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We introduce a method of molecular dynamics in shape space aimed at metal clusters. The ionic degrees of
freedom are described via a dynamically deformable jellium with inertia parameters derived from an incom-
pressible, irrotational flow. The shell correction method is used to calculate the electronic potential energy
surface underlying the dynamics. Our finite-temperature simulations pfékgl its ions, following the nega-
tive-to-neutral-to-positive scheme, demonstrate the potential of pump-and-probe ultrashort laser pulses as a
spectroscopy of cluster shape vibrations.

The study of the motion of an incompressible and irrotational detachment from the associated negative ions, and their
fluid mass with an ellipsoidal surface has its origins in subsequent time evolution is probed by photoionization, which
investigations on the theory of the shape of the Earth. Such can be time-delayed with reference to the initial detachment.
studies started with Newton and Maclaurin and were continued Our finite-temperature MDSS simulations of Agand of
by others, in particular for the case ofuarying surface by associated ions, following the NeNePo sequence, demonstrate
Dirichlet, Dedekind, and Riemann (see ref 1). In these early the potential of such experiments as a spectroscopy of cluster
studies in the realm of astronomy and astrophysics, the forcesshape vibrations. As the jellium description of metal clusters
were due to the gravitational field. More recently, similar ideas is known to be most adequate above the Debye temperature,
were used in nuclear physics in investigations of low-energy ©p, we demonstrate the MDSS method for cluster shape
collective isoscalar modégas well as of the fission procéss  dynamics afl > Op(Ag) (=215 K).
in atomic nuclei). Additionally, many features of the analysis Modeling the dynamics of the ellipsoidal jellium background
of these nuclear collective modego back to the work of as that of an irrotational, incompressible fluid, its kinetic energy

Rayleigh on the normal modes of a classical liquid dtop. is givert by
In this Letter, we introduce and apply a method of molecular S, )
dynamics in shape space (MDSS) aimed at studies of materials 7(a, b) = (2/15)rpab’c'(a” + b + ¢°) 1)

clusters, with the potential energy surfaces (PES’s), which
underlie the dynamics, determined via electronic structure
calculations using the shell correction method (SCM)and
with inertia parameters specified according to the aforemen-
tioned theory of an irrotational fluid mass.

In the past several years, first-principles molecular-dynamics
(FPMD) simulation methods, where the dynamics of the ions
is evaluated on concurrently calculated electronic PES’s [e.g.,
through local density functional (LDF) theory], have been
introduced and employed in investigations of atomic and
molecular clusterg1® The MDSS method complements such
techniques. Rather than simulating the dynamical trajectories
of the individual ions as in other FPMD methods, the MDSS
focuses on the dynamics afollective shapevariations of
clustersd! (with the ionic degrees of freedom described via a

dynamically deformable jellium), allowing for reliable and ; - -
economical simulations in a broad cluster size range. (3 b) + V(a,b). Introducing new s_ymbola O b~ qp,
a <> P1, andpy, <> Py, for the generalized coordinatasandb

Over the past sev_eral years,_the development and applicatiorgnd for the associated canonical momemtandp,, Hamilton's
of fast spectroscopical techniques opened new avenues forequations of motion are given by

probing dynamical processes in matter (both in the molecular

wherep is the mass density of the fluid ar&d, b', andc' are

the principal semiaxes of the ellipsoid. Since the RES, b')
depends only on two semiaxes, we can eliminate the third
semiaxisc' from the kinetic energy by using the volume
conservation, namel@b'c’= R®. By further defining reduced
semiaxes = a/R, b = b'/R, andc = ¢'/R, we can rewrite the
kinetic energy as

(&, b) = Y,M_ & + M, ab + 1,M, b )

where the elements of the inertial-mass maiixare Mz, =
C(1 + 1/a*?), Map = Mpa = Cladh?, andMpp = C(1 + 1/a%b%),
with C = 47R8p/15.
At constant energy, the motion of the shape will be governed
by Hamilton’s equations associated with the Hamiltortiar

and condensed-phase regimes) with unprecedented temporal 2
resolution (in the femtosecond rafdge As an illustration, we q= Z(M‘l)ij P (3)
apply the MDSS to an investigation of the shape dynamics of =

a small neutral cluster (Ag), motivated by recent experiments

using pump-and-probe ultrashort laser pulses. In these experi- v 12 3(M71)jk
ments, referred to as NeNePmegative-to-neutral-to-positive, p=——= — PP« (4)
mass-selected neutral clusters are prepared by electron vertical G 2if= G
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whereM ™1 is the inverse of the inertial-mass mathk These
equations are solved using a sixth-order Ruri§atta method.

