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Abstract. The stability of cationic silver clusters doped with a 3d transition metal atom (Sc, Ti, V, Cr, Mn,
Ni, Cu) is investigated by mass spectrometric analysis of fragments resulting from high fluence irradiation
of a cluster beam. The mass spectra show enhanced stabilities that correspond to closed shells of valence
electrons. Dopant- and size-dependent delocalization of 4s and 3d electrons is discussed based on spherical
shell model considerations. Contrary to doped gold clusters, no evidence was found for the existence of 2D

electronic shell closures.

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 36.40.Qv Stability and fragmentation of

clusters

1 Introduction

The technological relevance of small coinage metal clusters
has stimulated research strongly [1]. Nanoscale gold and
silver systems serve as catalyst in some specific reactions
or as building blocks in nanostructured materials [2-5].
Small silver clusters are of great interest for their optical
properties [6,7]. Tiny particles of silver are used for pho-
tographic materials since they react chemically when ex-
posed to light and etch a reflection of the image viewed [8].

The atomic electron configuration of silver features a
filled 4d shell and a singly occupied 5s shell. The d band
is buried well below the Fermi level, therefore some sim-
ilarities between silver and alkali metal clusters can be
expected. Size dependent properties of silver clusters in-
deed show a shell structure with closed electronic shells
for systems containing 2, 8, 20, 40, 58, 92, ... valence s
electrons [9-14], which indicates that the properties of sil-
ver clusters can be treated to first approximation within
a simple metal cluster framework.

While in silver clusters the valence s electrons are itin-
erant, the characteristics of clusters of transition metals
having an open d shell are determined by more localized
bonds. Their valence s electrons play an essential role in
the atom-atom bonding, but the influence of directional
bonding by electrons from the partially filled d levels is not
negligible. With structural, magnetic and catalytic prop-
erties strongly depending on size, transition metal clusters
are considered to be attractive for a wide range of appli-
cations [15]. However, chemical bonding in these species
still is not fully understood.
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A study of transition metal doped coinage metal clus-
ters provides an elegant way to investigate the interplay
between free electrons and directional bonds in small clus-
ters [16,17]. Investigating the role of heterogeneous bond-
ing in mixed clusters will elucidate the fundamental effects
responsible for the stability of metal clusters. In addition
the influence of the host on the local magnetism of the
dopant can be considered [16].

In this paper we report the production of bimetal-
lic Ag,XT (n < 60, X = Sc¢, Ti, V, Cr, Mn, Nij,
Cu) clusters. The clusters are studied with time-of-flight
mass spectrometry after laser fragmentation. Analysis of
the mass spectra provides a correspondence between ob-
served enhanced stabilities and closed shells of electrons.
The discussion will be based on phenomenological shell
model considerations and will emphasize element- and
size-dependent magic numbers. The results also will be
compared with recent investigations of transition metal
doped gold clusters [17-21].

2 Bimetallic cluster production and laser
fragmentation

The transition metal doped silver clusters are produced
with a dual-target dual-laser vaporization source [22]. Two
metal targets are vaporized by two independent pulsed
(10 Hz) Nd:YAG lasers. Atom condensation of the differ-
ent metal elements into clusters is initiated by introducing
helium gas into the source. The source parameters (gas
pressure, laser energies, time delays between the open-
ing of the gas valve and the vaporization of the metal
targets, and source geometry) are optimized to achieve
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Fig. 1. Mass abundance spectra showing the cluster ion sig-
nals following photofragmentation for Ag,X;, (n = 1-35,
m = 0—2) with X = Sc (a), Cr (b), and Cu (c). The peaks
corresponding to Ag, X" are connected by a solid line.

a maximal production of silver clusters containing a sin-
gle dopant atom. The dopant target is vaporized typically
150 us before the silver. Charged particles are electrostat-
ically deflected out of the beam. The remaining neutral
cluster beam is irradiated with high fluence laser light
(>2 MWem=2, A = 193 nm) generated by an excimer
laser. The resulting photofragments reveal a size distribu-
tion with higher abundances for clusters with an enhanced
stability.

The mass spectra for Ag, X (X = Sc, Cr, Cu) are
shown in Figure 1. Each fragmentation spectrum is an
average of at least ten independent measurements, where
one measurement consists of 5000 production cycles. The
stability patterns after photofragmentation are well repro-
ducible and do not significantly depend on details of the
initial cluster distribution nor on the exact fragmentation
laser power. All mass spectra are baseline corrected for
the non mass resolved ion signal. The most intense mass
peaks correspond to pure Ag;" clusters. On the right-hand
side of the pure species, Ag,XT peaks appear. They are
connected by a solid line in Figure 1.

