which decrease from the initial large valuesg., Sv.(t=0)=0.92 eV atT;=10 K for the central

site] to low values. The time evolution of the emission spectral shifts is qualitatively similar to the
structural dynamics, which involves initial ultrafast-60—100 fs) decay, dps) exponential
contribution, and a damped oscillatory behavior. The time-resolved Xe site-specific emission
spectral shifts obey an exponential structure-spectral relationship which is isomorphous with
time-independent relations for the absorption spectral shifts and for the emission asymptotic spectral
shifts. Finally, predictions are provided for the spectroscopic interrogdbgnenergy-resolved
fluorescenckeof the longer time {- 150 ps) Xé& bubble mass transport in nonrigid %&r s, clusters.

The long-time fluorescence spectra, which were simulated by the spectral density method, exhibit:
(i) A Gaussian line shape, corresponding to the slow modulation l{initSpectral shifts (Sv,)
=0.01-0.1 eV) exhibiting a site-specific hierarchy, i@5p¢)(centraly>{Sve)(interior)>(5ve)

X (surface)>( Sve)(top). (iii) Linewidths (full width at half-maximum which follow the order of

the site-specific hierarchy of the spectral shifts. The calculated site-specific emission spectral shifts
and linewidths and the calculated Stokes shifts for central and interior bubble sites and for surface
spring sites in X&Ar,¢ are in reasonable agreement with the experimental results foAXg)
clusters. Our overall picture regarding the dynamic and spectroscopic implications of large
excited-state configurational relaxation provides guidance, predictions, and insight for the fate of
Rydberg states in clusters and in the condensed phasel99@ American Institute of Physics.
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I. INTRODUCTION =12-200) clusters. The time-resolved femtosecond and pi-
cosecond dynamics of structural changes for site-specific Xe
One of the unique characteristics of clusters pertains texcitations were studied by MD simulations. From the analy-
their size-dependent large surface/volume rétfiStructural — sis of time-dependent configurational parameters for these
consideration$,in conjunction with exciton spectroscopy of heteroclusters two general effects were documented:
neat rare-gas clusters by Mer et al” have confirmed the
prediction of the liquid drop mod&lthat in a K cluster
containingN constituents the fractioRr of surface constitu-
ents isFocn™ %3, Subsequent studies by Mer et al®!°pro-
vided rich information on the spectroscopy of surface an
interior Frenkel, Wannier, and core excitons in neaf, Ar
clusters. Of course, the segregation between internal and sur-
face sites provides only coarse grained information. Different To make contact between the configurational relaxation
energetic and spectroscopic observables will be exhibited faand experimental observables we have investigated the time-
distinct substitutional sites of an atomic impurity in an el- dependence of the fluorescence spectra and of the Stokes
emental atomic heterocluster. Experimehtar!* and  shifts between the peaks of the emission and of the absorp-
theoretical® studies provided an identification of distinct sur- tion bands. Finally, the semiclassical spectral density
face and interior sites in Xerclusters on the basis of the method®?*?*-**was applied for MD simulations of the
electronic absorption spectra of the guest atom. The eneemission spectra of Xé\ry clusters from the vibrationally
getics of the lowest dipole allowed extravalence electroequilibrated electronically excited state on the nanosecond
nic excitation of a Xe atom in Xedy, ie. time scale, which were confronted with experimental energy-
18,—3P,(2P4,,65[3/2],) (which will be denoted by X&)  resolved spectroscopic resutis.
constitutes a sensitive probe for the local microenvironment
of the Xe atom in the heteroclustEf:®The spectral shif6y
for the qptical ab;orption of Xg in thg elemental heteroclusy, giMULATIONS
ter (relative to the isolated atons dominated by large short- .
range Xe Rydberg state-cluster host atoms repulsive interad:- Potential parameters

tions, resulting in a large blue spectral shift towards higher  The ground state Ar—Ar and Xe—Ar pair potentials were
energies® *° The cluster-size-dependent spectroscopic obmodeled by the Lennard—JonésJ) form with the param-
servables reveal an analogue to an atomic shell structure Witers:gp,_a,=3.405 A, €x,_a,=0.0103 eV, 0ye_=3.65 A,
a hierarchy of Xe occupied site-specific spectral shifts inand ey, ,=0.0153 eV*>*?~*The appropriate choice of the
absorption, decreasing in the ortferdu(central sit¢  excited-state X&(3P,)—Ar(1S,) potential is crucial. We
>éu(interior sitg>dy(surface sites>ou(top atom, provid-  have used the exp-6 potential derived by Messing, Raz, and
ing a spectroscopic method for the interrogation of the sitejortnet®!’ from a detailed and satisfactory fit of the absorp-
specific local structure? The theoreticaP*® and  tion spectra of Xe in fluid Ar over a broad density range from
experimentaf~**1®~information on the energetics, mani- the low-pressure gas phase up to the liquid. This pair poten-
fested byéy, and on the nuclear dynamics, emerging fromiijg| is of the fornt®!’
the homogeneous absorption line sh&p@, provide the ba-
sis for the exploration of excited-state dynamics of XgAr Vier —ar(r)=€(1—6/a) *{(6la) exda(l—r/re)]
clusters. —(ro/r)8 (1)

The dominance of the short-range excited-state repulsive € '
Xe*—Ar interactions in the nuclear configuration space,with the parameterg=0.008 eV, r,=4.65 A, anda=15.
which is accessible by vertical excitation from the equilib- Messinget al1®~® have found that the exp-6 excited-state
rium ground state, has profound dynamic implications. Oneotential(Eq. 1) is superior to the LJ potential in accounting
expects this repulsive interaction to induce a significant infor the density and temperature dependence of the absorption
crease in thgmean equilibrium Xe& —Ar distances in the spectra of Xe in fluid Ar over a broad density range. We
electronically excited state relative to the Xe—Ar distances irhave assessed the sensitivity of the simulated absorption
the ground electronic state. These general consideratiorspectra of XeAg (N=12, 54, 146 clusters to the form of the
were borne out by the molecular dynami®d4D) studies of  excited-state potential, showing that the spectral shifts and
Scharf, Landman, and Jortd&f? on interior and surface the linewidths calculated with the excited-state LJ potential
configurations of the electronically excited &, and are systematically lower by about 30% than those obtained
Xe*Arg, clusters. In this article we explore ultrafast femto- with the exp-6 potential(Eq. 1.1 The absorption spectral
second and picosecond cluster dynamics driven by an exshifts for XeAr ¢ clusters at the experimental temperature
travalence electronic excitation. Brief preliminary reports ondomain 25—35 K> calculated with the exp-6 potentiébut
excited state structural relaxation dynamics irf Xej4gclus-  not with the LJ excited-state potendiaf are in good agree-
ters were already presented by %fS.We report on the ment with experiment!! The exp-6 potential, Eq(1), will
nuclear dynamics and on the spectroscopic implications obe used in our calculations of the excited-state dynamics and
large excited-state configurational changes i Xg, (N of fluorescence spectroscopy.

(1) The “spring” formation for a surface Xeatom. This is
manifested by the stretching out of X¢o a larger equi-
librium distance from the surface.

0(2) The “bubble” formation for the interior X& atom. A
large configuration dilation is exhibited around the local
Rydberg impurity excitation.
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B. Molecular dynamics in the electronically excited Xe* atom and of the nearest-neighbor Ar atoms, re-
state spectively.
We performed constant energy MD simulatithesing We note that all the three structural parameRfs,,(t),

the Nordsieck fifth-order algorithm to integrate the classicalNN* (t), and R* \(t) are time dependent with=0 being

equations of motioritime step 2-5 fs A vertical electronic  characterized by the vertical excitation.

excitation from the equilibrated ground state potential sur-  The cluster vibrational energy after the vertical excita-

face Vy{ra(t)} to the electronically excited state potential tion was specified by the kinetic energy KEN ,m,v?/2 via

Velra(t)} [wherer(t) are the nuclear coordinates of the the cluster temperature

A=1,..,(N+1) atomg was performed, followed by the in- B

terrogation of the nuclear dynamics on tiig potential sur- T=2KE/(3N=6)ke, )

face. The procedure is based on the following steps: whereN is the number of atoms in the clustem, is the mass

) o o of theith atom, andy, its velocity. The cluster temperature

(i) Characterization of initial ground state structures. The(TOCKE) was defined as though the system satisfies the prin-
initial structures were characterized by using the CON<iple of detailed balance due to the small time <@g5 f9

jugate gradient meth48*’ on the ground-state poten- employed in the simulations

tial surface. Doped XeAr (N=12, 54, 146 '

icosahedr® were prepared af=10K and 30 K,

. . . . C. Time-resolved emission
with the Xe atom being substituted into each of the

nonequivalent site’. XeAr, 44 clusters were prepared An important spectroscopic implication of the configu-
by removing Ar atoms from the outer shell of the  ration relaxation in the electronically excited state of Rey
=309 Mackay icosahedron. pertains to the time-resolved spectral shift,(t) in emis-

(i)  Sampling of initial configurations oW, for the verti- ~ Sion, which can beespecified in terms of the timle-dependent
cal excitation. The thermal equilibration procedure of first moment®™>2M(t) of the Xe (*P1) Ary— Xe(*S)Ary
an initial structure at the temperatur@s-10K and  fluorescence, i.e.,
T=30 K on the g_roun(_j—state potentlal surfac_e was Mi(t)=Vg({rA(t)})—Ve({rA(t)}). (4
carried out by the iterative scaling of the velocitfés. o _ _ )
Subsequently, a constant energy trajectory was gener- The initial Conflguratlons_ for the calculatu_)_n of EGh)
ated onV, for 1 ns. From this trajectory 100 initial, V€€ chosen by the sampling procediistep (ii) of Sec.
statistically independent, points in the configuration!!! B)]- The trajectories were subsequently propagated on

space were sampled, serving as the initial nuclear con\-/e' Each point in th_e t'm? domain was obtamed_ by averag-
- - ing over 10—100 trajectories. For the time domain of 10-25
figurations onV,.

(i)  Structural parameters for electronically excited stateé\:/)v Ser;hzvgfgﬂggrg\tl'grnilogrlfa.teifoﬁgscuv\?scgss'gsgggeg:tﬁz
with the 100 independently sampled initial configura- 9 ! '

tions. We calculated ensemble averaged structural ande 2o oo of the configurational and spectroscopic observ-
: 9 ables on the time scale of the radiative lifetime of¥&P,)

spe(.:troscopic. time-resolved observables for the eIec(-T:3_5 ns9). For this purpose, “long-time’{1 ng trajec-
tronically excited XéArN_cIusters. Eac;h point was tories were propagated from the initial vertical nuclear con-
averaged over 100 exc[ted-state tra.jector_(tm t figuration onV,, averaging over 50 independent trajectories
=20p9 and over 10 excited-state trajectories for ( o N—12 andN=54 and over 10 independent trajectories
=20-1000 ps). for N=146 andN=199.
The following structural parameters were useful for the ~ The time-resolved spectral shift in emission relative to
specification of the nuclear dynamics in the electronicallythe emissior(or absorption of the bare Xe atom is
excited staté>?122 Sve(t)=—ME(1), (48)

(@ R*cu(t). The distance between the Xatom and the  which approximately corresponds to the peak of the time-
center of the mass of the Xeqcluster. resolved emission spectrum. It will also be useful to define

(b) NN*(t). The average number of Ar atoms in the the time-resolved Stokes shift 35 petween the peak of the
nearest-neighbor positions to XeWe have used the time-resolved emission spectrum and the peak of the time-

criterion™>*® that any Ar atom with an Xe-Ar dis-  independent absorption spectréwith the spectral shifé),
tance of<1.15r, (wherer,=4.65A is the equilib- ie.,

rium Xe*—Ar separatiopcounts as a nearest-neighbor

atom. SSt)=v—Sve(t). 5)
(© R*\n(t). The average distance between*Xand the  The structural parameteRE,,(t), Ryn(t), and NNt (t), to-
first coordination shell of Ar atoms, i.e., gether with the spectroscopic parametérg(t) and SSY),

NN (t) will provide spectroscopic information on the time-resolved

Ri(D=[NN*()]"* > I[R;() —Rxex (D], (2 excited-state nuclear dynamics in the cluster. This approach
i=1 for cluster excited-state dynamics bears a close analogy to
whereRyex« (t) andR;(t) are the position vectors of the the interrogation of time-dependent dynamics in macro-
J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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scopic solvents, e.g., the solvation of an electronically ex-  The averaged semiclassical emission line shagg) is
cited giant dipole molecuté or of an excess electron in polar given by

solvents*~>® were explored by ps or fs laser spectroscopy, B

and by the formation dynamics of the excess electron bubble L_e(E)z L Re f dp qu drpe(q,p,7)

in liquid helium>? ™ Qe 0

X exfi(E+ wget (U%)) 7]exd —g%(7,p,q)],
D. Emission line shapes (11)

