First publ.in: Journalof ChemicalPhysics102(1995),16, pp.6406-6422

Electronic shells or molecular orbitals: Photoelectron spectra of Ag n
clusters

H. Handschuh, Chia-Yen Cha, P. S. Bechthold, G. Gantefor, and W. Eberhardt
Institut fir Festkaperforschung, Forschungszentrumlidh, 52425 Jlich, Germany

Photoelectronspectra of Ag§ clusters withn=1-21 recorded at different photon energies
(hvy=4.025, 4.66, 5.0, and 6.424 e¥de presented. Various features in the spectra gfA%g, can

be assigned to electronic transitions predicted from quantum cheatidaltio calculations. While

this comparison with the quantum chemical calculations yields a detailed and quantitative
understanding of the electronic structure of each individual cluster, a discussion in terms of the shell
model is able to explain trends and dominant patterns in the entire series of spectra up to

Ady1-

I. INTRODUCTION Figure 1 displays a schematic comparison of the density of
states of the valence bartdof bulk Na with the coinage
One of the most important concepts of physics is that oimetals. The bandwidth of the occupied states of Cu and Ag is
fermions trapped in a potential with spherical symmetry. Itabout two times larger than the bandwidth of an alkali metal.
can be used to explain the Periodic Table of the elements da Cu the top of thal density of states is located 2 eV below
well as the structure of the atomic nuclei. Recently it wasthe Fermi energyEg) while it is at about 4 eV in the case of
also applied to a new field: the electronic structure of clusterg\g. From this schematic view a similarity of the electronic
of simple metals. Small particles containing up to several structure of the uppermost valence orbitals of Cu and Ag
hundred alkali metal atoms exhibit outstanding features irtlusters can be expected. Within 4 eV below the highest
the size dependence of their properties like ionization poteneccupied molecular orbitdHOMO) the electronic structure
tials or stabilities. These lead to the so-called magic numbersf Ag clusters should be similar to the structure of alkali
which are reminiscent of the variations of, e.g., the ionizatiormetal clusters except for a scaling factor that accounts for the
potentials of the atoms or the outstanding stability of certairdifference in bandwidth. For Au thedsdensity of states is
nuclei. Accordingly, an electronic shell model has been desplit into two components partially due to the large spin—
veloped for the valence electrons in alkali metal clusters. orbit interaction.
The clusters are roughly described as metal spheres wherein As will be demonstrated below, the observed spectral
thes electrons are delocalized. This corresponds to the quarpatterns of Ag clusters are much sharper than the correspond-
tum mechanical problem of fermions confined in a sphericalng data on K or Na clustefsThe reason for this might be
potential. The solutions are eigenstates with a defined angihe more rigid structure of the Ag clusters at a given tem-
lar momentum and a certain degree of degeneracy. perature due to the stronger bonding. Therefore, the fine
In principle, these shells can be directly observed usingtructure in the Ag data presented in this paper may also
photoelectron spectroscopy. However, several experimentakrve to clarify the picture of the electronic structure of clus-
difficulties have to be solved. The clusters have to be masters of simple metals.
separated, the internal temperature of the clusters has to be
kept as low as possible, an_d_the energy resolution of thﬁ_ EXPERIMENTAL SETUP
spectrometer should be sufficient to resolve the electronic
fine structure. The problem of mass separation is easily The experimental setup is described in detail elsewhere.
solved by the technique of photoelectron spectroscopy ofor the generation of Ag clusters a laser vaporization
negatively charged particlés® However, in earlier experi- sourcé*is used. A Ag rod is hit by a high energy laser pulse
ments on alkafi and coinage(Cu,Ag,Au) metal cluster (KrF excimer laserhy=5.0 eV, ca. 0.1 J/pul$eThe metal
anion$*%~either the spectral resolutidfi’ " %or the spec- plasma is cooled by a He carrier gas and flushed through a 10
tral rangé&®%19(=photon energywere limited and the details mm long channel3 mm diameter)into the vacuum. The
of the electronic structure of these particles could not beesulting supersonically expanded cluster beam contains a
revealed. considerable amount of negatively charged clusters. The in-
We recently set up a new experimensing either a laser ternal temperature of these anions can be estimated from the
vaporization sourcé or a pulsed arc cluster ion source vibrational temperature of the dimer. For Aa temperature
(PACI9?™® for the generation of colddimer vibrational tem-  of about 200 K has been determin®d’ The temperature
perature<200 K)'®” anions and an electron spectrometerdepends critically on the parameters of the supersonic expan-
with an energy resolution of 8—-30 méV.In an earlier sion.
papet® we published first data on Cu cluster anions, which  After passing a skimmer the anions are accelerated in a
were compared to predictions of the shell model. pulsed electric field. The anion beam is directed into the
In the present contribution we focus on Ag clusters. Wesource region of an electron spectrometer. According to the
consider Ag as a model material for probing the shell modeldifferences in velocity the anion beam separates into a chain
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. and the neutral, but a calculation of excited states is more
Alkali Cu Ag Au difficult. The LDA can be combined with simulated anneal-
ing technique¥ yielding significant information about the
geometric structure of a ground state cluster. This corre-
sponds to an unrestricted search for the global minimum of
the geometrical configuration space of the cluster. Such cal-
A\ culations result in the prediction of the BE of the feature at
lowest BE in the photoelectron spectra. This energy is the
g vertical detachment energyDE), which is related to the
A\ vertical electron affinity>
Within the HF-CI approaci®* electronic ground and
V N\ excited states of the neutral and negatively charged cluster

Q\ can be calculated. A certain electronic state of a particle is
described by a linear combination of certain configurations,
each configuration being described by a combination of
FIG. 1. Schematic comparison of the bulk density of stélef. 19)of an Slr.]gl.e pgrtlcle molecular wave functions of the. cluster.
alkali metal with Cu, Ag, and Au. The binding energy scale refers to the Within this framework the geometry cannot be easily deter-
vacuum level. The range of binding energies covered-bigrived states is  mined, since a geometry optimization like the simulated an-
et e e o sl oy v s nelng fechniaue requires in he caso oflarger clusters oo
i/?/c; maxima corrtegspbnding to the two spin orbit comn;;onents. much (,)f computer t,lme' However, within certain Symmetry

restrictions the optimum geometry can be determined. In
general, this geometry does not necessarily correspond to the

of bunches of clusters with different massgisne-of-flight ~ global minimum in the geometrical configuration space of
mass spectrometer). A selected bunch is decelerated in tfi@e cluster.

center of the electron spectrometer and subsequently irradi- The differences in energy between the anion electronic
ated by an uv-laser pulse. The kinetic energy of the detacheground state and the electronic states of the neutral cluster in
electrons is measured using a “magnetic bottle” time-of-the geometry of the anion correspond to the positions of the
flight electron spectrometé? The energy resolution depends Peaks observed in the photoelectron spectra. These peak po-
on the kinetic energy of the electrons and the velocity of thesitions have recently been calculated for,Aglusters with
clusters. Accordingly, a maximum resolutiorr10 meV)is ~ N=2-9 by Bonacic-Kouteckgpt al**in the HF-CI approach.
achieved for slow electrons<1 eV kinetic energyand clus- The 4d electrons are included using a relativistic effective
ters of a high mas§>500 amu)t’ For the data presented core potential approximation.

here the resolution varies between 20—-100 meV. Except for

the atom and the trimer all observed linewidths of the elecB- Electronic shell model

tronic transitions are large compared to the experimental The electronic structure of a metal cluster with highly
resolution. delocalized valence electrons can be described by the elec-
The flux of the detachment laser is about 10 m3/oA  tronic shell modet. It assumes that the electrons can move
higher intensities multiphoton processes induce fast fragfreely within the boundaries of the cluster. If the geometric
mentation processes which yield additional features in thetructure of the cluster is approximately spherical, the single
spectra. Except for Ag (see below)no evidence for frag- particle eigenstates are electronic shells with a defined angu-
mentation has been observed in the SpeCtra presented here|.a$ momentum. The clusters with a number of valence elec-
single run is averaged for about 10000 sh®8 Hz=8  {rons corresponding to a shell closing have a high ionization
min). Each displayed spectrum is a sum of several fe®s  potential, a low electron affinity, a low reactivity and high
cept for Ag). stability similar to a rare gas atom. Clusters with an addi-

~The binding energy scale is calibrated to the electronjpnal electron behave analogous to an alkali atom. The shell
affinity of the atond* and the two dominant featurdsn the closings occur atn,=2,8,18,20,34,40,--electrons corre-

spectrum of Ag . Due to fluctuations of the work function of sponding to the filling of the 4, 1p, 1d, 2s, 1f, --- shells,
the surfaces within the electron spectrometer the absolute Bfespectively. Analogous to the atomic nuclei only the clusters

pures 4s + 3d 58 + 4d 6s + 5d

Binding Energy

scale is uncertain by about50 meV. with a number of electrons corresponding to a shell closing
are spherical. In between the clusters exhibit a prolate or
Ill. BASIC MODELS oblate deformation. This deformation corresponds to a lifting

of the degeneracy of the sublevels of the shells. On the other
hand, from an observed splitting the deformation of a cluster
Two different theoreticahb initio frameworks are com- can be determined.

