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Evolution of the Electronic Structure of Small Vanadium Clusters from Molecular to Bulklike

Hongbin Wu, Sunil R. Desai, and Lai-Sheng Wang*
Department of Physics, Washington State University, Richland, Washington 99352

and EMSL, Pacific Northwest National Laboratory, MS K2-14, P.O. Box 999, Richland, Washington 99352
(Received 2 April 1996)

The evolution of the electronic structure ofVn clusters is probed by photoelectron spectroscopy
(PES) at 3.49, 4.66, and 6.42 eV photon energies. Three regions of spectral evolution are distinctly
observed as a function of cluster size: molecularlike behavior forn  3 12; transition from molecular
to bulklike for n  13 17; gradual convergence to bulk forn . 17, for which a surfacelike feature
is observed to slowly merge into the bulk feature nearn  60. The PES spectra provide an atom-
by-atom view of the evolution of the electronic structure of the Vn clusters from molecular to
bulklike. [S0031-9007(96)01200-8]
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Transition metal clusters have attracted considera
attention in cluster science because of their diverse and
teresting physicochemical properties, which are of pot
tial technological significance, e.g., in novel catalysts a
magnetic materials. Vanadium clusters in particular
interesting and have been extensively studied for these
sons [1–7]. Bulk vanadium is paramagnetic with a bod
centered cubic (bcc) crystal structure [8]. Many stud
have been focused on the magnetic properties of the v
dium clusters to see if these clusters would exhibit no
magnetism and how it would evolve towards the bulk pa
magnetism [1–6]. Central to these questions are the e
tronic structures of these clusters. However, the electro
structures of transition metal clusters have posted consi
able challenges both theoretically and experimentally
to the opend shells. Many of the theoretical works on th
vanadium clusters are model calculations and there are
fully optimized studies [1–5].

Experimentally, the chemical reactivity [7], ionizatio
potentials [9], and dissociation energies [10] of sm
vanadium clusters have been measured. However, ex
the diatomic V2 [11], very little is known about the
electronic structures of the vanadium clusters. The m
purpose of the current work is to systematically probe
electronic structures of small vanadium clusters and th
evolution toward bulk using photoelectron spectrosco
(PES) of size-selected anions. The electronic struc
information obtained can also be used to understand
magnetic properties of these clusters and provides a b
for further theoretical understanding.

The PES spectra of Vn2 clusterssn  3 65d are studied
for the first time at three detachment photon energ
3.49, 4.66, and 6.42 eV. The low photon energy yie
better resolved spectra while the high photon energy allo
deeper valance states to be probed. A clear and gra
transition from molecular to bulklike behavior is observe
Extensive and discrete electronic features are resolved
clusters withn , 17, beyond which only two spectra
features are observed at the 4.66 eV photon energy.
first feature near the threshold is sharper and its bind
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energy (BE) increases with cluster size; the second fea
is broader and its BE changes little with cluster size. T
two features gradually merge, beyond aboutn  60, into
one broad band, which resembles the bulk photoemis
feature. The current PES study provides an atom-by-a
picture of how the electronic structure of the Vn clusters
evolves from molecular to bulklike.

The experimental apparatus [12] used for this stu
consists of a laser vaporization cluster source and a m
fied magnetic bottle time-of-flight (TOF) photoelectro
analyzer [13]. A vanadium disk target is used a
care is taken to minimize oxide contamination [12
Negative clusters from the cluster beam are mass anal
and decelerated before interacting with a detachm
laser beam from the third (3.49 eV) or fourth (4.66 e
harmonic of a Nd:YAG laser or an ArF eximer las
(6.42 eV). At 3.49 eV, photoelectron TOF spectra a
measured for the selected clusters at a 10 Hz repet
rate. At 4.66 and 6.42 eV, spectra are taken at 20 Hz w
the cluster beam on and off at an alternating laser sho
background subtraction. For relatively weak signals,
4.66 and 6.42 eV spectra can still exhibit significant no
at low electron energies due to imperfect backgrou
subtraction. The TOF spectra are converted to kine
energy distributions, calibrated with the spectrum
Cu2 anion, and smoothed with a 5 or 10 meV squa
window function. The binding energy spectra presen
are obtained by subtracting the kinetic energy spe
from the photon energies. Our spectrometer has an en
resolution of better than 30 meV at 1 eV electron ener
Better resolved spectra are obtained at lower pho
energies due to the dependence of resolution on elec
energies while higher photon energies allow more vale
states to be observed.

