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Photoelectron spectroscopy of sodium clusters: Direct observation of the electronic shell structure
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Size selected, positively charged sodium clusters,(Na=31-500 have been studied by photoelectron
spectroscopy using photons of 6.42 eV. The spectra clearly exhibit the expected shell-like electronic density of
states that in this size range up to now has only been observed indirectly. The overall agreement of the
measured structure with jellium model predictions is excellent. One prominent exceptiosioNahich
jellium models predict a prolate shape, while here strong evidence for an icosahedral structure has been found.
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I. INTRODUCTION <7 [13,14], and in the kindred potassium case for clusters
with n<19[15].

In 1984, Knight and co-workergl] observed, by mass Clusters made of nonalkali metals have been studied by
spectroscopy of sodium clusters, that some cluster sizes hapdotoelectron spectroscopy much more intensively, but for
a higher stability, which was the first experimental evidencethese the interpretation turned out to be not so easy. For
for electronic shells in metal clusters. This shell structure hagluminum clusters, evidence for electronic shell closings
a simple origin: a metal cluster can be seen as a spherical b@puld be obtained16]; the observed density of states, how-
filled with free electrons. The electrons occupy orbitals thatever, does not really resemble the expected shell structure.
can be characterized by a radial quantum number and ahis is probably due to the strong interaction of the electrons
angular momentum (€ 1p,1d,2s,1f, .. .). Foreach angu- with the triply charged background iofi$6]. In the case of
lar momentuni there are (2+ 1) degenerate orbitals, which noble-metal clusters, jellium-like electronic densities of
together constitute a shell. With increasing cluster size morgtates have been observidd, 18, but here the presence of
and more of the orbitals are occupied; completion of shellshe low-lying d bands leads to deviations from free-electron
leads to clusters with particular properties as, for examplepehavior[19]. This lack of a characterization of a “really”
enhanced stability. This is most pronounced for clusters witlsimple metal was the motivation for the photoelectron spec-

a large gap between the completed and the next unoccupigtbscopy study of sodium clusters presented here.
shell, which are the so-called “magic sizes.” The validity of
this concept has been demonstrated by a wealth of experi-

ments on a broa}d range of metal clusters. In th(nT case of Il. EXPERIMENT

sodium, electronic shell effects have been seen in cluster _ .
abundancd1], binding energie$2,3], ionization potentials The clusters have been produced in a gas aggregation
[4], and photoabsorption cross sectigbs-8]. source such as the one used in earlier optical spectroscopy

An open question was, however, to what extent the overexperiment$7,10]. Briefly, sodium is evaporated from a cru-
all electronic structure of sodium clusters exhibits shell-likecible into a liquid-nitrogen-cooled stream of helium having a
modulation. Real clusters, even “magic” ones, never havepressure of about 0.5 mbar. The clusters are ionized by a gas
the perfect spherical symmetry assumed above, but alwaydischarge burning in the crucible, and thermalized afterwards
an atomic structure that belongs to a lower symmetry groupby collisions with the cold He gas. They are mass selected
This will lift the degeneracy of the angular-momentum statesand inserted into a magnetic bottle-type time-of-flight photo-
and, therefore, lead to a broadening or even blurring of thelectron spectrometer. Here they are decelerated by a high-
levels, depending on the strength of the coupling betweenoltage pulse, and irradiated by photons from an ArF-
electrons and ions. As sodium is the best representative of@excimer laser fr=6.42 eV). Due to the very low
free electron metdl9], it should exhibit the least perturbed photoionization cross sections at this ene(ggout 0.2 &
electronic shell structure of all metal clusters. This is supfor Naj,y the relative contribution of background electrons
ported by a number of theoretical studies. Most calculationsvas much stronger than for other cluster materials and
are based on the quasi-free-electron or jellium m¢8glQ]. amounted to values from 10% to 60% of the total electron
This model neglects the atomic structure of the cluster andntensity. Therefore, cluster and background photoelectron
therefore, inevitably leads to a shell-like density of statesspectra(PES were alternately acquired and subtracted. The
which is only perturbed by cluster deformations. But also theresolution of the photoelectron spectrometer is roughly linear
models that take the atomic structure explicitly into accounwith the kinetic energy of the electrons; it is better than 100
have obtained clearly shell-like density of stafdd,17. meV at a kinetic electron energy of 2.4 gwhich corre-
These predictions could not be compared to experiments ssponds to a binding energy of 4 g\All spectra have been
far, as photoelectron spectra, whi@h principle) give a di-  smoothed by convolution with a rectangle function of 60
rect map of the electronic density of states, were not availmeV width. The spectrometer has been calibrated by the
able for clusters big enough to contain several shells. Photdknown PES of Pt, which leads to an absolute error of the
electron spectra have been published only fof, Neith n energy scale of less than 30 meV.
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FIG. 1. Photoelectron spectra of Ngn=31-60 at 6.42 eV

