
Eur. Phys. J. D (2013) 67: 41 DOI: 10.1140/epjd/e2013-30620-x

Photofragmentation of mass-selected vanadium doped cobalt
cluster cations

Nguyen Thanh Tung, Ewald Janssens, Soumen Bhattacharyya and Peter Lievens



Eur. Phys. J. D (2013) 67: 41
DOI: 10.1140/epjd/e2013-30620-x

Regular Article

THE EUROPEAN
PHYSICAL JOURNAL D

Photofragmentation of mass-selected vanadium doped cobalt
cluster cations�

Nguyen Thanh Tung1, Ewald Janssens1,a, Soumen Bhattacharyya2, and Peter Lievens1

1 Laboratory of Solid State Physics and Magnetism, KU Leuven, 3001 Leuven, Belgium
2 Atomic and Molecular Physics Division, Bhabha Atomic Research Center, 400085 Mumbai, India

Received 8 October 2012 / Received in final form 12 December 2012
Published online 7 March 2013 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2013

Abstract. The stability of mass-selected vanadium doped cobalt cluster cations (Con−1V
+, n = 11–21

and Co13−mV+
m, m = 0–3) is studied by photofragmentation. The clusters are produced by pulsed laser

vaporization, mass-separated in a dual reflectron time-of-flight mass spectrometer, and photodissociated
using the second harmonic of a Nd:YAG laser. The recorded fragmentation spectra show that all studied
clusters prefer dissociation by loss of a cobalt atom. Sequential cobalt atom evaporation is found at higher
laser fluences. No dissociation channel involving vanadium loss is observed, consistent with the V-Co bonds
being stronger than the Co-Co bonds. Co12V

+, which was predicted to have an icosahedral symmetry, is
found to be the most stable cluster among the singly vanadium doped species. Consecutive increment of
the vanadium concentration along the Co13−mV+

m (m = 0–3) series further confirms the enhanced stability
of Co12V

+, in excellent agreement with theoretical predictions [S. Datta, M. Kabir, T. Saha-Dasgupta,
A. Mookerjee, Phys. Rev. B 80, 085418 (2009)].

1 Introduction

One of the earliest studies on the reactivity of bimetallic
clusters dealt with the H2 adsorption on vanadium doped
cobalt clusters [1,2]. Since vanadium shows, in contrast to
cobalt, a high reactivity toward H2 [3], one expected to
be able to tailor the reactivity by controlling the compo-
sition of the bimetallic clusters. In particular, an increase
of the reactivity can be achieved by doping the cobalt
clusters with vanadium atoms [4]. However, the reactiv-
ity of Con−mVm (n = 6–13, m = 0–4) toward H2 does
not change monotonously with m, but shows a strong size
and composition dependence. While substituting one Co
atom by one V atom increases the reactivity of Con−1V
for n ≤ 12, Co12V appears to be extraordinary stable
against H2 adsorption [1]. When more than one atom is
substituted by vanadium in the Co13 cluster, the reactiv-
ity was found to increase again. The adsorption of H2 on
cationic Con−mV+

m (n = 2–19, m = 0–2) clusters shows a
similar behavior as the corresponding neutral clusters [2].
Also, for Con−mV+

m with n > 13, the first exchange leads
to a strong decrease in reactivity compared to Co+

n while
the second substitution results in a strong increase. The
comparable size dependent H2 adsorption for neutral and
cationic vanadium doped cobalt clusters suggests that the
low reactivity for Co12V0,+ clusters is governed not only
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by the electronic structure of the clusters but also their
geometry [5–8].

Recently, a detailed density-functional-theory study
has been performed to explain the extraordinary stabil-
ity of Co12V against H2 [9]. It was found that Co12V
is exceptionally stable and its minimum-energy structure
prefers to be icosahedral with the vanadium dopant atom
at the center, while the pure Co13 cluster has a distorted
hexagonal symmetry. Further charge-transfer analysis of
vanadium doped clusters indicated that the low reactivity
of icosahedral Co12V is due to the weaker interaction be-
tween the hydrogen 1s electron and the 3d orbital of the
surface Co atoms to which the H2 molecule is bonded as
compared to the bare Co13 cluster [9].