mon for the structural determination of metal cluste(ig: The shell model neglects the influence of the core poten-
density functional calculations in the local density approxi-tials of the individual atoms of the clusters. The positive
mation(LDA)?? and (i) Hartree—Fock configuration interac- charge of the atomic cores is smeared out to a homogenous
tion (HF-CI) derived calculationé>?*The LDA calculations backgroundjellium model). Therefore, an accurate descrip-
deliver accurate data on ground state properties of the anidion of the structure similar to the quantum chemical treat-

A. Quantumchemical calculations



6408

ment is difficult based on the shell model. However, the shelsymmetry as the one of the direct emission process this tran-
model approximation is very useful to compare clusterssition is a shake-up process with respect to the direct photo-
within a series with increasing size and to study trends aneémission. Usually the direct emission feature has a signifi-

patterns in the transition from the atom to the bulk. cant larger intensity than the shake-up peak.
It is also possible that the photoemission is accompanied
C. Photoelectron spectroscopy by the excitation of several electrons. In addition, in some

Photoelectron spectra of negatively charged particles cafi?s€s the symmetry of the final state qﬂmke—ugransﬂmn
be interpreted using two different models. The quantum me'> different from the symmetry of the final state of the direct

chanical exact description assigns each feature to a transitigfl >SN transitior(e.g., conjugated shake-ugt is not al-

from a vibronic state of the anion to a vibronic state of theV&YS poss?ble to relate th.is trgnsition to. a dirept er'n.issi.on
neutral particle. Since the anions are cooled in a SupersonErocess. Since we are mainly interested in the identification
expansion, they should be in their electronic ground stateOf the direct emission features we will label all peaks involv-

Only in a few cases features have been observed in the spe:cE'gtthe ex_?;;can?n fOf trr?orz_than one electron as shake-up
tra which were assigned to transitions from electronically eatures without a further discussion. . e
These shake-up features are difficult to identify in the

excited anions present in the bedMif the anion is in its e . .
electronic ground state, in most cases the feature at lowe§Pectrum. The relative intensity of such a feature is expected

BE corresponds to the transition into the electronic grounc}o be small with respect to direct emission features. How-

state of the neutral. The time scale of the detachment proce?%/er’ the shake-up intensity depends on details of 'the n-
is fast with respect to the movements of the nuclei. Thereyowed wave functions and the photon energy and might be

fore, the observed features correspond to the electronic staté%la.‘tlve.ly high under certam .condltlons, especially near the

of the neutral cluster having the ground state geometry of théonl_zatlon threshold, a condition that corresponds to our ex-

anion. A comparison with data on neutral clusterg., with pe””_‘e”t- I .

resonant two-photon ionization experiments)only pos- . ('V)_ The ”?'“a' state(=e|§ctr0n|<_: groqnd _state of t_he_

sible, if this difference in geometry is taken into accotfht. anu_)n)ls described by a certam_conﬁguraﬂon, €., the dls_tn—
On the other hand, the spectra can also be discuss&}'t'on of the valence electrons into the lowest single particle

within a much simpler picture: The observed features aré)rbitals of the anion. As long as the electronic states of the

assigned to photoemission from occupied single particle mﬁeu”jl cluz'ier can be dg;crlbgd Iby a f.mlgle cgqtnfllgur]:a\ttlkc‘)n
bitals. Within this approximation a spectrum represents a pic- ased on e corresponding singie particie orbitais ot the
eutral system the direct emission picture can be applied.

ture of the electronic shell structure. However, this approaciﬂ v h the hiah ited stat ¢ th iral
can be used for a qualitative interpretation only while the sually, nowever, the higner excited states ot the neutra
following four effects must be considered. cluster which correspond to photoemission from single par-

(i) The emission of an electron corresponds to a changgde orbitals at higher binding energies have to be described

of the charge of the cluster. The remaining electrons adjust t8s fe.l Imciar co_m_blnatlon of zevteral gonfllgudratlons.f tThh'S
the changed potential. This fast relaxation process yields efonfiguration mixingcorresponds 1o a break down of the
ergy, which in general is transferred to the outgoing electrons'ngle. partch(_e picture. Accordingly, _the picture is limited to
Therefore, the binding energy of a single particle orbital de-[OW lying excngd states corrgspondlng 0 emission from the
termined from a photoelectron spectrum is usually signifi-UppermOSt orbltgls. We consider the swpple picture as useful
cantly smaller than the calculated binding energy. The?S long as the final state can be described by a leading con-
amount of energy gained by thelaxation is difficult to figuration with a contribution of more than 50% to the charge
determine and it may differ for different single particle orbit- density. . L . . .
als. In an earlier publicatiolf we tentatively assigned certain
(i) If the anion has an unpaired electron the photoemisfeatu.res. in the photoelegtron spectra of,Qlusters to pho- .
toemission from electronic shells based on the above consid-

sion from one of the doubly occupied single particle orbitals i Anal . t b de for the A
results in a neutral final state with two unpaired electronsErations. Analogous assignments can bé made for he Ag

The two electrons can combine to singlet or triplet stateg‘f’ua presented here. Since the configurations and the symme-

with a slightly different energy. Therefore, photoemissionf[rles of the singlg particle orbitals of at least some of the
from one single particle orbital can yield more than one fea_mvolved electronic states are known from the HF-CI calcu-

ture. In general thisultiplet splittingcan be identified in the |2tions for Ag, , the validity of this tentative assignment can

spectrum because it occurs for all occupied single partick?e checked.

orbitals of the cluster in a similar pattern and a characteristi

intensity ratio equivalent to the degree of degeneracgv' RESULTS AND DISCUSSION

(singlet/triplet=1/3). In the following we will present the photoelectron data
(iii) The photoemission of one electron can induce theof each Ag cluster individually and compare the observed

simultaneous excitation of other electrons. The configuratiotieatures to the results of the HF-CI calculatithand the

of the final state of a transition corresponding to direct phopredictions of the shell modélin some cases the spectra are

toemission differs from the configuration of the initial state compared to the data of other simple metal clust€rs Au,

by the lack of just one electron. A second electron can belkali metals)to clarify the assignments. The spectra are re-

excited simultaneously into a higher, unoccupied single pareorded at different photon energies to study cross section

ticle orbital. If the corresponding final state has the sameeffects useful for the assignment of direct photoemission fea-
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Intensity (arb. units)

5 4 3 2 1 0
Binding Energy [eV]

FIG. 3. Photoelectron spectrum of AgThe photon energy iev=5.0 eV.
Marked featuresA, B, and Q are discussed in the text.

Intensity (arb. units)

about 2.8 eV BEB and C)correspond to transitions into two
5 4 3 2 1 0 ex?getsjz states of neutral %u. The configuratfoaf Cu; is
gy 3d*"4s, the configuratioff of the two excited states is
Binding Energy [eV] 3d%4s?. Accordingly, the two peak$B and C)can be as-
FIG. 2. A comparison of photoelectron spectra of Aand Cy recorded at §|gned to photoem!ssmn from thel 3hell of the atom. Inthe
a photon energy ofiv=5.0 eV. For the assignment of the marked features final state the residual nind electrons can combine to a
(A, B, and Q see the text. J=3/2 and al=>5/2 state yielding two peaks due to multiplet
splitting. The BE’s of the peaks and the assignments are
listed in Table I.
tures and shake-up peaks. In addition, the energy resolution The major difference between Ag and Cu is the BE of
is best at very low kinetic energies of the electrons requiringhe d-derived orbitals. In the case of Ag thel &hell is lo-
the recording of spectra at different photon energies. cated at about 2 eV higher BE compared to Cu and beyond
In general, the assignment of the peaks to transitionshe limit given by the photon energy. From a study of the
from the anion ground states into neutral electronic states isvolution of the & band of Cy clusters! it is known, that
governed by a simple pattern. The anions with an even nunthe BE of thed-derived orbitals increases monotonically.
ber of electrons have a singlet ground state. Then, according§ince the BE of the d orbital of the Ag atom is already
to the selection rules of photoemission the final states cabeyond the BE range visible withv=5 eV photons, we
only be doublet states. The anions with an odd number odssume that the features observed in the spectra pfohgs-
electrons usually have a doublet ground state correspondirtgrs using this photon energy display onlg/p-derived va-
to an unpaired electron in the uppermost orbital. The peakience orbitals.
in the spectra of these anions are assigned to either singlet #ig,
triplet states. Therefore, the number of peaks is roughly Figure 3 shows the spectrum of Agecorded withhv
twice as large in the spectra of the latter ones. With increas=5.0 eV photon energy. The relative intensity of Aty the
ing cluster size the energy separation between correspondimgass spectrum is extremely low. Therefore, the signal to
singlet and triplet states decreases. Beyor® this spacing noise ratio of the photoelectron spectrum is low. Three fea-
is smaller than the average width of the observed peaks. tures can be identified in the photoelectron spectrum marked
In the following the data of each cluster are discussed\, B, and C. Other structures in the spectrum are not repro-
individually. The positions of the experimentally identified ducible.
peaks are listed in Table I. The features are compared to the The three features A, B, and C are assidfi¢d transi-
results of the HF-CI calculatiofsfor n=2-9. The resulting tions from the electronic ground state of the anit®j
assignments and calculated BE’s are also included in Table (0?¢*) to the ground state of the neutdﬂg (6 and the
The dominant features are also compared to the predictiortsio excited statesS (oo*) and '3 (00*), respectively.
of the electronic shell modél.The corresponding assign- The calculated peak positions are in excellent agreement
ments are listed in Table I, too. with the experiment, except that the singlet/triplet splitting of
Ag, the 337/ states is overestimated in the calculation by
Figure 2 displays a comparison of photoelectron spectrabout 0.3 eV. The BE’s of the peaks and the assignments are
of Ag; and Cy recorded witthv=5.0 eV. The feature at the listed in Table I.
lowest BE (marked A)corresponds to the transition into the In the dimer the two 4 atomic orbitals combine to a
neutral ground state. The position of the peak is equal to thbondingo and an antibonding™ orbital. In the single par-
electron affinity® (Cu: 1.226 eV, Ag: 1.303 eV This is ticle picture of photoemission two peaks are expected ac-
roughly twice the affinity* of an alkali metalNa: 0.546 eV, cording to the occupation of the two orbitals by the three
K: 0.501 eV)in agreement with the scheme illustrated in Fig. electrons of the anioa?c*. However, the emission of one of
1. The two peaks in the photoelectron spectrum of @i the two electrons occupying the bondiagrbital leaves two
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TABLE I. Listing of the positions of the features found in the PES of thg Atusters. The peak positions are given as the peak mafdoreesponding to