MDSS simulations can be carried out at constant energy or
constant temperature. The latter (canonical-ensemble) simula-
tions can be achieved through a straightforward modification
of Hamilton’'s equations according to the Neddoover-
thermostat prescriptiotf,namely, by adding a variable friction
term —pin/Q to the right-hand side of thg equation, wher€
is a constant characterizing the reservoir gnet 27 (1, O2)

— 2kgT, with T the temperature arig the Boltzmann constant.
Since, however, the triaxial MDSS involves two independent
variables only, we use a chamof three No$e-Hoover
thermostats in order to guarantee that the equilibrium ensemble
will exhibit canonically distributed positions and momenta.

The SCM approach has been derived by us originally from
the LDF theory (for details, see refs 5 and 7). This method, as
well as a semiempirical versiéf of it which we employ here
to determine the PES’s [i.eV in eq 4], has been shown to
yield accurate resufts”816when compared to experiments and/
or self-consistent KohnSham LDF calculations (when avail-
able) for several metal-cluster systems. Particularly pertinent
to this study are SCM results for the vertical ionization potential
(vIP) of Agia and the electron vertical detachment energy (vVDE)
of Agis; the SCM results, calculated for the equilibrium
configurations, are viP= 5.84 eV and vDE= 2.20 eV, in
excellent agreement with measured values, #F5.90 e\’
and vDE~ 2.2 eV!®

We prepare first an equilibrium ensemble of phase-space
points [@)o, (U)o, (Pr)o, @and @z)o] of the anion (Ags™) by
selecting them from a long trajectory (up to 400 ps) on the PES
of Agi4~ generated using the Nosgéloover dynamics at a given
temperaturd. These phase-space points are subsequently used
as initial values for generating shorter (up to 3 ps), constant-
energy trajectorie¥’ with an integration time step of 0.5 1§,
on the PES of the neutral Ag(which is produced from the
anion by electron photodetachment caused by the first laser
pulse). Ateach time step, we determine the classical probability,
P(), that vertical ionization of the dynamically evolving neutral
cluster is energetically allowed through the two-photon absorp-
tion process induced by the probe-laser pulset) B(that Figure 1. PES’s of Ag4~ (bottom panel), Ag, (middle), and Ags+
fraction of the instantaneous shape configurations (averaged oveftop). a andb denote dimensionless semiaxes of the ellipsoidal shapes
the 16 constant-energy trajectories) with a vertical ionization (the third semi-axis = 1/ab; see text for details). The contour lines

; < ; ; . correspond to increments of 0.1 eV in the total energy of the clusters.
potential vIP= 2w, wherehw is the single-photon energy. The Lissajous-type figure (heavy solid line), inside one of the basins

The probability P{) is a classical quantity that in principle is  associated with the oblate isomer of Agportrays one of the 3-ps,
not the sole factor determining the yield of the photoionization constant-energy trajectories Bit= 300 K (see text).

process (e.g., the photoion current of the cationic daughters).
Indeed the photoion current is proportional to the product of an oblate (O) one and a prolate (P) one. On the associated PES
the classical RY with the quantum mechanical, vibrational, (Figure 1, middle panel), there are six local minima, three
Franck-Condon overlap facto? If the neutral clusters happen  (energetically degenerate ones) corresponding to the oblate
to be produced in shape configurations far away from the PES O-isomer (having two equal axes larger than unity; the ease
minima of the positive ion, the FranelCondon overlap factor = b > 1 with c = 1/a?is easily identifiable; the other two follow
can be so low initially that virtually no positive ions are by circular permutation of the indices, b, and c, i.e.,
generated, regardless of the value djR{nd thus the onset of  pseudorotations) and the other three (energetically degenerate
the photoion current can exhibit a characteristic delay. The ones) to the P-isomer (having two equal axes smaller than unity;
NeNePo experiment for the silver trimer conforms to this the case ofi=b < 1 with ¢ = 1/a2 is also easily identifiable,
case®22 However, the case of Agis different, since here  and the other two are obtained via pseudorotations). The
the PES minima of the neutral and the positive clusters overlap positive and negative ions are slightly triaxial, and as a result
substantially (see Figure 1). As a result, in the latter case, thetheir PES’s exhibit 12 local minima, six of them close to oblate
Franck-Condon factor for the ionization process is close to shapes and the other six close to prolate shapes; in each case,
unity, and we can safely assume that the photoion current isthe six minima are energetically degenerate and are related to
mainly proportional to the classical probabilitytP( each other via pseudorotations.

