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Experimental dissociation energies of metal cluster dications and their interpretation
in a liquid-drop model with empirical corrections

S. Krückeberg,1,* G. Dietrich,2,† K. Lützenkirchen,2,‡ L. Schweikhard,1 and J. Ziegler1,§
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The dissociation energies of doubly charged silver cluster ions in the size range 9<n<25 are measured by
multiple collision induced dissociation. They are compared to the dissociation energies of singly charged
clusters. To this end, the latter are used to calculate shell corrections in a macroscopic-microscopic model.
Good agreement between the resulting predictions of the dissociation energies of the doubly charged systems
and the experimental values is found, which indicates the strong influence of electronic effects on the stability
of small silver clusters.@S1050-2947~99!05808-4#

PACS number~s!: 36.40.Qv, 36.40.Wa
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I. INTRODUCTION

One of the central issues of metal cluster research@1,2# is
the question to what extend the geometric and the electr
structure control the clusters’ properties. Experimenta
such information can be obtained by measuring a prop
over a broad range of cluster sizes and over several ch
states. The latter aspect was first observed in the inves
tion of abundance spectra of singly charged noble metal c
ter anions and cationsMn

z (z561) @3#: Shell closures and
the odd-even-effect were found to be mainly a function
the number of atomic valence electrons, i.e.,ne5n2z for
the case of the monovalent Ib metals. As far as dissocia
energies are concerned, most experimental investigat
have been performed with singly charged cluster catio
The present investigation is an extension of such meas
ments to doubly charged clusters.

Doubly charged clusters, especially metal clusters, h
found continuous interest over the past decade@4,5#. Again,
the initial information came from abundance spectra. A
pearance sizes for doubly charged systems, depending o
production mechanisms were observed, e.g., for silvern59
@6# or n515 @7#. In addition electronic shell closures and th
odd-even effect were reproduced at higher charge st
@8,7#. Later experiments yielded information on the dec
pathways. In general, for large systems neutral atom eva
ration has been observed, while smaller clusters unde
charge-symmetric, mass-asymmetric fission, i.e., decay
two charged fragments. This behavior, which is expected
basic considerations such as, e.g., in a liquid-drop model@9#,
was first found for alkali-metal clusters@10# and gold clus-
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ters @9#. The latter results were confirmed by Penning-tr
experiments@11,12# and extended to other metals@13#, in
particular to silver@14#. The dominant fragmentation path
ways of Agn

21 are neutral momomer evaporation forn
.16 and trimeric fission for most clusters withn<16. Ex-
ceptions from the rule are Ag11

21 and Ag15
21 which un-

dergo monomer evaporation@14#. Thus, they indicate the
influence of microscopic structure.

Apart from the kinetic energy release study of Li26
21 by

Bréchignacet al. @15#, little is known so far about the disso
ciation energies of doubly charged metal clusters, i.e., in
case of neutral monomer evaporation the energy required
the separation of a neutral atom and in the case of fission
energy required for the decay into two charged particles~the
fission barrier!. Recently the method of multiple collision
induced dissociation~MCID! in a Penning trap for the deter
mination of dissociation energies, originally employed f
multiply charged gold clusters@16#, was presented in deta
for the case of singly charged silver clusters@17#. The
present investigation is an extension to doubly charged si
clusters. The differences in the dissociation energies of
two charge states can partly be understood in the liquid-d
model. We present a macroscopic-microscopic model, wh
the experimental results from singly charged silver clust
are used to deduce empirical corrections with respect to
liquid-drop model. These corrections are subsequently
ployed for predictions of the dissociation energies of dou
charged clusters. The procedure of adding~experimental or
theoretical! microscopic corrections to a macroscopic mod
is a well known method in the field of nuclear physi
@18,19# and cluster physics~see, e.g., Refs.@20,21#!. In the
field of doubly charged clusters, it has been used to estim
fission barriers of doubly charged systems@22–25,20,5#.
However, up to now no experimental data has been availa
for a direct comparison of the two charge states. We h
performed measurements of the dissociation energies
Agn

1, n52225 and Agn
21, n59225 and are thus able to

check the influence of electronic and geometric structure
the clusters’ stability.