Peaks corresponding to larger sizes are broader be-
cause of the natural isotope distribution for silver
(51.8% 197Ag, 48.2% '09Ag) and the limited resolution
of our mass spectrometer (M/AM < 1000). Peaks cor-
responding to Aangr and Ag:lr 1 partially overlap since
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Fig. 2. Integrated cationic cluster abundances as a function of
size for Ag, X' with X = Ag (a), Sc (b), Ti (c), V (d), Cr (e),
Mn (f), Ni (g), and Cu (h).

the mass of the dopant atoms is about half the mass of
a silver atom. Combined with the limited abundance of
doubly doped species, the errors on the estimated Aan;
signals will be large. Therefore we will not deal with mul-
tiply doped silver clusters here.

3 Magic sizes for doped silver clusters

In Figure 2 the recorded abundances of singly doped
Ag,XT (X = Ag, Sc, Ti, V, Cr, Mn, Ni, Cu) clusters
are presented. The plotted abundances equal the inte-
grated areas of the corresponding mass peaks. The ex-
perimental spectra reveal an odd-even staggering (OES)
and distinguished peaks or steps after specific cluster sizes
(the magic sizes), that reflect a closed electronic shell
structure. If an electron is added to these cluster sizes,
it is forced to occupy the next (energetically less favor-
able) shell. The magic sizes are listed in Table 1, together
with the proposed number of electrons contributed by the
dopant atoms, n,, to come to known magic numbers of
electrons, n.. Most of the observations qualitatively can
be interpreted within a spherical shell model picture and
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Table 1. Summary of the observed shell features. Intensity
drops occur after Ag,XT. n, is the proposed number of de-
localized electrons stemming from the dopant. n. denotes the
total number of delocalized electrons in the magic Ag, X ™ clus-
ters. ne values that do not correspond to known spherical shell
closures are between brackets.

X  wvalence n Ny MNe

Ag 4d'5s' 3,9, 21, 41, 59 1 2, 8,20, 40, 58

Sc  3d'4s* 6, 16, 28 3 8,18, (30)

Ti 3d%4s* 7,15, 27, 35 2,4 8,18, (30), (38)

V  3d%4s® 7,14, 57 2,5 8,18, 58

Cr 3d°4s' 2,8,12,20,33,58 1,2 2,8, (12), 20, 34, 58
Mn 3d°4s®> 1,7, 17,19, 33 2 2,8, 18,20, 34

Ni 3d®4s® 2,9, 19 0,1 2,8,18

Cu 3d™4s' 2,8,20,34,40,58 1 2,8, 20, 34, 40, 58

provide information on the electronic behavior of the
dopant atom in the cluster.

The patterns for pure Ag, clusters display an OES
and steps in abundance after n = 3, 9, 21, 41, and 59.
This confirms the presence of a shell structure that arises
from the delocalization of the atomic valence 5s electrons
in the silver clusters. Since cations have one conduction
electron less than neutral clusters, the major features in
the mass spectra are associated with the closing of elec-
tronic shells at total electron numbers 2, 8, 20, 40, and 58.
This shell structure has been reported by different exper-
imental studies [9-14].

For scandium and titanium doped silver clusters, there
are striking peaks at Ag1Sc™ and Ag;5Ti™ and steps after
AgeSc™, AgogSc™, Ag;TiT, Ager;TiT, and AgssTiT. The
distinct features correspond to the electron numbers 8, 18,
30, and 38 in case scandium delocalizes three and titanium
two (AgrTiT) or four (AgysTit, AgarTit, and AgssTit)
electrons. Note that 30 and 38 are not known as a spherical
magic number in pure silver clusters. There also is a clear
OES for Ag,Sc™ and Ag, TiT in the n > 15 size range.

The pattern of vanadium doped silver clusters is rather
smooth and only exhibits OES for small sizes (n < 14).
Ag, VT unveils local maxima at Ag; V"™ and Ag14 V™', and
a smeared-out step around Ags;V*'. These sizes can be
linked with the magic numbers 8, 18, and 58 in case vana-
dium contributes two (in Ag;V* and Ags; V™) or five (in
Ag14VT) electrons to the cloud of itinerant electrons.

