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Abstract. The absorption spectra of small Ag+
n clusters are calculated at finite vibrational temperature

by using a microscopic tight-binding RPA method. We consider free clusters with sizes between n = 3
and n = 13 and take into account explicitly the degrees of freedom corresponding to the 4d-electrons.
We analyze the optical absorption as a function of the cluster size. We show that the contribution of
the d-electrons has an important influence on the size dependence of the energy of the Mie plasmon. We
also perform ensemble averages to obtain the absorption spectra for different vibrational temperatures.
We obtain relatively good agreement with experiment for a temperature T ∼ 500 K. The dynamics of the
4d-electrons, which shows in small clusters an incipient delocalized character for n > 7, yields an important
contribution to the absorption spectrum already for n = 13. We find that the strength of this contribution
can be controlled by varying the vibrational temperature.

PACS. 36.40.Vz Optical properties of clusters – 71.15.Fv Atomic- and molecular-orbital methods (includ-
ing tight binding approximation, valence-band method, etc.) – 31.15.Qg Molecular dynamics and other
numerical methods

1 Introduction

The size dependence of the optical properties of small clus-
ters has been the subject of many experimental and theo-
retical studies in the last 15 years [1,2]. Most of the early
theoretical investigations focussed on alkali metal clusters,
where a jellium-like description was expected to be suffi-
cient, and therefore payed relative little attention to the
influence of the atomic structure on the absorption spec-
tra. In the last years, however, it was shown that even
for Nan clusters the ionic cores must be taken into ac-
count, either as additional degrees of freedom [3] or as a
pseudopotential for the valence electrons [4], in order to
achieve a correct description of the electronic and optical
properties.

On the basis of such studies it is clear that clus-
ters of any element other than sodium atoms should ex-
hibit an important influence of the atomic structure on
the electronic properties and on the absorption spectra.
Particularly interesting is the case of systems containing,
apart from core electrons, also quasi-core electrons, like
the d-electrons in noble-metal clusters. For instance, the
4d-electrons of Agn clusters cannot be treated simply as
core electrons. These electrons not only serve as polariz-
able medium which takes active part in the screening of
charge fluctuations, but they can also delocalize and form
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a band. The strong influence of interband transitions in-
volving the 4d-electrons on the optical properties of bulk-
silver manifests itself in the reduction of the plasma fre-
quency with respect to the expected electron-gas value
ω0
p(q → 0) =

√
4πe2ρe/me, where ρe and me refer to the

electronic density and the electron mass, respectively [5].
Also the dispersion of the surface plasmon of silver ex-
hibits an anomalous behavior due to the presence of the
d-electrons [6,7]. In silver surfaces ωp(q||) shows a positive
dispersion, i.e., it increases monotonically for increasing
wave vector q|| near q|| = 0, in contrast to what occurs in
alkali-metal surfaces, where ωp(q||) decreases with q|| for
q|| → 0 (i.e., shows a negative dispersion [8,9]).

As has been shown recently, there is a correspondence
between the dispersion of the surface plasmon for increas-
ing q||) and size dependence of the cluster-plasmon for
decreasing size [7,10]. According to this one would ex-
pect for Agn clusters a blue-shift of the Mie resonance
for decreasing size, in contrast to the red-shift observed
for Nan clusters. Tiggesbäumker et al. [11–13] have mea-
sured the absorption cross-section of free Ag+n clusters and
confirmed the existence of a blue-shift of ωp(n) for de-
creasing n within the size range 20 ≤ n ≤ 70. For very
small clusters (5 ≤ n ≤ 13) no clear trend for the size de-
pendence of the main resonance can be observed [11–13].
Experimentally determined absorption spectra of neutral
Agn clusters embedded in rare-gas matrices show a rich
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structure and a different size dependence of the Mie res-
onance with respect to free clusters. Both effects can be
attributed to the influence of the matrix, which could favor
cluster structures which do not correspond to the energy
minimum in the gas phase [14]. The interplay between
the influence of the d-electrons and atomic structure of
the clusters remains an open problem.

