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Collective excitation of spherical sodium cluster within a 

semiclassical discription 
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Abstract A microscopic semiclassical Vlasov equation approach is used to investigate the 

dipole giant resonances of spherical cluster Nat 4．The main strength distributions of collective 

response function are located around 2 eV region，a4th a fair agreement with the experiment 

ones．The results are quite independent of the choice of parameters of the m ean field． 
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1 Introduction 

Recently，cluster physics in general is a 

rapidly growing field which，touches a large 

number of physical phenomena bordering on 

atomic，molecular，surface，solid state and nu． 

clear physics．Especially，because the cluster is 

a quantum many-body system，the properties 

of small metal clusters are domi nated by the 

fermion nature of their constituents，with many 

parallels to what we have learnt．frorli nuclear 

physics．Thus they are expected to exhibit tile 

simultaneous existence of independent．particle 

and collective excitations and an interplay bow． 

teen these two modes of motion． Although 

modern date acquisition techniques and coin- 

puters are a considerable help，we can not pro- 

duce nuclei heavier than  300 mass units． Be． 

tween this upper limit and ncutron star there 

is a vast gap in our knowledge． The cluster 

physics，however，bridges this gap． 

By using the well—known Jellium model， 

both static and dynamic properties of small 

alkali．metal cluster spheres have been evalu． 

ated in a self-consistent way[1—7】
． This model 

is essentially a mean field approximation in 

which the conduction electrons are assumed to 

move independently of each other． Such selb 

consistent microscopical calculations 1)ecome 

quite time consuming when the size of the clus． 

ters increases，particularly to the collective ex- 

citations．Therefore．it is not casy to gain fr0111 

these calculations an intuitive understandin of 

the most importan t physical effects which deter— 

mi ne the final results．But．there is a very re— 

liable framework．i．e．the mi croscopic semiclas． 

sical Vlasov equation approach for quantitative 

predictions．Such a novel approach has been re． 

cently developed for the study of collective mo． 

tions in nuclei．The response functions obtained 

from such an approach show striking similarities 

with fully RPA(random-phase approximation) 
calculations，even in nuclei as light as 40Ca and 

in the neutron halo nuclei as nLi[8 lo]
． The key 

element in the nuclear collective modes is the 

mean field，where nucleons move independently 

of each other ill quantized orbits．This concept 

has proved to carry on well into the field of sim- 

pie metal clusters and，more recently，also to 

provide the basis for a microscopic description 

of fullerencet11J．In the present Paper
． therefore． 

we will use the Vlasov equation．basing on the 

mean field theory，to study the collective excita- 

tion．i．e．the giant resonances of spherical metal 

clusters． 

2 Outline of the theory and m ethod 

In Refs．『8—101，an almost analytic method 
is derived to solve the nuclear Vlasov equation 

for small amplitude collective oscillations．in the 

cases with and／or without particle．．hole correla．． 
tions． In particular，the test particle method 

used to directly solve the Vlasov equation is 

given in Ref．『101． 

The Vlasov equation is an equation for 
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single particle probability density function and cosfl = ( ／A)． represents the angle 
，( t)．It can be written in Poisson bracket variable on the orbit plane，with =A／mr。． 
form as 

¨ flQ}=。 

here (t)Q(r] is an external driving 
tial and h is the self-consistent single 

ia 
)： p2t + ( t) ( )
= =+ ( ) 

(1) 

poten— 
particle 

with the self-consistent potential ( t)．It de— 
pends on the density f and introduces non— 

linear terms into Eq．(1)． For small ampli- 
tude variations about an equilibrium distribu— 

tion function，0， 

，( t)=fo( +g( ， t) (3) 

we can expand Eq．(1)to the first order in 9．We 
get 

0g  
= g)+{6 + ，，0) 

wheIe h。= + ％( i8 the equilibriuIn 
mean field，5W  is the self-consistent variation 

of the meall field due to the residualinteraction 

u( 7' )between particles： 

= ／ ( ) ) 
where 5p is the transitio

，

n density．Since 

p( ，t)=／d西( if,t) 

