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ЭЛЕКТРОН-ИОННОЕ РАССЕЯНИЕ И ПЛАЗМОННОЕ ЗАТУхАНИЕ  
В МЕТАЛЛИчЕСКИх КЛАСТЕРАх

Processes of electron scattering on fine ionic structure leading to the decay of dipole plasmon oscillations 
in alkali metal clusters are investigated. The study is based on separation of the collective plasmon oscillations 
and single particle excitations. coupling between these two types of electronic motions caused by electron-
ion scattering leads to the plasmon damping. The relative contributions of elastic and inelastic electron-ion 
scattering to plasmon linewidth are considered. The results are compared with experimental data on cluster 
photoabsorption for sodium clusters of different size.
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исследована роль электрон-ионного рассеяния в затухании коллективных плазмонных возбуж-
дений в кластерах щелочных металлов. теоретическая модель основана на разделении коллективных 
плазмонных возбуждений электронов кластера, соответствующих осцилляциям центра масс элек-
тронов, и одночастичных электронных возбуждений в системе их центра масс. Перемешивание этих 
типов движения электронов вследствие электрон-ионного рассеяния ведет к затуханию плазмонных 
колебаний. оценены сравнительные вклады упругого и неупругого электрон-ионного рассеяния в 
уширение плазмонного резонанса. Результаты сравниваются с экспериментальными данными по 
ширинам плазмонных резонансов в спектрах фотопоглощения кластеров натрия.

кластеР, Плазмон, Рассеяние, колеБание, ВозБуЖдение, затуХание.

I. Introduction

The optical response of alkali-metal clus-
ters is dominated by the surface dipole plasmon 
resonance [1, 2]. This collective electronic ex-
citation corresponds to a coherent oscillation 
of the electronic cloud against the positively 
charged ionic background, i. e. to the vibration 
of electronic center of mass (cm). The posi-
tion and the width of giant plasmon resonance 
has been experimentally determined for vari-
ous sodium clusters in numerous experimental 

works on cluster spectroscopy [3–8]. an ad-
equate theoretical prediction for the resonance 
position has been given within the linear re-
sponse theory using either the Time depen-
dent local density approximation (Tdlda) 
[9–11] or the random Phase approximation 
with exchange (rPae) [12–14]. However, in 
spite of intensive study, the fundamental ques-
tions concerning the origin of plasmon decay 
width is still not well understood. 

In the first attempts to evaluate the plasmon 
resonance width, the nonhomogeneous broad-
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ening of electron energy levels due to the ther-
mal fluctuation of the cluster background has 
been considered [15–24]. This mechanism of 
the line broadening is connected with adiabatic 
dependence of electron energy upon the posi-
tion of the ions. Therefore, the corresponding 
linewidth is not connected with the life time 
of electron excitations. The obtained plasmon 
width decreases with the cluster radius growth. 
This fact is easy to understand since the role of 
such adiabatic electron-ion coupling diminishes 
with the increase of cluster size vanishing in the 
bulk limit. on the other hand, the experimen-
tally observed resonance width does not mono-
tonically decrease as a function of cluster size. 
on the contrary, it periodically varies due to 
the shell effects in the range of 0.2 – 0.3 eV [8].  
Therefore, this contribution to the resonance 
width can be essential only for the very small 
clusters with less than tens of atoms.

another approach considers the decay of 
collective plasmon mode via excitations of 
the single-particle electronic transitions [25]. 
This mechanism is well known in the theory 
of collective fermionic excitations in nuclear 
and plasma physics as landau damping. The 
main question for landau damping mechanism 
is the origin of the coupling interaction that is 
responsible for the relaxation of plasmon mode 
excitation energy among numerous electronic 
degrees of freedom. Indeed, for example, in the 
case of the homogenous infinite positive cluster 
background there is not such coupling interac-
tion at all, and electron cloud can oscillate with 
plasmon frequency against positive background 
without any perturbation of its intrinsic motion 
and therefore without any damping. Therefore, 
possible relaxation of the collective plasmon 
excitation can be expected from the deviation 
of ionic background potential in real cluster 
from a pure homogenous positive infinite jel-
lium, namely from the fine ionic structure and 
the cluster boarder.

