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Formation and fragmentation of negative metal clusters
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We have measured the yield of metal cluster anions of Al, Co, Ni, and Cu produced in a sputter ion source,
and also the distribution of negative fragment ions after collisions in gases ahti Xe. For Al and Cu the
fragment distributions show pronounced size effects that can be correlated with the stability of the species as
reflected in the electron affinity. Modeling the collisional energy transfer, electron emission, and evaporation
rates, we find that the fragment abundances are strongly influenced by thermal electron emission. The abun-
dance spectra of the parent ions from the source show a similar correlation with the electron affinity, super-
imposed on a strong decrease with cluster size. For Co and Ni the negative-ion yields are much smaller than
for Al and Cu, both from the source and after fragmentation, and this can be explained by even stronger
neutralization by thermal electron emission.
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I. INTRODUCTION II. EXPERIMENT AND RESULTS

The experimental setup has been described in detail else-

Studies of cluster abundances give important informatiorwhere[5] and only a brief overview is given here. It consists
on cluster properties, as is evident from the discovery of thef three sections(1) the production region consisting of an
electronic shell structure in metal clusters by Knightal. in ion source, an accelerator, and a high-resolution mag®jet,
sodium cluster$l] and by Katakuset al. in coinage metal the interaction region, a differentially pumped gas cell, and
clusters[2]. In these experiments, the shell structure wag3) the detection region, a hemispherical electrostatic ana-
reflected in strong anomalies in the cluster abundance aslgzer equipped with a ceratron detector connected to a com-
function of the number of atoms in the cluster. The anomaputer.
lies were observed as strongly enhanced abundances for the Negative clusters produced by Csputtering at 2 kV of
“magic” numbersN=8, 20, 40, etc. (9,21,41, ... for the Al, Co, Ni, or Cu cathode material were accelerated to 50
positively charged clustersind appeared in the spectra with- keV, magnetically mass separated, and passed through the
out any manipulation of the cluster beam emitted from thegas cell. When the cell was pressurized to approximately 1
source. Following the two seminal papers, a large effort hasbar of H, or Xe, cluster-gas collisions produced a measur-
been devoted to the study of this phenomenon by a numbeble number of fragments. The fragments exited the cell and
of groups, using a variety of techniques such as thresholdrifted for 1.4 m in a field-free region before entering the
ionization, laser vaporization, collision-induced dissociation glectrostatic analyzer. At the high acceleration energies used,
abundance studies, etc., and a wide range of sources prodube velocity of the fragments is virtually identical to that of
ing clusters of most metallic elements. The majority of thesdhe parent cluster ion, and the electrostatic analyzer therefore
cluster sources are based on the formation of clusters througR€asures the mass of the fragment. Only the negative frag-
aggregation of monomers in a growth procésse[3] for a ments were detected in the experiments. Posmvg fragments
comprehensive review Sputter sources are unique in pro- Were also measured but_thelr abundance was in fill cases
ducing clusters through the breakup of larger entities. ThigMaller by orders of magnitude than that of the negative ions.
allows one to study not only properties of the clusters butThe neutral channel could not be detected by electrostatic

also the sputtering process which is of considerable intere&eﬂecuon’ but its presence can be inferred from the differ-

in itself. Both the source abundances and the size distriblt. oo, between the loss of the parent signal and _the total yield
of charged fragments. For Al and Cu clusters it was found

tions arising from collisions are determined by mechanism%at the neutral channel and the negative fragment channel
that are not understood in detail. This work attempts a comy .« o similar magnitude. The fraction of charged frag-

parison of the two using the electronic shell structure and thg,ents increased with cluster size for Al but was fairly con-

odd-even stability alternations as the link. stant for Cu. In both cases collisions with Xe neutralized
The cluster anions were produced in a sputter source opout twice as effectively as collisions with,Hn contrast to

the Aarhus negative-ion sour¢&NIS) type [4] and were A and Cu, the neutral channel was dominant for both Co

composed of four elemental metals: Al, Co, Ni, and Cu. Bothgnd Ni.