In Figure 1, we display the PES’s for Ag (bottom panel), At T = 300 K, the canonical-ensemble distribution of the
Agi4 (middle), and Ag4™ (top). For the neutral Ag, which is initial 10° phase-space points on the PES of Ads distributed
axially symmetric, there are two energetically distinct isomers  about the O-like minima, since for the anion these minima are
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\ V) around the O-minimum of Ag. For T = 300 K (lower
9 | N \/ dashed-dotted curve labeled 1), the probabilitytPéxhibits
- S , large-amplitude oscillations with a period &B00 fs. Raising

the temperature of the initial Ag- ensemble tends to progres-
sively smear out the oscillatory structure i)P(This behavior

is a consequence of the fact that the distribution of the initial
phase-space points on the PES of the anion is more spread away
from the region of the O-like minima (a relatively larger amount

of initial points is distributed over the region of the P-like
minima). As a result, a larger, but still not dominant, fraction

%
N\ “ - of constant-energy trajectories on the PES of Ag restricted
0 \ {\ to the regions inside the basins of the P-minima. Fer 600
[(e}
o ﬁ\ K <,\ N K (lower dotted curve labeled 2), the effect of such trajectories
0.65 is to reduce the amplitude of the oscillations of th& Bgrve.
a We also note here that for the range of temperatures considered

. . (which covers the experimentally expected range) no influence
Figure 2. vIP surface for Ag,. The contour lines correspond to

; . ; . on the period of the oscillations is predicted.

increments of 0.1 eVa andb denote dimensionless semiaxes of the .

ellipsoidal shapes (the third semiaxis= 1/ab). With a somewhat larger probe-laser frequency (efyy 2
5.90 eV), the ionization condition VIR 2hw is satisfied for

longer segments of the constant-energy trajectories, and as a
result the troughs in the §(curve are now less accentuated
compared to the case oh@ = 5.85 eV (see upper curves
labeled 3 and 4 in Figure 3).

We remark that the experiments suggested in our paper, and
the NeNePo experiments performed in ref 13, involve electron
detachment and ionization of clusters, and they can be performed
o] 1000 2000 3000 with photon energies that are away from the plasmon excitations

t (fs) of silver clusters, which otherwise would have complicated the

interpretation of such experiments owing to resonant photoab-
Figure 3. Time evolution of the probability B (see text) forT = sorption23

300 K (dasheerdotted lines) and” = 600 K (dotted lines). The two- L
photon energy of the photoionizing probe-laser pulse equals 5.85 eV In summary, a molecular dynamics in shape space method

(lower pair of curves labeled 1 and 2) and 5.90 eV (upper pair of curves fOr simulating the dynamics of low-frequency collective modes
labeled 3 and 4). associated with metal-cluster shapes was introduced. These

collective modes (adiabatic in the Ber@ppenheimer sense)

the global ones by0.06 eV (or 700 K) compared to the P-like are analogous to the well-known low-energy isoscalar vibrations
minima. As a result of the vertical photodetachment, some of of atomic nuclef. The ionic degrees of freedom were described
the initial shapes will land on the basins of the P-minimum of Via a dynamically deformable jellium with inertia parameters
the neutral Ags; nevertheless most of the initial shapes will derived from an incompressible, irrotational flow, and the shell
land on the basins of the O-minimum. For the neutraj/Ag  correction method was used to calculate the electronic potential
these latter basins are deep, separated from the basins of thenergy surface underlying the dynamics of the cluster shape.
P-minimum by a barrier 0f0.35 eV (i.e., 4060 K), and thus  Our finite-temperature simulations of Agand its ions, fol-
only initial O-shapes associated with momenta far in the tails lowing the negative-to-neutral-to-positive scheme, serve to
of the canonical distribution will be able to make excursions illustrate the MDSS method and demonstrate the potential of
outside these basins. Consequently, the majority of the (constantpump-and-probe ultrashort laser pulses as a spectroscopy of
energy) trajectories of Agwill correspond to shape vibrations ~ cluster shape vibrations.
around the O-minimum (see the Lissajous-type trajectory in the  We further remark that the MDSS method can be generalized
middle panel of Figure 1). to provide a dynamical theory for metal-cluster fission (see refs

To investigate how these vibrations can be probed by a 92, 24-26). In analogy with recent dynamical nuclear fission
photoionizing laser pulse of a given frequency, we display in Studies?” such a theory will provide efficient means for
Figure 2 the vIP surface [which is the difference between the calculating fission rates, branching ratios between fission
PES of the cation and that of the neutral:A¢see Figure 1)]. channels, and the dynamics of fission isomers (refs 9a, 25), as
It is noteworthy that the local minima of the neutral Aglo well as the kinetic energy distributiéhof the fission fragments
not correspond to extrema in the vIP’s. Indeed the O-minimum for a broad range of cluster sizes.
has a vIP of 5.85 eV, which is intermediate between the extremal
values of 6.0 and 5.7 eV. Consequently, a photoionizing laser ~Acknowledgment. This research is supported by the U.S.
pulse with photon energyfiz» = 5.85 eV is ideal for probing  Department of Energy (Grant No. FG05-86ER-45234). Studies
the vibrations about the O-minimum, since the ionization were performed at the Georgia Institute of Technology Center
condition vIP=< 2hw will be satisfied only for certain segments  for Computational Materials Science.
of the constant-energy trajectories, and thus the measured
photoionization yield will exhibit oscillations reflecting the shape References and Notes
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