From the above-mentioned experimental results it be-
comes clear that the contribution of the d-electrons on the
optical properties of noble-metal clusters is a problem of
general interest, which needs also a theoretical description.
Recently, Serra and Rubio have developed a generalized
time-dependent density-functional theory which takes into
account core polarization effects in the optical response of
metal clusters [15]. They applied this approach to large
Ag+n clusters (n > 50) in the framework of the jellium
model and obtained good agreement with experiment. So
far, no calculations for small clusters have been performed.
Moreover, the question regarding at which cluster size the
band character of the 4d-electrons starts to influence the
absorption spectrum has not been answered yet.

Up to now, no theoretical studies have been performed
on the influence of the cluster structure and of the 4d-
electrons on the optical properties of small silver clusters.
Small sizes are particularly interesting, because the struc-
ture could play an important role regarding the influence
of the d-electrons. In different isomers the contribution of
d-electrons to the optical properties could be different. If
this is the case, then the vibrational temperature of the
cluster might become an important parameter to control
the position of the Mie resonance.

In this paper we study the temperature dependence of
the optical properties of small Ag+n clusters by combining
a microscopic electronic theory with molecular-dynamics
simulations. We consider the 4d-electrons as additional de-
grees of freedom and not simply as core electrons. This al-
lows us to determine the contribution of the delocalization
of the 4d-electrons as a function of the cluster size to the
absorption spectrum σ(ω). Since we are able to calculate
the absorption spectra for arbitrary cluster structures we
also study, for the first time, the ensemble-averaged ab-
sorption cross-section σ(ω, T ) of Ag+n clusters as a func-
tion of temperature. We show that the contribution of the
4d-electrons to the absorption spectra of silver clusters is
temperature dependent.

The paper is organized as follows. In sections 2.1
and 2.2 we describe the tight-binding random phase ap-
proximation formalism we use to calculate the absorption
cross-section of the clusters. In section 2.3 we show how
finite vibrational temperatures of the clusters can be in-
cluded into the calculations. Our results concerning size
dependence, temperature dependence and contribution of
the 4d-electrons and the comparison with experiment are
presented in section 3. In section 4 we summarize the re-
sults.

2 Theory

2.1 Hamiltonian

For the description of the electronic system of the Agn

clusters including the 4d-electrons we use a Hamiltonian
which consists of attractive terms, represented by a tight-
binding Hamiltonian ĤTB, and a potential φrep describing
core-core repulsion. The total Hamiltonian reads

Ĥtotal = ĤTB +
N∑

i<j

φrep(|Rij |). (1)

In equation (1) the tight-binding terms ĤTB are given by

ĤTB =
∑
iα

εiαc
†
iαciα +

∑
iαjβ
i�=j

tiαjβc
†
iαcjβ , (2)

where c†iα (cjβ) refers to the creation (annihilation) oper-
ator for an electron at the orbital α of atom i. The quan-
tities εiα stand for the on-site energies. tiαjβ refer to the
hopping integrals between the orbitals iα and jβ, which
depend on the distance vector Rij between atoms i and j.

In order to take into account the the resulting angu-
lar dependence of tiαjβ we use the Slater-Koster param-
eters [16,17]. Following Goodwin et al. [18] we write the
radial dependence of the ss-, sp- and pp-hoppings as

tll′µ

(
R0

Rij

)
= tll′µ(1)

(
R0

Rij

)nh

× exp
[
nh

(
−

(
Rij

rc

)nc

+
(
R0

rc

)nc
)]

, (3)

where nh is the hopping exponent. R0 refers to the equilib-
rium interatomic distance, whereas nc and rc are the cut-
off exponent and the cut-off radius, respectively [18]. For
the distance dependence of the dd-, sd- and pd-hoppings
we used the approach proposed by Harrison [17]. In equa-
tion (1) the distance dependence of the potentials corre-
sponding to the core-core interactions is given by [18]

φrep

(
R0

Rij

)
= φ(1)

(
R0

Rij

)nr

× exp
[
nr

(
−

(
Rij

rc

)nc

+
(
R0

rc

)nc
)]

, (4)

where nr is the exponent which determines the range of
the repulsive potential. The cut-off parameters rc and nc
are the same as in equation (3).

