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Reduced oscillator strength in the lithium atom, clusters, and the bulk
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Absolute photoabsorption cross sections have been measured for small lithium cluster ions in the optical
range and a significantly smaller oscillator strength than for sodium has been found. This reduction is repro-
duced in jellium type calculations only if nonlocal effects in the electron-ion interaction are included. It is
shown that this reduction is an atomic property which persists throughout the cluster region and into the bulk
regime, where it manifests itself as an increased effective electronic mass. The optical spectra of the closed
shell clusters are in good agreement with calculations based on the nonlocal jellium model. The smallest
cluster, Lj; , is well described by a quantum chemical calculati®0163-182699)50812-4

One of the aims of cluster science is the study of physicalvhether one can decompose the total sum rule into contribu-
or chemical properties as a function of cluster size. In thigions from different electrons. This can be done, provided
way a bridge can be built from the domain of atomic/two conditions are fulfilled(1) The electronic excitations of
molecular physics to the science of condensed matter. Thie valence electrons must be well separated from those of
optical response of alkali metal clusters has been studiethe core electrons. This is well fulfilled for Li and Na, with
extensively, both experimentally and theoretically. The besteparation energies of 59 and 32 eV, respectilel(p) The
studied example is sodium where the dependence on clustgrteraction of the valence electrons with the ionic cores is
sizel~® temperaturé 8 and charg&is known. Above a tran- well represented by a local pseudopotenfidt This is ex-
sition region of about 10 to 20 valence electrons per clusteractly fulfilled in the jellium model which, by construction,
the optical response is well understood in terms of a collecuses a local potential. Therefore, for sodium, which is the
tive resonance or surface plasmon. Below this transition sizehest representation of the quasi-free electron model in the
which depends on the cluster temperature, the molecular pitulk as well as in clusters, one expects the valence restricted
ture is applicablé!° sum rule to be fulfilled, which could indeed be experimen-

The absolute strength of the optical absorption in clustersally verified® However, the second condition is not fulfilled
has attracted much less interest experimentally, although for lithium, which leads to a lower oscillator strengths
carries important information on the interaction between vaobserved hepe
lence and core electrons. In addition, it is a stringent test for Lithium was selected for these studies since it is incre-
theoretical models. In the kindred giant dipole resonance ofmentally more complex than sodium. Indeed, bulk lithium
nuclear physics, the fulfillment of the sum rule alwayscan behave quite differently from the other alk&fis® In
formed a crucial test of experiment and thedty. addition, since it has only three electronss{2s), it has

The purpose of this paper is twofold. First, we show ex-very recently become the test bed for comparing different
perimentally that the optical oscillator strength in lithium theoriest” 18
clusters is lower than that expected from the simple jellium Why is Li so different? Since the lithium atom has a core
model. The oscillator strengths are obtained from measureconsisting ofs electrons only, valence electrons witk0
absolute photo absorption cross sections of (4<n cannot penetrate deeply into the core region due to the Pauli
<21). These span the particularly interesting size regiorrepulsion, whereap-wave electrons do not suffer such a
over which the electronic properties change from molecularfepulsion. Thus the initial and final state wave functions of
like to quasi-free-electron-like behavidiSecond, we show thes-p transition experience different potentials. Therefore,
that the lower oscillator strength can be understood as aa pseudopotential which describes the interaction of the va-
atomic property which persists throughout the cluster regiorience electrons with the lithium core should havelan0
and up into the bulk regime. Thus while many physical pa-component which differs from thiex0 components. This is
rameters show quite a change in going from the atom to thealled a nonlocal pseudopotenttaf:**°nonlocal referring to
bulk, the physical property reported here does not changany dependence different from just position.
although valence electrons are concerned. It was recently shown that these nonlocal pseudopoten-

