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Abstract. Using Penning-trap experiments and a shell-correction method incorporating ellipsoidal shape
deformations, we investigate the formation and stability patterns of trianionic gold clusters. Theory and ex-
periment are in remarkable agreement concerning appearance sizes and electronic shell effects. In contrast
to multiply cationic clusters, decay of the trianionic gold clusters occurs primarily via electron autodetach-
ment and tunneling through a Coulomb barrier, rather than via fission.

PACS. 36.40.Wa Charged clusters — 36.40.Qv Stability and fragmentation of clusters — 36.40.Cg Electronic

and magnetic properties of clusters

1 Introduction

While electrical charging of macroscopic metal capaci-
tors has been a familiar subject since the earliest days
of electricity [1], only recently the charging of nanostruc-
tures emerged as an active research field in diverse areas
of condensed-matter, molecular, and cluster physics. The
systems involved include semiconductor quantum dots [2],
as well as various gas-phase microsystems such as carbon
clusters and fullerenes [3,4], large organic molecules [5]
and metal clusters [6-10].

Although observations [3] of the gas-phase carbon clus-
ters and fullerenes were reported in 1990-1991, the obser-
vation of gas-phase multiply anionic metal clusters contin-
ued to remain until recently an outstanding experimental
challenge. Indeed theoretical studies had been performed
several years ago [11(a)], but only recently the first dian-
ionic metal clusters Au%~ were observed [12]. Soon there-
after additional observations of dianionic and trianionic
gas-phase metal clusters for several other materials were
reported [13-16].

The case of dianionic gold and silver clusters has been
discussed in detail elsewhere, both experimentally [13,16]
and theoretically [11(b)]. In the following, we will focus on
studying the generation and stability of ¢riply anionic gas-
phase metal clusters, in particular of Auzl)’v_. The theoret-
ical conclusions concerning the stability and decay chan-
nels of Au?’v_, as well as their appearance sizes, n;~, are
fully supported by experimental observations of the pro-
duction yields [17].

Macroscopic metal capacitors may be charged at will,
but for gas-phase metal clusters there are intrinsic lim-
its dependent on the material and the size of the clus-
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ter. These limits are due to instabilities arising from the
confinement of excess charges to a small volume of micro-
scopic dimensions. Of particular interest is the fact that
triply anionic gold clusters behave remarkably differently
than their cationic counterparts [18]: they dissociate via
a different decay channel, i.e., electron autodetachment
through a repulsive Coulomb barrier (CB) [19], instead of
fragmenting via fission. Although they differ in their decay
channels, the triply charged metal-cluster anions exhibit
shape-dependent electronic shell effects [8,9], in analogy
with the neutral and cationic species.

2 Theory

Theoretically, two classes of decay channels need to be
considered for the appearance sizes of the Au?’\f clusters:
(1) binary and ternary fission channels,

Audy — Aub + Auy_p, (1)
Au‘?\f — Aup + Aué + Auf\,ipr, (2)

which have well known analogs in the case of multiply
cationic clusters [6-8] and atomic nuclei [20], and (ii) elec-
tron autodetachment wvia tunneling through a repulsive
Coulombic barrier [11],

Audr — Aud e, (3)

in analogy to proton and alpha decay in atomic nuclei
[20,21].

For the theoretical analysis of the energetics of these
channels, we use a finite-temperature semi-empirical shell-
correction method (FT-SCM), which has been previously
used successfully to describe the properties of neutral and
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cationic metal clusters [8,9]. This FT-SCM, developed by
two of the authors, incorporates three important aspects,
namely, triaxial deformations, entropy of the electrons,
and thermal effects originating from shape fluctuations.

Since the number of delocalized valence electrons is
fixed for a given cluster, M7% , we need to use [22,23]
the canonical ensemble in calculating their thermodynam-
ical properties. For determining the free energy, F'(3, N, x)
(6 = 1/T), which incorporates the electronic entropy, we
separate it, in analogy with the zero-temperature limit
[9(a)], into a smooth, liquid-drop-model part, Fy,pys, and
a Strutinsky-type [24] shell-correction term, AFy;,. The
shell correction term is specified as the difference AFy;, =
Fy, — Fyp, where Fy, is the canonical free energy of the
valence electrons viewed as independent single particles
in their effective mean-field potential. For calculating the
canonical Fj,, we adopt a number-projection method [25],
according to which

1 * dg N —(Butid)N
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where N, is the number of electrons and p is the chemical
potential of the equivalent grand-canonical ensemble. The
grand-canonical partition function, Zg¢, is given by

Zae (B, Bp) = [[(1 + e PEmm),
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(5)

where ¢; are the single-particle levels of the modified
Nilsson Hamiltonian pertaining to triaxial shapes [9(a)].

The temperature dependent average Fy, [26] is specified
using the same expressions as for Fyp, but with a set of

smooth levels defined as €; = Eg;c(z) — E;’;’C(z —1), where

ESO;C(NE) is the zero-temperature Strutinsky average of
the single-particle spectrum of an anisotropic, triaxial os-
cillator (see section II.C. of Ref. [9(a)]).