Also, the magnetic properties of cobalt and transition
metal doped cobalt clusters have been studied intensively
using Stern-Gerlach deflection experiments. It was shown
that cobalt clusters have magnetic moments per atom that
are larger than the value for bulk cobalt (1.7 μB/atom)
due to the reduced dimensionality and increased surface-
to-volume ratio of clusters [10–13]. For manganese doped
cobalt clusters, the per atom average moments of ConMnm

are found to increase with Mn concentration, in contrast
to bulk CoMn [14,15]. Meanwhile, ConVm clusters show a
reduction of the average magnetic moments with increas-
ing V doping, consistent with what is expected in bulk
CoV [14]. Comparison of the magnetic deflection data with
ab initio studies allowed to assign the corresponding geo-
metric structures of the clusters [16–18].

No experiments have been performed so far that di-
rectly confirm the relative stability of the neutral and
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cationic Co12V0,+ clusters. In this paper, we present a
systematical photofragmentation study on mass-selected
vanadium doped cobalt cluster cations. The use of
photofragmentation in combination with mass spec-
troscopy has proven to be powerful for investigating the
relative stability of clusters and for identifying their pre-
ferred dissociation channels [19–22]. For that purpose,
two series of clusters are investigated: (i) singly-doped
Con−1V+ (n = 11–21) and (ii) the 13-atom systems
Co13−mV+

m (m = 0–3) with consecutively increased vana-
dium concentration. Their relative stabilities and dissocia-
tion pathways are discussed in relation with experimental
and theoretical studies available in literature.

2 Experimental setup

The bimetallic vanadium-doped cobalt cluster cations
are produced in a pulsed dual-target dual-laser vapor-
ization source [23] coupled to a newly built dual re-
flectron high resolution (m/Δm ∼ 10 000) time-of-flight
(TOF) mass spectrometer, which uses a curved field ex-
traction optics [24]. The resolution achieved in this study
is around 4000 due to the use of simple two-plate extrac-
tion optics to increase the intensity of the signal. Rectan-
gular cobalt and vanadium targets are ablated by two in-
dependent pulsed Nd:YAG lasers at 532 nm with a pulse
energy of 8–12 mJ. After vaporization, high purity he-
lium gas is introduced into the source chamber through a
pulsed valve to initiate cluster formation. During the ex-
periments, the backing pressure of helium can be varied
from 5 to 8 bars. The cluster-helium mixture undergoes a
supersonic expansion, which reduces the temperature and
terminates the cluster formation. The central part of the
cluster-helium beam is selected by a skimmer before en-
tering the extraction chamber, where cationic clusters are
accelerated orthogonally into the reflectron TOF chamber.
It is noteworthy that the mass range of the clusters that
reach the detector can be selected by tuning the position
and the angle of the extraction plates. The clusters of in-
terest are mass-selected by a wire-type mass gate [22,25],
installed at the temporal focal point of the first reflectron.
Right after the mass gate the mass-selected clusters are
exposed to the second harmonic of a Q-switched Nd:YAG
laser. The laser is slightly defocused to have a beam diame-
ter of 15 mm and fluences in the range from 10–90 mJ/cm2

are used for the photofragmentation experiments. The re-
sulting fragments and the remaining parent clusters are
then mass separated by the second reflectron before being
recorded by a microchannel plate detector.

3 Results and discussions

Figure 1 shows a typical TOF spectrum of the Con−mV+
m

(n = 11–21, m = 0–6) clusters that are produced in the
laser vaporization source. The highest peaks correspond to
pure Co+

n and singly doped Con−1V+ clusters. Con−2V+
2

clusters are also clearly present. Intensities of the doped

Fig. 1. Typical TOF spectrum of the Con−mVm clusters
produced by laser vaporization. The peaks are labeled by
(n − m, m). The highest intensities correspond to pure Co+

n

and singly doped Con−1V
+ clusters.