The boarder of the cluster background has 
been traditionally considered in the past as the 
main source of the coupling interaction [25]. 
electron scattering on the spherical cluster 
border leads to well-known inverse radius de-
pendence of landau damping width [26–28],  
Γ = Cv

f/R , where R is the cluster radius, vf is 
the fermi velocity of cluster valence electrons 

and C is a constant about one unit. However, 
this result is valid only for the relatively large 
clusters with more than thousand atoms, and 
this has been proved by a direct numerical cal-
culations [29]. This simple formula is based 
on the assumption that the spectrum of dipole 
electron excitations is continuous and there-
fore it cannot be applied to the small metal-
lic clusters with less than hundred atoms [28]. 
Indeed, for such small clusters, which will be 
considered in the present paper, the use of this 
formula strongly overestimates experimentally 
observed plasmon width [8]. 

Therefore, one can associate the plasmon 
width with electron scattering on the fine ion-
ic structure. In the resent paper we propose 
a simple transparent analytical model in order 
to clarify the physical nature of the plasmon 
damping caused by electron-ion scattering. our 
model is developed with the use of a new de-
scription of the collective plasmon excitation 
based on the separation of the center of mass 
(cm) and the intrinsic motion of delocalized 
valence electrons [30]. The method relies on 
the smallness of the cm oscillation amplitude 
compared to the cluster radius.

considering the electron-ionic collisions, 
one can distinguish elastic electron-ion scat-
tering and inelastic scattering on the ionic vi-
brations, phonons when the plasmon decay is 
accompanied by simultaneous emission or ab-
sorption of phonons. The last case has been 
studied in our previous paper [31]. electron-
phonon coupling yields the temperature depen-
dent plasmon width that for the 100 K clusters 
amounts approximately to one fourth of the 
total plasmon width. 

The present paper is focused on the elastic 
electron-ion scattering. We use the pseudopo-
tential to describe the electron scattering on an 
isolated sodium atom and the simple fermi gas 
model to describe the intrinsic single-particle 
excitations. for simplicity we consider only the 
spherical sodium clusters. 

II. Collective Plasmon Mode

To distinguish the dipole plasmon mode 
from all other electron excitations it is con-
venient to separate the intrinsic and the cm 
electron coordinates. We will start with the to-
tal electron Hamiltonian of the cluster which 
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includes the electron kinetic energy, the energy 
of interelectronic coulomb interaction and in-
teraction with ionic background:
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where Vion(r) is the potential of ionic background, 
the summation is performed over all the cluster 
valence electrons. 

let us designate the cm vector by R and the 
intrinsic electron coordinates, i. e. the electron 
coordinates in cm reference frame, by a′r :

1
, ,a a a

aN
′= = −∑R r r r R

where N is the number of valence electrons. 
similarly, the momentum of the center 

of mass motion is equal to  

aa
= ∑P p  and 

electronic momenta in the cm reference 
frame are    /a a N′ = −p p P  respectively. We 
separate the intrinsic and cm coordinates in 
eq. (1) assuming that the amplitude of cm 
displacement R is much smaller than the 
cluster radius R0 (we will demonstrate below 
that this condition is usually fulfilled). radius 
of the cluster background we determine by 
standard expression 1/3

0 s atR r N=  [9, 11] using 
the Wigner – seitz radius rs of the bulk material  
(rs = 4 a.u. for sodium) and the number of atoms 
in a cluster. so we can expand the potential of 
the ionic background ( )ion aV ′ +r R  in eq.(1) in 
power series with respect to R, and the total 
electron Hamiltonian (1) can be written as:
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operator  'H is the Hamiltonian of intrinsic 
motion. It has the form of the total Hamiltonian 
(1) with natural replacement of all electronic 
coordinates and momenta by corresponding 
values in cm system.

let us start with zero approximation which 
implies that cm and intrinsic electron motions 
are completely independent. This approximation 

is based on the following simple fact. Within the 
standard jellium model [9, 11] which treats the 
ionic background as the positive charge density 

33 / 4i srρ = π  homogeneously distributed 
throughout the entire cluster volume, for 
sufficiently large cluster the coordinates of cm 
and intrinsic motion separate. Indeed, neglecting 
the electrons outside the cluster volume, i. e. 
the spill out electrons, and using the condition 

0,aa
′ =∑ r  one immediately finds that 

2( , ) (4 / 3) / 2a iU R′ = πρr R  

and does not depend upon the intrinsic electron 
coordinates. Therefore, the cm oscillates in a 
pure parabolic potential with mie frequency 

3/2.Mie sr
−ω =  as a result, one can write the total 

electron wave function as a product of wave 
functions of cm and intrinsic motions: 

( ) ( ) ( ),a a′Ψ = Ψ Φr R r

which assumes that the cm motion does not 
perturb the intrinsic wave function ( ),a′Φ r , i. e. 
the cm oscillates adiabatically with respect to 
all other electronic degrees of freedom. 