The Thomas-Reiche-Kuh{fTRK) sum rule states that the tials can explain the large redshift of the dipole resonance in
absolute dipole oscillator strength integrated over all photorthe optical response of Li clustéPs?? with respect to the
energies equals the total number of electrons in the entirgllium model prediction. Moreover, it was predictédthat
electron systengi.e., three per Li atom However, absorp- this nonlocality results in a lower oscillator strength in the
tion measurements on mass selected clusters are limited presptical region. Thus, a verification of this prediction would
ently to the optical photon range. The question arisesupport the validity of this extension of the jellium model to
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more complex materials. Furthermore, it could explain the 2
difference between the experimentally observed absolute os-
cillator strengths of lithium and sodium. Note that for so-
dium, which has a core consisting of bath and p-wave
electrons, nonlocal effects are expected to be much weaker.
Few measurements of the optical properties of free
lithium clusters have been reported. Blagtcal>° measured
the response of neutral |.for n<8 and Brehignacet al*
investigated the evolution of the optical properties towards
the bulk for very large Lj with n=139.
The experimentsee Refs. 5, 7, and 9 for detailsonsists
of a gas aggregation cluster source with an internal electric
dischargegwhich produces lithium cluster ions at a tempera-
ture of approximately 105 K a tandem time-of-fligh(TOF)
mass spectrometer, and an excimer pumped dye laser sys-
tem. With respect to our previous measurements ofj Na
clusters>”® most source conditiongHe pressure and gas
flow rate, gas temperature at the ¢xitmained unchanged.
Only three modifications were made: the Li container had to

cross section ¢/ (number of 2s—electrons) [4?%]
o

be manufactured from molybdenum, its temperature was in- 0 I
creased to 650 °@in order to reach a vapor pressure of 0.3 20 25 30 35
mbar, as in the case of sodiyand a discharge voltage of hw [eV]

only 20 V was used. . i . .
The clusters entered a first TOF mass spectrometer used FI,G'E' Experimental absorption spectra O.I L(n*Af’ 9,21, th.'s
for mass selection of the isotopically pure speciélsi only) work; n=1500 from Ref. 2L The data were fitted with Gaussians

. . . for n=4 and 9, and with Lorentzians for the larger clustesslid
and were then irradiated by 15 ns visible or UV laser pulse

| . fl SIines). The absorption curve for a large lithium sphere, derived from
An electrostatic reflector acted as a second TOF SPeCtrometgy measured dielectric constant of the bulk, is plotted in the low-

to separate the fragments from the parent clusters. The inteRgmqst graph as a dashed line. The absolute absorption cross section
sity reduction of the initially selected cluster contained thejg nhormalized to the number ofZlectrons. The quantum chemical
information regarding the photoabsorption cross section. Thgajculation(convoluted with Gaussian$or Li; (Ref. 26 is plotted
laser fluence was determined by measuring the pulse energy a dotted line. Note the striking similarity of the resonance posi-
(using a pyroelectric detectoand converting it to the num-  tions compared to Naas marked by the three arrows. The-2p
ber of photons per are®. The ratio of the nonfragmented transition of the Li atom is indicated by a vertical dashed line. The
cluster signal with ) and without o) laser irradiation is  calculated resonances forgLiand Lij;, based on the modified jel-
given by.9 lium model in RPAE(Ref. 14 (dash-dotted lineand in RPA in the
local density approximatioiRef. 13 (dashed ling were convo-
N/Ng=1—b[ 1+ exp — o®) + f obexp —ad)]. (1) Ltfg:f;ﬁgnafﬁiiszsﬁh line shape of experimental widthrfer9
By fitting Eq. (1) to the measured cluster intensity as a func- The absolute absorption cross sections were obtained as a
tion of ®, the absorption cross section=o(fiw), the over-  function of the photon energy for Li(n=4, 7, 9, 11, and
lap b of cluster and laser beanfgypically 90% and the 21).?° In Fig. 1, only those spectra are shown for which
fractionf (between 0 and)lof the clusters, which survive the theoretical data are availabl@£4, 9, and 21 The spec-
flight through the second TOF after the absorption of onarum of Li, shows three clearly distinct resonances, whose
photon, were determined. While=0 for small Li; (i.e..n  line positions and widths are almost identical to those ob-
<11), Liz, typically needs to absorb two photons at such atained for Ng previously (arrows in Fig. 1. There are two
low temperaturg105 K) to be sufficiently heated such that more similarities between Liand Ng : they have the same
the cluster evaporates atoms on the time scale of thghombic geometry and the ratios of bond lengths agree
experiment?® Note, that this method allows one to determine ithin 1% 117 The spectrum of Lj has recently been cal-
absolute absorption cross sections even without knowing thgyjated by quantum chemical meth&i&lashed line in Fig.
absolute cluster density. 1), and is for the two lower peaks in very good agreement
The nonspherical shape of small, open shell clusters (ith the experiment. The closed electronic shell clusters con-
=4, 7, and 11 in the jellium modgekan lead to an aniso- taining 8 and 20 valence electrons show one single reso-
tropic transition dipole moment which can cause deviationsygnce. The lowermost plot in Fig. 1 shows the absorption
from Eq. (1). Taking this into account by the methods pre- profile for n=1500 from Ref. 21(Lorentzian fit as solid
sented in Ref. 24 yielded evidence that fof ltivo different jine). The dipole response of a large jellium sphere, which is
isomers are present in the cluster beam. While this leads togill smaller than the wavelength of the excitation laser, is
10% larger error bar for i and Li; , no influence of an given by the dashed line, which was calculated from the
anisotropic transition moment was found for=112 The  measured dielectric constant of bulk lithitfrbased on the
spherical clustersn(=9 and 2) are not subject to this optical theorent® For small species, the resonances are
effect?* clearly distinct whereas they merge into a broad resonance
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S o[ ' ' ' ' ] detector which was used for the absolute measurement of the
=4 T laser pulse intensity, i.e., the photon flux density. Whereas
5 1or 7 the oscillator strength in the optical region for sodium clus-
“ 08 o o @ ters withn<21 is very closg>90%) to the number of va-
2 ol ; ? E} o i lence electr_on_é,it is 2040 % lower for lithium clusters.
2 { It is gratifying to see that an all electron calculation for
r 04 7 Li, also yields a lower optical oscillator strendfhthereby
502F . underpinning the pseudopotential approach of Refs. 13 and
| 00 , , . . . 14. The calculated oscillator strength in the visible and UV