photon energy. The peak labels give the quantum numbers of the 6 5 4 3 6 5 4 3 6 5 4 3
corresponding electron shells. Shell closings with subsequent open binding energy [eV]

ings of additional shells can be seen for35 (34 electrons n

- _ : + .

=41, andn=>59. The exceptional sharpness of thefNspectrum is FIG. 2. Photoelectron spectra of Ngn=65-500 at 6.42 eV

an indication for a spherical symmetry of this cluster. photon energy. Shell closings with subsequent openings of addi-

tional shells can be seen for the “magic” sizes- 93 andn= 139,

and, to a lesser extent, around the “magic” size 199. The broad

and featureless spectra of the intermediate sizes indicate a deforma-
The spectra obtained are shown in Figs. 1 and 2. We wiltion of these clusters.

first discuss their general structure in view of shell closings

and subsequent appearances of additional shells, and then

will discuss some spectra in more detail. The smallest cluster ) ) S
examined, N&, has a %% 1p® 1d%° 2s? 1f° electronic be filled, and again a quite pronounced energy gap is visible,

structure in the spherical jellium modg8], i.e., there are which is responsible for the high stability of Ka The filling
four electrons missing for a complete filling of thé hell.  of the 1g shell is accomplished for Nig at Nay, the 3s/1h
This shell is filled for Nds. Therefore in Ng one electron  shell starts to be filledthe 3s and the h shells are almost
has to occupy the higherp2shell, which should lead to an degenerate according to calculatid2§] and will probably
additional peak in the PES. Indeed a small shoulder appearyerlap. No new peak is visible here, however, which means
at the onset of the spectrum. The Zhell gets filled up that the energy gap is small again; this could be expected, as
between Ng and N&; . At Na;, one electron has to occupy Nagg is not a magic number. The same applies for the pre-
the higher 3 shell, which again leads to the appearance of aicted shell closings at atom numbers 107)and 133 (1)
different peak in the spectrum. Here the gap between théshell sequence taken frof0]). Shell closings with a vis-
additional shell and the one filled before is much more proible gap can instead be observed for the two well-known
nounced than in the case of jathis is the reason why Na  magic sizes Ng (3s/1h) and Ng, (3p). Even in the case
is a so-called magic sizeexhibiting a much higher binding of Naj,, a small shoulder is discernible at the onset that
energy than other cluster sizebut Nag is not. might be due to the closing of thes&hell at Ngqe and the
The 1g shell is filled at Nggy; at Naj, the 2d shell startsto  opening of the 8 shell. A shell-like modulation of the spec-

Ill. RESULTS AND DISCUSSION
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FIG. 3. Spectra of Nj and Ng;. In the insets the structure of

the 1f band is given as predicted by the Clemenger-Nilsson model

[21] for deformed sodium clusters with 30 and 34 electrons, respec-
tively. The If sublevels have been broadened by Gaussians to make
the comparison easier.