vertical detachment energjed he theoretical valuedRef. 26)of the features assigned to certain transitions are also inclii@dids) for n=2, 3, 4, 5, 6, and

8. Features marked isomer are assigned to photoemission from a second isomer, which is not the most abundant isomer. Features marked SU are assigned t
shake-up processésee Sec. . Transitions into singlet or triplet states with identical configurations are marked S or T, respectively. For clusters larger than
Ag7 , the singlet/triplet splitting is smaller than the FWHM of the observed features. In these cases only the triplet electronic states(agg Jisiethe

splitting is neglected. The electronic shell configuration for the electronic ground state is given for each anion. The configdfgifin® is abbreviated

as (spd). The subshells are marked, p,, ps, d;, d,, ds, ds, ds. The assignment of a feature to photoemission from an electronic shell is indicated by a

—1 exponente.g., Ip;Y). All values are given in eV.

Neutral
) Neutral excited states—
Anion grd. state
n grd. state A B C D E F G H
1 1.303  5.05% 5.607
’Sy 'Sie ’Dsz D,
1s? 1st
2 1.1 2.8 3.9
1.11 2.72 4.16
1% 1 12% 1537 1138
1s?1pi 1p; 1s71 (T) 1s71(S)
3 2.43 3.62 4.83 5.57 5.80 6.10
2.45 3.65 4.88 5.52 5.83
134 1% 1%, 2% 1700 275
1s 21p? 1p;t 1s7? SsuU SsuU SuU
4 1.63 2.40 2.80 3.61 4.00 4.23 4.59 4.98
1.62 2.38 2.97 (3.63) 4.04 4.10 4.70
12B,, 1A 1By, 1By, (1%B,,) 13B,, 13B,, 11B,,
1s%1p® 1p, 1p; X(T) 1p; X(S) Frag? Su 54T 1sXS)
5 2.12 3.32 3.76 4.09 4.36 4.58
2.04 3.32 3.92 4.28 4.44
11A; 127, 1%B, 227, 22B, 1%B,
1s?1p* 1p,* 1p;t suU suU su 1s7t
6 2.08 2.36 2.66 3.19 3.53 3.85 4.25
2.12 2.39 2.86 3.29 3.83
2] 1 3 1 3 1
1%, 1A, 1%8, 118, 137, 1A,
1s*1p® 1pst 1p (M) 1pX(S) 1psX(T) 1p1X(S) Su Su
7 2.60 2.73 3.60
1s°1p® ipst 1pgt 1ps?
8 1.61 3.06 3.18 3.97
1.46 3.18 (3.38) 4.21
12A, 1A, 13E 13E 2%B, (Only triplet transitions listed
1s21p®1d? 1d;?t 1pst 1p,t 1p;t (Singlet/triplet splitting<<FWHM)
9 2.45 2.77 3.19 3.33 4.44 4.75 5.81
1s21p®1d? Isomer ;! 1pst 1p,? 1p;?t Ssu 1s7t
10 2.13 2.80 3.09 3.50 3.81 4.90
2 6 3 -1 -1 -1 -1 -1
1s°1p®°1d 1d; 1d; 1ps SuU 1p, 1p;
11 2.18 2,53 3.07 3.26 4.10 4.27 4.46 5.35
1s21pb1d* Isomer  d,? 1d;?t 1pst 1p;? su suU 1p;?t
12 2.18 2,91 3.12 3.42 3.62 4.58
1s?1p®1d® 1d3? 1d;*? 1d;t 1p3t suU 1p;?t
13 2.10 2.91 3.13 3.40 3.60 5.05
2 6 6 -1 -1 -1 -1 -1
1s°1p°1d Isomer W3 1d, 1d; 1ps 1p,
14 2.12 3.09 3.18 3.35 3.54 3.88 5.30
1s21p®1d’ 1d,? 1d3? su 1d,? 1d;?t 1pst 1p,?
15 2.58 2.69 3.19 3.40 3.62 4.25
1s21p®1d® 1d,? Isomer ;! 1d,? 1d;?t 1pst
16 2.45 2.95 3.30 3.45 3.78
1s21p®1d° 1dg? 1d,* 1d3? 1d,* 1d;?t
17 3.12 3.20 3.29 3.70 3.80
1s21p®14d*° (1ds'1d;*1d3'1d;11d7 Y suU suU
18 2.58 3.31 3.50 3.73 3.87 4.07
(spo)2st 257t 1dg?t 1d,? 1d3? 1d;? 1d;?t
19 2.84 3.39 3.56 3.74 4.10
(spd)2s? 2st 1dg?t 1d,? 1d;? 1d,1d;?
20 2.31 3.00 3.40 3.79 4.10-4.60
(spd)2s1fl 1f;t 2st 1ds?t 1d,? 1d;1dy11d;?t
21 2.84 3.04 3.46 3.84 4.08 4.33
(spd)2s1£2 1f;t 2st 1d;? 1d,? 1d;?t 1d,?

%Reference 21.
bReference 27.
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 F T T T I T T T T T A Table 1(2S) refer to the linear isomer, which is not the most
B stable(for details see Refs. 10 and)24Vith increasing clus-
A "\93 ter size the difference in geometry between a neutral and a
J charged metal cluster may decrease, because the charge is

L distributed over an increasing number of atoms.

The electronic ground state of Agwith four valence
electrons islzg. Within a BE range of 6 eV the existence of
five electronic transitions into the neutral final states

B REnnan ne 2S48y ,2%5 5 21,223 is predicted. The calculated
BE’s match within 0.1 eV the positions of the peaks A—-E
(see Table 1). All calculated excited states involve the exci-

A 9;
FE tation of 4s electrons only with no contributions fromd4
Lh l i electrons in agreement with the above considerations.
DC The threes orbitals of the trimer combine to three mo-
l lecular orbitals: the bond|ngg, the nonbondingr,, and the
0- i antibonding 2;. The anion ground stat@az+ can be de-
0

scribed by the conflguratloarg . The linear neutral ground
state?S has the conﬂgurauontrg(ru Therefore, feature A
can be assigned to photoemission from the nonbonding
_ orbital. The nonbonding character of this orbital can also
'24(156245 :\?Orf:'eeztgsgl Sf;rtrtieogi?arﬁgn"t‘";? ?h’:g;zki def\éa?acm‘:%]/ explain the relatively narrow linewidth of feature A. The first
C.D, E, and E’s)ee the);'ext. 9 ' excited staté3; has the leading configuratian,og. Peak B
can be assigned to photoemission from the bondiggr-
bital. Within the simple model of photoemission the two
unpaired electrons in the neutral dimer. The two electron§lominant features A and B mirror the two occupied single
can combine to a singlet and a triplet state resulting in twdParticle orbitals of the trimer.
peaks(B and C)corresponding to the photoemission out of ~ However, the first excited Stateeak B)has a contribu-
the o orbital. In the case of the dimer the singlet/triplet split- tion (13%)from the configurationr32c . This configuration
ting is extremely largg1.1 eV). The multiplet splitting de- corresponds to an excitation of the single remaining electron
creases with increasing cluster size, because the average digthe o, orbital into the unoccupied antibondingrgorbital
tance of the interacting electrons increases. accompanying the detachment ofog electron. Therefore,
Feature A can be assigned to photoemission of the singlée single particle picture fails in the accurate description of
electron occupying the antibonding orbital in the anion, even the first excited state of the trimer. However, the lead-
while features B and C are assigned to the multiplet correing configuration has a contribution of more than 70% to this
sponding to the photoemission from the bondingrbital. state and fits well into the simple picture. For a qualitative
The electronic shell model predicts a configurati(B?rIIpl understanding of the data this limited accuracy might be suf-
for Ag, . From the point of view of the molecular symmetry ficient.