(5) 

it is clear that Eq．(4)is actually a complicated 
integro—differential equation． 

In a semiclassical picture．we can choose 

a Thomas—Fermi approximation for the equilib— 

rium distribution f0，that is 

，0( p]=F(ho)= 4 
(27rh)。 O(毋 一 0) (7) 

where Et is the Fermi energy． 

If we introduce some change of variables 

to a new set which includes constants of mo-- 

tion of h0，we can reduce the number of inde— 

pendent variables． Because there is a spher— 

ical symmetry for the equilibrium function 

，0，in Refs．[8—9】the transformation( __+ 
(E，A，7'，Q， ，，y)has been suggested． Here E 
is energy， the angular momentum， the ra- 

dius and(Q， ，，y)the Euler angles．Apart fi-om 

The 一dependence can be eliminated by us— 

ing a multipole expansion for both the ex- 

ternal field and the self_consistent term．i．e． 

0(3=∑L QLM(T) M(O， )(and a similar 
expansion for 5W)，with(0， )the polar COOl?一 
dinates of in the laboratory frame． The so— 

lution g( t)of the Eq．(4)can then be ob- 
tained exactly following the procedure discussed 

in Refs．[S~101．Some important points should 
bc stressed： 

(1)All parameters，which will be given 
later．must be fixed in order to have the correct 

number of conduction electron in metal cluster． 

We remind that in the semiclassical approach． 

up to the Fermi surface the number of parti- 

cle．i．e．the conduction electron number inside 

a cluster，is given by 

一 4 ／
。

'x~ '"

AdA[2m 

with the velocity field 

7-2(A) 

v(r)dr]， (8) 
·(A) 

．)=[熹(毋 】 。 
where me is the mass of electron，r1( )and 

7'2( )al'e the classical turning points for( ，E) 
orbit， fr is the effective radial potential includ— 

ing Coulomb and centrifugal terms，i．e． 

fr(7 ， )= (7')+Uc+ 2mer2 (10) 

Here the angular momentum is a continuous 

variable in Vlasov approach，but we can  quan— 

tize it by mea~lS of __+五 according 

to the quantum theory． 

The Fermi energy is obtained by 

Et= ff(7'，Am=)l，：， ； (11) 

Where r= 7 min means the above expression has 

minimum value at rmin． 

(3)From the knowledge of solution g，we 
can construct the strength function of collective 

excitation associated with any operator of mul 

tipolarity L an d radial dependence of external 

driving field QL( ．Let’s first ignore the resid— 
E and ，also Q and are constants of irio-- ual interaction between electrons． After solv 

tion since the plane of orbit does not change ing the linearized Vlasov equation，Eq．(4)，we 
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obtain the uncorrelated(without u 

resonance poles(energies)as 
Ⅳ)=礼 27r+Ⅳ 

， 

with 

⋯ 高 
radial period and 

( )=一 

⋯ 高 ， 
87r2 

2 + 1 

( 7'，))giant 

(12) 

(14) 

angular“period”for each orbit(A，E)where we 
Call find electrons for a given mass．Fermi an— 

ergy and unperturbed mean field． Here n，N 

are integer number，一。。 < 礼 < oo and —L 

Ⅳ < L with(一i)N = f—i)L． Correspond— 
ingly，the uncorrelated strength function for any 

external field with multipolaxity L and radial 

dependence QLM(7')has the structure： 

／椰 )／ ( 1 1 Ⅳ)l (0,)--WB(Ⅳ))(15) 
Here N is the spherical harmonic function 

with the phase 

where 

Q(n， N)= 

(Ⅳ，r)= (N)r(r)一Ⅳ (r) 

7-(7')= 

(7')= 

【、 
dr 

。 "(r )m7' 