Fig. 2. Photofragmentation of Co10V
+, Co13V

+, Co18V
+, and

Co20V
+ at laser fluences of 34 and 83 mJ/cm2. Dissociation

channels (from parent to daughter) are indicated by arrows.
Arrows correspond to neutral Co monomer loss. The “*” cor-
responds to the sequential neutral Co evaporation from the
primary and the secondary daughters.

clusters decrease from m = 1 to m = 3 but increase
again for m = 5 and m = 6. These characteristics of
the Con−mV+

m TOF spectrum are similar to the findings
reported by Nakajima et al. [2]. Some of the clusters with
high V concentration (m = 4–6) are hydrogen contami-
nated. The hydrogen atoms might come from the target
surface and the impurities in the helium gas line.

A selection of photofragmentation spectra recorded for
Con−1V+ is shown in Figure 2. For all Con−1V+ clus-
ters (n = 11–21), the main dissociation channel found
corresponds to the evaporation of a single Co atom. Ad-
ditional channels are observed for higher laser fluences
(>40 mJ/cm2), producing smaller fragment ions by se-
quential Co atom evaporation (see 83 mJ/cm2 spectra in
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Table 1. Dissociation channels for Con−1V
+ (n = 11–21). The primary fragment is the parent cluster of the first sequential

dissociation channel while the fragment of the first sequential channel is the parent cluster of the second sequential dissociation
channel.

Parent cluster Primary channel 1st sequential channel 2nd sequential channel

Co10V
+ Co9V

+ + Co Co8V
+ + Co –

Co11V
+ Co10V

+ + Co Co9V
+ + Co –

Co12V
+ Co11V

+ + Co – –
Co13V

+ Co12V
+ + Co Co11V

+ + Co –
Co14V

+ Co13V
+ + Co Co12V

+ + Co –
Co15V

+ Co14V
+ + Co Co13V

+ + Co –
Co16V

+ Co15V
+ + Co Co14V

+ + Co –
Co17V

+ Co16V
+ + Co Co15V

+ + Co –
Co18V

+ Co17V
+ + Co Co16V

+ + Co Co15V
+ + Co

Co19V
+ Co18V

+ + Co Co17V
+ + Co Co16V

+ + Co
Co20V

+ Co19V
+ + Co Co18V

+ + Co Co17V
+ + Co

Fig. 3. Laser fluence dependence of Co11V
+, Co12V

+,
Co13V

+, Co15V
+, Co16V

+, and Co19V
+ with 532 nm laser

light. The black squares represent the primary daughter ion in-
tensities while the red circles and green triangles represent the
secondary and tertiary daughter ion intensities, respectively.
The crosses indicate that no daughter peak could be observed
at these fluences.

Fig. 2). No molecular fragment or neutral vanadium atom
loss is detected. All fragmentation channels observed for
Con−1V+ (n = 11–21) are included in Table 1.

Figure 3 shows the variation of the fragment to par-
ent intensity ratio for the primary and sequential disso-
ciation channels as function of the laser fluence. The flu-
ence dependence of Con−1V+ (n = 11–21) shows that no
fragments could be measured at low laser fluence. A cer-
tain fluence value is required to achieve the dissociation
channels. For example, for Co11V+ it takes ∼23 mJ/cm2

to stimulate the primary channel and a fluence of at

least 45 mJ/cm2 is required to see the secondary one.
Similarly, minimal fluences required for photodissocia-
tion are ∼32 mJ/cm2 and ∼48 mJ/cm2 for Co13V+,
and ∼22 mJ/cm2 and ∼35 mJ/cm2 for Co16V+, respec-
tively. For Co19V+, it takes ∼32 mJ/cm2, 47 mJ/cm2,
and 59 mJ/cm2 to observe the primary, secondary, and
tertiary channel, respectively. Similar behavior has been
discussed in previous works where a high laser fluences
are necessary to observe significant amounts of dissocia-
tion [19–21,26–28]. The secondary and tertiary fragments
are also produced more efficiently at higher laser fluence,
implying that they are sequential dissociation processes.
If they would result from the same primary parents, their
intensity ratios would be independent of the laser fluence.