Energy-resolved total fluorescence line shapes were calyhereq andp are the coordinates and momenta of the atoms
cuIatedltgygozizftzzla|ghtfomarq extension of the spectral densityng (q,p,t) is the distribution function in the electroni-
method.>“"*""*"These emission line shapeg(E), at the  caly excited state in the accessible regig of the phase
emitted photon energl¢, were calculated by averaging over space. The averaging ov€Y, was conducted by ensemble

the accessible regiofl, of the phase space at the electroni- ayeraging over 20 microcanonical spectra, each obtained us-
cally excited state. These time-independent calculated emigng a 1 nstrajectory.

sion line shapes are obtained from averaging over initial
excited-state trajectories. This analysis was .pe'zr'formed fOE. Moments of the emission spectra
Xe*Ary (N=12, 54, 146, 19Pclusters at two initial tem- o ) .
peraturegT; =10 and 30 K for different substitutional sites The emission “n? shapes Wereecharacterlzed in terms of
of the X&' atom. To obtain the emission line shapes thethe long-time(1 ns first momentM; and second moment
following steps were undertakefit) propagation of a long M2 of the emission band, which are given by
trajectory overV, beglnn_lng from t_hg_ equmprgted ground M‘f:(Vg(t)—Ve(t» (12)
state trajectoryf2) choosing of 20 initial statistically inde-
pendent configurations of the excited state. The first point iind
the configuration space was chosen in 25 pS, which corre- M§=([Vg(t)—ve(t)]z>. (13)
sponds to the equilibration time on tMg potential surface; ] o
(3) calculation of microcanonical emission spectd;aver-  An analysis of the power specttl(w) for the emission of
aging the line shape over the trajectories. This procedur&€”Ary clusters demonstrates thallt these systems correspond
gives a “long-time” emission line shape for medium-sized 10 the Kubo slow modulation limt: Accordingly, the emis-
and large clusters, which can be confronted with the experiSion line shape is Gaussian with the emission spectral shift
mental energy-resolved emission spectra. (ve) being given in this limit by

The semiclassical emission line shape for a microcanoni- (Sve)=M¢ (14)

cal subspectrum is given B3t
P g Eﬁ/ and the Stokes shift is

1 ©
Lo(E)= - Re fo dt exdi(E+ wget(U®))7] (S =6v—{(Jvy). (15
. We distinguish between the time-dependent first moment
xXexd —g%(7)], (6) MI(t), the spectral shiftdvg(t), Eq. (4), and their corre-
where sponding asymptotic(time-independent values M§ and
B (6ve), Egs.(12) and(14). The emission linewidthfull width
(U5 =(Vy(t) = Ve(1)) D at half-maximum(FWHM)] I'; is given in the slow modula-
is the excited-state time-dependent energy gap, whede-  tion limit>* by the central second moment of the line shape
notes a trajectory averageg. is the 0-0 emission energy of I',=2.355MS— (M$)2]V2 (16)

the bare X& atom, andy®( ) is the two-time integral of the
semiclassical energy-gap autocorrelation function in the time  Indeed, a direct calculation of the FWHM of the

domain, i.e., linewidth, Eq.(11), is in good agreemerfi.e., within 5%
B . with Eq. (16). The spectroscopic information for the emis-

g&( T):f dTlf 1d72J§c( ). (8)  sion spectra is characterized by the two observapies)

0 0 and I',. Similarly, we have previously showhthat the
Here J¢(7) = FT(JS(w)), where Gaussian absorption spectra of XgAare characterized by

the spectral shifts$fv and the linewidthdFWHM) T of the

absorption line shape.

Jdw)= Je(), 9

1 hw
+tan m
*
with J.(w) being the Fourier transforrfT), i.e., the power ICI:ILS-SrsllEJFE:gURAL RELAXATION IN LARGE Xe *Ary

spectrum, of the classical energy gap autocorrelation func-
tion We have investigated the time evolution of the structural
i , parameter&yy(t), Rey(t), and NN (t) for seven Xe atom
Je(7)=(Ue(0)Ue(7)), (10 substitutional sites in the Xé\r 44 cluster, which are labeled
with Ug(7) =Vgy(7) —Ve(7) —(U®). as in our previous work in the following manner(C) cen-
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FIG. 2. The site-specific time dependence of the distdrigg(t) between
the X&' and the center of mass of the cluster for different initial* Xe
substitutional sitegmarked on the curvésn the Xe Arq,q cluster. Initial

FIG. 1. The site-specific time dependence of the structural parametetremIOeratures are) 10 K and(b) 30 K.

Rin(t), the average distance between*Xand the first coordination shell of
Ar atoms, for Xé&Ar,,¢ clusters. The substitutional sites are marked on the

panels. Data are given for two different initial temperatufes 10 andT; (1)—(3) (Table ). The values ofA RE are near|y
=30K. (within =0.05A) site independent and independent of
the initial temperaturéin the rangeT;=10-30 K).
(20 Multimodal time evolution. The increase &y (t)

t(ps)

ter; (1), (2), and(3) inequivalent sites in the inner sphe(), from its Titifﬂ valueRyy to the long-time asymptotic
(5), and (6) inequivalent sites in the outer sphere. We have value (Ryy) exhibits a multimodal time evolution
also studied the togT) Xe* atom. There are four interior (Fig. D).

sites, i.e.(C), (1), (2), and(3) and four surface sites, i.€4), (3) Overall temporal increase of the bubble size. The
(5), (6), and(T). Vertical electronic excitation of the cluster
(whose initial ground-state temperatures @re 10 K or T;

=30 K) results in marked configuration changes on the 10 ps
time scale, as evident from the time evolution Rf,(t)

(Fig. 1), REy(t) (Fig. 2), and NN (t) (Fig. 3. Of interest is

also the time-dependent cluster temperaflitét) (Fig. 4).

On a long-time scalé> 20 ps(i.e.,t=20-1000 psthe con-
figuration parameters assume average constant values. The
asymptotic valuegR{y), (R&w), (NN*) and (T*) (aver-
aged over 10 trajectories of 1)nsre summarized in Table I.
From the analysis of the asymptotic values, together with
their time dependence, we infer the following:

NN¥(1)

(@ The bubble formation around the extravalence excita-
tions in the internal sites (C), (1), (2), and (3)

(1) Configurational dilation. Following vertical excitation, o:‘ é R R
the R{\(t) values increase from their initial value t(ps)

An(0)=Ryn, exhibiting a marked configurational di- FG. 3 The fime depend - ber of fi ahb
. . : H .o e time dependence of the number of first nearest neighbors
lation around the Rydberg excitatighig. 1 and Table NN*(t) of the X&' excited atom in X&Ar 4 clusters. Different initial X&

). The average siz_e of the bubble, as m_easured byubstitutional sites are marked on the curves. Initial temperatures are 10 and
ARF =(R{n)—Run» IS ARE =0.7-0.8A for site4C), 30k

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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FIG. 4. The time evolution of the cluster temperaturé&(t) for the

Xe* Ar 46 cluster for different initial X& substitutional site¢marked on the
curves for two initial temperatures off;=10K and T;=30K. (a) t

=0-1ps.(b) t=0-10 ps.

bubble radius increases graduallgpart from the
damped oscillations, see paragra#(4)] from the
initial value R{\(0) to the asymptotic valuéRyy).

The relative increase of the bubble radius

f(O)=[Rin(t) = RAN(O)I/[(RRN) —RRN(O)T  (17)

is f(t)<1 for the (C) site andf(t)<1.1 for sites(1)
and(2), during the entire bubble expansion process.
The bubble expansion manifests damped oscillatory
behavior(Fig. 1). The marked temporal oscillations of
R{n(t) manifest impact induced vibrational coherence
resulting from the motion of the bubble. The quantum
analogue of this phenomenon constitutes coherence in

8999

the motion of a vibrational wave packet of the bubble.
The impact induced excitation is characterized by the
time scale of rgr~50-60 fs for initial energy flow
into the cluster whose nuclear maotion is practically
frozen[see paragrapte)(10)]. The corresponding en-
ergy scale is#/7gr=100cm?, being sufficiently
large to span the energy range of the cluster frequen-
cies and to excite a vibrational wave packet.

The analysis of the dynamics of the bubble formation
should account for the multimodal time evolution and
for the nuclear vibrational oscillations. We defined the
configurational relaxation function

F()=Rin() — (Rin)- (18)
Configurational relaxation for bubble formation was
described in terms of a superposition

F(t)=A exp(—t?/202)+ A, exp(—t/r)

M

+_§‘§Aj cog wjt+a;)exp(—t/T). (19

=
Here{A;} (j=0,...M) are the amplitudesy the tem-
poral width of the Gaussian componertr;} (]
=1,..M) the relaxation times{w;} (j=2,...M) the
characteristic frequencies, agd;} (j=2,...M) their
phases. The amplitudefA;} are related byAR]
= —[A0+A1+2}\"=2Aj cosg;]. Equation(19) contains
contributions to the relaxation function from a short-
time Gaussian, a longer time exponential expansion,
and damped harmonic oscillations. The initial Gauss-
ian time dependence is characteristic of short-time be-
havior of correlation function: The contribution of
damped harmonic oscillations was first introduced by
Uhlenbeck and Orensteihand advanced by Kubd,
Robertson, and Yarwootl, Rothschild et al,*® and
Mukamel and Frietf=2° for the analysis of the re-
sponse of condensed phases and clusters. Equation

(199 was Fourier transformed, i.e., F(w)
=FT,{F(t)}, to obtain
0'602
F(w)=(Ay/o)(m2)? exp( - T)
_|_
Sl(o—w)*+(Lr)?  (0+o)?+(Ln)?)
(20)

wherew,=0. Each peak in the FT, EQO0), was fit by

a single Lorentzian to yield the amplitudes, frequen-
cies {wj}, and decay timeqr;}. These parameters
were used as initial values for the subsequent fit of Eq.
(19). Equation(19) was then fit by an iterative mean-
least-square procedure to obtain the final amplitudes
{Aj}, the temporal parametessand{ 7;}, the frequen-
cies{w;}, and the phasegy;}. The fit of the simulated
data by Eq(19) is not unique and a somewhat differ-
ent set of parametefse., differences in 30%—-40% in
the values of the temporal parameterand{7;}) also
results in an adequate representation of the data. We
have chosen the parameters with a minimal number of
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TABLE I. Long-time structural parameters for X&ry clusters(averaged ovea 1 nstrajectory. The corre-
sponding data for the ground state XgAare given for comparison.

