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Mass spectrometric stability study of binary MSn clusters
(S = Si, Ge, Sn, Pb, and M = Cr, Mn, Cu, Zn)
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Abstract

In this paper, we present a mass spectrometric stability investigation of a series of metal doped group IVA (semi-) metal clusters. Binary metal
(M) doped semi-metal (S) MSn (S = Si, Ge, Sn, Pb, and M = Cr, Mn, Cu, Zn) clusters are produced using a dual-target, dual-laser vaporization source
and mass analyzed using a reflectron time-of-flight mass spectrometer. The resulting abundance spectra reveal host and dopant dependent stability
information for the different systems investigated. From a comparison between the experimental abundance information and computational studies
available in literature, the enhanced abundance of several sizes is interpreted in terms of peculiarly stable dopant-encapsulated cagelike structures.
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. Introduction

Transition metal doped silicon and other group IVA metal
lusters are extensively studied in view of the possible tun-
ng effect of the dopant atoms on the opto-electronic, mag-
etic or stability properties of the host (Sin, Gen, Snn, . . .)
lusters. Nearly 20 years ago, Beck, interested in the molec-
lar level mechanism of the reaction between a metal and a
emiconductor because of its technological importance, discov-
red stable silicon cluster–metal atom compounds of remarkable
ut identical stoichiometries for three different transition metal
opants, namely chromium, molybdenum, and tungsten: MSi15
nd MSi16 (M = Cr, Mo, W) [1]. However, despite a valuable
ttempt based on a topological model [2], the magic behaviour
f these structures remained unexplained for more than a decade
ntil Kumar and Kawazoe computationally attributed the strong
tability to dopant-encapsulated cage-like structures with large
alues of binding energy, highest occupied–lowest unoccupied
olecular orbital (HOMO–LUMO) gap, and embedding energy

f the dopant atom [3]. The magnetic moment of the dopants is
ompletely quenched. An interesting property of these metal-

gap depending on the dopant M. Metal dopants can enhance the
symmetry (and related geometric stability) of the host cluster or
enhance the HOMO–LUMO gap into the visible region.

The initial interest in doped silicon systems [4–19], triggered
by its wide use in microelectronics industry, rapidly extended to
its higher mass congeners [20–25]. Notable examples, compu-
tationally predicted, are metal-encapsulated icosahedral super-
atoms of germanium and tin, ZnGe12 and CdSn12, with large
HOMO–LUMO gaps or MnGe12 and MnSn12, with high (5µB)
magnetic moments. For doped lead clusters, besides calcula-
tional results, experimental confirmations of exceptional stabil-
ities exist for AlPb10,12

+, CoPb10,12
−, PtPb12

2−, and NiPb10
2−

[26–29]. Besides the above mentioned observations for doped
lead systems, the experimental information on metal doped
group IVA clusters is mainly limited to doped silicon clusters
[1,30–35] and is relatively scarce compared to the numerous
computational studies existing in literature. For example, most
recently, Nakajima and coworkers [35] reported the selective
formation of highly stable MSi16 (M = Sc, Ti, V) clusters by
fine tuning the laser vaporization source conditions, similar to
the initial finding of C60 [36].
ncapsulated silicon clusters lies in the tunability of the band
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In this paper, we present a mass spectrometric stability inves-
tigation of Cr, Mn, Cu, and Zn doped Sin, Gen, Snn, and Pbn clus-
ters. Electronically, Cr and Mn are characterized by a half-filled
3d5 shell combined with a 4s1 and 4s2 valence shell, respectively.
Cu and Zn, on the other hand, have a filled 3d10 shell combined
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with a 4s1 and 4s2 valence shell, respectively. Since the stabi-
lization of dopant-encapsulated Sin and Gen cages was recently
(computationally) demonstrated to be strongly guided by d-band
filling of the encapsulated transition metal atom [24,37], dopants
were chosen with the same 4s valence character but with a half-
filled and filled 3d shell, respectively. The unoccupied 3d orbitals
can accommodate (dangling bond) electrons form the Sin and
Gen cages, providing a strong interaction between the dopant
and the surrounding cage. Moreover, all of the selected metal
dopants were previously considered as dopant atoms in compu-
tational studies of metal doped group IV clusters.