The outline of this paper is as follows. The experimen
setup and the MCID method are briefly described in Sec
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1252 PRA 60S. KRÜCKEBERGet al.
Subsequently, the results for doubly charged silver clust
an overview of which has already been presented@26#, are
discussed in detail and they are compared to previous re
for singly charged silver clusters@17# ~Sec. III A!. The re-
sults are then combined for the extension of the macrosc
liquid drop model~Sec. III B! by use of empirical correction
as the microscopic contributions of a macroscop
microscopic model~Sec. III C!.

II. EXPERIMENTAL SETUP AND PROCEDURE

The experiments have been performed at the Mainz C
ter Trap, a Penning-trap system that has been describe
cently @27–29#. MCID as used for the determination of frag
mentation pathways of singly and doubly charged sil
clusters is described in detail in Refs.@30# and@14#. For the
case of Agn

21, in a first step singly charged metal clust
ions are produced by a laser vaporization source and tr
ferred into a hyperbolic Penning trap. Then mass selec
quadrupolar cooling@31# is applied to accumulate and cent
the externally created clusters in the trap. The clusters
subsequently bombarded for 600 ms with 150-eV electro
Thus the clusters may be further ionized@11,32,33#, in the
present case to charge statez52. Next, an ion ensemble of
specific cluster size-over-charge ration/z is selected by ra-
dial ejection of all other ions. For MCID the cyclotron mo
tion of the cluster ions is excited by a 1-ms resonant exc
tion and an argon gas pulse is directed into the trap volu
A storage period of 270 ms allows the clusters to collide w
the argon atoms and to decay to smaller cluster sizes.
charged reaction products remain stored in the trap until
surviving precursors and the fragment ions are axia
ejected and analyzed by time-of-flight~TOF! mass spectrom
etry. Single ion detection is performed by use of a conv
sion dynode detector. Typically an experimental cycle le
to 25 detected ions. To increase the statistical significanc
the data the cycle is repeated 50 times for a given se
experimental parameters.

For the determination of dissociation energies the fr
ment ion yield is measured as a function of the initial kine
energy of the cluster ensemble. The data analysis inclu
two main steps:~1! An evaluation as to which fraction of th
kinetic energyEkin is converted in the collisional process
excitation energyEexc of the clusters and~2! a decay model
to describe the relation between this excitation energy,
dissociation energy, and the fragment yield at a given ti
after excitation. A detailed description of the data analysi
given in Ref. @17#, where it is applied to the dissociatio
energies of singly charged silver clusters Agn

1 (n52225).

III. RESULTS AND DISCUSSION

A. Experimental results

The experimental results of MCID of silver clusters a
summarized in Fig. 1. The top part shows the dissocia
energies of doubly charged clusters Agn

21 @26# ~the values
are found in Table I!; the bottom part gives the dissociatio
energy of the singly charged clusters Agn

1 @17#. The mea-
surements have been performed from the smallest clu
available, i.e., from Ag2

1 and Ag9
21 ~due to insufficient

intensity at lower cluster sizes! up to Ag25
1 and Ag25

21, i.e.,
s,
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well above the electronic shell closure that is expected
ne5n2z520 ~see below!, where z denotes the cluster
charge state~silver is a monovalent element!.

As mentioned above, there are two competing decay p
ways in the case of Agn

21 @14#, the evaporation of neutra
atoms Agn

21
˜Agn21

211Ag, and the charge symmetric

FIG. 1. Top: dissociation energies of doubly charged silver cl
ters Agn

21, n59 –25 @26#. Bottom: dissociation energies of singl
charged silver clusters Agn

1, n52225 @17#.

