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Band gap shiftings in Co-doped Nbn (n = 3–15) clusters: influence
of Co 3d electrons on the electronic structure
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Abstract

The photoelectron spectra of bimetallic, mass-selected NbnCo− clusters (n = 3–15) measured at 4.66 eV photon energy are reported.
The electronic structure changes of the binary clusters are discussed in comparison with the electronic structures of pure Nbn

− clusters as a
function of size evolution. Spectroscopic parameters like electron affinities (EAs) and vertical detachment energies (VDEs) are determined.
The addition of one Co atom to the Nbn cluster core significantly perturbs the electronic structures of pure Nbn clusters at small cluster sizes.
Electronic state merging can be explained by hybridization of Co 3d and 4s as well as Nbn 4d-derived valence orbitals. Tentative geometric
structure postulations are carried out revealing the influence of the incoming Co atom toward the intact Nbn cluster core. In strong contrast
to pure Nbn clusters, a highest occupied molecular orbital–lowest unoccupied molecular orbital (HOMO–LUMO) gap closing of NbnCo at
n = 6 indicates a bulk-like evolution of electronic structures induced by charge transfer of Co 3d electrons.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In contrast to pure metal clusters, bimetallic or alloy
clusters are less-intense studied, but have become a mat-
ter of increasing research activity and importance[1–10].
The basic idea is related to the valuable role of bimetal-
lic surfaces in heterogeneous catalysis and chemisorption
processes[11–14]. Special properties like reactivity and se-
lectivity can be taylored as a function of particle size and
composition. To gain primary insight into these microscopic
interactions it is of fundamental interest to study properties
like electronic or geometric structures from small systems
toward bulk phase adding atom by atom.

Some examples show that geometric and electronic struc-
tures can be further correlated with other size-dependent
properties. Especially rates of reactions of bimetallic clus-
ters toward small molecules like H2 have been compared
to the size evolution of structure. One of the first studies
in this area is an attempt of the correlation of hydrogen
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chemisorption rates and ionization potentials (IPs) in pure
neutral iron clusters[15]. Furthermore, ionization thresh-
old energies of Nbn clusters and their chemisorption rates
toward D2 have revealed a considerable correlation[16].
Another approach has been implemented in a direct corre-
lation between a chemisorption barrier and cluster electron
promotion energies, the latter determined from differences
of IPs and EAs[17]. This method is adopted from solid
surfaces and has been successfully applied in the case of
pure iron, cobalt, and nickel clusters, and recently for Nb
clusters[17,18]. However, this model is not generally ap-
plicable to bimetallic clusters as has been demonstrated in
the case of ConVm

− clusters[19].
Recently, our group has enforced the study of size-

dependent evolution of the electronic structure of bimetallic
clusters using anion photoelectron spectroscopy[19–22].
Actually, in most cases both geometric factors as well as
electronic properties coincide in responsibility for their very
size-dependent reactivity[23]. Another fascinating approach
to gain insight into the geometries of small bimetallic clus-
ters is the application of chemical probe studies[5,7]. As a
result, these studies show that the investigation of combined
properties like reactivity and electronic structure provides
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a deeper understanding in processes on a sub-nanometer
scale as a function of size and composition.

In this paper, the size-dependent evolution of the elec-
tronic structure of small bimetallic NbnCo− (n = 3–15)
clusters is reported for the first time using anion photo-
electron spectroscopy with a detachment energy of 4.66 eV.
By comparing the electronic structures of bimetallic NbnCo
clusters with those of pure Nbn clusters as a function of
size, the influence of a single Co atom toward the electronic
structure change is directly observed. In a first approach, the
kind of chemical bonding between Co and the Nbn cluster is
treated with a simple charge-transfer model. The latter en-
ables us to explain the chemical bonding by hybridization
of the respective orbitals of Co and the Nbn clusters.