The LDM term Fy,pjys consists of three contributions:
a volume, a surface, and a curvature term. Since volume
conservation during deformation is assumed, we need not
consider the temperature dependence of the corresponding
term when calculating observables, such as EA’s or IP’s,
associated with processes which do not change the total
number of atoms, N. The experimental temperature de-
pendence of the surface tension, o(T) = co —c1(T —Thnp),
is taken from standard tables [27] (T}, are melting-point
temperatures [28]), but normalized to yield the o(T = 0)
value used in our earlier calculations [9(a)]. Since no exper-
imental information is available regarding the curvature
coefficient, A., we assume the same relative temperature
dependence as for o(T") normalized to the T = 0 value
used earlier [9(a)]. Finally, the expansion of the Wigner-
Seitz radius due to the temperature is determined accord-
ing to the coefficient of linear thermal expansion [28]. With
these modifications, the remaining steps in the calculation
of Frpn follow closely section ILA. of Ref. [9(a)].

According to the general theory of thermal fluctuating
phenomena [29], the triaxial shapes of the clusters, speci-
fied by the 8y and vy Hill-Wheeler parameters [30], will

explore [31] the free-energy surface, F (8, N,x; 8w, vm),
with a probability,

P(ﬁH,'YH):271eXp[*ﬁF(ﬁ,N,l';ﬂH,’)’H)], (6)

the quantity Z being the classical Boltzmann-type parti-
tion function,

Z:/dTeXp[—BF(ﬁ,N,x;ﬁHﬂH)]a (7)

and dr = fB%]|sin(3vy)|dBudyn the proper volume el-
ement [32]. Thus, finally, the free energy, (F(f3,N,x)),
averaged over the shape fluctuations can be written as

(F(B,N,z)) = / drF(8, N, o By, i) P (Brsyir)- - (8)

The finite-temperature multiple electron affinities of a
cluster of N atoms of valence v (we take v = 1 for Au) are
defined as

AI(Naﬁ) :F(ﬂ,’l)N,UNﬂ*iL'*].)*F(ﬁ,’l)N,UN#’CL’),
)

where F' is the free energy, 8 = 1/kpT, and x > 1 is the
number of excess electrons in the cluster (e.g., the first,
second, and third electron affinities correspond to x = 1,
x = 2, and = = 3 respectively). The smooth contribution

A, (N, ) to the full multiple electron affinities A, (N, )
can be approximated by the LDM expression [11(a)],
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where R(N) = r,N'/3 is the radius of the positive back-
ground (ry is the Wigner-Seitz radius which depends
weakly on T' due to volume dilation), v = 5/8, dp is an
electron spillout parameter. For simplicity, the work func-

tion W is assumed to be temperature independent [we
take W (Au)= 5.31 eV].

3 Experiment

Trianionic gold clusters have been produced and observed
by use of a Penning trap system devoted to metal cluster
research [33]. The present procedure is the same as for the
case of dianionic silver clusters as described in detail else-
where [16]: Singly charged clusters Auy, from a Smalley-
type ion source [34] are transferred by ion-optical elements
through differential-pumping stages and captured in flight
in a Penning trap [35]. This device acts as a wall-less con-
tainer for ions by the combination of a strong magnetic
field and an electric trapping potential along the magnetic
field lines [36].

After size selection the clusters of interest are sub-
jected to the presence of simultaneously stored electrons
which are created by electron-impact ionization of argon
atoms inside the trap volume. The clusters are observed to
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pick up one or two further electrons. This reaction is ana-
lyzed by time-of-flight mass spectrometry after axial ejec-
tion of the cluster ions. A typical experimental sequence
lasts a few seconds and a few tens of ions are observed in
each experimental cycle by single-ion counting. The sig-
nal intensity of several hundred sequences is summed to
increase the statistical significance of the data.

The electron pickup is influenced by many experimen-
tal conditions. However, if the parameters are kept con-
stant the relative conversion yields are found to give valu-
able information on the clusters’ properties. In particu-
lar, it has been suggested [11(b), 12, 13] that the resulting
experimental yield patterns reflect the clusters’ multiple
electron affinities. The case of Au‘?\f considered here and
that of Agf\f [16] show this to be a general feature appli-
cable to any excess charge and cluster species.

4 Results

In Fig. 1(a), we display the SCM theoretical results [37,38]
for the second, As, and third, As, electron affinities of
Auy clusters in the size range 50 < N < 70. Multiply an-
ionic clusters M7~ with A, < 0 are unstable [11] against
electron emission via tunneling through a CB. In the case
of doubly anionic gold clusters, all sizes in the aforemen-
tioned range are stable, i.e., they have A > 0 [see upper
curve in Fig. 1(a)]. In contrast, for the gold-cluster trian-
ions, those with N < 53 and 56 < N < 62 have A3z < 0.
Thus, the appearance size for Au?’\f is n2~ ~ 54. Appar-
ently, the major shell closure at 58 electrons (correspond-
ing to the Augﬁ_ parent of the triply charged Aug’ﬁ_ cluster)
creates an island of stability (the clusters with N = 54 and
55 have Az > 0) preceding the main stability branch (with
N > 63).