The PES spectra of Vn2 sn  3 65d at 4.66 eV are
shown in Fig. 1. The noise present at high BE for the sm
and large clusters is due to the effect mentioned abo
These spectra represent transitions from the ground sta
the anions to the ground and various excited states of
neutral clusters. In the single particle approximation, th
© 1996 The American Physical Society
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FIG. 1. Photoelectron spectra of Vn
2 sn  3 65d at 4.66 eV

photon energy.

can be viewed as the electronic energy levels of the n
tral clusters superimposed by the Franck-Condon fac
of each discrete energy level [14]. The rather high den
of electronic states is already revealed even for the v
small clusters, indicating the complicated electronic str
tures of these systems. Nevertheless, discrete and s
features are still resolved for clusters up to V16. We have
also taken the spectra at 3.49 eV forn  3 24, where
the spectra are slightly better resolved. In particular,
shoulders at the low BE side of V13, V14, and V16 are well
resolved as distinct peaks and the first band of V15 is re-
solved into two features. However, above V16 such sharp
features disappear abruptly and the spectra basically
sist of two bands, a narrower band near the threshold,
a second broader band at a BE of about 3.2 eV, as se
Fig. 1. Interestingly, the BE of the second band does
seem to change much with cluster size and the two ba
eventually merge into one broader band near V60.

The two-band pattern for the larger clusters betw
n  17 60 can already be seen to emerge at V13 although
each of the bands for V13 is still composed of several fea
tures, which are resolved better in the 3.49 eV spectr
The clusters from V13 to V16 seem to represent the trans
tion size range from the discrete spectra to the two-b
spectra starting at V17: The BE of the second band from
V13 to V16 is systematically shifted to higher values un
u-
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-
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V17 wherefrom the BE of the second feature changes v
little with cluster size.

Therefore, the PES spectra shown in Fig. 1 can
roughly divided into four regions of evolution: (1) from
n  3 to 12, distinctly molecularlike with extensive dis
crete features; (2) fromn  13 to 16, transition region
from discrete features to the two-band features atn  17;
(3) fromn  17 to about 60, convergence of the two-ba
feature to a single broad feature; (4) aboven  60, single
broad spectral feature with little change as cluster size
creases further.

To understand this spectral evolution, it is useful to co
pare the cluster spectra to bulk PES spectra of vanad
Angle-resolved photoemission of the V(100) surface h
been studied and shows two broad features at the no
emission angle [15], one near the Fermi level, and o
about 2 eV below the Fermi level (Fig. 2). These ha
been compared to band structure calculations and they
understood to be due to thed bands of bulk vanadium
[16]. The broad PES feature at larger cluster sizes sh
in Fig. 1 already resembles the first bulk feature to a
markable degree. To facilitate better comparisons w
the bulk, we further measured the PES spectra at 6.42
which allows more valence states to be revealed. A
such spectra are shown in Fig. 2 along with the bulk sp
trum [17]. At 6.42 eV, a new feature emerges at V17 with
a BE of about 5.2 eV that cannot be observed at the lo
photon energies. Interestingly, this new feature appare
evolves into the second bulk feature. The spectrum of65

almost exactly resembles the bulk spectrum. Clearly
main bulk PES features already appear from V17 and above.
An obvious question arises: What is the nature of the fi
sharper peak that emerges from V13 and gradually merges
with the second broad peak between V17 and V60?

The most significant observation is the appearance
both bulklike features at V17 near 3.2 and 5.2 eV (Fig. 2)
The BEs of these features are seen to change little ex
becoming broader with increasing cluster size. Th
bulklike features are attributed to be due to the interi
of the clusters, suggesting that the clusters may alre
possess structures similar to the bulk crystal lattice. Th
one reasonable interpretation of the first sharp featur
that it is due to the cluster surfaces. This interpretat
suggests that starting from V13 there is already a surfac
and an interior for the cluster and starting from V17

the interior of the clusters may already possess so
similarity to the bulk. This is not surprising for V13 since
any three-dimensional arrangements of a 13-atom clu
will produce an interior. There would be at least o
interior atom for either an icosahedralsIhd V13 or bcc
V13 although the cluster structure is not exactly know
One recent tight-binding calculation suggests that V13 may
have anIh structure [5] while most calculations on V
clusters have assumed bcc bulk structures [1–4].

