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The valence photoelectron spectrum of Sb4 clusters and the following fragmentation patterns have been
studied using synchrotron radiation and electron-ion coincidence technique. An experimental photoelectron
spectrum of the 5t2 ionization of Sb4 is presented. Theoretical molecular calculations, together with the existing
data on the noble gas xenon, were used to describe the experimental results. The bonding properties of the
molecular orbitals involved are used to qualitatively describe the dissociation process.
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I. INTRODUCTION

Clusters are particles formed from only a few to up to
thousands of bound atoms or molecules. Clusters represent
an ideal link that allows connecting smoothly the properties
of single atoms and molecules to the properties of solids,
providing an excellent opportunity to study the gradual de-
velopment of collective properties that characterize a bulk
solid �i.e., electric conductivity, magnetic properties, etc.�. In
this sense small metal clusters in particular provide an excel-
lent target as their physical properties are highly size depen-
dent. In this framework antimony �Sb� clusters are a very
interesting subject. Sb and its compounds are commonly
used elements in manufacturing semiconductor devices and
in many other industrial processes. Furthermore, the produc-
tion of small Sb clusters is relatively simple and there is no
need for a specialized cluster source as Sb evaporates readily
as small—predominantly Sb4—clusters at relatively low
temperatures �1�. Nevertheless, no extensive studies of the
electronic structure of Sb4 cluster have been carried out.
Most of the studies dated back to the 1980s and 1990s, when
the valence shell of Sb, Sb2, Sb4, and Sb8 clusters have been
studied using HeI photoelectron spectroscopy �2–7�. More
recently Urpelainen et al. performed a study on the 4d photo-
ionization, subsequent Auger decay, and fragmentation path-
ways of Sb4 clusters �8�.

The electronic configuration of an antimony atom in its
ground state is �Kr�4d105s25p3. In the molecular orbital
�MO� picture and the Td point group, the valence electronic
configuration of Sb4 clusters is

�4a1�2�5t2�6�5a1�2�6t2�6�2e�4,

with the 1A1 ground state. The three outermost MOs 5a1, 6t2,
and 2e are mainly linear combinations of the atomic Sb 5p
orbitals and present a nonbonding character, except for the
2e MO, which is an Sb-Sb bonding orbital. The 5t2 and the
4a1 MOs are mainly linear combination of atomic Sb 5s-like
orbitals and present bonding character. The lowest unoccu-
pied molecular orbital �LUMO� is composed mainly of
Sb 5p orbitals and has a clear antibonding character �4,8�. As

its nearest atomic closed-shell counterpart, the noble gas xe-
non atom can be used as a comparison for the electronic
transitions involving MOs consisting of atomic 5s orbitals in
the Sb4 cluster.

In this work we present an experimental study of the Sb
valence photoionization and the following fragmentation pat-
terns using the photoelectron-photoion coincidence
�PEPICO� technique, which has proven to be an excellent
tool for fragmentation studies �9–13�. Experimental results
have been compared with theoretical molecular calculations
and with the existing data on the noble gas xenon.

II. EXPERIMENTS

The experiments were performed on the high-resolution
soft x-ray undulator beamline I411 on the 1.5 GeV MAX II
storage ring in MAX-laboratory �Lund, Sweden� �14�. The
experimental setups were mounted on the so-called 1 m sec-
tion of the beamline. The valence photoelectron spectrum
was recorded using a modified Scienta SES-100 electron en-
ergy analyzer mounted on the experimental station built in
Oulu �15,16�. The PEPICO events were recorded using an
electron-ion coincidence apparatus consisting of the same
SES-100 hemispherical electron energy analyzer and a
Wiley-McLaren-type ion time-of-flight �TOF� spectrometer
built in Turku. A detailed description of the apparatus can be
found in Ref. �17�. The measurements were carried out at the
magic angle of 54.7° with respect to the electric field vector
of the incoming radiation.