2. Experiment

The cluster beam apparatus, the anion photoelectron
spectrometer as well as the applied methods have been de-
scribed in a previous paper[24]. Here, only a short overview
is presented. Bimetallic NbnCo− clusters are generated us-
ing a double rod pulsed laser vaporization cluster source
[2,3]. The light of the second harmonics output (532 nm,
10 Hz repetition rate) of two Nd3+:YAG lasers is focused
onto rotating and translating Nb and Co rods. Cluster for-
mation is carried out by cooling the dense metal plasma
with a high pressure pulse of helium (10 atm, provided by
a pulsed solenoid valve) in a 2 mm diameter channel of
20 mm length (cooling with liquid N2 is optional, but not
performed during this work). The clusters then undergo an
adiabatic supersonic expansion. Negatively charged clusters
are mass-analyzed according to their mass/charge ratios
with the aid of an in-line time-of-flight mass spectrometer
(TOF-MS) with a resolutionm/�m = 230. This resolution
is sufficient in the investigated mass range to separate be-
tween clusters of interest and oxide impurities. Furthermore,
the mass-selected clusters are decelerated using a technique
invented by Handschuh et al.[25]. This step is crucial to
reduce the signal broadening caused by the Doppler effect.
After arriving at the detachment region of the time-of-flight
magnetic bottle-type photoelectron spectrometer (TOF-PES)
[26–28], a second pulse of the fourth harmonics output of
another Nd3+:YAG laser (laser fluence: 1–2 mJ/cm2) is fo-
cused onto the cluster anions of selected size. The kinetic
energy distribution of the ejected photoelectrons is mea-
sured via their flight times. Subsequently, the electron ki-
netic energy (eKE) spectra are converted to electron binding
energy (eBE) spectra using the relation: eBE= hν − eKE.
Calibration of the TOF-PES is carried out using the strong
1S0 → 2S1/2 and1S0 → 2D5/2 lines of the gold atomic an-
ion [29]. In the current study, the resolution of the TOF-PES
is better than 50 meV at 1 eV eKE, which decreases at
higher eKE according to eKE3/2. The spectra are recorded
by accumulating 10,000–30,000 events at 10 Hz repetition
rate. It is important to mention that the PE spectral shapes

exhibit no changes as a function of the detachment laser
power.

3. Results and discussion

3.1. Mass spectra of NbnCo−

A typical TOF mass spectrum of bimetallic NbnCo−
clusters is shown inFig. 1. The maximum of the mass
distribution is located atn = 5. Pure Nbn− as well as
NbnOm

− (m = 1, 2) clusters show highest intensities. The
oxide impurities result from the high oxygen affinity of
early transition metal clusters. In the current study, single
Co-doped Nbn− clusters reveal highest intensities under the
bimetallic series. NbnCo− clusters are the only bimetallic
Nb- and Co-containing species we are able to study, because
of the minor intensity of clusters with higher Co content.
Additionally, the inset shows a more detailed part of the
mass spectrum around the Nb5

− and Nb6− cluster. Each
series of pure Nbn− clusters is accompanied by monoxides,
dioxides, and single Co-doped binary clusters.

3.2. Photoelectron spectroscopy of NbnCo− clusters

The photoelectron spectra of pure Nbn
− and NbnCo−

clusters are displayed inFigs. 2 and 3. All spectra are mea-
sured at 4.66 eV photon energy. As a general approach, the
photodetachment process reveals the electronic transitions
from the ground state of the anionic cluster to the ground
or excited states of the corresponding neutral cluster in the
geometry of the anion. A strong broadening near the thresh-
old refers to a geometric reordering between the structures

Fig. 1. Typical time-of-flight mass spectrum of NbnCo− clusters in the
size rangen = 3–10. The inset shows the respective satellite peaks in
the case of the pentamer. Each Nbn

− cluster is accompanied by the
corresponding monoxide and dioxide. Bimetallic NbnCom

