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Multiple plasmons and anharmonic effects in small metallic clusters
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Processes leading to possible anharmonic dipole-plasmon oscillations in alkali-metal clusters are investi-
gated. The electronic excitation spectrum of sodium clusters including highly excited states with more than one
plasmon is calculated with an approach based on the separation of center of mass and intrinsic motion of
delocalized electrons. The spectrum is analyzed in terms of collective plasmon oscillations, intrinsic electron
motion, and their interaction. The latter is of primary importance. It is responsible for the anharmonicity of
giant dipole oscillations. The predicted nonlinear blueshift of the dipole resonance is comparable with its
spreading width, and therefore ought to be observed in photoabsorption experiments.
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I. INTRODUCTION pansion method. On the other hand Hagino reported a negli-
gibly small anharmonicity of plasmon oscillatiof3]. His

The giant dipole resonance is one of the most importantalculations for Ng based on the time-dependent variational
collective excitations in finite fermionic systerfis2]. Inthe  principle [16] gave a frequency shift for the two-plasmon
case of alkali-metal clustef8,4], for which valence elec- state of about 1 meV. Note that the nonlinear frequency shift
trons are delocalized throughout the whole volume, this colpredicted by Hagino is negative, at variance with the results
lective mode, usually named surface plasmon, corresponds tsf numerical simulation$§21].

a coherent oscillation of the electron cloud against the posi- The aim of the present study is to clarify the nature of
tively charged ionic background. This means a vibration ofanharmonicity of dipole plasmon oscillations in metallic
the electronic center of mags.m,). As a dipole external clusters. Similarly to Refs[22,23 we analyze the dipole
electromagnetic field couples directly with the electronicexcitation spectrum and investigate whether multiple plas-
c.m., the dipole surface plasmon dominates the cluster renon states can be excited. Our interest to this problem is
sponse to a laser field, as reported in numerous experimentsfimulated by recent experimentd4| and theoretical 25|
works on cluster spectroscopg—9]. works devoted to the interaction of small metallic clusters

For relatively low laser intensities the optical response iswith strong femtosecond laser pulses. Being irradiated by an
adequately described within the linear respofif®) theory intense laser field, the electronic system of a metallic cluster
using either the time-dependent local-density approximatioiis no longer in a regime of small oscillations, and collective
(TDLDA) [10-12 or the random-phase approximation with electronic excitations can exhibit anharmonic features. From
exchanggRPAE) [13-15. However the LR theory can de- the standpoint of theory, the linear-response theory cannot be
scribe only weakly excited electronic systems and the quesapplied any more, and we need to go beyond it.
tion whether the dipole surface plasmon in metallic clusters In the present paper we develop a method of description
is harmonic enough to allow multiple-plasmon excitationsof highly excited states including multiple-plasmon excita-
still remains open. Note that a similar question is of currentions. Our method is based on the separation of c.m. and
interest in nuclear physi¢d6—19. In cluster physics several intrinsic motions of delocalized electrons. The zeroth ap-
approaches to the problem have been considered. In TDLDAroximation where the intrinsic electron motion does not
numerical simulationgsee, e.g., Refd.20,21]) the oscilla-  couple with the c.m. motion, is equivalent to the model of
tions of the electron cloud after an initial displacement havecollective oscillations employed by Hagif@3]. Within this
been analyzed, giving evidence for plasmon resonancegeroth approximation the anharmonic effects are negligible
Moreover, it was found that the dipole power spectrum atas long as the cluster is not too small. Indeed the anharmo-
large displacements differs from that in the linear regimenicity arises from the coupling of the c.m. and intrinsic elec-
[21]. In particular a blueshift of the resonance frequency hasron motions. The latter is also important in the linear regime
been observed. These numerical results indicate anharmonif plasmon oscillations, where, in addition to the spill out
effects. effect[2,4], it shifts the plasmon resonance frequency.