TABLE I. Dissociation energies of doubly charged silver clu
ters Agn

21 (9<n<25).

n E06s (eV)

9 1.4260.13
10 2.1260.18
11 1.5560.15
12 1.4560.12
13 1.7160.12
14 1.9760.13
15 2.2160.14
16 2.6860.15
17 2.2360.13
18 2.7560.16
19 2.3760.13
20 2.6860.15
21 2.2260.12
22 2.8060.16
23 1.9760.11
24 2.2560.13
25 2.1460.12



th

iz

si
e
s

re

ve
-
r-
-s
e
-

h

rg
il

om

h
le
ia-
s
-
n
ke

t

o
gy
g
p
on

bl
b
s
fo

th
oc
clo

ah
ts

ent

nc-
un-

-

nd
n

ent
ce-

e-
ave
ons
ion
e

tal
ap-

ers

s of

PRA 60 1253EXPERIMENTAL DISSOCIATION ENERGIES OF METAL . . .
but mass-asymmetric fission into a charged trimer and
corresponding fission product Agn

21
˜Agn23

11Ag3
1. The

main decay pathway of doubly charged silver clusters of s
n<16 is fission, with the exceptions of Ag11

21 and Ag15
21.

The latter as well as larger clusters,n>17, preferentially
undergo neutral monomer evaporation. The clusters of
n518, which preferentially decay by neutral monom
evaporation, also show some contribution from trimer fi
sion. Previous sputter experiments@34# that seemed to indi-
cate mass-symmetric fission processes have thus been
terpreted in terms of sequential decays@14#.

For the dissociation energies of doubly charged sil
clusters ~top of Fig. 1, Table I!, several features are ob
served:~1! Clusters withn>16 show an odd-even stagge
ing: the even-size clusters are more stable than their odd
neighbors.~2! Below n516 this staggering vanishes for th
fissioning clustersn512216. ~3! Cluster sizes of outstand
ing stability are Ag10

21 and Ag22
21.

For singly charged silver clusters~bottom of Fig. 1!, the
dissociation energies show two main features.~1! There is an
odd-even staggering with odd-size clusters having a hig
stability than even-size clusters.~2! The cluster sizesn53,
9, and 21 have an outstandingly high dissociation ene
especially in comparison to the next larger neighbor. Wh
larger clusters decay by evaporation of a neutral atom, s
odd-size clusters (n53,5,7,11) emit a dimer@30#.

From these observations it is concluded that the main p
nomena are a function of the number of atomic valence e
tronsne5n2z. To better illustrate this feature, the dissoc
tion energies and two derived quantities are plotted a
function of ne in Fig. 2. To follow the trend of the dissocia
tion energies without the odd-even staggering, the mea
dissociation energies of neighboring cluster sizes is ta
~middle part of Fig. 2!:

D̄~ne!5
1

2
@D~ne!1D~ne11!#. ~1!

To segregate the odd-even effect, the difference between
dissociation energy of a cluster with sizen and the mean of
the dissociation energies of the neighboring clustersn21
andn11 is calculated:

Doe~ne!5D~ne!2
1

2
@D~ne11!1D~ne21!#. ~2!

This term, which is proportional to the second derivative
the dissociation energies may be dubbed ‘‘odd-even ener
and is displayed in the bottom part of Fig. 2. In the ran
ne513223 the odd-even effect has about the same am
tude for both charge states, while it vanishes for the fissi
ing doubly charged clusters belowne514. The shell effect at
ne520 has the same magnitude for singly and dou
charged clusters. The dissociation energies of small dou
charged systems are substantially smaller than those of
gly charged clusters: This difference is as large as 1 eV
ne57,8, thus demonstrating the destabilizing influence of
second charge. The structures of neighbor-averaged diss
tion energies can be understood qualitatively as shell
sures (ne58,20) in a spherical jellium model@1,2# and the
odd-even staggering may be interpreted in terms of the J
Teller effect@35#. There are no signs for geometric effec
e
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i.e., effects depending only on the number of constitut
atoms, as would be, e.g., an atomic shell atn513 @36#.

