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Combining an electronic theory with molecular-dynamics simulations we present results for the ultrafast
structural changes in small clusters. We determine the time scale for the change from the linear to a triangular
structure after the photodetachment process AgAgs. We show that the time-dependent change of the
ionization potential reflects in detail the internal degrees of freedom, in particular coherent and incoherent
motion, and that it is sensitive to the initial temperature. We compare with experiment and point out the general
significance of our result$S1050-294{@6)50512-3

PACS numbeps): 31.70.Hq, 36.40.Mr, 33.80.Eh

The excitation of a cluster by a laser pulse induces timea saturation of the signal, which then remains constant for at
dependent changes of its electronic and atomic structuréeast 100 ps, which is the longest time delay used in the
These changes involve bond formation and bond breakingexperiment. New features appear for higher frequencies.
The understanding of the relaxation mechanisms induced b#gain the signal increases sharply, but after reaching a maxi-
the excitation is of general interest. In particular, it is of mum it decreases to a constant value.
fundamental importance to study how the system approaches A preliminary interpretation of these results uses the
equilibrium in order to determine how the time scales of theFranck-Condon principl¢l]. The first laser pulse creates a
relaxation processes can be controlled by varying the experneutral linear silver trimer that bends and comes to a turning
mental conditions. point near the equilateral equilibrium geometry of the posi-

Recently, a pump and probe experiment has been petive ion[3]. After rebounding, the neutral trimer starts pseu-
formed on mass selected Ag clusters, which serves as an dorotating through its three equivalent obtuse isosceles equi-
example for the investigation of the structural relaxationlibrium geometries. This would explain the saturation
times[1]. The initially negatively charged clusters were neu-behavior of the signal. However, this would mean that the
tralized through photodetachment by the pump pulse and apseudorotations have an extremely long mean life, which
ter a delay timeAt ionized by the probe pulse in order to be seems improbable. Furthermore, this model does not explain
detected. Due to the remarkable differences in the equilibwhy the signal changes as a function of the frequency of the
rium geometries of the ground states of Ag which is  laser pulse.
linear [2], and Ags, which consists of an obtuse isosceles In this paper we perform a theoretical analysis of
triangle[3], the ultrashort photodetachment process puts théhe physics underlying the ultrafast dynamics of ;Agjus-
neutralized trimer in an extreme nonequilibrium situation. Asters produced by photodetachment. In particular, we analyze
a consequence of that, a structural relaxation process occutde time evolution of the ionization potential and the depen-
The experimental signal, consisting of the yield of &g  dence of the dynamics on the initial temperature of the clus-
was measured as a function &f and the frequency of the ters. We show that the experimental results can be explained
probe laser pulse. For a frequency slightly above the ionizausing a physical picture which can be generally applied to
tion potential(V;) of Ags; a sharp rise of the signal is ob- other ultrashort-time processes. In our calculations, we com-
served atAt=750 fs. After a maximum is reached, there is bine molecular-dynamic§MD) simulations in the Born-
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Oppenheimer approximation with a microscopic theory to . , . T
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Here, the operatorc! , (c;,,) creates (annihilate3 an 0 1000 2000 3000

electron with spino at the sitei and orbital ¢ (« time (fs)
=5s, 5y, 5py, 5p,). &, Stands for the on-site energy, and 05 . : . :
Viqjp for the hopping matrix elements. For simplicity, and | (b) ——— T=1048K
since the 5 electrons are expected to be rather delocalized,
we neglect the intra-atomic Coulomb matrix elements.
¢(r;;) refers to the repulsive potential between the atomic
coresi and . For the distance dependence of the hopping
elements and the repulsive potential we use the functional
form proposed in Ref[4]. By diagonalizingHg (taking

into account the angular dependence of the hopping elements
[5]), and summing over the occupied states, we calculate as a 01
function of the atomic coordinates the attractive parts of the I
electronic ground-state energigg,,, andE2,,, of Ag;~ and 0.0
Ag3®, respectively. Then, by adding the repulsive part of

H we obtain the PES, which we need to perform the MD
simulations. In order to determine the forces acting on the 5 1 (@ Time dependence of the fraction of clusters
atoms we make use of the Hellman-Feynman theorem. Thug(ny,t) with v;(t) smaller thanhv. The sharp increase and the

the « component of the force acting on atom  gyerall time dependence gf(hw,t) for increasinghv should be

03 -
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Fio=—dEldr, is given by compared with the experimental results of afl. The initial tem-
perature wasl =317 K. (b) Time dependence of the fraction of
_ dHre _ 1 I(rij) clusterspyiang(t) having triangular structures for different initial
Fio=—2 (K kK)=5 2> L@ 0
K MNig 2{F dri, temperatures.
occ.