Other theoretical methods to build the excitation energy For the sake of simplicity we describe the cluster back-
spectrum of jellium clusters and to search for anharmoniground within the standard spherical jellium mo¢i26,10,
plasmon oscillations have also been put forwi@®,23 and  which neglects the internal ionic structure. This allows one to
contradictory results have been obtained. On one hand Catise standard methods of many-body theory to describe the
araet al. [22] reported a large anharmonic effect. They did electronic motion, such as RPAE3,14,27,1% Thus we re-
not observe any two-plasmon state in the excitation spectrurstrict our calculations to alkali-metal clusters with closed
of the sodium cluster Ng calculated within the boson ex- electronic subshells, for which the jellium model has proven

successfu[7,12].
The paper is organized as follows. In Sec. Il we outline
*Email address: claude.guet@cea.fr the basic expressions for the separation of the c.m. and in-
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trinsic electronic motions. In this section we also formulate We set a zeroth approximation such that the c.m. and
our zeroth approximation that reproduces Hagino’s resultintrinsic electron motions are independent. This choice is
[23]. In Sec. Il we analyze the effect of coupling betweenbased on the following simple fact. Within the standard jel-
the c.m. and intrinsic motions on the collective dipole exci-lium model[26,10,13, the ionic background is described by
tation both in linear{single-plasmonand multiple-plasmon a homogeneously distributed positive charge dengity
regimes. In this section we outline our procedure for numeri= 3/47-rr§. For sufficiently large clusters, neglecting the elec-
cal calculations. In Sec. IV we discuss the energy spectrurirons that spill out the surface, the potentigl,, is purely

of dipole excitations calculated for spherical sodium ions antparabolic. Using the conditio® ,r,=0, one immediately
we estimate the amplitude of nonlinear effects in the procesfings thatu(r’,R) = NR?/2r2 does not depend upon the in-
of photoabsorption in a strong laser field. An atomic systenrinsic electron coordinates. The harmonic frequency at

of units (A =e=m¢=1) is used throughout the paper. which the c.m. oscillates is the well-known Mie frequency

wmie= V1. Now, as we consider finite-size clusters hav-

Il. SEPARATION OF CENTER OF MASS AND INTRINSIC ing some electronic spill out, we write the Hamiltonian of
ELECTRON MOTION Eq. (3) as the sum of a model Hamiltonity, and a residual

To distinguish the dipole plasmon mode from other elecNteractionVe:

tron excitations, it is convenient to separate the intrinsic and
the c.m. electron coordinates. We start with the total electron
Hamiltonian of the cluster, which includes the electron ki-, i,
netic energy, energy of interelectronic Coulomb interaction,
and interaction with ionic background, p2

H=Hg+Vies, 5

5 HO:H,+m+Ueff(R) (6)
i L B N g
H=2 —+= —+ ion(ra),
; 2 2 Feat |ra_rb| 5 |on( a) ( and
whereV,,,(r,) is the ionic background potential; the sum is Vied',R)=U(r',R)—U(R). )

performed over all valence electrons, one per atom. Let us
denote the c.m. vector bir and the intrinsic electron coor- The model HamiltoniarH, being separable, one writes its
dinates byr}: total-electron eigenfunction as a product of wave functions,

0 _ ’
R:%E fa FL=r—R, @) W (ra) =Wa(R)D,(ry). (8)
The wave functiond ,(r}) is an eigenfunction of the in-
whereN is the number of electrons. Similarly, the momen- trinsic HamiltonianH" with corresponding eigenenergy, ,
tum of the center of mass motion is equalRe-3,p, and (»=0 denotes the ground state of intrinsic mojioand
the intrinsic momenta ar@,=p,—P/N, respectively. We W¥n(R) is one of the effective plasmon Hamiltonian,
separate the intrinsic and c.m. coordinates in @yassum- )
ing that the amplitude of the displacement Rfis much H=P—+U (R) 9)
smaller than the cluster radi&,, R,=rNY3 wherery is 2N et
the Wigner-Seitz radius of the bulk material,€4 a.u. for
sodium [28]. Expanding the ionic background potential The effective potential for c.m. motiokl.((R), is obtained
Vion(r 2+ R) in Eq. (1) in power series with respect ®, the by averaging the exact potentigl(r’,R) over the ground-