2.2 Linear response theory

On the basis of the Hamiltonian presented in 2.1 we con-
sider now the interaction of the cluster with the exter-
nal field. Conventional time-dependent perturbation the-
ory shows that the frequency-dependent polarizability ten-
sor αµν(ω) is expressed by the density-density correlation
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function χ(r, r ′, ω),

αµν(ω) = −e2
∫∫

d3r d3r′ rν r
′µ χ(r, r′, ω) . (5)

In order to determine χ(r, r ′, ω) we use the RPA expan-
sion

χ(r, r′, ω) = χ0(r, r′, ω)

+
∫∫

d3r′′d3r′′′χ0(r, r′′, ω)V (r′′, r′′′)χ(r′′′, r′, ω) , (6)

where V (r, r′) = e2/|r − r′| is the Coulomb interaction
between the electrons. χ0(r , r ′, ω) is the single-particle
susceptibility, which is obtained after diagonalizing Htotal

and is given by

χiαβ
0jγδ =

∑
kk′σ

(fk − fk′)
ak

iαa
k′
iβa

k
jγa

k′
jδ

�ω − (Ek′ − Ek) + iΓ
, (7)

where Ek are the single-particle (tight-binding) eigenener-
gies and fk are the corresponding Fermi occupation func-
tions. The quantities ak

iα are the coefficients for the expan-
sion ψk(r) =

∑
iα a

k
iαϕiα(r) of the eigenfunctions ψk(r) in

terms of the local orbitals.
We express the general self-consistent equation (6) in

our atomic basis set underlying the tight-binding Hamil-
tonian of equations (2). For this purpose we expand
χ(r, r′, ω) in terms of the local basis functions ϕiα(r) =
ϕα(r − Ri) as

χ(r, r′, ω) =
∑
iαβ
jγδ

χiαβ
jγδ ϕ

∗
iα(r)ϕiβ(r)ϕjγ(r′)ϕ∗

jδ(r
′) , (8)

where i and j refer to the atomic sites, α, β, γ and δ to the
corresponding local orbitals. A similar expansion is per-
formed for χ0(r, r ′, ω). If we insert the expansions into
the self-consistent equation, we obtain the following ma-
trix equation [19,20]:

χiαβ
jγδ = χiαβ

0jγδ +
∑

i′α′β′

j′γ′δ′

χiαβ
0j′γ′δ′ V

i′α′β′
j′γ′δ′ χi′α′β′

j γδ , (9)

where V iαβ
jγδ is the Coulomb-interaction matrix in the local

representation,

V iαβ
jγδ =

∫∫
d3rd3r′

e2

|r − r′|
×ϕ∗

iα(r)ϕiβ(r)ϕjγ(r′)ϕ∗
jδ(r

′) . (10)

The density-density correlation function χ̂(ω) in the local
matrix representation is thus obtained by solving equa-
tion (9) as

χ̂(ω) = [1− χ̂0(ω)V̂ ]−1 χ̂0(ω) , (11)

where χ̂0(ω) refer to the single-particle susceptibility in
matrix form and V̂ to the Coulomb interaction matrix.

The matrix χ̂(ω) contains information about the elec-
tronic excitations of the cluster and can be used to cal-
culate the absorption spectrum. The polarizability tensor
can be expressed in terms of local basis set as

αµν(ω) = −e2
∑

iαβjγδ

rµ
iαβ r

ν
jγδ χ

iαβ
jγδ (ω) , (12)

where rµ
iαβ refers to the µ component of the dipole matrix

element

riαβ =
∫

d3rr ϕα(r − Ri) ϕβ(r − Ri) . (13)

In order to compare with experimental results one has
to take into account that clusters are randomly oriented
in the cluster beam. Therefore we determine the average
polarizability which is given by

〈α(ω)〉 = 1
3

3∑
µ=1

αµµ(ω) . (14)

Using Fermi’s Golden Rule the absorption cross-section
σ(ω) can be written as

σ(ω) = 4π
ω

c
Im〈α(ω)〉 . (15)

2.3 Finite temperatures

The theory described in sections 2.1 and 2.2 can account
for the optical response of clusters at zero temperature.
However, in most experiments clusters are at a finite vi-
brational temperature. Thus, comparison with experiment
requires to take into account temperature effects. This can
be achieved by combining the RPA calculations for σ(ω)
with Born-Oppenheimer molecular-dynamics simulations.

