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A quantum-mechanical framework for calculating the photoabsorption cross section of at
clusters, which explicitly includes the thermal motion of the ions, is proposed. We compute
photoabsorption cross section of Na8 for ionic temperatures below and above melting. At equilibrium
the line shape of Na8 is dominated by two peaks separated by 200 meV. This structure is foun
survive up toT  100 K. With increasing temperatures, the cross section undergoes a shape p
transition such that, atT  300 K, the double-peak structure has changed into a broad and asymm
line shape dominated by a single peak, providing an excellent fit to the available experimental
[S0031-9007(97)04846-1]
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The study of the interaction of light with atomic clus
ters has constituted, during the last decade, an invalua
source of information towards a fundamental understan
ing of their structural and electronic properties. Featur
such as the size dependence and the material depend
of the photoabsorption process in small metallic particl
have been known for centuries by craftsmen produci
stained glasses. However, and in what concerns the
dependence of the absorption frequency in metallic p
ticles, classical electrodynamics provides no answ
to this problem, and only in the mid-1980s a full
microscopic and quantum mechanical theory has be
successfully worked out [1]. The theoretical prediction
of Ref. [1] relied on the spherical jellium backgroun
model (SJBM), which disregards any ionic structu
effects. When compared with the first experime
tal data on free neutral clusters of sodium atoms
room temperature, obtained in Berkeley [2,3], the lin
shapes of magic clusters are well reproduced by
SJBM, typically within 10%. This apparent success
has been attributed to the weak role played by t
ionic structure [4,5], which can be treated perturb
tively [6]. However, as we shall show below, althoug
amenable to a perturbative treatment, the ionic ske
ton leads to observable effects which change dram
cally with the vibrational temperature of the cluster.

Ionic and temperature effects are intimately connecte
The connection became noticeable when it has be
realized [7] that the melting of a sodium cluster wa
size dependent. Indeed, the crossover between the
called electronic shell numbers and the geometric sh
numbers is temperature dependent, as witnessed in
changes of the abundance spectra as a function of
vibrational temperature of the clusters. More recent
the beautiful line shapes measured in Freiburg [8] clea
demonstrated that the photoabsorption process in sm
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metal clusters is also strongly dependent on the vibration
temperature. Tremendous changes in the line shapes h
been observed, typically evolving from narrow multipea
shapes at low temperatures into broader and smoot
line shapes at higher temperatures which, often, be
no resemblance to their low temperature counterpar
While there is little doubt that such kind of phase
transitions evidenced in the photoabsorption profiles mu
be directly related to the ionic background, neither th
physical mechanisms responsible for this behavior ha
been fully identified, nor their temperature dependenc
has been clarified. This situation prompts a study of th
photoabsorption process in metallic particles which n
only incorporates, in a quantum mechanical fashion, th
electronic degrees of freedom, but which treats explicit
the ionic degrees of freedom at different vibrationa
temperatures. This is the purpose of this Letter,
which we directly couple the electronic to the ionic
degrees of freedom in an atomic cluster, and compute t
photoabsorption cross section for the coupled system
different vibrational temperatures.

Although conceptually possible, a full time dependen
local density approximation (TDLDA) calculation of the
optical response of a metal cluster, spanning the pha
space available to the cluster at a given temperature, co
stitutes a formidable task which exceeds the power
most computers. On the other hand, simpler approxim
tions which either neglect the quantum-mechanical natu
of the response [9], or which severely truncate the on
electron basis upon which the response is built up [10
lack essential ingredients in order to be able to provid
physical insight into the nature of the coupling betwee
the electronic and ionic degrees of freedom. Therefor
we adopt a different strategy, which takes advantage
some special features of metallic clusters, on which w
elaborate in the following.
© 1997 The American Physical Society
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First, we start by taking advantage of the different tim
and energy scales associated with the ionic and electro
degrees of freedom [11], and invoke the adiabatic appro
mation to establish the coupling between these physi
variables. As a result, our simulation fully incorporates th
thermal motion of the ions which will explore the availabl
phase space, at a given temperature, via a canonical Mo
Carlo sampling [12]. Of course, the tradeoff of thi
approximation is that quantal zero-point fluctuations a
neglected, and therefore we should compute the opti
response only at temperatures high enough so that
zero-point motion of the ions becomes unimportant. T
criteria of validity have been studied in Ref. [11], from
which we conclude that this does not constitute a stringe
limitation of our formalism.