The photon energy dependence of the relative inte
ties between the first sharp feature and the 3.2 eV fea
provides another important clue regarding the nature
2437
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FIG. 2. Photoelectron spectra of V17
2, V27

2, V43
2, and V65

2

at 6.42 eV photon energy, compared to the bulk photoelec
spectrum of V(100) surface at 21.21 eV photon energy.
shows the appearance of bulk features at V17 and how the
cluster spectral features evolve toward the bulk. The b
spectrum (Fermi level at origin) is taken from Ref. [15] a
plotted in the same energy scale as the cluster spectra.

these features. From Figs. 1 and 2, it is seen that the
tive intensity of the 3.2 eV feature is increased at
higher photon energy. A similar trend is also observed
comparing the 4.66 to the 3.49 eV spectra. This sugg
that the 3.2 eV feature is most likely due tod-like states
and the first sharp feature is due tos-like states [18]. This
is consistent with the assignment that the 3.2 eV fea
corresponds to the first bulk band. It is then expected
the first sharp feature should merge to thed-like band as
the clusters approach the bulk since in the bulk the den
of states (DOS) near the Fermi level is mostly due to
d band [16].

Theoretical studies by Lee and Callaway, who cal
lated the DOS for a bcc V15 at the bulk lattice constant [3]
lend more support to the surface-interior interpretation
the cluster PES spectra. They found two features for
DOS near the Fermi level. Their local DOS curves s
gested that the first feature closer to the Fermi level
mainly due to the outer shell while the second feature
mainly due to the second shell. Even though these
culations were not for fully optimized clusters, this agre
ment is still informative. More systematic and optimiz
calculations might be needed to confirm our assignm
and interpretation.

The electron affinity (EA) as a function of cluster si
provides additional insight into the evolution of the Vn
2438
n
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e

clusters and these are shown in Fig. 3 [19]. The EAs
smaller clusters between V3 and V16 exhibit significant
size dependence with distinct local minima at V5 and V12,
and maxima at V4 and V10. They abruptly become
smoother starting from V17. The metallic drop model,
widely used to understand the behavior of metal clus
properties [20], predicts that for a metallic sphere the E
is linearly proportional to1yR: EA  WF 2 bse2yRd,
where R is the effective radius of a cluster, WF is th
bulk work function, andb is a constant. The inset o
Fig. 3 shows such a plot for the cluster EAs vsn21y3

(proportional to1yR). Starting from V17, the EAs are
clearly seen to fall on a straight line that extrapolates
4.2 eV at infinitive cluster size. This value agrees w
with the bulk work function of vanadium (4.3 eV [21]).

It is expected that the PES spectra of the higher clus
will change little beyond V65 and the EAs will slowly
approach the bulk work function according to the metal
drop model. The present PES spectra thus provide a ra
complete view of the evolution of the electronic structu
from molecular to bulklike as a function of cluster size.

Most of the previous theoretical studies have focused
the magnetic properties of the Vn clusters and suggeste
that the cluster magnetic properties depend on the ato
distances [1–4]. Assuming bulk bcc structures and b
bond distances, several works have predicted that at15

the cluster abruptly becomes paramagnetic similar
the bulk while smaller clusters show ferromagnetic a
antiferromagnetic couplings [1–4]. The PES spec
shown in Figs. 1 and 2 are likely to have major imp
cations for the theoretical understanding of the magne
properties of these clusters. The electronic structu
obtained from the PES spectra suggest the appearanc
ts
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tFIG. 3. Electron affinity of the vanadium clusters as
function of cluster sizen. Inset: electron affinity as a
function of n21y3, showing that the EAs above V17 become
approximately linear and extrapolate to the bulk work funct
at infinite cluster size (dot on the EA axis).
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bulklike features between V13 and V17. This seems to
be consistent with the previous predictions that the b
magnetic property turns on near V15, although our results
really should be compared to fully optimized calculatio

Finally, we comment on the geometrical structure imp
cations of the observed results. The appearance of b
like PES features in the clusters and their convergenc
the bulk photoemission from a bcc crystal suggest
the clusters may grow according to the bcc structure
possess interiors similar to bcc structures. Alternativ
it may be that the electronic structure of the clusters
probed by PES is insensitive to the details of the cl
ter geometrical structures. The latter is quite unlikely a
needs to be settled by accurate electronic structure cal
tions. bcc types of cluster structures have been sugge
for clusters of other bulk bcc transition metals, e.g.,
and Fe clusters [12,22,23]. Therefore, it is plausible
the Vn clusters to grow like bcc structures as well. Th
would considerably simplify future efforts to obtain ful
optimized structures for these clusters.

In summary, the evolution of the electronic structu
of Vn clusters is probed by photoelectron spectroscop
various photon energies. Small clusters are molecular
showing dramatic size dependence. The transition f
molecular to bulklike electronic structure is observ
clearly between V13 to V17. From V17 and above, both
surfacelike and bulklike features are distinctly observ
and the surfacelike feature is shown to gradually me
into the bulk feature. These results provide a comp
and atom-by-atom picture of how the electronic structu
of the vanadium clusters evolve toward that of the b
and have important implications for the cluster structu
and magnetic properties and should form the basis
further theoretical studies.
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