Here thelk)’s are the eigenstates bf;g. The parameters of frequencies used in Refl]. Therefore we consider in the

H are determined in the following way. The on-site energiedollowing only the dynamics of the ground state of 4g
were obtained from atomic daf&]. We fit the parameters Note, our hopping parameters are comparable to those of
V,; and the potentialp(r;;) in order to reproduce the equi- silver bulk[7]. This gives another justification for the neglect
librium bond lengths of the silver dimers Ag, Ag,, and  of Coulomb interactions.

Ag," obtained by effective core-potential—configuration- The MD simulations are performed applying the Verlet
interaction calculation§2,3]. We assumed the hopping ele- algorithm in its velocity form. We used a time step of
mentsV,,z to fulfill Harrison’s relationd9]. The best fit was At=0.05 fs. This ensures an energy conservation up to
obtained by the following parameters/;,=0.954 eV, 10 % eV after 1§ time steps. The equilibrium structures
r.=4.33 A n,.=2, m=5.965, andA=0.605 eV, where were obtained by performing simulated annealing. Starting
and n. refer to the cutoff radius and exponent, whereas Wwith the equilibrium geometry of Ag , we generate an
and A stand for the exponent and strength of the repulsiveensemble of approximately 1000 clusters characterized by
potential ¢(rj;) [4]. Using these parameters we have calcu-the ensemble temperatufe defined as the time average of
lated the vibrational frequencies of the dimers, which com-the kinetic energy for a long trajectory~(10° time steps
pare reasonably well with the experimental val{i#8] and  [11].

quantum-chemical calculatiof®,3]. Then, we determined  In Fig. 1(a) we show the time dependence of the fraction
the equilibrium geometries of the ground states of the silveof Ags clusters p(hv,t) with ionization potentials
trimers Ag;~, Ags, and Ag;™ which again yielded excel- V;(t)<hv. We scalehv with V2, which is the minimal ion-
lent agreement with the all-valence-electron calculations ofzation potential of Ag in the equilateral equilibrium geom-
Refs.[2] and[3]. We have also determined a linear equilib- etry of Ag;™ . The quantityp(hv,t) can be interpreted as the
rium geometry for the excited sta?ég of Ags, which can  time-dependent probability for ionization with a laser pulse
be reached by photodetachment of Ag[6]. However, in  of frequencyhv (i.e., half of this energy, if the ionization is
our calculations this state lies 1.2 eV higher than the grounéchieved in a two-photon process as in R&f). p(hv,t) is
state(in relatively good agreement with photodetachment ex{roportional to the signal detected in the experiment. Note,
periments[6]) and therefore cannot be excited by the laserslightly above the ionization thresholdh(=1.02\/?), clus-
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; v e B A aline aad FIG. 3. (a) Average distribution of neutral silver clusters over
0 500 _ 1000 1500 2000 values ofV, for 2 ps<sAt<20 ps after photodetachmerth) Cal-
time (fS) culatedp(hv,t) for a large value ohv. Note that also the internal

vibration of the chain before and during bending can be detected.
FIG. 2. Distribution of photodetached clusters as a function of(c) Spectral analysis of the pseudorotations. Note that the lifetime is
time andV,; at different temperatures. Black regions indicate largesmaller than one pseudorotation period.
number of clusters, whereas no clusters are present in the white
parts. Note the progressive destruction of the coherent motion aftasond-formation and bond-breaking processes, we present in
photodetachment for increasing initial temperatures. Fig. 1(b) results for the time-dependent probability
Priang(t) Of finding triangular clusters for different initial
ters can be ionized only after a delay tig¢hv) =750 fs, at temperaturespiang(t) is defined as the fraction of clusters
which p(hv,t) begins to increaseg(hv,t) displays the fea- having all angles between 45° and 90°. Comparison of the
tures observed in the experiment, namely, first a sharp inbehavior ofpyang(t) for T=317 K with the curves of Fig.
crease, then a maximum, and finally a decrease to a smalléfa) clearly shows that only these particular cluster geom-
value, which remains constant. There is, however, a narrowtries contribute to the signal observed in the experirfiEint
range of frequenciesy, where the enhancement of the sig- Note that the onset of the abrupt increas@@f,,4(t) shows
nal after the sharp increase is largest. For higher laser frea strong temperature dependence. For increasing initial tem-
quencies the maximum becomes broadened and the enhangegrature the clusters bend faster. Notice also the remarkable
ment factor is smaller. fact that at low temperature the maximumpgiang(t) dis-
These results can be understood physically as followsappears.
Upon photodetachment of a binding electron vibrational ex- Figure 2 shows contour plots for the time development of
citations occur, in particular, those of the central atom alonghe distribution of ionization potentials of neutral silver tri-
the chain direction. Due to the shape of the PES the motiomers after photodetachment &t 0. The most prominent
of the central atom dominates the ultrashort-time responsteature of these pictures is the coherent oscillatioV0bf
over the first few hundred femtoseconds. Then, the sloweall clusters, which continues for about 700 fs in the case of
thermally activated bending motion comes into play andclusters starting aT=29 K and which is destroyed much
yields triangular bonded Ag The resultant bond formation more quickly at the higher temperatures. These coherent os-
is exothermic. The excess energy can in turn cause bondlllations ofV; are due to the internal vibrations of the linear
breaking or, in case of uniform energy distribution, also achain before and during bending. High values\gfcorre-
regular vibrational mode such as pseudorotations. spond to a rather symmetric geometry, while the lower val-
In order to demonstrate the temperature dependence of thees stand for the turning points of the oscillation. The second
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feature to be noted is the areas in the plot with values ofions with no sharp increase such as that observed in Ref.
V; below approximately 1.07iO which become populated However, it is important to point out that this structureless
only after time delays of 1500, 700, and 300 fs, respectivelysignal could interfere with the bending or stretching dynam-
and which represent those clusters that have bent to fories of the ground state if the stafég were excited by the
geometries close to the equilibrium geometry of Adror  pump pulse.