Second, we invoke the perturbative role played by t
ionic skeleton and compute the total energy of an atom
cluster, for each set of ionic positions, in the LDA to
density functional theory (DFT), using the second-ord
pseudopotential perturbation theory developed for me
clusters in Ref. [6]. This approximation retains the esse
tial physics required, namely, the quantum-mechanical n
ture of the total energy of a cluster, and its sensitivity
the anisotropies introduced by the discrete ionic skeleto
It also results in a two orders of magnitude saving in th
computation of the total energy of an atomic cluster, wh
compared to first-principles LDA. Finally, we compute
the optical response, at each point in phase space, via
perturbative-x TDLDA approach developed in Ref. [13],
which has been shown to provide excellent results for t
photoabsorption line shapes of simple metal clusters [1
This approximation again leads to a very significant r
duction of the overall computational burden. All togethe
these ansätze enable us to perform extensive Monte C
canonical samplings of phase space, at each temperat
without giving up on the physical contents of the theor
We discuss now the particular application of the metho
to a specific cluster, together with the results obtained.

We selected a small metallic cluster, Na8, which has
been the subject of much controversy in the literatur
Indeed, its ground state (GS) equilibrium geometry h
been associated with aD2d structure [4,14], with aTd

[15], as well as with aD4d structure [5]. In our case, since
we make use of LDA to DFT, we obtain aD2d structure
for its GS. When we compute the photoabsorptio
cross section of this cluster for its equilibrium geometr
we obtain a line shape dominated by two main peak
with an energy difference of 200 meV, as one wou
expect within the plasmon-pole approximation [16]. Th
line shape is displayed in Fig. 1(a) with a dotted line
corresponding to theT  0 K calculation, in whichno
fluctuations are taken into account. This result contra
with the available experimental evidence [2,3] (atT ø
300 K), as well as with previous theoretical calculation
[1,15,17], which lead to a line shape dominated by
single peak. However, as will become clear below, th
e
nic
i-
al
e

nte

e
al
he
e

nt

e
ic

r
al
n-
a-
o
n.
e
n

the

e
].
-
,
rlo
re,

.
d

.
s

n
,
s,
d

,

ts

a
e

FIG. 1. (a)Line shape of the photoabsorption cross section
Na8 at the three different vibrational temperatures indicate
In the TDLDA calculation, a numerical damping of0.02 eV
has been used, and determines the intrinsic width of the l
shape atT  0 K, which was obtained at the equilibrium
configuration, therefore including no fluctuations. The oth
two curves include the coupling to the thermal motion o
the ions at the temperatures specified. (b) Line shape of
photoabsorption cross section of Na8 at T  300 K, compared
with the experimental data measured at similar temperatu
[3]. The theoretical curve (solid line) has been renormalize
in order to exhaust55% of TRK sum rule, in accord with the
experimental findings.

discrepancy with experiment is only apparent, and hing
on the ubiquitous role played by the temperature in t
photoabsorption process. Indeed, and before dwelli
upon the detailed coupling between the electronic a
ionic motion, a few remarks are in order.