2. Experiment

Binary MSm (M = Cr, Mn, Cu, Zn, and S = Si, Ge, Sn, Pb)
clusters are produced using a dual-target, dual-laser vaporiza-
tion source, described in detail elsewhere [38], and mass ana-
lyzed using a reflectron time-of-flight (RTOF) mass spectrom-
eter (m/�m = ±500). The abundance of the positively charged
clusters can be directly probed by the RTOF mass spectrome-
ter (in the Wiley–McLaren configuration), whereas the neutral
clusters are first laser ionized by a low fluence ArF (6.4 eV pho-
ton energy) or an F2 (7.9 eV photon energy) excimer laser. Since
we are aiming to evaluate the special stability of certain clus-
ter sizes, it is important to mention that, in general, the mass
distribution of clusters produced in a laser vaporization source
d
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Fig. 1. Mass abundance spectra of Cr doped clusters after 6.4 eV laser ionization.
Cr doped (a) Sin (900 �J/cm2), (b) Gen (830 �J/cm2), (c) Snn (520 �J/cm2), and
(d) Pbn (400 �J/cm2).

energy (either 6.4 or 7.9 eV) and laser fluence are indicated in
the captions.

As outlined above, depending on the applied laser fluence,
the abundance spectra reflect the abundance of either cations
(after multi-photon ionization and/or fragmentation) or neutral
clusters (after single-photon ionization). For a low ionization
laser fluence (typically <0.1 mJ/cm2) and a photon energy suffi-
ciently above the ionization energy of the studied species (e.g.,
7.9 eV), the resulting mass spectrum reflects the distribution
of the neutral species and fragmentation is negligible. Clusters
investigated in this regime are symbolically denoted below as
MSn, i.e., neutral species. For sufficiently high laser fluences
(typically >0.5 mJ/cm2), the abundance spectra reflect the distri-
bution and stability of cations after multi-photon absorption and
fragmentation (notation MSn

+). In a plot of the ion intensity ver-
sus ionizing laser fluence, both regimes can be identified. While
fragmentation can result in complicated laser power dependen-
cies due to production as well as depletion, a linear dependence
at low ionizing laser intensity which intercepts the origin at zero
laser power provides strong evidence for single photon ioniza-
tion [30]. However, several spectra have been recorded in the
oes not reflect thermodynamic stabilities. Due to the low tem-
erature of the inert gas, cluster production primarily proceeds
hrough successive single atom addition, and the reverse process
evaporation) is often negligible. However, the cluster distribu-
ion is determined by the parameters of the source such as the

etal–vapour density and dimensions of the various compo-
ents of the source. Under suitable source conditions, enhanced
tabilities of certain cluster species are nevertheless elucidated
y enhanced abundances in mass spectra of clusters produced in
laser vaporization source. This can, for example, be reached

y a sufficiently long residence time in the formation channel,
llowing equilibrium between growth and evaporation, before
he clusters are frozen in the adiabatic expansion. Probably, the

ost famous example is the discovery of C60, by Smalley and
oworkers, produced by laser vaporization of a graphite sheet
36]. On the other hand, the stability of positively charged clus-
ers can be studied using high fluence laser irradiation of a beam
f neutral clusters. The latter are ionized by multi-photon absorp-
ion, which, in general, causes fragmentation of metal and silicon
lusters. The evaporation chain preferably stops at more stable
izes (high binding energy per atom). As a result, after photofrag-
entation, more stable cluster cations will be observed more

bundantly.
The mass spectra for the different systems under investiga-

ion are shown in Figs. 1–5 and will be discussed in the next
ection. Hereby, it should be noted in advance that the cluster
roduction was focussed on the optimization of the production
f singly doped clusters for the 16 combinations studied and
ot all spectra shown are recorded under the same conditions
f laser irradiation. In the figures, a selection of representative
ass spectra is presented for which both the applied photon
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Fig. 2. Mass abundance spectra of Mn doped clusters photoionized by 6.4 eV
laser irradiation for Mn doped: (a) Sin (400 �J/cm2), (b) Gen (500 �J/cm2), (c)
Snn (390 �J/cm2) clusters and (*) photoionized by 7.9 eV laser light for Mn
doped (d) Pbn clusters (455 �J/cm2).