the abundance spectra resulting from the formation process A typical fragmentation spectrum, for a beam of,Clon

in the source and those resulting from fragmentation afteH,, is shown in Fig. 1. Since the energy interval accepted by

collision with H, or Xe were recorded. The abundances arethe analyzer is proportional to the energy, each fragment

correlated with literature values of electron affinities deter-peak area was corrected through division by its energy. The

mined by optical spectroscopy. fraction of the incident beam that resulted in a particular
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FIG. 1. Spectrum of Gy~ fragments from collisions of G g Wegr—T 7 77T T 111
clusters with H molecules. S_)
cluster mass was then obtained as the corrected peak area 10'
divided by the counts corresponding to an unattenuated
beam. Results for AI” and Cy,~ clusters are shown in Figs.
2 and 3, respectively. 10° |
To determine the source abundance spectrum, the gas was i
pumped out of the cell, the analyzer set to the incident beam
energy, and the magnetic field in the mass separator was 10"
scanned. Because of the rapid change of fragment intensity
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! %\\A\\ X with cluster size it was necessary to divide the scan into
10" E © \\\ x 3 3 several runs, with overlapping masses for normalization, us-
i °\ k ing varying beam aperture sizes. Figure 4 shows source
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FIG. 2. Distribution of negative fragments for ¢\l beams col-

Al onH,
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liding with H, and Xe.

can be seen to vary by up to seven orders of magnitude over
the cluster sizes studied.

Only Al and Cu gave appreciable count rates for cluster
sizes above 7-8, but even below, the overall production of
Co and Ni anions was markedly smaller than for Al and Cu.
The small yield of Co and Ni anionic fragments can be as-
cribed to the efficient thermionic emission decay for these
elementq12]. The strong tendency to emit electrons in col-
lisions corroborates this suggestion.

IIl. DATA ANALYSIS

Figure 4 shows that for both Al and Cu the source inten-
sity decreases rapidly with increasing size. Superimposed on
this general trend there are marked short-range variations in
the abundances. In particular, the odd-even alternations are
pronounced for Cu. In order to display these structures more
clearly, the following procedure was used: The abundances
were fitted with a smooth functiotalso shown in Fig. % a

modified exponential Id()=c;+cN "+c3N, with c,=
—6, n=0.7, andc3;=1.6 (for Al) and In{y)=c;+c,N"",
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FIG. 4. Magnet scans for AI" and Cy,~ from a sputter source.

] " | - FIG. 5. Magnet scans for Al and Cy,~ after division by a
The curves are smooth fits, with parameters given in the text.

smooth function ofN.

with ¢c,=—8 andn=0.34 (for Cu). The smooth function ) .

was then divided out, leaving abundances oscillating abouf€S suggests that the structure in the fragment spectra is spe-
unity as shown in Fig. 5. The smooth curve is determinecP!f'C to the clusters and not to the mechanisms of the colli-
mainly by the physics of cluster formation at or close to theS/On Process.

surface but here we focus on the residual structure in the

abundances which we expect to reflect the internal stability IV. DISCUSSION

of the clusters.

The results for collision fragmentation consist of a set of The overall shape of the measured source abundances re-
fragment abundances for each projectile cluster. Typicallyflects the sputtering process in the source, the ion-optical
the abundance decreases very rapidly with increasing nunselection in the acceleration stage, and the decay through
ber of lost atoms but, due to the high sensitivity of detectionelectron emission of the presumably hot clusters at all points
(single ion countinyg and the large flux of projectiles, we of their trajectories. Evaporation only affects tloeal struc-
could follow the fragment distribution over several orders ofture of the spectrum since it just shifts the mass of the ions
magnitude in count rate. by one or two units. We expect the ion-optical selectivity to