Type of cluster

Ti (K2 (T*) (K) Ry (A)° (R (A)° NN (NN*) Rey (A (RE,) (A)°

Xe* Ar 46 (centra) 10 26.5 3.72
Xe*Arq,6 (centra) 30 36.4 3.77
Xe* Ar 46 (inner-1 10 20.1 3.83
Xe*Ar 46 (inner-1) 30 35.6 3.89
Xe*Ar 46 (inner-2 10 16.6 3.93
Xe* Ar 4 (inner-2 30 34.7 3.99
Xe*Ar 6 (inner-3 10 214 3.93
Xe* Ar 4 (inner-3 30 375 3.99
Xe*Ar 46 (surf.-4 10 14.9 4.03
Xe* Ar 4 (surf.-4) 30 32.6 4.07
Xe* Ar 6 (surf.-5 10 13.2 4.04
Xe* Ar 6 (surf.-5 30 32.0 4.08
Xe* Ar 46 (surf.-6) 10 12.3 4.07
Xe* Ar 46 (surf.-6) 30 313 4.11
Xe* Arq47 (top) 10 12.1 4.04
Xe* Arq47 (top) 30 33.1 4.08
Xe*Ars, (centra) 10 41.4 3.79
Xe*Ars, (centra) 30 41.7 4.09
Xe*Ars, (innen 10 30.5 3.94
Xe*Ars, (innen 30 36.7 4.02
Xe*Arsg, (outen 10 16.5 4.06
Xe* Ars, (outen 30 35.9 4.10
Xe*Arsg, (vertey 10 14.7 4.08
Xe*Arsg, (vertex 30 35.6 4.12

4.54
4.48
4.61
4.63
4.61
4.69
4.70
4.74
4.63
4.66
4.65
4.70
4.67
4.73
4.65
4.73
4.70
4.79
4.66
4.77
4.63
4.72
4.68
4.70

12.0 17.5 0.083 3.98
12.0 12.1 0.17 2.49
12.0 15.3 3.61 6.45
12.0 14.9 3.67 5.69
12.0 15.0 6.29 7.44
12.1 11.6 6.37 8.20
12.0 5.9 7.27 12.0
12.0 5.2 7.35 12.3
9.0 8.0 9.01 10.4
8.9 7.7 9.09 10.5
8.0 7.9 9.77 10.9
7.8 6.8 9.86 11.0
6.0 5.9 111 12.0
5.8 4.2 11.2 12.4
3.0 3.2 12.0 12.6
2.9 3.1 12.1 12.9
12.0 4.7 0.11 8.56
14.0 4.7 1.40 8.53
12.0 8.2 3.66 6.35
12.1 4.4 3.71 8.27
8.0 7.7 6.39 7.29
7.7 2.7 6.40 9.47
6.0 5.9 7.35 8.17
5.8 4.8 7.46 8.37

nitial cluster temperature.

bStructural parameters for the Xe@clusters in the ground electronic stafef. 15.
CAsymptotic values for structural parameters for the* Xg, clusters(see text

frequencies in Eq.(19) to obtain an adequate fit
(within <1%) of the simulated data. The time depen-

dence of the bubble configurational relaxation function

in the short-time domaint& 1.5 ps) is nearly indepen-
dent of the initial cluster temperatuk€&ig. 1), while
for longer timesF(t) at the higher temperaturerl(

=30 K) is smeared out and exhibits less details than at7)

Ti=10K. The parameter$A;}, o, {7;}, and{w;},
obtained from the analysis of thé(t) data for the
bubble formatiorsites(C) and (1)] in Xe*Arq4, are
summarized in Table Il. The good quality of the fit
(Table 1)) is evident from Figs. 5 and 6. Within the

uncertainty of the temporal parameters obtained from(8)

the fits, the site specificity and the temperature depen-

dence of the lifetimegTable Il and Fig. ¥ are weak.
Bubble initial ultrafast time evolution. The short-time
evolution is GaussiarfFigs. 1 and 5 and Table)ll
with the characteristic times,=2'%¢ in the range
70=170-280fs (Table Il and Fig. J. The initial

Gaussian time evolution, which manifests the behavior

of the relaxation function for the short-time radial ex-
pansion of the bubble, is pronouncélig. 5). This
Gaussian form of the short-time evolution is mani-

fested for all interior sites and also for surface sites.

The site specificityFig. 7) and the temperature depen-
dence ofry are weak. The ultrafast time scale for the
bubble initial expansiony=170-180 fs corresponds
to effective vibrational frequencies of

=120-200 cm?, which considerably exceed the

characteristic nuclear vibrational frequencies of the
rare-gas clustefwith a maximal vibrational frequency
of ~50 cni'Y). Accordingly, the inertial radial bubble
expansion, which corresponds to a Gaussian time evo-
lution, occurs on a time scale faster than the cluster
vibrational motion.

Bubble exponential expansion. For the central site an
exponential increase of the bubble size with a lifetime
71=2%0.5 ps is exhibited with a rather weak tempera-
ture dependence af; (Fig. 8). This exponential com-
ponent is not universal, e.g., not being exhibited by the
interior (1) site (Table ).

Characteristic bubble frequencies. For {2 site two
frequencies are exhibitedTable 1), i.e., w,~7—
9ps?! (37-45cm?l) and wz~3pst (~16 cm).
There are two frequencias;~16 cm * and w,~40
cm ! which characterize bubble configurational relax-
ation in the interior site$C), (1)—(3) of the X&' Arqq
cluster, with thew; frequency being always exhibited,
while the w, frequency is less prominerie.g., not
appearing for site(1) at T;=10K). The damping
(dephasing times of the two vibrational frequencies
are 7,=1-3ps (for w,) and 73=2-6 ps (for ws),
which are nearly temperature independé€hig. 8).
The vibrational frequencies, andws are in the range
expected for the cluster frequencies. The characteristic
times for the vibrational motion in the, and w;
modes, i.e., Yw,=2 ps and dw;~0.8 ps, are com-
parable to or shorter than the dephasing timgsind
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TABLE II. Dynamic parameters for the characterization of the evolution of the structural mean guest-host difgttethe spectral shifts in emission
Sve(t), and the cluster temperatulié (t) for Xe*Ary (N=146 and 54 clusters aff;=10 K. Each dynamic paramet€&(t) was represented in the form
O(t)=A, exp(—t¥20%) + A, exp(—t/rl)+2jL=2Aj exp(—t/7)cosjt+ ;) with the corresponding relaxation functiift) = O(t) —(O) being analyzed accord-
ing to Egs.(19) and (20).20¢

Observable REN(D) Sve(t) (1)
N Site j (9 wj(psH AR aj (9w (psh) A (eV) a; (P9 wj(psh
146 (O 0 0.17 - ~0.08 - 0.065 - 0.26 - 0.057 -
1 1.8 0 -0.31 - 1.5 0 0.13 - 5 0
2 2.1 8.5 -0.17 0.20 17 8.4 0.19 0.28 5 6.7
3 6.1 3.3 ~-0.16  —0.33 3.9 3.3 017  -019 10 3.2
146 () 0 0.12 - -0.43 - 0.12 - 0.48 - 0.064 -
1 - - - - - - - - 3 0
2 - - - - 0.5 7.7 0.11 -355 - -
3 1.4 3.3 027 —1.50 2.7 3.6 007 -129 10 3.4
146 (4) 0 0.28 - -0.36 - 0.14 - 0.20 - 0.081 -
1 - - - - 7.8 0 0.011 - - -
2 25 6.7 -0.14 1.38 6.0 6.8 0.006 090 10 35
3 4.1 3.3 ~0.21 067  10.2 3.6 0011 —0.8 7 4.8
146  (6) 0 0.21 - -0.29 - 0.13 - 0.08 - 0.078 -
1 - - - - 0.55 0 0.057 - - -
2 26 1.9 —020 —0.67 17.7 5.0 0.002 2.33 2 18
3 - - - - 19.8 2.0 0012 —1.20 -
54 (C) 0 0.18 - -1.19 - 0.11 - 0.35 - 0.059 -
1 1.0 0 —0.60 - 13 0 0.12 - - -
2 0.4 6.0 ~1.45 2.66 1.2 6.7 0.06 1.59 2 3.5
3 2.2 3.4 -0.39 0.27 2.0 3.5 015  —0.08 5 4.0
54 () 0 0.18 - ~0.24 - 0.12 - 0.32 - 0.085 -
1 2.3 0 0.37 - - - - - - -
2 0.9 3.1 -0.82 5.99 1.8 1.1 0.05 0.86 1 3.1
3 1.8 5.2 ~0.14 2.22 18 3.2 0.05 6.29 5 4.1
54 (0) 0 0.15 - -0.16 - 0.15 - 0.097 - 0.085 -
1 - - - - - - - - - -
2 25 13 ~0.54 0.93 13 3.9 0.31 0.59 3 15
3 4.0 2.8 -0.31 1.06 1.1 4.3 0.28 3.11 5 4.1
54 (V) 0 0.24 - ~0.88 - 0.12 - 0.10 - 0.081 -
1 1.8 0 0.56 - 6.7 0 0.01 - - -
2 4.1 17.4 ~0.29 0.05 18 2.7 0.028 1.95 2 15
3 40 2.1 ~0.08 5.44 3.3 1.9 0.034 6.21 5 4.6

gParameters for fit with a minimal number of frequencies to result in adeqwitén 1%) representation of data.
Pw,;=0 by definition.
‘Entries in parentheses represent layer uncertding0%).

9

73. Within the uncertainty £50%) of the data fit,
frequencies[for interior sites (C), (1), and (2) of
Xe* Arq46] exhibit a weak site specificityTable II).
The nuclear frequenciaes, and w3 reflect the dynam-
ics of the motion of a nuclear wave packet accompa-
nying the bubble formation induced by impact due to
the switching on of the short-range repulsion in the
electronically excited state.

Other configurational changes. These involve the dis-
location of the X& atom away from the cluster center
of mass and the change in the number of nearest
neighbors for the interior site&C), (1), and (2). The
configurational dilation is accompanied by the dis-
placement of the Xe atom in the bubble towards the
exterior of the cluster as is evident from the time evo-
lution of RE(t) (Fig. 2 and Table)l Of particular
interest is the dislocation of Xemeasured by

Rem=[(Rem) —Rem(0)]- (21
For the centralC) site SRcyy=2.3—3.9 A, for site(1)

(10

SRcy=2.0-2.8 A, and for sit€2) sSRcy=1.2—-1.8 A
(Table ). Concurrently, the coordination numbers for
sites(C), (1) (Fig. 3 and Table ), and (2) markedly
increase from their initial value NN0)=12 to con-
siderably larger values, e.g{NN*)=17-18 for the
(C) site and(NN*)=15 for site(1). Accordingly, the
dislocation of Xé& is accompanied by a marked in-
crease of the coordination number. A cursory exami-
nation of Figs. 2 and 3 reveals that the time scale
for the exterior dislocation and for the change in the
coordination number(specified by the time corre-
sponding to the attainment of 90% of the asymptotic
valueg is mp=4ps for the (C) site and mp
=1.5-2.0 ps for sitegl) and(2) (at T;= 10 K). These
values ofrp are considerably longer than t@auss-
ian) characteristic timeqparagraph(a)(b)] for the
bubble formation, i.e.7p> 7.

Energy flow within the cluster. Relevant information
was obtained from the time dependence of the cluster
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T T T T T T T c 1 0 v N=54
551 Xe Ar, 6. Tiz10K i T T T T 5
| ] Ty(fs) : Xe Ary
— —————— p.
°3 a5l (4) o ) - 300 . o Ti=10K ﬁ
ool W O Ryn
= N=146
é BB el e e e I .87/6}
* 5 5”_ X * ki O Ryy .
: e A o N=54
@ | 4w 2001 ms.)
L = -
°
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1oL Xe *Ar —— simulation 1 oo ® h
L= 146 .
---- fit 7 L
0 i ! 1 1 1 | 1
C | 2 3 4 5 © N=l46
FIG. 7. Site specificity of the initial Gaussian characteristic tirgdor the
structural dynamics dR{(t) and for the spectroscopic dynamics®f,(t)
for Xe*Ary (N=54, 146 clusters aff;=10 K. The lower horizontal scale
000 marks the sites for thBl=146 cluster(with data denoted by circlgswhile

0.0 6.2 04 0.6 08 1.0 the upper horizontal scale marks the sites for khe54 cluster(with data

denoted by squargs

FIG. 5. Analysis of the short-timet£0—1 ps) dynamics of the bubble

formation and of the spectral shifts of X&ry (N=54 and 14§ clusters.
The time evolution oR{(t), Egs.(18) and(19) and of Sve(t), Egs.(22)

and (19), is fit with the parameters summarized in Table Il. Solid lines
represent the simulated curves while dashed curves represent the fit. Note
the short-time Gaussian time evolution and the onset of impact induced

vibrational coherence. The centi@), internal(l), and surfacd4) and (6)
sites forN= 146 and centralC), internal(l), and surfac€O) and (V) sites

The time evolution ofT*(t) (Fig. 4) for the interior
(C), (1), and(2) sites exhibits a fast increase, a slower
exponential, and a marked oscillatory dependence. The

temperature relaxation functidf(t)=|T* (t) —(T*)|

was analyzed in an analogous manner to E8)—
(20), with the characteristic times and frequencies be-

for N=54 are marked on the curves. All data are Tor=10 K, except for
the (C) site of N=>54, which is given forT;=10 K (marked C10 and for
T;=15 K (marked C15 and not jitNote that the ground-state dislocation of
Xe in XeArs, at T;=15 K results in the reduction afv,(0) relative to its
value atT;=10 K.

ing summarized in Table Il. The initial increase of
T*(t) is Gaussian, with a characteristic time
rer=220=50-60 fs. Accordingly,rer<7,, reflect-

ing ultrafast energy transfer into the cluster, which
triggers the bubble expansion process. The ultrafast
time scale for energy flow into the cluster
7e7=50-60 fs corresponds to an effective vibrational
frequency 1¢7e1~600 cmi't, which considerably ex-
ceeds all the characteristic frequencies of the cluster

kinetic energy expressed by the temperatilifgt),
Eqg. (3). The long-time(T*) cluster temperature@v-
eraged over 1 nsaare summarized in Table I. The tem-
perature riseAT=(T*)—T, for the interior states is
quite substantial, i.e.AT~16 K for T;=10K and
AT~4-6 KforT;=30 K. At T;=10 K site specificity 5~

¥*
of AT is exhibited, with AT(C)>AT(1)>AT(2). XeAre(C)
4l e ,
=rrTyrrrvrroir '[]I T II|]I'*Il TT T TT ¢ [ TV T 1T rr 11T
5.0F Xe Arige. - = . AT
: TizI0K ; a3F * T2
2 e . & T3
- F| 3 [}
2 45) = e R
= ] ko2
z E (v "
% 2 . . . N -
@ —— simulation ] ;
40¢ --- fit E e .
c ] -
3)_55|||||||||||l|||||||||l|||||||||I|||||||E
0 5 10 15 20 0 ] 1 ] | L }
t(ps) 5 10 15 20 25 30 35

FIG. 6. Analysis of the structural dynamics of the bubble formation for site

(C) and for the spring formation for site4) in Xe*Ary,q clusters atT; FIG. 8. The temperature dependence of the exponential decayriiraed
=10 K. Solid curves represent the simulated data while dashed curves rephe damping times-, and 75 of the vibrational coherence for tH€) site of
resent the fits with the parameters summarized in Table II. Xe*Ar e
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(upper limit of ~50 cmi Y). Accordingly, the cluster is
frozen on the time scale of the initial energy flow,
which is equivalent to the impact-induced excitation.
Subsequently, a slower exponential increaserT () 3
occurs with7;=3-5 ps(Table ll). This is followed by

an oscillatory behavior off(t), e.g., for the(C) site

the oscillation frequencies are3 ps* (~16 cm 1),
and~7 ps ! (~37 cm ), reflecting the exchange be-
tween the kinetic energy and the potential energy in
the cluster. The characteristit* (t) oscillation fre-  (4)
quencieg16 cmi ! and 37 cm?) are similar to the fre-
quencies of the configurational relaxation of the
bubble(Table II).