Intensity (arb. units)

Binding Energy [eV]

the 1s shell has a certain similarity with the bondimgor- Within the simple picture no other features at higher BE
bital, while the Ip shell exhibits the same number of nodesare expected. The qualitative understanding of these peaks
as theo™ orbital. (C-P is only possible, if further shake-up processes are
Ags taken into account. Feature C is assigned to tﬁE*Zstate

Photoelectron spectra of Agtaken withhv=6.424 eV with a leading conflguratlorargz%J This is the conﬁgura-
andhv=4.025 eV are displayed in Fig. 4. The two spectration according to the excitatiom,— 20y which also contrib-
clearly demonstrate the variation of the energy resolutiorutes to théE+ State dlscussed above Correspondmgly, this
with the kinetic energy of the electrons. Compared to thestate has aIso a contribution from tb%au configuration.
features observed in the spectrum of,Ape linewidth of the  Therefore, feature C can be assigned to a shake-up peak.

ground state transitiofmarked A)is relatively narrom(<50 According to the calculations, the weak feature D is as-
meV compared to 100 meV for peaks A and B of Agndi-  signed to a transition into %H; state. The leading configu-
cating a relatively small geometry change induced by theation involves the occupation of the, orbital. Therefore,
detachment. this peak corresponds to a transition involving the excitation

According to the calculations Agis linear, while neutral  into an even higher unoccupied orbital, which might explain
Ag; is strongly bent? In general, such a large difference in the relatively low intensity.
geometry gives rise to a major difficulty concerning the in- Feature E is assigned to the transition into th&2
terpretation of photoelectron spectra of negatively chargedtate with a leading configuratianyo,204(40%). This tran-
particles: The spectra contain information about the neutradition can be interpreted assg— 204 shake up with respect
vibronic states of the cluster in the geometry of the electronico the direct photoemission peak A. However, other configu-
ground state of the anion, because the photoemission procesdions contribute with considerable relative weights to this
is fast compared to the movements of the nuclei. Thereforegxcited state.
the final stateg=electronic states of neutral Aggiven in From the above analysis a qualitative picture of the spec-
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Dl bulk density of stateg¢see Fig. 1 A large similarity of the

Na - B electronic structure of Ag and Na is expected, if a scaling
3 A factor for the difference in the overall bandwidth is taken

into account. Indeed, the spectra ofNand Ag; are similar,

if the BE scale of the spectrum of Bas expanded by a

factor of 2. The two dominant peakmarked A and B are

assigned to corresponding transitiong®s | — 12(:;,

) 22* 12 ). Thes-derived states of Cu and Ag are expected

3 to be S|m|lar This is supported by the observation of two

features(A and B) at about the same BE for both trimers.

B The splitting of peak B in the spectrum of £ican be ex-

plained by a partial hybridization withd3derived orbitals,
M . _ which are located at slightly higher B@®.3 eV)*®
o The VDE of Ay; (3.89 eV)is much larger than the
Ag, VDE's of Cu; (2.37 eV)and Ag; (2.43 eV), a general trend
observed for all Au clusters and the atom. In Au and other
heavy metals the $orbitals are contracted and stabilized by
relativistic effects with respect to Cu and Ag. This effect
enhances the binding energy of an additional electron to a Au
cluster, while the ionization potential of the Au atom and the
A Au bulk work function(Fig. 1) are only slightly larger than the
values for Ag and Cu. We know of no simple explanation,
why the relativistic contraction has a larger effect on the
electron affinity than on the ionization potential.

For Au; this shift of the &-derived orbitals locates the

0- T T T T T T seconds-derived feature(corresponding to the transition
6 . 5, 4 3.2 10 22+ 12 ) within the manifold of transitions into &;,, de-
Binding Energy [eV] rived states. A strong hybridization of tiE; state with the
FIG. 5. Combarison of bhotoelection sbectia ot NEw - Ads - and Ak 5d;, derived states is expected to occur and an unambiguous
The.sp.ectra ngg and AFig are recordedpwitltnv:%.ﬁz%év g?u’)ton enLeéré;y, assignment Offth_ese tran5|t.|0msnmarked features in the
the spectrum of Na with hy=3.49 eV and the spectrum of Guwith spectrum of Ag) is not possible at preseff.
hvy=5.0 eV photon energy. For a discussion of the marked featéresd The spectra of the trimers correspond to the scheme of
B) see the text. the electronic structure of the bulk metals in Fig. 1 and es-
pecially demonstrate the correspondence of the alkali metals
and Ag. However, for larger clusters this similarity is less
trum of Ag; emerges, if only the leading configurations arewell pronounced, since these clusters exhibit differences in
taken into consideration: Features A and B can be assigned tbeir geometric structure due to the influence of tlieot-
direct photoemission from the occupied bonding and nonbitals.
bonding orbitals. Both peaks are accompanied by a shake-uAgd,
feature of an electron into the antibonding orbital. Additional ~ Figure 6 shows photoelectron spectra ofjAgcorded at
features can be assigned to shake-up processes into higieur different photon energieshr=4.025, 4.66, 5.0, and
orbitals. 6.424 eV. Eleven transition®—K) are identified in the spec-

In terms of the shell model the configuration of Ags  tra (A—H listed in Table I). The comparison demonstrates the
1s21p?. The symmetries of thesland Ip shells correspond additional information about a cluster gained by recording
to the symmetries of the, ando,, orbitals. Qualitatively, the photoelectron spectra at higher photon energies. The spec-
configuration 521p? corresponds to the conﬂguratmrjau trum ath»=4.0 eV is almost identical with the pioneering
The two dominant peaks in the spectrum of;Agan be high resolution studies from Het al1° The FWHMs of fea-
assigned to the photoemission from the dnd Ip shells, tures B(70 meV)and C(60 meV)are slightly smaller than
respectively. in the earlier work(100 and 110 meV, respectivelywhich

Figure 5 displays a comparison of the photoelectronmight be due to the lower vibrational temperature of the
spectra of Ng, Cu;, Ag;, and Ay . The spectra of Ag  anions.

Intensity (arb. units)

and Ay are both recorded withv=6.424 eV photon en- The changes in the relative intensities of the peaks vis-
ergy, the spectrum of Nawith hv=3.49 eV and the spec- ible in the different spectra correspond to the changes in
trum of Cy; with hv=5.0 eV photon energy. cross section at different photon energies. FeaturéBB

According to calculatiorf3?* and experimental =3.61 eV)displays a thresholdlike behavior. In the spectra
result$®101825the four trimer anions are linear. Therefore, recorded witthy=4.025 eV anchv=4.66 eV it is below the
any difference in the photoelectron spectra must be due tbmit of detection, whereas the relative intensity is approxi-
differences in the electronic structure of the four monovalentmately constant atv=5.0 eV andhv=6.424 eV. Such be-
metals. Such differences have been already discussed for thavior is not expected for direct photodetachment peaks,
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T TV T According to the calculations, Agis a rhombus with

B . D,, symmetry. The calculated peak positions of the photo-
¢ Ag, electron spectra of Ag are listed in Table I. Feature A is
assigned to the transition from the ground state of the anion
2B, into the neutral ground stafé\g. There is a relatively
large number of features, which can be assigned to transi-
tions into various predicted electronic states of the neutral.
i For the features at BE’s4 eV an unambiguous assignment
4 due to the position only is not possible. However, based on
the assumption that a shake-up feature should exhibit a
A smaller intensity than a direct emission peak a tentative as-
signment is presented here.

The five s electrons of Ag occupy the three lowest
s-derived orbitals with the configuraticagb3,b,,. The con-
figuration of the neutral ground state agb3,. Therefore,
feature A can be assigned to the direct emission of the up-
permost unpaired electron of the anion. Feature B has to be
assigned to the transition into tﬁBlg state, since the calcu-
lated BE is almost identical with the measured one and no
other calculated state is close in BE. The configuration is
agb3,b3,. Therefore, this feature is assigned to the triplet
state resulting from the direct photoemission of one of the
two electrons of thebg, orbital. For intensity reasons
(singlet:triplet=1:3)and because of the agreement in BE
peak C is assigned to the transition into ﬂmg state. The
0+ e experimentally determined singlet/triplet intensity ratio is in

6 ) 5_ 4 3 2 1 0 most casegsee also Ref. 18too large(about 1:2)and de-

Binding Energy [eV] pends on the photon energy. The reason for this is not
F1G. 6. Photoclect e of ded ahy—s.025. 4.66. 5.0. and known. ThelBlg state is the singlet state resulting from the
e e e e Photoemission from thig, orbital. AS in the case of the
text. dimer, the singlet—triplet splitting is slightly overestimated in

the calculation(exp. 0.4 eV, theory 0.57 eV
Analogously, at higher BE the appearance of a singlet/
since the detachment cross section usually increases moniiplet doublet is expected corresponding to the photoemis-
tonically close to the threshold=3.61 eV). sion from thea, orbital. The configuration of these excited