Figure 1(b) shows the observed relative abundances for
Au?v_ and Au‘})’v_ in the same size range. Day-to-day vari-
ations of the experimental parameters lead to values that
differ somewhat more than expected from the statistical
uncertainties of the individual measurements. (In general
the variations of the trianion values correspond to those
of the dianions.)

While dianionic gold clusters are observed for all sizes
under investigation (50 < N < 70) as expected [11(b), 13]
[n2~ (Au) = 12], there is no obvious structure in the dian-
ion yield as a function of cluster size. This is in contrast to
earlier observations of dianions at the threshold size [13].
The trianion yields are two to three orders of magnitude
smaller than the ones of the dianions, reflecting the dif-
ference in the magnitudes of the associated multiple elec-
tron affinities [see Fig. 1(a)]. In addition, however, the
trianions show a yield maximum at about N = 55 and
a minimum around N = 59 before the yield rises again
and levels off at about N = 65. Apparently, a pattern in
the yield of multiply charged cluster anions as produced
by the present method is observed only in the vicinity
of the threshold size of the corresponding charge state.
Thus, we concentrate here on the comparison between the
theoretical and experimental results for the case of trian-
ionic clusters. These show a close correlation, in particular
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Fig. 1. (a) Calculated second (A2, upper curve) and third (As,
lower curve) electron affinities for Aun clusters at 7' = 300 K
in the size range 50 < N < 70. Theoretical results from SCM
calculations are connected by a solid line, and LDM results [see
Eq. (10) with z = 2 and 3] are depicted by the dashed lines.
(b) Experimental relative abundances of Au3  (open circles)
and Au3; (full circles) as observed after simultaneous storage
of Auy and electrons in the Penning trap. (The statistical un-
certainties of the individual Au3; values are smaller than the
symbol size.)

with respect to the general trend and with the presence
of the promontory around N = 55 in front of the princi-
pal branch of the Au‘?\f clusters. Comparison of the shell-
corrected results (solid dots) with the LDM curve (dashed
line) further highlights that electronic shell effects underlie
the calculated detailed patterns for Az shown in Fig. 1(a)
and those observed experimentally in Fig. 1(b).

To explore the energetic stability of the Au?’\f clus-
ters against binary (b) and ternary (t) fission [see Egs. (1)
and (2)], we show in Fig. 2 SCM results for the fission dis-

sociation energies, A}O’V_v (v = b or t) associated with the

most favorable channel for a given parent Au}o’\f cluster.
We found that the most favorable channel corresponds to
the generation of one or two closed-shell Au~ anions in
the case of binary and ternary fission, respectively. Thus
A:])’ij = F(Au™) + F(Au?\,il) — F(Au‘?\f) and A:;’V_,t =
2F(Au™) + F(Auy_,) — F(Au} ), with the total free en-
ergies of the multiply anionic parent and the charged fis-
sion products calculated at T" = 300 K. The fission results
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Fig. 2. Theoretical SCM fission dissociation energies (full cir-
cles) for the most favorable channel (A?’\,?Y ineV)atT =300 K
for binary (y = b, lower curve) and ternary (y = ¢, upper
curve) fission of trianionic Au?’\f clusters. For comparison, the
theoretical third electron affinities (As, open squares) of Aun
clusters at 7' = 300 K are also plotted.

summarized in Fig. 2 for the most favorable channel il-
lustrate that exothermic fission (that is A?\/—,'y < 0) occurs
only for the smallest sizes (N < 25). This, together with
the existence of a fission barrier, leads us to conclude that
the stability of Au?’\f clusters is dominated by the electron
autodetachment process [see Eq. (3)], which is operative
when A3 < 0 and involves tunneling through a CB [11],
rather than by fission [39].

5 Summary

We studied the generation and stability patterns of the
Au:;’v_ clusters via Penning-trap experiments and theoret-
ical SCM investigations and found the following: (i) there
is a remarkable agreement between the theoretically pre-
dicted and the measured appearance size [n3~ (Au) = 54];
(ii) the measured yields near the threshold are strongly
modulated revealing the influence of electronic shell ef-
fects; and (iii) rather than fragmentation via fission, we
identified electron autodetachment as the prevalent chan-
nel governing the clusters’ stability. Finding (iii) holds for
doubly charged clusters, too [11(b), 13], and leads to ap-
pearance sizes unrelated to those known from the more
familiar case of multiply charged cationic clusters. It will
be of interest to further explore the properties of stored
multiply-charged metal cluster anions by either collisional
or photo activation [40], as well as to investigate their
chemical properties [41].
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