A structural criterion for interior sites of Xe A struc-
tural specification of the surface Xe substitutional sites
can be obtained from the ground state equilibrium val-
ues ofRgy(0), which are: 9.0 A for sité4), 9.8 A for
site(5), and 11.2 A for sitg6) (Table )). Accordingly,

Xe* remains in the interior of the cluster when
(Remy=<9.0 A. This condition is satisfied for sit¢€),

(1), and(2), whose temporal and asymptotic structural
parameters indeed show that they remained inside the
cluster during the entire bubble relaxation process.
The intermediate case of si{8). The asymptotic pa-
rameter(Rcy)=12.0-12.3 A for the X®Ary cluster
initially substituted in the interior sit€3) (Table ) is
(Remy>9.0 A, violating the condition for the location

of Xe* in an interior cluster sitésee preceding para-
graph. The X& atom initially located in interior site

(3) was liberated from the interior and occupies a sur-
face site. This is evident from the drastic reduction of
the coordination number for this site from N{D)

=12 to (NN*)=5-6, which indeed corresponds to
the Xe* surface sitgTable Il and Fig. 3 We are thus  (5)
facing a dynamic dislocation from the interior to the
surface substitutional site, driven by electronic ex-
travalence excitation. This brings us to the structural
dynamics of surface excitations.

The spring formation for extravalence excitations in
the surface sites (4), (5), (6), and (T)

Stretching and contraction d®y(t). Following ver-
tical excitation R{\(t) increases up to its highest
Rin(7v) Vvalue, att=ry,, assuming the values of
RYn(7m) =4.92, 5.00, 5.25, and 5.10 A for sité4),
(5), (6), and(T), respectively(Fig. 1). The character-
istic time for the attainment ofRNy(7wm) IS 7m
=1.3 ps for siteg4) and (5) and 7y=2.0 ps for sites (6)
(6) and(T). These values dR{y(7w) are only slightly
lower than the upper limit 1.1%5,=5.35 A for the
nearest-neighbor distandgec. 11 B. Ryy(7v) ex-
ceeds the asymptotidRy,) value for all surface sites
(Table | and Fig. 1, with the relative increase, Eq.
(17), of Ryy(7w) being f(7y)=1.5-2.0. Subse-
quently, fort> 7\, an oscillatory nuclear relaxation to
the asymptotig RY) value is exhibitedFig. 1).
Average long-time displacements. TA&RYy=(R{\)

9003

—R¥n(0) values areAR¥=0.61 A for sites(4), (5),
and (6) and AR{y=0.65A for the(T) atom. These
values ofRy are nearly surface-site independent.
Multimodal time evolution ofRyy(t) from its initial
valueR{y(0) to the asymptotic valugRyy). The time
evolution exhibits short-time Gaussian behavior fol-
lowed by an oscillatory one, which manifests the vi-
brational motion of the X& atom with respect to the
cluster(Fig. 1 and Table ).

Spring relaxation dynamics. The analysis of the con-
figurational change was performed by defining the
configurational relaxation functioR(t), Eq. (18), for
sites (4)—(6) and (T), and carrying out the analysis
according to Eqs(19) and (20). Typical parameters
{Aj}, 7o=2"%, {7}, {w;}, and{a;} are summarized
in Table Il. The initial times for structural relaxation
are 7,=200-300 fs, which are not surface site spe-
cific. The 7y values for the spring dynamics in the
surface site$4)—(6) may be somewhat longer than the
corresponding 7o=170-280fs lifetimes for the
bubble formation[see paragrapka)(6) of this Sec],

but their difference lies within the data fit uncertainty.
As for the bubble formatiorjparagraph(a)(6)], the
characteristic  frequencies cljy~110-160 cm?,
characterizing the inertial radial spring motion, exceed
the cluster vibrational frequencies. The initial ultrafast
spring stretching is followed by longer-tingps) oscil-
latory behavior with several modes with the character-
istic lifetimes in the range=2—20 ps. The number of
oscillatory components decreases and the characteris-
tic time lengthens from sit¢4) to (6), i.e., with the
initial displacement of X& from the cluster center
(Table 1I).

Spring frequencies. The characteristic frequencies for
Xe* spring motion fall in the range~2-4ps?
(11-22 cm) (Table Il). For site(4) the two spring
frequencies of ~3ps?! (16cm?Y) and ~7ps’?
(38 cmi'}) are close to those of the bubllearagraph
(a)(8)]. On the other hand, for the exterior surface site
(6) the characteristic frequency is reduced to 2'ps
(~11cmY). For the motion of the exterior surface
site (6) a long-time, low frequency motion withr,
=20 ps is exhibitedFig. 6 and Table ). The frequen-
ciesw, andwj fall in the range expected for the clus-
ter frequencies. The characteristic times for éheand

w3 vibrational modes, e.g., dw;=1-2ps (=2,3),
are shorter than the damping lifetimesg and 5.
Dislocation of Xé& outside the cluster. This can be
inferred from the behavior oRg,,(t) (Fig. 2. The
increase ofR{\(t) (Fig. 1) is accompanied by an in-
crease ofRgy(t) (Fig. 2. The dislocation of X&,
O6Rcwm, EQ.(21), assumes the valué¢sable ) 1.4, 1.1,
0.8-1.2, and 0.7-0.8 A for sitéd), (5), (6), and(T),
respectively. These values 6R¢), exhibit a decrease
of the stretching for more distant sites. The time scale
7p for the increase oRg,, [paragraph(@)(9)] is mp
=1.5 ps(Fig. 2), being site independent for the surface

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997

Downloaded 12 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



9004

(7)

8

9

(10

formation around internal Xesites and spring formation for

surf

(1)

2

A. Goldberg and J. Jortner: Structural relaxation dynamics of XeAry

sites. Therp values for the surface sites are consider- LR R RS AR R
ably lower than the corresponding,=4 ps value for 55
the bubble in th€C) site (Fig. 2). Again, 7p> 7¢, with

the time scale for X& dislocation being considerably 50
longer than the initial spring configurational relax- °<
ation. On the other handy= 7),, with the time scale = a5

(V) ——simulation Xe* Ar

———fit 54-

T;=10K

el d

URUR L LI

for the attainment of the maximum value of the 42 1
stretchingli.e., of R{y(t)] approximately coinciding * 40 7
with the Xe& dislocation time, as expected. The F ]
asymptotic value of REy,)=12.0-12.4 A for sitg(6) 356-”'”“-2""'-'-H"" S
is equal to or exceeds the initial value &y

=12.0 A for site(T) (Table I). Accordingly Xe, ini- t(ps)

tla”y_ in a surface stateT), relaxes to a conflguratlon FIG. 9. Site-specific time dependence of the structural pararRgtgit) for
outside the ground state cluster. the central(C) and the surfacgV) Xe site in X&Arg, clusters atT;

Coordination numbers. An oscillatory temporal behav-=10K. The solid lines represent the simulation results. The dashed line
ior of NN*(t) is exhibited (Fig. 3). The initial de- represents the fits, Eq&8) and(19), with the parameters given in Table II.
crease of NN(t) at short times clearly manifests the
spring stretching with the dislocation of Xeaway

from the cluster. The asymptotic values(®N*) for

the surface sites are close to those of the initial
NN*(0)=NN values(Table ).

Lack of dissociation of X&. The finite, constant
asymptotic values ofRgy,) and of(NN*)=NN for the

Xe* surface sitegFigs. 2 and 3 and Table tlearly &)
imply that the surface Xeatoms in siteg4)—(6) and
(T) remain bound.

Energy flow to the cluster. The time evolution of the
cluster temperature for surface siteh—(6) and (T)
(Fig. 4) is characterized by the ultrafast ri€eable II)

of 7e1=80fs. 7gr is shorter thanry=200-300 fs
[paragraph(b)(4)] and reflects ultrafast energy flow
into the cluster, which triggers the configurational
change. The time scalg for the spring is again, as With decreasing the cluster size a new type of structural
for the bubble [paragraph (a)(10)], considerably relaxation phenomenon is expected on the basis of previous
shorter than the time scale for the cluster vibrationalsimulations for X&Ars; clusters?® In intermediate size
motion, with the cluster being frozen on the time scaleXe* Ars, clusters, the excessive vibrational energy flow to
of the initial impact energy transfer. The subsequenthe cluster may induce rigid—nonrigitnelting transition
oscillatory behavior off (t) (Fig. 4 manifests the ex- within the cluster. Our simulations reveal that vertical exci-
change between kinetic and potential energy. The fretation of the XeAk, cluster(at T;= 10 K), with the Xe atom
guencies of this energy exchangdable 1) o initially located at the cluster center, results in a nonrigid
~3-5(p9 ! for site (4) andw~2 (p9) ! for the ex-  Xe*Ars, cluster, where diffusion of the Xeatom from the
terior site(6) are close to the frequencies accompany-interior site to the surface occurs. Concurrently, this interme-
ing the configurational changdable ). diate size X&Ars, cluster maintains its integrity and disso-
The initial temperature dependence of the temporatiative processes are negligible, i.e., not exceeding the dis-
and asymptotic structural parameters. For the initialsociation of a single Ar atom on the relevant { ns) time
cluster temperatures @f, =10 K and 30 K the struc- scale.

tural and dynamic parameters exhibit a weak tempera- The time evolution of the structural parameterg,

ture dependence, and do not exhibit any systemati¢Fig. 9), Rgy (Fig. 10, and the cluster temperatufie (t)
variation exceeding the uncertainty of our analysis. (Fig. 11) of Xe*Ars, was explored for the four Xesubsti-
tutional sites'® i.e., (C) center,(l) interior, (O) and (V) sur-

ace sites. The asymptotic data were summarized in Table I.
The analysis of the cluster temperatuéig. 11) F(t)
=T*(t)—(T),according to Eqs(19) and(20), results in the
Universal features of the dynamics of large *®&y  temporal and frequency parameters summarized in Table II.
clusters were established. Similar temporal andThe ultrafast Gaussian time evolution for initial energy flow
asymptotic structural attributes were obtained fdr into the cluster is characterized by a timgr=2%¢, i.e.,
=146 reported herein, and for largii= 199 clusters. 7e7=060 fs for the central sitéC) and 7zr~80 fs for the in-
The large X&Ar4¢ cluster preserves its integrity during terior site(l) and for the surface sitg®©) and(V). The time

the configurational relaxation processes. On the longest
time scale of 1 ns used in our simulations, no dissocia-
tion of the cluster was exhibited. All the nuclear relax-
ation processes are nondissociative, being reminiscent of
vibrational energy flow and vibrational relaxation in the
condensed phase.

No rigid—nonrigid cluster structural transition was in-
duced for “large” clusters. The large Xérq,¢ cluster
also remains rigid during the dynamic processes initiated
at the initial temperaturé; <30 K and no cluster “melt-
ing” is exhibited.