trum is still visible for Naqy,; only in the case of N, it is
not clearly recognizable anymore.
We will now discuss some spectra in more detail. In Fig.
3 the spectra of Ng and N4, are shown again. Both exhibit - ,
a feature that, as explained above, can be identified asfthe 1 85 80 75 7.0 65 6.0 55 5.0
shell. In the case of Ng, however, this is split into a double
peak, while Ng; only exhibits a narrow peak with a high-
energy shoulder. The reason for this is simple: as is well
known from calculations and from photoabsorption experi-
ments[6,7], Nag; has a prolate shape, while jas oblate. f\/:
These different deformations lead to different energies of o
the 1f sublevels. In the insets of Fig. 3 the shapes of the
resulting f bands are indicated, as predicted by the -
Clemenger-Nilsson modg21]. The correspondence with the binding energy [eV]
measured peak structures is very good, which is a remarkable
confirmation of the free-electron model. The next example is FIG. 4. Spectra of Ng, Na;,, and Nd, compared to a simula-
shown in Fig. 4. Here the spectra of Ha Naf[z, and N%j*g tion of the electron density of states for a “spherical” neutral,Na
are compared to the most comprehensive calculation of thit2] (the peak at lowest binding energy indicates the unoccupied 1
electron density of states of neutral y#12], which is iso- shell. The energy scales of the spectra have been shifted in order to

electronic to Ng . Only the results for a spherical hNpare align the observed peaks. Excellent agreement is obtained for the
;.

shown here; the results for an octupole deformed isomerc,aICUIateOI and measured splitting betwednahd 2p shell

which the authors found to be energetically favorable, arenergy difference between the khell and the B shell is
practically identical. still significantly smaller than in the calculation for Na
The agreement of the jaspectrum with the calculation (even if one takes into account that thg and the  shell
is excellent. The two visible peaks can safely be identifiednove closer together by about 20% between Nad Naj
with the 1f and the  shell obtained in the calculation. The due to the increase of the cluster diamgtdrcomparison of
same applies for the Naspectrum, where both peaks appearthe spectra of Nj and Nag with the calculated electronic
again with almost identical position and width. The positionstructure of a smaller cluster is, of course, not fully appro-
of the additional 3 orbital, however, seems to disagree with priate; a comparison with similar high quality results for the
the calculation: the gap between thg shell and the B cluster sizes actually studied would be much more signifi-
shell is smaller than predicted. Even if one takes into accountant. Such calculations, however, are not available at the
that the full 1g shell actually is a band of states occupied bymoment. This is unfortunate, as the measured spectra could
18 electrons, which means that the first electron in this shelserve as sensitive tests for this type of numerical results.
will occupy a state located at the onset of the band, there Another example of a clearly visible electron shell struc-
remains a discrepancy. A reason for this could be that the 1ture is shown in Fig. 5. Here the spectrum ofgglés com-
shell is either broader or lies closer to th@ 3hell than pared to the shell energies obtained in a jellium model cal-
predicted by the calculation. Inspection of the spectrum otulation of a neutral Ng [20]. One can not only identify the
Nad, gives some evidence for the second point: if one idendh (the large peakand the 3 shell (the smaller ong but
tifies the two small peaks visible at 5.62 eV and 5.94 eVeven the @ shell is visible as a shoulder of the large peak.
binding energy as thefland the 2 shell, the position of the A straightforward identification of the electronic shells as
now fully occupied 3 shell with respect to the@shell is  in the case of Ng is, in general, only possible for the magic,
only slightly shifted to higher energies, which means that thespherical clusters. The nonmagic, deformed clusters exhibit
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FIG. 6. Simple model calculation for a §ja: level structure of

i FI?'thS' Spectrulm Olf ’\t% ctompa][ed 1o at\jellllugo]m_(l)_gel calcula- a spherical box potentidtadius 14 A filled with 306 noninteract-
lon of the energy-level structure of a neutralglg20]. The energy ing electrons. Note that this hard wall potential overestimates the

scale of the latter has been shifted and the energy levels have beE rmi energy(the bulk value of sodium i€;=3.24 eV[9]). The
broadened by Gaussians in order t_o fac_il_itate_ the comparison. Thgalculated levels have been broadened Iny éaussians .of 50 meV
1h, 2d, and 1g shell can be clearly identified in the measurement.Width (lower curve and 400 meV widtH{upper curvi Despite this

