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From collectivity to the single-particle picture in the photoionization of clusters
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Photoionization of alkali-metal clusters is investigated theoretically for different photon energy regimes. At
low energies the photo cross section is characterized by the well-known plasmon peak resulting from collective
electron dynamics. For high energies the ionization cross section exhibits an oscillatory behavior, which can be
explained by single-particle effects. In this paper we use the random phase approxifR&#®rto calculate
the photo cross section on an equal footing for both, the low- and the high-energy regime. Thereby, we can
show that the cross sections for photoionization calculated in the collective RPA and in the single-particle
picture indeed merge for high photon energies. Moreover, we demonstrate that the oscillatory behavior can
already be identified at low photon energies where the cross section is not yet exponentially small. Hence, it
should be possible to identify the oscillations experimentf$1.050-294{®9)07706-9

PACS numbgs): 36.40.Gk, 33.80-b, 21.60.Jz

[. INTRODUCTION can be identified already at photon energies that are lower
than those for which the first innershell ionization processes
Since the beginning of cluster physics in the late 1970ccur since the latter dominate the ionization cross section.
the irradiation with laser light has revealed fundamental clus- To our knowledge, no measurements of the photoioniza-
ter propertied1,2]. One of the important characteristics is tion cross section of alkali-metal clusters for an energy inter-
the collective response of the valence electron cloud to laseral large enough to reveal one cycle of the oscillatory struc-
radiation. The most prominent consequence of this collectiveure have been performed. For alkali-metal clusters with up
behavior in the absorption spectrum is the occurrence of the 100 constituents such a measurement requires covering an
giant dipole resonance that accounts for almost the entirgiterval of approximately 5 eV in the regime of synchrotron
oscillator strength. This resonance, which can be excited iRadiation[6].
most cases with visible laser light corresponding to an en- However, analogous experiments have been performed
ergy of a few electron volts, was investigated thoroughly infor the photoionization cross sections af,¢8] and G [9].
experimental regar{R,3]. Theoretically, it can be described There an oscillatory structure has been found, which is con-
quite well within the random-phase approximati®PA) or  gistent with our calculation in the single-particle pictlia,
the time-dependent local-density approximati@LDA), — go0 alsg10]. Hence, in this case the single-particle approach

see, for example.1,4.. _From this work one can conclude seems to be reasonable at photon energies of the ordef of 10
that the observed behavior of the clusters is mostly due to thgV which is approximately twice the enerav of the plasmon
dynamics of the valence electrons with the collective naturees’Onance N grgp y 9y P

of the response to linear perturbations of the ground stat8 . _—
P P g Another possibility to observe the oscillations, although

playing a key role. - . : ;
While the vast majority of publications deals with the V€Y difficult to realize experimentally, is the measurement

energy regime close to the giant dipole resonance, little atof the differential electron-impact ionization of clusters as
tention has been devoted to higher photon energies, e.g., &0Wn by Kelleret al. [11].
the photoionization well beyond the ionization potential The goal of this paper, calculating the photo cross section
[6,7]. Our analysis of this regime under the assumption ofvithin an RPA approach, is twofold: First, to confirm the
the validity of the effective single-particle picture has re-oscillatory behavior of the cross section which was discov-
vealed an expected exponential decrease of the cross sectiered using an effective single-particle approach only. Sec-
as a function of photon energy superimposed with an unexend, to investigate, how the low-energgollective signature
pected oscillatory structuff@]. We argued that at very high- of the cross section merges into the single-particle dominated
photon energies the single-particle picture should give reahigh-energy behavior. As a result, we will demonstrate that it
sonable results since the valence electron cloud is too inert tshould be possible to identify the oscillations in the experi-
follow the rapid oscillations of the electromagnetic field. ment.
Therefore, the electron density within the cluster would not The paper is organized as follows. The first part of Sec. Il
be altered significantly and the effective perturbing potentiakontains a short summary of the results of the semiclassical
should equal the external potential represented by the lasanalysis of the cross section for photoionization in the single-
field. particle picture from[6]. In the second part of Sec. Il the
While this argument certainly applies to the limit of high- methods, which account for the influence of collective ef-
photon energies one cannot sayriori for which finite en-  fects(RPA, TDLDA), are briefly reviewed and the approach
ergies it is already valid. However, for the oscillations to beused in this paper is explained. In Sec. Il the results of the
an effect observable in the experiment, it is crucial that theysingle-particle calculation are compared to the results of
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behavior of the cross section for photoionization as a func-
tion of photon energy. From these potentials the cross sec-
tion for photoionization can be calculated, either in the
single-particle picture, or including the collective behavior of
the valence electrons. For both cases we can use the same
initial- and final-state wave functions since within an RPA
approach the collective response of the electron cloud to the
laser field can be described with an effective dipole operator
Vet Whose form we will derive below.