according to the standard adiabatic theory 
[32], the wave function (5) turns out to be 
the eigen wave function of the total electron 
Hamiltonian (3). Here the wave function 
of intrinsic motion ( )a′Φ r  is the eigen wave 
function of the intrinsic Hamiltonian  'H  with 
corresponding eigen energy εν. The cm wave 
function Ψ(R) is the eigen wave function of 
the effective plasmon Hamiltonian obtained as 
average of the total electron Hamiltonian (3) 
over intrinsic motion:
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where the role of effective potential for cm 
motion ( )effU R  is played by the diagonal matrix 
element of ( , ) :aU ′r R  

( ) ( ) ( , ) ( ) .eff a a aU Uν ν′ ′ ′= Φ ΦR r r R r

let us use the expansion (4) for ( , ).aU ′r R  
all odd terms vanish after the averaging over 
intrinsic wave function ( ).aν ′Φ r  The first 
nonvanishing term corresponds to the pure 
oscillator potential 
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where ρe and ρi are the electronic and ionic 
densities, respectively. Here we consider 
spherical clusters with isotropic density 
distributions ρe and ρi. for homogeneous 
jellium distribution of ionic background with 
sharp edge 

03

3
( ).

4i
s

R r
r

ρ = θ −
π

eq. (8) gives us 

1 ,p Mie

N
N
δ

ω = ω −

where δN is the number of spill out electrons. 
Thus, within this approximation the electron 

energy spectrum is given as the sum of intrinsic 
energies εν and the energies of harmonic 
oscillations of cm 

,

1
,

2n pE nν ν
 = ε + ω + 
 

where n is the quantum number of oscillator state 
Ψn(R), i. e. the number of excited plasmons. 

Within the dipole approximation, external 
electromagnetic laser field acts only on the cm 
wave function and does not excite the intrinsic 
motion, i. e. ν = 0. a time dependent electric 
field simply induces a transition from the 1s 
ground state to the 1p state of cm motion, 
ωp above the ground state. consequently, the 
many-body wave function (5) for the single 
plasmon excitation i  is the product of this 
collective harmonic oscillation function Ψ1p(R) 
and the ground state many-body wave function 

0( )a′Φ r  depending only on the intrinsic 
coordinates, thus

1 0, ( ) ( ).a p ai′ ′= Ψ ΦR r R r  

The average displacement of the electronic 
cm for 1p state is equal to 2 3 / 2 .pR N= ω  

for na92 cluster the ratio 2
0/ 0.02R R =  and 

it decreases for the lager clusters as N–5/6. This 
fact confirms the applicability of the performed 
power expansion (4). Besides the dipole surface 
plasmon mode, there are a lot of non-optically 
active excitations f  of the intrinsic electron 
motion. In our notations, the corresponding 
many-electron wave function is written as 

1s, ( ) ( )a v af R′ ′= Ψ ΦR r r

with the collective wave function being the 1s 

state of the cm harmonic oscillator and with 
wave function of intrinsic excitation ν.

III. Plasmon Damping

Within the zero approximation, we neglect 
the coupling terms in the total electron 
Hamiltonian eqs. (3), (4) which cause the 
transitions between plasmon i  and intrinsic 
f  excitations. formally, this coupling 

originates from the non-diagonal matrix 
elements of ( , ).aU ′r R  The first term of the 
expansion ( , )aU ′r R  (4) provides the leading 
contribution to the coupling. Therefore, below 
we will keep only this coupling term in the 
expansion (4): 

( , ) ( ) ( ).a ion a
a

W V′ ′= ∇∑r R R r

This term corresponds to the additional 
time-dependent electromagnetic field arising in 
the cm system due to the plasmon oscillations. 
note that within the jellium model potential 

( , )aW ′r R  actually coincides with the well-known 
separable approximation for electron-electron 
interaction between dipole plasmon excitation 
and single particle electronic excitations in 
cluster [25]. The total Hamiltonian of the 
cluster H  (3) now can be written as 

  '( ) ( ) ( , ),Pa aH H H W′ ′= + +r R r R

where ),( RraW ′  couples plasmon i  and 
intrinsic f  excitations.