− clusters of
sufficient intensity are obtained for NbnCo−.
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Fig. 2. Photoelectron spectra of pure Nbn
− (n = 3–8) clusters measured

at 4.66 eV photon energy (left column). PE spectra of NbnCo− clusters
(n = 3–8) (right column). Spectral features of Nbn

− clusters correspond
to those reported in[18,30]. Downward arrows indicate EAs (for details,
see text).

of the anion and the neutral. In this work, threshold bind-
ing energies are determined by taking the binding energy at
10% of the first peak maximum. These threshold energies
are treated as upper limits of EAs. The latter are only ac-
cessible when vibrational progressions of the ground state
transition can be resolved. Furthermore, vertical detachment
energies (VDEs) are measured by taking the binding energy
of the maximum of the corresponding peaks.Fig. 4 shows
the electron affinities (EAs) and corresponding 1.VDEs of
Nbn and NbnCo clusters.

In Figs. 2 and 3the relative electron intensities are
plotted versus the eBE. The spectra of Nbn

−—shown as
a reference—are measured under the same experimental
conditions as the bimetallic clusters. Thus, effects of elec-
tronic structural changes due to the additional Co atom are
easy to observe. Generally, the spectral features of pure
Nbn

− clusters correspond to those reported in[18,30].
The downward arrows denote the EAs, and the labeling
X, A, B, . . . indicates the electronic transitions from the
ground state of the anion to the ground state, first, sec-

Fig. 3. Photoelectron spectra of pure Nbn
− (n = 9–15) clusters measured

at 4.66 eV photon energy (left column). PE spectra of NbnCo− clusters
(n = 9–15) (right column). Spectral features of Nbn

− clusters correspond
to those reported in[18]. Downward arrows indicate EAs (for details, see
text).

ond,. . . excited state of the neutral clusters. Generally, even
at a photon energy of 4.66 eV the spectra show structured
features. This is a direct consequence of the valence elec-
tronic configuration of the niobium atoms ([Kr]4d45s1).
In a detailed study of Nbn clusters [18], the pure Nbn
clusters exhibit a clear size-dependent highest occupied
molecular orbital–lowest unoccupied molecular orbital
(HOMO–LUMO) energy gap variation as a consequence of
the electron shell closings. Our investigation of the NbnCo−
clusters starts with the trimer (n = 3) series, because
Nb3Co− is the smallest cluster which can be observed in
the mass spectra under the current experimental conditions.

The spectrum of Nb3− reveals a HOMO-LUMO gap of
790 meV. According to a combined experimental/theoretical
study by Ganteför and co-workers[30], a C2v symmetry
(trigonal planar structure) is proposed. The addition of one
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Fig. 4. Upper plot: electron affinities of Nbn clusters (solid squares) and
NbnCo clusters (solid circles). Lower plot: 1.vertical detachment energies
of Nbn clusters (solid squares) and NbnCo clusters (solid circles). Error
bars (<150 meV) are not shown for more clarity.

Co atom changes the electronic structure strongly. The EA
shifts about 740 meV toward higher binding energies. Addi-
tionally, the distance of the A and B bands merges signifi-
cantly due to the hybridization of Co 3d and Nb 4d-derived
molecular orbitals (MOs). The spectrum of the Co-doped
Nb3Co cluster exhibits a sharp onset with a strong first
ground state transition (X). This is a clear indication of a
rigid geometric structure—presumably a tetrahedron (D2d)
with slight distortion.

