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Decay channels and appearance sizes of doubly anionic gold and silver clusters
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Second electron affinities of Auand Ag, clusters and the dissociation energies for fission of thﬁﬁand
Agﬁ’ dianions are calculated using the finite-temperature shell-correction method and allowing for triaxial
deformations. Dianionic clusters witti>2 are found to be energetically stable against fission, leaving electron
autodetachment as the dominant decay process. The second electron affinities exhibit pronounced shell effects
in excellent agreement with measured abundance spectra fﬁf AN<30), with appearance sizes
n2~(Au)=12 andn?™ (Ag) =24.

Unlike the case of multiply charged cationic species, the The finite-temperature multiple electron affinities of a
production and observation of gas-phase doubly anionic agluster of N atoms of valence (we takev=1 for Au and
gregates had remained for many years a challenging experkg) are defined as
mental goal. However, with the availability of large carbon
clusters(which can easily accomodate the repulsion between Az(N,8)=F(B,uoN,uN+Z—-1)=F(B,uN,uN+2),
the two excess electronthis state of affairs changed, includ- (3
ing observation of doubly negative fullerene€s, , and  whereF is the free energy3=1/kgT, andZ=1 is the num-
fullerene derivatived,as well as a recent measurement of theper of excess electrons in the clusterg., the first and sec-
photoelectron spectrum of the citric acid dian?d\vﬂoreover, ond affinities Correspond td=1 andZ= 2, respective|y
such observations are not limited to carbon based aggregat¢s determine the free energy, we use the shell correction
and organic molecules, with a first observation of doublymethod. In the SCMF is separated into a smooth liquid-

. . e '5 —_
anionic met?l cLuiterShpemflc_:allly gocqu clu?tenslrgplortid OIdrop—modeI(LDM) part F py (varying monotonically with
most recently. A few theoretical studies of multiply charge N); and a Strutinsky-type shell-Correction teiyF = Fp

anionic fullerene’ and alkali-metalsodium clusteré have _ o .
( m Fsp, WhereF g, is the canonicalfixed N at a givenT) free

also appeared, but overall the field of multiply anionic ag-_ f1h | | d as ind d indl
gregates remains at an embryonic stage. energy of the valence electrons, treated as independent single

In this paper, we investigate the stability and decay Chanparticles moving in an effective mean-field potentiab-

nels of A~ and Ady” at finite temperature, and determine proximated by a modified N~ilsson Hamiltonian pertaining to
their appearance sizeé_ (clusters withN<n§_ are ener- lriaxial cluster shapgsandF, is the Strutinsky-averaged

getically unstable Two decay channels of doubly anionic free energy. The smooffy py contains volume, surface, and

clusters need to be consideréd:binary fission, curvature contributions, whose coefficients are determined as
described in Ref. 14, with experimental values and tempera-
MﬁfﬁM;Jr My_p, 1) ture dependencies. In addition to the finite-temperature con-

tribution due to the electronic entropy, the entropic contribu-

which has a well-known analog in the case of doubly Cat_t|on from thermall sh(%)pe fluctuations is evaluated via a
Boltzmann averagmb‘?

ionic clusters ' and(ii) electron autodetachment via emis- o
sion through a Coulombic barrir, We note here that the smooth contribut@n(N, 8) to the

full  multiple electron affinities A,(N,B8) can be
Mﬁ‘—>M,§+e, @) approximateti by the LDM expression
~ ~ (Z-1)e? (Z—1+y)e?

with an analogy to proton ana decay in atomic nuclé?® A=A e T s. W RiINFs (4)

X . - . (N)+ & R(N)+ &y
The theoretical approach we use is a finite-temperature semi-
empirical shell-correction metho@SCM), which incorpo-  whereR(N)=r N3 is the radius of the positive background
rates triaxial shapes and which has been previously used suf is the Wigner-Seitz radius which depends weaklyTon
cessfully to describe the properties of neutral and cationiclue to volume dilation y=5/8, &, is an electron spillout
metal cluster$? Our main conclusion is that, unlike the case parameter, and the work functio is assumed to be tem-
of doubly cationic metal clustefs:® fission of A~ and  perature independenfwe take W(Au)=5.31 eV and
Ags~ is not a dominant process, and that the appearancé/(Ag)=4.26 eVl.
sizes of these doubly anionic clusters are determined by elec- In a recent experimerit,singly anionic gold clusters
tron autodetachment. Our results for the second electron afuy (N=<28) were stored in a Penning trap, size selected,
finities exhibit pronounced electronic shell effects and are irand transformed into dianions, ﬁU, through irradiation by
excellent agreement with the most recent experimental datan electron beam. The meastiteelative intensity ratios of
for Au3~ with n2~=12. For Ad,”, we predictnZ™ =24. the dianions to their monoanionic precursors are reproduced
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FIG. 1. (a) Measuredsee Fig. 8) in Ref. 5] average relative L L L L L
abundances of A1 clusters(i.e., the ratio of the number of the 0 10 20 30
observed dianions over the sum of the numbers of corresponding N

singly anionic precursors and dianigras a function of cluster size.
Note the logarithmic ordinate scalin¢h) Calculated second elec-
tron affinity (A, in eV) for gold clusters aT =300 K plotted versus
N. Results from SCM calculations are connected by a solid line, an
LDM results[see Eq.(4) with Z=2] are depicted by the dashed
line. A,>0 corresponds to stable dianionic Fuclusters; note the
appearance sizeﬁ’= 12. Energies in units of eV.