The relaxation of plasmon excitation 
originates from the electronic transitions 
from optically excited state i  to all possible 
final states f  caused by the coupling term 

( , )aW ′r R  in Hamiltonian eq. (13). The rate of 
such transitions, i. e. the corresponding plasmon 
width Γ, we will calculate using the first-order 
time-dependent perturbation theory: 

2
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The transition matrix element ( , )af W i′r R  
in eq.(14) is given by the product of an oscillator 
matrix element 1 1 1 / 2 pp s N= ωR  [32] 
and a matrix element of intrinsic motion: 
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Here the axe z is chosen along the direction 
of plasmon oscillations.

for homogenous infinite positive jellium 
background, 2 2( ) / 2,ion pV r′ ′= ωr  matrix 
element (15) apparently vanishes. Indeed, in 
this case ( , )af W i′r R is proportional to the 
dipole matrix element of the intrinsic motion 
which equals to zero by the definition of the 
cm frame. In the real cluster, background 
potential Vion differs from the pure harmonic 
pattern due to the fine ionic structure and the 
cluster border.

To estimate the matrix element 
( , )af W i′r R  let us assume that the excitation 

in the intrinsic electronic system is a pure 
particle-hole transition and that particles and 
holes inside the cluster are plane waves in 
the fermi gas model. We represent the ionic 
potential Vion as a sum of pseudopotentials vp 
of each ion 

( ) ( ).ion p a
a

V v= −∑r r R

Here Ra denotes the position of the a-th 
ion. 

However, the simple homogeneous fermi 
gas model should be improved in order to 
reproduce the main features of intrinsic 
excitation in real cluster. Indeed, when we 
represent the intrinsic excitation in the cluster by 
a particle-hole transition of the fermi gas using 
the plane waves for electronic wave functions, 
we do not take into account the electron 
confinement as well as many-body effects. In 
order to introduce the electron confinement, 
we will restrict the integration in the matrix 
element (15) by the cluster sphere. electron 
correlation leads to the screening pseudo-
potentials by cluster delocalized electrons. We 
will take into account this many-body effect 
by using the permittivity of homogeneous 
fermi gas. also the employed model should 
be corrected in order to correspond to intrinsic 
excitations. namely, the dipole matrix element 
for particle-hole transitions should be zero 
in the cm frame. otherwise matrix element 

f W i  is not zero even for the pure harmonic 
background potential 2 2( ) / 2.ion MieV r′ ′= ωr  We 
will correct this effect by the subtraction the 
linear term 

2 2 2( / 2) /Mie Mied r dz z′ ′ ′ω = ω  

from the operator in the matrix element (15). 
Within these assumptions, matrix element (15) 
is written as 

0

2 3

( , )

( )1
,

2 ( )

a

iq ion
Mie

r Rp

f W i

dV
e z d

dzN q <

′ =

 = − ω ω ε  ∫ r

r R

r
r

where q = pe – ph is the moment of electron-hole 
pair, ε(q) is the permittivity of homogeneous 
fermi gas:

f
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4
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π
It will be convenient to extend the 

integration in the right hand side of eq.(17) 
over the infinite volume. It can be done by the 
addition and subtraction of the integral of 

exp(iqr)dVion(r)/dz 

outside the cluster border, r > R0. for simplicity, 
outside the cluster where the fine ionic structure 
is not so important, we will replace the real 
background potential Vion(r) by the spherical 
jellium model potential: 
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is the fourier transform of the jellium potential 
(j1 is the spherical Bessel function); 
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is the fourier transform of the ionic background 
potential, vp(q) is the fourier transform of the 
pseudo-potential, 
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is the structure formfactor of the ionic 
background.

using eq.(20) one obtains from eq.(14): 
3 3

2
6

2

2 2

2
( )

(2 )

( ) ( )

.
2 2

z z

e h
e h

p

ion e h jell e h

e h
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d p d p
p p

N

V V

p p

π
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ω π

× − − − ×

 
×δ − − ω 

 

∫

p p p p

Here we integrate over hole momentum 
below the fermi level ph < pf = 1.92/rs and 
over the electronic momentum above the fermi 
sphere pe > pf.

note that eq.(24) does not account for 
the landau damping connected with electron 
scattering on the cluster surface. Indeed, in 
the case of homogenous jellium background, 

( ) ( ),ion jellV V=q q  eq.(24) gives zero width 
identically. The non-zero result requests more 
detailed description of electronic wave function 
near the cluster surface. according to eq. (15), 
the coupling matrix element arises in the case 
of  ( ) ( )ion jellV V=q q  from the region of spill-out 
electrons where in our simple model electron 
wave function is put equal to zero. 

We perform numerical calculations of 
plasmon linewidth according to eq.(24) for 
series of sodium clusters naN of different size 

8 ≤ N ≤ 93 with forms close to spherical. The 
results are presented in fig. 1 by triangles  
(see curve 2). 