total Hamiltonian can be written as state electron density,(r):
p2 Q)
H=H"+ 53 TUIR), &) Ueff(R):nZer”(R)
' ; 1
whereU(r',R) is :nzl n_|f Pe(r)(R-V)”Vion(r)d3r. (10)
U(r’,R)Eé U(ra1R):§ [Vion(ra) = Vion(ra)] All odd terms vanish after averaging whenever the

ground-state density is spherically symmetric. The first non-

1 vanishing term corresponds to the pure oscillator potential
=3 S S (R-V)Vign(r), (4) J P P P
=1z n! 2 o
VDR =N 2 AT e
andH’ is the Hamiltonian of intrinsic motion. It has the form erf(R)= 2 wsp—3N pepidT,

of the total Hamiltonian with natural replacement of all elec-
tronic coordinates and momenta by corresponding values iwhere p, and p; are the electronic and ionic densities, re-
the c.m. system. spectively. Thus within this approximation the electron en-
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ergy spectrum is given by the sum of intrinsic enesgyand  which is independent afi. One observes that the coefficient

energy of harmonic c.m. oscillation: B and therefore the frequency shift of the double-plasigpn
) are negative. Quantitative estimates of anharmonic shifts in
En,=&,tog(n+3), (120 sodium clusters at the present zeroth approximation will be

: . given in the following section.
where n is the quantum number of the oscillator state

V,.(R), i.e., the number of excited plasmons.
Within the dipole approximation, an external laser field ll. COUPLING BETWEEN CENTER OF MASS
interacts directly with the c.m. coordinate and does not excite AND INTRINSIC ELECTRON MOTIONS
the intrinsic motion, i.e.p=0. Therefore in the present ap-
proximation the dipole excitation spectrum is purely har- Let us go beyond the uncoupled approximation and con-

monic, E, o~ Eg,g=Nws). sider intrinsic excitations caused by the plasmon oscillations.
In the special case of spherical clusters with a homogeFormally the coupling between the c.m. and intrinsic elec-
neous sharp edged ionic background distribution tron motions originates from the nondiagonal matrix ele-
ments ofV,.¢(r’,R). We recall that
3
pi= 30(r_RO)1 (13)
Aty Vier',R)= 2, VI(r'.R)
Eq. (11) gives 1
Wsp= WMmie 1- N’ (14)
(19

where 6N is the number of spill-out electrons.

In our zeroth approximation the anharmonic correction
to the plasmon excitations originate from the higher terms o
the expansion given by E@10). The first anharmonic term
in the effective potentidl .¢+(R) is of the fourth power oR,

SIn a first step we shall consider the coupling terms as a small
erturbation and get a rough estimate of the anharmonic ef-
ect; this qualitative approach will help us to discasinitio

calculations presented in a second step.

The first term of the expansion &.4(r’,R) yields the
leading contribution to the coupling. We keep only this term

f pe(N(R-V)*V,on(r)dr. for the perturbation,
(15

UENRI=BRY,  B=_"s

’ _\/Q) _ . : '
The integral on the right-hand side can be easily evaluated in Wira,R)=Viedr.R) g (R-V)Vien(ra). (20
the case of spherical clusters. The averaging over the spheri-
cal ground-state density distribution is equivalent to the avThis potentialW(r’,R), which is associated with the addi-
eraging over all orientations of vect&. Using the relation tional time-dependent electromagnetic field arising in the

RRRR= R“((Sij Ot i Jji + 81 6j,) /15, one finds that c.m. system due to the plasmon oscillations, has the form of
o a separable interaction between dipole plasmon and single-
A Ao dr— 7N* dp, 16 particle excitations. The total Hamiltoniath of Eq. (3) can
B=5r ] pehpidT= 10rg dr| .- 18 then be written as
Y]
Note that our result fo differs by a numerical factor 9/5 H=H"(r")+H(R)+W(r",R), (21)

from that given by Eq.(21) in Ref. [23]. We follow the

prescription of Refs[23,16] to obtain the multiple-plasmon where the operatd(r',R) couples unperturbed statds, o
frequencies. This requires using the Bohr-Sommerfeld quarandW¥ .., . Let us evaluate the corresponding corrections to
tization condition for orbits in the anharmonic potential, the energy spectrum given by E@.2). In the second order
Ueii(R) = NwipR2/2+ BR*. We obtain of perturbation theory the energy shift is

