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Abstract. We investigate from a theoretical perspective a possible pump and probe scenario for analyzing
the rotational motion of free deformed metal clusters considering as test case an ensemble of Na+

7 clusters.
To that end, we develop a simple classical model for the orientational dynamics and rate equations for the
ionizing effect of laser pulses. The model parameters are determined microscopically by time-dependent
density functional theory for the cluster electrons and a detailed description of the cluster ions by local
pseudo-potentials. We find that pump and probe analysis can very well resolve the rotational motion
provided that the laser parameters are properly tuned to the Me surface plasmon of the given sample.
Moreover, we see that the laser pulses burn a hole into the distribution of orientations. Stroboscopic
repetition of pulses will allow to produce an ensemble clusters oriented in a direction perpendicular to the
laser polarization axis.

PACS. 36.40.Wa Charged clusters

1 Introduction

Pump and probe experiments have become a powerful tool
for a detailed analysis of time evolution at a microscopic
level for a huge variety of systems, from molecules and
chemical reactions [1] up to bulk material [2]. It is nat-
ural then that such studies have also been undertaken
with clusters (for a summary and more detailed discus-
sion see [3]). There exist already quite a few pump and
probe investigations for clusters, see e.g. [4–8] for clusters
deposited on a substrate, [9–11] for embedded clusters.
Amongst free clusters, small systems, almost molecules,
have been scrutinized in detail, see e.g. the studies on
trimers [12,13]. Pump and probe experiments with larger
clusters are an extremely rich field due to their complexity.
The proper handling, on the other hand, is more involved
than for deposited clusters. There are up to now only few
experiments available, e.g. with V clusters in a trap [14],
the search for chromophores in Hg clusters [15], or a robust
access to time resolution with varied pulse length [16]. The
case calls for theoretical support to work out the manifold
of conceivable scenarios. There are already some theoret-
ical explorations around viewing from different perspec-
tives, see e.g. [17–19]. We have pointed out in previous
studies that the dominance of the Mie surface plasmon in
metal clusters can be exploited to explore the time evolu-
tion of global geometric key quantities [20,21]. A difficulty
in the case of free clusters, lies in the fact that the clus-
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ters are usually formed in an ensemble at finite tempera-
ture T . Thus will undergo thermally activated rotational
motion. This leads to a rotational diffusion of an initially
given orientation. The diffusion time is related to the aver-
age rotational motion and strongly depends on the actual
temperature, the longer the time, the smaller the temper-
ature. In a small metal cluster such as Na+

9 an average
time for one rotational cycle at T = 20 K is about 60 ps.
The time scales with temperature as T−1/2 and with sys-
tem size as N5/6 [21]. The rotational diffusion limits the
analysis of orientation dependent phenomena to times be-
low significant drifts in orientation can accumulate. In this
paper, we aim at turning the hindrance into an interest-
ing effects as such. We will explore a possibility to scan by
pump and probe analysis the rotational dynamics of such
an ensemble of clusters at finite temperature. To this end
we will analyze the rotational motion in the framework of a
simple model calibrated to microscopic calculations with
the time-dependent local-density approximation coupled
to molecular dynamics (TDLDA-MD), see e.g. [3,22]. The
pump and probe mechanism, as discussed below, relies on
the fact that metal clusters exhibit a resonant behavior
in a laser field due to the presence of the all dominat-
ing Mie surface plasmon [23,24]. A properly tuned laser
may then “burn” properly aligned clusters which depletes
the angular distribution along the laser polarization and
conversely populates (in relative fraction) the distribution
perpendicular to the laser polarization. Rotational diffu-
sion will gradually refill these “holes” of the orientational
distribution which can be tracked by the amplitude of the
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Fig. 1. Distribution of optical absorption strength for the
modes in x-, y-, and z direction in Na+

7 . The x- and y- modes
are degenerate due to the symmetry of the cluster. The insert
shows the ionic configuration. Calculations have been been per-
formed in full 3D TDLDA, in the approach of [22].

response to probe pulses. The studies will reveal an inter-
esting further effect. It turns out that the refilling of the
“holes” is incomplete. The laser pulse has effectively sup-
pressed the orientations with which it is in resonance, sim-
ilar as in the experiments on deposited clusters from [25].
By repeating this hole-burning process one may produce
a population of strongly aligned free clusters.