The following pseudo-potential vp(r) for 
sodium has been used: 

2
21 exp( )

( ) exp( ),p

r
v r B C r

r r
−β

= − + + −γ

where B = 1.0, C = 0.5, β = 0.35, γ = 0.8, the 
numbers are given in atomic units. 

our calculations demonstrate that this 
contribution to plasmon width increases with 
cluster size for small clusters (N ≤ 40). for 
larger cluster, the increase saturates as linewidth 
approaches the bulk value limit. In the limit 
of bulk sodium, the electron interaction with 
regular ionic crystal structure results in the band 
energy spectrum. Plasmon damping associates 
in this case with interband photoexcitation at 
plasmon resonance energy ωp and amounts to 
173 meV [8]. This value is in a good agreement 
with results of our calculations for large 
clusters. 

note that in the model of electron-ion 
coupling developed here, the ionic structure 
considered as frozen. It means that only the 
elastic electron-ion scattering is taken into 
account. Indeed, according to eqs. (14), 
(24) the energy of collective excitation ωp 
is transfered entirely to the single particle 
excitations. Besides the elastic electron-ion 
scattering, one can also consider the inelastic 
scattering on the ionic vibrations, phonons, 
when the plasmon decay is accompanied 
by simultaneous emission or absorption of 
phonons. The plasmon width associated with 
electron-phonon interaction have been studied 
in our paper [31]. This contribution to the 
plasmon width is temperature dependent. for 
comparison with experimental data on plasmon 
linewidth [8], we calculated electron-phonon 
contribution at the same cluster temperature  
T = 100 K as at the photoabsorption 
measurements. electron interactions with 
volume and surface phonon modes both give 
size dependent contributions to plasmon width. 
However, their sum shown in fig. 1 by squares 
(see curve 3) does not almost depend on cluster 
size. our calculations demonstrate that inelastic 
electron-ion scattering provides a few times 
smaller contribution to the plasmon width than 

(24)

fig. 1. Plasmon resonance widths in sodium 
clusters as a function of cluster size:  

1 – experimental data on photoabsorption spectra 
(fWHm); 2, 3 – the calculated contributions  

of elastic (2) and inelastic (3) electron-ion 
scattering to plasmon width

(25)

1

2

3
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the elastic scattering does. 
The experimentally observed plasmon 

width obtained from the analysis of NaN 
photoabsorption spectra [8] are shown in fig. 
1 by circles (see curve 1). The size dependence 
of experimental width is non-monotone. for 
comparison with our theoretical calculations, 
we should concentrate on spherical clusters with 
N = 8, 20, 40, 58, 92. These clusters have the 
lowest plasmon width. The joint contribution 
of elastic and inelastic electron-ion scattering 
to plasmon width correlates with experimental 
linewidth for spherical clusters. for non-
spherical clusters, experimental linewidth 
exceeds the calculated values by 100–150 
meV. This discrepancy should be attributed to 
the electron scattering on cluster surface which 
is not taken into account in our calculations. 
The good agreement between our calculations 
and experimental data achieved for closed shell 
clusters testify that this contribution is not 
essential for spherical clusters. The well-known 
formula Γ = Cνf/R0 [25] for plasmon width 
associated with electron scattering on cluster 
boarder strongly overestimates the effect because 
it does not take into account that only spill-out 
electrons contribute to this type of plasmon 
damping. for non-spherical clusters the effect 

of electron scattering on cluster surface is much 
larger due to the mixture of electronic states 
with different angular momenta. In this case, 
the dipole collective plasmon excitation decays 
into numerous single particle excitations with 
various angular momenta. It leads to much 
more effective plasmon damping than in the 
case of spherical clusters where the number of 
single particle excitations involved in plasmon 
damping is restricted by the dipole ones. 

IV. Conclusion

The plasmon damping associated with 
electron scattering on the fine ionic structure 
is described within a simple analytical model. 
The developed model is based on the separation 
of the collective plasmon and single particle 
electron excitations. The coupling between 
these excitations caused by electron scattering 
on fine ionic structure leads to plasmon 
damping. We demonstrate that elastic electron-
ion scattering is much more essential than the 
inelastic electron scattering on ionic vibrations. 
In the case of spherical clusters it provides 
the leading contribution to the total plasmon 
width. In the case of non-spherical clusters the 
electron scattering on cluster surface is also 
essential.

REFERENCES

1. Herberland, H. clusters of atoms and mo-
lecules: solvation and chemistry of free clusters, 
and embedded, supported and compresses clusters. 
Berlin, springer-Verlag, 1994. springer series in 
chemical Physics. Vol. 52, 56.