The observed steps after Ag, Cr™ withn = 2, 8, 12, 20,
and 58 are related to n, = 2, 8, 12, 20, and 58 assuming
that chromium donates one electron. Among these num-
bers, only 12 is not known as a spherical magic number.
The step at Agz3Crt may be attributed to a shell clo-
sure for 34 electrons, if chromium provides two electrons
in this cluster. Remark that the amplitude of the OES for
Ag, CrT is modest for all but the smallest sizes (n < 10).

The prominent intensity variations at Ag;Mn™,
Ag;Mnt, AgvMn™, and weaker ones at AgioMn™ and
AgssMnt can be associated with n, = 2, 8, 18, 20, and
34 if manganese contributes two electrons.

For nickel doped silver clusters, drops in abundance
occur after AgoNiT, AggNiT, and AggNit, in addition

to an obvious OES. The magic sizes might correspond
to the numbers 2, 8, and 18 in case nickel delocalizes one
(for AgaNiT) or zero electrons (for AgoNiT and AgoNiT).
Note that the difference in the number of itinerant elec-
trons contributed by nickel accords with the altering of
the OES at n = 8. For n < 8 the maxima are at even n
values, while for n > 8, the even n values correspond to
minima in the stability pattern.

The stability pattern of Ag,Cu™ is much the same as
for pure Ag, | clusters. A clear OES is present over the
entire size range together with steps after Ag,Cut with
n= 2,8, 20, 34, 40, and 58.

4 Dopant valence electron delocalization

Here an interpretation of the interaction of the transition
metal electrons with the silver matrix is presented. We fo-
cus on three points: (i) the relation between n, and the
valences of the dopant atoms, (ii) the size dependent elec-
tron delocalization, and (iii) the appearance of new magic
numbers.

(i) A comparison between the dopant valences and n,,
both given in Table 1, yields the following results. The
magic character of Ag,Sct (n = 6, 16), Agy5Tit, and
Ag14VT agrees with spherical magic numbers if as well the
dopant 4s as 3d electrons contribute to the cloud of itin-
erant electrons. Ag;TiT, Ag;V™, Ags7 V™, and the magic
Ag, X clusters doped with the heavier elements (X = Cr,
Mn, Ni, and Cu) correspond to known magic numbers, if
only the 4s electrons of the dopant atoms are itinerant.
The misfit between the nickel 3d®4s% atomic configura-
tion and n, = 0,1 as well as the size dependent behavior
of chromium are treated in (ii). The dissimilarity between
the light (Sc) and the heavier (Cr, Mn, Ni, Cu) dopants
can be accounted for by differences in the spatial extent
of the occupied d orbitals. The large size of the d elec-
tron wave functions of metals at the beginning of the 3d
series [16] results in strong hybridization with the Ag elec-
tron orbitals. Ag,TiT and Ag, V™' form the intermediate
range. Here, it is believed that the dopant 3d electrons
only behave itinerant if the hybridization with the host 5s
electrons is strong.

(i) Only the Ag, X" (X = Sc, Mn, and Cu) patterns
could be explained assuming a fixed number of electrons
delocalized by the dopant atom (see Tab. 1). The magic
sizes found for other Ag, X" (X = Ti, V, Cr, Ni) clus-
ters correspond to known magic numbers if the delocal-
ization behavior of the dopant atoms depends on the clus-
ter size. Ag, Tit and Ag, V' were discussed in (i). For
Ag,Crt and Ag,NiT the size dependence might be re-
lated to the small energy difference between the transi-
tion metal atom 3d*4s? and 3d**14s! (or 3d**+24s° for Ni)
configurations. The preferred valence electron configura-
tion depends on details of the interaction with the host,
such as the cluster size, the kind of host, and the coordi-
nation of the dopant [17]. In Ag, X" with X = Sc, Mn,
and Cu, a size independent number of itinerant electrons
is contributed by the dopant atom, in agreement with the
larger 3d*4s? — 3d*T14s' energy difference.
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(iii) While 18 is not seen as a magic number in the sta-
bility pattern of pure silver clusters, it correlates with the
most striking feature in the Ag, X+ (X = Sc, Ti, V, Mn)
patterns. The manifestation of a shell closure for 18 elec-
trons can be related to a modification of the potential felt
by the valence electrons by introducing a dopant atom.
If the dopant is assumed to be located in the center of
the cluster, a central hump in the effective potential (the
dopant has a lower electronegativity than silver) causes an
upward shift of the (shell model) 2s energy level, which
makes the magic number 20 disappear, in favor of 18. A
similar explanation has been used to explain the enhance-
ment of the magic number 18 in the stability patterns of
doped gold clusters [17,18,23].