When measuring the photoelectron spectrum, an induc-
tively heated oven equipped with a single holed Mo crucible
built in Oulu �18� was used to produce the Sb4 cluster beam
at temperatures around roughly 1300 °C. The use of such
high temperatures allowed the rapid decrease in the amount
of common residual gases �such as H2O, CO2, etc.� and a
high vapor pressure, and thus a very pure signal of antimony
in the valence photoelectron spectrum. The background pres-
sure of the chamber during the experiments was in the
10−7 mbar range.

For producing the cluster beam in the coincidence mea-
surements, a commercial resistively heated oven �MBE Ko-
mponenten, model NTEZ-40� with an open pyrolytical boron
nitride crucible was used. The temperature of the oven dur-*samuli.urpelainen@oulu.fi
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ing the measurements was around 470 °C corresponding to
vapor pressure on the order of approximately 10−3 mbar
within the heated volume �19�. The background pressure was
on the order of 10−7 mbar.

The valence photoelectron spectrum and the PEPICO
events were recorded using photon energies of 60 and 60.5
eV, respectively. The photoelectron spectrum was recorded
using a constant spectrometer pass energy of 20 eV. The
monochromator exit slit and the electron energy analyzer en-
trance slit were chosen to be 100 �m and 0.8 mm �curved�,
respectively. These values correspond to a photon bandwidth
of 40 meV and an analyzer broadening of approximately 80
meV. For recording the PEPICO events, the pass energy of
the electron analyzer was set to 100 eV, corresponding to an
analyzer energy window width of approximately 11 eV. The
electron energy analyzer entrance slit was 1.6 mm. The ex-
traction pulse voltages of the ion TOF spectrometer during
the measurements were +200 and −221 V and the pulse du-
ration was 30 �s. The acceleration voltage was 1190 V. The
monochromator exit slit was closed to a minimum in order to
maintain a good purity of the coincidence signal �see Ref.
�17� and references therein�.

III. RESULTS AND DISCUSSION

At the experimental conditions described in Sec. II, the
evaporation from bulk Sb shows a predominant production
of Sb4 clusters in which the atoms are likely to be packed in
tetrahedral geometry �1�. According to Dyke et al. �7�, tem-
peratures in the range of 1400 °C are needed with a super-
heated oven configuration in order to break the Sb4 clusters
to smaller species. The production of smaller Sb3, Sb2, and
Sb was monitored in the superheating conditions by measur-
ing the valence photoelectron spectrum and the 4d photo-
electron spectrum. Neither of these showed any significant
changes at the temperatures used in the experiments and thus
no peaks arising from smaller species are expected to show
in the spectra. During the coincidence measurements, ion
TOF mass spectra were recorded to see if larger clusters are
present in the sample region. No such species were observed.
These two observations and the existing literature led us to
conclude that the vapor consists mainly of Sb4 clusters and
clusters of other sizes have negligible contribution.

Theoretical calculations for molecular single vacancy en-
ergy states were performed using GAMESS software package
�20,21�. The electronic structure and the ionization energies
were determined using occupation restricted multiple active
space �ORMAS� �22,23� determinant configuration-
interaction �CI� calculation with a large orbital-small core
potential �CRENBL effective core potential �ECP�� basis set
�24�. Also a complete active space �CAS� -CI calculation
with a virtual space of three orbitals using the GAMESS pack-
age was performed in order to study singly ionized excited
states. Active orbitals in the CAS-CI calculation were 4a1,
5t2, 5a1, 6t2, and 2e and all orbitals were optimized for the
lowest 2e−1 ionized state. These calculations were performed
using augmented correlation-consistent polarized valence-
double-zeta �aug-cc-pVDZ� basis set with effective core po-
tentials �25,26�.

The experimental and the computational results from the
ORMAS calculations are summarized in Fig. 1 and Table I.
The five intense bands between 7 and 11 eV are well known
from previous works �2,3,7� and they are produced by the
photoionization of the three outer MOs. The ionization cre-
ates 2E�2e−1�, 2T2�6t2

−1�, and 2A1�5a1
−1� states. The first two

states are degenerate and Jahn-Teller active as the tetrahedral
geometry of the ions is unstable in these states against asym-
metric vibration. The splitting of these states in the photo-
electron spectrum �PES� is determined by the combined ef-
fect of the Jahn-Teller and the spin-orbit interactions �3�.