T=1048 K we observed fragmentation of 31% of the trim-  The last important point to be investigated is the role of
ers (after 20 ps), and in Fig.(2) we show only the distri- pseudorotations. In order to study these vibrational excita-

bution corresponding to the nonfragmented clusters. tions we determine the autocorrelation function
With the help of Fig. 2 it is also possible to explain the
maximum ofV; as a result of the coherent vibrational motion G(r)= Z0x(t) Ax(tkt 7) 3

of the clusters: while a large fraction of the clusters bend Sy (t) Ox(ty)

collectively, they still continue their vibrational motion, _ _ )

which results in a pronounced minimum ¥9f in the same whereq, is one of the normal coordinates of the triangular
way as for the unbent trimers. This effect accounts for the*ds molecule[12]. If the pseudorotations had a long life-
dark areas in Figs.(B) and 2c) for Vi(t)/vio below 1.07 t|me,G(_r) wogld show an oscillatory behe_\wor. However, as
approximately and is quantified by integration over energies$nown in the inset of Fig.(8), the correlations are strongly

in the calculation ofp(hw,t) [Fig. 1@]. Since the clusters damped. This becomes_ clear by analyzing the _Fourler trans-
responsible for this effect have gained an average energy &M Of G(7). The lifetime of the pseudorotations, deter-

900 K while descending the PES towards the equilibriumMined from the width of the peak at half maximum, is only
structure of Ag,, their coherent motion is quickly destroyed slightly lower than the duration of one cycle. This shows that

and this explains why no further maxima occur. This is supPSeudorotations do not play an important role in the dynam-

ported by the fact that the cluster ensembles starting out witffS ©f the trimers. The high kinetic energy of the atoms

temperatures of 29 and 104 K do not show this maximumS€ems to prevent the occurrence of a regular mode such as

Here, the coherent motion has already disappeared before tﬁéeudorotations. The saturation of the signal is rather a sta-

clusters bend toward the equilibrium geometry ofAg ustical effect indtl)Jced b3|' th_e tempelrature._ h d
Figure 2 reveals that for longer time$>2000 fs) the In summary, by employing an electronic theory and MD

clusters approach a time-independent distribution over thélmulatlons we have analyzed the femtosecond dynamics of
values of V; or, equivalently, over the Ag geometries. Ags upon photodetachment. Our results show that an un-
These asymptotic distributions are plotted in Fita)3 complicated thepry that can easily be extendgd to deal with
In Fig. 3b) we have plotted the quantitg(h.t) as in Iarger systems is able to account for all expgrlmental obser-
Fig. 1(a), but for an initial temperature af=29 K and for a vations. Most importantly, we find that the time scales for

higher energyhv=1.17\/i° A new feature appears which bond formation and breaking are affected by temperature.

consists of sharp oscillations of the probability between 0Our results might also be of general interest regarding laser

L . L control of chemical reactions. FiguréaB suggests that tem-
and 1 within the time rangg@ts_?OO fs. These osc:|'llat|ons perature can be used to design special distributions for the
result from the dominant vibrational mode of the trimers for; ~.” . . : :
the first 700 fs approximatelv. This interesting effect Waslomzatlon potentials or for the cluster geometries present in
not observed in tﬁg ex erimgfﬁ] because theglaser ener- the initial ensemble. Figure(8) immediately suggests new

) EXp ' e{periments with a probe laser pulse energy of
gies used were not high enough. In order to demonstrate th% - 0 : .

; + ; : v=1.1%;. Thus a direct measurement of the dominant
the excited state22g does not contribute to the signal ob- vibration of the trimers seems possible
served in the experiment of R¢ll], we have performed MD P '
simulations on the corresponding PES and confirmed its one- This work was supported by the Deutsche Forschungsge-
dimensional dynamics. Its signp(hv,t) consists of oscilla- meinschaft.
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