Fig. 3. Mass abundance spectra of (a) Cr doped Snn (650 �J/cm2) and (b) Mn
doped Snn (650 �J/cm2) clusters radiated by 7.9 eV laser light.

Fig. 4. Mass abundance spectra of Cu doped clusters photoionized by 7.9 eV
laser light for Cu doped (a) Sin (650 �J/cm2), (c) Snn (650 �J/cm2), (d) Pbn

(650 �J/cm2) clusters and (*) photoionized by 6.4 eV laser light for Cu doped
(b) Gen (1 mJ/cm2).

Fig. 5. Mass abundance spectra of Zn doped (a) Snn (97.5 �J/cm2) and (b) Pbn

(130 �J/cm2) clusters radiated by 7.9 eV laser light.
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intermediate regime (0.1–0.5 mJ/cm2) where it is often unclear,
and strongly size dependent, whether the mass spectra reflect the
abundance of either neutral or cationic species. In this regime, a
curve of the ion yield as a function of the applied laser fluence,
shows a quadratic (or higher order) behaviour, indicating two-
(or multi-) photon ionization (without the irregular dependence
characteristic for the combination of production and depletion in
the fragmentation regime). In the latter case, species are denoted
by MSn

(+). Related to this, it should be noted that nearly all
species studied computationally in literature are in the neutral
charge state.

Finally, some general remarks on the presented mass spec-
tra are given. All mass spectra are presented as a function
of the number of host atoms in the clusters (instead of the
mass).

Vertical dotted lines are used to mark the pure Sn (S = Si, Ge,
Sn, Pb) clusters. Peaks corresponding to singly doped species
MSn are connected by a solid line and the number of compos-
ing atoms is given as (1, n). Several spectra feature additional
peaks that are not denoted or discussed in this paper and corre-
spond to either oxidized or multiply doped species. The appar-
ently worse mass resolution for Ge and Sn species compared
to Si and Pb is partly due to their isotopical distribution over
5 amu (from 70 to 74 amu for the Ge atom and from 116 to
120 amu for Sn) versus 3 amu for the latter (from 28 to 30 amu
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range between n = 10 and 16 with slightly pronounced maxima
for CrSn15,16

(+). Using 7.9 eV ionization (0.65 mJ/cm2, Fig. 3a),
a relatively enhanced abundance among the doped species is
observed for CrSn10

+ and, to a lesser extent, for CrSn11
+ and

CrSn12
+. The above mentioned abundances were also observed

at low fluences (not shown), indicating enhanced stabilities for
neutral CrSn15,16 and CrSn10–12 clusters, respectively, using
6.4 and 7.9 eV photon energy. Contrary to the former three
cases, no enhanced abundances are observed for CrPb15,16

+

clusters while the spectrum (Fig. 3d) is marked by relatively
high abundances for CrPb10–12

+. Enhanced abundances are also
observed for CrPb10–12 neutrals, using 7.9 eV irradiation at low
fluences.

3.2. Mn doped group IVA clusters

Stability patterns similar to Cr doped Sin and Gen clusters
are observed for the case of Mn doped MnSin+ and MnGen

+

clusters (Fig. 2a and b). Besides MnSi15
(+) and MnSi16

(+), also
MnSi17

(+) and MnSi18
(+) are observed relatively abundant. For

germanium, doped species appear from MnGe11
(+) on, with (the

sizes around) MnGe15
(+) showing relatively high abundances.

For smaller sizes, pure Gen
+ clusters dominate the spectrum.

Mn doped Snn clusters are much less abundantly observed com-
pared to CrSnn species using 6.4 eV ionization. Distinct peaks
can be identified corresponding to the sizes n = 13–16 with a
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or Si and from 206 to 208 for Pb). Moreover, the difference
etween the atomic mass of the dopants and lead is very large,
hile this is not the case for the other three host atoms. The

tomic masses of Si, Ge, and Sn, respectively, are typically
round half, in the order of, and double of the atomic mass of
he dopants, which in all three cases leads to overlap between
eighbouring mass peaks of pure and doped cluster species.
he latter accounts for the seemingly better resolution of the
oped lead cluster mass spectra compared to the other three
ases.