2 Framework

2.1 Properties of the test case Na+
7

The test case is Na+
7 which has a simple ionic configuration

consisting out of a ring of 5 ions augmented by 2 ions on
top and bottom along the five-fold symmetry axis. The
symmetry axis perpendicular to the ring is labeled z-axis
in the following. The overall shape is strongly oblate. The
momentum of inertia about x- or y-axis is

Θxx = Θyy = 2.27 × 106/Ry. (1)

The optical absorption strength of Na+
7 is shown in

Figure 1 together with the ionic structure as insert.
These are theoretical results from spectral analysis on the
grounds of the time-dependent local-density approxima-
tion (TDLDA) [22,26]. The electronic and ionic configu-
ration of the cluster has first been optimized by simulated
annealing. The electronic cloud has then been excited by
a small instantaneous dipole boost. The spectral distri-
bution of dipole strength is finally obtained from Fourier
transforming the emerging time-dependent dipole signal.
The spectra in Figure 1 show one strong resonance for

each direction. This is the well-known Mie surface plas-
mon [3,23]. The strongly oblate shape yields a well de-
veloped deformation splitting of the plasmon [27,28]. The
shorter extension along the z-axis leads to a higher fre-
quency response as compared to the degenerate softer
modes in the more extended plane of the ring.

2.2 Ionization as a handle

This well peaked distribution of spectral strength implies
that ionization caused by laser irradiation strongly de-
pends on the laser frequency: the closer the laser frequency
to a peak, the larger the ionization. But there is even more
to that, due to the unique relation between shape and
peak position. The degree of ionization, in fact, depends
also on the orientation of the cluster relative to the laser
polarization axis. Let us choose a laser pulse with a fre-
quency (and given polarization) matching one of the peaks
of the plasmon response, for example a frequency around
0.2 Ry. If a cluster happens to have the plane of its ring
“aligned” with the laser polarization, it will be strongly
ionized, at least for sufficient laser intensity. On the con-
trary, if it is not “aligned”, ionization will be much lower.
In other words, irradiation by a laser of frequency in res-
onance with one of the plasmon peaks (corresponding to
a specific axis) will tend to erase by means of ionization
those clusters whose orientation matches this axis. In the
case of a frequency around 0.2 Ry, those clusters where
the plane of the ring contains the direction of the laser
polarization axis will tend to be ionized away. This sce-
nario is especially clear for clusters strictly “aligned” with
the laser polarization. There exists, of course, intermedi-
ate cases where the plane takes a certain angle relative to
the polarization axis. A properly chosen fraction of excita-
tion strength applies here. In any case, laser irradiation on
a typical thermal ensemble of randomly oriented clusters
will thus tend to depopulate the members of the ensemble
being more or less “aligned” with the laser polarization.
Conversely, it will tend to enhance the relative content of
clusters perpendicular to the laser polarization. But the
scenario becomes more involved when we add dynamics
to the picture. Inside the ensemble the randomly oriented
clusters rotate on themselves, due to their intrinsic angu-
lar momentum (given over the whole ensemble as thermal
distribution of angular momenta). After an irradiation the
initial depletion of the orientation along the laser polar-
ization axis will thus tend to be refilled by the intrinsic
rotational motion of the clusters. The time scale for that
process is set by the temperature and the moment of in-
ertia of the clusters. This is the scenario we investigate in
detail in the following in the case of Na+

7 .
A key ingredient in those considerations is the ioniza-

tion probability of the cluster as function of laser inten-
sity and orientation. For a quantitative estimate, we have
employed again TDLDA, now with explicit laser excita-
tion and absorbing boundary conditions to measure the
ionization probabilities [22,29]. We focus our analysis on
a laser in resonance with the low energy peak (around
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Fig. 2. The total ionization probability for Na+
7 after exci-

tation with a laser pulse of frequency ω = 0.195 Ry, width
FWHM = 35 fs, polarization along x-axis, and varying in-
tensity I . The result is drawn versus logarithm of intensity I
where I is taken in units of W/cm2. The faint dashed line is a
fit through the results of the form (2a).