2. Kreibig, U., Vollmer M. optical properties of 
metal clusters. Berlin, springer-Verlag, 1994. Print. 
springer series in Physics.

3. Knight W.D. metallic free clusters. Z. Phys. 
D: Atoms, Molecules and Clusters, 1989, Vol. 12,  
Iss. 1–4, pp. 315–318.

4. Brechignac C., Cahuzac Ph., Carlier F., 
Leygnier J. collective excitation in closed-shell 
potassium cluster ions. Chem. Phys. Lett., 1989,  
Vol. 164, Iss. 4, pp. 433–437.

5. de Heer W.A. The physics of simple metal 
clusters: experimental aspects and simple models. 
Rev. Mod. Phys., 1993, Vol. 265, pp. 611–676.

6. Selby K., Kresin V., Masui J., Vollmer M., de 
Heer, W.A., Scheidemann A., Knight W.D. Photo-
absorption spectra of sodium clusters. Phys. Rev. B, 
1991, Vol. 43, pp. 4565–4572.

7. Wang C.R.C., Pollack S., Cameron D., 

Kappes M.M. optical absorption spectroscopy of 
sodium clusters as measured by collinear molecular 
beam photodepletion. J. Chem. Phys, 1990, Vol. 93, 
pp. 3787–3801.

8. Schmidt M., Haberland H. optical spec-
tra and their moments for sodium clusters, nan

+, 
with 3 ≤ n ≤ 64. Eur. J. Phys. J. D, 1999, Vol. 6,  
pp. 109–118.

9. Ekardt W. collective multipole excitations 
in small metal particles: critical angular momen-
tum lcr for the existence of collective surface modes. 
Phys. Rev. B, 1985, Vol. 32, pp. 1961–1970.

10. Yannouleas C., Broglia R.A. collective and 
single-particle aspects in the optical response of 
metal microclusters. Phys. Rev. A, 1991, Vol. 44, 
pp. 5793–5802.

11. Brack M. The physics of simple metal clus-
ters: self-consistent jellium model and semiclassi-
cal approaches. Rev. Mod. Phys, 1993, Vol. 265,  
pp. 677–732.

12. Guet C., Johnson W.R. dipole excitations 
of closed-shell alkali-metal clusters. Phys. Rev. B, 
1992, Vol. 45, pp. 11283–11287.



64

St. Petersburg State Polytechnical University Journal. Physics and Mathematics No. 4-2(182) 2013

СПИСОК ЛИТЕРАТУРы

1. Herberland, H. clusters of atoms and mo-
lecules: solvation and chemistry of free clusters, 
and embedded, supported and compresses clusters. 
Berlin, springer-Verlag, 1994. springer series in 
chemical Physics. Vol. 52, 56.

2. Kreibig, U., Vollmer M. optical properties of 
metal clusters. Berlin, springer-Verlag, 1994. Print. 
springer series in Physics.

3. Knight W.D. metallic free clusters. Z. Phys. 
D: Atoms, Molecules and Clusters, 1989, Vol. 12,  
Iss. 1–4, pp. 315–318.

4. Brechignac C., Cahuzac Ph., Carlier F., 
Leygnier J. collective excitation in closed-shell 
potassium cluster ions. Chem. Phys. Lett., 1989,  
Vol. 164, Iss. 4, pp. 433–437.

5. de Heer W.A. The physics of simple metal 
clusters: experimental aspects and simple models. 
Rev. Mod. Phys., 1993, Vol. 265, pp. 611–676.

6. Selby K., Kresin V., Masui J., Vollmer M., de 
Heer, W.A., Scheidemann A., Knight W.D. Photo-
absorption spectra of sodium clusters. Phys. Rev. B, 
1991, Vol. 43, pp. 4565–4572.

7. Wang C.R.C., Pollack S., Cameron D., 
Kappes M.M. optical absorption spectroscopy of 
sodium clusters as measured by collinear molecular 
beam photodepletion. J. Chem. Phys, 1990, Vol. 93, 
pp. 3787–3801.

8. Schmidt M., Haberland H. optical spec-
tra and their moments for sodium clusters, nan

+, 
with 3 ≤ n ≤ 64. Eur. J. Phys. J. D, 1999, Vol. 6,  
pp. 109–118.

9. Ekardt W. collective multipole excitations 
in small metal particles: critical angular momen-
tum lcr for the existence of collective surface modes. 
Phys. Rev. B, 1985, Vol. 32, pp. 1961–1970.