. Results

.1. Cr doped group IVA clusters

A mass abundance spectrum of CrSin+ photofragments after
.4 eV laser irradiation at 0.9 mJ/cm2 (Fig. 1a) shows signifi-
antly enhanced abundances for CrSi15

+ and CrSi16
+ in agree-

ent with previous observations reported in ref. [1]. CrSin+

n = 14, 17, 18) clusters are observed less abundantly. The ion-
zation energies of small Sin clusters are higher than 6.4 eV and
he abundance pattern is the result of fragmentation after multi-
hoton ionization. The peaks of lower mass clusters mainly
orrespond to pure Sin+, featuring the Si6–11

+ photofragments in
igh abundance [30,39,40]. Pure Sin and Gen clusters are known
o undergo fission, instead of single atom evaporation, after high
uence laser irradiation and the Si6–11

+ and Ge6–11
+ species are

he resulting daughter ions. The mass abundance spectrum for
rGen

+ photofragments (0.8 mJ/cm2, Fig. 1b) well resembles
he one for CrSin+ species with relatively high abundances for
rGen

+ (n = 14–16). Cr doped Snn clusters after 6.4 eV laser irra-
iation (0.5 mJ/cm2, Fig. 1c) are relatively abundant in the size
harp drop in abundance after MnSn16
(+) (Fig. 2c). Peaks corre-

ponding to smaller sizes (n = 7–12) cannot be distinguished as
hey are too small and located in the broadened right flank of the
ery abundant pure Snn

(+) clusters. However, using 7.9 eV ion-
zation (0.6 mJ/cm2, Fig. 3b), a strongly enhanced abundance of
oped species is observed for MnSn12

+ and, to a lesser extent,
or MnSn10

+ and MnSn11
+. The same sizes are peculiarly abun-

ant for very low fluences, i.e., neutral MnSn12. Similarly, the
pectrum probing the abundance of MnPbn species after 7.9 eV
onization (0.5 mJ/cm2, Fig. 2d) features a strongly enhanced
bundance corresponding to MnPb12

+ (and MnPb12 for very
ow fluences).

.3. Cu doped group IVA clusters

The spectrum for CuSin+ clusters after 7.9 eV laser irradiation
0.6 mJ/cm2, Fig. 4a) shows a clearly different pattern compared
o the former two dopants (Cr and Mn) featuring mainly CuSi6+,
uSi7+, and CuSi10

+ as abundant sizes, while there is no sign
or an enhanced abundance of doped CuSin+ species in the size
ange n = 14–16. The situation is similar for CuGen

+ species
howing enhanced abundances for CuGe7

+and CuGe10
+ (6.4 eV,

mJ/cm2, Fig. 4b). Cu doped Snn clusters are mainly detected
n the size range between CuSn6

+ and CuSn16
+ with a strongly

nhanced abundance for CuSn10
+ (7.9 eV, 0.6 mJ/cm2, Fig. 4c).

ingly doped CuPbn
+ clusters all are fairly abundant in the size

ange n = 10–14 with slightly pronounced abundance maxima
or n = 10 and 12 (0.6 mJ/cm2, Fig. 4d). Since Pb14

+ exhibits
relative abundance minimum among pure Pbn

+ clusters, the
elatively high abundances of CuPb13

+ and/or CuPb14
+ are also

emarkable. The abundance patterns for Cu doped Sn and Pb
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clusters are very similar for very low fluences (7.9 eV), i.e., for
the corresponding neutral species.

3.4. Zn doped group IVA clusters

Zn doped Sin or Gen clusters turned out to be very difficult
to produce. For singly doped species, only very low abundances
of a limited number of sizes could be observed, not allowing us
to draw any conclusions on peculiar abundance patterns. On the
other hand, Zn doped Snn and Pbn clusters are relatively easily
produced. Mass spectra recorded using 7.9 eV post-ionization in
the single photon ionization regime (0.1 mJ/cm2, Fig. 5a and b)
feature fairly enhanced abundances for ZnSn10, ZnSn12, and
ZnPb12. Again, as in the Cu doped case, the relatively high
abundance of ZnPb14 and ZnPb13 compared to pure Pb14 is
remarkable.