The electronic features of noble metal clusters as a fu
tion of charge state have been observed qualitatively in ab
dance spectra: by Katakuseet al. for singly charged anions
and cations@3# and for doubly and triply charged silver clus
ters by Rabinet al. @37# and Kandleret al. @7# as well as
recently at the Mainz cluster trap in the cases of silver a
gold @33,38#. Given the close similarity of the dissociatio
energies of the larger Agn

1 and Agn
21 clusters, a quantita-

tive comparison over the whole size range of the pres
measurements has been performed by the following pro
dure: The deviations of the dissociation energies of Agn

1

from the prediction of the liquid-drop model have been d
termined as a function of cluster size. These results h
been used for the prediction of the corresponding deviati
for Agn

21 and compared to the experimental values. Sect
III B gives a brief account of the liquid-drop model. Th
comparison is performed in Sec. III C.

B. Macroscopic model

For the theoretical description of the energetics of me
clusters, the liquid-drop model is used as a first-order

FIG. 2. Comparison of singly and doubly charged silver clust
as a function of the number of valence electronsne5n2z. Top:
dissociation energies. Middle: mean of the dissociation energie
neighboring cluster sizes@Eq. ~1!#. Bottom: odd-even energy@Eq.
~2!#.
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1254 PRA 60S. KRÜCKEBERGet al.
proach. The total binding energy of a metal cluster is e
mated as the sum of a volume, surface, and Coulomb t
@9#:

ELD~n,z!5avn2asn
2/32z2acn

21/3. ~3!

In this contribution, the parametersav , as , andac are de-
rived from macroscopic~bulk! properties at the melting
point. The volume parameter is calculated following the p
cedure suggested by Na¨her et al. @5# as av52.69 eV @39#.
The Coulomb parameterac54.34 eV is calculated from the
constituent radiusr 051.66310210 m @40#:

ac5
e2

234pe03r 0
. ~4!

The surface parameteras can be correlated to the surfac
tension

as54pr 0
2s. ~5!

With s50.934 J/m2 @40# one obtainsas52.02 eV. The dif-
ference in the total energy of the initial state (ni ,zi) and the
final state~two fragments withn1,f ,z1,f and n2,f ,z2,f) gives
the Q value of the decay

QLD~ni ,zi ;n1,f ,z1,f !5ELD, i2ELD, f . ~6!

With this definition,Q.0 signifies an endothermic andQ
,0 an exothermic process. In the case of neutral mono
evaporation the derivative of Eq.~3! results in

QLD~n,z;n21,z!5
]ELD~n,z!

]n

5av2
2

3
asn

21/31
1

3
z2acn

24/3. ~7!

As proposed in Ref.@5# the fission process may be describ
within the touching sphere model. It is schematically visu
ized in Fig. 3. The fission barrierBf is given by the Coulomb
interaction of two touching spheres~i.e., the fragments! and
the Q value of the fragmentation

Bf5Bc1Q. ~8!

~Note that in our definitionQ,0.! This approach is valid for
the situation shown in Fig. 3 in the limit of low fissilitiesx:

x~n,z!5
ac

2as

z2

n
. ~9!

FIG. 3. Fission barrier in the touching sphere model. For det
see text.
i-
m

-

er

-

In the case of doubly charged silver clusters, the fissilit
fall in the range ofx50.17 (n525) to x50.48 (n59).

For the Coulomb interaction between the two cluster fra
ments their polarizabilities has to be taken into account. T
potential energy between two polarizable particles can
calculated numerically with image charges in an iterat
procedure@5#. An equally good but much simpler approac
is the use of the analytical expression developed in Ref.@41#
for the interaction between chargesz1 ,z2 with polarizabil-
ities a1 ,a2 at a distances:

E1,2
pol~s!5

A2

A4

z1z2e2

4pe0s
2

a1

2s3

1

A4

z2
2e2

4pe0s
2

a2

2s3

1

A4

z1
2e2

4pe0s
.

~10!

HereAn is given as

An512
na1a2

s6
. ~11!