3B n’,»|W|n,0)|2
NP 17 AEG= > u (22)
N wSP ' n’#n,v#0 En,o_ En’,y

En,O_ EO,OZ nwsp-‘r n2

The anharmonic shift of thath plasmon defines the anhar-

monic parametet, in terms of the second difference: where|n, ) denotes the unperturbed stat,(R)®,(ry)).

The oscillator part of the matrix element is equal (to
38 +1|RIn)=(n+ 12+ 1/2)[Newg, Thus AEZ} contains
(0=En+10-2Eno+En_1o=———. (18  terms proportional ta and leads to a shift of the harmonic
' ' " (Nogp)? frequency:
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TABLE I. Spill-out parameteréN/N, plasmon frequencyog,
accounting only for spill-out effect Eq14), plasmon resonance
energy in the RPAE spectrum, and anharmonicity paramétarsi
{, calculated for spherical sodium cluster ions of different sizes.

shift for all clusters but the very small ones such a§.Na

One concludes that the main contribution to the observed
redshift is due to the repulsion interaction between the dipole
plasmon and the intrinsic excitations of higher energies, a
process that is properly accounted for in RPAE. Nevertheless
there is a close connection between these two contributions

Naj ~ Naj;  Na;  Naj,  Nag

SN/N 0.14 0.13 0.12 0.096 0.084  since both effects arise from the spill-out electrons. Indeed
wsp (V) 3.15 3.17 3.20 3.24 3.26 the jellium background potential does not contribute to the
wrpae (8Y)  2.98 2.88 2.76 2.88 2.84 coupling in the interior of the cluster since there it is purely
£ (V) 0.055  0.12 0.27 0.22 0.27  parabolic Vjon(r) = 0Z.(r2—3R3)/2. Adding tov(r) in Eq.

Lo (eV) —0.023 —0.0072 —0.0029 —0.0017 —0.0009 (23) the linear term— z/rg, which inside the cluster is iden-

tical to —dV;,,(r)/dz, does not change the matrix elements,
sinceX,,z,,=0. Thusv(r) is nonzero only outside the clus-

2 ter:
2w,
dAE®R 1

> o(rl)

a

13 wedl)
Aw@=

= = y Z z
0 dn 2Nogp 70 w5y o’ v(r)=N(— )a(r—Ro). (24)
r

(23) * Ry

where w,=&,— ¢, is the intrinsic excitation energy, and The relation between both contributions to the redshift

v(r) is the derivative of the background potential along thetan be illustrated by the following simple consideration. Let

direction of plasmon oscillatiorlet it be thez axis) v(r) us put all |nt,r|n5|c excitation energies qual to some average
—dV,,(r)/dz value w,= w’. Then the sum of the matrix elements in Eq.
| 3

(23) can be calculated using the sum rule
< v 0> O> .
tation of the intrinsic motion. In small sodium clusters, espe- (25)
cially in positive ions, almost all dipole excitations have en- ) _
ergies w, larger thanwg,. Thus the energy shift23) is Slncev(r_) is nonzero only put3|de the_cluster bac_kground,
negative. This fact correlates with the experimental data fofh€ matrix element on the right-hand side of &2f) is ac-
sodium cluster ions Na[3,4,8,9. tually fo_rmed in the_ thin layer of spill-out electrqns. Using
According to the existing experimental data for photoab-th€ explicit expressiofEq. (24)] for v(r) we obtain a red-
sorption spectra of closed-shell sodium clusters and also iAnift,
agreement with the results of LR calculatiqd®,11,13—1%
the position of the giant dipole resonance is about 2.8 eV, ) 3 6N
L . - . Aw'®= —
which is essentially lower than the Mie frequency for sodium P o8y (w2 —w'?) N’
wyie=3.4 eV. The spill-out effect that we discussed in the sSSP Tsp
preceding section cannot alone explain such a significanwhich is also proportional to the number of spill-out elec-
redshift of the plasmon energy. In Table |, we compare therons.
plasmon frequencies calculated within the RPAE with those The next order of perturbation theory gives the nonlinear
from Eq. (14). The spill-out correction wyje—ws,  correction to the energy spectrum corresponding to the an-
= wpnieON/2N provides only a small fraction of the total red- harmonic frequency shift