©
o

02 04 08 10 amounts to 0.66 per<electron, in reasonable agreement
with the experimental value of 050.13.

FIG. 2. Experimental and theoretical values of the total oscilla- How do Fhe Cl_USter data compare to the results for the
tor strength normalized to the number of galence electrons®, ~ &tom, the diatomic molecule and the bulk? Our RPAE cal-
this work; M, experimental values of Ref. 21. Modified jellium culations for the lithium and sodiuratomsyield oscillator
calculations for L and Lij;: A in RPAE, (Ref. 14 andO in RPA  strengths of the valence electrons of 0(&& Na) and 0.77
in the local density approximatiotRef. 29; O, model potential  (for Li). This is in good agreement with experiment, which
calculation for LE” (Ref. 30; ¢, all electron quantum chemical gives 1.05-0.03 and 0.75& 0.008, respectivelﬂ?. For Li; a
calculation(full Cl) for Li, (Ref. 26; the atomic valué®) for Li,  model potential calculation including Hartree-Fock—type ex-
calculated in RPAE, is in very good agreement with the experimenthange between the valence and core electrons gives an os-
tal value (x) (Ref. 12. The arrow indicates the oscillator strength cillator strength value of 0.76% The bulk limit is taken to
for a large lithium sphere based on the experimental bulk dielectri%e the dipole response of a large Li sphere, but still smaller
constant. The simple jellium model predicts an oscillator strength[han the laser wavelength, calculated from Ehe measured di-
equal to one per valence electron. electric function of the bulk! Integrating the optical re-

_ 1 . sponse up to 10 eV in order to account for the broad line, one
for n=9,...,21 andgreater.” Thus the electronic reso- obtains an oscillator strength of 0.76 pes @ectron, which

hances qf small I|th|um and sodium clusters exhibit a quah-is indicated by the horizontal arrow in Fig. 2. Band structure
tatively similar behavior.