For a spherical potential as in E(L) the total photoion-
ization cross section is the sum of the partial ionization cross
section for transitiond’—| between eigenstateg of the
single-particle Hamiltonian with angular momentuini’.

030 . . Assuming unpolarized light, including summation over all
0.0 10.0 20.0 300 final magnetic statesy; and averaging over the initial mag-
r@u) netic statesn; [14], such a partial cross section reddmic
units are used throughout the paper
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FIG. 1. Effective cluster potentials for Nafrom a DFT calcu-
lation by Ekardf{13] (solid line) and from Eqg.(1) with parameters
V(=0.226,L=14.478, anca= 0.9 (dash-dotted line In addition, a

>

[{e1(r) D]y (1)) ]2,

O-Elen’l’(w):w(z'n')zaF

box potential with equivalent randeand depthV, is shown. 21" +1
2
RPA calculations for the same test systemgNahe paper _ o _
ends with a conclusion in Sec. IV. whereD = D(r) is the radial dipole operatok,. is max(’,l),
n’ is the principal quantum number of the initial state, &d

Il. THEORY is the energy of the final state in the continuum.

The description of physical properties of clusters is due to A, Independent particle approach and semiclassical results
the high number of degrees of freedom, a major problem. A

drastic approximation is to neglect the ionic structure of the For the independent partlclg picture the dipole operator
cluster and to assume that the valence electrons of the atorfgPresents the usual perturbativg,(r) by the laser field
move freely in the homogeneously distributed background®Nly With the simple formD(r) =Ve,(r)=r in the length
charge density of the ionic cores. This approximation, knowrPauge- As long agg,, . are exact eigenfunctions ¢f

as jellium model, has proven to work well in the case ofthe d_|pole operator may be expressed in a variety of different
alkali-metal cluster§1,2]. The ionic charge density is dis- functional forms, which can be generated by the commutator

tributed over the volume of the cluster and its integral gived H,r]. In [15] we showed that for the interpretation and an
the total charge of the ions. For the ground state of the clusanalytical approximation of the photo cross section the most
ter the valence electron density can be calculated usingaluable form for the dipole operator is given by the so-
density-functional theorfDFT) [12]. A set of trial wave called acceleration gaug§=€V/w2, which expresses the
functions is obtained, which are the solutions of a singledipole interaction as a force supplying the necessary recoil
particle Schrdinger equation with an effective single- for the electron momentum generated by the ionization pro-
particle potential that contains the interaction among the vaeess. With this form of the dipole operator Ef) reads
lence electrons. This approach was introduced successfully
to alkali-metal clusters by Ekarfi13]. To some approxima- (27)%ap
tion the trial wave functions may be interpreted as the single- Ogl (@)= - 3
particle wave function$19]. @

The effective potential of Na from a calculation by

I
Ekardt[13] is shown in Fig. 1 along with the Woods-Saxon ><,—>|<¢;E|(r)|arV(r)|wn,,/(r))r|2,
potential, 2I'+1
3
B ~ Vo 3)
Vws= 1+ exga(r—L)]’ @ whereV is the effective single-particle potential.