The angular momentum of the operatofr) coincides
with that of the dipole plasmon,.=1, as expected from
conservation of angular momentum. So the creation or the S 20
annihilation of one dipole plasmon generates a dipole exci- 55~ "

g v(r))

2
=<02 [Vo(ry]?

(26)

[(n",»|W[n,0)|?
sEf-—ag 3 LneMnoP
n’#n,v#0 (En,o_ En’,v)
N > (n,0/W[ny, v)(ny, va|WIn',00(n",00W|n,, v5){nz, v,|W|n,0) 27
ng,Np,n"#n,vy,v,#0 (Eno— En1 ,Vl)(En,O_ En',o)(En,O_ En2 ,v2)
Assuming that all excitation energies have the same value (A wgzp))z(wﬁan 3w'?)
w,= o', the parameter of anharmonicity= d°E , o/dn? can = T (28
be written as o' (0~ wgp)
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Since wsp<w’ the nonlinear frequency shift is positivé,  set of intrinsic electron-hole excitations is now used as a

>0 in contrast to the uncoupled contributigp<0, [see Eq. basis to construct the stationary intrinsic RPAE excited

(19)]. states:
Let us estimate the anharmonic paraméteFrom RPAE

calculations we find the parameter in Eq. (26) to be »’

~5 eV for sodium cluster ionlla, , 41<n<93. This leads

to an anharmonic parametés~0.15-0.2 eV for these clus-

ters. Such an estimation ¢fis larger by two orders of mag- where|®.) denotes the HF ground state, anda,, are cre-

nitude than the uncoupled anharmonicity paraméger ation and annihilation operators of single-particle HF states,
In order to be more gquantitative one should take into acXg, and Yg, are the forward-going and backward-going

count the exact positions of the excitation levels. HoweveiRPAE amplitudes that measure the contribution of a particu-

the simple perturbation theory is no longer valid becausédar single-particle electron-hole excitation to the collective

some intrinsic levelE, _; , are localized quite close to the electron stat¢d,). Indexh spreads over all occupigtiole)

unperturbed plasmon excitatidf), 5. The strong interaction HF states while inder spreads over all vacafglectron HF

between these states should be taken into account exacthtates. TheXy, and Yy, amplitudes satisfy the matrix equa-

Another group of intrinsic levelg,, ; , is separated from the tion

plasmon excitation levelE, o by a large energy gap of about

2w, Therefore the interaction between these states is much P O\fA B)\(P 0}/X"

weaker and can be neglected. Thus we write the eigen-wave- o pP/llB* a*/lo p/lyY] ¢

function of the total cluster HamiltoniarEq. (21)] as a su-

perposition of unperturbed statds,0) and [n—1,0#0)  which differs from the standard RPAE equation only by pro-

coupled by the perturbatiow/(r’,R): jection operator®. MatricesA andB are defined as follows:

|®,>= ; (X:Palay+ YL Palay)| o), (32

v

: _Y,,), 33

A "he, h=(£ ’_Sh’)‘sh’hg’ +<e,h|\7|h,e>, (34)
W= CoWa(RIDo(r) + 2, C¥n 1(RID,(r}), (29 e °°

Berhr’eh:<ele|\7|h,h>,
where the coefficient€, satisfy the following matrix equa-

tion: and the matrix element of residual interelectronic interaction

V is equal to

[e,+ wsp(N+ 85,— 3) —E]CK 5 (D et ) g (1 (D)

r=r’|

b
(el )= |
+> (n+ 8o, — Ly|W|n+ 8, —1')CK, =0,  (30)

J’lﬂer(r (V) (1) thrr (1! )drdr’
with E, being the total energy of the excited st&teThe [r—r’|

matrix equation[Eg. (30)] follows from the Schrdinger (35)
equationd ¥, =E, ¥, , whereH is given by Eq.(21).