IV. STRUCTURAL RELAXATION IN Xe *Arsg,
CLUSTERS

This concludes our analysis of the dynamics of bubbl

ace Xé& sites. Three final points should be made.
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Xe* and the center of mass of the cluster for different Xaibstitutional
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=1.6A] of the central(C) Xe atom

evolution of Ry (t) (Fig. 9 exhibits an initial Gaussian in-

atT=30 K.

9005

and(l) is characterized by two frequencias;=5-6(ps) !
andw;=3 (ps L. The interior Xe excitations at sit¢€) and

(I, which are accompanied by a large configurational dila-
tion (Fig. 9) of (R¥\)—Rnw=0.8—0.9 A, correspond to the
bubble formation. The structural paramet&g,(t) for the

(C) and (1) sites of Xé&Arg, at T;=10 K exhibit an initial
increase on the time scale af,=2.5ps for (C) and mp
=1.5-2.0 ps fofl) (Fig. 10, which considerably exceedg

and manifests the dislocation of Xelt is also instructive to
note that for the(C) site atT;=30 K, a thermally induced,
site-specific, configurational change witf,,(0)=1.4 A is
exhibited [in contrast toRg,(0)=0.1 at T;=10K] and a
further dislocation of X& occurs fromRgy(0)=1.4 A to
REw(t=10 ps)=2.4 A (Fig. 10. For both the(C) and (1)
sites atT;=10K and atT;=30 K the X& atom remains
inside the cluster on a time scale 6f10 ps with Rg,, (t
=10 ps) for these sites being smaller than the corresponding
initial Rgy value for the surface sitg®) or (V) (Table ).

For longer time scales of 50—1000 ps further cluster configu-
rational changes are exhibited, resulting in the increase of
REm(t) on this time scale and ¢RE,,) (Table I), which will

be subsequently discussed. The*Xes, surface statgV)
exhibits spring formation, with a marked increaseRg§,(t)
beyond the ground-state cluster boundé#ig. 10 and Table

1) and with a marked decrease of the coordination number
(NN*) (Table ). Vibrational coherence effects for the sur-

crease followed by damped oscillatory components. Théace site(V) exhibit a frequency of 209~ (11 cm %) with
analysis ofF(t), Eq. (18), was performed using Eq$19)

and (20). The relaxation parameters @&f=10 K, summa-

rized in Table I, result in a good fitFigs. 5 and @ The

energy transfer and

relaxation parametergr, 7,71
— 73,05 ,w3 for the interior (C) and (I) and for the surface
(O) and(V) sites of X& Ars, (Table 1) are similar to those of

the interior and surface sites of XA&r,6 (Sec. lll), so that
no marked cluster size dependence of the configurationdFig. 12, this limiting temperaturgindependent ofT;) is
bubble and spring relaxation is exhibited in this cluster sizereached aftet=10 ps(Fig. 11). As the melting temperature

domain. For the interior siteC) and(l) the initial Gaussian

decay time isry=180 fs, which is longer thanz;, followed
by an exponential decay with;=1 ps for the(C) site and
7,=2 ps for the(l) site. Vibrational coherence for sité€)

60 T T T T

50

t(ps)

FIG. 11. The time evolution of the cluster temperatdr&(t) for the

Xe* Arsg, cluster for different X& substitutional site¢marked on the curves

for the initial temperaturd; =10 K.

a long lifetime(Fig. 11 and Table )| which characterizes the
spring motion. The short-time configurational site-specific
dynamics(on a time scale of-20 p9 of Xe*Ars, is quanti-
tatively similar to that of X&Ar4¢

The long-time(1 ng behavior of X&Ars, reflects new
implications of cluster melting. The final temperature of the
Xe*Ars, cluster in the initial(C) Xe* site is(T*)=42 K

of Argg is Ty, =30 K,%8%°we expect that for XeAy, at (T)
=42 K a cluster total rigid—nonrigid transitigimelting) has
occurred. Very large configurational changes of thé Xa-
croenvironment are exhibited on a time scale of 200 ps, with
R¢, increasing from the initial values d%,,(0)=0.5 A at
Ti=10K andR&,(0)=2A at T;=30K to a larger finite
value R, (t>250 ps)=8.5A (Fig. 12, resulting in the
large value of RE,,)=8.5 A (averaged over 1 piswhich is
given in Table I. Concurrently, the number of Xeearest
neighbors decreases from N{0)=12—-14 to the low value
NN*(t>250 ps=5 (Fig. 12 and Table)l Such long-time
configurational changes, characteristic of the medium-sized
Xe* Arg, cluster(Fig. 12, are not exhibited in a large, e.g.,
Xe*Arqgg cluster(Fig. 13. These dramatic long-time con-
figurational changes in Xdrs, (Fig. 12 manifest mass
transport of the X& atom from the central site to the surface
of the nonrigid cluster. A crude representation of the
Xe*—Ar pair potential in terms of the LJ potential, i.e,
=8x10"2 eV ando=4.13 A ¥*~1"which, according to the
recipe of Perera and Amé&t corresponds to the reduced pa-
rametersr* =1.213 ande* =0.77. For a low value o¢* the
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FIG. 12. The long-timet(=0-1 ns) behavior of the temperaturé(t), the FIG. 14. The site-specific time dependence of the cluster tempef&tite
structural parameteiRg,(t) and NN (t), and the time-dependent emission and the structural parameteR,(t), Rem(t), and NNF(t) for the central
spectral shiftév (t) of the X€& Ars, cluster, where the Xeatom was ini- (C) and surface(S) sites for X&Ar,, and the top(T) site of XeAry,
tially located at the centrd[C) site atT;=10 K. The break in the structural (marked on the curvésClusters excited af;=10 K.

parameters and iivg(t), which saturate at-200 ps, marks the diffusion of

the X&' bubble to the cluster surface.

V. DISSOCIATIVE DYNAMICS IN SMALL Xe *Ar,
CLUSTERS

surface site is expected to be preferf@dndeed, the X& For large (N=146,199 and medium-sized N=>54)

does prefer the surface site, as borne out by our simulatiorfdUSters the dynamics is essentially “nonreactive” with the
(Fig. 12. During the mass transfer to the surfagd, is cluster maintaining its structural integrity on the relevarg

almost not changed, i.e., the Xeatom drags along its time scale. Forasma}II clgster,.i.g.,wlz, the vibratilonal
bubble. The time scale for the mass transfer of Xem the  €nergy flow results in dissociative cluster dynamics. We
center to the surface is 150 ps af{T*)=42 K. In conclu- have §tudigd energy acquisition, configurational relaxation,
sion, in the X&Ars, cluster the local short-timéL0 pg con- _ar_u_j dissociation for small Xer,, clusters, exploring the
figurational change of bubble formation is followed by a Mitial central (C), surface(S), and top(T) Xe* atom con-

global long-time(150 p$ configurational change, which in- figurations. The initial vibrational energy flow into the clus-
volves Xé transport to the surface. ter, following the electronic excitatiofat T;=10 K) as in-

ferred from the time evolution of the cluster temperature

(Fig. 14 7=1=100 fs for the(C), (S), and(T) sites, is inde-

pendent of the initial siteT* (t) subsequently reaches a peak
1100 e s e e e e value specified byTyax With the temperature rise\T

xe*Ar =Thax—Ti, i-e,, AT=110K att=250 fs for the(C) site

andAT=45-50 K for the(S) and(T) sites att=200 fs(Fig.
14). The very large value AT for the (C) site considerably
exceeds the cluster melting temperatfiré and leads to a
substantial disintegration of the cluster.

The products of the cluster dissociation can be repre-
sented in terms of the time dependent fractiB(N) of
N-body clusters. The average numibeof atoms in the clus-
ter can be written adN=X=yNP(N). The yields Y(N)
=(N/N)P(N) of N-body clusters are subjected to the nor-

malization condition= Y (N)=1, for eacht. Figure 15 por-
1 | 3 trays the time dependence of the fractid®@) of N-body
Y T ey clusters from X&A, atT;=10 K (obtained by the averaging
0 250 500 750 1000 over 100 trajectorigs The X€& Ar,, cluster disintegration is
t(ps) site specific. The most extensive fragmentation occurs for the
FIG. 13. The long-timet(=0-1 ns) dependence &y (t) for the central (C) site, while the(S) and (T) sites reveal only a small

(C) and surfaceS) sites(marked on the curveof Xe*Ar, 4o excited atT; e}mount[P(l)so.ZS] f)f single atom diSSOCi?-tion on the
=10 K. The time independence By(t) reflects cluster rigidity. time scale of 10 pgFig. 15. An incubation timer, for
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dissociation is exhibited, i.eq\=2 ps for the(C) site and
min=3.5 ps for the(S) and(T) sites. These incubation times
ConSIderab_ly_ _exceedE_T' aS_We" as the Ch_araCte”S“C times FIG. 16. The time dependence of the site-specific spectral shifts in emission
7o for the initial configurational changeig. 14 of Ry for Xe* Ar, ¢ clusters. The X& substitutional sites are marked on the curves.
(7p~200-300 f$ and of NN* (characteristic times-800  (a) T;=10K. (b) T;=30K.
fs). The major dissociation route of X@&r,, at the(C) site
involves single atom sequential dissociation. At 10 ps, 60%
of the Xe&Ar;, (C) clusters disintegrated, mostly via the duced configurational dynamics in an elemental atomic clus-
“evaporation” of a single atom[where P(1)=0.95 att ter is exhibited.
=10 pd, while the fraction of dimers is smali.e., P(2)
<0.05 (Fig. 15. From the structural data of Fig. 14 it ap-
pears that the average number of the first nearest neighbors\é/.%'MTS“\SAE)NDEPENDENT SPECTRAL SHIFTS IN
NN*~4 and the average distanceR§y=4.6 A for the(C)
and(S) sites at=10 ps. Thus the Xeatom initially located We proceed to explore the experimental spectroscopic
at the (C) and (S) sites of X&Ar;, does not leave the re- implications of large configurational relaxation in largd (
sidual cluster on the time scale of 10 ps. On the other hands 146) and medium-sizedN(=54) Xe&*Ary clusters. The
the low value of NN <1 att=10 ps for the AgzXe* (T) time-resolved spectral shifts in emissigRigs. 16a) and
cluster (Fig. 14 reveals that X& dissociation took place 16(b)] reveal a marked time-dependent evolution towards
from the(T) site. In conclusion, the dissociative dynamics of lower §v, values, which provide the spectroscopic manifes-
small Xe Ary, and X€& Arq3 heteroclusters is site specific, tation of the configurational changes, i.e., the bubble forma-
involving mainly consecutive single atom dissociation tion for interior Xe&" sites and the spring effect for Xesur-
events. face sites. Of course, the configurational dilation, which
This dissociative dynamics of small clusters is not in-increases the Xe-Ar distances both for interior and surface
duced by vibrational energy transfer from a guest diatomicXe* sites, will result in the marked time dependent reduction
molecul&® or an excimer molecufé to the cluster, which of the (blue) spectral shift in emission from the large value
was previously exploret:®° but rather from the induced &v(0)=6v to considerably lower values. The asymptotic
short-range guest Rydberg-host atoms repulsion. Regardinglues of{ §v,) of the emission spectral shifts, together with
dynamic cluster size effects the dynamics of these impadhe large asymptotic Stokes shiftsach averaged over 10
excited small clusters marks the limit of dissociative trajectories of 1 ns are summarized in Table Ill. The time-
molecular-type dynamics, while with increasing the clusterresolved spectral shift§v (t) in emission[Figs. 16a) and
size(Secs. Il and IV a “transition” from the small-cluster 16(b)] were characterized by the spectral shift relaxation
molecular-type dynamics to the large-cluster repulsive infunction
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TABLE lll. Characterization of the energetics of the emission spectra of

Xe* Ar 6 clusters(aftert =1 ns). The spectral shiftd and linewidthd" for
absorption are also given.

Ti
Xe* site (K)PC (Svg) (V) v (V) (SS (eV) T, (eV) T (eV)®

Central 10 0.102 0.92 0.82 0.062 0.084
Central 30 0.087 0.80 0.71 0.090 0.14
Inner-1 10 0.097 0.63 0.54 0.053 0.073
Inner-1 30 0.092 0.55 0.46 0.044 0.13
Inner-2 10 0.078 0.46 0.38 0.035 0.073
Inner-2 30 0.059 0.41 0.35 0.045 0.12
Inner-3 10 0.022 0.45 0.43 0.033 0.073
Inner-3 30 0.025 0.40 0.37 0.036 0.12
Surface-4 10 0.036 0.25 0.21 0.023 0.059
Surface-4 30 0.033 0.23 0.20 0.031 0.10
Surface-5 10 0.032 0.21 0.18 0.018 0.056
Surface-5 30 0.028 0.20 0.17 0.025 0.094
Surface-6 10 0.021 0.14 0.12 0.014 0.051
Surface-6 30 0.018 0.013 0.12 0.020 0.082
Top 10 0.013 0.083 0.070 0.021 0.038
Top 30 0.011 0.079 0.068 0.022 0.064

8 abeling of sites.