in Fig. 1(a); they exhibit size-evolutionary patteriarising
from electronic shell effecigeminiscent of those found ear-

FIG. 2. (a) Fission dissociation energied  p in eV) for binary
fission Ay —Aup+Auy_p, calculated atT=300 K with the

c§CM for parent dianionic clusters with=7, 14, and 21, and plot-

ted versud. Note that in all cases the most favorable fission chan-
nel corresponds t®®=1. (b) SCM fission dissociation energies,
Ayg, at T=300 K for the most favorable channel, plotted versus
cluster size. Exothermic fissiomA( ;<<0) is found only for the
smallest cluster.

Teller distortions and are associated with the lifting of spec-

lier in the mass abundance spectra, ionization potentials arithl degeneracies for open-shell cluster sizes

first electron affinities of alkali- and coinage-metal clustérs.

To explore the energetic stability of the ﬁ’u clusters

Since the stability of the dianions relative to their monoan-against binary fissiorisee Eq.(1)], we show in Fig. 2a)

ionic precursors depends on the second electron affiity
it may be expected th#, and the relative signal intensity of

the Al clusters will exhibit correlated patterns as a func-

SCM results, at selected cluster sizés<(7, 14, and 2}, for
the  fission  dissociation  energies Ay p=F(Aup)
+F(Auy_p) — F(AUZ ), with the total free energies of the

tion of size. Here we note that stable dianions must havearent dianion and the singly charged fission products calcu-

A,>0, whereas those witA,<0 are unstable and decay via
process(ii), i.e., via electron emission through a Coulombic
barrief (see below.

In Fig. 1(b), we display the SCM theoretical resdfd’
for the second electron affinity of Auclusters in the size
range 16<N=230. These results correlate remarkably well
with the measured relative abundance spectfsae Fig.
1(a)]. Note in particular(i) the observed and predicted ap-
pearance sizegﬁ(Au)zlz; (i) the relative instability of
Au3; [portrayed by its absence in Fig(al and the negative
A, value in Fig. 1b) associated with the closing of a sphe-
roidal electronic subshe{tontaining 14 electronsn the sin-
gly anionic Au; parent cluster, see Ref. ®4]; (iii) the pro-
nounced lower stability of Afy relative to its neighboring
cluster sizeqassociated with the closing of a major elec-
tronic shell(containing 20 electronsn the Au4 parent clus-
ter]; (iv) the overall similarity between the trends in Figajl
and Fig. 1b) (that is, even-odd alternations fir<19 with a
sole discrepanc§ at N=14, or possibly aN=15, and the
monotonic behavior forN=19). Underlying the pattern
shown in Fig. 1b) are electronic shell effectscompare in
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FIG. 3. SCM second electron affiniti¢#\, in (a)] and fission
dissociation energieAy ; in (b)] for the most favorable channel
(P=1) for Agﬁ,’ clusters aff =300 K, plotted versus cluster size.

Fig. 1(b) the shell-corrected results indicated by the solidin (a) LDM results [see Eq.(4) with Z=2] are depicted by the

line with the LDM curvg combined with energy-lowering
shape deformations of the clustdrghich are akin to Jahn-

dashed line. Note the appearance si§é=24. Energies in units
of eV.



RAPID COMMUNICATIONS

PRB 61 DECAY CHANNELS AND APPEARANCE SIZES 6. .. R10 589

lated atT =300 K. For all A§~ parent clusters, the energeti- @ Coulomb barriéy, rather than by fission.

_ Finally, we show in Fig. 3 SCM results for the second
cally favorable channegllowest A corresponds td®=1 Vo Lo . . o
(i.e.),/ one of the fission productsNi;)the cIosped-sheITAam- electron affinity] A, in Fig. 3(@] and the fission dissociation

ion). The influence of shell effects on the fission dissociationenergies{ANvp in Fig. 3(b)] corresponding to the most favor-

energies is evident particularly in cases where the fissio bIe_ Ch?””e' K?:.l) f_or silver dianionic cluste_rs Aﬁg
channel involves closed-shell magic produgiseP =7, and gain, binary fission is seen to be endothermic except for

. . 2 .
equivalentlyP= 14, forN=21, and the pronounced effect at '\!_2’ .and the appearance size foryig(i.e., the smallest

. . 27 _ .
P=7 for N=14 where both fission products are magithe size withA,>0) is predicted to be; (Ag)=24. The shift

fission results summarized in Figl? for the most favorable of the_ap_pea_lrance size toa Ié';l_rger value than that found for
channel P=1) illustrate that exothermic fissiofthat is gold dianionic clustergthat isng™ (Au) =12, see abovecan

Ayp<0) is predicted to occur only for the smallest size be traced to the smaller work function of silver, as can be
(N¥2). This, together with the existence of a fission barrier,sfen,f[lorzn_tgellgDM curves calculated through the use of Eq.
leads us to conclude that the decay ofAwlusters is domi- (4) with Z=2.
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