As for most of the studied clusters, the fluence de-
pendence of Co13V+, Co16V+, and Co19V+, is not linear,
reflecting that the fragmentation processes are governed
by multi-photon absorption. However, even if the fluence
dependence seems to be linear, as for example for Co11V+

and Co15V+, the fragmentation may be the result of a
multi-photon absorption process [29].

Our observation on the fragmentation pathways of
pure cobalt cation clusters (Co+

n , n = 7–34) also indi-
cate that there is only cobalt atom evaporation. These
observations agree with earlier experiments using colli-
sion induced dissociation [30], where it was shown that
Co+

n (n = 2–18) clusters dissociate exclusively by the
loss of single atoms. Fragmentation energies, for cluster
sizes relevant to this work (n = 11–18), were found in the
range of 3.14–3.94 eV [30]. If we suppose that this range
is a good approximation for the dissociation energies of
the Con−1V+ (n = 11–21) clusters, the energy of a sin-
gle 532 nm photon (2.34 eV) is insufficient to stimulate
the primary and, obviously, also the sequential dissocia-
tion processes1 [31,32]. Hence, we have good arguments to
believe that at least two photons must be absorbed by the
clusters in order to trigger fragmentation.

1 The excitation energy of the clusters is E = Eth +Ephoton,
where Eth = neff ×0.063 eV = (n−2)×0.063 eV is the thermal
energy and Ephoton is the excitation energy resulting from the
absorption of photons.
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Fig. 4. Photofragmentation of Co13−mV+
m (m = 0–3) with

77 mJ/cm2 laser light. Dissociation channels (from parent to
daughter) are indicated by arrows. Arrows correspond to neu-
tral Co monomer loss. The “*” corresponds to the sequential
neutral Co evaporation from the first generation daughter. The
additional peak marked with “+” corresponds to transmitted
Co9V

+
4 clusters.

Fig. 5. Intensity ratios In of the remaining Con−1V
+

(n = 11–21) ions normalized to their original intensities
at 75 mJ/cm2. The statistical uncertainty of In is based on
three independently measured data sets.

Figure 4 presents the photofragmentation spectra of
mass-selected Co13−mV+

m clusters with increasing vana-
dium concentration (m = 0−3). Again, dissociation occurs
via single Co atom loss. Sequential cobalt atom evapora-
tion is observed at higher laser fluences for all composi-
tions but Co12V+. The fragmentation behavior of Co12V+

is exceptional. While other clusters can be fragmented
at the fluence threshold ∼20 mJ/cm2, the dissociation of
Co12V+ is only possible using fluences above 55 mJ/cm2.
Moreover, even for the maximal fluence of 90 mJ/cm2,
it is found that no sequential dissociation channels are
recorded for Co12V+. The special character of Co12V+ is
further illustrated in Figure 5, where the intensities In of

Fig. 6. Normalized intensity ratios In of Co13−mV+
m (m=0−3)

clusters at 54, 69 and 82 mJ/cm2.