Several groups have calculated the optical response é:falculatlons for lithium give an effective electronic mass of

. o
lithium clusters, i.e., the resonance energies and their abs? 1.3 (Refs. 14 and Z2due to the nonlocal contribution

lute strengths. On the one hand, Alasiaal,’® as well as in the electron-ion potential. This corresponds to an absorp-

. o i
Blundell and Guéf used realistic pseudopotentials to de- tion strength for the bulk of 77% in good agreement with the

scribe the interaction of the valence electrons with the ionicemplrlcal value for the Iar_ge Sph?fe- . .
Thus one has a consistent picture: over the whole size

background, but neglected the discrete geometry of the clus- - . .
ters. The electronic excitations of LLiand LE, were calcu- range one has a similar reduc_tlon of the o_scnlator strengt_h.
' b1 We therefore conclude that this lower oscillator strength is

lated in Ref. 14 in the random phase approximation with : . e o
e e an atomic property, which persists in the transition from the
;a_xlchange(FIEjAlc—:j), SO“?h“n.e"'.n Fig. hl Thehpshe.udo?oter:j-t atom to the bulk. With the benefit of hindsight, this can be
1als Welre ? ) (TI' over de iel'ug s%p i%e’ Wd'czg'?hre grrte | C(’;Jnderstood as follows: the reduction in the atom results from
ats noniocal je 'L.Jtm model. In € SI. : gn dth eRPX al ?ha different coupling, due to the Pauli principle, of the &nhd
ﬁ)g;?'%ggri pOaSI Iogs'rir:t'sr;sq nigmecloe egn Thee calc I:te p valence electrons to thesd core electrons. This effect
Sity appr )f(' 9' (t |s_21p yed. luted u’th ersists for all cluster sizes and up to the bulk metal because
resonance energies for== {lor n= ) are convoiuied wi the size of the & orbital does change only marginally along
GaussianglLorentziang each having a linewidth of 350 meV . "
(570 me\} (dashed lines in Fig.)1Both calculations yielded 5. ansition.
me ashedlines In 1g.)2Both carculations yielde Since the TRK sum rule for the entire electron system has
a resonance energy within 3 to 6 % to the experimental po;

i f the ab ' ; Usi implified q to be fulfilled, the “missing™ oscillator strength is not lost,
sition of the absorption maximum. Lsing Simplihied pSeudo-y,  opitraq to higher photon energies, and will reappear if the
potentials but treating the ionic structure more precisely, Ya

. “absorption spectrum is extended to higher photon energies;
bana and Bertséh calculated the optical response for Li P pecirum 13 ex '9 h gies,

X ..=~100 eV should be sufficient to cover most of the absorption
clusters of 138 atoms and greater, in good agreement W'tgltrength of the & electrons

the experimental results of Ref. 21. : , In conclusion, we have measured the absolute photoab-
The oscillator strengtliFig. 2) is obtained by integrating . : S _

the absorption spectra sorption cross section of Li, with n=4,...,21, at a tem-
perature of approximately 105 K. The closed shell clusters
(n=9 and 2} exhibit one single giant resonance, the posi-
tion of which agrees within 6% with jellium calculations

_ 2€om0f o(E) dE 2 modified by nonlocal pseudopotentials, which account for
tot 2 the Pauli repulsion betweensland % electrons. The Lj

resonances can be described by quantum chemical methods
which take into account thesf core electrons explicitly.

with the electron masm, the speed of light, and the di- The oscillator strengths calculated from the measured spectra

electric constant of vacuurg, (Sl unit9. The error bars of are only 0.6 to 0.8 per electron. This reduction can be ex-

13% result mainly from the calibration of the pyroelectric plained by the effects of the nonlocal contributions to the

0.6
n-"3
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pseudopotentials and can be interpreted as an atomic prop- This work has been supported by the Deutsche Fors-
erty, which appears relevant for all cluster sizes and even ishungsgemeinschaft through SFB 2@#&rrelated Dynamics
the bulk limit. If the interaction between core and valenceof Highly Excited Atomic and Molecular Systemi$® C5.
electrons via a nonlocal pseudopotential is included, the jelwe thank J. Pittner and V. BoniaeKoutecky, who commu-
lium model can well describe metal clusters with a morenicated their data prior to publication, as well as LI. Serra for
complicated valence core interaction than sodium. additional calculations and many discussions.
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