Diagonalization of the total Hamiltonian Htotal allows
us the determination of the total energy of the cluster
Etotal({Ri}), which is a function of atomic coordinates
{Ri} and determines a potential energy surface for the
atomic motion. Therefore, one can calculate the force Fl

acting on atom l as

Fl = −∇l Etotal({Ri}) . (16)

For the calculation of the derivatives of Etotal we make
use of the Hellmann-Feynman theorem. Thus, the ν com-
ponent of the force Fl is written as

F ν
l = −

occupied∑
k

〈k|∂ĤTB

∂Rν
l

|k〉 −
N∑

i<j

∂φrep(|Rij |)
∂Rν

l

, (17)

where the sum in the first term runs over the occupied
eigenstates of ĤTB and 〈k|∂ĤTB/∂R

ν
l |k〉 refers to the ex-

pectation value of the derivatives of ĤTB in the tight-
binding states |k〉.

We treat the dynamics of the atoms classically and
solve the equations of motions by using the Verlet inte-
grator.
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In order to simulate finite temperatures we generate,
for each size, a distribution of ∼ 103 clusters having a
given average kinetic energy Ekin. For this purpose we
proceed in the following way [21]. First, we perform an
initialization of the velocities of the atoms so that they are
approximately described by a Boltzmann-Maxwell distri-
bution. Then, by repeated scaling of the velocities the clus-
ter is given a certain amount of internal energy. Finally,
the cluster evolves freely over a long time τ � 106 time
steps, exploring the phase space accessible to this inter-
nal energy. The time step used in the molecular-dynamics
simulations was ∆t = 5 · 10−16 s. Thus, the length of the
trajectories was 104ω−1

D , where ωD = 2.94 · 1013s−1 is the
Debye frequency of bulk Ag. Representative points of the
phase space (structures and velocities) are picked up to
form the desired ensemble, whose temperature T is given
by [21]

T =
2

(3N − 6)
Ekin

kB
, (18)

where kB is the Boltzmann constant, and Ekin the time
average of the kinetic energy over the long MD run. The
factor 3N − 6 results from the conservation of the total
linear and angular momenta in the MD simulations. Mak-
ing use of the ergodic theorem one can thus express the
average cross-section σ(ω, T ) for the cluster ensemble at
temperature T as [22]

σ(ω, T ) =
1
τ

∫ τ

0

dt σ(ω)t, (19)

where σ(ω)t is the partial absorption cross-section of the
cluster at the time t during the long simulation.

The procedure used for generating the cluster ensem-
bles at T �= 0 is a standard one, already used to describe
phase transitions and temperature dependence of differ-
ent properties of small clusters in the gas phase [21]. It
is important to stress that in order to compare with ex-
periments performed on clusters in the gas phase, the cal-
culation of the optical properties must be done on free
clusters, not coupled to any external source of heat (or
thermostat). Since the density of clusters in the beam is
low, clusters undergo very few collisions and therefore it
is more realistic to assume that the temperature of the
cluster fluctuates. The method used here is based on this
assumption.

The values for the tight-binding parameters and the
radial part of the atomic dipole matrix elements used for
the calculations are listed in Table 1. Note that the dipole
matrix elements defined in equation (13) can be written
as riαβ = dαβ + Riδαβ , where the atomic dipole matrix
element dαβ can be expressed as a product of a radial part
dradαβ and an angular part dang

αβ . The values of dradsp and dradpd

given in Table 1 were obtained from reference [23].
For the hopping elements and on-site energies involv-

ing s- and p-electrons, as well as the values for the cut-off
radius and exponents we used the values obtained in refer-
ence [24]. This set of parameters was determined to repro-
duce the equilibrium bond lengths of Ag−2 , Ag2 and Ag+2 .

Table 1. Tight-binding parameters and dipole matrix ele-
ments used for the present calculations.