There are, at present, no experiments available for N8

as a function of temperature, since the recent techniq
favor measurements on charged clusters. The availa
results go back to the pioneering work of Refs. [2,3
in which the absolute photoabsorption cross section
Na8 has been measured at room temperature [9],
which the clusters have already melt [18], displayin
one prominent peak at an excitation energy of2.52 eV.
Traditionally, such experimental data obtained at roo
temperatures have been used in order to assess the qu
of different theories of the photoabsorption line shape, v
direct comparison. In this sense, the experimental on
peak structure has been well reproduced by the SJBM,
well as by the configuration interaction (CI) calculation o
Ref. [15], which corresponds to the response comput
at the (highly symmetric)Td ground-state geometry of
Na8, and also by the SAPS calculation of Ref. [19
4987
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corresponding to the response computed at the (D4d)
SAPS-ground-state geometry of Na8. Furthermore, the
same direct comparison has been used [15] to as
the small amount of strength found experimentally
excitation energies around 2 eV to a specific transit
between one-electron states of Na8 in the Td structure.
As will be shown here, the role of thermal fluctuation
of the ions is large enough to render inappropriate
direct comparison of theoretical line shapes obtain
at equilibrium shapes with experimental data obtain
in hot clusters. As a final remark, we would like t
point out that all theoretical calculations carried out
date are able to reproduce at most the peak posi
measured at room temperature, whereas the width
the peak remains an open question. In this conte
it is noteworthy that the surface plasmon excitation
small neutral metal clusters occurs below the ionizat
threshold, and therefore one expects that the lifetime
this excitation with respect to electron decay to be lon
Furthermore, the coupling of the plasmon to multip
electron-hole configurations can be seen to be inhibi
by the requirement of energy conservation [20]. In sp
of this, the experimental peak has a large associa
width which has only been accounted for, qualitative
by superseeding the theoretical approaches with an e
width resulting from coupling the surface plasmon wi
thermal fluctuations of the cluster surface [9]. Finally, t
strength carried out by this excitation can be estimat
from the experimental data, to exhaust between 50%
60% of the Thomas-Reich-Kuhn (TRK) sum rule [3].

We proceed now to establish the adiabatic coupling
tween electrons and ions. We started by computing
canonical path along the potential energy surface (P
Efh $Rijg, whereh $Rij represents the set of all coordinates
the constituent ions in the cluster. Since a good samp
is mandatory, we took104 points along the Monte Carlo
path in Efh $Rijg, for each temperature, which is easi
accomplished using second-order pseudopotential pe
bation theory [6]. We represented each sodium ion
a Heine-Abarenkov pseudopotential [21], which has be
shown [6] to reproduce the structures obtained via fir
principles LDA structural optimization [4]. For the LDA
exchange-correlation functional, we used the Gunnarss
Lundqvist parametrization [22]. We have chosen a s
along the phase space leading to an acceptance rat
50% [12]. At each of these104 configurations, weighted
with the Monte Carlo probability exps2bEfh $Rijgd (with
b the inverse vibrational temperature of the cluster),
computed the instantaneous photoabsorption cross se
of the clusterssv; h $Ri jd, which becomes a parametri
function of the ionic coordinates. The thermally averag
cross section at a given temperature reads,

kssvdl 
1
Z

X
i

ssv; h $Ri jd exps2bEfh $Rijgd , (1)

where the partition function isZ 
P

i exps2bEfh $Rijgd.
4988
ign
t
n

s
e
d
d

o
on
of

xt,
n
n
of
g.
e
ed
e
ed
,
tra

e
d,
nd

e-
a

S)
f
ng

ur-
y
n

t-

n-
p
of

e
tion

d

Yet, we still need to average the cross section wi
respect to the different orientations of the cluster, in ord
to be able to compare with the experimental data; that
we must computesavsvd  1

3

P
ix,y,zksiisvdl, in which

ksiisvdl is the thermally averaged cross section alon
each of the principal axes of the cluster, at each point
phase space [23]. The results shown in Fig. 1(a) disp
sav svd obtained in this way. With a dotted line the line
shape associated with the equilibrium structure is sho
(no fluctuations). With a dashed line the average cro
section is shown for a vibrational temperature of100 K.
Finally, with a solid line the same quantity is shown a
room temperature, that is300 K. All theoretical curves
exhaust the TRK sum rule to100%.