The wave functions of intrinsic excitations will be given
by the RPAH 13,15 as a linear combination of electron-hole
excitationsy(r) ¥ (r). The basis single-particle functions  Wwe consider spherical sodium cluster ions'Nef sizes
Yen(r) are obtained as solutions of the Hartree-Fodlk)  n=9,21,41,59,93. In a first step we calculate the energies
equations. However, for our present purpose, the standaighd wave function®, of intrinsic excitation§Eq. (33)]. For
RPAE scheme should be modified. Indeed the basis 0|l these jellium clusters the energy spectra exhibit similar
electron-hole excitationg(r) ¢ (r) contain both the plas- features. In Table Iffor Nag and N&, we compare these
mon and the intrinsic excitations since the dipole matrix el-intrinsic excitation energies with the standard RPAE dipole
ement, Zen= (/2| he) #0. In order to extract the intrinsic excitation energieso; [13,15. In the RPAE spectrum one
components from the electron-hole excitations we use thean distinguish a main line with maximum strength just be-
projectorP defined as low 3 eV. As this line is absent in the spectrum of intrinsic
excitationsw,, it is associated with the dipole-plasmon exci-
tation, indeed. All other lines of the RPAE spectrum lie close

IV. RESULTS AND DISCUSSION

ZerZn' e’
Pzpe(r)wﬁ(r)=2 5eeréhh,—& ¢e,(r)¢ﬁ,(r). to the corresponding lines of intrinsic excitations, being
e’h’ > |Zenl? slightly shifted due to the repulsion interaction with the plas-
eh mon.
(3D In a next step, according to Eq29)—(35), we calculate

the spectrum of excitations formed by one dipole plasmon
The dipole matrix element for the resulting intrinsic excita- state|1,0), and a group of intrinsic excitation®,v# 0). In
tion Py(r) 4 (r) identically equals to zero, as desired. The Table Il we present the corresponding excitation energies
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TABLE Il. Excitation energieso; and oscillation strengthfs (in 60 F— T T T T T T T T T
% of the dipole sum rulecalculated within the RPAE for Naand
Nag, clusters. Energiess, of intrinsic excitations are calculated
according to Eq.(33). Excitation energiesw, and oscillation 50 b i
strengthsf, are calculated according to E(O).
wj (eV) f, w, (8Y)  wy(eV) fi S w0l 2806V
5 4
Nag =
1 2.438 3.3 2.482 2.453 5.2 ‘é)
2 2.978 89.4 2.963 84.4 (] 0L i
3 4.536 3.4 4.485 4.567 3.6 n 3.07 eV
4 4771 2.3 4,743 4.802 4.0 %
5 5.515 0.6 5.503 5.526 0.9 ke
Na§3 O 20} 3.26 eV .
1 1.020 4x10°2 1.038 1.036 & 10 2
2 1.193 4<10°3 1.194 1.194 &10°3
3 1.876 8x10 3 1.877 1.877 K10 ? 10 .
4 1.964 <1073 1.964 1.964 X103
5 2.841 40.6 2.798 44.6 | I |‘l | ]
6 3.036 11.8 2.972 3.033 8.5 0 2 1 1 aiilR 1 J Ul
7 3.175 20.1 3.021 3.178 15.3 0 2 4 6 8 10
8 3.390 7.1 3.105 3.397 6.1 Energy (eV)
9 3.439 0.5 3.353 3.440 0.6 o . .
10 3553 16 3525 3549 26 FIG. 2. Excitation energy spectrum including ona=(1), two-