2厂 ，， 

。

出 ‘ 

(18) 

are， respectively，the time elapsed and angle 

spanned to reach the position 7'on orbit( ，E1． 

Making use of the uncorrelated poles and 

strength function．and taking the residual inter— 

action between electrons into account．the cot— 

related results i．e．the correlated lleW”poles 

and correlated strength functions then Call be 

obtained through the well known dispersion re— 

lation as discussed in Re1．『12]．For a general 
separable residual interaction．we can define the 

multipole—multipole residual interaction as： 

UL(7"，7' )=kL7,L7，厄 (20) 

where kL is the strength of residual interaction 

and L is the multipolarity．For the lnore details 

about the giant poles and strength functions for 

both the uncorrelated and correlated cases one 

can find in Refs．『8～101． 

3 Results and discussion 

W e have st udied the dipole giant resona．nee 

in spherical cluster Nal4 within the fra~ne— 

work mentioned in Sec．2． W e remark that 

Q(? ，Ⅳ)，the residues at poles，are given by 

QLM(7' ) 
(7J) cos[S．(N，7t)] (16) 

the dipole giant resonance excitation of small 

metallic cluster is the electrons oscillating col— 

lectively relative to the heavy positive charges 

in cluster． We are，therefore．exclusively con— 

cerned with the dipole properties．i．e．we need 

to specialize the response equations to the cas e 

L = 1． The potentials that simulate the self- 

consistent mean field potentials for electrons in 

Na cluster had been derived by Ekardt[21
． Such 

potentials can here be approximated by a sim- 

ple analytic expression in terms of a spherical 

Weods—Saxon potential： 

(r)= exp[(7"一7"o)／ao]+1 (21) 

where V0 is the depth of potential，7'0 is the 

effective radius of the cluster sphere and 58一 

sulned to be 7"sN }where r§ s the radius of a 

sphere containing one electron in the bulk，and 

Ⅳc the number of atoms per cluster．an is the 

sur ce thickness of potentia1．Table 1 presents 

parameter Sets in our calculations which lead 

to Fermi energies～ 3 eV and the number of 

atoms per cluster ～ 14． There axe three 

choices for parameter 7's，where 7's = 3．93 u 

and ? s= 2．25 it had been used to reproduce 

wcll the electronic shell and supershell struc— 

tures of sodium clusters[13,14]
． 7"s=3．93 and 2，25 

are slightly larger than the W igner—Seitz radius 

for bulk sodium (2．08)．This is due to the so— 
cal!e(1“spill out”resulting from the extension 

of electrons into the region outside the positive 
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charge．A typical correlated result of the collec． 

rive response strength distributions for dipole 

giant resonance mode is shown in Fig．1． One 

can see from Fig．1 that the strength distribu． 

tions(in percent of energy weight SUln rule， 
EW SR1 of the dipole giant resonance in clus． 

ter Nal4 have no substantial changes for using 

difierent parameters sets． The iilain distribu． 
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tions locate around 2 eV region． A fair agree． 

ment with the experimental observations is ob． 

rained[15，16】
． Since there is very weak residual 

interaction between electrons．in Fig．1 we take 

the strength parameter of kl(where L=1)as 
0．015．W e have tested difierent k1 of 0．01—0．02 

and found no significant chan ges in the final re． 

sults． 

0．6 

L  
E／eV 

Fig．1 Strength distributions of dipole giant resonances in Nal 4 

Based on parameter sets I．Ⅱ．Ⅱ in Table 1 

E／eV 

Table 1 Parameter sets used in calculation and calculated values of electron Fermi energy Ef and of 

atom number per cluster N 

In conclusions，we have studied the collec． 

rive excitations of dipole mode in sodium clus． 

ter within a microscopic semiclassical V!asov 

approach，getting response functions in close 

agreement with experiments．The strength dis— 

tributions display that the collective response 

of dipole mode is laid in region from 2 eV to 

2．5 eV．Both resonance energies and response 

strengths are not very sensitive to the choicc of 

the strength of residual interaction．Finally．we 

would like to stress that although the Vlasov 

approach is based on mean field theory．one 

can easily go beyond mean field，by extending 

Vlas ov equation to include the particle．particle 

collisional terms． It will be quite interesting 

to study the interplay between Laudml damp． 

ing(one body damping)and collision damping 

(two body damping)，since such an interplay be— 
tween two damping mechanism s is very lmpor‘ 

rant to account for the observed widths of giant 

resonances． Further researches along this line 

are proceeding．and results will be presented in 

near future． 
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