Also for the fragment distributions shown in Figs. 2 and 3be of minor importance compared to the observed strong
there are strong short-range structures superimposed on thlecrease of the current with increasing cluster size since, for
general trend of a strong decrease, and the relative abuexample, nA currents of the heavydC anions are routinely
dances of neighboring fragments appear to be nearly indedelivered by the accelerator. Hence, the determining factor
pendent of the size of the original cluster. One particularlyfor the gross features of the spectra is the sputter process and,
clear example is the relative abundance ogCand Cy~ potentially, the subsequent electron emission from the cluster
produced by fragmentation of cluster beams fromy Cto  ions. Abundance spectra for metal clusters have been re-
Cuy, . This feature is observed for Al colliding with,Hand ~ ported earlier and are usually fitted by a power law with
Xe and for Cu colliding with H. For Cu clusters with 14 to powersn=—5 to —8 [2,6]. Fitting our data with a power
19 atoms, the fragmentation by Xe collisions shows somdaw yielded powers ofn=-7.3 (Al), n=-6.0 (Co), n
deviation from this pattern, and for Al clusters, the pattern=—10 (Ni), andn=—5.2(Cu), in good agreement with the
appears slightly distorted in a way that can best be seeliterature values for similar sputter energies. However, in our
around mass 13. However, the overall pattern of the regularicase, power-law fits do not reproduce the experimentally ob-
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L L L B AL AL AL B tion from valence electrons, the stability against evaporation

sor is strongly correlated with the electron affinitsee]9,10] for
25 L a comparison between electron affinities of silver clusters of
size N and dissociation energies of silver cations of dize
20 +2). The observed correlation between fragment abun-
I ] dances and electron affinities for the copper clusters there-
15 -/. i fore does not imply that the decay is dominated by electron
I 4 emission but could be due to a correlation of the fragment
10k - abundancies with the stability against dissociation.
I 1 The dissociation energ®y for clusters can be extrapo-
05 | AIN . lated from bulk values of cohesive energy and surface ten-
L 1 sion (see, e.g.[11]). The extrapolation is based on the liquid
0’0 | 1 1 1 1 | | | 1 | 1 ] drop modeL

0 2 4 6 8 10 12 14 16 18 20 22 24

Dy=A — BN'% (6

with parameterdA and B determined from the bulk heat of
evaporation and the surface tensioh=2.95 eV andB
=1.11 eV for Al, andA=3.16 eV andB=1.35 eV for Cu.
This extrapolation is shown as solid lines in Fig. 6 and indi-
cates a dissociation energy similar to, or higher than, the
electron affinity. Atoms are emitted more easily than elec-
trons for identical activation energies as was note¢1i.

Electron affinity and dissociation energy (eV)

05 | CUN . This is a consequence of the difference in phase space asso-
. ciated with the energy of the evaporating electron and the
0,0 L1 atom[13]. The ratio of the densities of states in the two cases
0 2 4 6 8 1012 14 16 18 20 22 24 is determined mainly by a factom,/m, which for Cu
N amounts to a factor of PO[see Egs.2) and (3) below].

FIG. 6. Electron affinities for Al and Cy,. The solid line isa Consequently, even for dissociation energies higher than the

liquid drop model calculation for single atom evaporation, based orflectron affinities the dominant process may still be atomic

the macroscopic evaporation enthalpies and surface tensions. ~ €vaporation. o
The magnet scan abundances of Cu clusters in Fig. 5 also

served smooth trends in the data very well. We note thaéxhibit a strong similarity with the fragmentation data in Fig.
although the power afi=—6.0 for Co is similar to those for 3 and an even stronger similarity with the electron affinities.
Al and Cu, the overall intensity of Cand Nj anions pro- There is therefore little doubt that the abundances in the
duced by sputtering is, as mentioned previously, muctspectra of Cy~ clusters, generated either from collisions or
smaller than for Al and Cu anions. from the source, are determined by the energetics of the clus-
For fragmentation after gas collisions, the general trend isers. The indication from the data is that the stability enters
steeply decreasing fragment abundances with an increasirigrough the thermal emission processes. In the fragmentation
number of evaporations. Superposed on this general decreaseperiment, collisions in the gas cell provide the internal
one sees strong odd-even variations for both the Al and thenergy necessary for evaporation and, similarly, clusters are
Cu data. These variations seem almost independent of theeated in the sputter source with high internal energy. Mea-
target gas. Also the suppression of the odd-even effect in Caurements of the decay of negative metal cluster beams pro-
above N=10 and the prominent shell closing in Al &  duced with the same source and stored in the recently com-
=13 appear independently of the target composition. For Amissioned electrostatic ion storage ring ELISA confirm that a
below N=5 and for Cu aboveN=17 the spectra deviate, significant fraction of the clusters are produced with enough