BInitial ground state temperature.

Final excited state temperature given in Table I.

dSpectral parameters for emission for *Xey . (Sve)-spectral shift and
I e-linewidth.

eSpectral parameters for absorption for XgArsy-spectral shift and’ line-
width (Ref. 15.

fStokes shifts Eq(15).

F,(t)=6ve(t) —{Sve), (22

which was analyzed by Eq$3) and (4). In Table Il we
summarize the temporal and dynamic parameféyg (j
=0-3), =20, {7} (j=1-3), {o;} and {a;} (]

=2,3) emerging from the analysis of the time-dependent

spectral shifts. A good fit of thév,(t) data was obtained, as
is evident from Figs. 5, 17, and 18.

The site-specific time-resolved emission spectroscopy of

Xe*Arq46 With the characteristic bubble formation for the
interior (C), (1), and(2) Xe* sites and the spring formation
for the surfacg4)—(6) and (T) sites, exhibits the following
features(Table Il and Figures 5, 17, and 18

(i)  Aninitial Gaussian decay afv(t), with a character-
1.00 LI L L L L I B I
0.75 Xe—*A"I‘lG_ ;

~ Jiz10K ]

2 050 , . .

@ — simulation ]

) --- fit ]
0.25 B

[, T ! .
O'OOO 5 10 15 20
t(ps)

FIG. 17. Analysis of the time dependence of the spectral shift in emissio
using Egs.(22) and (19) for the bubble centra(C) Xe* site and for the
spring X& surface site6) (marked on the curvesn Xe*Arq,q clusters at
T,=10 K. The parameters for the fits are given in Table II.
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FIG. 18. Analysis of the time dependence of the spectral shifts in emission
using Eqgs.(22) and (19 for the bubble central Xe site (C) and for the
spring Xé& surface site5) (marked on the curvesn Xe*Ars, clusters at
T;=10 K. The parameters for the fits are given in Table II.

istic time 7,=22¢ of 70 fs for the(C) site, ~120 fs
for site (1), and~130-140 fs for the surface sité¢$)
and(6). In spite of the substantial uncertainty in these
7o values two features of general trends emedfgg.

7 and Table I). Firstly, the values of, are somewhat
lower for the spectral shifév.(t) than for the con-
figurational changeRy,\(t) (Sec. Ill). Secondly, the
7o values for the surface sitéd) and(6) seem to be
somewhat longer than those for the interior (.

(i)  An exponential contribution;=1.5 ps to the decay
of dv(t) for the (C) site, which is comparable te,
=1.8 ps for the time evolution dR{(t) (Table II).

(i)  An oscillatory time dependence @ (t) at timest

>1 ps for both interior and surface sites reflects vi-
brational coherence effects induced by the short range
Xe*—Ar repulsiongsee Sec. I). The frequencies for
An(t) obtained from the FT of(t), Eq. (22), and
the frequencies fobv,(t) obtained from the FT of
F,(t), Eqg. (3), are similar both for the interior
(bubble and for the surfacéspring sites(Fig. 19 and
Table 1I).
The time-resolved spectral shifts for the surface sites
(Figs. 17 and 1B[and in particular sit€6)], which
exhibit the spring effect, show an initial Gaussian de-
cay (Secs. |, lll, and 1V followed by a slow oscilla-
tory decay to the asymptotic value with a damping
lifetime of ~20 ps.

(iv)

In view of the similarity of the short-time structural re-
laxation dynamics in X&Ars, and Xe& Arq4¢ Clusters(Secs.
Il and IV), we expect similar results for short-time fluores-
cence {<10 ps) for X& Arg, and Xe& Ar 4 Clusters.ovg(t)
data for Xé& Ars, are summarized in Figs. 5, 17, and 18 and
in Table Il for T;=10 K. The initial Gaussian lifetimes
for the interior(C) and(l) sites and for the surfad®) and
(V) sites of Xé& Arg, are close to the values for the corre-
sponding sites of X®Ar,,e (within the uncertainty of the
fits), so that no marked cluster size effects on the ultrashort-
time relaxation dynamics are exhibited. The characteristic
r}requencies folsve(t) (Table Il and Fig. 18are again close
to those forRyy(t). The damped oscillatory components of
Xe*Arsg, have lifetimes(2—3 p3 which are similar to those
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(ps-1) T;=10K, 30 K. The spectroscopic dqta over the broad range of parameters
wip Sve(t)=0.92-0.01 eV and over a wide range of the structural parameter

Rin(t)=3.7-5.1A are well fit by the exponential spectrum structure rela-

tionship, Eq. (23), with the parametersy*=3.06A"! and a*=7.0

&<103 eV (solid line).
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FIG. 19. The Fourier transform&y,(w)=FT,[Rin(t)] and Sve(w)
=FT,[ 8ve(t)] for the central(C) and surfaceS) Xe* sites in X&Arjg
Note the near identity of the characteristic frequencies for the structural an
spectroscopic temporal attributes.

For rigid large Xé& Ar4¢ clusters(excited atT;<30 K)

) the structural and spectroscopic dynamics is overt at
for Xe*Ariqe Long-time fluorescence t¢-100-16 ps) =20 ps, when thesw(t) vs t curves converge to their
from nonri_gid Xé‘.Ar54 clusters will be of co_nsider:_;tble inter- asymptotic value€v,). The long-time behavior oBv,(t)
est and will be discussed at the end of this section. ~ for the excited(C) site of the nonrigid X&Arg, is rather

A spectrum-structure relation for the time-resolved emis-complex, with the diffusion of the Xeatom from the inte-
sion spectral shifts can be provided. As the temporal spectrg|qo, of the nonrigid cluster to its surfadSec. IV). The time
shift in emission is still dominated by the short-range repul-g\ojution of Sve(t) on the long-time scale reflects this be-
sive interactions, it is expected to be extremely sensitive t‘havior(Fig. 12), with the decrease afvy(t) from 0.075 eV
t_he local microstructure. The short-range repuls!ve interacytt =10 ps t08v.(t)=0.02 eV(i.e., a decrease by a numeri-
tions are expected tlo depend r_oughly expgpentlally on theg) factor of 3.8 at t=150 ps. This decrease @fv(t) re-

Xe* (.3P1)—Ar separation. Accordingly, we utilized an expo- fiects the change of the coordination number in the expanded
nential nearest-neighbor distance relationship for the Spec”%bnfiguration around Xe from the interior dilated bubble
shift, i.e., structure fort=10 ps with NNf (10 ps)=16.5 to the surface

Sve(t) =a*[NN* (1) Jex — * REy(D)]. 23) spring struc_:ture at=150 ps with NN (150 ps)z4.7 (Fig.

12). According to Eq(23) we expect thatfor fixed RY,) the
We analyzed the time-resolved emission spectral shifts fogspectral shift at=150—200 ps will be reduced by a numeri-
both interior and surface Xesites in X&Ary4sat T;=10K  cal factor of 3.5, in accord with thév(t) data of Fig. 12.
and 30 K, according to Eq23), with the values ofdv4(t) What is the feasibility of the spectroscopic interrogation
spanning the range 0.92-0.01 eV, while the valueRgf(t) of the energy-resolved fluorescence? For a large cluster, i.e.,
span the range 3.7-5.1 A. From the plot of Xe*Ar,,, the rigid cluster undergoes nondissociative intra-
In[Swe(t)/NN* ()] vs RR\(t), for different initial interior and  cluster configurational relaxation. For th€) bubble expan-
surface sites and at different tim@sg. 20, we infer that the  sion the relevant time scales for the occurrence of marked
exponential emission spectrum-structure relation,(2g), is  changes indv.(t) are (Fig. 17 and Table )l the ultrashort
well obeyed, with the parametews* =7.01x10° eV and time 7,=70 fs andr,;=1.5 ps, followed by the decay of the
y*=3.06 A1, The parametera* andy* are very close to oscillatory components of,, r3=2-4ps. The radiative
the parameters a=(6.2+0.6)-10° eV and y=3.05 lifetime of the X& (3P,) state is 3—5 n&® Accordingly, the
+0.05 A"l for the exponential absorption spectrum- fluorescence quantum yields during the evolution of the
structure relatiot® This agreement provides a unified de- time-resolved fluorescence are2x107° for 7,, ~4
scription of the structure-spectra relationship over a remarkx 10”4 for r; and ~10 2 for 7,,75. Similar fluorescence
ably broad range of structural parameters, i.&,y  quantum yields will be exhibited foty, and 75, 73 from
=3.7-4.1 A forsv'® andRf (1) =3.7-5.1 A forsve(t) for  other interior and surface states of*®& 46 Such low-yield
both absorption and emission. time-resolved fluorescence can be interrogated by fs laser-
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induced fluorescence upconversion studies, which constitute
a difficult experiment in the vacuum ultraviolet spectral do-
main. An alternative experimental approach will involve the
time-resolved absorption of the X€'P,) state in clusters,
i.e., interrogating the Xe §3/2];—np,s,d[3/2,5/2 , tran-
sitions of the Xe guest atom by fs laser-pump-probe experi-
ments. Note that this atomic description of the electronic
excitation of Xe in a cluster is probably justified far
=6,7, according to the experimental correlation diagrams of
Messinget al®

The situation is different for medium-sized X&rs,
clusters, with X& at the(C) site, which loses its rigidity but
maintains its integrity. The short time-resolved fluorescence
on the time scale of- 10 ps(Fig. 18 is similar to that of the
larger Xe& Arq¢ Cluster(Fig. 17) although its damped oscil-
latory components have a shorter lifetime. However, the
time-resolved emission of the nonrigid &5, cluster on a
long-time scale of-200 ps will allow for the monitoring of
the global structural cluster change with the interior*Xe
bubble site being transferred to the surface Xpring on a
time scale oft~150 ps(Fig. 12. The interrogation of the
time-resolved spectral shifor Stokes shiftin the fluores-
cence of X&Ars, on the time scale of-500 ps, according to

A. Goldberg and J. Jortner: Structural relaxation dynamics of XeAry

*
Xe Ar|46

INTENSITY

85
ENERGY{eV)

8.6 8.7

FIG. 21. Simulated site-specific emission line shapes fotA%g, clusters.
The sites are marked on the curves. The initial cluster temperaturdg are
=10K andT;=30 K (as marked on the pangl@hile the cluster tempera-
tures(T*) are given from Table I. All line shapes are normalized to unity.

(1) The Xé& (°P,) atom is bound for all sites on the ns time

scale.

the prediction of Fig. 12, will constitute a relatively easy (2) The long-time emission spectra are characterized by

experiment, which will provide useful information on mass
transport of the X& bubble.

The exploration of excited-state fs and ps configuration
changes in X&Ary (N=54, 146 clusters by the interroga-
tion of time-resolved fluorescence and transient absorption
constitutes a real experimental challenge. Useful, though
considerably less complete, information of these configura-
tion changes emerges from energy-resolved total fluores-
cence spectra.

VIl. ENERGY-RESOLVED FLUORESCENCE SPECTRA
OF Xe*Ar 146

___ We have calculated the long-time fluorescence spectra

Lo(E), Eq.(11), of Xe* Arq¢ Clusters using the spectral den- (4)

sity method(Sec. Il D. The configurational relaxation in
these rigid clusters occurs on the time scaletsf20 ps,
whereupon the fluorescence quantum yield during the con-
figurational relaxation process is negligible. The simulated
emission line shapefFig. 21) at T;=10K and T;=30 K
correspond to the average temperatuf€$) tabulated in

Table 1ll. The power spectra for the emission bands are ang5)

lyzed in the Appendix. The line shapes are Gaussian, corre-
sponding to the Kubo slow modulation linfit.In Table 1l

we summarize the asymptotic spectral shiifs.), and the
linewidthsT', (see Sec. Il Dof the fluorescence bands. The
strong modulation limit is reflected in the temperature depen-
dence of the linewidtH co<(T*)Y2 The simulated’, data
obtained from the line shapes of Fig. 21 confirm this relation
with the (T*) data given in Table Ill. The spectral features
for the emission bands for Xér,,5 are compared in Table
[l with the corresponding spectral features, i.e., the spectral
shift Sv and the linewidthFWHM) T" at the temperature for
absorptionT; =30 K. The following predictions emerge:

(6)

@)

small blue spectral shifts§v,)=0.01-0.1 eV).