The polarizability of a conducting sphere, i.e., the metal cl
ter, is simply@41#

a5R35r 0
3n. ~12!

The fission barriers for the decay of doubly charged sil
clusters into two singly charged fragments for all possi
mass asymmetries are shown in Fig. 4~top! for the cluster
sizesn59, 18, 25. For larger clusters (n518, 25!, highly
mass-asymmetric fission is preferred, while for smaller s
tems (n59) more mass-symmetric channels should be
vored. Experimentally only trimer fission is observed whi
competes with neutral monomer evaporation. The co
sponding dissociation energies are shown in Fig. 4~bottom!.
In accordance to the experimental results, fission is expe
only for clusters belown514. Thus the critical size and th
general mass-asymmetry of the fission are predicted v
well by the liquid-drop model. The assumption of trimer
fission had to be put in by hand at this stage. However, it
be seen in Fig. 1 that Ag3

1 has a large binding energy an
therefore, trimer fission can be expected to be the most p
able mass-asymmetric fission process. The next subse
gives further examples on how microscopic aspects influe
the dissociation pathways.

C. Empirical microscopic corrections

The macroscopic liquid-drop model cannot account
the additional structure observed in the dissociation ener
as a function of cluster size, i.e., the odd-even staggering
the shell closures. In the following we present
macroscopic-microscopic model for the prediction of diss
ciation energies, in the present case for doubly charged s
clusters. The difference in themeasureddissociation ener-
gies ofsinglycharged clusters and the liquid-drop model a
considered to be due to the microscopic cluster struct
Thusmicroscopic correctionscan be deduced. These valu
are added to the predictions of the liquid-drop model for
correspondingdoublycharged clusters.

In general, we denote withD(nz1,mp1) the dissociation
energy of a cluster Agn

z1 into the fragments Agm
p1 and

ls
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Agn2m
(z2p)1 . For the evaporation of a neutral monomer fro

the cluster Agn
1, the measured dissociation ener

D(n1,10) and the liquid-drop predictionDLD(n1,10)5Ef
LD

2Ei
LD52QLD(n,1;n21,1) can be related through the co

rection of the initial state,Emic(n1), and the final state
Emic

„(n21)1
…. The correction of the second fragment, t

neutral monomer, is set to zero:Emic(10)50. Hence,

D~n1,10!5~Ef
LD2Ef

mic!2~Ei
LD2Ei

mic! ~13!

or

D~n1,10!5DLD~n1,10!2Emic~n1!1Emic
„~n21!1

….
~14!

We start with the trimer’s correctionEmic(31) which is
the only free fit parameter. The following correction
Emic

„(n.3)1
… are obtained by subsequent application of E

~13!:

Emic~n1!5Emic~31!1 (
m54

n

@DLD~m1,10!2D~m1,10!#.

~15!

As noted above, some small odd-size clusters decay
dimer instead of monomer evaporation. For the present
vestigation these cases are not distinguished and treated
it was monomer evaporation. Under these assumptions
correctionsEmic(n5312251) are calculated and used t

FIG. 4. Fission barriers for the decay of doubly charged sil
clusters into two singly charged fragments in the touching sph
model. Top: for all fission pathways of Ag25

21 (x50.17), Ag18
21

(x50.24), and Ag9
21 (x50.48). Bottom: fission barriers for trime

fission and the dissociation energies for neutral monomer evap
tion as a function of cluster size.
.

by
n-
s if
he

predict the dissociation energies of doubly charged clust
To this end it is further assumed that the corrections dep
only on the number of atomic valence electrons, i.e.,

Emic~n21!5Emic
„~n21!1

…. ~16!

Thus the expected dissociation energy for monomer eva
ration of doubly charged clusters is given by

D~n21,10!5DLD~n21,10!2Emic~n21!1Emic
„~n21!21

…

~17!

5DLD~n21,10!2Emic
„~n21!1

…

1Emic
„~n22!1

…. ~18!