In a previous study �2�, additional features between 10.5
and 16 eV were observed but were too weak to be carefully
analyzed and were tentatively assigned to antimony 5s-like
MOs and shake-up lines. In the spectra recorded in this work
these features are much stronger, and despite the overlap
with the weak signal from the common residual gases �H2O,
CO, CO2, etc.� a multiple band structure is clearly visible

FIG. 1. Valence photoelectron spectrum of Sb4 with assignment.
MOs are assigned according to the Td geometry.

TABLE I. Binding energies of the Sb4 valence orbitals.

Calc.a Expt.b Expt.c Expt.d

2e 7.62 7.78 7.81 7.84

8.20 8.22 8.20

6t2 8.61 8.69 8.70 8.69

9.01 9.06 9.06

9.18

5a1 9.81 9.82 9.74 9.82

5t2 16.72 12.58 �A�
14.32 �B�
15.16 �C�
15.96 �D�
17.71 �E�

4a1 22.52

aORMAS.
bThis work.
cFrom Ref. �7�.
dFrom Ref. �2�.
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between 11 and 20 eV. This can be explained by the fact that
the previous studies were performed using HeI radiation
�21.22 eV�, while in the present study a photon energy of
60.5 eV was used. This energy is located on the rising edge
of the Sb4 4d→�f shape resonance �27�, which enhances the
photoionization cross section of the 4d electrons as well as
the valence electrons. Similar enhancement of the 5s and 5p
electron photoionization cross section due to the 4d giant
resonance in Xe has been observed earlier by Becker et al.
�28�; in Ba, La, and Ce by Richter et al. �29�; and in I by
Nahon et al. �30�. As mentioned earlier, Xe can be used as
the reference for the electronic transitions in the Sb4 cluster
and the Sb4 5t2 MO can be described as a linear combination
of Sb 5s-like atomic orbitals. This suggests that Sb 5s-like
MOs in Sb4 clusters present a similar behavior on the shape
resonance as the 5s orbitals in atomic Xe. In a study per-
formed by Dyke et al. �7� �and references therein� the lack of
lines in this energy region is also attributed to a very low
photoionization cross-section ratio between 5s and 5p in
atomic antimony. We expect the much higher intensity of the
lines at the 60.5 eV photon energy to be a consequence of
these two effects.

Looking at the electron spectrum alone, five separate
bands �A–E in Fig. 1� can be distinguished. A comparison to
previous work on P4 clusters that present the same tetrahe-
dral geometry and similar electronic structure as the Sb4
clusters by Brundle et al. �31� is also made. Brundle et al.
attributed the splitting of the 5t2

−1 state of P4 into three com-
ponents to a strong Jahn-Teller interaction. This however is
not believed to be the whole truth in light of the present
experimental evidence on Sb4 and we also consider the ar-
gument discussed, but dismissed by Brundle et al., that
would assign the several bands observed to various overlap-
ping lines arising from a simultaneous ionization and excita-
tion �shake-up� of valence electrons with a final state of
�5a16t22e�−2nl� or a configuration interaction between the
5t2

−1 and the �5a16t22e�−2nl states, which lie close in energy.
In the first approximation the binding energies for the

�5a16t22e�−2nl� /nl states are the sum of the binding energy
of the ionized MO and the excitation energy of the second
electron. From experimental photoion yields �32� and an ex-
perimental electron energy loss spectrum �33�, we can state
that the excitation energies for the Rydberg-like excitations
starts from approximately 3.6 eV and continue up to the
ionization threshold of the 5a1 orbital. Thus, the binding en-
ergy range of simultaneous ionization and excitation be-
comes approximately 11.4–19.7 eV. The experimental evi-
dence supports this conclusion as the observed bands are
spread in the range of 11–20 eV. According to the ORMAS
calculations, the binding energy of the 5t2