A possible explanation for the appearance of peak D jstates would baéb%ub%u. A possible doublet of peaks with a
fragmentation into Ag. The binding energy of peak D is separation of about 0.4 eV and an intensity ratio similar to
essentially equal to the one of feature B in the spectrum ofhe ratio of B/C are the features F and(BE's=4.23 and
Ags . If there is a fastwith respect to the pulse length of the 4.59 eV). However, there are no calculated states with a pure
laser=10—20 nsfragmentation process Ag-Agz, which  agb3,b3, configuration. The hole in the, orbital corre-
opens up fohv>4.66 eV, a photoelectron spectrum of Ag sponds to a significant excitation of the cluster, thus disturb-
is superimposed onto the spectrum of,Ad-eature A of the ing all valence orbitals, which results in a strong configura-
spectrum of Ag overlaps with the strong peak B of Agand  tion mixing. The calculation gives 2B, state (BE=4.10
is therefore not visible. The relative intensity of the fragmenteV) with the correct leading configuratio@0%), but also
photoelectron spectrum depends on the photodetachmeaonsiderable contributions from several other configurations.
cross sections of Agand Ag, and the photofragmentation Since there is no other triplet state in this BE range except
cross section of Ag. The Ag; fragment is probably vibra- for pure shake-up states, we assign the intense feature F to
tionally excited, which might explain the larger linewidth of the °B,, state. The correspondin@,, state is predicted to
peak D compared to peak B in the spectrum ofAghe  be at 4.70 eV BE. Thus if the calculated BE of g, is
relative intensity of feature D does not change with lasercorrected for the-0.15 eV deviation of the triplet state and
intensity, as it might be expected if it is due to a two-photonthe systematic overestimation of the calculated singlet/triplet
process. However, if the cross sections for the two stepsplitting the assignment of feature G to th®,, state seems
involved in two-photon process are largely different, thereasonable.
smaller one determines the yield resulting in a linear inten-  Beside these five features, which at least partially corre-
sity dependence. Therefore, a linear dependence is not spond to direct photoemission from the three occupied va-
proof for a one-photon process. According to these considetence orbitals, several shake-up processes result in the ap-
ations feature D is tentatively assigned to;AgNo other  pearance of various additional peaks. In between the two
fragmentation features are observed in the data on any of trdoublets(B/C and F/G two small features are visibléD:
other Ag, clusters investigated here. BE=3.61 eV, E: BE4.00 eV). Because of its unusual,

Intensity (arb. units)
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spectrum recorded dty=4.025 eV contains no additional
information and is not shown.

According to the calculations, the pentamer anion is pla-
nar(C,, symmetry). The electronic ground state of the anion
is 'A,. Five observed peak#\-E) can be assigned to tran-
sitions into the electronic ground steta,(A) and four ex-
cited statesB,,2 ?A;,2 ?B,,’B; (B, C, D, and E of the
neutral, respectively. The calculated BE’s of the transitions
are listed in Table I. The agreement between the calculation
and the experiment is less well pronounced than for the
smaller clusters but in all cases better than 0.2 eV.

The pentamer anion has séxelectrons occupying three
single particle orbitals in the configuraticatb32a3. The
configuration of the neutral ground statd, is a?b32aj.
Therefore, feature A can be assigned to direct photoemission
from the 2a, orbital. The first excited statd, has a leading
(79%) configurationa3b32a2. Therefore, feature B corre-

threshold like photon energy dependence feature D hagPOnds to photoemission from tig orbital. The relatively
above been assigned to the emission frorg Amgments. At low intensities o_f peaks C, D, and E indicate shake-up pro-
the same energyBE=3.63 eV)the calculation predicts a CESS€S responsible for the appearance of these features. In-
transition into a’Bs, state. The configuration of this state is deed, the Iea2ding cor12figurations of the calculated neutral
ajb3,2ag. Such a transition involves an electron excitation. States ZA;, 2 B,, and“B, located at about the same BE’s
Although the BE'’s of the predicted transition and the peak(See Table)l differ from the configuration of the anion by
position fit almost perfectly, it is difficult to consider a pho- More than one changed occupation number corresponding to
todetachment process with the observed photon energy déhake-up processes. Since calculations for neutral excited
pendence. Feature E can be assigned to the transition into tEtes at higher binding energies are not available, feature F
3529 state (BE=4.04 eV)with the Conﬁguratioméb%ub%u_ cannot be assigned. However, due to its relatively high in-
This is also a shake-up feature. The low intensity of thistensity indicating a direct emission process we tentatively

feature supports the primary assumption of lower intensitie@.SSigI'I this feature to a transition into a doublet state with the
of shake-up peaks. leading configuratiomib32a2. Accordingly, this peak corre-

There are other features at higher BE, I, J, and K, sponds to emission from the; orbital. Analogous to the
which can also be tentatively assigned to various shake-ufgtramer this highly excited state is probably strongly per-
transitions. However, at about 6 eV BE photoemission fronfurbed and might not be described by a single configuration
4d orbitals is expected to contribute significantly to the pho-only.
toelectron spectra and therefore the assignments of features J According to the above considerations the three intense
and K to 4s-derived states seems tentative. The relativelyfeatures in the photoelectron spectrum ofsAgirror the
high intensity of peak K may serve as an indication for thethree occupied single particle orbitals. Since the anion
onset of 4 emission. ground state is a singlet state, a multiplet splitting is not

In terms of the shell model the configuration of Ags  expected and the number of intense features corresponds to
1s?1p3. If the particle is not spherical, theorbital will split ~ the number of orbitals.
into sublevels of different energiess#1p?1p3. According In terms of the ellipsoidal shell model the configuration
to the simple model of photoemission including multiplet of Ags is 1s?1p31p3. Therefore, the three intense photo-
splitting five peaks are expected in the photoelectron spectr&mission peak$A, B, and B can be tentatively assigned to
a single peak for the emission of theplelectron and a the photoemission from these three subshells. If this assign-
doublet for the two fully occupied subshells. According to ment is correct, the quantum chemical single particle orbitals
the above considerations the doublets, F/G and B/C can k&, b,, and 2a, correspond to the subshells,11p,, and
assigned to the emission from the and 1p; shells, respec- 1p,, respectively. Indeed, these orbitals have the equivalent
tively, and the single peak A corresponds to th®, Bhell.  symmetries in theC,, point group supporting qualitatively
Within the Dy, point group the symmetry of thegy, bs,, and  the shell model. Also, the shell model predicts an oblate
b,, orbitals corresponds exactly to the symmetry of tlse 1 deformation of this cluster in qualitative agreement with the
1p,, and Ip, electronic subshells. calculated planar structure of the pentamer anion.

Ags Ags

Figure 7 displays a photoelectron spectrum of Ag- Figure 8 shows a comparison of photoelectron spectra of
corded ahv=5.0 eV photon energy. No photoelectron spec-Agg recorded ahv=5.0 eV andhv=4.025 eV photon en-
tra could be recorded dtv=6.424 eV photon energy for ergy with a photoelectron spectrum of Ctaken athy=5.0
Ags and Ag; due to their low abundance in the mass spec€V. Seven featureA—G) are observed in the photoelectron
tra. Six transitiongmarked A—F, see Tablg tan be identi- spectra of Ag (listed in Table }. The five peaks at lower BE
fied. The linewidths of features A and B are large comparedA—E) display a large similarity to the corresponding peaks
to the experimental resolution. Therefore, the photoelectrofA—E) in the spectrum of CGu. The two spectra of Ag

Intensity (arb. units)

o
1

T
Binding Energy [eV]

5 0

FIG. 7. Photoelectron spectrum of Agecorded ah»=5.0 eV. For a dis-
cussion of the marked featuré&)—(F) see the text.
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P T D TN TR Cus taken athv=5.0 eV. From these considerations we ten-
tatively assign feature A to photoemission from theorbital

and the two doublets B/C and D/E to photoemission from the
2a, andb, orbitals, respectively. At 5 eV photon energy the

i relative intensities of features B and D are reduced and the
intensity ratios between the two multiplet components are no
longer in agreement with the expected ratio of 3:1. This can-
not be explained within the single particle picture and must
be due to matrix element effects.

Based on these tentative assignments the spectra can be
compared to the calculated data. There are transitions into
five states’A,, °B,, B4, °A,, and*A, with the leading con-
figurations a?b32a?, asbs2albl, a?b32albl, a’bl2a?bi,
anda?bl2a?bl, respectively. The five transitions correspond
to the emission from the uppermost three occupied orbitals
(by,23,,b;) of the anion. Therefore, we assign features A,
B, C, D, and E to the transitions into these five states in
agreement with the tentative assignment. The calculated
BE's agree reasonably well with the peak positidisge
Table ). The assignment of feature D to the transition into
the °A, state is supported by the photon energy dependence

y of the peak intensity, which is similar to the other triplet
5 4 3 2 1 0 transition (feature B,°B,). The assignment of peak E to the
Binding Energy [eV] transition into the'A, state is based on the assumption of a
similar singlet/triplet splitting for the emission from theap
FIG. 8. Comparison of phgtoelect.ron spectra ofAgcorded ahv=5.0 eV andb, orbitals (0.3 and 0.34 eV, respectively
e e et Ffom the comparison with the photoelection specta of
the smaller clusters we expect the position of the doublet
corresponding to emission from tleg orbital at a BE sig-

. . o . nificantly larger than 5 eV, which is therefore not observable
exhibit pronouncgd changes in the relative intensities of fea; present. The two peaks F and G can be assigned to
tures B and D with photon energy. shake-up transitions. Three such transitions have been

According to the calculations, Aghas a compact three- predicted with BE's at 4.08, 4.12, and 451 eV
dimensional _shapétetragonal tripyram_id,(é‘,zl, symmetry). (®B,,%A,,'B,+ 2B,). The energies differ significantly from
The electronic ground state of the anior's;. The calcu- the measured peak positions and an unambiguous assignment

lated energy of the ground state transm(}_w\{% By) Is in based on the calculated energies only is not possible at
almost perfect agreement with the experimesge Table )l é)resent