On-site energies

εp − εs 3.72 eV εd − εs −4.6 eV

Hopping elements

tssσ −0.89 eV tpdσ −0.46 eV
tspσ 0.95 eV tpdπ 0.21 eV
tppσ 1.49 eV tddσ −0.43 eV
tppπ −0.42 eV tddπ 0.23 eV
tsdσ −0.49 eV tddδ 0.0 eV

Cut-off parameters

R0 2.89 Å rc 4.33 Å
nh 2 nc 2
nr 5.965 Å φ(1) 0.605 eV

Radial dipole matrix elements

drad
sp 1.95 Å drad

pd 0.33 Å

Damping parameter

Γ 0.1 eV

The set of parameters also yield excellent agreement with
ab initio calculations [25] for the ground-state geometries
of Ag−3 , Ag3 and Ag+3 [24].

For the hopping elements involving the 4d-orbitals we
used the values given by Harrison in reference [17].

In order to calculate the Coulomb matrix elements,
we have used the two-center approximation and we have
performed the usual multipole expansion for the Coulomb
interactions [19,20]. Thus, in our calculations we consider
the direct and exchange intra-atomic Coulomb interac-
tions as well as interatomic charge-charge, charge-dipole
and dipole-dipole interactions. For the direct intra-atomic
Coulomb interactions we considered Usp = Upp = Uss =
Usd = Upd = U and used U = 7.2 eV [26]. We determined
Udd = 12.8 eV and the exchange integrals Jαβ (Jsp = 0.6
eV and Jdµdν = 3.3 eV) from atomic data [27].

The time step used in our simulations ensured, after
106 MD steps, total energy conservation up to 10−7 eV
for Ag+5 , up to 10−5 eV for Ag+7 and Ag+9 and up to 10−4

eV for Ag+13 .
First we have analyzed the influence of the Coulomb

interactions by comparing the single-particle susceptibil-
ity χ̂0(ω) and the RPA susceptibility χ̂(ω). As expected,
it comes out that correlations between electrons cannot
be neglected, and χ̂0(ω) does not describe properly the
response of the clusters to an external field. Therefore the
following results refer always to the RPA susceptibility.

3 Results

In this section we present the results of our calculations
of the size- and temperature-dependence of the optical
response of small Ag+n clusters using the theory outlined
in section 2.
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3.1 Absorption spectra at T = 0

For the analysis of σ(ω) at zero vibrational temperature
only the contribution of the ground-state structures have
to be considered for the calculation of χ̂(ω) and σ(ω).
In order to determine the ground-state structures of Ag+n
clusters we performed simulated annealing in the frame-
work of the molecular-dynamics simulations described in
section 2. As expected, the ground-state geometries do
not change upon variation (at least up to 30%) of the
parameters involving d-electrons. This is because the d
orbitals are full and lie some eV below the highest occu-
pied state. The calculated ground-state structures of Ag+n
with n = 5, 7, 9 and 13 are shown in the inset of Fig-
ure 1. Note that we obtained reasonable agreement with
the geometries determined with the help of ab initio cal-
culations [25].

Figure 1 shows the calculated photoabsorption spectra
σ(ω) of Ag+n clusters with n = 5, 7, 9 and 13. The corre-
sponding atomic structures in the electronic ground state
are shown in the inset figures. In the case of n = 13 and
for the sake of comparison we also show the single-particle
absorption cross-section σ0(ω). It was calculated directly
from the single-particle susceptibility (see Eq. (7)) with-
out performing the RPA calculation. σ0(ω) does not show,
of course, any collective effects and therefore gives an idea
of the different single-particle transitions contributing to
the spectrum. The typical ss, sp and pd transitions are
indicated with arrows. Note that no single-particle peak
is obtained at 4.4 eV. This is due to the fact that the large
peak in the many-body absorption spectrum at this energy
corresponds to the plasmon (collective state), which can
only be obtained upon including the electron-electron in-
teractions with the help of the PRA procedure. The other
peaks of the many-body spectrum (solid line) can be put
in correspondence with single-particle transitions.

The main feature common to all cluster sizes is the
large resonance (plasmon peak) between 3–4 eV, con-
sistent with experimental results [11–13]. Note, however,
that for Ag+9 we obtain a double-peak structure in the
absorption spectrum which is not observed experimen-
tally. With increasing cluster size the frequency of this
resonance becomes slightly shifted to higher energies until
n = 9. For n = 13 this shift is reversed. In order to in-
vestigate if this effect is caused by the influence of the 4d-
electrons, it is necessary to determine the 4d-contribution
to σ(ω).