] relatively strong broadening the electronic shell structure remains
much less structured spectfextreme examples being §la clearly discernible.

and Ng;9. Consequently the next cluster sizes with well

structured specFra are the mggic{g@,aand, toa !esser_ gxtent, [6,7]. The PES of N&, however, exhibits very sharp fea-
the almost magic Nggand Ngo,. Even Nagostill exhibits & rec. in fact, the narrowest peaks of all examined clusters,
shell-like electrom(_: structure; one_has to go as far up in sizg ich strongly hints towards a spherical geometry. Indeed
as to Ndy, to obtain a more bulklike, almost smooth spec- c5|culations, which take the atom positions into account, ob-
trum. . _ _tain an icosahedral structure for this clugt28,24. In Fig. 7

It is remarkable that sodium clusters with 300 atoms still,,o compare the measured spectrum ofNeith that calcu-
exhibit structured spectra at all. One can expect that evepiaq for a neutral Ng [24]. The agreement is excellent; the

within the jellium model at some size thgre will be so ma”YspIitting of the Iy shell is well reproduced, and one could
levels that one obtains an almost continuous state density.

For a cluster with 300 atoms, however, this is actually not yet
the case. In Fig. 6 the density of states for a cluster with 306 [ X i
electrons is shown as obtained from a simple spherical box
potential model(infinite wall potential filled with 306 non-
interacting electrons This model, of course, cannot repro-
duce the exact level energies; nevertheless it should give a
fairly good estimate for the level density. When comparing
the results with the experiment one should keep in mind that
such a hard wall potential overestimates the Fermi energy of
the electrons, which means that the energy axis has to be
scaled down to allow a quantitative comparigtime theoret-
ical Fermi energy of bulk sodium is 3.24 ¢9]; the valence-
band width as measured by photoelectron spectroscopy is
2.65 eV[22)]). In the lower curve all levels have been broad-
ened by Gaussians with a width of 50 meV, which allows to
see details of the level structure; in the upper curve Gauss-
ians with a width of 400 meV have been used, which corre-
sponds to the width of the first peak visible in the spectrum
of Nago,. Despite this relatively strong broadening the shell
structure indeed remains clearly visible.

All this demonstrates the very weak coupling between the
electrons and the ionic background in the sodium clusters, ¢ 7 Spectrum of N& (lower panel compared to a calcula-

and represents a strong justification for the use of the jelliunygn, of the electron density of states for a neutrakNaith icosa-
model. . hedral symmetr{24]. The dotted lines indicate unoccupied levels.

There is, however, one example where the jellium mode|n order to align the observed structures, the energy scales have
fails. In this model Ng; is predicted to be nonspherical due been shifted. The excellent agreement between the calculated and
to its partially filled 1g shell. Its photoabsorption cross sec- the measured spectra represents strong evidence for an icosahedral
tion seems to give some evidence for such a deformatiostructure of the N&.

density of states

electron intensity
—
-
-—
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even venture to claim the observation of the predictéd 1 troscopy. Shell closings and openings of additional shells can
level splitting. Both the exceptional narrowness of the ob-be clearly seen up to cluster sizes containing 200 atoms; the
served peaks and the agreement with the calculated spegverall agreement with the jellium model is excellent. One
trum, therefore, represent very strong evidence for the icosaxception to the jellium model has been found:Naas an

hedral structure of Ng. icosahedral structure.
The fact that both neutral and positively chargedsNa
have the same icosahedral structure represents an interesting
exception: in general, the properties of sodium clusters are ACKNOWLEDGMENTS
determined only by the number of electrons contained, but
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In summary, the electronic shell structure of sodium clusG. Gantefo, who introduced us to photoelectron spectros-
ter ions has been directly observed by photoelectron specopy.

IV. CONCLUSIONS
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