The BE's of the features corresponding to transitions into th ' . _
lowest three excited statedg; ,'B;,°A,) are also in agree- In terms of the shell model the configuration of the;Ag
ot ground state is 4*1p?1p31p3. The BE of the & orbital is

ment with the spectra. However, the assignment of the fe probably shifted beyond 5.0 eV and therefore not visible in

tures at higher BE'SE—G) is more difficult. . . ) .
A tentative assignment can be based on the relative inour spectra. According to the simple picture of photoemis-

tensities of the observed features and the comparisongo Cu SIo" the appearance of five peaks with the intensity ratio of

The seven valence electrons occupy four single particle 0&_:3:1:3:2 is expected, which can be assigned to photoemis-
bitals. The configuration of the anion ground state isSIoN from the three uppermosplsubshells. Therefore, fea-

a?b22a2bl. Therefore, the appearance of an uppermos{urEAiS assigned to emission frpm thpslshell and the four
single peak with a relatively low intensity corresponding toéatures B/C and D/E are assigned to the doublets corre-
photoemission of the unpaired electron is expected. In addsPonding to photoemission from thepdand 1p, subshells,
tion, the photoemission from each fully occupied orbitalf€spectively. Qualitatively, the assignment is supported by
yields a doublet of two peaks with an intensity ratio of 3/1.the results of the quantum chemical calculations, since the
From the systematic shift of the lowestlerived orbital with ~ Symmetries of the exact single particle orbitals b, 2a;,
increasing cluster sizdeature F in the spectrum of Agone  andb; match the ones of thes] 1p,;, 1p,, and Ips sub-
expects a BE of more than 5 eV for the lowestorbital of ~ shells, respectively.

Ags . Therefore, direct photoemission should result in atAg;

least five peaks within 5 eV BE with estimated relative in- Figure 9 displays a comparison of photoelectron spectra
tensities 1:3:1:3:2 where the two lines of the two doubletof Ag; recorded ahr=4.0,5.0,6.424 eV and a spectrum of
should exhibit a similar energy separatigsinglet—triplet Cu; recorded ahv=5.0 eV. Three peak&, B, and C)can
splitting). This is about the pattern of the five features A—Ebe identified in the spectrum of Agat h»=5.0 eV photon
observed in the spectrum of Agtaken athv=4.0 eV and energy. The spectrum recorded using 6.424 eV laser radiation
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tures C—A(3.60, 2.73, and 2.69 eVAt 5.3 eV BE a weak
peak (Fig. 9) is superimposed on a broad emission signal.
This feature is located at about the BE expected for direct
emission from the lowest single particle orbital of Ag
However, due to the poor signal to noise ratio, we do not
consider this feature in the further discussion. Therefore, we
assign the observed features A, B, and C to direct photoemis-
sion from the three uppermost occupied single particle orbit-
als of Ag; . The slight changes in the energy spacings of the
peaks(especially between the nearly degenerate peaks A and
B) may be explained by differences in the geometric struc-
tures of Ag and Ag; .

The photoelectron spectrum of £wexhibits the same
pattern of three intense features within 4 eV BE. The broad
peak located between 3.8—4.3 eV is assigned to emission
from 3d-derived states. Three additional weak features are
observed at 2.2, 3.0, and 3.2 eV BE. The two peaks at 3.0
and 3.2 eV BE are assigned to shake-up proce§seke
weak feature at 2.3 eV BE in the spectrum of;Cis as-
signed to a different, less abundant isomer of this cluster.

The broad featuré4.0—6.0 eV BEisible in the photo-
electron spectrum of Agrecorded ahv=6.424 eV results
from thermionic emission induced by the absorption of one
or several photons. A similar broad feature appears in all
spectra of the clusters larger than-Agnd is also found in
the photoelectron spectra of NiW,,, C,, and S} clusters.

An analysis of the dependence of this featureless emission
signal on the cluster size, the photon flux, the electron affin-
G 0. ,  hotoelect e of Aacorded ahy—4.025 ity and the vibrational temperature of the cluster anions will
D s, be publshed elsewhd. o
For a discussion of the marked featuf@$—(D) see the text. In terms of the shell model the configuration of Ags
1s?1p21p21p3. The Ip shell is completely filled and the
cluster is expected to be spherical with thedubshells to be
exhibits a broad intense feature between 4.0—6.0 eV bindingegenerate. However, according to the above considerations
energy. we assign the features A, B, C, and D to direct photoemis-

The calculation of Ag assumes two possible geom- sion from nondegenerates11p,, 1p,, and 1p; subshells in
etries, which are close in energy: a capped square bipyramighalogy to the discussion of Ag Therefore, Ag should
and a pentagonal bipyramid. However, in both cases the pa€éleviate from the spherical symmetry, which seems reason-
tern of the calculated transitions does not fit the spectra disable for a particle with only seven atoms. The pattern of two
played in Fig. 9. The vertical detachment enetyDE) of  1p subshells at lower BE's correlates with a prolate defor-
the square bipyramid agrees with the BE of peak A. How-mation of the cluster. The two geometries calculated using
ever, no other transition is predicted up to 4 eV BE in dis-the HF-CI formalism have more oblatelike structures. Since
agreement with the observation of features B and C. the calculations do not match the photoemission data at all, it

A tentative assignment can be based on the comparisads possible, that the two calculated isomers correspond to two
with the photoelectron spectrum of AgThe seven electrons local minima within the configuration space, which might
of Agg occupy four single particle orbitals as do the eightnot correspond to the global minimum.
electrons of Ag . Since Ag is a closed shell specigsinglet  Agg
electronic ground state), only one peak per occupied single Figure 10 displays a comparison of photoelectron spec-
particle orbital is expected. The BE'’s of the four orbitals intra of Ags recorded ahv=4.025 eV anchy=5.0 eV with
Agg can be estimated to be about 5.1, 3.4, 2.5, and 2.1 ethe photoelectron spectrum of Euecorded ahv=5.0 eV.
(Fig. 8). The BE of the feature corresponding to the lowest~our dominant feature@\—D) can be identified in the spec-
orbital (5.1 eV)is estimated from the systematic shift of the tra of Agg , with similar BE’s as the corresponding peaks in
corresponding orbitals of Ag Ag, , and Ag . If a multiplet  the spectrum of Cj1. Additional weak transitions are marked
is observed, the BE of the corresponding single particle orX, Y, and Z. The relative intensities of Y and Z depend
bital is calculated to be the “center of gravity” of the strongly on the photon energy. In the spectrum recorded with
multiplet?® If it is assumed, that for Ag the pattern of these hvr=4.0 eV these two featurgX and Y) are much weaker
orbitals is basically similar but shifted by 0.3 eV towards and not resolved from peak C.
higher BE the following pattern is calculated: 5.4, 3.7, 2.8,  In D,4 symmetry the electronic ground state of the neu-
and 2.4 eV. This is about the position of the observed featral Agg is a closed shel(*A;) configuration with eight va-
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T T T T servations on Ag, Ag,, and Ag , is probably overesti-
CKB . mated. Therefore, the singlet transition accompanying fea-
Aga ture B may be superimposed by feature C and the singlet

peak of feature C might be hidden in the tail on the high BE
side of this peak. There are two shake-up transitions
(®B,—2A,, 3A;<—2A,) very close in energy to features B
and C. An unambiguous assignment of the features Y and Z
is not possible at present. Feature X also cannot be assigned.

Feature D is assigned to the®B,—2A, transition cor-
responding to direct photoemission from thie, brbital. The
corresponding singlet transition B, 2A, is calculated at
0.3 eV higher BE. However, no distinct peak at higher BE
beyond feature D is observed, but peak D exhibits a slight
asymmetry towards higher BE. Therefore, it is possible, that
the singlet transition is not resolved from the triplet peak.
This would correspond to an upper limit of the singlet—triplet
splitting of 0.2 eV.

In terms of the shell model the configuration of Ags
1s?1p31p21p31dt. With a prolate geometry of this cluster
anion the D, and 1p, orbitals may be degenerate, while the
1p, orbital is located at a higher BE. We assign feature A to
the emission from the d orbital and B, C, and D to emis-
sions from the nearly degeneratp,land Ip; orbitals and
the 1p, orbital, respectively.