A first insight into the analytic structure of the cross sec-
which will be used for the semiclassical analysis of thetion can be gained by considering a box potential as effective
single-particle cross section. The depth of the Woods-Saxosingle-particle cluster potential. The derivative of the poten-
potential is given byW, and a determines the steepness of tial yields a § function in the radial coordinate at=L,
the cluster edge, which defines the cluster radiuy,, L,  wherelL is the radius of the cluster and the square of the
and a are chosen in such a way that they approximate thenatrix element in Eq(3) collapses to a term proportional to
effective single-particle potential from the DFT calculation. |¢(L)|2. For high-photon energies the final wave function is

The essential features of the potential, i.e., a flat interiowell approximated by a free-particle wave function propor-
and a pronounced rise at the cluster edge, are similar in botiional to a cosine and the cross section oscillates as a func-
potentials and they are found to mainly influence the overaltion of the photon energy. Hence, using the acceleration
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gauge for the dipole operator, the oscillation of the cross . t . .
section is almost trivially understood for this case. 5P(r7t):J dt'J dr/II(r,t,r',t" ) Vex(r',t').  (6)
The single-particle potential originating from DFT calcu- o
lations has a soft edge, which is modeled in the Woodsthe propagator is equivalent to the retarded density-density
Saxon potential of Eq(1) by the parametea. Using WKB . 1alation functior{ 18]
wave functions for the bound and continuum electron states
and evaluating the integral of the matrix element B).by ('t Fit)= —ig(t—t")
the method of stationary phase leads to a simple expression” ' "’

for the ionization cross section. It depends merely on the X{ol[€Mtp(r)e ™t et p(r")e ]| yp),
effective single-particle potential and on the wave-numniber
of the continuum wave function inside this potential. Be- @)

cause the ionization energy of the elgctrons can t_)e aPPIOXWith the correlated ground stalté,) of the valence electrons
mated by—Vy/2, the wave number in the potential range. . | il ; he full Hamiltoni d
turns out to be in single-particle representation, the full Hamiltonieinan

with the density operator
k=V2w+V,. 4

The final analytical approximation for the cross section reads
where the index runs over the number of particles of the

Z)<F>=Ei s(r—ry), ®)

RK) . system. The linear polarization of the systenzidirection is
o(w)=D—ope 1+ Beod2kL -y, (5 the integrated density variation weighted By
whereD, R, 8, andy depend on the shape of the potential a(t)= —j drop(r,t)z. 9
and a,L give the steepness of the potential edge and the
radius of the Woods-Saxon potential. The details are given ||The Fourier transform oﬁ,(t) is related to the photo Cross
[6]. section by[5]
The interesting aspect of E() is the oscillation of the
cross section as a function of the wave-numibef the ion- o(w)=4mwag Ima(w)]. (10

ized electron with frequencyl2 and the exponential decay
of the cross section with-2amk. However, this result is The polarization propagatdi can be calculated within the
only valid for the high-energy regime as discussed abovérRPA resulting in an integral equation for [18]. The rather
because Eq(5) has been derived within the single-particle involved derivation, however, yields the same expression for
picture. IT as the TDLDA[19], which is pursued here. The polariza-
tion propagator from Eq(7) without interaction among the
B. Inclusion of collective effects by random phase valence electrons can be expressed by means of the single-

approximation particle Green’s functiorG(r,r’,E) in energy representa-

If collective effects are important, i.e., for low excitation t
energies, the single-particle picture is not valid and an alter- . o .
native approach has to be considered. Generally, there is a  Ho(r,r", @)=, [¢¥(r)¢i(r)G(r,r" ,Ei+ )
number of ways to include the collective effects in the cal- !
culation. First, there is the RPA in a formulation where a x (7 > S e
number of eigenfrequencies of an interacting system of DA E-e)], 1D
single-particle states is determined by a matrix diagonaliz

tion within a linear approximatioi16,17. The absorption i eigenfunctionsp; and eigenenergiel; . An imaginary

spectrum is then calculated by means of the matrix eIemerHartE is added to the energy to give a width to the reso-
in Eq. (2) for the wave function of the interacting many- ncjinces in the spectrum

ptarttlcle;yitem in the gdrOL:nd state, ar]:d the respefcttlr\]/e exine In order to determine the polarization propagdtbfrom
?a € ;N {C g:orrest_pon 1§h0 an et;gen frequelncy ot' Ielco ?CHO the linear response of the densjiyof the system to a
Ive electronic motion. Theé number of single-particie leve Sperturbation is constructed explicitly. The external perturba-

poledn e el cetemines e Tunber o 0% o\, consss n n s o s, inear gl

continuous cross section that requires a continuous spectrufiond thez axis, of the potentiaVex(r,t) =z exp(-iwt). For

as a function of energy instead of peaks at isolated resonan@@ninteracting particles the perturbation of the ground-state

frequencies. This can be obtained with an RPA formulatiorf€Sity can be expressed in the energy representatif] as
by means of the polarization propagator of the system.