0.195 Ry) of the plasmon response, corresponding to res-
onant conditions with the ring of Na in Na+

7 . The results
for laser polarization in line with the plane of the ring are
shown in Figure 2. For a simple rate equation model, it is
preferable to have a simple relation between intensity and
ionization probability. It turns out that the microscopic
TDLDA results of Figure 2 can be well fitted by (see also
the comparison in the figure)

1−P (1+) =
(

I2/3

I2/3 + (109.8)2/3

)3

(2a)

which we shall use in the schematic model below. As al-
ready stressed above, in most cases the cluster has a cer-
tain (randomly distributed) orientation with respect to
the laser polarization. In order to make a realistic eval-
uation of the behavior of an ensemble of irradiated clus-
ters one has thus to account for these various degrees of
semi-alignment. The electrical field is decomposed into
the direction along cluster resonance and those perpen-
dicular to it. The perpendicular component is assumed to
achieve nothing because the resonance to that direction is
far away for a strongly deformed cluster. There remains as
active field strength just the component along resonance
and only a fraction of intensity

Ieff = I
(
(esym ·ex)2 + (esym ·ey)2

)
(2b)

becomes effective, where esym is the unit vector of the
clusters symmetry axis. This completes the modeling of
laser induced ionization.

It is to be emphasized that this model of cluster “align-
ment” relies on a passive mechanism, simply selecting the
wanted clusters and rejecting the others. There is also an
active mechanism of alignment exploiting the torque ex-
erted by the laser field which is known to play an impor-
tant role in the hydrogen molecule [30]. This mechanism
is of minor importance here due to the much larger inertia
of Na clusters.

2.3 Ensemble model

We now need to specify the rotational dynamics in more
detail. To that end, we consider the deformed cluster as
a rigid symmetric top whose rotational dynamics is given
by the momentum of inertia (1). We generate an ensemble
of clusters with an equi-distribution of orientations, i.e.

W (esym(t=0) = const. (3a)

where esym is the unit vector of the direction of the
symmetry axis. The angular momenta follow initially
a Boltzmann distribution

W (L) ∝ exp

(
− (L′

z)
2

2Θsym
− (L′

x)2 + (L′
y)2

2Θ⊥

)
(3b)

where L′ is the angular momentum in the intrinsic frame,
Θsym is the momentum of inertia orthogonal along the
symmetry axis, and Θ⊥ orthogonal to it. The initial con-
ditions for one member of the ensemble are then set by
the pair (L′(0), esym(0)). The propagation of the ensem-
ble is performed by propagating each member separately
according to the rules of the free symmetric top. The an-
gular momentum L is conserved. We decompose the initial
orientation of the cluster esym as:

esym = eLaL + e1a1

eL =
L
L

, aL = eL ·a0

e1 =
a0 − eLaL

|a0 − eLaL| , a1 = e1 ·a0.

The dynamical evolution of the orientation becomes then

esym(t) = eLaL + e1a1 cos(ωt) + e2a1 sin(ωt)

e2 = eL × e1

ω =
L

Θ⊥
.

Starting from a thermal ensemble given by (3), the prop-
agation maintains that ensemble, with some fluctuations
which can be suppressed by enhancing the number of clus-
ters in the ensemble. We are using actually an ensemble
size of N = 106 clusters.