, B A basic property of the shell model is the similarity of
FIG. 10. Comparison of photoelectron spectra ofgAgcorded athy o jnhar shell structures of different clusters, which in the
=4.025 and 5.0 eV with the spectrum of Cvecorded ahv=5.0 eV. The . . T
marked feature¢A)—(D) are discussed in the text. first place differ by the number of electrons in the outermost
shell. This shell principle can be directly probed by compari-
son of the photoelectron spectra of Agnd Ag; . The pat-

lence electrons. The additional electron of the anion is onlyerns of the three dominant features assigned to the fully
weakly bound resulting in a low BE of the ground stateoccupied P shell (Ag;: AB,C; Agg: B,C,D) is almost
transition(feature A). Seven transitions have been calculateddentical in both spectra, but shifted towards higher BE for
for Agg up to 4.52 eV BE. An assignment of the experimen-the larger cluster. Here, this similarity is more pronounced
tally observed features to the calculated transitions is basei@an for the smaller clusters, because with increasing cluster
on the observed relative intensities and the measured BE'Size the energy of the multiplet splitting decreases thus re-
Feature A is assigned to the ground state transitioflucing the complexity of the spectra of the clusters with an
1A,—2A,. Because of the relatively high and about equalodd number of electrons. In addition, the change in geometry
intensities features B, C, and D are tentatively assigned tby adding one electron is less severe.

transitions into triplet states corresponding to direct photoAgy

emission from one of the occupied single particle orbitals of  In Fig. 11 the photoelectron spectra of Agecorded at
the anion(configuration: B?1b31e*2al in D,y symmetry). hv=4.0, 5.0, and 6.424 eV are compared to a photoelectron
Two such transitions are predicted with the final state leadingpectrum of Cg recorded ahv=>5.0 eV. Seven transitions
configurations (&21b31e°2a}) and (lalbile*2al):  (A—G) can be identified in the photoelectron spectra of Ag
3e—2A, and 2°B,—2A,. The BE for the transition For this cluster a significant disagreement with the data of
SE«2A, agrees reasonably well with the BE of feature B, Ho et al!?is observed. In their work only the features A, B,
while the BE of the peak D is slightly lowd0.24 eV)than  and C could be observed with a quite different intensity dis-
the calculated BE for the 3B,«2A, transition(see Table tribution: feature A exhibits the highest relative intensity,
). The 1e orbital is twofold degenerate. If the symmetry of while B and C have successively lower intensities.

the anion is slightly perturbed with respect to thg; sym- We assign feature A to a different isomer of Agwhich
metry assumed in the calculations, the twofold degeneracy aé slightly higher in energy. This explains the higher intensity
the le orbital can be lifted and théE;—?2A, transition  of this peak in the photoelectron spectrum of kfoal., be-
would split into two transitions corresponding to two peakscause the cooling was less effective in that experiment. The
in the photoelectron spectrum of about equal intensityassignment is also supported by the comparison with,Cu
Therefore, we assign features B and C to direct photoemisvhere the small feature is missing. Three prominent peaks A,
sion from the slightly distorted é-derived orbitals. If the B, and C are observed, which resemble the pattern of the
two features B and C correspond to triplet final states, twdhree corresponding features B, C, and D in the spectra of
weaker peaks are expected at slightly higher BE correspondhgg . The difference in stability of the two corresponding
ing to the singlet final states. The calculated singlet—tripleisomers of Cyg might be larger than in the case of Ag and
splitting is 0.2 eV, which according to the experimental ob-therefore only one isomer is observed.

Intensity (arb. units)

5 4 3 2 1 ]
Binding Energy [eV]
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Dt due to a shake-up transition. The ghell is expected to be at
DC B Ag.” a BE larger than 5.5 eV. Therefore, feature G is a possible
9 candidate for emission from theskhell.
11 I Ag10-A
Since calculations are not available for the comparison
A with the spectra of the larger clusters, only a tentative assign-
ment based on the predictions of the shell model is possible.
These assignments are analogous to the discussion of the
data of the Cjj clusterst® According to the above compari-
son of HF-CI calculations with the Agdata, the earlier ten-
tative assignment of the Guwith n=2-9 based on the shell
model was basically correct. We conclude, that qualitatively
this approach is likely correct for the larger clusters, too.
Figures 12(a}12d) show the photoelectron spectra of
Ag, with n=10-21(n=10-18 forhv=4.66 eV)taken at
hv=4.025, 4.66, 5.0, and 6.424 eV. The data are recorded at
a higher energy resolution than the correspondingfiata
Cu, and display more spectral fine structure. Only the domi-
nant structures are assigned to electronic shells. We assume,
that the orbitals are nondegenerate single particle orbitals
corresponding to a nonspherical symmetry of the clusters
(except for Ag;). The electrons are successively filled into
the lowest orbitals according to the shell structure. Thus the
22 electrons of Ag lead to the configuration
Y I ol W 1s?1p31p31p31d?1d31d31d31d22s°1f2. It is assumed,
6 5 4 3 2 1 0 that the BE of each single particle orbital increases mono-
Binding Energy [eV] _tonlcg!ly with increasing size of the cll_Jster. The BE’s_ of aII_
identified features and the shell assignments are listed in
FIG. 11. Comparison of photoelectron spectra ofyAgecorded athv Table 1.
=4.025, 5.0, and 6.424 eV, respectively, with a spectrum of @gorded at ~ AQyq
hv=5.0 eV. For a discussion of the marked featuids—(G) see the text. The five dominant peak(sA, B, C, E, and Fobserved in
the spectra of Ag, can be assigned to photoemission from
electronic shellgTable ). The weak feature D is tentatively

At present it is not possible to assign the observed feaélssigned to a shake-up process. The peaks C and E exhibit a

:Z;?szrteostze (r:es:r:':js S;tzg H3F1-£()3I ;‘;lg ﬂ%t'?:;;;ievgl;gsrgéthefinestructure, which cannot be explained at present. A similar
within 0.2 eV with the calculated energies of the transitionspattem Of. four dominant peaki&A, B, C, and B is also

. o observed in the spectrifhof Cuy,.
from the anion ground stafé\’ into the neutral ground state Ag;
2p 7 : H 11
A’ (2.34 eV)and the first and second excited staté& .
(3.13 eV)and?A’ (3.45 eV)assuming &, symmetry of the .The five pronou_nced featuré8, C, D, E, and H are
anion. However, this possible assignment disagrees with th%SSIgned o electronic shells. In the photoelec_tron spectra re-
above assignment of feature A to a different isomer. In adgicorded ath»=4.025 eV anch»=5.0 eV an additional weak

eak(labeled A)is observed at very low BE. The photoelec-

tion, feature B cannot be assigned to any transition for thid > - o
{ron spectrurtf of Cug; exhibits a similar pattern of four

geometry. There are also calculations of a different isomer o )

Ags with a C,, symmetry. However, for both calculated features at about the BE's of the peaks B, C, D and E b_ut not

isomers and also if a mixture of the two isomers is assumede peak at very low BE. Therefore, feature A is not assigned

it is not possible to assign the measured photoelectron dat} & Photoemission peak of the dominant isomer of;Ag
Based on the shell model a tentative assignment of the&0me other photoelectron spectra of the, Adusters(e.g.,

various features can be magime Table)l The configuration AJs » Ag1a) exhibit similar weak features at low BE's. As

of Ags is 1s*1p?1p21p21d2. This ten-electron cluster discussed for Ag we assign these features to photoemission

should assume a prolate shape similar tg Agherefore, a  from isomers other than the most stable one. In Table | these

certain similarity of the photoelectron spectrum ofAgith ~ features are labeled with “Isomer.”

the one of Ag is expected. A corresponding similarity has The features F and G are not observed in the correspond-

been foundf for the spectra of Ciand Cy as well, where ing spectrum of Cy and cannot be explained within the

only the ground state transition and peak D are shifted toshell model. We tentatively assign these features to shake-up

wards lower BE for Cgi. Based on these considerations, weprocesses.

assign feature B to thedlsubshell and features C, D, and E Ag;,

to the 1p;, 1p,, and 1p; subshells, respectively. Feature F Again the five most intense featurés, B, C, D, and F

cannot be assigned based on the shell model and is probaldye assigned to electronic she(Eable ). The weak feature

Intensity (arb. units)
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6420

E is assigned to a shake-up process. Cu, and Ag, within the binding energy range studied. A
Adi3 significant difference between a Cu and a corresponding Ag
As for the previous clusters the five dominant featuresspectrum concerning a shake-up feature can be explained by
(B, C, D, E, and Fare assigned to electronic shell@ble ).  the strong dependence of the relative intensities of these fea-
Again a weak photoemission signal at very low BBature tures on details of the involved wave functions.
A) is observed, which is assigned to photoemission from Interms of the shell model the lowest unoccupied orbital
another isomer. of Ag;7 (18 electrons)s the X shell. The energy gap be-
A4 tween the © and the 3 shells can be estimated from the
Based on the comparison with the spectrum of Gbe  difference in BE between features A and B in the spectrum of
dominant features A, B, C, D, E, F, and G are assigned té\g;g (see below). Feature A is assigned to photoemission
electronic shells(Table ). Feature C is assigned to a from the % shell and feature B to the emission from the
shake-up process. uppermost occupieddLsubshell. The separation is 0.73 eV.
AGs This is expected to be comparable to the energy necessary to
Based on the comparison with the spectrum of@he  promote a H electron in Agy into the X orbital. The sepa-
dominant features A, C, D, E, and F are assigned to eledation in energy between the dominant group of features in
tronic shells(Table )). Close to the ground state transition A the spectrum of Ag (A, B, and C) and the supposed
a second peak B is observed, while in the spectrum gf Cu shake-up feature® and E)is about 0.55 eV. Therefore, the
only one feature is observed in this BE range. In additionfeatures D and E can be assigned ®-21d shake-up pro-
according to the shell model only one feature is expected g€sses accompanying the photoemission from thetiell.
this BE. Peak A in the spectrum of fgexhibits a similar The peaks A, B, and C are assigned to tigeemission.
finestructure. A second feature seems to be located very clogde narrow peak corresponding to the emission from the five
to peak A(Fig. 8) at slightly higher BE. Since no electronic 1d subshells indicates a significant degree of degeneracy
effect can be found explaining these double features, we tergorresponding to a high, almost spherical symmetry of the
tatively assign the peaks to photoemission from other isocluster.
mers. In the case of Agit cannot be decided, which feature A%is
(A or B) has to be assigned to the isomer with the lower ~ The six identified features A—F are assigned to photo-

ground state energy. We tentatively assign feature A to th@Mmission from electronic shells. Neutral Agis a closed
ground state isomer. shell species with 18 electrons. The additional electron of the

Aggs anion occupies the lowest unoccupied molecular orbital of

The spectrum of Ag; recorded ah»=5.0 eV displays a the neutral, which corresponds to the Blectronic shell.
relatively smooth increasing photoemission signal with onlyTherefore, the energy separation between featuession
small peaks superimposed. However, in spectra takérv at from the X shell) and feature Blemission from the upper-
=4.0 eV and ahv=6.424 eV five distinct featuresA-D) ~ Most 1d subshell)corresponds to the HOMO-LUMO gap
can be identified. The five features are tentatively assigned f5ansition energy, which is synonymous for the bandgap of
photoemission from electronic shel§able ). the cluster.