10. Yannouleas C., Broglia R.A. collective and 

13. Madjet M., Guet C., Johnson W.R. com-
parative study of exchange-correlation effects on the 
electronic and optical properties of alkali-metal clus-
ters. Phys. Rev. A, 1995, Vol. 51, pp. 1327–1339.

14. Ivanov V.K., Ipatov A.N. correlations in 
clusters and related systems. new perspectives of 
the many-body problem. ed by J.P. connerade. 
singapore, World scientific Publishing, 1996,  
pp. 141–168.

15. Pacheco J.M., Broglia R.A. effect of surface 
fluctuations in the line shape of plasma resonan-
ces in small metal clusters. Phys. Rev. Lett., 1989,  
Vol. 62, pp. 1400–1402.

16. Bertsch, G.F., Tománek D. Thermal line 
broadening in small metal clusters. Phys. Rev. B, 
1989, Vol. 40, Iss. 5, pp. 2749–751.

17. Penzar Z., Ekardt W., Rubio A. Temperature 
effects on the optical absorption of jellium clusters. 
Phys. Rev. B, 1990, Vol. 42, pp. 5040–5045.

18. Pacheco J.M., Broglia R.A., Mottelson B.R. 
The intrinsic line width of the plasmon resonances 
in metal microclusters at very low temperatures: 
quantal surface fluctuations. Z. Phys. D, 1991,  
Vol. 21, pp. 289–292.

19. Wang Y., Lewenkopf C., Tománek D., 
Bertsch G. collective electronic excitations and 
their damping in small alkali clusters. Chem. Phys. 
Lett. D, 1993, Vol. 205, pp. 521–528.

20. Montag B., Hirschmann T., Meyer J., Rein-
hard P.-J. Z. Phys. D, 1994, Vol. 32, pp. 125–136.

21. Montag B., Reinhard P.-J. Width of the 
plasmon resonance in metal clusters. Phys. Rev. B, 
1995, Vol. 51, 14686.

22. Reinhard P.-G., Babst J., Fischer B., Kohl C.,  
Calvayrac F., Suraud E., Hirschmann T., Brack M. 
Ionic and electronic-structure of metal clusters. Z. 

Phys. D, 1997, Vol. 40, pp. 314–316.
23. Pacheco J.M., Schone W.-D. shape phase 

transitions in the absorption spectra of atom-
ic clusters. Phys. Rev. Lett, 1997, Vol. 79(25),  
p. 4986–4989.

24. Calvayrac F., Reinhard P-J., Suraud E.J. 
Ionic structure and plasmon response in sodium 
clusters. J. Phys. B, 1998, Vol. 31, no. 6, pp. 1367–
1378.

25. Bertsch G.F., Broglia R.A. oscillations in 
finite Quantum systems. cambridge university 
Press, 1994. 212 p.

26. Kawabata A., Kubo R. electronic proper-
ties of fine metallic particles. II. Plasma reso-
nance absorption. J. Phys. Soc. Jpn, 1966, Vol. 21,  
pp. 1765–1772.

27. Lushnikov A.A., Simonov A.J. surface plas-
mons in small metal particles. Z. Phys, 1974, Vol. 
270, pp. 17–24.

28. Yannouleas C., Broglia R.A. landau damp-
ing and wall dissipation in large metal clusters. An-
nals of Physics, 1992, Vol. 217, pp. 105–141.

29. Yannouleas C. microscopic description 
of the surface dipole plasmon in large naN clus-
ters (950 ≤ N ≤ 12050). Phys. Rev. B, 1998, Vol. 58, 
pp. 6748–6751.

30. Gerchikov L.G., Guet C., Ipatov A.N. mul-
tiple plasmons and anharmonic effects in small me-
tallic clusters. Phys. Rev. A, 2002, Vol. 66, p. 053202 
(8 p.).

31. Gerchikov L.G., Guet C., Ipatov A.N. re-
laxation of optical excitations in metal clusters due 
to the electron-phonon interaction. Phys. Rev. A, 
2001, Vol. 65, p. 013201 (6 p.).

32. Landau L.D., Lifshitz E.M. Quantum mechan-
ics: (3rd ed.) Pergamon Press, oxford, 1977, 672 p.



Condensed Matter Physics

65

ГеРчиков леониä Григорüевич – кандидат физико-математических наук, доцент кафедры  
экспериментальной физики Санкт-Петербургского государственного политехнического университета.

195251, Россия, санкт-Петербург, Политехническая ул., 29
lgerchikov@rambler.ru

single-particle aspects in the optical response of 
metal microclusters. Phys. Rev. A, 1991, Vol. 44, 
pp. 5793–5802.