From Fig. 1(a) one can observe the evolution of th
photoabsorption line shape and linewidth as a functi
of temperature. AtT  100 K, thermal fluctuations are
already sizeable, leading to an increase of the linewid
associated with each of the original GS peaks. Yet, t
double peak structure can still be identified. Also, one c
witness an overall redshift of the response, directly relat
to the effective volume of the cluster which increases a
cordingly. This is an anharmonic effect not obtainab
in a normal mode vibrational analysis. AtT  300 K,
for which the cluster is already in a molten state, the lin
shape is now very different. Besides the sizeable ov
all redshift, a considerable amount of strength gets ac
mulated at low energies, a feature which was not pres
at lower temperatures. The overall line shape at 300
reveals a major peak, strongly asymmetric, at an exci
tion energy which is in excellent agreement with the e
perimental findings. The accumulation of strength at lo
energies results from the high mobility of the ions (an
electrons) when the cluster has melted, a feature which
dicates that rather exotic shapes are already reachable
molten clusters at room temperature. Indeed, a gauss
fit to the radial distribution functions atT  100 K and
T  300 K show a clear shift of the centroid to highe
r-values asT increases, with an associated increase in t
full width at half maximum (FWHM). This, in turn, trans-
lates well into the distribution of coordination numbers a
each temperature, with extreme values of 2 and 7 on
reached, in our simulations, atT  300 K.

It is noteworthy that the line shape at room temperatu
is single peaked, in accord with the experimental finding
In Fig. 1(b) a comparison of our present results atT 
300 K with the experimental data from Ref. [3] is carried
out. The theoretical curve has been renormalized
order to exhaust55% of the TRK sum rule, as found
experimentally. Apart from a (less than)2% overall shift
in excitation energy, the present results fit very we
the experimental data, which shows that the coupling
the surface plasmon to the thermal motion of the ion
skeleton accounts forboth the line shape and linewidth of
the photoabsorption cross section of Na8. Furthermore,
the present calculation provides a novel interpretation
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the strength accumulated at low energies. It results fro
the contribution to the average cross section of the clus
coming from highly anisotropic structures which are no
accessible at finite temperature. The present results p
to the important role played by thermal fluctuations i
the optical response of atomic clusters, and are to
contrasted with the traditional interpretation in whic
temperature effects are absent and only the optical pro
at the equilibrium shape is taken into account.

As is well known [24], there is a close analogy betwee
the absorption of visible light by an atomic cluster an
that of gamma rays by an atomic nucleus, in spite
the profound differences in the fundamental interactio
determining the physical behavior of these systems.
this respect, it is noteworthy that the coupling of th
surface plasmon to the ionic motion accounts for th
FWHM of the atomic cluster. This is to be contraste
with the damping of the giant dipole resonance (GDR
in nuclei, for which the corresponding mechanism, coine
large amplitude surface fluctuations,accounts for just a
fraction of the FWHM of the collective mode, and in
which other mechanisms responsible for the linewidth
the GDR provide contributions of comparable magnitud
In small, neutral metal clusters, the decay width associa
with electron detachment is strongly inhibited, sinc
the surface plasmon is excited below the ionizatio
threshold, and therefore the role of thermal ionic motio
is predominant.

In summary, the equilibrium structure of Na8 is found
to display aD2d point group symmetry. The photoabsorp
tion cross section for this geometry is dominated by tw
main peaks separated in energy by 200 meV. We carr
out extensive Monte Carlo simulations at different tem
peratures, making use of a perturbative model to comp
both the total energy and the optical response of a clu
ter. We found that the photoabsorption cross section
strongly dependent on the vibrational temperature of t
cluster. For Na8, the double-peak structure survives up t
ø100 K. Above this temperature, the opening of phas
space gradually increases until, already above the melt
temperature, we found the cross section to be domina
by a single, broad peak, which reproduces with high acc
racy the experimental measurements carried out at sim
temperatures. The model proposed allows one to cal
late the broadening associated with the thermal motion
the ions, as well as to incorporate, in a numerically e
act way, the width associated with the lifetime again
electron detachment, making it an excellent tool for e
tablishing quantitative predictions concerning the optic
properties of atomic clusters.

Finally, we would like to point out that, very recently
experimental evidence for the melting phase transition
a small sodium cluster has been obtained [18], at tempe
tures well below that of the melting transition in bulk
sodium. In this sense, it would be very interesting to te
whether the photoabsorption line shape is a conveni
m
ter
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tool to study the melting of an atomic cluster. To this en
the method proposed here is directly applicable, requiri
the repeated application of the Monte Carlo sampling
small temperature intervals within a temperature windo
which includes the transition temperature. Work alon
these lines is in progress.
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