Agr7 At , . .

The spectrum of Ag displays a prominent peak at 3.2 'Agam, the five dom_lnant featuréA—E)' are qs&gned to
eV BE with a finestructure corresponding to at least thre€™M!SSION frozm ezlectzron;c 5?9”25- The configuration of &g
transitions(A, B, and C). The spectrum recordedhat=5.0 (15219 ) 1d71d31d31d31d52s". If the cluster is nonspheri-
eV exhibits a double pealD and E)at about 0.5 eV higher cal, six features are _expe_ct_ed within the studied range of
BE, which is much weaker in intensity in the spectra re-BE'S:- However, only five distinct peaks are observed.
corded at the other two photon energies. The spectrum ré3%o and Ag; -
corded athv=4.66 eV is very similar to the one recorded at 7'” contrflst to the spectra of Ag-Agy, the spectrg_of
h»=5.0 eV. The corresponding spectrum of Grecorded at ‘920 and A, recorded ah»=6.424 eV no longer exhibit a
h»=5.0 eV displays only one intense feature at 3.2 eV BE.9T0UP Of lines well separated from the emission signal at

The peaks marked D and E in the spectra of Azan be h!gher BE. At low BE several peaks can be identified. Af[
assigned to either shake-up processes or to direct photoem@,gher, BE the features Seem o merge into the smooth emis-
sion. The strong dependence of the relative intensity on th ion signal. Ther_efore, th? identification and a_155|gnment_of
photon energy indicates shake-up processes. The features < _features at hlgher BE's are rather uncertain. A Eentanve
signed to direct photoemission in the photoelectron spectrﬁss’"‘:’mma_rlt of the first pronounced peaks ojfand Ag, is
do not exhibit a comparably strong dependence on the phdUCIUdQd in Table 1.
ton energy except for feature A in the spectrum of;Ag
However, in the case of the trimer this strong dependenc
can be explained by the significant difference in the symme-
tries of the involved electronic states. ForAgthese sym- The results of the quantum chemical calculations on
metries are expected to be similar for the features A-D. Ag, withn=2, 3, 4, 5, 6, and 8 can be used to quantitatively

Another support of the assignment to shake-up processexplain most of the important structures in the measured
is the lack of a corresponding feature in the spectrum ofhotoelectron spectra. The calculated peak positions deviate
Cu;7. Most of the cluster spectra exhibit a large similarity for from the experimental values by less than 0.3 eV. The spectra

. COMPARISON OF THE SHELL MODEL WITH THE
UANTUMCHEMICAL APPROACH
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S T S S S S T S S ST T S T U T S Y U0 B multiplet peaks has been plotted. Immediately this picture
E | relays the following:

,E; i (1) The “4s bandwidth” and the number of occupied single
o | particle orbitals increases monotonically with

"': (2) The orbitals are largely nondegenerétecept for Ag-).

3 L

"E’ The identified orbitals can be compared to the predic-
5 i tions of the shell model. According to the above discussion
% - every single particle orbital is assigned to an electronic shell
e 2 S — (see Table)land marked in Fig. 13. Orbitals assigned to the

0o 2 4 GNUI‘:Ibe:‘ (:)ffto]rr‘:s ;16 18 20 22 same shell or subshell are connected.
With the shell model assignments significant information
FIG. 13. The BE's of the single particle orbitals extracted from the spectra2P0Ut the electronic and geometric structures of the clusters
for each Ag cluster. can be extracted from Fig. 13. An oblate deformation results
in an enhanced binding energy of two of therbitals, while
a prolate deformation results in an enhanced binding energy
of just onep orbital. A pattern of twop orbitals with a low

of Ag; and Ag,, however, do not agree with the calcula- ) .
9 @ 9 é/DE and one with a higher VDE corresponds to a prolate

tions. The reason is possibly a different geometric structur : -
of the anion. The following information can be gained from shape. According to the observed splittings of te stib-

. . . hells the clusters Ag-Ag, have a prolate shape, while the
the comparison of quantum chemical theory and expenmenf.arger clusters up t'::gz_lz?gexhibit arf)oblate defF:)rmation

(1) The geometric structure of the anion ground state. Agi; seems to be the smallest cluster with an almost
(2) The electronic states of the neutral cluster in the equilib-spherical symmetry according to the degeneracy of ttie 1
rium geometry of the anion. subshells. Although between fgand Agg the 25 shell is

However, a qualitative understanding of trends and patterng!led these clu_s:ters are again nonsphgrlcal. Th|.s IS Surprising,
since an additional electron occupying arorbital is not

developing with increasing cluster size is difficult to gain ted to ind def tion. Iti ible. that t
from the quantum chemical description since each and eversf(pec ed tonduce a detormation. 1t 1S possibie, that geomet-

cluster is treated as an individual molecule. I\IIC p?ckmgteffects also |nfldu$nce tthetz)lshape oftt_he CIL:‘.SterS'
On the other hand, the dominant features in the photo- Ineteen atoms correspond fo a stable geometric configura-

emission spectra can also be assigned to direct photoemirsi,(—)n plr(?[posr?d,ge).ﬁ.,_ ngm%? istﬁ Ctataped ichJ(_sahec;Ifror; \(/jv_ith
sion from occupied single particle orbitals. This assignmenfel prolate shape. It IS possibie, that this packing efiect dis-
can only be qualitative, because the binding energy of ?rbs the spherical symmetry given by the electrons. Beyond

single particle orbital in the anion and the measured positio 9ao the 1d orbitals split further_iljdicating an even lower
glep P ymmetry corresponding to the filling of thd thell. These

of a feature in the spectrum differ by the relaxation energ . X . .
since the photoelectron spectrum represents the amount gjpservanons are basically identical to the pattern observed
energy needed to remove an electron from the occupie rC_:I_L# . t of the feat b d in the phot

single particle orbitals in the cluster. Additionally, the spec- € assignment of the Teatures observed in the pnhoto-
trum has to be corrected for shake-up processes and multipIS}eCtron spectra reflecting the occupied single particle orbit-
splittings als and the interpretation in terms of the electronic shell

The comparison of the assignment to emission from OC_model yields a qualitative picture of the development of the

cupied orbitals with the assignment to calculated transition?I‘:"Ctmm_C structure of clusters of simple metals. For the in-
based on quantum chemical calculations is a test for the vaerpretation of the photoelectron data both models, the quan-

lidity of the simple interpretation. In all cases, where thetUm c_hemlcal appYoaCh and the shell model, are r.eq.uwed:
pe first one to gain a sound and quantitative description of

guantum chemical calculations predicted states in agreeme;iI dat d the latt N iract derstandi fth
with the experimental observations the simple interpretatio € data and Ine fatter one to extract an uncerstanding ot the
_development of the electronic structure of these metal clus-

turned out to be qualitatively correct also. This clearly supt ith i . 76 We found no fund tal di
ports the earlier assignmeHfi®f the data on CJ. ers with increasing size. We found no fundamental disagree-
jgnent between the two interpretations.

The correspondence between the shell model assig H th s still : tal f for the b
ments and the quantum chemical states not only refers to the Owever, there 1S Still no experimental proot Tor the ba-

energies, splittings, and numbers of states, but also to thlc assumption of the electronic shell model of a defined

symmetries. As far as the transitions correspond predomﬁmgmar momentum. This would require the direct determina-

nantly to the removal of a single electron, the symmetry oft'on of the angular momentum of the electrons.
that particular single particle wave function is identical with

the symmetry of the assigned subshell. In this framework thé/l' CONCLUSION
position of a direct photoemission feature corresponds to the Photoelectron spectra of Agclusters recorded at several
vertical detachment energid¥DE’s) of the single particle different photon energies are compared to similar data on
orbitals. Figure 13 shows the resulting VDE's of these singleCu,, clusters and to the results of Hartree—Fock configura-
particle orbitals extracted from the spectra for each, Ag tion interaction calculations. The calculated energetic posi-
cluster. If a multiplet is observed, the center of gravity of thetion of the transitions from the anionic electronic ground
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