3 Results and discussion

3.1 Summary of the procedure

The laser beam is tuned to the Mie resonance along the
x-y-direction of the deformed cluster. To that end, we
choose the stronger peak at 0.195 Ry, see Figure 1 asso-
ciated with the modes oscillating along the plane orthog-
onal to the symmetry axis. The ionization probability as
function of laser intensity I and cluster orientation is then
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Fig. 3. Distribution of azimuthal cluster orientation in an en-
semble of Na+

7 at various stages of the time evolution as indi-
cated: “initial” stands for the initial distribution before pump,
“after pump” shows a stage immediately after the pump pulse
has performed its work, and “relaxed” shows a stage much later
after about 200 ps.

given by the two relations of the ionization model (2). We
adopt the point of view that the cluster is removed from
the ensemble as soon as it is ionized by the laser. The
procedure is then:

1. generate a thermal ensemble according to distribu-
tion (3);

2. eliminate clusters according to the ionization proba-
bility (2), i.e. relative fraction (2b) combined with the
ionization probability of the fit (2a);

3. propagate the ensemble of symmetric tops;
4. once in a while, sample the angular distribution W (ϑ)

in appropriate bins and evaluate the deviation from
sphericity as direct average 〈P2 (cos(ϑ))〉 where P2 is a
Legendre polynomial of second order.

We use in the following a temperature of T = 10 K. It is
to be noted that the step 2, namely the evaluation of laser
ionization, is done instantaneously. We ignore the finite
extension of the laser pulse with FWHM = 35 fs because
this is short as compared to the time scale of rotation.

3.2 Pump and probe analysis

Snapshots from a simulation are presented in Figure 3. It
shows detailed angular distributions in three typical sit-
uations. The initial equi-distribution and the strong non-
sphericity immediately after laser impact are obvious. It
is a bit surprising that the relaxed distribution maintains
some non-sphericity. At second thought, we realize that
this is reasonable. For each member of the ensemble, the
trajectory of the symmetry axis propagates only one a
limited circle of precession. Thus only such clusters can
couple the laser whose orientation comes once in a while
into resonance with the laser polarization. These are de-
pleted. There are many clusters whose trajectories avoid
all time resonance with the laser. Thus there remains an
overall bias to depletion as seen in Figure 3. Although

Fig. 4. Upper panel: time evolution of quadrupole component
of the angular distribution of cluster orientations after a pump
pulse with frequency ω = 0.195 Ry, width FWHM = 35 fs, po-
larization along x-axis, and intensity I = 1010 W/cm2. Lower
panel: ionization probability after probe pulse as function of
delay time. The probe pulse has the same parameters as the
pump pulse.

the deviation from sphericity is well visible, the curves
remain smooth. They can be well described by a mix of
components from Y00(ϑ, ϕ) and Y20(ϑ, ϕ) where Ylm are
the usual spherical harmonics. The fraction of Y20 content
can be taken as measure of non-sphericity.

The upper part of Figure 4 shows the full time-
evolution of non-sphericity after pump. The pump pulse
induces immediately a large quadrupole component (see
also the stage “after pulse” in Fig. 3). The distribu-
tion falls back within its typical time constant to near-
sphericity which lasts for a short while. But this is only an
overshooting reaction. After some more time, a slightly de-
formed final distribution emerges as new steady state. The
time evolution of the orientation distribution can be ex-
plored by probe pulse with the same polarization direction
as the pump pulse. The measurable signal is the ionization
caused by the probe pulse. The result is shown in the lower
panel of Figure 4. Large deformation reduces the reaction
and delivers less ionization while small deformation corre-
sponds to large ionization. Measuring net ionization after
probe thus allows to map the evolution of the orientation
distribution. The relaxation time of the process scales as
T−1/2Θii with the temperature and momentum of inertia.
The measurement thus allows to conclude on the temper-
ature of the ensemble if the momentum of inertia is known
and vice versa.
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Fig. 5. Distribution of azimuthal cluster orientation in an
ensemble of Na+

7 after relaxation of various irradiations, as
indicated.