mainly due to statistics. internal energy to undergo at least one fragmentatimm
The variations for Cu follow fromN=2 to N=10 very electron emissionon the submillisecond time sca&4].
closely the variations in the electron affinitigg8], shown in The Al collision data also compare well with the electron

Fig. 6. ForN greater than 10, the fragment abundances apaffinities [15] although there is a serious discrepancyNat
pear to be less sensitive to variations in the electron affinity=5—"7 where local maxima and minima of the electron af-
Since the electron affinity is a measure of the stability of thefinity and the abundances are out of phase. We have as yet
clusters, the correlation between the neighboring abundance® explanation for this observation. In contrast, the 13

and the electron affinities is a further indication that the form(corresponding to 40 valence electrpekell closing appears

of the spectra is determined by cluster stability. For monovery prominently in the Al magnet scan, in the fragmentation
valent clusters, evaporation of an atom reduces the numbelata, and in the electron affinities. Overall, the magnet scan
of valence electrons by one, and since the local variationshows a better correlation with the electron affinities than do
with N of the cluster stability are dominated by the contribu-the collision data.
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As argued above, the presence of the characteristic odderved for many of the clusterd=igs. 2 and 3 would

even alternations in the spectra and the locally enhanced igorrespond to a steeply decreasing, nearly exponential distri-
tensities at the shell closings strongly suggest that these spdedtion in excitation energy.

tra are formed through mechanisms where the last step is an To estimate the shape of the distribution in excitation en-
evaporative process of the unimolecular type at relativelergy after passage of the gas cell, we have approximated the
low internal energy. This suggestion is corroborated by th&ross section by a sum of screened Coulomb cross sections
fact that the average number of atoms lost after collisions i$0r atom-atom collisions. For both Al and Cu clusters collid-
relatively small. A small relative loss either indicates alNd With hydrogen atoms at the c.m. energies in the present

prompt and possibly very energetic ejection of a small frag€XPeriment the impact parameter is well beld A for atom-
atom collisions leading to significant excitation, and the an-

ment or a slow low-energy process of unimolecular type. t7 theref stified first imation. Th
Since only the latter can be expected to reflect the internajo 2 tNETetore Seems Justiied as a nrst approximation. the

stability of the cluster this is the most likely scenario. It is, resulting distribution in collisional excitation enerdy is,

on the other hand, not possible to exclude more direct knoc however, far from being exponential. The distribution is

. uch flatter, scaling approximately &s 2.
out processes. It is well known that for clusters of the smalf" A plausible explanation for the discrepancy is the compe-
sizes relevant here, the cluster stabilities determine abuql—ti

o , , on by electron emission since the electron affinity and the
dance variations unambiguously if only the last decay Proyggmic hinding are of the same order for the clusters studied.
cess is of the delayed, low-energy type.