The disappearance of the magic number 40 and the
appearance of n, = 34 in Ag, X" (X = Cr, Mn, Cu) might
be related with s —d hybridization between dopant 3d and
host 5s electrons in the doped systems. An enhanced s—d
hybridization modifies the mean field potential and causes
the magic number 34 to be present. This also can be the
reason why Auj; is a magic size and not Agjs.

Other magic numbers only appear for specific dopants:
30 (AgesSct and AgorTit), 38 (AggsTit), and 12
(Ag12Cr™). Probably these magic numbers can be formed
by subshell closure and/or shell inversions related to a
deformed geometry. However, no conclusive explanation
can be given at this point; more information from quan-
tum chemical calculations on the electronic structure is
required.

5 Comparison with doped gold clusters

While the magic numbers observed in Ag, and Au, are
alike [9] (except for 34 < 40), there are important dif-
ferences in the degree of s — d hybridization leading to
different ground state geometries [1]. The s — d hybridiza-
tion is small in silver, because its d band locates well be-
low the Fermi level [10]. The chemistry of silver clusters is
basically dominated by the s electrons, there are no direc-
tional bonds [24]. The well-established s — d hybridization
in gold leads to rather large s and d bandwidths, and to
more directional and stronger bonds compared to silver
clusters of the same size [25]. An additional consequence
is the propensity to favor planar geometries, since d — d
bonds are optimal in a 2D structure [25,26].

Photofragmentation studies of Au, X" (X = Sc, Ti, V,
Cr, Mn, Fe, Co, Cu, and Zn) clusters revealed electronic
shell structures and dopant induced changes in the shell
sequence [17-20]. The magic numbers found for Aw,X*
are presented schematically in Figure 3 and compared
with the observations for Ag,X™.

The photofragmentation patterns of doped gold and
silver clusters uncover several similarities. Also in a gold
cluster, the lightest 3d elements (Sc, Ti) delocalize their 4s
and 3d electrons, while for the heavier dopants (Cr, Mn,
Fe, Co, Ni) only the 4s electrons become itinerant [17,19].
In both types of host, clusters with 18 valence electrons
are remarkably stable, in particular AuigSc™, AgigSc™,
AuysTit, AgysTit, and Agi4V*'. A (new) magic number

ha
Sc
Ti 4
v
Cr
Mn
Ni
Cu

Fig. 3. Representation of the observed magic numbers for
Ag, Xt and Au, X" clusters. The first row lists the results for
pure silver and gold, the other rows are for the doped species.
Doped silver is indicated by the upper-left triangles, doped
gold by the lower-right triangles. Electron numbers shaded in
grey are observed as magic, the ones in light grey reveal a
slightly enhanced stability. For numbers shaded in dark grey,
no experimental results are recorded.

for 30 delocalized electrons appears both in Aus7Tit and
Ago7TiT. Doping with copper has no big influence on the
electronic shell structure of a gold or a silver cluster. Prob-
ably the mean field potential experienced by the electrons
is only slightly modified when substituting a silver or a
gold atom by a copper atom [17,18].

However, there is an important difference between the
stability patterns of doped silver and doped gold clusters.
AusXt (X =V, Cr, Mn, Fe, Co, and Zn) species showed
up as very stable in the Au,, X" fragmentation spectra [17].
These six electron species are magic because of their 2D
structure in combination with six being a magic number
for 2D systems [20,21]. There is no enhanced intensity for
six electron species in the Ag, X™ fragmentation spectra.
Silver clusters are known to become three dimensional for
smaller cluster sizes [24,25], in agreement with the absence
of 2D magic numbers in our experiments.

6 Conclusion

Stability patterns of Ag,X* (X = Sc, Ti, V, Cr, Mn,
Ni, Cu) reflect an electronic shell structure with dopant
dependent magic numbers. The open 3d shell transition
metal dopant is considered to contribute its 4s electrons
(for Cr up to Ni) or its 3d and 4s electrons (Sc and se-
lected sizes for Ti and V) to a cloud of itinerant elec-
trons. The size dependent electron delocalization is at-
tributed to the small energy difference between 3d*4s?
and 3d**14s! atomic configurations of the dopant atoms.
Contrary to doped gold clusters, no evidence was found
for the existence of 2D electronic shell closures in doped
silver clusters.
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