One of the goals of this paper is to show the importance
of the 4d-electrons to the optical properties of small Ag+n
clusters. This can be done by performing a “switch-off”
of the contribution of the 4d-electrons and compare with
the results obtained including that contribution. Within
our approach there are two simple ways to achieve this
switch off: i) to enlarge considerably the sd energy gap by
shifting down the on-site energy εd, which ensures a zero or
negligible contribution of the 4d-orbitals to interesting fre-
quency region of the optical spectra; ii) to set all hopping
elements involving 4d-electrons (tdl with l = s, px, py, pz

and tdd) equal to zero. This produces a complete localiza-
tion of the 4d- electrons, which can only contribute to the
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Fig. 1. Size dependence of the photoabsorption spectra σ(ω) of
Ag+

n clusters in their ground-state structures (at T = 0). The
structures have been obtained by simulated annealing on the
potential energy surface corresponding to the ground state of
the Hamiltonian Ĥtotal (see text). For comparison we show for
n = 13 also the single-particle absorption cross-section (dotted
line). We also indicate schematically the origin of the absorp-
tion peaks for the different single-particle excitation (s → s,
s → p, s → d) [21].

absorption spectrum through local (intra-atomic) transi-
tions.

In Figures 2 and 3 we show the absorption cross-section
of Ag+5 and Ag+13, respectively, calculated according to the
procedures i) and ii) previously described. Comparison of
both figures shows that it is not important how the 4d-
electrons are turned off. Independently of the procedure
used for this purpose the main absorption peak is shifted
to higher energies. For larger clusters this shift is larger,
indicating an increasing influence of the 4d-electrons for
increasing cluster size.

Thus, from Figures 2 and 3 we conclude that the
contribution of the 4d-electrons results in a shift of the
main resonance to lower frequencies. This result is con-
sistent with the experimentally observed decrease of the
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Fig. 2. Illustration of the influence of the 4d-electrons on the
photoabsorption cross-section of Ag+

5 at T = 0. In a) and b)
the contribution of the 4d-electrons is switched off by shifting
εd down (a) or by setting all hopping elements tdl with l =
s, px, py, pz and d equal to zero (b); the subscript d refers to all
5 4d-orbitals. In c) the full spectrum including the d-electrons
is shown. In the inset figure the ground-state structure of Ag+

5

is indicated.

plasma frequency of silver with respect to the free-electron
value [5]. For increasing cluster size the degree of delo-
calization of the 4d-electrons increases, the 4d-band be-
comes broader, and the upper 4d-states become closer to
the Fermi level. As a consequence the contribution of the
interband transitions involving 4d-orbitals to the total po-
larizability becomes larger. Therefore, and as is shown in
Figures 2 and 3, the blue-shift of the main absorption
peak when the d-contribution is turned off is larger for
Ag+13 than for Ag+5 .

At this stage it is important to comment on the valid-
ity of the method used to calculate the absorption cross-
section. Since the tight-binding model used in this paper
considers only a restricted basis in which, for instance,
continuum states are not contained, sum rules are not
strictly satisfied. However, as long as the ionization poten-
tial of the cluster is larger than the energy of the relevant
optical excitations (collective states), continuum states
should not have an important influence. This is the case of
Ag+n clusters. This means that, in the range of energies of
the plasmon peak (�ω ∼ 3–4.5 eV) our method should give
qualitatively correct results. For larger energies (�ω > 7
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Fig. 3. Illustration of the influence of the 4d-electrons on the
σ(ω) of Ag+

13 at T = 0, i.e. corresponding to the atomic struc-
ture in the ground state, shown in the inset figure. For the
description of a), b) and c) see caption of Figure 2.

eV), however, the TB-RPA method might give less reli-
able results. Regarding the stability of the tight-binding
parameters used, note that a reasonable variation of the
parameters (within ∼ 20%) does not produce important
changes in the calculated absorption cross-sections.