> 1 : - If the branching ratio between electron loss and emission of
Similar considerations apply to the source abundanc@n atom is nearly the same in consecutive evaporations, this
spectra. In particular, it is not possible to say what initial competition may indeed lead to nearly exponential fragment
cluster sizes give rise to a given observed size, only thadistributions[16]. Supporting evidence for this explanation
most clusters have undergone at least one decay after cofWas obtained from a comparison of total destruction cross
mencing free flight above the cathode surface. sections with the total yield of negative fragments which
We now discuss the shape of the smooth trend of théndicated that a substantial fraction of the excited clusters
fragmentation spectra. When only sequential evaporation igere neutralized and hence not detected.
involved in the decays, the number of evaporated atoms is
limited by the available energy. In this case, the spectra
therefore reflect the energy distribution imparted in the col-
lision. This is illustrated qualitatively in Fig. 7 where the In order to evaluate quantitatively the influence of elec-
curve represents the distribution in cluster internal energyron emission on the fragment distributions, a Monte Carlo
immediately after the collision. Since decay rates depengimulation of the postcollisional fragmentation pattern was
strongly on degree of excitation there will be a fairly sharpperformed. The rates were assumed to be given in terms of
energy threshold for loss of one additional atom from thethe level densitieg as in[13],
cluster during the time of flight from the collision cell to the
mass analyzer. This means that a given internal energy leads m,
to the loss of a definite number of atoms and the observed k(E)= —-3geo (kgTq)
fragment abundance is proportional to the integrated distri- Th
bution between two consecutive thresholds. With this inter-
pretation the steep, nearly exponential population curves olfer the atomic evaporation, and

V. SIMULATIONS

2 Pdaughte(E—D)

Pparenl(E) @

023201-5



HANSEN, ANDERSEN, FORSTER, AND HVELPLUND PHYSICAL REVIEW &3 023201

1065 L 3 107§ LA L R I B BN R I R R |
- Simulation of AIN' in H2 . i Simulation of CuN' in H2

105 3 A 0 L _§ 105 é- A o . Q a ‘\
f‘\\\’\\\\\i\s.\\ s I INENRNANE
PO, ’\j\\@i.\nig ] i \ \;N -

LIRSS 3 10° ﬁ\/ AV
s \ \ AN \/

10° e E 10* 3 3
: ] ; No Electron Emission ]

PR AN IV SN N SR RS S EFE S
18 16 14 12 10 8 6 4 2 0

Abundance

805
Abundance

0 PR B B LU B
£ 19 in 127in

AT

Gl

10° |

(S

102I|I.I-I.I

FIG. 8. Simulations of the fragment size distribution after pas-
sage of an aluminum cluster through a cell with gas. The lines FIG. 9. As Fig. 8 but for Cu clusters.
connect fragments from the same parent cluster, the highest-
responding to loss of a single atom. The upper graph shows the

results from a simulation without electron emission but with other-siZe of the dissociation energy. Such a procedure is well

wise identical conditions. known in nuclear physics and has also been applied to metal
clusters in connection with shell structure calculatiphs].
2m, , Pdaughtel E—Ea) The procedure could not be applied for Al clusters since Al
k(E)= 253 pol (kgTq) poarendE) (3) s trivalent and consequently the deviations from the liquid

drop value of the dissociation energy cannot be correlated
with similar quantities for the electron binding. For the
for the electron emission. Here, is the mass of the atom atomic binding in Al clusters we therefore used the liquid
lost, m, the mass of the electrol the atomic dissociation drop value. For neither the Al nor the Cu clusters was dimer
energy,E, the electron affinity,Ty the microcanonical tem-  evaporation taken into account.

perature of the daughter clustédg Boltzmann's constant, The level density function in the rate constants was ap-
ando g, the geometrical cross section of the cluster. With anproximated by the high—temperature limit of the level den-
absorption-on-contact electron-capture cross section proposity of a collection of quantum-mechanical harmonic oscilla-
tional to the electron kinetic energy to the powed/2, the  tors with frequencies;, i.e., p(E)*(E+E)N "7, with E,
value of the Langevin cross section averaged over the energy s.hv,/2 being the zero point energy of the oscillators. For
distribution is opo|=7r\/awezl(2kBTd), where « is the the constant of proportionality we used the Kassel value,
static polarizability of the cluster, taken to bérs (ESU 1/(3N—7)!T;hv; [17] and all frequencies were set equal to
with r¢ the Wigner-Seitz radius, arglis the electron charge. the Debye frequency of the bulk material.