(3) The emission spectral shiffsSv,) exhibit a site speci-

ficity, with the hierarchy(6ve)(C)>(5ve)(1)=(6ve)(2)
=(0ve)(3)>(0ve) (4)>(0ve) (5)>(6ve) (6)=(Sve)(T).

This hierarchy reflects the decrease of local cluster per-
turbations for the equilibrated excited electronic state in
decreasing order from théC) bubble to the internal
bubble and to the surface spring. This hierarchy of the
emission energetics is qualitatively similar to that in
absorption'® where the perturbations of the Xe microen-
vironment are considerably strongé€fFable lll). The
(blue) spectral shiftg sv,) in emission are considerably
smaller than the corresponding spectral shiftsin ab-
sorption.

Large Stokes shifts between the peaks of the absorption
and emission spectra are predict@a@ble Ill). The large
Stokes shifts reflect the marked reductions of the mi-
croenvironment perturbation of Xein the configura-
tionally relaxed excited state. These Stokes shifts are
site specific, exhibiting in the hierarchy &Bntra)
>SSinterna) >SS surface=SStop).

The linewidthsI', follow the site-specific order of the
shifts. The values of’, reflect again the hierarchy of
central bubble, internal bubble, and surface spring. The
emission linewidths are considerably lower than the cor-
responding site specific linewidths in absorptidrable
).

The hierarchy of large Stokes shifts and of the reduced
line broadening in emission relative to absorption pro-
vides the long-time manifestation of the formation of the
bubble for the(C), (1), and (2) sites and the spring for
the surfacg4)—(6) and (T) sites.

Universality. Size invariant characteristics @fv,) and

I'e were obtained for larghl=146 andN =199 clusters,
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7 T I

*
L o Xe ArI46

3
460 465 470 475

(R% > (A)

FIG. 22. The long-time asymptotic spectral shift§v,) of the emission
bands from different X& sites in Xé& Ar,¢ clusters excited af;=10 K and

30 K, can be reasonably well accounted for in terms of the spectral-structure

relationship, Eq(23), with y* =3.0A~! anda* =6.0x 10° eV (solid line).

pointing towards site-specific cluster size independent

spectral features in emission.

9011

VIIl. CONFRONTATION WITH EXPERIMENTAL
FLUORESCENCE SPECTRA

Moller and his colleaguéSprovided the first experimen-
tal study of the spectrally resolved fluorescence of Xg g
clusters following photoselective excitation of site-selective
central (C), interior (I), and surface(S) absorption bands.
The temperature of these XepAg, clusters, as inferred from
our analysis of the absorption specttayas T;=30 K. The
following results were reporteth:

(1) Excitation of the Xe atom of the centrdC) site (E
=9.22 eV, 6v=0.78 €|} leads to a prominent emission
band atE=8.43 eV[(dv,)(exp)=0.01+0.004 e\] with
two additional weak emission bandsEt8.62 eV and
atE=8.85eV.

(2) Excitation of an interior(l) Xe sitgs) (E=9.05 eV, Sv

=0.62 eV} results in a prominent emission band peaking

at E=8.43 eV [(5ve)(exph=—0.001+0.004 eV], with

a weaker emission band B=8.62 eV.

Excitation of the surfac€S) Xe sites(E=8.65 eV, Sv

=0.21 eV results in a prominent emission band at 8.45

eV ((8ve)=0x0.004 eV).

)

We shall focus on the prominent emission bands. The

These simulated data will be confronted in Sec. VIl most dramatic general feature of the experimental site-

with the available spectroscopic resufts*
The calculated site-specifi¢’long-time’) asymptotic
emission(blue) spectral shiftg Sv,) of large Xe& Arqyq clus-

specific spectroscopy of Xefrclusters pertains to the small
spectral shifts(éve) in emission, in contrast to the large
spectral blue shifts$Sv in absorption, which result in large

ters(Table Ill) are characterized by relatively low values of Stokes shift§Table 1V). According to our simulations, these

(6ve)=0.01-0.1eV. These small values (dv.) corre-
spond to the spectral shift of the Xatom in a fully dilated
bubble for (C), (1), (2) or for a fully stretched spring for
(4)—(6) and(T) initial Xe* sites. While thg 6ve) values for

different sites of X&Ar;4¢ vary by about one order of mag-

nitude, the reduced parametgfv.)/NN* reveals a consid-

erably weaker variatiorf50%). The exponential structure-

emission spectral relationship, E@®3), for the asymptotic
spectral shifts in the relaxed structure does htidugh with

a considerable scatter of the daflar the asymptotic spectral

shifts. In Fig. 22 we plot I Sve/(NN* )] vs (Ryy), accord-
ing to Eqg. (23), demonstrating that the relatiofidv,)
=a* exp(—y*(R\\)), with the exponential parameter*

=3A"1 anda*=6x10°eV is reasonably well obeyed.
Both the time-dependendv.(t) data and the asymptotic

spectroscopic effects manifest the substantial configurational
relaxation around the impurity extravalence electronic relax-
ation. The small experiment§dv)| and large(SS values

for the (C) and (I) sites(Table IV) are in semiquantitative
agreement with our predictions regarding the bubble forma-
tion, while the experimental zero spectral shift in emission of
the (S) site (Table IV) is consistent with our prediction for
the spring formation. In Fig. 23 and Table IV we compare
Moller's experimental results for the prominent emission
bandstin Xe* Ar,40owith theoretical data for XeAr, 46 The
rather bold extrapolation of the spectroscopic information
from N=146 toN= 1400 rests on the weak size dependence
of the XeAr, (N=120-200) absorption spectrand on the
comparison between the simulated data for emission spectra
of N=146 andN =199 clusters, which indicate that the spec-

(8ve) values, are accounted for in terms of a single structuretroscopic features of théC), (1), and(S) sites in large clus-

spectral relationship, Eq23), with the same parameters.

ters are almost cluster size invariant.

TABLE IV. Experimental (Ref. 11 and theoretical asymptotic long-time spectroscopic observables for the
emission spectra of large XAry clusters(all data in eV.

Site (6ve) Expt? (6ve) Calc®® (S Expt?  (S9 Calc®® T, Expt?® T, CalcP®
(© —0.010+0.004 0.09 0.9 0.7 0.1 0.09
()] —0.010:0.004 0.02-0.06 0.7 0.4-0.5 0.06 0.045
(S 0+0.004 0.02-0.03 0.3 0.1-0.2 0.03 0.02

N = 1400 (Ref. 11.
PN = 146 (present work
°T,=30K.

YExperimental linewidth is not corrected for the spectral resolution.
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The overall agreement between our theoretical results
and the experimentHi features of the energetid$v,) and *XeAris00
the line broadening . of the site-specific emission spectra is (C)Site
satisfactory (Fig. 23 and Table IY. The calculated and B o apectrom
experimental spectral shift§dve), with the hierarchy z
(8ve)(C)>(Sve) (1) >(Sve)(S), provide support for our c
picture of excited-state configurational relaxation, i.e., the Y e
bubble formation for the interiofC) and (I) sites and the ) ! emission
spring stretching for the surfaceS) sites. The calculated § | ()ée)gi"";ﬁ
linewidths I"¢ reveal a hierarchy'o(C)>T"¢(1) >T'o(S), in o : T,=30K
accord with the experimental daf@able V). The agreement S | Calculated '
between the calculated and the experimeitalvalues for = | obsorption
the (C), (1), and(S) (excited afT; =30 K) sites is quite good, [ ,/ "\
being within 10%—-30%Table 1V). The experimental results 80 o 8i.‘5 B— ‘9'.ou' e
for I's, which are somewhat larger than the calculated data, (@) Emission Energy (eV)
also reflect “trivial” spectral resolution effects in conjunc-
tion with possible inhomogeneous line broadening effects for XeAr 00
the experimental emission specttdn particular, thgS) and {r)site(s)
() sites will reflect a hierarchy of linewidths. In relation to ETS;:?;;‘:SC”M
the (S) site, the narrow bandwidth and the experimental neg- |
ligible emission spectral shiftare not attributed to dissocia-
tion of Xe*, but rather to small local perturbations in the T A s AL T
spring surface site. pemission  year o

The results of our calculations for the spectral shifts and :32| (I) Sites
linewidths in emission provide a reasonable, but only a semi- ! géfci?ofed
guantitative, description of the spectroscopic manifestations absor ption
of the large cluster configurational dilation around the® Xe 243 |
Rydberg excitations. The agreement between the calculated /\,\’A\\
and the experimental linewidths is reasonable, although one g™ L Y Aot 5'6“ S
should worry abOL_Jt the_asymrr_letric experimental Iinevx_/idths (b) Emission Energy(eV)
for the (1) and(S) sites(Fig. 23, in contrast to the theoretical
prediction of a symmetric Gaussian line shape in the strong
modulation limit. Regarding energetics, as is evident from XeAriq00
Table 1V, the large Stokes shifts are well accounted for. A e Secirom
more pedantic scrutiny reveals that the calculgt®d.) val- Experiment
ues for the(C) and(l) sites are of the opposite sign relative 2 |
to the corresponding experimentgdv,) values(Table IV c TR s e
and Fig. 23, although both experimental and calculated = 1, emission
(8vey values are very small. This discrepancy between ® 1s éj/;_rtwe
theory and experiment may presumably reflect the limita- § il Ti=;>CE;SK
tions in our description of the long-range excited state poten- 3 ’ Calculated
tial at large separations, or rather of the asymptotic form of S s, absorption
the potential differenc@V(r)=V¢(r) —V4(r) between pair v P
potentials in the electronically excited state and in the ground 80 e ‘8‘,5M M '9%(')' —
state. (© Emission Energy (eV)

Some open questions regarding excited state dynamics

of Xe* Ary, clusters still remain. We are unable to explain the
long lifetime (~100 ns) reported by Mter et all? for the
emission from thé€C) site, although this long-lived emission
may originate from the 8.62 eV and 8.85 eV bands, whichFIG. 23. A comparison between the simulated site-specific line shapes in the
may have parentage in metastablé"k@epz) or excimer xé emission spec_tr(a—) of Xe*Aryeat T;=30 K (lower pane) and the experi-
excitations. We are also unable to explain the auxiliary emismental emission spectra of XAr, o (upper pansl reported by Mder

. . . . et al. (Ref. 1]). In each of the experimental energy-resolved spee.
sion bands, i.e., the 8.62 eV emission band from(@)esite 11 the excitation energy is marked by an arrow. In the lower panel the
and the 8.62 eV and 8.85 eV emission bands from(fe simulated absorption spectfa-) are also given and they are close in energy
sited? (Fig. 23. These auxiliary emission bands may be dueto the strong-light band in the emission spectra reproduced in the upper
to metastable Xe excitations, to X§, or to interstitial Xe pagel. Each of the calculated emission bands *and ab'sorptlon bands of

_ - . . . Xe* Arq46 are marked by the specific Xesite. (a) Xe* atom in centralC)

trapping SItE§ In very Iarge_ clusters. What is mpqrtaqt 'S'thagite. (b) Xe* atom in interior(l) sites(1)—(3). (c) Xe* atom in surfac€S)
our overall picture regarding the spectroscopic implicationsites(4)—(6).
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TABLE V. Relaxation
Xe*Ary6 (Ti=10 K).

dynamics of interior and surface *Xesites in

Bubble Spring

Site (C) Site (4) Site (6)
7er (f9)2P 60 80 80
7o (f)°P 170 280 210
T1 (Ds)d 2 - -
™ (p9° 4 15 15
(Rin) —RAn(0) (A 0.82 0.60 0.60
(NN*)—NN*(0)f 55 -1.0 0
(RE&w) —REm(0) (A) 3.9 1.4 0.84
Frequencieso,, w5 (cm )9 17, 40 17, 37 10
Damping timesr,, 75 (p9)? 2.0, 6.0 2.5, 4.0 (20"

#Energy flow into cluster.

bGaussian time dependence.

“Initial configurational relaxation.

YExponential time dependence.

®Dislocation time of X& to 90% initial rise ofREy(t).
fAsymptotic long-time structural data.

Yimpact vibrational coherence &\ (t).

"Entry in parentheses represents larger uncertdBago.