11. Brack M. The physics of simple metal clus-
ters: self-consistent jellium model and semiclassi-
cal approaches. Rev. Mod. Phys, 1993, Vol. 265,  
pp. 677–732.

12. Guet C., Johnson W.R. dipole excitations 
of closed-shell alkali-metal clusters. Phys. Rev. B, 
1992, Vol. 45, pp. 11283–11287.

13. Madjet M., Guet C., Johnson W.R. com-
parative study of exchange-correlation effects on the 
electronic and optical properties of alkali-metal clus-
ters. Phys. Rev. A, 1995, Vol. 51, pp. 1327–1339.

14. Ivanov V.K., Ipatov A.N. correlations in 
clusters and related systems. new perspectives of 
the many-body problem. ed by J.P. connerade. 
singapore, World scientific Publishing, 1996,  
pp. 141–168.

15. Pacheco J.M., Broglia R.A. effect of surface 
fluctuations in the line shape of plasma resonan-
ces in small metal clusters. Phys. Rev. Lett., 1989,  
Vol. 62, pp. 1400–1402.

16. Bertsch, G.F., Tománek D. Thermal line 
broadening in small metal clusters. Phys. Rev. B, 
1989, Vol. 40, Iss. 5, pp. 2749–751.

17. Penzar Z., Ekardt W., Rubio A. Temperature 
effects on the optical absorption of jellium clusters. 
Phys. Rev. B, 1990, Vol. 42, pp. 5040–5045.

18. Pacheco J.M., Broglia R.A., Mottelson B.R. 
The intrinsic line width of the plasmon resonances 
in metal microclusters at very low temperatures: 
quantal surface fluctuations. Z. Phys. D, 1991,  
Vol. 21, pp. 289–292.

19. Wang Y., Lewenkopf C., Tománek D., 
Bertsch G. collective electronic excitations and 
their damping in small alkali clusters. Chem. Phys. 
Lett. D, 1993, Vol. 205, pp. 521–528.

20. Montag B., Hirschmann T., Meyer J., Rein-
hard P.-J. Z. Phys. D, 1994, Vol. 32, pp. 125–136.

21. Montag B., Reinhard P.-J. Width of the 

plasmon resonance in metal clusters. Phys. Rev. B, 
1995, Vol. 51, 14686.

22. Reinhard P.-G., Babst J., Fischer B., Kohl C.,  
Calvayrac F., Suraud E., Hirschmann T., Brack M. 
Ionic and electronic-structure of metal clusters. Z. 
Phys. D, 1997, Vol. 40, pp. 314–316.

23. Pacheco J.M., Schone W.-D. shape phase 
transitions in the absorption spectra of atom-
ic clusters. Phys. Rev. Lett, 1997, Vol. 79(25),  
p. 4986–4989.

24. Calvayrac F., Reinhard P-J., Suraud E.J. 
Ionic structure and plasmon response in sodium 
clusters. J. Phys. B, 1998, Vol. 31, no. 6, pp. 1367–
1378.

25. Bertsch G.F., Broglia R.A. oscillations in 
finite Quantum systems. cambridge university 
Press, 1994. 212 p.

26. Kawabata A., Kubo R. electronic proper-
ties of fine metallic particles. II. Plasma reso-
nance absorption. J. Phys. Soc. Jpn, 1966, Vol. 21,  
pp. 1765–1772.

27. Lushnikov A.A., Simonov A.J. surface plas-
mons in small metal particles. Z. Phys, 1974, Vol. 
270, pp. 17–24.

28. Yannouleas C., Broglia R.A. landau damp-
ing and wall dissipation in large metal clusters. An-
nals of Physics, 1992, Vol. 217, pp. 105–141.

29. Yannouleas C. microscopic description 
of the surface dipole plasmon in large naN clus-
ters (950 ≤ N ≤ 12050). Phys. Rev. B, 1998, Vol. 58, 
pp. 6748–6751.

30. Gerchikov L.G., Guet C., Ipatov A.N. mul-
tiple plasmons and anharmonic effects in small me-
tallic clusters. Phys. Rev. A, 2002, Vol. 66, p. 053202 
(8 p.).

31. Gerchikov L.G., Guet C., Ipatov A.N. re-
laxation of optical excitations in metal clusters due 
to the electron-phonon interaction. Phys. Rev. A, 
2001, Vol. 65, p. 013201 (6 p.).

32. Landau L.D., Lifshitz E.M. Quantum mechan-
ics: (3rd ed.) Pergamon Press, oxford, 1977, 672 p.

 St. Petersburg State Polytechnical University, 2013