A much stronger influence toward the electronic structure
by adding one Co atom can be observed by comparing the
spectra of Nb4− and Nb4Co−. Whereas the PE spectrum of
the pure Nb4− cluster reveals at least four distinct electronic
bands according to a tetrahedral geometric structure[30], the
addition of one Co atom causes a threshold shift of 780 meV.
Additionally, the energy gaps between the bands are strongly
merging. The large number of 3d electrons of the Co atom
([Ar]3d74s2) causes an enhancement of low-lying excited
electronic states. The stability of one rigid isomer of the ge-
ometric structure of Nb4Co− is lowered compared to that of
Nb3Co−. This is indicated by a less-intense first transition
(X). However, the sharp onset and increase in EA might fa-
vor a distorted trigonal bipyramidal structure (distorted Nb4
tetrahedron with a Co atom on a Nb3 plane). In Nb5, a promi-
nent first peak (ground state transition X) at 1.67 eV dom-
inates the spectrum. In[30], a distorted trigonal bipyramid
is calculated. The Nb5Co− spectrum shifts only 100 meV
toward higher binding energy (BE), but the HOMO-LUMO
gap (410 meV) decreases about 190 meV. Fromn = 5, the
PE spectra of NbnCo− become rather similar as a result of

an increase of the density of states (DOS) near the thresh-
old. The hexamer series shows as a main feature a complete
merging of the HOMO-LUMO gap in Nb6Co. Regarding
the gap of 450 meV in the Nb6

− cluster, one additional Co
atom now completely closes the gap. Fromn = 6, higher
electronic states in the NbnCo− clusters cannot be resolved
under the current experimental conditions. The spectra of
Nb7

− and Nb7Co− are rather similarly structured. Whereas
the most plausible geometric structure of Nb7

− is a dis-
torted pentagonal bipyramid[30], there are a number of
plausible isomers available for Nb7Co−. The PE spectra of
the octamer series Nb8

− and Nb8Co− reveal rather differ-
ent electronic structures. Nb8 reveals a considerable large
HOMO-LUMO gap of 760 meV which indicates a very sta-
ble geometric structure at a first glance. A recent, very de-
tailed study on the electronic structure of the Nb8

− cluster
has been performed by Marcy and Leopold[31]. This group
has applied vibrationally resolved negative ion photoelectron
spectroscopy. In that study, the X-labeled peak of Nb8 shows
clear vibrational progressions. Marcy and Leopold suggest
a C2v structure as a geometry of lowest energy[31]. The in-
coming additional Co atom perturbs the electronic structure
of the Nb8 cluster drastically. The large HOMO-LUMO gap
of 760 meV in Nb8 merges completely, and a more smooth
onset in the spectrum of Nb8Co− indicates a vibrational pro-
gression in the low energy side of the shoulder of the X band
which cannot be resolved under the current experimental
conditions. Fromn = 9, the NbnCo− spectra become more
similar in their electronic patterns, although local variations
in threshold energies are observed. All spectra are dominated
by an intense band (X), centered around 2 eV binding en-
ergy. In comparison, the PE spectrum of Nb9

− shows a more
structured electronic progression than that of Nb9Co− with
an EA of 1.1 eV. One additional Co atom shifts the thresh-
old about 680 meV toward higher binding energies. Even at
n = 10, a well-structured electronic pattern can be observed
for the pure Nb10 cluster—again revealing a much lower
onset (1.03 eV) than in Nb10Co (1.64 eV). The spectra of
Nb11

− and Nb11Co− are rather similar. A very broad band
gap of 1 eV in Nb11 suggests a rigid geometric structure. For
n ≥ 12, the Nbn− and NbnCo− spectra are dominated by
a broad band (X) with a similar course. In this size range,
the influence of the additional Co atom is of minor rele-
vance. Here, the main spectral features are related to the Nbn

cluster core.
Fig. 4 shows the EAs (upper plot) and 1.VDEs (lower

plot) of pure Nbn clusters (solid squares) and NbnCo clusters
(solid circles) forn = 3–15. Betweenn = 4 and 5 the
EAs of the Nbn clusters suddenly increase by 800 meV. A
possible reason for this jump is a change between a two-
and three-dimensional structure at this size. Whereas the
cores of EAs slightly decrease up ton = 10 for Nbn, a
reverse trend—an increase of EAs—can be observed up to
n = 9 in the case of NbnCo. These reverse directions in the
EA evolution indicates a more delocalized bonding of the
extra electron in Co-doped clusters, whereas in pure Nbn
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Fig. 5. Threshold shift direction indicated by differences of EAs (upper
plot) and VDEs (lower plot) between bimetallic NbnCo and pure Nbn
clusters. The horizontal dashed line indicates conservation of threshold
energies after Co doping.

clusters the extra electron is more localized. This trend can
be observed in the VDEs ofn = 7–10.