(n=2), and three- 1t=3) plasmon states for Nacluster. The
height of any line measures its strength as the fraction of pure
plasmon excitation|C§|2.

o =E,, together with oscillator strengttig. Since the ini-
tial plasmon excitation|1,0) alone collects the whole _
strength, the oscillator strength of the resulting excited statgethod developed here. Thus with reasonable accuracy, we
|¥,) is determined by the fraction of plasmon stéte0) in can describe the photoabsorption spectrum in terms of
W), fk=|cg|2_ For the sake of illustration, the positions of dipole-plasmon oscillations, intrinsic excitations, and their
these excitation levels with a small fraction of pure plasmorinteraction. This interaction leads to the redshift of the plas-
excitation are shown in Fig. 1 together with plasmon excitainon line and a redistribution of the oscillator strength from
tions. Table Il and Fig. 1 demonstrate a good agreement bdhe plasmon mode to intrinsic excitations.

tween the RPAE spectrum and the spectrum calculated by the The RPAE spectra correspond to the linear regime of pho-
toabsorption where only one electron-hole pair can be ex-

50 i ] cited at a time. Whereas RPAE is restricted to linear regimes,
r— —— —1{ sl — —] our proposed method allows us to go beyond the linear re-
s ] = - | sponse. Indeed, Eq9) and(30) describe a possible simul-
a0k 1 sof= — —| taneous excitation ofi plasmons. As an example, in Fig. 2
a5l ] s _— we present the excitation spectruf,, of Nag, calculated
—_— {1 25} 1 using Eq.(30). The strength of the lines corresponds to the
=¥r -_— ] I 1 fraction of pure plasmon excitatigm,0) in the considered
= 25l 121 i state, |CK|2. As shown by Fig. 2 the excited states are
‘s’ ol 1 sl ] grouped according to the maximum number of plasnroims
. ] I ] the excitation. Each group of excited states with a given
e 1 1ok J value ofn is formed by the superposition of basis stdtes)
10} . I ] and|n—1,v#0). In each group we can distinguish the state
os | 1 ost . with the largest fraction of pure plasmon excitation. The be-
L a ] - b . havior of these collective states differs from the behavior of
0.0 0.0 other excited levels. Excited states with a small contribution

FIG. 1. Dipole excitation levels for Na(a and N (b) clus- of pure plasmon excitation lie cloge to the initial uncoupled
ters in the jellium model. Plasmon excitations with the IargestbaSIS Ieyels*,n,:». On the Contr‘irg’ in the ca§e O.f the ex'C|ted
strengths are indicated by thick lines, while the thin lines corre-State with the largest value ¢€¢|* the coupling interaction
spond to the levels with a small fraction of pure plasmon excitationiS much stronger. The energy shift between the position of
Left column: lowest unperturbed excitation levels, EtR). Middle  this level and that of the corresponding unperturbed plasmon
column: excited levels calculated according to Bf). Right col-  wsn is larger than 0.4 eV. The wave function of this state is
umn: RPAE levels. a superposition of pure plasmon oscillations with a large
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number of intrinsic excitations. low intensity clusters initially in their ground state undergo
The most important optical dipole transitions that occuronly one excitation if any. With increasing intensity a sub-

within the sequence of multi-plasmon states are shown irstantial set of these clusters having already experienced a

Fig. 2 by arrows. The corresponding transition energiessingle-plasmon excitation can undergo a further optical tran-

AE,=Ey(n)—Ep(n—1), i.e., the plasmon frequencies, are sition to the excited state with plasmon numiver 2. We

also indicated. Anharmonic effects are readily evidenced bgan estimate the probability of excitation, i.e., the average

the discrepancies we observ&E,=2.798 eV, 3.067 eV, number of excited plasmons by assuming the equality of

3.25@V, ... forn=1, 2, 3,... plasmons, respectively. asmon excitation and relaxation rafes(w)l/w andI'n,