9013

relative increase of the bubble radius, EG7), is f(7)
=0.9-1.1. The subsequent bubble expansion is also accom-
panied by the dislocation of the Xebubble on a time scale
of rp=4 ps. The short-range repulsive Rydberg-host atom
interactions which drive the bubble formation induce vibra-
tional coherence effects with characteristic frequencies of
w,~40 cmi ! and w3~ 20 cm t with the damping(dephas-
ing) times of r,~ 2 ps andr;~ 6 ps, respectively. The vibra-
tional modesw, and w5 fall in the range of cluster vibra-
tional frequencies. The characteristic times for these
vibrational modes Tiw,=800fs and dw;=1.6ps are
shorter than or comparable to the damping timgsnd 75.
After ~10 ps the bubble reaches its new equilibrium con-
figuration AR} =0.7-0.8 A) on the excited state potential
surface. The spring formatiofie.g., site (6) of Xe* in

Xe* Arq4¢] is induced by ultrafast energy transfes;=80 fs
(with 7=r<<7,g) and is also characterized by a multimodal
time evolution (see Table Y. The initial Gaussian spring
stretching time isrp=210 fs. Also for the initial radial mo-
tion of the springry< 7y , Manifesting inertial motion. This

is followed by spring configurational relaxation, which ex-

of the large excited-state configurational relaxations ardlibits substantial stretching witRy(t) reaching a maxi-

borne out by experiment.

IX. CONCLUDING REMARKS

mum value at=r,=1.3-2.0 ps, with a substantial relative
increase of the spring size, Ed.7), beingf(7y)=2.0. Sub-
sequently the spring contracts, with the relaxation process
taking place on a long-time scale ©f20 ps, with vibrational

We were concerned with structural, spectroscopic, angoherence with a characteristic frequencyagf~10 cni 2,

dynamic manifestations of large local configurational
changes induced by extravalence Rydberg excitation of
probe atom(e.g., the'S,— 3P, excitation of X& in a rare-

being induced. The overall spring stretching is characterized
By ARY =(R¥\) —Rin=0.6 A.
Several new dynamic aspects of the configurational re-

gas cluster. Site-specific cluster dynamics with a fixed siz@yyation induced by the short-range Rydberg-host atoms re-

Xe*Ary cluster and size-specific cluster dynamics for small
(N=12), medium size N=54), and large Nl=146,199)

pulsive interactions emerge:

clusters were explored. Regarding site-specific cluster dytl) The initial ultrafast impact-induced energy transfer to the

namics, our MD simulations provide evidence for large con-

figurational dilation, resulting in a bubble formation for in-

terior sites and a spring formation for surface sites. In the

analysis of the bubble and of the spring dynamics it will be
instructive to compare the time scales to the lower limit for
the characteristic timery,g=1l/cwyg Of the cluster vibra-
tional motion, whereo,g=50 cri  is the upper limit of the
cluster frequency spectrum, i.eny5=700 fs. For the inte-
rior sites[e.g., sites(C), (1), and (2) in Xe*Arq4gl, the life
story of the bubblgsummarized in Table Vis as follows.

Ultrashort energy transfer to the cluster occurs on the time

scale ofrg1=60 fs. As71<7yg the vibrational nuclear mo-
tion of the cluster is frozen on the time scale of the initial
impact induced energy transfer to the cluster. The subseque
time evolution of the bubble configurational relaxation is
multimodal, being characterized by an initial ultrafast con-
figurational dilation with a characteristiGaussiaptime
=170fs, followed by a longerexponential lifetime 7,
=2 ps. The initial bubble expansion is characterizedrpy

<7y, Whereupon the inertial radial expansion with Gauss<5)

ian time-dependence occurs on a time scale faster than clu

ter vibrational motion. The longer exponential expansion

time, 1 <myg, manifests bubble expansion on the time
scale of cluster vibrational motion. At the time scale the

cluster occurs on the time scater<r,g, with the vi-
brational nuclear motion of the cluster being frozen. This
ultrafast(Gaussiahtime evolution for initial energy flow
prevails for all interior and surface sites.

The configurational relaxation is indeed driven by the
initial impact energy flow, asy<7gr.

The Gaussian time evolution for initial configurational
relaxation on the time scaley<r,g manifests radial
inertial short-time bubble expansion or spring stretching.
Such radial, Gaussian time evolution for configurational
relaxation bears analogy to the features of inertial, short-
time solvation dynamics in polar solvents® The
Gaussian temporal form of the ultrashort time evolution
is general, being manifested for all interior and surface
sites.

The longer exponential configurational relaxation times
7> 7y g Of the bubble and of the spring occur on the
time scale slower than or comparable to the cluster vi-
brational motion.

Impact induced vibrational coherent excitation is mani-
fested both for the bubble expansion and for the spring
dynamics. This vibrational coherence, induced by the
short-range repulsive interactions on the ultrashort time
scalergr<<my3, manifests the excitation of a vibrational

)
)

nt

(4)

s_
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wave packet. The energy range for the impact excitation 1
#l Ter=100 cm ! is sufficiently large to excite a wave
packet of the cluster vibrations. The wave packet is char-
acterized by frequencies,, w3, which fall in the range
of the cluster vibrational frequencies, i.eq,, ws;
<wyg . The ps lifetimesr,, 73 for damping of the wave
packet are comparable to or longer than the characteristic
life times for the cluster vibrational motion.
(6) The interior site bubble dynamics and the surface site
spring dynamics qualitatively differ in their overall time
evolution of Ryy(t) and in the damping of the vibra- 3
tional coherence.

rT 17T 17T 17717 17 717
I D T O Y

o

1

Regarding dynamic size effects we have established that
large Xé& Arq,¢ Clusters maintain their integrity on the rel-
evant(ns) time scale and maintain rigidity under reasonable
experimental conditions, i.e.,T;<30K. Medium-sized
Xe* Ars, clusters maintain their integrity on the relevang)
time scale, but th€C) site excitation induces the loss of
cluster rigidity, with the X& bubble being utilized as a spec-
troscopic probe for long-tim¢€100—200 ps mass transport
from the interior bubble to the surface spring. Finally, small \
Xe*Ar,, clusters exhibit reactive dissociative dynamics. It -80 -40
was previously established that high-energy vibrational exci-
tation of a probe molecut&??®in a cluster exhibits a tran- FIG. 24. The power spectid(w)=FT,[Jo(t)], whered, is given by Eq.
sition from molecular-type dissociative dynamics in small (10), for the emission spectra of XAry4¢in the centralC), interior (2), and
clusters to condensed phase nonreactive vibrational r(_:‘laiyrface(G) Xe* sites(marked on the panglinitial cluster temperaturd;
ation in large clusters and manifests the bridging between
molecular and condensed phase nuclear dynahilte re-

laxation of X&' Ary clusters explored herein provides a gen-  The structural relaxation induced by an extravalence
eralization of dynamic cluster size effects for configurationaIRydberg excitation of a probe atom or molecule in a rare-gas
relaxation induced by short-range atom—atom repulsion dugjuster manifests the implications of the short-range Pauli
to extravalence electronic excitation. This configurationalrepmsion between the spatially extended Rydberg wave
change involves site-specific and size-specific dissociative g{inction of the probe and the host atoms. Our results for
nonreactive dynamics. The transition from molecular to CON<gluster dynamics are of considerable Signiﬁcance for the
densed phase dynamics involves dissociative dynamics igpectroscopy and structural relaxation of Rydberg states of
small clusters, nonreactive configurational and massatoms and molecules in the condensed ph3&&® Some
transport dynamics in nonrigid medium-sized clusters angmplications of the prevalence of short-range repulsive inter-
nonreactive configurational dynamics in rigid large clustersactions between extravalence excitations of a probe atom
It is significant that our analysis provides ways for the inter-[e.g., Xe(Ref. 19] or moleculde.g., NO(Refs. 63 and 64
rogation of these dynamic size effects by time-resolved fsind the host atoms in a rare-gas solid, liquid, or fluid can be
and ps cluster spectroscopy. inferred from energy-resolved spectroscdp$’ (i) Absorp-
Our analysis of the time-resolved and long-time opticaltion spectroscopy. Large blue spectral shifts of up-tb eV
emission spectroscopy of Xary clusters constitutes a in absorption(relative to the isolated atommanifest short-
bridge between cluster spectroscopy and dynamics. Energyange repulsive interactions in the nuclear configuration of
resolved emission line shapes provide coarse grained infothe ground electronic statéii) Fluorescence spectroscopy.
mation on the relaxation dynamics. These involve sited arge Stokes shifts, up to 1 eV, of the fluorescence spectra
specific small spectral shiftssv,), large Stokes shifts and reflect large configurational dilation in the excited state on a
rather small emission linewidths. The general picture emergtime scale which is considerably shorter than (thg excited
ing from these spectroscopic data is in accord with our prestate life time. Our simulations for the dynamics of the probe
dictions for the manifestations of large configurational Xe atom in the centraIC) and interior sites of Ar clusters are
changes. Much more instructive will be the time-resolved fspertinent for the elucidation of the ultrafast dynamics of
and ps ultrafast fluorescence spectroscopy. Of course, timatomic and molecular Rydberg excitations in the condensed
resolved fluorescence constitutes just one method in the ephase’®®*%* The general features of the multimodal time
perimental arsenal of femtosecond pump-probe timeevolution of the bubble formation with the time scales
resolved spectroscogy,® which can be used to interrogate =200 fs, 7;=2 ps, andr,, 73=2—6 ps, in conjunction with
structural relaxation induced by extravalence electronic excithe predictions of vibrational coherence obtained herein for
tations in heteroclusters. the (C) site of the large X&Ar 44 Cluster, provide guidelines
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TABLE VI. Parametrization of the power spectiéw) of Xe*Ary clusters.

Aly,
N Site TK o o (emH? oy (emH? AZ (1P cmH? A (ecm D Alw; (j#1)
146 © 10 1 0 1.4 241.1 134
2 16.3 1.6 37.2 188 118
3 44.0 4.2 19.3 45
146 © 30 1 0 1.0 635.8 290
2 17.9 1.2 68.2 16
3 45.6 1.8 25.4 291 6
4 78.2 1.2 7.0 4
5 96.1 0.6 3.6 3
146 Interior(2) 10 1 0 0.7 8.7 158
2 6.5 1.4 22.6 17
3 11.4 0.5 3.7 10
4 17.9 0.5 6.6 111 6
5 21.2 0.4 2.8 5
6 26.1 04 2.6 4
7 29.3 0.8 2.6 4
8 32.6 0.8 1.7 3
9 375 1.1 2.2 3
10 44.0 1.0 1.7 3
11 48.9 1.2 2.2 2
12 53.7 0.9 1.8 2
13 71.7 9.8 6.5 2
146 Surfacd5b) 10 1 0 1.4 0.7 44
2 6.5 0.2 4.5 9
3 8.1 0.2 2.2 8
4 13.0 0.3 2.1 5
5 17.9 0.7 1.7 61 3
6 22.8 1.1 2.1 3
7 27.7 0.8 2.0 2
8 42.3 7.5 3.8 1
146 Surfacg6) 30 1 0 0.9 2.6 71
2 8.1 0.6 6.0 8
3 11.4 0.6 4.3 6
4 14.7 0.8 1.2 64 4
5 19.5 1.3 1.7 3
6 26.1 1.8 2.1 2
7 30.9 2.5 1.9 2
8 52.1 6.9 2.1 1

@Parameters from power spectra.
bA=[sh ,A%22

for the structural relaxation dynamics of atomic and molecuphase dynamics. Our theoretical studies and their extensions
lar Rydbergs in solid rare gases. In a recent experimentdbr solid and liquid rare gases are expected to provide guid-
study of the ultrafast dynamics of bubble formation aroundance, predictions, and insight for important time-resolved
theA 23 *3s¢ (v=0) Rydberg excitation of NO in solid Ar experiment¥ on the fate of Rydberg states in clusters and in
at 5 K, Cherguiet al®* provided evidence for the formation the condensed phase.

of the bubble on the time scale of 4—5 ps. This result is in

accord with our predictions for the longer relaxation timesACKNOWLEDGMENTS

for the bubble formation in the central site in & We are grateful to Professor Majed Chergui and Dr.
which give 7,=2 ps, 7,=2 ps, andr;=6 ps, with the time  Thomas Mdler for stimulating discussions and correspon-
scale for the completion of the bubble relaxation beingdence and for prepublication information. This research was
~10ps. No experimental evidence for the ultrashegt supported by the German-Israel Binational James Franck
=200 fs relaxation time and for the vibrational coherenceProgram on Laser-Matter Interaction.

effects is currently available. On the theoretical front the

simulations described herein for finite systems have to b&PPENDIX: POWER SPECTRA OF THE EMISSION

extended for the relaxation dynamics in condensed macrd@ANDS

scopic rare gasesolids and fluids providing another av- To understand different sources of the line shape broad-
enue for the merging between molecular and condensegning, the power spectra for the emission bands were ana-
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