−1 state is 16.72 eV
�Table I�, resulting in a near degeneracy with the
�5a16t22e�−2nl states and a breakdown of the one-electron
picture. This behavior is seen in the periodic table time to
time to smear out the single peak structure �see, e.g., Refs.
�34–40� and references therein�. For instance, in the noble
gas Xe the 5s photoline is replaced with a rich structure often
referred to as configuration-interaction satellites �35�. We
will from now on refer to the correlated c1�5t2

−1�
+c2��5a16t22e�−2nl� states together as “5t2

−1” states as the in-
tensity of a 5t2

−1 line is distributed to a many-fold of lines due

to heavy mixing of single configuration states. Such a behav-
ior has been observed earlier, for example, in the valence
photoionization of CF4, where corresponding structures have
been assigned as correlation satellites occurring due to the
breakdown of orbital picture of ionization �41�.

It would be tempting to follow the reasoning of Brundle
and co-workers and assign three of the bands in the range of
11–20 eV in Fig. 1 to the pure 5t2

−1 state with a strong Jahn-
Teller splitting without paying any attention to the correla-
tion. Keeping the failure of the one-electron picture in mind,
however, the bands labeled from A to E may also be assigned
to an ionization from “5t2” MOs.

On the other hand A could be assigned to a band arising
from an ionization accompanied by a shake-up transition
from the three outermost MOs corresponding to
�5a16t22e�−2nl� final states. Similar shake-up transitions have
been observed earlier in the 4d photoelectron spectrum of
Sb4 clusters �8�. The shake-up of the outermost electron due
to a rapid relaxation of the charge distribution transfers ap-
proximately 10% of the intensity of the main lines to the
satellites �35,42�. Band A however is only the first transition
in the series of shake-up satellites that continue up to the
direct double ionization threshold as in the case of 4d ion-
ization and, following this reasoning, bands C–E could be
also thought to be a part of this shake-up satellite structure.

Assigning these heavily overlapping and broad spectral
bands from the electron spectrum alone is not unambiguous
or feasible and thus the PEPICO technique has been em-
ployed to study the fragmentation of the Sb4 cluster follow-
ing the valence photoionization. The ionization from MOs
with different bonding properties and excitations to strongly
antibonding LUMO or Rydberg-like states is expected to
produce different kinds of dissociation products, which in
turn helps in the interpretation of the electron spectrum.

A TOF mass spectrum recorded in coincidence with the
valence photoelectrons is presented in Fig. 2. It can be seen
that the most abundant fragment is the Sb+, followed by a
significant contribution of Sb2

+. The larger fragments Sb3
+ and

Sb4
+ are less abundant, but clearly observable. No doubly

charged fragments are observed, signifying that no second
step processes take place after the photoionization of the va-
lence electrons. The relative intensities of the detected frag-

FIG. 2. A TOF mass spectrum converted to mass-to-charge scale
recorded in coincidence with the photoelectrons presented in Fig. 1.
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ments are presented in Table II. The values were obtained by
numerical integration of the TOF spectrum.

The measured PEPICO data are illustrated in Fig. 3 as a
two-dimensional �2D� map, and in Fig. 4 a coincidence yield
for different ions extracted from Fig. 3 is presented. The 2D
map of Fig. 3 has been smoothed several times and removed
of negative values occurring due to the nature of data treat-
ment �13� for a better visualization. This causes the seem-
ingly good signal-to-noise ratio of the coincidence yields in
Fig. 4 as well as the small artifacts not appearing in the
photoelectron spectrum. Thus, attention is not paid to the
shape of the features as this could be affected by the data
treatment process, but only to the position of the features. In
addition the relative intensities of the peak groups extracted
from the PEPICO data differ from the relative intensities of
the electron spectrum. This is caused by the fact that the
detection efficiency of the electron detector is not constant
throughout the measured window. It should be also noted
that due to the poorer energy resolution of the PEPICO mea-
surement the binding energy scale calibration is not as accu-
rate as for the high-resolution photoelectron spectrum. This
combined with the data treatment process described above
could cause some minor discrepancies between the spectral
features as well as absolute energy values when compared to
the high-resolution photoelectron spectrum.