The polarization propagatdi(r,t,r’,t’) gives the linear 5p(F,w)=f dr'Io(r,r, @) Vexd(r @) =IoVex
response of a system to an external perturbation. The density (12

variation of the ground state under the perturbat?q;gt(?,t)
can be expressed §%8] with

8yhere the sum runs over all occupied single-particle states
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vext(F,w):J dte Ve (1 t). (13
In the case of linearly polarized light we simply have

Vex(r,w)=z. Taking into account the interaction of the
electrons leads to an additional perturbation, which depends
itself on the density variatioAp. This perturbation induces a
potential approximated by

Vind(F:w):f dF’(

=Vop,

dVid p(r')]
dp(r")

1

r=r’]

)5p(l7',w)

14

where the first part is due to the Coulomb interaction and the
second part is determined by the exchange-correlation en-
ergy functionalV,. in the local-density approximation; for

details sed20]. The density variation including the interac- FIG. 2. Total absorption cross section as a function of the pho-
tion among the electrons is obtained by addifigy to Vey, ton energy for the DFT potential from Fig. 1. The single-particle

in Eq. (12). The resulting integral equation for the density result is displayed by a solid line and the RPA result by a dashed
variation reads in symbolic notation line. The calculation was carried out with an imaginary part
’ =0.04 eV of the energy in Eq11).

15.0

o(eV)

Sp=TIoVext oV p. (15)

particle description does not differ much from the RPA result

To solve Eq.(15) the density variationSp* must be found,
which is a fixed point of Eq(15). This can be achieved, e.g.,
by calculating dp self-consistently{19]. Alternatively, the
equation can be explicitly solved fa@ip,

if 8p is small. For high frequencies of the perturbing field the
electron cloud can not follow the rapid oscillations afjdis

bound to be small, thus leading to the equivalence of the
single-particle and the collective picture for high-photon en-

ergies.

5P:(1_H0V)_1H0VextEHVext- (16)

Ill. COLLECTIVE VERSUS SINGLE-PARTICLE
CROSS SECTION

In this formulation dp includes the interaction among the
electrons that occurs when the ground-state density is per-
turbed and is equivalent 6 from RPA calculations. Using
Eq. (16) in Eq. (9) the photoabsorption cross section ELD)
can be calculated for each desired energy in a discrete co
dinate space representation once the matrix [ll,V) has
been inverted numericallj21]. For a comparison of the dif-
ferent schemes mentioned above, E24.

To calculate the photonization cross section from the
collective response of the valence electron cloud we have t
find the effective perturbatioX.¢(r) representing the dipole
operator in Eq(2) for this case. From the case without col-
lective interaction we know that,,; is linked to the density
variation through the polarization propagatdy [see Eg.
(12)]. For Eqg.(2) to hold under collective interaction we
must determine the effective perturbation from the very same
form of the density variation as in E¢L2), i.e., we demand

Having provided the tools for the calculation of the col-
0Iective and the single-particle photo cross section we are now
ble to compare both results to assess the energy range in
which the single-particle approach is a valid approximation.
The explicit calculations have been developed along the lines
of the numerical implementation by Bertsi&il] but include
a more accurate numerical calculation of the wave functions.
ﬂigh-precision wave functions for the single-particle elec-
tronic states are required in a numerical calculation of the
absorption cross section for high-photon energies, as the
cross section depends crucially on the wave functions at
large radii.
In Fig. 2 we present the total photoabsorption cross sec-
n for Na, based on the DFT potential from Fig. 1. The
resonances in the spectrum have been broadened by an
imaginary energy of=0.04 eV inserted in Eq(11). The