3.2 Absorption spectra at T �= 0

In this section we present the results obtained by calcu-
lating the absorption cross-sections of cluster ensembles
at finite temperatures. Recent theoretical and experimen-
tal investigations have shown that the vibrational tem-
perature of the cluster leads to a broadening and a red-
shift of the absorption peaks in small Nan clusters [22,28,
29]. Thermal broadening of the plasmon linewidth in large
clusters has also been theoretically investigated [30–32].

As discussed in section 1, for silver clusters one expects
even more interesting temperature effects due to the pres-
ence of the 4d-electrons.

We used the molecular-dynamics simulation to pro-
duce ensembles of clusters of a given cluster size n at
a given average temperature T as follows. We first per-
formed the scaling procedure described in section 2. Then,
we followed the free evolution of the clusters in their
ground-state PES over a time of 20 ps. During this MD
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Fig. 4. Solid line: average absorption cross-section σ(ω, T ) of
Ag+

9 at a finite temperature T = 424K (solid line). The differ-
ent curves with dashed lines refer to partial absorption spec-
tra σ(ω)t (see Eq. (19)) corresponding to different structures
present in the cluster ensemble at T = 424K (see text).

run we picked up 30 representative structures, accessible
to the system at the temperature T . Then, we calculated
for each of these structures the photoabsorption spectra.
Finally we determined the averaged spectrum, by approx-
imating the time average in equation (19) by an average
over the representative structures.

Figure 4 illustrates the temperature effect on the pho-
toabsorption spectra for Ag+9 cluster.

In the insets of Figure 4 we show some of the struc-
tures considered. As explained above, the average of all
these spectra gives the photoabsorption spectrum at the
temperature T = 424K determined by equation (18). The
figure shows clearly, that there is a strong dependence
of the absorption cross-section on the cluster structure.
Although all structures explored by the Ag+9 clusters at
T = 424K show a large absorption cross-section for pho-
ton frequencies mainly between 3 eV and 4.5 eV there
are remarkable differences in the number and strength of
the different absorption peaks. The sensitivity of the ab-
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Fig. 5. Temperature dependence of the ensemble-averaged ab-
sorption cross-section σ(ω, T ) of Ag+

5 . The inset refers to the
structure used for T = 0 (ground-state structure).

sorption cross-section to the cluster geometry was already
pointed out by Bonacic-Koutecky et al. [33]. They have
shown that the absorption spectrum can be considered as
a fingerprint of the cluster.

In Figure 5 we present results for the photoabsorption
spectra of the Ag+5 cluster at different temperatures. The
main features are the increasing broadening and shift to
lower energies of large resonance with increasing temper-
ature.

Both effects can be attributed to the dependence of
the s-like tight-binding states upon interatomic distance.
As temperature increases, the mean radius of the clus-
ters becomes larger. With increasing mean interatomic
distance the splitting between bonding and antibonding
s-like states becomes smaller, so that the occupied bind-
ing states are shifted upwards. On the other hand the
distance dependence of the p-like states corresponding to
the optical transitions with the largest oscillator strength
is rather weak. Therefore the gap between s-like and p-
like states is effectively reduced and the absorption peaks
become red-shifted.

This argument cannot be used for larger clusters. For
increasing cluster size the influence of the 4d-electrons be-
comes more important and has the opposite effect, as is
explained below.

The second important temperature effect is the broad-
ening of the absorption peaks. In our calculations this
results from the averaging process over different struc-
tures exhibiting different photoabsorption spectra. Thus,
the absorption spectra shown in Figure 5 correspond to
ensembles of clusters.

Figure 6(a) shows our calculated photoabsorption
spectra of Ag+n clusters with n = 5, 7, 9, 13 at T ∼ 500K.
For the sake of comparison we also show, in Figure 6(b),
the experimental results by Tiggesbäumker et al. [11–13].
Note that the temperature of the clusters in the experi-
ment is not known. However, the absence of sharp peaks



226 The European Physical Journal D

2. 2.5 3. 3.5 4. 4.5 5. 5.5

ab
so

rp
tio

n
cr

os
s

se
ct

io
n

[a
rb

. u
ni

ts
]

ωh [eV]
2. 2.5 3. 3.5 4. 4.5 5. 5.5

ωh [eV]

Ag

Ag

Ag

Ag
+

+

+

+

5

7

9

13
T=440 K

T=424 K

T=550 K

T=447 K

a) b)

Fig. 6. (a) σ(ω, T ) for different cluster sizes at a temperature
∼ 500 K. (b) For the sake of comparison, the corresponding ex-
perimental spectra obtained by Tiggesbäumker et al. (Ref. [12])
are shown.

suggests that the measurements were performed on clus-
ters at high temperatures.