The plr_;\smon frequenc_:y increases With th(_a ”“”.‘ber of pla' respectively, whereo(w) is the photoabsorption cross sec-
mons, in agreement with the blueshift predicted in the q“a"'tion which is given in Ref[9]. The resulting intensities

tative analysis of the preceding sectifsee Eq.(28)]. This ecessary for observation of nonlinear effects vary from

oo el % Conecled Wi e debEncence thout 2:10° Wit fo N o shout 3107 Wient for
Ping P P ' Na,;. Note that since the photoabsorption cross section is

Wor yn. . . . roughly proportional to the number of valence electrons, the
The anharmonic shift of the second plasmon defined as, . . o . .
reshold intensity decreases with increasing size. In the case

{=Ep(2)+Ep(0)—2Ey(1) is given in Table | for our series N — 0
of sodium clusters. The numerical values are in agreemerflf the N& cluster we haven~1 whenl ~6x 10'° W/cn?.

with the rough estimate of given in the preceding section ~ The present theoretical scheme can be easily extended in
by Eq. (28). We also show in Table | the uncoupled contri- ©'der to calculate the decay width of the collective motion
bution £, to the anharmonicity parameter, E48). HF cal- arising from its coupling to intrinsic excitations. This will not
culations yield a derivative of the electron density on theP® done in the present paper. However a qualitative estimate

jellium edge,dpe/dr|,_r ~—8x10"* a.u. for all clusters can be done. As the coupling matii scales withyn, one
0 expects the width to increase with the numhef plasmons

if taking account only the first term of the expansidgg.
%4)]. A minimal value for the width of thex-plasmon state
will thus bel",,=nT". For states with a large number of plas-
mons, contributions of higher-order terms in the expansion
Eq. (4)] will be significant since they scale a$, n®, .. ..
hus the observation of multiple plasmons would be limited
to just a few of them.

considered here. One sees tlfagxceeds(, for all cases.
Note that{, decreases rapidly with increasing cluster size a
N~#2 However it turns out to be only two times smaller
than ¢ in the case of the small Nacluster. In contrast, the
coupled anharmonicity decreases with size in the case of
very small clusters, as the coupling between the collectiv
state and particle-hole excitations is weak. Already foj;Na
the parametet, is smaller thary by an order of magnitude
and the ratioZo /¢ rapidly decreases with cluster size. In the
case of a very large clustef, should go to zero asl—**
according to Eq(28), but this takes place for clusters con-  In the present paper we investigated the excitation spec-
taining more than hundred atoms. trum of sodium clusters and analyze the anharmonicity of

Though the anharmonicity parametgris smaller by an  dipole-plasmon excitations. A description of the excitation
order of magnitude than the plasmon frequengy, one can  spectrum based on the separation of center of mass and in-
expect the nonlinear effects in photoabsorption to be sizetrinsic electronic motion has been developed. Within the pro-
able. The anharmonic signal would appear both as an inposed method, highly excited states containing more than
creasing blueshift and a decreasing strength of the giant dene-plasmon excitation can be considered. The formation of
pole resonance with increasing electric-field intensity,the excitation spectrum is analyzed in terms of collective
whereas the double-plasmon state gets more and more eglasmon oscillations, intrinsic electron excitations, and their
cited. The blueshift is of the order gfwhen the probability interaction. The latter is of the primary importance for the
of exciting the double-plasmon state is large. Thus a possiblphotoabsorption spectrum since together with the spill-out
anharmonicity would be detectable for laser intensities largeffect it determines the position of the plasmon resonance.
enough, and for clusters having a plasmon width smaller oWWe demonstrate that this coupling provides the main contri-
comparable withZ. The last requirement is actually fulfilled bution to the anharmonicity of plasmon oscillations. Though
for the sodium clusters considered here, for which experithe predicted nonlinear blueshift of the plasmon resonance is
mental plasmon widths are abaolit-0.2-0.3 eV[9]. much smaller than the plasmon frequency, it can be observed

Let us estimate the intensityof the laser field for which in a photoabsorption study since the shift is comparable with
the probability of exciting the second plasmon is large. Atthe plasmon resonance width.

V. CONCLUSION
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