This procedure can by applied in an analogous way to trim
fission, whereD(n21,31) denotes the fission barrier

D~n21,31!5DLD~n21,31!2Emic~n21!

1Emic
„~n23!1

…1Emic~31! ~19!

5DLD~n21,31!2Emic
„~n21!1

…

1Emic
„~n23!1

…1Emic~31!. ~20!

These equations are applied to the fission barriers and d
ciation energies of Fig. 4; the results are shown in Fig. 5. T
fission barriers~top! still show a preference for highly mass
asymmetric fission. This holds even for the decay of Ag18

21,
where the mass-symmetric fission into two closed-sh
Ag9

1 clusters also shows some energetic preference w
respect to small mass asymmetries, however, not with
spect to trimer fission.

A comparison between the expectations for neutral mo
mer evaporation and trimer fission is shown in Fig. 5~bot-
tom!. The values for monomer evaporation reflect the m
sured dissociation energies of singly charged clusters, w
the shell and odd-even effect shifted by one unit in clus
size. In contrast, the fission barriers show no odd-even s
gering: The microscopic corrections of initial and final sta
nearly cancel out~the initial cluster and the main fragmen
are both either odd- or even-ne systems! and only shell ef-
fects remain. The absolute values of the fission barriers
pend on the trimers’ shell correctionEmic(31) which gives a
general offset to the dissociation energies and which is
mentioned above, a free parameter. It has been set to a v
of Emic(31)520.25 eV, as this leads to the correct pred
tion of all observed dissociation pathways: Not only t
trend from monomer evaporation to trimer fission for smal
clusters, but also the exceptional monomer evaporation
Ag11

21 and Ag15
21 as well as the observed competition b

tween the two fragmentation pathways of Ag18
21 are repro-

duced.
In Fig. 6 the predictions of the macroscopic-microscop

model are compared to the measured dissociation energi
doubly charged clusters for the low energy decay pathwa
The agreement is remarkable, considering the simplicity
the models involved.

As noted above the method presented requires severa
sumptions and hence its application is limited. For examp
the liquid-drop model is based on the derivation of the p
rameter set (av , as , ac) from the elements’ bulk proper
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1256 PRA 60S. KRÜCKEBERGet al.
ties, and a choice of the temperature has to be made.~In the
present contribution the procedures of Na¨her et al. @5# are
followed.! The complexity of the fission process is simplifie
by the application of the touching-sphere model. Finally,
microscopic corrections are obtained empirically and th
available only for a limited number of cluster materia
Hence, the current investigation is not meant to be a sub
tute for the full derivation of absolute energies and of fiss
dynamics from theoretical calculations. Note that fission b
riers of Agn

21 have been derived by Koizumiet al. in a
deformed liquid-drop model including~theoretical! shell cor-
rections@24#. It would be interesting to extend these kind

FIG. 5. Fission barriers for the decay of doubly charged sil
clusters into two singly charged fragments in the touching sph
model with empirical shell corrections, Eq.~20!. Top: for the dif-
ferent fission channels of Ag25

21, Ag18
21, and Ag9

21. Bottom:
fission barriers for trimer fission and the dissociation energies
monomer evaporation, Eq.~18!.
nd

s

C.

. D

e

e
s
.
ti-
n
r-

calculations, which so far were performed only for ve
mass-symmetric fission channels, to the experimentally
served trimer fission.

IV. CONCLUSION AND OUTLOOK

Empirical shell corrections, deduced from measured d
sociation energies of singly charged cluster cations h
been successfully used to reproduce the dissociation p
ways and energies of doubly charged silver cluster cation
a macroscopic-microscopic model. The present investiga
emphasizes the significance of the electronic structure of
ver clusters in quantitative detail and shows the power of
liquid-drop model with empirical shell corrections for th
prediction of the dissociation energies of clusters of a giv
charge state from those of another charge state. This
proach may be applied to other metals or charge states w
measurements on singly charged clusters are available
particular, one possible extension could be the applicatio
dianionic metal clusters as recently produced at the Ma
cluster trap@42#.
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