the remaining parent normalized to their original inten-
sities are plotted. In allows to uncover stability informa-
tion if the photoabsorption cross section does not show
strong size-to-size variations. In that case, the intensity
of more stable parent clusters remains larger after laser
irradiation. The original parent intensity before laser fir-
ing is not directly measured in our experiments. However,
it can be approximated by summing the intensities of the
remaining parent and the fragment ions under the assump-
tion that the positive charge remains with the fragment.
As shown in Figure 5, In decreases almost monotonically
with increasing number of Co atoms in clusters, which
might be due to a smoothly increasing photon absorp-
tion probability with cluster size. Alternatively, the disso-
ciation energy might gradually decreases with increasing
cluster size. Though, this last option is unlikely, since ear-
lier experiments on pure cobalt cluster cations showed a
slight increase of the dissociation energy with size in this
size regime [30]. The most striking feature in Figure 5 is
the pronounced maximum at Co12V+ followed by a min-
imum for Co13V+. This suggests an enhanced stability
compared to the neighboring sizes for Co12V+, again un-
der the condition that the photoabsorption cross-sections
do not strongly vary from size to size in the investigated
size range.

In order to compare the relative stability of
the 13-atom Co13−mV+

m clusters, the intensities In of their
remaining ions normalized to the original intensities are
plotted in Figure 6 for fluences of 54, 69 and 82 mJ/cm2.
It can been seen that the stability increases significantly
from Co+

13 to Co12V+, but decreases sharply for clusters
with multiple vanadium dopant atoms. Similar tenden-
cies observed at different fluences confirm the exceptional
stability of Co12V+ compared to the studied neighboring
sizes.

To explain the high stability of Co12V+ we return
to the reactivity studies of ConV0,+ with H2. Both the
neutral and cationic Co12V0,+ clusters showed a remark-
ably lower reactivity than the neighboring sizes [1,2].
The peculiar reactivity behavior is more likely attributed
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to the geometric structure than to the electronic struc-
ture of the clusters. This was confirmed by other stud-
ies, in which it was shown that the ionization energies
of Con−mVm clusters are not anti-correlated with their
size-dependent reactivity [7]. In addition, photoelectron
spectroscopy demonstrated that Co12V− and Co−13 have
a very similar electronic structure [8]. These results con-
firm the importance of geometric structure to explain the
reduced H2 reactivity of Co12V0,+ clusters. A plausible ex-
planation for the special reactivity behavior of Co12V0,+

is a highly symmetric Ih icosahedral cobalt cage struc-
ture with a central vanadium atom [1,2,5–9]. Although
calculations for cation Co12V+ are not available, with the
aforementioned picture on the reactivity of Co12V0,+ one
might expect a similar structure for the neutral and the
cationic clusters.

It is noteworthy to mention that a high symmetric
structure has been predicted for Co−13 based on its photo-
electron spectra [33]. Although many clusters of this size
have an icosahedral structure, numerous calculations have
shown that Co13 favors a hexagonal closed packed (HCP)
geometry [17,34–36]. By exchanging one Co atom by one
V atom in Co13, the equilibrium structure is expected to
change from HCP to an icosahedron [9,18]. Importantly,
it brings about a significantly enhanced stability of Co12V
compared with Co13, which is interpreted by the enhanced
cohesive energy of the CoV dimer over that of Co2. In the
icosahedral Co12V, the number of Co-V bonds is maximal
and thus the stability in Co12V is strengthened. For the
doped Co13−mV+

m with more than one V atom, it is ex-
pected that the favorable structure remains a (distorted)
icosahedron with one V atom at the center site and the
others at the surface [9]. This motif was predicted for the
neutral Co11V2 and Co10V3 clusters [9] and is supported
by the H2 reactivity increase of Co11V

0,+
2 and Co10V

0,+
3

compared to Co12V0,+, respectively [1,2]. The V atom
at the surface is likely the reactive center. Despite the
presence of a vanadium atom at the surface, we did not
observe the loss of vanadium dopant atoms. This can eas-
ily be understood by the stronger V-Co bond (theoreti-
cal values: 1.51–1.53 eV [9,18]) compared to the Co-Co
bonds (theoretical value: 1.45 eV [9,18] and experimen-
tal value: 1.32 [30]). However, due to the stronger V-V
binding (theoretical value: 1.81 eV [9] and experimental
one: 2.47 eV [37]), the surface-doped V atoms distort the
cluster geometry and, consequently, destabilize the struc-
ture. It results in a relatively lower stability of Co13−mVm

clusters when m goes from 1 to 4 [9], which is also observed
for the cationic clusters as shown in Figure 6.