The experimental results shown in Fig. 3 clearly indicate
that the ionization of the outermost valence MOs �5a1, 6t2,
and 2e� results mainly in the production of Sb4

+ ions without
any further fragmentation with only a small amount of Sb+

ions present. This is not surprising since in the case of Sb4
clusters the three outermost valence orbitals are very weakly
bonding and nonbonding in nature and thus the removal of

an electron from these orbitals does not affect the stability of
the cluster. The Jahn-Teller active 6t2

−1 and 2e−1 states how-
ever seem to produce also a considerable amount of Sb+

fragments. On closer inspection the signal of Sb+ ions is split
into two parts. This is caused by the two naturally occurring
isotopes 121Sb and 123Sb with natural abundances of 57.2%
and 42.8%, respectively. This splitting was already observed
earlier in the case of 4d photoionization and the following
fragmentation �8�. All in all Fig. 3 shows that most of the
fragmentation takes place only after ionization from the in-
ner valence 5t2

−1 states and in fact no significant amount of
Sb4

+ ions is observed in coincidence with these electrons.
Looking at Figs. 3 and 4 it can be also clearly seen that

band B is in fact composed of three separate bands �B1, B2,
and B3�, separated significantly in energy, which cannot be
resolved in the electron spectrum alone. The difference in
fragmentation of these three subbands leads us to suppose
that each subband may correspond to a different geometry or
Jahn-Teller active state. The production of Sb3

+ ions is asso-
ciated only with a small portion of the spectrum, namely, the
5t2

−1 states �band B in Fig. 1 and band B1 in Fig. 4�. The Sb2
+

ions are produced together with the three bands B �B2�, D,
and E. As band B2 is clearly shifted toward higher binding
energies from band B1, but not enough to correspond to a
shake-up transition, we are lead to believe that it is a Jahn-
Teller split component of the 5t2

−1 state. Bands D and E are
also assigned to the correlated 5t2

−1 states due to a similar
fragmentation behavior with band B2.

The Sb+ ions are produced together with bands A, B �B3�,
and C–E. As band A is assigned to an ionization accompa-
nied by a shake-up transition corresponding to
�5a16t22e�−2nl� final states, structures C–E may also contain
final states of shake-up character. Band B3 could be assigned
to be another Jahn-Teller split component of 5t2

−1 final states,
but the present experiment does not allow us to conclude
whether the intensity of this state is also distributed to bands
C–E.

FIG. 3. 2D PEPICO map of the valence photoionization in the
TOF region of the observed antimony ions.

FIG. 4. Extracted coincidence yields from different ions from
Fig. 3. Curves �a�, �b�, �c�, �d�, and �e� represent coincidence yields
extracted from Sb+, Sb2

+, Sb3
+, Sb4

+, and a sum of all four, respec-
tively. All yields have the same intensity scale.

TABLE II. Relative intensities of different ionic species ob-
served in coincidence with valence photoelectrons from the TOF
spectrum.

Sb+ Sb2
+ Sb3

+ Sb4
+ All ions

All electrons 45 23 12 20 100
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The results of the CAS-CI calculation suggest that struc-
ture A in Fig. 4 is formed of ionized states with negligible
�less than 0.0025� contributions from 4a1

−1 and 5t2
−1 configu-

rations and significant contribution from configurations with
holes in the 5a1, 6t2, and 2e orbitals. These calculated states
extend 6.19 eV above the 2e−1 state. This strongly supports
the earlier conclusion that structure A is first in a series of
shake-up transitions accompanying the �5a16t22e� ioniza-
tion. Further theoretical assignment of higher excited states
within this study was not possible due to the fact that the
computational resources needed to perform these heavy cal-
culations were, unfortunately, not available to us at the time.