A more clear insight into binding energy shifts can be
obtained by comparing the differences of EAs and VDEs of
NbnCo and Nbn clusters as is shown inFig. 5. In the upper
plot the difference EA(NbnCo)− EA(Nbn) is shown versus
cluster sizen, whereas the lower plot exhibits the respective
differences of the 1.VDEs. The dashed line at�EA = 0 and
�VDE = 0 indicates the conservation of EAs and VDEs
after the addition of an Co atom. First, most EA differences
are positive (except forn = 11). This additionally indicates a
higher stability of Co-doped negatively charged Nbn clusters
compared to pure clusters due to a higher degree of electron
delocalization induced by the size of the extra Co atom.
Moreover, both the EA differences and the VDE differences
reveal a strong decrease fromn = 4 to 5, and atn = 10 to
11. The overall course of EA and VDE differences is similar.
After the strong decrease in�EA and�VDE an increase
is observed in the medium size range betweenn = 5 and
10 (EAs), andn = 6 and 11 (VDEs). Forn ≥ 11 both
differences reveal local alternations.

In a first qualitative attempt, bonding between the Nbn

cluster core and the additional Co atom can be understood
with the aid of an electron charge-transfer frontier orbital
approach[32]: the respective electrons of valence MOs of
the Nbn cluster are transferred to atomic orbitals (AOs)

of the Co atom, and a new set of MOs is generated. At
first, electrons are directed from the Co 4s AO to a 5s- or
4d-derived LUMO of the corresponding neutral Nbn cluster
core. The reverse electron charge-transfer occurs from a Nbn

4d-derived HOMO to an empty Co 3d AO which initially
completes bonding between the niobium cluster and the Co
atom. The strong variations in HOMO-LUMO gaps of Nbn

clusters in the investigated size range is a proof of a more
covalent bonding character between the respective Nb atoms
[18]. A completely different picture evolves for the NbnCo
clusters: whereas a significant HOMO-LUMO gap separa-
tion can be observed up ton = 5, this very gap is merged
for larger clusters, progressing toward bulk-phase electron
emission spectra revealing increasing shifts of threshold en-
ergies. As a main result of the current study, the addition of
only one Co atom to the Nbn cluster causes a bulk-like elec-
tronic structure at a very small cluster size. However, exact
predictions about the electronic states can be made only in
coincidence with accurate theoretical structure calculations.

4. Conclusions

We report a photoelectron spectroscopic study of small
mass-selected NbnCo− (n = 3–15) clusters for the first
time. The NbnCo− clusters are produced by a pulsed dou-
ble rod laser vaporization cluster source. PE spectra are
measured at 4.66 eV (266 nm) photon energy with the aid
of a magnetic bottle-type photoelectron spectrometer. This
study provides information about the evolution of the elec-
tronic structure of NbnCo clusters as a function of size and
in comparison with pure Nbn clusters. EAs and VDEs are
determined. Generally, the addition of one Co atom strongly
perturbs the electronic structure of the Nbn cluster core.
The interaction between the incoming Co atom and the Nbn

cluster core can be described via a frontier orbital elec-
tron charge transfer. Distinct HOMO-LUMO gaps in pure
Nbn clusters merge after the addition of one Co atom by
an increase of low energetic excited states. Therefore, the
doping of small Nbn clusters with one Co atom generates a
bulk-like electronic structure for NbnCo at alreadyn = 6.
This gap-closing by just one heterometal atom might pro-
vide new forthcoming materials in semiconductor research.
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