3.3 Systematic depletion of an orientation

We have seen that irradiation by one sufficiently strong
laser pulse is able to produce a distribution of cluster ori-
entations which is somewhat depleted from orientations
along polarization axis. The initial depletion was larger
and is refilled to some extend by clusters whose rota-
tional trajectory crosses with the laser polarization axis
but which happened to be out of resonance just at the
time when the laser went in. One expects that a second
laser strike eliminates another portion of that trajectory
and repeated laser pulses may finally erase the whole tra-
jectories which have some overlap with the polarization
axis. The time interval between the laser pulses should be
large enough to allow for relaxation of the orientational
distribution before the next pulse hits. The detailed angu-
lar distributions produced by such a scenario are presented
in Figure 5. The mechanism of a stroboscopic sequence of
pulses is obviously effective. Within about five repetitions
(for the particular test case and for the chosen parameters)
we can obtain a nice depletion of clusters whose symmetry
axis is orthogonal to the laser polarization axis.

The full time evolution in term of global anisotropy
is shown in Figure 6. Each pulse produces first its strong
initial depletion and slow relaxation to configuration. The
remaining anisotropy is enhanced systematically by each
laser step. The lower panel shows ionization induced by
each pulse. The process of alignment could then be tracked
simultaneously when managing to install a time resolved
measurement of ionization yields.

3.4 Speculations on relaxation back to isotropy

There is one effect counteracting the alignment: the ther-
mal relaxation of the distribution of angular momenta. It
proceeds with the rate of exchange of angular momentum
between the clusters in the ensemble. For charged clusters,
this is caused by the coupling of quadrupole momenta to
the Coulomb field of neighboring clusters. It is weighted
by R−3 where R is the average distance between the clus-
ters. In other words, the time scale for relaxation back

Fig. 6. Upper panel: time evolution of quadrupole component
of the angular distribution of cluster orientations after a pump
pulse with frequency ω = 0.195 Ry, width FWHM = 35 fs, po-
larization along x-axis, and intensity I = 1010 W/cm2. Lower
panel: ionization probability after probe pulse as function of
delay time. The probe pulse has the same parameters as the
pump pulse.

to an isotropic distribution scale ∝ n where n is the spa-
tial density of clusters in the ensemble. In view of the fact
that cluster ensembles are usually rather dilute, we expect
this time scale to be much longer than all times consid-
ered here, thus allowing sufficient observation time for the
pump and probe analysis. However, that time scale has to
be evaluated in more detail when aiming at storage and
handling of the oriented ensemble, a question which goes
beyond the scope of this contribution.

4 Conclusions

We have discussed in this paper the rotational dynamics
of an ensemble of strongly deformed small metal clusters
subject irradiation by intense fs laser pulse, taking Na+

7
as test case. The deformation splitting of the Mie plas-
mon resonance establishes a strong correlation between
resonance frequency and laser polarization axis relative to
cluster orientation. This correlation can be exploited for a
pump and probe analysis of the rotational ensemble. One
chooses the laser frequency in resonance with the Mie plas-
mon peak in direction of one of the principle axes of the
cluster. Provided the laser intensity is chosen properly, the
irradiation leads to an elimination of those clusters whose
orientation matches the laser polarization while the others
stay intact. The subsequent time evolution of the distribu-
tion of orientations can by mapped by the ionizing effects
of dedicated probe pulses. The thus measured time scale
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of rotational relaxation allows to conclude on the temper-
ature of the ensemble and/or the momentum of inertia of
the clusters.

It turns out that the depletion of orientations is ini-
tially large and becomes refilled in the course of time by
rotational motion. However, the distribution never comes
back to the original one. Some final extra depletion of clus-
ters in the resonance direction remains. This effect can be
exploited to a systematic full depletion of the resonant
orientation thus effectively aligning the ensemble by laser
selection.
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