4. Discussion

4.1. Cr and Mn doped clusters

Table 1 summarizes the sizes that showed a peculiar abun-
dance for the different dopant–host combinations studied. The
mass spectrometric observation and stability of CrSi15,16

+

species was presented in, to our knowledge, the first experimen-
t
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for ionization. The mass abundance spectra, after ionization
and fragmentation using 6.4 eV laser irradiation, feature similar
stability patterns compared to MSin+ and MGen

+. Enhanced sta-
bilities for CrSn15

+, CrSn16
+, and MnSn16

+ are likely to relate to
the stable dopant-encapsulated structures that are already known
for doped silicon and germanium clusters. The origin of the rel-
ative stability for MnSn13

+, however, is less straightforward.
Unfortunately, a recent computational study on doped MnSn

(S = Si, Ge, Sn, n = 8–12, 14) species [22], did not deal with
this size. On the other hand, mass abundance spectra for MSnn

clusters after 7.9 eV ionization show enhanced abundances for
CrSn10

0,+ (CrSn12
0,+ to a lesser extent) and MnSn12

0,+, which
may relate to highly symmetric close-packed D4h and Ih struc-
tures, as were recently discussed for binary MPbn and MSnn

clusters [22,25,26,28]. The appearance of enhanced abundances
for different sizes (in the range from n = 10 to 16, depending on
the details of the applied photon energy) may illustrate the transi-
tion which occurs in (doped) Snn clusters from covalently bound
species for (doped) Sin and Gen clusters, towards more metallic
bonding (in Pbn) [41]. The covalent (mixed sp2/sp3 type) bond-
ing gives rise to (magic) cage-like structures (e.g., MS15,16),
different from the more compact (close-packed) structures for
metal clusters (e.g., MS10,12). As such, our results for Cr and
Mn doped Snn seem to reflect the (size-dependent) competition
between covalent and metallic bonding in doped Snn clusters.

It should be noted that the doped MnSn data include the
m
s
i
i
t
s
c
s

s
s
t
M

4

t
r
C
A
e
(
a
t
a
r
a
i
t
C

al study on binary or doped silicon clusters in 1987 by Beck [1].
owever, as mentioned in Section 1, their structures remained
asically undescribed until 2001. Both for CrSi15 and CrSi16,
etal encapsulated Sin cage structures account for their unusual

tability [3]. An optimally close-packed structure obtained from
body-centered cubic unit has the lowest energy for CrSi15,
hereas for CrSi16 the ground state is formed by an isomer with
capped fullerene-like cage. Although no computational results
ere found in literature for MnSi15 and MnSi16, their enhanced

tabilities observed in our measurements are likely to relate to
imilar structures as for the case of Cr. Differently from MSin+

M = Cr, Mn) clusters, not only MGe15
+ and MGe16

+, but also
Ge14

+ is found to be relatively stable. Nevertheless, computa-
ionally, both CrSi14 [17] and CrGe14 [21] are predicted to have
imilar dopant-encapsulated decahedral ground state isomers.
xperimentally, the (probably larger) Ge14 cage appears more

avourable to host a Cr or Mn dopant compared to Si14. For Mn
oped Ge14 or Sn14 clusters, the perfect body-centered cubic iso-
er (with the dopant in the center) is suggested to be the lowest

ying isomer [22]. The abundance patterns observed for MSnn

how a different picture depending on the applied photon energy

able 1
ummary of the peculiarly abundant sizes (n) for the 16 different MSn (M = Cr,
n, Cu, Zn, and S = Si, Ge, Sn, Pb) combinations studied

Sin Gen Snn Pbn

r (15, 16)+ (14, 15, 16)+ (10–16)+, (10)0 (10, 12)+,0

n (15, 16)(+) (14, 15, 16)(+) (13, 16)(+), (12)0,+ (12)+,0

u (10)+ (7, 10)+ (10)+,0 (10, 12)+,0

n – – (10, 12)0 (12)0

he charge state is indicated in the superscript.
n

ass spectrometric observation of the enhanced abundance or
tability for MnSn12. As mentioned before, also at low 7.9 eV
onization fluences (<100 �J/cm2), in the single photon ion-
zation regime, MnSn12 is very abundantly detected. Recently,
he latter was computationally predicted to form an icosahedral
uperatom with a high magnetic moment of 5µB [22]. Our results
annot reveal its magnetic properties but confirm its enhanced
tability.