4 Conclusions

The fragmentation pathways of mass selected Con−1V+

(n = 11–21) and Co13−mV+
m (m = 0–3) clusters are stud-

ied in photodissociation experiments using 532 nm laser
light. All clusters dissociate via the loss of single Co atoms.
Analysis of laser fluence dependence of the fragment inten-
sities indicates that multiphoton absorption is required for

both the primary and sequential fragmentation channels.
Co12V+ appears to be the most stable system among the
singly doped clusters. A significant enhancement of the
stability is found when substituting one Co atom by a V
atom in Co+

13. These results corroborate the theoretical
prediction on the exceptional stability due to the HCP-
to-icosahedron structural transformation triggered by a
single endohedral V substitution in Co13.

This work is supported by the Research Foundation-Flanders
(FWO), the KU Leuven Research Council (GOA program),
and the Belgian Interuniversity Attraction Poles (IAP) re-
search program.

References

1. S. Nonose, Y. Sone, K. Onodera, S. Sudo, K. Kaya, J.
Phys. Chem. 94, 2746 (1990)

2. A. Nakajima, T. Kishi, T. Sugioka, Y. Sone, K. Kaya, J.
Phys. Chem. 95, 6833 (1991)

3. G.C. Bond, Heterogeneous Catalysis (Clarendon Press,
Oxford, 1987)

4. R. Ferrando, J. Jellinek, R.L. Johnston, Chem. Rev. 108,
845 (2008)

5. N. Fujima, T. Yamaguchi, J. Phys. Soc. Jpn 61, 1724
(1992)

6. Y. Jinlong, X. Chuanyun, X. Shangda, W. Kelin, Phys.
Rev. B 48, 12155 (1993)

7. K. Hoshino, T. Naganuma, K. Watanabe, Y. Konishi, A.
Nakajima, K. Kaya, Chem. Phys. Lett. 239, 369 (1995)

8. A. Pramann, K. Koyasu, A. Nakajima, J. Phys. Chem. A
106, 2483 (2002)

9. S. Datta, M. Kabir, T. Saha-Dasgupta, A. Mookerjee,
Phys. Rev. B 80, 085418 (2009)

10. I.M.L. Billas, A. Chatelain, W.A. de Heer, Science 265,
1682 (1994)

11. X. Xu, S. Yin, R. Moro, W.A. de Heer, Phys. Rev. Lett.
95, 237209 (2005)

12. M.B. Knickelbein, J. Chem. Phys. 125, 044308 (2006)
13. F.W. Payne, W. Jang, J.W. Emmert, J. Deng, L.A.

Bloomfield, Phys. Rev. B 75, 094431 (2007)
14. S. Yin, R. Moro, X. Xu, W.A. de Heer, Phys. Rev. Lett.

98, 113401 (2007)
15. M.B. Knickelbein, Phys. Rev. B 75, 014401 (2007)
16. S. Datta, M. Kabir, S. Ganguly, B. Sanyal, T.

Saha-Dasgupta, A. Mookerjee, Phys. Rev. B 76, 014429
(2007)

17. S. Ganguly, M. Kabir, S. Datta, B. Sanyal, A. Mookerjee,
Phys. Rev. B 78, 014402 (2008)

18. N. Sheng, J. Wang, L. Zhu, Chem. Phys. Lett. 467, 114
(2008)

19. J.B. Jaeger, T.D. Jaeger, M.A. Duncan, J. Phys. Chem. A
110, 9310 (2006)

20. K.S. Molek, Z.D. Reed, A.M. Ricks, M.A. Duncan, J. Phys.
Chem. A 111, 8080 (2007)

21. L. Schweikhard, K. Hansen, A. Herlert, M.D. Herráiz
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