As the atomic binding energies are unknown the liquid drop The simulations followed one specific cluster ion from its
value in Eq.(1) was used as a first estimate for both Al andformation in the source with an internal energy distributed
Cu. For the Cu clusters, the shell energy and odd-even etxponentially with characteristic energy N3-6)/10 eV
fects in the measured electron affinity were obtained by thehrough mass selection, the flight through the magnet, and
subtraction of a smooth function from the data in Fig. 6 andthe subsequent flight to the collision cell. Loss of an electron
then added to the liquid drop curve in the same figure tdbefore or during passage through the magnet rendered the
obtain a more realistic estimate of the local variation withcluster unobservable; electron loss after the magnet and be-
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fore detection was counted as loss due to neutralization. The VI. CONCLUSION

cluster anions that reached the collision cell were given an We have measured the variation with cluster size of the
energy according to the distributign.,.<(E+E.) P, with v u variation wi u 1z

p=1.36 andE,=0.05 eV for Al, andp=1.55 andE beam intensity for A} and Cy, anions produced in a sputter
Z0.177 eV for Cu. These distributions were obtained fromSOUrce. We have also measured abundance spectra for frag-

fits to screened Coulomb cross sections for binary collision§"€ntation of individual beams of gland Cy, anions with
of Al or Cu atoms with hydrogen atoms, as mentionedcluster sizes betweelN=4 andN=19 and the local varia-
above. After collision, the fragmentation of the excited clus-tions have been compared with the analogous variations in
ters proceeded in a manner similar to the precollision decayhe source yields.
i.e., until either the charge was lost by electron emission or The source and fragmentation distributions show a strong
the time for decay was so long that the cluster was detectesimilarity in the local variations which are also correlated
before decaying. Each postcollisional fragment was recordedith the measured electron affinities for,Aand Cy,. We
with resulting size and parent size, exactly as in the experieonclude that this similarity is caused by postproduction and
ments. A total of 2 10° clusters were followed from the postcollisional thermal fragmentation of the clusters and/or
source for both Al and Cu clusters. The decay chains werénermal electron emission. Hence most clusters are produced
terminated when the cluster reachée- 4 in order to be able in the source with sufficient energy that one or more thermal
to represent the daughter clusters with the level density givefecay processes occur before mass selection. Similarly, the
above. collision products contain enough energy to fragment or emit
The simulated spectra are shown in Figs. 8 and 9. Fogn electron before reaching the analyzer. On the other hand,
comparison, the spectra with no electron emission but othelhe energy content is low enough to ensure that the relative
wise identical conditions are also shown. The importance ofnass loss is small and that the decay is determined by the
electron emission in providing a nearly exponential cutoff ofinternal stability of the cluster, i.e. that the decay is an acti-
the fragment abundances is obvious. The logarithmic slope igated process.
quite sensitive to the magnitude of the electron emission rate \We have obtained strong evidence for electron emission
in Eq. (3), which has been divided by factors 10 and 5 for Al peing an important competing channel for decay of hot,
and Cu CIUSterS, reSpeCtively, to obtain better accord with thﬂegat|ve|y Charged Al and Cu C|uster5, both from a Compari_
measurement. The reduction factors may be interpreted agpn of negative-fragment yields with the loss of parent clus-
sticking coefficients of order 0.1 in the reverse process ofers and from a simulation of the size distribution of negative
electron attachment, and similar or larger reductions are typiragments after gas collisions. Neutralization by electron
cally reported in the literaturgl8]. The spectra generated emission offers a simple explanation of the nearly exponen-
without taklng electron emission into account, on the Othe&iaj decrease of the y|e|d with the number of evaporated at-
hand, are similar to the collisional energy transfer distribu-oms, which is observed for Cu and for the smaller Al clus-
tion as expected. For Al the slope of the fragment distributers. For the local structure in the distributions this
tions Changes with cluster size, and this feature is reprOdUCngmpetition is not so important because of the strong corre-

by the simulation. The reason is the fairly strong variationjation between the atomic binding and the electron affinity,
with N of the relative magnitude of the electron affinity and especially for the monovalent Cu.

the dissociation energy. However, the detailed agreement is

better for Cu where the local variation of the dissociation

energy could be estimated. The conclusion is that the essen- ACKNOWLEDGMENTS
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