The enhanced abundances observed for Cr/MnPb10,12
0,+

pecies most probably correspond to geometrically stable highly
ymmetric close-packed structures. Enhanced abundances for
he same sizes were reported earlier for MPbn

− (M = Ti, Cr,
n, Fe, Co, Ni, Cu, Zn, Pd, Ag) anions [33].

.2. Cu and Zn doped species

The enhanced stability for CuSi10
+ confirms the observa-

ions by Beck [30]. Apart from CuSi10
+, our experiments

eveal enhanced abundances also for CuGe10
+, CuSn10

0,+, and
uPb10

0,+. For Pb, CuPb12
0,+ also can be added to this row.

mong the Zn doped species, ZnSn12, ZnPb12, and, to a lesser
xtent, ZnSn10 are detected very abundantly. CuSin clusters
n = 4, 6, 8, 10, 12) are very thoroughly studied computation-
lly [5,7,8]. An extensive isomer search for CuSi10 claims that
he high abundance observed in the mass spectra should not be
scribed to the geometric stability of a specific (highly symmet-
ic) dopant-encapsulated structure, but rather to the existence of
multitude of near-degenerate isomers [7]. Important to note

s that center-site structures for CuSi10 are unfavourable. For
he abundantly observed CuGe10

+, CuSn10
0,+, CuPb10

0,+, and
uPb12

0,+ structures, no computational information is available
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in literature. Theoretical studies dealing wih MGen (M = Hf, W,
Os, Ni, Zn, n = 10, 12), MSn (M = Be, Zn, Cd, Mg, and S = Si,
Ge, Sn, n = 8–12, 14), and MS10 (M = Ni, Pd, Pt, and S = Si, Ge,
Sn, Pb) [22,24,25] lead to endohedral ground state structures
for most of the investigated species. However, the stability and
exact symmetry of the different systems is ‘case’ dependent and
can be tailored by suitably choosing dopant and host.

Nevertheless, the enhanced stabilities observed for ZnSn10,
ZnSn12, ZnPb12, CuSn10

0,+, CuPb10
0,+, and CuPb12

0,+ probably
relate to highly symmetric dopant-encapsulated D4d (bicapped
square antiprism) and Ih (icosahedron) structures for the 11
and 13 atom species, respectively. After all, the D4d struc-
ture is found to be the ground state structure for all computed
MSn10 and MPb10 structures in literature, i.e., BeSn10 [22],
Ni/Pd/Pt//Sn/Pb10 [25], AlPb10

+ [26], and NiPb10
2− [29], and

the Ih structure is the lowest energy isomer for all known
MSn/Pb12 structures, i.e., AlPb12

+ [26], MSn12 (M = Be, Mg,
Ca, Mn, Zn, Cd) [22], PtPb12

2− [28]. Finally, contrary to the
observation of MnSn12, the computationally predicted special
stability of ZnGe12 as a metal-encapsulated icosahedral super-
atom [20,24] is not confirmed by our measurements. The results
mentioned above seem to confirm that the possibility of d-band
filling of the dopant atom with the dangling bond electrons from
the Sin and Gen cages is crucial in obtaining stable dopant-
encapsulated structures [24,37]. Apparently, contrary to Cr and
Mn, the complete occupation of the Zn and Cu 3d orbitals pre-
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opant—group IVA host combinations that have been accessed
heoretically in literature. The sizes showing enhanced abun-
ance are summarized in Table 1 and, apart from Cu doped
in or Gen, are likely to relate to endohedral structures: irregu-

ar cages for the doped Sin and Gen species, highly symmetric
lose-packed structures for the doped Pbn clusters. The doped
nn species seem to cover the transition between covalently
ound endohedral silicon and germanium cages and metalli-
ally bound lead clusters. Several of the abundantly observed
izes were computed previously in literature. While the special
tability of ZnGe12 was not detected, our experiments confirm
he enhanced stability of the metal doped magic magnetic super-
tom MnSn12.
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