The dissociation patterns of the �5a16t22e�−2nl� and 5t2
−1

states can be compared to the dissociation patterns of the
�5a16t22e�−2 and �4a15t2�−1�5a16t22e�−1 states observed fol-
lowing the N-valence-valence �NVV� Auger decay recorded
in Ref. �8�. Although the charge of the cluster is different, the
excited shake-up and correlation satellite states have two
holes in the orbitals involved in the net bonding of the mol-
ecule as one electron is excited to a higher-lying orbital be-
ing either an antibonding one or a Rydberg orbital. The re-
sults obtained using ion-ion coincidence techniques in Ref.
�8� show that the cluster is always dissociating when two
valence electrons are removed, and furthermore that in the
�4a15t2�−2 region the cluster is mainly fragmented to Sb and
Sb2. Thus, the two holes on the bonding orbitals seem to
cause a more complex fragmentation than merely a loss of a
neutral atom. Similar behavior has been observed experi-
mentally in BF3 molecule, where the dissociation following
the normal Auger decay, with the two final-state holes on the
valence shells, shows no significant differences from the dis-
sociation following the resonant Auger decay with two final-
state holes on the valence shells and one electron on a
higher-lying MO �43�. It is also observed earlier in small
molecules such as CD4 �44� that the ionization of inner va-
lence electrons tends to be more dissociative and resulting in
smaller ionized fragments than that of the outer valence. This
behavior is significantly different from larger clusters such as
C60, where the dissociation tends to take place as loss of
small neutral fragments �45�. The difference in favored frag-
ments could be explained by the fact that in large clusters
such as C60 the valence bands are highly delocalized �see,
e.g., Ref. �46��, whereas small clusters show more molecu-
larlike behavior and the charge in the ionic state is more
localized.

IV. CONCLUSIONS

In this work we have presented an assignment for the Sb4
inner valence photoelectron spectrum with its satellite tran-
sitions. Previous discussions for the similar P4 cluster were
used as a comparison and it was found out that the conclu-
sions made by Brundle et al. �31� do not seem to apply for
Sb4 clusters as such. Instead, the several additional and over-

lapping broadbands have been attributed to correlated 5t2
−1

states and shake-up satellites accompanying the �5a16t22e�−1

ionization. Unfortunately these states overlap so heavily in
energy that distinguishing between the two different sources
of the lines is not possible from the experiments performed
in this study. The assignment could be further verified and
specified experimentally by studying the electron spectrum,
PEPICO, and partial ion yields at the 4d→nl resonances that
decay to the same �5a16t22e�−2nl final states via the resonant
Auger process. This experiment is planned to be performed
in the near future. In addition angular distribution of the
photoelectrons could be recorded and, if they differ signifi-
cantly for the two different sources of satellite lines, this
could be of further help in the interpretation of the spectrum.

It is also concluded that the noble gas Xe serves as an
excellent reference for understanding the properties of virtu-
ally closed-shell Sb4 clusters together with theoretical mo-
lecular calculations providing a useful tool in identifying the
transitions observed in the experimental PES of Sb4. These
methods confirmed the previous experimental results and al-
lowed the identification of the broadband structures as the
inner valence 5t2 MO distributed to a many-fold of states due
to correlation.

The ion TOF and the PEPICO technique serve as very
useful tools in further assigning the electron spectra, when
the bonding properties of the orbitals taking part in the tran-
sitions are known. This would be nearly impossible with the
electron spectrum alone as the present computational models
are unable to predict the excited states of ionized molecules
correctly. The PEPICO method allowed us to study also the
fragmentation of the Sb4 clusters and the experimental re-
sults are well in line with the theoretically modeled bonding
properties of the MOs, where the electron vacancies are cre-
ated, and LUMO to which electrons are excited. In addition
it was found out that correlation effects through shake-up
transitions and correlation satellites play a significant role
not only in electronic dynamics, but also in the fragmenta-
tion dynamics of singly ionized Sb4 clusters.
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