Op=ToVerr. (17 absorption cross sections from the single-particle calculation
Comparison with Eq(16) shows that (solid line) and from the RPA calculatiofdashed lingdiffer
significantly for photon energies up to approximately 10 eV.
Vet=Vexit Vp= (14 VII)Vay. (18) A pronounced plasmon peak develops in the RPA calcula-

tion, whereas in the single-patrticle calculation single-particle
The formulation in terms of an effective potential allows oneexcitations appear. For energies higher than about 15 eV the
to compare the cross sections for photoionization in thecross sections clearly merge. The dipole sum rule, which
single-particle and the collective description simply and di-serves as a numerical check, is fulfilled in this calculation to
rectly. The difference between the two approaches lies in theetter than one percent.
difference between the dipole operators, which is equal to Proceeding further to the ionization cross sections we be-
Ving=Vp from Eq. (14). SinceV;,q is proportional to the gin with the ionization of a specific bound electronic level
density variationdp one sees immediately that the single- n’l’. The cross section for a transition from the given bound
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FIG. 3. The differential cross section for photoionization from (b) k(a.u.)
the 1s level of the DFT potential in Fig. 1 in the single-particle . o
approximation (solid line and within RPA (dashed ling The FIG. 4. Same as in Fig. 3 but for the total photoionization cross

imaginary part of the energy ie=0.0004 eV. Par(a) shows the section from the bound levels of the DFT potential in Fig. 1.
dependence of the photon energyand part(b) shows that the

cross section is plotted versus the wave nunkber/2w +V, of the  sections can be clearly demonstrated if the cross section,
ionized electron ando(k) has been scaled with the factor scaled with respect to the exponential decay extracted from
k" exp(2amk)/(1+a’’) to compensate for the global decrease. Thethe semiclassical analysis as summarized in Sec. I A, is plot-
arrow gives the oscillation frequency or wavelengthkispaceh  taq s a function of the wave number of the ionized electron,
=2ml2L. see Fig. &).

Finally, we present the total photoionization cross section
state to an ionized state of a certain energy has to be calcin Fig. 4. Again, the single particle and RPA cross sections
lated using the dipole operatdr, see Eq(2). As discussed merge although they become not identical with increasing
in the previous section, in the single-particle calculation photon energy. However, the oscillations are even better in
=r containing only the external perturbation while for inter- phase than in the partial cross sections of Fig. 3. The com-
acting electrons within the RPA we halle=V.; from Eq.  mon oscillatory structure is clearly visible and the corre-
(18), which represents the collective response of the electrosponding wavelength agrees with the value analytically cal-
cloud to the oscillating electromagnetic field. The result isculated in Sec. Il A and shown in Fig(l) for comparison.
shown in Fig. 3 for the transition from thesllevel with Most importantly for a possible experimental extraction
energyE; to p states with energ¥,=w+E;. For higher- of the cluster radius from the photoionization cross section,
photon energies the cross sections merge although they bere can read off from Fig. 4 that the cross section from an
come not entirely identical. However, the main characterisenergy starting as low as about 10 eV can be used to deter-
tics of the cross section that were predicted analytically arenine the oscillation frequency, despite the presence of col-
visible in both, the single-particle and the RPA calculations.lective electronic behavioidashed ling
A pronounced oscillation with a frequency equal to the di- Finally we note that according to our numerically ob-
ameter of the cluster and an overall exponential decay of th&ined cross sections details of the potential affect the abso-
cross section can be identified. This behavior of the croskite value, the absolute positions of the extrema, and the
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decrease of the cross section, but not the oscillation freas well as an exponential decrease as a function of the wave
guency. Therefore, we are led to the conclusion that the osaumber of the ionized electron. The decrease and the oscil-
cillations will be observable in the experiment and that theylation can be derived by means of a semiclassical analysis
provide direct information about the cluster radius in agreethat relates the cluster diameter and the steepness of the po-
ment with theoretical predictions. This should be the casetential edge to the oscillation frequency and to the exponen-
even if the theoretical ionization cross section, dependent otial decrease, respectively. The RPA calculation preformed
the form of the single-particle potential, does not very wellhere shows that the oscillatory structure in the ionization

agree with the experimental cross section. cross section appears already close to the ionization thresh-
old where the ionization yield is still relatively large and an
IV. CONCLUSIONS experimental verification should be possible in the future.
We have shown that the cross section for photoionization ACKNOWLEDGMENTS
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