As in the case of T = 0K our spectra exhibit strong
resonances between 3 and 4 eV which are now broadened.
As mentioned before, the temperature has also the effect
to shift the resonance to lower energies for small cluster
sizes (see Fig. 5). This is no longer true for the Ag+13 clus-
ter. For this size the resonance is shifted to higher energies,
as can be seen by comparing Figure 6(a) with Figure 1 or
Figure 3(c).

In order to understand this behavior we have to resort
to the results shown in Figure 3. As mentioned above, the
main effect of the 4d-electrons is to produce, for n ≥ 13,
an appreciable red-shift of the absorption peaks. Now,
with increasing temperature the mean atomic spacing in-
creases. Since the fall-off of the hopping elements involv-
ing d-electrons goes like ∼ 1/r5 and ∼ 1/r7/2, the d-
contribution to the dynamical polarizability of the cluster
becomes rapidly reduced. As a consequence, the blue-shift
induced by this reduction dominates over the red-shift due
to s-band splitting (which goes like ∼ 1/r2), and the op-
tical resonance becomes effectively shifted to larger fre-
quencies. This shows that there is an important interplay
between cluster structure (and consequently vibrational
temperature) and the contribution of the d-electrons to
the absorption spectrum.

The experimental absorption cross-section of Ag+13
shows two peaks and the main weight is not so far shifted
as in our calculation. A possible explanation for this dis-
crepancy might be that the cluster temperature in the
experiment is different from 500K.

It is also important to note that the measured spec-
tra in Figure 6 exhibit sharper features than our calcu-
lated ones. By lowering the temperature in our simulations
down to room temperature (∼ 300K) we can reproduce
the widths of the experimental peaks. However, for such
temperatures the qualitative agreement with experiment
(number of peaks) becomes worse. This could be due to a
limitation of our model for the electronic structure. Our
model seems to overestimate the sensitivity of the optical
properties to structural changes.

As in previous investigations [22,28,29] our results
show a broadening of the absorption peaks with increasing
temperature. In the cases of Ag+7 and Ag+9 our calculated
σ(ω) at T = 0 shows a double-peak structure which dis-
appears at high temperatures. Experiments at low tem-
peratures should give more information about the form of
σ(ω) in the ground-state structures of both clusters.

4 Summary and conclusions

In this paper we have analyzed theoretically the size-
and temperature-dependence of the ensemble-averaged
absorption spectrum σ(ω, T ) of Ag+n clusters. We have cal-
culated explicitly the contribution of the 4d-electrons to
the optical properties, considering them as additional de-
grees of freedom of the problem. We have found a strong
dependence of the absorption spectrum on the cluster
structure, which leads to strong temperature effects. The
influence of the 4d-electrons to the absorption spectrum
increases with cluster size. For n = 13 we found an appre-
ciable contribution of the 4d-electrons beyond polarization
effects, which results in a red-shift of the main absorption
peak. Our molecular-dynamics simulations show that the
average effective radius of the cluster increases with tem-
perature, and that this leads to a decrease of the influence
of the band character of the 4d-electrons for high vibra-
tional temperatures.

Note that a similar behavior was experimentally ob-
served in bulk silver by Liljenvall et al. [34], who showed
that the energy of the peak in the energy loss function
between 3.5 eV and 4 eV decreases for increasing temper-
ature.

This effect could be used to control the d-electron-
contribution, and consequently the position of the plasma
frequency.

Since the temperature effects are mainly due to the
localized character of the d-electrons, we expect them to
be present also in other noble-metal clusters. In transition
metal clusters they might be particularly strong.

We have obtained relatively good agreement with the
experimentally determined absorption cross-sections. The
method presented in this paper could be used to calculate
the optical properties of embedded and adsorbed noble-
metal clusters.

This work has been supported by the Deutsche Forschungsge-
meinschaft through SFB 337.
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